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Simultaneous analysis of mutations and methylations in
circulating cell-free DNA for hepatocellular carcinoma
detection
Pei Wang1†, Qianqian Song1†, Jie Ren2†, Weilong Zhang1,3†, Yuting Wang1,4, Lin Zhou2,
Dongmei Wang1,4, Kun Chen4, Liping Jiang1, Bochao Zhang2, Wanqing Chen5, Chunfeng Qu1,4*,
Hong Zhao6*, Yuchen Jiao1*

Cell-free DNA (cfDNA)–based liquid biopsy is a promising approach for the early detection of cancer. A major
hurdle is the limited yield of cfDNA from one blood draw, limiting the use of most samples to one test of either
mutation or methylation. Here, we develop a technology, Mutation Capsule Plus (MCP), which enables multiplex
profiling of one cfDNA sample, including simultaneous detection of genetic and epigenetic alterations and
genome-wide discovery of methylation markers. With this technology, we performed de novo screening of
methylation markers on cfDNA samples from 30 hepatocellular carcinoma (HCC) cases and 30 non-HCC controls.
The methylation markers enriched in HCC cfDNA were further profiled in parallel with a panel of mutations on a
training cohort of 60 HCC and 60 non-HCC cases, resulting in an HCC detection model. We validated the model in
an independent retrospective cohort with 58 HCC and 198 non-HCC cases and got 90% sensitivity with 94%
specificity. Furthermore, we applied the model to a prospective cohort of 311 asymptomatic hepatitis B virus
carriers with normal liver ultrasonography and serum AFP concentration. The model detected four of the five
HCC cases in the cohort, showing 80% sensitivity and 94% specificity. These findings demonstrate that the MCP
technology has potential for the discovery and validation of multiomics biomarkers for the noninvasive detec-
tion of cancer. This study also provides a comprehensive database of genetic and epigenetic alterations in the
cfDNA of a large cohort of HCC cases and high-risk non-HCC individuals.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most common and the
third most lethal cancer worldwide (1). The 5-year survival rate for
advanced-stage HCC is only 12% because the therapies available
have limited efficacy (2). The most efficient way to cure this
disease is to detect it in the early stage so that the tumor can be
promptly removed surgically (3, 4). Thus, an efficient screening
method that detects HCC in a surgically resectable stage with
high accuracy is needed.

Among the alternative screening methods considered, liquid
biopsy based on cell-free DNA (cfDNA) has emerged as a promis-
ing approach for noninvasive diagnosis in clinical applications (5,
6). Previous studies have identified potential cancer diagnostic
markers, such as somatic mutations (7), methylation markers (8,

9), the cfDNA size distribution (10, 11), and cfDNA breakpoints
(12, 13).

In HCC, multiple studies have confirmed the feasibility of mu-
tation detection using liquid biopsy (14–19). However, the detection
of low-frequency mutations in low-yield cfDNA could be difficult
because of sampling issues. For example, a mutation with a 0.01%
frequency cannot be confidently detected when only 3000 copies
(equal to 10 ng) of cfDNA are profiled. Such false-negative detec-
tion results could be especially common in patients with early-stage
cancer (20). DNA methylation changes are among the earliest mo-
lecular alterations to occur during cancer progression, and aberrant
DNAmethylation changes, including the hypermethylation of CpG
islands (CGIs), are hallmarks of nearly all human cancer types, in-
cluding HCC (21–23). Detection of cfDNA methylation has
emerged as a promising noninvasive approach for the diagnosis,
prognosis, and monitoring of cancers (24). Bisulfite sequencing is
considered the gold standard for DNA methylation analysis;
however, the harsh conditions of this method could cause substan-
tial DNA damage, decreasing the detectability of the cfDNA and the
sensitivity of the assay (25, 26).

According to previous studies, combinational profiling of mul-
tiomics biomarkers, such as methylation, mutation, and protein
markers, may increase the performance of cancer detection (7, 10,
14, 27). However, most cfDNA profiling technologies can detect
only one type of biomarker, whereas the cfDNA yield from one
blood draw is not sufficient to support multiple tests. Thus, most
previous studies have focused on only one type of biomarker at a
time, and it is difficult to compare the performance of biomarkers
profiled in different cohorts from different studies or to combine
biomarkers to develop a better algorithm for detecting cancer.
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To address this problem, we developed the Mutation Capsule
Plus (MCP) technology, supporting parallel profiling of mutations
and methylation changes (MCP profiling) and de novo discovery of
methylation markers through CpG tandems target amplification
(CTTA). The MCP technology also enabled multiplex tests on a
single cfDNA sample without sacrificing sensitivity, which can
occur when splitting a cfDNA sample for multiple reactions. We
applied the MCP technology to the discovery, training, and valida-
tion of a liquid biopsy assay for the detection of HCC. This compre-
hensive profiling approach allowed a comparison of cfDNA-based
biomarkers, revealing the complementary pattern of the methyla-
tion and mutation biomarkers for HCC detection.

RESULTS
Design of the MCP technology
To comprehensively analyze cfDNA, we aimed to develop a new
technique that supports the following features: (i) parallel profiling
of genetic and epigenetic alterations in the same reaction; (ii) recur-
rent profiling of a single cfDNA sample without sacrificing sensitiv-
ity; and (iii) genome-wide discovery of methylation markers. To
achieve these aims, this method took the approach of methyla-
tion-sensitive restriction enzyme treatment on the original cfDNA
template rather than bisulfite conversion so that both mutational
and methylation information could be preserved. To do this,
cfDNA was digested with the methylation-sensitive restriction
enzyme Hha I, which cleaves only unmethylated cfDNA at the 4–
base pair (bp) GCGC restriction site. After digestion, the cfDNA
sample was ligated with a customized adapter (figs. S1A and S2)
with DNA barcodes and amplified for a whole-genome library
(pre-MCP library) (fig. S1A). In the pre-MCP library, the methyl-
ation status of a GCGC site was transferred to the digestion status,
wheremethylated cfDNA kept intact, and unmethylated cfDNAwas
digested into shorter fragments ending with the GCGC site. During
the construction of the pre-MCP library, each original cfDNA mol-
ecule was assigned a unique identifier (UID) and amplified to more
than 100 copies. Ten percent of the pre-MCP library was sufficient
to represent the original cfDNA molecules, and the pre-MCP
library from a cfDNA sample could support 10 profiling reactions.

