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Proteome Multimarker Panel With
Multiple Reaction Monitoring—Mass
Spectrometry for Early Detection of
Hepatocellular Carcinoma
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There is an urgent need for new biomarkers that address the shortcomings of current screening methods which
fail to detect a large proportion of cases with hepatocellular carcinoma (HCC) at early stage. To develop a robust,
multiple-biomarker panel based on multiple reaction monitoring-mass spectrometry with high performance in detecting
early-stage HCC within at-risk populations. In the discovery set, 150 samples were analyzed to identify candidate bio-
markers. The resulting list of candidates was tested in the training set (713 samples) to establish a multimarker panel,
which was evaluated in the validation set (305 samples). We identified 385 serum HCC biomarker candidates in the
discovery set and developed a multimarker panel consisting of 28 peptides that best differentiated HCC from controls.
The area under the receiver operating characteristic curve of multimarker panel was significantly higher than alpha-
fetoprotein (AFP) in the training (0.976 vs. 0.804; P < 0.001) and validation (0.898 vs. 0.778; P < 0.001) sets. In the
validation set, this multimarker panel, compared with AFP, showed significantly greater sensitivity (81.1% vs. 26.8%;
P < 0.001) and lower specificity (84.8% vs. 98.8%; P < 0.001) in detecting HCC cases. Combining AFP with the mul-
timarker panel did not significantly improve the area under the receiver operating characteristic curve compared with
the panel alone in the training (0.981 vs. 0.976; P = 0.37) and validation set (0.906 vs. 0.898; P = 0.75). Conclusion:
The multiple reaction monitoring—mass spectrometry multimarker panel consisting of 28 peptides discriminates HCC
cases from at-risk controls with high performance and may have potential for clinical application in HCC surveillance.

(Hepatology Communications 2020;4:753-768).

rimary liver cancer is the second-most common
cause of cancer-related mortality globally.(l)
Hepatocellular carcinoma (HCC) is the most
common type of primary liver cancer and the fastest-
rising cause of cancer-related deaths in the western
hemisphere over the past 2 decades.®? Hepatitis

B virus (HBV) and hepatitis C virus (HCV) account
for the vast majority of HCC-related mortalities.¥
The prognosis for patients with HCC is extremely
poor, with a 5-year survival rate less than 20%. Patient
outcomes depend largely on the tumor stage at detec-
tion, as curative treatments are only available for
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early-stage patients.(s’é) However, even for patients

with early-stage HCC, the opportunity for cura-
tive local ablation (such as radiofrequency abla-
tion), the most cost-effective treatment for HCC,m
is often limited to very-early stage disease (a single
lesion <2 cm),®1? highlighting the importance of
HCC surveillance at the very early stage.

Current clinical guidelines recommend surveillance
with biannual ultrasonography (US) with or without
serum alpha-fetoprotein (AFP) for the early detection
of HCC in at-risk populations.(n’m) Nevertheless,
the sensitivity of US in detecting early-stage HCC is
only 47% in patients with cirrhosis, as reported by a
meta-analysis."¥ The addition of AFP to US signifi-
cantly increases the sensitivity in detecting early-stage
HCC from 45% to 63%, which remains suboptimal.
Thus, there are urgent unmet clinical needs for new
biomarkers that can provide high performance in
HCC surveillance.

The molecular heterogeneity of HCC limits its
detection by a single biomarker,™ necessitating com-
binations of biomarkers (panels) for HCC surveillance.
This approach might be particularly valuable when
considering recent advances in proteomics, which has
enabled the discovery of numerous protein biomarker
candidates for HCC. The most significant advantage
of multiple reaction monitoring—mass spectrome-
try (MRM-MS) is its multiplexing feature, allowing
rapid and simultaneous quantification of hundreds of

candidate proteins and peptides in a high-throughput
mode.*17)
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In this multicenter study, we analyzed large-scale
serum biomarkers by using MRM-MS in patients
with early-stage HCC and at-risk controls to develop
a robust multimarker panel that significantly improves

the surveillance of HCC compared with AFP.

