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Hepatocellular carcinoma (HCC) is dangerous cancer that often 
evades early detection because it is asymptomatic and an effec-
tive detection method is lacking. For people with chronic liver 
inflammation who are at high risk of developing HCC, a sen-
sitive detection method for HCC is needed. In a meta-analysis 
of The Cancer Genome Atlas pan-cancer methylation database, 
we identified a CpG island in the USP44 promoter that is me-
thylated specifically in HCC. We developed methylation-sensi-
tive high-resolution melting (MS-HRM) analysis to measure the 
methylation levels of the USP promoter in cell-free DNA isolated 
from patients. Our MS-HRM assay correctly identified 40% of 
patients with early-stage HCC, whereas the α-fetoprotein test, 
which is currently used to detect HCC, correctly identified only 
25% of early-stage HCC patients. These results demonstrate 
that USP44 MS-HRM analysis is suitable for HCC surveillance. 
[BMB Reports 2022; 55(11): 553-558]

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most dangerous 
cancers and is difficult to detect at early stages (1, 2). Although 
chronic inflammation caused by factors such as alcohol con-
sumption, hepatitis viral infection, and non-alcoholic steatohe-
patitis can drive carcinogenesis (3-7), it is challenging to detect 

HCC in the setting of chronic liver disease. Ultrasonography 
and the α-fetoprotein (AFP) test have been used to detect HCC, 
but their sensitivities for early-stage HCC are not high enough 
to provide sufficient surveillance power for patients with an 
increased risk of HCC (2, 8).

Analysis of cell-free DNA (cfDNA) obtained from a blood- 
based liquid biopsy is emerging as an alternative method for 
early cancer detection. Next-generation sequencing (NGS) analy-
sis of cfDNA for tumor-specific mutations or methylations can 
successfully identify circulating tumor DNA (ctDNA) in diverse 
cancer types (9-12). Mutations are highly associated with tumors, 
but low allele frequencies hamper their detection in the blood 
(13, 14). Although aberrant methylations are usually shared in 
the same tumor types, resulting in high tumor associations (15), 
their associations are not limited to tumors but are often shared 
with other cell types, causing background noise in blood-based 
assays. To improve detection, it is essential to find methylation 
markers with high specificity to the cancer of interest, along 
with techniques that can differentiate small methylation changes 
in cfDNA caused by increased ctDNA in the blood. NGS analy-
sis of cfDNA methylation provides good statistical power to 
address the above requirements, but its cost and technical hur-
dles hinder its use in routine cancer surveillance.

To develop a liquid biopsy assay for early detection of HCC, 
we selected HCC-specific methylation markers (HMMs) from a 
meta-analysis of The Cancer Genome Atlas (TCGA) pan-cancer 
methylome data: https://www.cancer.gov/tcga. We found that 
cg22538054, located in the promoter region of ubiquitin-spe-
cific peptidase 44 (USP44), is hypermethylated only in HCC, 
and we confirmed this hypermethylation in HCC using pyro-
sequencing of tumor and paired normal liver tissue samples 
obtained from the same patients. We developed a methylation- 
sensitive high-resolution melting (MS-HRM) assay for the USP44 
promoter and tested its feasibility in analysis of liquid biopsy 
samples to detect early-stage HCC. Clinical validation using 
tissue and blood samples demonstrated that MS-HRM analysis 
of a single HMM (cg22538054) can detect HCC with high sen-
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Fig. 1. Methylation of cg22538054 in normal and tumor tissues. 
(A) The b-value of cg22538054 in public data collected from TCGA, 
GEO, and KNIH. WB; whole blood, LIHC; liver hepatocellular car-
cinoma. ****P ＜ 0.0001. (B) Results of pyrosequencing analysis of 
eight CpG sites including cg22538054 at the USP44 promoter. The 
sequence of the USP44 promoter region, with CpG sites labeled 
“#number”, is shown at the top. Boxplot shows the cytosine fre-
quencies of normal (gray) and tumor (black) tissues at CpG sites cor-
responding to the “#number” label shown above. ****P ＜ 0.0001.