To profile mutation and methylation changes in parallel, gene-
specific (GS) primers were designed to target the coding regions or
regions adjacent to Hha I digestion sites. A universal primer match-
ing the adapter sequence was used to amplify the target regions with
the GS primers from the pre-MCP library (fig. S1B). For the primers
targeting the Hha I cutting sites, the amplified fragments from un-
methylated cfDNA were short in size and ended with the digestion
site, whereas those frommethylated cfDNAwere full-length cfDNA
covering the digestion site. Thus, the coding regions and Hha I
regions could be amplified in the same reaction to profile mutation
and methylation changes in parallel (fig. S1B). A total of 281,154
GCGC restriction sites were identified in the 26,641 CGI regions
in the human genome according to the University of California,
Santa Cruz genome database at the time of this study. In total,
94% (25,149 of 26,641) of the CGIs contained at least one Hha I
restriction site and thus were accessible by our method. On the
other hand, clustered restriction sites were rare in the coding
regions, and the detection of mutations was only slightly affected
by Hha I digestion. One pre-MCP library could support multiple
MCP profiling reactions with different panels of mutation and

methylation markers. In particular, we could profile one pre-MCP
library with two sets of primers in two reactions, each amplifying
the target regions from one direction. Targeting from both sides
made more original cfDNA molecules detectable, thus increasing
the sensitivity to detect low-frequency mutations in low-yield
cfDNA samples (figs. S1B and S3).

We also aimed to apply the pre-MCP library for the de novo dis-
covery of methylation markers through CTTA (fig. S1B). To do this,
we designed a set of primers with a GCGC sequence at the 3′ end
and used the primers to amplify the pre-MCP library with the uni-
versal primer. The methylated cfDNA with an intact 4-bp GCGC
restriction site would be amplified with the downstream cfDNA se-
quence, whereas the digested unmethylated cfDNA would not be
amplified. The methylated DNAwould thus be enriched in the am-
plified library and detected by deep sequencing. We screened the
CpG tandems highly enriched in CGIs in the human genome and
designed a five-primer set by joining multiple CpG tandems target-
ing (CTT) primers (table S1) ending with the Hha I digestion site
for the amplification of the pre-MCP library. Seventy-nine percent
(21,032 of 26,641) of CGIs in the human genome could be covered
by this approach.

Performance of MCP in mutation detection
The performance of MCP was first evaluated for the detection of
mutations. A panel targeting 10 mutation sites (panel A, table S1)
for MCP profiling was designed. We performed MCP to target
panel A on negative control DNA isolated from the white blood
cells (WBC) of a healthy donor. We found that the error frequency
decreased when the sequencing data were filtered with the algo-
rithm based on the DNA barcode and UID family (fig. S4A).
Last, two or more UID families were required to call a mutation
(13, 28, 29).

Next, we analyzed the sensitivity of MCP in the detection of mu-
tations. To do this, we performed MCP on standard reference
samples by spiking HD753 reference DNA with known mutations
in WBC DNA from healthy controls. A total of 104 standard refer-
ence samples were analyzed with panel A, with four to eight repli-
cates of each combination of an allele fraction (AF) (0.1, 0.050,
0.025, and 0%) and DNA input (5, 10, 20, 40, and 100 ng). In the
reference samples, we achieved a mutation-level sensitivity of 100%
at 0.1% AF, 100% at 0.05% AF, and 97.5% at 0.025% AF when start-
ing with 100 ng of input DNA. When starting with 40 ng of input
DNA, the sensitivities were 100% at 0.1% AF, 95% at 0.05% AF, and
73.8% at 0.025%AF (Fig. 1A and data file S1). None of the candidate
mutations were detected in the wild-type samples (100% specificity
at 0% AF). In addition, MCP technology showed strong perfor-
mance for low-frequency mutations in low-yield cfDNA samples
by achieving 93.8% sensitivity at 0.1% AF with 10 ng of input
DNA or 67.5% sensitivity with 5 ng of input DNA. When starting
with 20 ng of input DNA, we could accurately detect mutations at an
AF of 0.025% with a sensitivity of 68.8% (Fig. 1A and data file S1).
The performance (72.5% sensitivity for 0.1% AF point mutations
with 5-ng DNA) was better than those reported in previous
studies, which showed sensitivity of 50.8% at 0.125% AF point mu-
tations with 7 to 8 ng of input DNA (30).

One potential reason for the improved sensitivity was that MCP
supports the targeting of a mutation from both directions in two
reactions so that almost all cfDNA molecules could be amplified
and sequenced. To validate the benefit of this feature, the sensitivity
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Fig. 1. Analysis of MCP performance in the detection of mutation and methylation. (A) Sensitivity and specificity in detecting mutations across 104 reference
samples and 10 mutations. Each row corresponds to a targeted mutation, and each column corresponds to a single sample analyzed at the identified allele fraction
(AF). SNV, single-nucleotide variant. (B) Comparison of variant AFs observed using MCP (y axis) with expected variant AFs (x axis). For each variant, the mean observed
AF across all replicates (n = 3) at the same expected AF is presented. The HD753 reference DNA sample was diluted with white blood cell (WBC) DNA to obtain a gradient
of seven concentrations (mutation AF = 0, 0.020, 0.050, 0.125, 0.250, 1.00, and 5.00%), and each dilution gradient was profiled with MCP. (C) Consistency of MCP (y axis)
with digital droplet PCR (x axis) in the detection of mutations. Triangles and circles represent two hotspot mutations profiled. n = 3 biological replicates. (D) Correlation of
the mutation frequencies measured by MCP (y axis) and hybridization-based capture sequencing (x axis). Different colors indicate different target mutation sites.
R2 = 0.98. n = 3 biological replicates. (E) Consistency of the expected frequency and the observed amount detected by MCP in the methylation detection assay;
R2 = 0.99. n = 3 biological replicates. (F) Correlation between the methylation amount and ΔCt values (qPCR) of two methylated sites. The methylation was obtained
fromMCP, and the ΔCt value was obtained from the qPCR assay. n = 3 biological replicates. (G) Correlation between MCP and bisulfite-based sequencing methods in the
detection of methylation at differentmethylation frequencies. Twenty-four methylation sites were analyzed at eachmethylation frequency. Each dot represents themean
methylation frequency across all replicates (n = 3).
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of a single reaction sequencing the 10 mutation sites from a single
direction in the reference samples was analyzed. The results indicat-
ed that the MCP strategy of sequencing mutations from both sides
showed higher sensitivity than the approach sequencing mutations
from a single side, especially for low-frequency mutations (fig. S4B
and data file S1). The comparison further confirmed the strength of
MCP in the detection of genetic variants.