Materials and Methods

STUDY DESIGN AND
PARTICIPANTS

This was a multicenter phase 2 biomarker case-
control study based on the Early Detection Research
Network (EDRN) definition."® A total of 1,168
patients were enrolled from three tertiary care centers
in Korea (Asan Medical Center, Samsung Medical
Center, and Seoul National University Hospital).
Serum samples were collected from 474 patients with
HCC and 694 at-risk controls with chronic hepatitis B
(CHB), chronic hepatitis C (CHC), or liver cirrhosis
(LC). All patients gave informed consent before being
enrolled. Serum samples were collected between 6:00
and 8:00 am after an overnight fast to limit the dif-
terences that were caused by variations in the patients’
diets. The samples were then stored immediately at
-80°C and thawed on ice just before analysis. This
study was approved by the institutional review board
of Asan Medical Center (2015-1156 and 2017-1049),
Samsung Medical Center (2017-08-164), and Seoul
National University Hospital (H-1710-028-891).

From the 'Interdisciplinary Program in Bioengineering, College of Engineering, Seoul National University, Seoul, Korea; “Department
of Internal Medicine, Kyung Hee University School of Medicine, Seoul, Korea; *Departments of Biomedical Sciences, Seoul National
University College of Medicine, Seoul, Korea; *Biomedical Engineering, Seoul National University College of Medicine, Seoul, Korea;
SInstitute of Medical and Biological Engineering, MRC, Seoul National University College of Medicine, Seoul, Korea; *Department of
Medicine, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Korea; "Department of Internal Medicine
and Liver Research Institute, Seoul National University College of Medicine, Seoul, Korea; ®Department of Gastroenterology, Liver
Center, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Korea.

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:

Youngsoo Kim, Ph.D.

Department of Biomedical Engineering

Seoul National University College of Medicine
103 Dachak-ro Chongro-gu

Seoul 03080, Korea

E-mail: biolab@snu.ac.kr

Tel.: +82-2-740-8073

or

754

Young-Suk Lim, M.D., Ph.D.

Department of Gastroenterology

Asan Medical Center, University of Ulsan College of Medicine
88 Olympic-ro 43-gil, Songpa-gu

Seoul 05505, Korea

E-mail: limys@amc.seoul kr

Tel.: +82-2-3010-5933


mailto:biolab@snu.ac.kr
mailto:limys@amc.seoul.kr

HEPATOLOGY COMMUNICATIONS, Vol. 4, No.5, 2020

The detection of HCC was prompted by the pres-
ence of suspicious nodules on surveillance images
(US, computed tomography [CT], or magnetic res-
onance imaging [MRI]) or elevation in AFP. HCC
was confirmed, based on the results of the histologi-
cal examination or typical imaging features (nodule >
1 cm with arterial hypervascularity and portal/delayed-
phase washout) by CT or MRI per clinical practice
guidelines. " HCC stages were defined using the
Barcelona Clinic Liver Cancer (BCLC) system: very
early stage (stage 0), single nodule <2 cm; early stage
(stage A), single 2-5 cm or 2-3 lesions each <3 cm. 1112
Patients with Child-Pugh class C liver function or any
malignancy were excluded. All control patients were
confirmed not to have HCC or did not develop HCC
for at least 12 months of follow-up after the collec-
tion of the samples, to avoid the possibility of having
undiagnosed subclinical HCC. Cirrhosis was clinically
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or radiologically defined, based on the following crite-
ria: coarse liver echotexture and nodular liver surface
on US, clinical features of portal hypertension (e.g.,
ascites, splenomegaly, varices), or thrombocytopenia
(<150 x 1,000/mm?’). HBV infection was defined as
the persistence of serum hepatitis B surface antigen or
HBV DNA for more than 6 months. HCV infection
was defined as the persistence of anti-HCV and HCV
RNA for more than 6 months.

A total of 1,168 serum samples were collected from
three medical centers and randomly assigned to the
training or validation set to avoid possible bias. For
the discovery set (which was not randomized, because
a homogeneous cohort of HBV-associated samples
was required), 150 serum samples (50 CHB, 50 HBV-
related LC, and 50 HBV-related HCC) were provided
by Asan Medical Center (Fig. 1). The serum samples

in the discovery set were collected between June 2009

1168 eligible and approached participants
From 3-Medical centers

Discovery Set (n=150)

Selection of 385-HCC biomarker candidate
for

Asan medical Center
(CHB=50, LC=50, HCC=50)

Training Set (n1=713)

Asan medical Center

Multiplex-MRM MS assay

MRM-MS based Proteomic analysis

1
Apply Machine Learning

Samsung medical Center
Seoul National University Hospital
(CHB=188, CHC=36, LC=192, HCC=297 )

Validation Set (n=305)