Fig. 2. Melting peak and curve analysis of the cg22538054 MS-HRM 
assay. (A) Relative fluorescence units (RFUs) values of the amplifi-
cation for samples with increasing levels of methylation. (B) Mel-
ting peak plot of each serially diluted sample at the indicated tem-
perature. The melting peak is derived by taking a negative number 
to the differential value of the melting curve. (C) A normalized melting 
curve plot of each serially diluted sample is shown. (D) A boxplot 
of the AUMC values of the curves of serially diluted samples based 
on the normalized melting curve. The experiment was done a total 
of five times. The color codes for the methylated templates are as 
follows: 0%, black; 1.56%, green; 3.12%, dark orchid; 6.25%, orange; 
12.5%, blue; 25.0%, red; 50.0%, brown; and 100%, cyan.

sitivity and specificity. In particular, the cg22538054 MS-HRM 
assay showed 40% sensitivity and 95% specificity for early-stage 
HCC, higher than the sensitivity of the AFP test (25%). A com-
bined MS-HRM and AFP assay showed higher sensitivity (57% 
of early HCC and 76% of all HCC) that is sufficient for de-
tecting early-stage HCC in a high-risk group.

RESULTS

Identification of HMMs
To identify HMMs with minimal cross-reactivity with other 
tissue types, we examined the methylation levels in non-HCC 
tissue types of CpG sites that are hypermethylated in HCC 
using TCGA and Gene Expression Omnibus (GEO) pan-cancer 
data. In addition, whole blood methylome data from the Kor-
ean National Institute of Healthy (KNIH) were used to filter out 
CpGs with methylation levels of more than 10% in blood. 
Among the hypermethylated CpGs in HCC, cg22538054 showed 
less than 10% methylation in all normal tissues, including whole 
blood cells (Fig. 1A). Although some tumors showed elevated 
methylation of cg22538054, the methylation levels were con-
siderably lower (＜15%) than that seen in HCC. To verify the 
methylation levels of cg22538054 and the neighboring CpG 
sites in tumor tissues, we performed bisulfite pyrosequencing 
of the region using 47 HCC and paired normal tissues. All CpG 
sites sequenced were significantly hypermethylated in tumor 
tissues (Fig. 1B). Therefore, we considered hypermethylation 
of the USP44 promoter to be a good indicator of HCC and de-
veloped a PCR-based assay to measure the region’s methyla-
tion level in the blood.

Development of MS-HRM analysis for the USP44 promoter 
region
In healthy people, cfDNA are mostly derived from blood cells. 
When liver cancer develops, DNA fragments are released from 
the cancer cells and mixed with DNA fragments from other 

tissues in blood. Therefore, a sensitive, quantitative assay is 
needed to detect tumor DNA fragments in the cfDNA pool. 
We designed primers to amplify the promoter region regard-
less of its methylation status and then measured the methyla-
tion levels of the amplified fragments using MS-HRM analysis. 
Serially diluted bisulfite-treated genomic DNA (gDNA) of Huh-1 
liver cancer cells and peripheral blood mononuclear cells 
(PBMCs) was examined using the assay. The quantification cycle 
(Cq) of the PCR indicated that all the samples showed similar 
amplification efficiencies independent of their methylation status 
(Fig. 2A). Subsequent HRM analysis revealed two distinct peaks, 
one at 76oC and the other at 78oC, representing unmethylated 
fragments of the USP44 promoter region from PBMCs and me-
thylated fragments of the USP44 promoter region from Huh-1 
cells, respectively (Fig. 2B). The peak size of the higher tempe-
rature increased gradually with the percentage of Huh-1 DNA 
in the sample. Similarly, the slope of the melting curve of the 
amplified fragments decreased as the amount of Huh-1 DNA 
increased (Fig. 2C). Quantification of the area under the me-
thylation curve (AUMC) was sensitive enough to detect 1.6% 
methylation in 1 ng of input DNA, representing a few copies 
of methylated DNA in 300 genome equivalents of human 
DNA (Fig. 2D). A significant correlation between methylation 
level and AUMC value was also observed. These results de-
monstrate that MS-HRM analysis can quantitatively measure 
the methylation level of a tumor marker.
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Fig. 3. MS-HRM assay of HCC tumor and paired normal tissue 
samples. (A) Melting peak plot of NAT and tumor tissue samples 
in the indicated temperature range. The color codes are as follows: 
negative control, black; positive control, cyan; NAT, blue; and tumor 
tissue, orange. (B) Normalized melting curve plot of NAT and tumor 
tissue samples. (C) Scatter plots for Cq and AUMC of each tissue 
sample. The gray dotted line indicates the 99th percentile of AUMC 
values of NATs. (D) Accuracy of the MS-HRM assay. Sensitivity and 
specificity are based on a cut-off set to the 99th percentile of AUMC 
values (7.463) of NATs.