In addition to single-nucleotide variant mutations, MCP was
also able to detect complex mutations, such as long indels
(Fig. 1A and data file S1). MCP did not detect any additional mu-
tations other than the known mutations in the targeted region in
these samples, confirming the noise-filtering effect of the UID-
based algorithm.

Furthermore, a more comprehensive gradient dilution of the ref-
erence sample HD753 DNA was analyzed to determine the perfor-
mance of MCP in detecting mutations (AF = 0, 0.025, 0.050, 0.125,
0.250, 1.00, and 5.00%). The data showed a strong linear correlation
between the expected AFs and the observed AFs by MCP profiling
[coefficient of determination (R2) = 0.96, P < 2.2 × 10−16; Fig. 1B
and data file S2]. The results of digital droplet polymerase chain re-
action (PCR) at two hotspot mutations (EGFR-p.G719S and BRAF-
p.V600E) were compared with MCP profiling on reference samples
at different AFs (AF = 0, 0.025, 0.050, 0.125, 0.250, 1.00, and 5.00%).
The correlations between the two methods were high for all the
tested conditions (R2 = 0.95, P = 5.8 × 10−8; Fig. 1C).

Many liquid biopsy studies using cfDNA to detect cancer are
based on the hybridization-based methods to enrich targets of in-
terest. Because MCP is an amplification-based enrichment method,
a head-to-head comparison of these twomethods was conducted on
the same pre-MCP library from the standard reference samples. The
two methods showed strong consistency in all tests, including those
on low-frequency mutations (R2 = 0.98, P < 2.2 × 10−16; Fig. 1D and
data file S2). Therefore, the MCP technology could detect genetic
variants without introducing detectable false-positive mutations.

Performance of MCP in methylation detection
To validate the performance of MCP in detecting methylation
changes, 24 standard reference samples were produced by spiking
fully methylated human genomic (FMG) DNA into nonmethylated
human genomic (NMG) DNA in a series concentration (25, 10, 1,
and 0%). Amultiplexed panel (panel B, table S1) targeting 24 meth-
ylation sites was designed, and MCP was applied to analyze the
methylation. The results showed a linear correlation between the ex-
pected methylation frequency and that obtained from MCP
(R2 = 0.99, P < 2.2 × 10−16; Fig. 1E and data file S3). At all 24 meth-
ylation sites, the 1% FMG dilution sample showed a significantly
higher methylation than the 0% methylation sample (NMG
DNA) (P < 0.0001,Wilcoxon signed-rank test) (fig. S4C), indicating
that all methylation sites could be detected at a frequency of 1%.
MCP was reproducible in the detection of methylation changes
because the methylation detection yielded significant consistency
between two replicates at all methylation sites tested (R2 = 0.99,
P < 2.2 × 10−16; fig. S4D). Furthermore, the performance of MCP
and real-time quantitative PCR (qPCR) to detect methylation at a
single methylation site was compared. Assays targeting two methyl-
ation sites were designed on the basis of bisulfite treatment and
qPCR. The threshold cycle (Ct) values obtained using qPCR were
applied to measure the fraction of methylation. The Ct values
were significantly consistent with the methylation calculated

using the MCP technology for each sample (R2 = 0.99, P = 2.4 ×
10−5 and R2 = 0.99, P = 2.6 × 10−6, respectively) (Fig. 1F), which
further confirmed the reliability of MCP in detecting methyla-
tion changes.

The performance of MCP was further evaluated in a larger panel
of multiple methylation regions compared with the methylation de-
tection method based on bisulfite sequencing. The same target
regions were analyzed with the bisulfite-based assay. MCP technol-
ogy showed consistency with the bisulfite-based method, and the
methylation calculated from MCP showed a linear correlation
with the bisulfite-based method (R2 = 0.95, P < 2.2 × 10−16;
Fig. 1G and data file S3).

Performance of mutation and methylation profiling in
multiplex tests
We next tested the ability of an aliquot of a pre-MCP library to rep-
resent the original cfDNA to ensure that the MCP technology could
support multiple rounds of profiling. To do this, we compared the
results of three replicates of mutation/methylation profiling on a
single pre-MCP library prepared from one cfDNA sample of a
patient with HCC, where 10% of the pre-MCP library was used in
each replicate. A panel targeting genes encoding tumor protein p53
(TP53) and telomerase reverse transcriptase (TERT) mutations and
21 methylation sites (panel C, table S1) was profiled by MCP (31,
32). The alteration frequencies were highly consistent among all
three replicates (Fig. 2A). In addition, UIDs were used to track
the original cfDNA molecule. The UID families identified in the
three replicates of MCP were largely overlapping, with 76% of the
UID families being shared by all three replicates (Fig. 2B). In this
case, one aliquot (10%) of the MCP library could represent most
of the original cfDNA molecules (Fig. 2B). Furthermore, the same
amount of the original cfDNA was used for an MCP assay without
whole-genome amplification, in which the cfDNA-adapter ligation
product was directly amplified with GS primers (12). The yield of
UID families identified in the MCP profiling directly on the ligation
product was not significantly different to that from one reaction on
an aliquot (10%) of the pre-MCP library (Fig. 2, C and D). Thus, an
aliquot of the pre-MCP library was sufficient to profile the genetic
alterations with sensitivity comparable to the direct analysis of the
original cfDNA sample. The remainder of the pre-MCP libraries
could be used in additional MCP profiling reactions with different
panels of biomarkers or to further improve the sensitivity with an
additional reaction using primers targeting from the other side.