Asan medical Center

1
Multimarker Panel establishment

Multimarker Panel validation

Samsung medical Center
Seoul National University Hospital
(CHB=36, CHC=3, LC=139, HCC=127)

FIG. 1. Overview of the workflow. Patients were enrolled in independent discovery, training, and validation sets. The 385 HCC biomarker
candidates were identified by an MRM-MS-based proteomic method in the discovery set, consisting of serum samples from 50 patients
with early HCC and 100 high-risk controls (50 with CHB and 50 with LC). The multimarker panel that was established in the training
set consisted of 713 serum samples, consisting of 297 patients with HCC and 416 high-risk controls (187 with CHB, 36 with CHC, and
193 with LC) enrolled from three sites. The validation set included 127 patients with HCC and 178 high-risk controls (36 with CHB,
3 with CHC, and 139 with LC) enrolled from the three aforementioned sites and was used to further evaluate the performance of the

multimarker panel.
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and April 2010. Sera for the training (HCC, n = 297
controls, n = 416) and validation sets (HCC, n = 127;
controls, n = 178) were collected at three participating
centers between November 2009 and December 2016.
The characteristics of the cases and controls are pre-
sented in Table 1.

All clinical data, including the diagnosis of HCC,
were blinded to the laboratory technicians and ana-
lysts to avoid bias in the measurements. AFP was
measured by chemiluminescent microparticle immu-
noassay (ARCHITECT i2000SR; Abbott, Chicago,
IL). This study was approved by the institutional

review board of each participating center.

QUANTITATIVE MRM-MS
ANALYSIS

The sample preparation methods are detailed in
the Supporting Information. The six most abundant
proteins (albumin, transferrin, immunoglobulin G,
immunoglobulin A, haptoglobin, and al-antitrypsin)
were depleted on a Multiple Affinity Removal System
Human-6 (MARS Hu-6, 4.6 x 100 mm; Agilent
Technologies, Santa Clara, CA) column that was
loaded onto a high-performance liquid chromatog-
raphy (HPLC) (Shimadzu Co., Kyoto, Japan). Next,
44 pL of each sample was diluted in 176 pL of buffer A
and passed through a 0.22-pm filter by centrifugation
(12,000 g, room temperature). Buffer A was used as a
blank, and 200 pL of each sample was injected.

All MRM-MS assays were performed on an Agilent
6490 triple quadrupole mass spectrometer coupled with
a 1260 Infinity HPLC system (Agilent Technologies)
with the prepared serum samples. All MRM-MS
raw files were processed in Skyline (McCoss Lab,
University of Washington, Seattle, WA).

DATA ANALYSIS

Comparisons between two groups were analyzed
using Student # test, whereas groups of three or more
were analyzed by analysis of variance. Patients’ char-
acteristics were represented in the form of its mean *
SD or percentile (%). A chi-squared test was per-
formed for categorical variables.

The levels of the 385 candidate markers that were
identified in the discovery set were analyzed in the
training set. Logistic regression was used to build the
multimarker panel, based on the potential biomarkers.
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Area under the receiver operating characteristic curve
(AUROC) analysis was performed to determine the
discriminatory performance of each peptide marker
combination panel, including its sensitivity and spec-
ificity. Youden index!”
training set and subsequently used to classify patients
in the validation set. The predicted probability of
being detected as HCC by the multimarker panel was
calculated according to the following expression: logit
[P = HCC] (Supporting Table S4). In this equation,
logit represents the predicted probability of HCC. In
cases in which the level exceeded the cutoff of 0.448,
the value was replaced by a discrete value and deemed
as HCC. The multimarker panel’s ability to diagnose
HCC was evaluated using a cutoff of 20 ng/mL AFP.
The performance of the combination between multi-
marker panel and AFP was also assessed. The differ-
ence between sensitivity and specificity for multimarker
panel and AFP was evaluated by Pearson’s chi-squared
test. All reported P values are two-sided. P values less
than 0.05 were considered significant. All statistical
analyses were performed using R (version 3.5.1) and

IBM SPSS (version 23.0; IBM, Chicago, IL).

was set as the cutoff in the

Results

CHARACTERISTICS OF CASES
AND CONTROLS

To define biomarker candidates, 150 serum samples
(50 CHB, 50 HBV-related LC, and 50 HBV-related
HCC) were analyzed in the discovery set. Next, 713
samples (297 HCC and 416 controls with CHB,
CHC, or LC) were recruited to test these candidates
and establish multimarker panels in the training set.
Finally, an independent validation set, consisting of 305
samples (127 HCC and 178 controls), were used to test
the performance of the multimarker panels (Fig. 1).