Fig. 4. MS-HRM assay for blood samples from 80 healthy people 
and 113 HCC patients. (A) Melting peak plot. The color codes are 
as follows: negative control, black; positive control, cyan; healthy 
people, green; and HCC patients, red. (B) Normalized melting curve 
plot. (C) Diagnostic performance of the MS-HRM assay and AFP test. 
(D) Scatter plots of AFP and AUMC values for tumor stage (early- 
stage: BCLC 0, A (yellow dot); late-stage: BCLC B, C, D (red dot)). 
AFP values were converted to log20. The gray dotted line on the 
y-axis represents the 95th percentile (7.325) of AUMC values of 
healthy people, and the gray dotted line on the x-axis sets indi-
cates the tumor cut-off point where log20 (AFP) is 1.

Clinical validation of the HRM assay
We first analyzed clinical samples (104 HCC tumor tissues and 
89 paired normal liver tissues) to examine the accuracy of the 
cg22538054 MS-HRM assay (Supplementary Table 1). The melt-
ing peaks and curves of the amplified fragments from normal 
tissues overlapped with those of PBMCs, indicating that the 
USP44 promoter region was not methylated in normal tissues 
(Fig. 3A). However, the melting peaks and curves of most of 
the amplified fragments from HCC samples were strongly 
shifted toward those of the methylated promoter region. The 
AUMC values of tumor samples were significantly higher than 
those of normal tissues (Fig. 3B). We set the 99th percentile 
(7.463) of AUMC values of normal tissues as the cut-off dis-
tinguishing normal and tumor samples and observed that 83.7% 
of tumor tissues had AUMC values above this cut-off (Fig. 3C). 
The high accuracy of the assay in detecting tumors regardless 
of HCC subtypes with only one methylation marker encouraged 
us to test its ability to detect cancer DNA in blood samples 
from HCC patients and healthy people. We collected plasma 
from 80 healthy people and 113 HCC patients and analyzed 
the samples using our MS-HRM assay (Supplementary Table 2). 
Like the tissue samples, cfDNA from plasma of healthy people 
showed melting curves and peaks similar to those of the un-
methylated control, whereas that of HCC patients showed varying 
shifts in melting peaks and curves toward those of the methyl-
ated control (Fig. 4A, B). Using a cut-off set to the 95th percen-
tile of AUMC values in healthy people, 40% of early-stage and 
53% of late-stage HCC patients were correctly identified as 
having HCC. The sensitivity of the MS-HRM assay (40%) for 

early-stage cancer (40%) (Barcelona Clinic Liver Cancer [BCLC] 
stage A) was higher than that of the AFP test (25%) (Fig. 4C), 
and many of the HCC patients who received negative results 
on the AFP test received positive results with the MS-HRM 
analysis (Fig. 4D). Combining the two tests achieved 57% sen-
sitivity for early-stage cancer and 76% sensitivity for all HCC 
(Fig. 4C). This result indicates that the high accuracy of the 
USP44 MS-HRM analysis is a suitable blood-based test for HCC 
surveillance.