Development of the HCC detection model
We developed an HCC detection model with two classes of bio-
markers: (i) epigenetic alterations at the methylation sites that
were frequently hypermethylated in the cfDNA of patients with
HCC and (ii) genetic alterations prevalent in HCC tumors, includ-
ing mutations in TP53, CTNNB1, and TERT, as well as hepatitis B
virus (HBV) integration, which is considered as a potential bio-
marker for the detection of HCC (10, 14, 33, 34). In total, 148 pa-
tients with HBV-associated HCC and 288 HBV carriers without
HCC (non-HCC control) were enrolled. The study workflow was
shown in fig. S5.

For the de novo discovery of methylation markers of HCC, we
first performed CTTA (panel D, table S1) on the pre-MCP libraries
generated from the cfDNA of 30 patients with HCC and 30 non-
HCC individuals. By comparing the HCC and non-HCC groups,
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we identified 1224 CGIs and 1309 GCGCs that were significantly
hypermethylated in the cfDNA of the HCC group (fold change
>4, P < 0.001, one-tailed Mann-Whitney test). Considering the
degree of difference between the HCC and non-HCC groups and
the design of the MCP targeting primers, we selected 56 markers
for further analyses (fig. S6 and data file S4). In addition, we selected

22 methylation biomarkers reported to have diagnostic value for
HCC in previous studies (8, 31, 32, 35, 36). Fourteen of the 22meth-
ylation biomarkers were overlapped with the 56 markers found by
CTTA. Together, we designed a panel targeting 64 methylation
markers for MCP profiling (fig. S7). The panel also included the
coding regions of TP53, CTNNB1, the promoter region of TERT,

Fig. 2. The performance of multiple tests in one pre-MCP library. (A) Alteration frequency of three MCP replicates from the same pre-MCP library. The dot plot shows
the frequency of a mutation or methylation marker. The x axis indicates mutation (red) and methylation markers. (B) Venn plot of UID family numbers detected in three
replicates of targeted sequencing prepared from the same pre-MCP library. (C) Comparison of UID family numbers in two forms of MCP profiling libraries derived from the
pre-MCP library or adapter ligation product. “L” indicates the MCP profiling library amplified directly from the adapter ligation product. “M” indicates the MCP profiling
library amplified from an aliquot of the whole-genome pre-MCP library. “+” and “−” indicate specific primers designed as upstream or downstream to the target region.
n = 3 biological replicates. (D) Comparison of amplification-based enrichment from two directions with that from one direction. A percentage of cfDNA molecules in the
ligation product could not be amplified by primers from only one direction. On the other hand, all cfDNA molecules in a pre-MCP library could be amplified efficiently
through two reactions with two sets of primers in both directions. The blue and yellow lines indicate the Watson and Crick strands of cfDNA, respectively. The gray square
indicates the adapter sequence. The black primer is a universal primer targeting the adapter sequence, and the yellow and blue primers target the Watson and Crick
strands, respectively.
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and the full-length of HBV genome that was used to detect HBV
integration. A total of 120 samples were assigned to the training
cohort (60 HCC and 60 non-HCC) to profile the markers for the
liquid biopsy detection of HCC. The built-in feature importance
of the random forest algorithm was applied to identify the top-per-
forming methylation markers in the training cohort. We chose the
top 10 markers that showed differential hypermethylation in HCC
cases versus non-HCC controls. Five of the 10 markers were newly
found by CTTA and had not been previously identified as an HCC
marker. We also analyzed the mutations and HBV integrations in
the training cohort (tables S2 and S3) to set up the algorithm to
detect HCC.

Last, an integrated model containing a panel of genetic and epi-
genetic biomarkers (panel E, table S1) was built for HCC detection.
An algorithm that integrated the methylation score, yielded from
the methylation model by random forest with default parameters,
and the mutation score, defining as binary based on whether one
or more reliable HCC-related mutations were detected, was devel-
oped. The combinational HCC detection model yielded an MCP
score (fig. S7), taking the maximum of the mutation or methylation
score. This HCC detection model had an area under the curve
(AUC) of 0.96 [95% confidence interval (CI): 0.93 to 1.00] by
leave-one-out cross-validation (Fig. 3A), with a sensitivity of 93%
(56 of 60, 95% CI: 0.84 to 0.98) and a specificity of 95% (57 of 60,
95% CI: 0.86 to 0.99) for detecting HCC in the training cohort
(Fig. 3, B and C).

Performance of the HCC detection model
Next, an independent cohort comprising 58 HCC cases and 198
non-HCC controls was used to validate the performance of the
model for detecting HCC (tables S2 and S3). Our analysis showed
that the model had a sensitivity of 90% (52 of 58, 95% CI: 0.79 to
0.96) and a specificity of 94% (187 of 198, 95% CI: 0.90 to 0.97) with
an AUC of 0.93 (95% CI: 0.88 to 0.98) for detecting HCC cases
(Fig. 3, B to D).