DISCUSSION

Analysis of liquid biopsy samples has emerged as a promising 
method to detect cancer (16). Cancer-specific biomarkers in the 
blood are good targets for such analysis. The systemic nature 
of blood samples makes it difficult to identify the source of 
cancer-associated markers unless they are particular to a certain 
cancer type. To develop an assay to detect HCC in blood sam-
ples, we performed a meta-analysis of methylome databases 
containing more than 8,500 patient methylome data for various 
cancers and normal tissues to discover HMMs. We filtered the 
HMMs using blood-based methylome data to select those with-
out detectable methylation levels in the blood. Hypermethyla-
tion of cg22538054 at the CpG island of the USP44 promoter 
was primarily associated with HCC. Hypermethylation of the 
USP44 promoter correlates with its downregulation in HCC as 
was shown in other tumors (17). This result indicates the suita-
bility of USP44 MS-HRM as an effective analysis of blood-based 
liquid biopsy samples to detect HCC.
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Another hurdle in blood-based cancer detection is the small 
amount of cancer-specific DNAs in the blood (18). Methylation- 
specific PCR is typically chosen for this analysis but often gives 
false-positive results due to nonspecific binding of methylation- 
specific primers to unmethylated sites when the real binding 
sites for the primers are limiting (19, 20). To avoid this pro-
blem, we developed an assay that can amplify DNA fragments 
of cancer biomarkers regardless of their methylation status (21). 
Then we measured differences in their melting characteristics 
caused by the replacement of C/G pairing with A/T pairing in 
the unmethylated sites after bisulfite conversion of the cfDNA. 
The AUMC values of all healthy blood and normal liver tissue 
samples were low, indicating that there were no false-positive 
results caused by imperfect analytical specificity of the assay. 
But our MS-HRM assay was sensitive enough to detect small 
changes in methylation levels in blood samples from HCC patients. 

In summary, we developed an assay that addresses two sig-
nificant hurdles for liquid biopsy to test for HCC: specific bio-
markers and high analytical accuracy. Our MS-HRM assay has 
high sensitivity and specificity in detecting early-stage HCC in 
blood. Therefore, the USP44 MS-HRM assay could be used for 
HCC surveillance in high-risk patients. 

MATERIALS AND METHODS

Marker discovery from public data
All public data used for analysis were downloaded from TCGA 
and GEO (HumanMethylation450 bead array). For raw data 
from whole blood produced in-house, normalization and batch 
effects were corrected using ‘Minfi’ R package (v.3.4.3). The 
signal intensity of raw data was measured and converted into a 
methylation b-value ranging from 0 (unmethylated) to 1 (fully 
methylated), and the genome was mapped using the hg19 
reference genome. 

First, to facilitate blood-based liquid biopsy, hypermethylated 
differentially methylated probes with b-values of 0.3 or higher 
in tumor compared to normal tissue were selected. Next, un-
methylated probes with b-values of 0.1 or less in more than 90% 
of normal samples were selected. For the selected probes, HCC 
diagnostic markers were discovered using the ‘randomForest’ 
R package (v.3.4.3). For modeling, the data were randomly 
divided; 90% of the data was used for training and the re-
maining 10% for testing (with 1,000 iterations). The prediction 
performance of markers was calculated as the area under the 
curve (data not shown).

Confirmation of analytical sensitivity using control samples
We used DNA from the Huh-1 liver cancer cell line and human 
blood gDNA (Roche) in fold-dilution series to determine the 
limit of detection (LOD) of the MS-HRM assay developed for 
the USP44 promoter region. Control samples with eight differ-
ent methylation levels (0%, 1.6%, 3.1%, 6.3%, 12.5%, 25%, 50%, 
and 100%) were prepared and the LOD experiment using the 
diluted samples was done five times. AUMC values were de-

rived according to the methylation level of each sample, and 
t-tests were performed to compare the AUMC values in the 0% 
sample and the 1.6%, 3.1%, and 6.3% samples.

Clinical samples
Normal adjacent tissues (NATs) and tumor tissues were collected 
from 47 HCC patients for pyrosequencing. Of the 47 HCC 
patients, 39 had T1- or T2-stage tumors, and 27 had AFP levels 
higher than 20. 

The performance of the tissue-based MS-HRM assay was 
confirmed using 89 NATs and 104 tumor tissues from HCC pa-
tients. Of the 104 tumor tissues, 96 were at stage T1 or T2. In 
addition, 60 patients had AFP levels higher than 20, accounting 
for 57.1% of all HCC patients.

Whole blood from 80 healthy people and 113 HCC patients 
was collected using Alphaliquid TubesTM and PAXgene ccfDNA 
Tubes. For later processes, cfDNA was preserved in PAXgene 
ccfDNA Tubes to stabilize cfDNA and reduce the loss of cel-
lular components like gDNA. Whole blood samples were cen-
trifuged at 1,900 g for 15 min, and then the supernatant was 
transferred to a new 15-ml conical tube and centrifuged at 
1,900 g for 15 minutes to obtain plasma, from which as much 
debris as possible was removed. Tissue and blood samples 
approved by the Seoul National University Hospital Institutional 
Review Board (H-1602-016-739 and H-1809-088-974) were used 
for pyrosequencing and HRM analysis.