We also investigated the performance of the methylation and
mutation biomarkers separately. In the methylation panel–based
analysis, the methylation in HCC was different from non-HCC
samples, as shown in the heatmap in Fig. 3E (data file S5). In the
receiver operating characteristic (ROC) curve analysis based on
the methylation score, the AUC value was 0.78 (95% CI: 0.70 to
0.87) in the validation cohort (Fig. 3D), and the sensitivity was
64% (37 of 58, 95% CI: 0.50 to 0.76) with a specificity of 95%
(188 of 198, 95% CI: 0.91 to 0.98) (Fig. 3, B and C). The methylation
score of cfDNA samples from patients with HCC were significantly
higher than those from non-HCC individuals (P < 0.0001, one-
tailed Mann-Whitney test; Fig. 3F). Furthermore, the methylation
score increased with the tumor size (Fig. 3G). In the mutation
panel, the mutation frequencies ranged from 0 to 17% among the
HCC samples with multiple variant types across the mutation
markers (Fig. 3E and tables S4 and S5). In the ROC curve analysis
based on the mutation score, the AUC value was 0.79 (95% CI: 0.71
to 0.87) (Fig. 3D), with a sensitivity of 59% (34 of 58, 95% CI: 0.45 to
0.71) and a specificity of 99% (196 of 198, 95% CI: 0.96 to 1.00) for
HCC detection (Fig. 3, B and C).

The performance of the HCC detection model was also analyzed
at different stages of HCC. To do this, the training and validation
cohorts were combined for ROC curve analysis. The analysis found
AUC value of 0.88 (95% CI: 0.70 to 1.00) for stage 0, 0.95 (95% CI:

0.92 to 0.98) for stage A, 0.94 (95% CI: 0.87 to 1.00) for stage B, 0.99
(95%CI: 0.98 to 1.00) for stage C, and 0.95 (95%CI: 0.92 to 0.98) for
all stages of HCC (Fig. 3H). The sensitivity was 86% (6 of 7, 95% CI:
0.42 to 1.00) for stage 0, 91% (72 of 79, 95% CI: 0.83 to 0.96) for
stage A, 93% (26 of 28, 95% CI: 0.76 to 0.99) for stage B, 100% (4
of 4, 95% CI: 0.40 to 1.00) for stage C, and 92% (108 of 118, 95% CI:
0.85 to 0.96) for all stages, with a specificity of 95% (244 of 258, 95%
CI: 0.91 to 0.97) (Fig. 3, B and I).

Combinational analysis of the mutation and methylation
panels improves the performance of HCC detection
The AUC value of the combined mutation-methylation panel was
greater than that of each panel alone in both the training (AUC:
0.96, 0.80, and 0.90 for MCP, mutation, and methylation, respec-
tively) and validation (AUC: 0.93, 0.79, and 0.78 for MCP, muta-
tion, and methylation, respectively) cohort for all HCC stages
(Fig. 3, A and D). The sensitivity (93% for the training cohort
and 90% for the validation cohort) of the combined mutation-
methylation panel was higher than that of each panel alone
(Fig. 3, C and J). Some cases that tested negative for HCC on the
methylation panel tested positive on the mutation panel. Converse-
ly, some cases that were missed by the mutation panel could be de-
tected by the methylation panel (data file S5). Specifically, 24% (28
of 118) of the HCC cases were detected solely on the basis of mu-
tation markers, and 31% (37 of 118) were detected solely on the
basis of methylation markers. Only 36% (43 of 118) of the HCC
cases showed positive prediction results according to both types
of markers. This finding indicated that the parallel profiling of mu-
tations and methylation markers could allow the detection of more
HCC cases and improve the sensitivity of diagnosis.

We also compared the performance of the methylation, muta-
tion, and combined mutation-methylation MCP profiling with
the protein marker of alpha fetoprotein (AFP), the most commonly
used blood-based biomarker for HCC (Fig. 3E). Fifty-five cases of
the 118 patients with HCC in our study showed false-negative
results with the AFP assay (<20 ng/ml), with sensitivity values of
43% (3 of 7, 95% CI: 0.10 to 0.82), 53% (42 to 79, 95% CI: 0.42 to
0.64), 61% (17 of 28, 95% CI: 0.41 to 0.78), 25% (1 of 4, 95% CI: 0.10
to 0.81), and 53% (63 of 118, 95% CI: 0.44 to 0.63) for HCC stages 0,
A, B, and C, and all HCC stages, respectively. The performance of
AFP was consistent to previous reports (37, 38). These findings in-
dicate that the HCC detection model based on ourMCP technology
outperforms AFP for the detection of HCC.

Comparison between mutation and methylation fractions
in the same cfDNA sample
The parallel profiling feature of MCP enabled us to provide a direct
comparison on the fraction of mutations and methylation changes
in the same cfDNA sample, which have not been previously report-
ed. We analyzed the correlation between the mutation fraction and
the methylation fraction in individuals with positive signal of both
methylation andmutation. The results showed that therewas no sig-
nificant correlation between the AFs of mutation and methylation
(r = 0.44, P = 3.7 × 10−2; Fig. 4A). Our analysis showed that the
methylation fraction was much higher than that of mutations
(Fig. 4B). Among HCC cases with both methylation and mutation
signals detected (Fig. 3E), the average methylation fraction was 37
(median, ranging from 2.6 to 1365.4) times higher than the average
mutation fraction. Even the methylated fraction of some
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methylation sites in non-HCC cfDNA samples could reach the frac-
tion of >5%, which was higher than the fraction of most mutations
in HCC cfDNA samples (Fig. 4C). These results suggested that there
exists much higher noise of methylation than mutation in cfDNA
samples, and some of the methylated cfDNA could be derived from
nonneoplastic cells in the tumor, adjacent tissue, and
normal tissues.

The performance of the HCC detection model in a
prospective cohort
To test whether the assay can detect HCC before AFP and ultraso-
nography (US), we performed a pilot study by testing the HCC de-
tection model in a prospective cohort. We applied the assay on the
cfDNA samples of 311 surface antigen of HBV (HBsAg)–positive
asymptomatic individuals who tested negative with AFP/US

Fig. 3. Performance of the HCC detec-
tion model. (A) The ROC curves of
different HCC diagnostic markers in the
training cohort including MCP, methyla-
tion only, mutation only, and AFP, with
AUC values showing in the figure. (B)
Performance of the HCC detection model
in clinical plasma samples. The perfor-
mance (positive number, negative
number, sensitivity, and specificity) of
methylation only, mutation only, and MCP
in detection of patients with HCC from
training and testing cohort, as well as all
patients with HCC at different stages. (C)
Sensitivity of different groups of bio-
markers in the detection of HCC. (D) The
ROC curves of different HCC diagnostic
markers in the validation cohort including
MCP, methylation only, mutation only, and
AFP, with AUC values showing in the
figure. (E) Heatmap of the genetic and
epigenetic alterations in clinical cfDNA
samples in the training (top) and testing
cohorts (bottom). Each column represents
one cfDNA sample from one patient with
HCC or non-HCC individual. Methylation
and variant classification are shown in the
heatmap. The diagnostic results of AFP,
MCP, “Mutation,” and “Methylation” are
shown as positive (red) and negative
(blue). BCLC, Barcelona Clinic Liver Cancer.
(F) Methylation score of the 10 methyla-
tion markers in all patients with HCC at
different stages and non-HCC control in-
dividuals. ****P < 0.0001. One-tailed
Mann-Whitney test. (G) Methylation score
of the 10 methylation markers in all pa-
tients with HCC with different tumor sizes
and non-HCC control individuals.
*P < 0.05; ***P < 0.005; ****P < 0.0001; ns,
no significant difference. One-tailed
Mann-Whitney test. (H) The ROC curve of
the HCC detection panel at different
stages. (I) Sensitivity of the HCC detection
model at different stages of disease. (J)
Sensitivity of different HCC detection
panels in HCC at different stages.
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(tables S2 and S3). The HCC status was determined by follow-up
visits with AFP/US and information from the local population–
based cancer registry. The model detected four of five HCC cases
in this cohort, showing 80% sensitivity (95% CI: 0.28 to 0.99),
94% specificity (95% CI: 0.91 to 0.96), and 18% positive predictive
value (95% CI: 0.05 to 0.40) (Table 1).

DISCUSSION
Most noninvasive cancer detection studies focus on only one type of
biomarker because the cfDNA yield is not sufficient to support mul-
tiple tests simultaneously. It is challenging to compare the perfor-
mance of biomarkers profiled in different cohorts from different
studies, making it difficult to combine biomarkers to develop a
better algorithm for detecting cancer. In this study, we develop
the MCP technology, which enables the multiplex testing of a
single cfDNA samplewithout sacrificing sensitivity. The technology
preserves and amplifies the information of mutations and methyl-
ation changes in a single pre-MCP library, which supports multiple
tests of different downstream applications, including the genome-
wide screening of previously unidentified methylation biomarkers,
and parallel profiling of mutations and methylation changes. The
multiplex test feature does not sacrifice sensitivity because the
MCP profiling of the pre-MCP library is comparable to the direct
profiling of the original cfDNA sample.

In addition, one advantage of MCP is that more original mole-
cules can be detected through independent Watson or Crick strand
amplification from two separate reactions, thus increasing the sen-
sitivity of detecting mutations. The MCP technology showed strong

performance for low-frequency mutations in low-yield cfDNA
samples, in which MCP could achieve a sensitivity of 93.8 or
67.5% at 0.1% AF with 10 or 5 ng of input DNA, respectively. In
comparison, a previously reported targeted digital sequencing
method showed sensitivities of 50.8% at 0.125% AF with 7 to 8 ng
of input DNA (30). In the detection of methylation, MCP could
detect methylation sites at low frequency of 1%, which was compa-
rable with the bisulfite-based methylation method. Here, MCP uses
themethod of methylation site–sensitive enzyme treatment, thereby
avoiding template damage caused by bisulfite conversion.

In the current study, we also applied CTTA to pre-MCP libraries,
which screened methylation markers for their potential as HCC
biomarkers. The methylation markers found by this function
covered multiple markers previously reported to be of diagnostic
value in HCC, showing the reliability of the CTTA. Meanwhile,
several new methylation markers were identified, which would
help improve a cancer detection assay (39). We applied the MCP
technology in the development of a liquid biopsy assay for HCC de-
tection. We screened hypermethylated biomarkers that could dis-
tinguish HCC from non-HCC samples and selected 10
methylation markers by profiling the candidate markers in a train-
ing cohort. On the basis of genetic and epigenetic alterations, we
established an HCC detection model and generated the algorithm
to detect HCC. In an independent retrospective cohort, the model
showed strong performance in the detection of HCC. The cfDNA-
based assay was superior to AFP analysis, either at the commonly
used cutoff of 20 ng/ml or at the Youden index–based cutoff of
14.8 ng/ml by ROC analysis. The genetic mutations and methyla-
tion changes showed complementary patterns among the HCC

Fig. 4. Comparison between mutation and methylation fractions in the same cfDNA sample. (A) The correlation between the AF based on mutation and methyl-
ation. (B) Comparison of the alteration fraction between methylation changes and mutations in HCC. (C) Comparison of the methylation fraction in the non-HCC group
with the mutation fraction in the HCC group. Each dot indicates one HCC or non-HCC sample. The x axis indicates methylation- and mutation-targeted genes. Here,
methylation fraction was converted from the linear relationship between the actual methylation fraction in the standard references, and the methylation amount de-
tected by MCP technology refers to the methylation detection assay in fig. S3C.

Table 1. Performance of the HCC detection model in the prospective cohort.

Total number Predicated HCC Predicated non-HCC Sensitivity (%) Specificity (%)

No. No. No. % (95% CI) % (95% CI)

True HCC 5 4 1 80 (28–99)
True non-HCC 306 18 288 94 (91–96)
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cases, and parallel profiling improved sensitivity in the detection of
HCC. This is similar to other reports that the combination of mu-
tations and methylation markers leads to better performance in the
early screening of colorectal cancer from stool samples (10).