Nucleic acid extraction and bisulfite conversion
gDNA of Huh-1 cells or Human Genomic DNA from human 
blood (Roche) was extracted using the QIAmp DNA Mini Kit 
(Qiagen) according to the manufacturer’s instructions. cfDNA 
from plasma of HCC patients and healthy volunteers was ex-
tracted using the MagListoTM cfDNA Extraction Kit (Bioneer) 
according to the manufacturer’s instructions. The extracted gDNA 
and cfDNA were bisulfite-converted using the EZ DNA Methyla-
tion-Lightning Kit (Zymo Research) according to the manufac-
turer’s instructions and then used in an assay to check the 
methylation level of each sample.

Pyrosequencing
To amplify a region containing eight CpGs, including cg22538054, 
we used forward primer 5’-GGGAATGGTTTTAGGAAGTTGA- 
3’ and reverse primer 5’-biotin-AACCCCATCCCTCCACCCTC-3’. 
Thermocycling was conducted in a DNA Engine Tetrad 2 Pel-
tier Thermal Cycler (Bio-Rad) under the following conditions: 
initial denaturation at 95oC for 15 min; 45 cycles of denatura-
tion at 94oC for 30 s, annealing at 56oC for 30 s, and extension 
at 72oC for 30 min; and a final extension at 72oC for 10 min. 
Sequencing was completed using a PyroMark Q48 Autoprep 
System (Qiagen) according to the manufacturer’s instructions 
from sequencing providers (Macrogen). We performed pyrose-
quencing on 47 tumor samples and paired normal tissue samples 
and compared their methylation levels at eight target CpG sites 
using t-tests.
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MS-HRM analysis
MS-HRM was conducted using a separate reverse primer that 
can bind to methylated and unmethylated templates to detect 
trace amounts of ctDNA in cfDNA. The forward primer was 
designed to enable semi-quantification using the methylation 
independent primer used in the existing MS-HRM. USP44 pro-
moter PCR amplification was performed in a 25-μl reaction 
containing 20× AccuPowerⓇ Plus DualStarTM qPCR MasterMix 
(Bioneer), 2× EvaGreenⓇ (Biotium), 0.4 μM common forward 
primer (5’-GATGGAGAGAAGGCGGGTAAGA-3’), 0.4 μM me-
thylated reverse primer (5’-CGAAATAATACTCGAAACCCCG-3’), 
unmethylated reverse primer (5’-CACAAAATAATACTCAAAA 
CCCCA-3’), and nuclease-free water. For PCR, we used samples 
corresponding to 0.25 ml of plasma. We calculated the sample 
volume by dividing the elution volume used in the final bisul-
fite conversion by the plasma volume used in cfDNA extrac-
tion. For MS-HRM analysis, thermocycling was conducted in a 
CFX96 Touch Real-Time PCR Detection System (Bio-Rad) under 
the following conditions: initial denaturation at 95oC for 5 min; 
50 cycles of denaturation at 95oC for 20 s, annealing at 60oC 
for 30 s, and extension at 72oC for 30 s; and a final extension 
at 72oC for 5 min. After PCR amplification, HRM analysis span-
ned a temperature range from 60oC to 95oC, with a ramp rate 
of 0.2oC/10 s, and used the fluorescence acquisition setting.

Melting curve normalization and AUMC
To remove exponential background noise from the total fluo-
rescence value according to the measured temperature, we sel-
ected temperatures (each TL; 68oC, TR; 86oC) with constant 
MS-HRM fluorescence change rates within the sections below 
and above the melting point and measured the fluorescence 
value at each temperature. The parameters of the exponential 
background noise were estimated from the rate of change. The 
exponential background noise values were calculated from the 
estimated parameters and removed from the total fluorescence 
values at each temperature point to calculate the fluorescence 
data function M(T) proportional to the amount of residual 
double-stranded DNA. Next, the methylation level was derived 
from the value of the area under the melting curve within each 
sample’s [68oC, 86oC] section. 
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