The model was validated in a prospective cohort with promising
performance by detecting HCC cases that were missed by AFP/US.
We were able to evaluate the HCC detection model for the ability to
be used as an early screening tool for HCC from high-risk individ-
uals, as well as evaluating its use for differential diagnosis, which
was validated in a retrospective cohort.

However, there still exist some limitations of this study. Because
our MCP technology is an enzyme-dependent method in methyla-
tion detection, only methylation changes in GCGC cleavage site
could be detected, which means that it cannot profile methylation
in single-base resolution. Second, MCP cannot distinguish 5- meth-
ylcytosine (5mc) from 5-hydroxymethylcytosine (5hmc) because
Hha I cannot digest the cfDNA with either of these two epigenetic
modifications. For the detection of mutation, there are three GCGC
restriction sites concentrated in the coding region of TP53, leading
to a 71-bp region (6% of the TP53-coding regions) unavailable for
mutation profiling. In addition, our prospective cohort is only a
pilot study, the sample size and the number of HCC cases are rela-
tively limited, and further work in clinical trial with a larger cohort
would be necessary to fully validate the performance in the early
detection of HCC. It is also worth mentioning that our HCC detec-
tion model could be more suitable for HCC screening in HBV-in-
fected high-risk population, and the performance in population
with other risk factors like hepatitis C virus infection needs to be
validated in future studies.

In summary, we developed a technology supporting multiplex
testing of a single cfDNA sample for the discovery or profiling of
methylation changes in parallel with mutations. The MCP technol-
ogy was able to help develop a liquid biopsy assay for HCC with
robust performance, as compared to other assays currently in use
or the evaluation of either methylation or mutation markers
alone. The technology and strategy, including identification of
new methylation markers and combined profiling of mutation
and methylation, could be applied to develop liquid biopsy assays
for other tumor types. Because of the multiplex testing feature,
the pre-MCP libraries in one study could be used in future
studies to profile different panels of biomarkers for other tumor
types or multiple tumor types.

MATERIALS AND METHODS
Study design
The aim of this study was to develop a cfDNA profiling technology
to help in discovery and validation of multiomics biomarkers for the
noninvasive detection of cancer. We developed MCP technology,
which preserved and amplified the information of mutations and
methylation changes in a single pre-MCP library and supported
multiple tests of different downstream applications, including the
genome-wide screening of new methylation biomarkers, and paral-
lel profiling of mutations and methylation changes. The analytical
performance of MCP was demonstrated in commercially available
reference samples with known mutation and methylation fractions.
We then aimed to apply the MCP technology to a discovery, train-
ing, and validation cohort of a liquid biopsy assay for the detection
of HCC. First, we performed de novo screening of methylation

markers on cfDNA samples from HCC cases and non-HCC con-
trols. The methylation markers enriched in HCC cfDNA were
further profiled in parallel with a panel of mutations on a training
cohort, resulting in an HCC detection model. We then validated the
model in an independent retrospective cohort with HCC cases and
non-HCC controls. Furthermore, we validated the potential value of
this HCC detection model in the blood samples from a prospective
cohort of asymptomatic HBsAg-positive individuals with normal
AFP/US. Prior power analysis, randomization, or blinding was
not performed for this study.

Patients and blood sample collection
The study protocol for blood sample collection was approved by the
Institutional Review Board of the National Cancer Center, Chinese
Academy ofMedical Sciences. The study was approved by the Ethics
Committee of the National Cancer Center (Ethics no.17-162/1418).
All the participants signed written informed consent forms for the
collection of samples and subsequent analyses before their inclusion
in the study. Blood samples of HCC were obtained at the time of
diagnosis, before tumor resection or any other treatment. Blood
samples of non-HCC were obtained from HBsAg-positive individ-
uals who were free of HCC. Individuals with a previous malignancy
within the past 5 years were excluded. In total, 148 blood samples
from patients with HCC and 288 from HBV-infected non-HCC in-
dividuals were collected. Thirty HCC and 30 non-HCC samples
were used in de novo methylation marker discovery. The remaining
samples were divided into training (60 HCC and 60 non-HCC) and
validation (58 HCC and 198 non-HCC) cohorts for the develop-
ment and validation of the HCC detection model. The clinical
and sequencing data are summarized in tables S2 and S3,
respectively.

For the prospective validation, baseline blood samples were col-
lected from 311 HBsAg-positive asymptomatic individuals who
took AFP/US screening and showed normal liver US and serum
AFP concentration (<20 ng/ml). Follow-up visits with AFP/US
tests were provided every 6 months for at least 12 months. All sus-
pected individuals (AFP concentration ≧20 ng/ml or US-detected
nodule ≧1 cm in size) in the follow-up visits were further diagnosed
with dynamic computed tomography/magnetic resonance imaging,
and all patients with confirmed HCC received relevant therapy
based on clinical practice guidelines. The HCC status was also ob-
tained from local population–based cancer registry. Together, we
determined the HCC status of the 311 participants and identified
5 HCC cases out of the 311 individuals. The mutation and methyl-
ation statuses of the baseline cfDNA samples were profiled by the
MCP-based assay and evaluated with the HCC detection model.
The outcome of the HCC detection model was compared with
the HCC status to determine the sensitivity and specificity of the
assay. The clinical and sequencing data are summarized in tables
S2 and S3, respectively.

DNA extraction
cfDNA was extracted from the plasma samples using the Apostle
MiniMax cfDNA isolation kit (C43468, Apostle). WBC DNA was
extracted using the QIAamp DNA mini kit (51306, Qiagen).
DNA concentrations were determined using the Qubit dsDNA
HS Assay Kit (Q32854, Thermo Fisher Scientific).
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Construction of pre-MCP library
Fragmented DNA (see the Supplementary Materials) and cfDNA (5
to 100 ng) were digested with the methylation-sensitive restriction
enzyme Hha I (R0139L, New England BioLabs) at 37°C for 30 min
and 65°C for 20 min. The libraries were prepared using the UltraII
DNA library prep kit (E7370L, New England Biolabs) according to
the manufacturer’s protocols. Specifically, (i) the digested cfDNA
was treated with end repair and A-tailing, (ii) the cfDNA ligated
to customized MCP adapters containing DNA barcode for UID
(fig. S2 and table S6), and (iii) the ligation product was amplified
for 9 cycles with the KAPA HiFi PCR kit (KR0369, Kapa Biosys-
tems) with customized amplification primers. The cycling condi-
tions were as follows: 98°C for 45 s; 9 cycles of 98°C for 15 s,
60°C for 30 s, and 72°C for 30 s; 72°C for 5 min.

Targeted amplification and construction of MCP library
First, the pre-MCP library was digested using lambda exonuclease
(M0262L, New England Biolabs) to remove the strands with phos-
phate modification. The digestion reaction was prepared in a 20-μl
volume containing 2 μl of the 10× reaction buffer, 1 μl of lambda
exonuclease, and 17 μl of the pre-MCP library (400 ng) and was in-
cubated at 37°C for 10min and 75°C for 10 min. After digestion, the
single-stranded DNAwas equally divided into two aliquots and am-
plified using a two-step PCR (fig. S1). In the first step, a linear am-
plification was performed in a 30-μl reaction containing 1×
Platinum PCR Master Mix (14000012, Thermo Fisher Scientific)
and MCP primer pool 1A or primer pool 1B (0.01 μM each; see
table S1 for the primer sequences in different panels) under the fol-
lowing cycling conditions: 98°C for 3min; 20 cycles of 98°C for 15 s,
60°C for 90 s, and 72°C for 90 s; and a final step of 72°C for 5 min.
The products were purified using AMPure XP beads (A63882,
Beckman Coulter) and diluted in 20 μl of nuclease-free water. In
the second step, 10 μl of the purified product from step 1 was am-
plified with universal primers and MCP primer pool 2A or primer
pool 2B (see table S1 for the primer sequences in different panels).
Index sequences and sequences for full-length adapters of Illumina
sequencing were also added in this step. The amplification reaction
was prepared in a 30-μl volume reaction containing 1× Platinum
PCR Master Mix and run under the following cycling conditions:
98°C for 3 min; 8 cycles of 98°C for 15 s, 60°C for 90 s, and 72°C
for 90 s; and 6 cycles of 98°C for 15 s, 60°C for 30 s, and 72°C for 30
s. Last, the PCR product of the two pools were combined and puri-
fied using AMPure XP beads. The final library was sequenced on the
Illumina NovaSeq 6000 platform (Illumina).

CpG tandems target amplification
CTTA was used for the discovery of methylation markers from the
pre-MCP library. After lambda exonuclease digestion, the single-
stranded DNA was equally divided into two aliquots, followed by
two-step PCR amplification. In the first step, a linear amplification
reaction was prepared in a 30-μl volume containing 1× Platinum
PCR Master Mix (14000012, Thermo Fisher Scientific) and CTT
primer pool A or primer pool B (0.07 μM for each primer, panel
D, table S1) under the following cycling conditions: 98°C for 3
min, followed by 3 cycles of 98°C for 15 s, 51°C for 240 s, 68°C
for 90 s, and 72°C for 5 min. Then, the PCR products using the
two pools were combined, purified using AMPure XP beads
(A63882, Beckman Coulter), and diluted in 20 μl of ddH2O. In
the second step, the 20 μl of purified product from step 1 was

amplified with index primers in a 50-μl of reaction containing 1×
KAPA HiFi HotStart ReadyMix (KR0369, Kapa Biosystems), fol-
lowed by PCR under the following conditions: 98°C for 45 s; 13
cycles of 98°C for 15 s, 62°C for 30 s, and 72°C for 30 s; and 72°C
for 5 min. Last, the PCR product was purified and sequenced on the
Illumina NovaSeq 6000 platform (Illumina).

Construction of the diagnostic model for HCC detection
Ten methylation markers with diagnostic value were identified on a
training cohort comprising HCC and non-HCC samples by
random forest algorithm. Then, these 10 methylation markers
were used for methylation model by random forest with default pa-
rameters, yielding the methylation score. The mutation score was
defined as binary based on whether one or more reliable HCC-
related mutations were detected. The final HCC detection model
contained the combined mutation and methylation score based
on taking the maximum of each of the mutation or methylation
score, as the MCP score. The model performance was evaluated
both on the training and testing cohorts by the AUC statistics. Sen-
sitivity and specificity of the model was determined using an opti-
mized cutoff value of 0.63, generated from the training cohort with
leave-one-out cross-validation algorithm. This cutoff value optimi-
zation was applied using Youden’s index.

Statistical analysis
Custom R script and R packages software was used to construct
heatmap and boxplot and to perform statistical analysis. The anal-
ysis scripts are available at Zenodo (DOI:10.5281/zenodo.7106903).
GraphPad Prism (PRISM version 5) software was used to construct
bar plots, correlation analysis graph, and ROC curve analysis. The
correlations between the observed and expected frequencies in ref-
erence samples and between different mutation or methylation de-
tection methods were evaluated using Spearman correlation
coefficients. The statistical significance of the difference was deter-
mined using the Wilcoxon signed-rank test or one-tailed Mann-
Whitney test. The 95% CIs for sensitivity and specificity in HCC
detection were estimated by the Clopper-Pearson method.
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Simultaneous analysis of mutations and methylations in circulating cell-free DNA
for hepatocellular carcinoma detection
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Parallel profiling for HCC detection
Cell-free DNA (cfDNA) is a useful noninvasive approach for cancer diagnostics; however, low yielding samples and
smaller alteration frequencies make multiple biomarker testing difficult on single samples. Here, Wang et al. have
developed the Mutation Capsule Plus (MCP) technology that allows for parallel profiling of mutations and methylation
changes on a single cfDNA sample from patients with hepatocellular carcinoma. They validated their model on
retrospective and prospective cohorts with high sensitivity and specificity. This represents a promising technology that
could improve discovery and validation of biomarkers using cfDNA for many types of cancer.—DH
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