All subjects had Child-Pugh class A or B liver
function, and most (94.1%) of the HCC cases had
very-early stage or early-stage disease (BCLC stage
0 or A; Table 1). The mean tumor size in the HCC
cases was 2.97 cm (2.2 cm) and was the smallest in
the discovery set (2.6 = 1.1 cm). All cases and controls
in the discovery set had compensated liver function,
with Child-Pugh scores < 7 and serum alanine ami-
notransferase (ALT) levels <80 U/L. Overall, the pre-

dominant cause of liver disease and HCC was chronic
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HBYV infection (75.7% in HCC cases and 78.7% in
non-HCC controls).

DEVELOPMENT OF A MRM-MS
MULTIMARKER PANEL

The 385-multiplex MRM assay was developed to
quantify a wide array of HCC-related blood mark-
ers from the discovery set (Supporting Information
and Supporting Fig. S1), In total, 713 samples were
measured by the 385-plex MRM assay to generate
the training set data, which were then used to develop
an optimized multimarker panel for the detection of
HCC. Full details of the estimation procedure are
described in the Supporting Information.

In the training set, AUROC values were estimated
to determine the sensitivity, specificity, and accuracy
of various multimarker panels. Four multimarker pan-
els that consisted of 16 to 28 peptides were chosen
as models (Supporting Table S3). Among established
multimarker panel models, the 28-biomarker combi-
nation performed best (AUROC, 0.976; 95% confi-
dence interval [CI], 0.967-0.985; Table 2; Fig. 2A;
Supporting Table S4). Subsequently, this 28-biomarker
panel was further validated.

PERFORMANCE OF THE
28-BIOMARKER PANEL IN
DISCRIMINATING HCC AND
CONTROLS

In the training set, the multimarker panel that was
based on this 28-biomarker combination, yielded a
significantly higher AUROC value (0.976 vs. 0.804;
P < 0.001) and greater sensitivity (91.9% vs. 40.4%;
P < 0.001) compared with AFP (cutoff of 20 ng/mL
(Table 2 and Fig. 2A). However, the specificity of this
panel was lower than that of AFP (92.1% vs. 98.3%;
P < 0.001). Combining AFP with the multimarker
panel did not significantly improve the AUROC
value compared with the panel alone (0.976 vs. 0.981,
P =0.374; Table 2 and Fig. 2A).

In the validation set, the multimarker panel showed
a significantly higher AUROC value than AFP (0.898
[95% CI, 0.863-0.933] vs. 0.778 [95% CI, 0.723-
0.833]; P < 0.001; Table 2 and Fig. 2B). The sensi-
tivity of this multimarker panel was also significantly
higher than that of AFP (81.1% vs. 26.8%; P < 0.001;
Table 2 and Fig. 2B). However, specificity was lower
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in the multimarker panel than in AFP (84.8% vs.
98.8%; P < 0.001; Table 2 and Fig. 2B). Combining
AFP with the multimarker panel did not significantly
change the AUROC, sensitivity, and specificity (all
P > 0.05; Table 2 and Fig. 2B).

PERFORMANCE OF THE
MULTIMARKER PANEL IN CASES
WITH VERY-EARLY-STAGE AND
AFP-NEGATIVE HCC

For the detection of very-early-stage HCC (single
lesion <2 cm), the multimarker panel had a signifi-
cantly higher AUROC value than AFP in the training
set (0.974 vs. 0.772; P < 0.001; Table 2 and Fig. 3A);
however, the difference in AUROC was insignifi-
cant in the validation set (0.833 vs. 0.777; P = 0.295;
Table 2 and Fig. 3B). In this subgroup of patients, the
multimarker panel was significantly more sensitive
than AFP in the training (92.7% vs. 38.5%; P < 0.001)
and validation sets (71.1% vs. 18.2%; P < 0.001) but
less specific than AFP in these sets (92.1% vs. 98.3%
[P < 0.001] and 84.8% vs. 98.8% [P < 0.001], respec-
tively) (Table 2). Combining AFP with the mul-
timarker panel did not significantly improve the
AUROQC, sensitivity, and specificity in the training
and validation sets (all P > 0.05; Table 2 and Fig. 3).

For the detection of AFP-negative HCC
(AFP < 20 ng/mL), the multimarker panel showed a
significantly higher AUROC than AFP in the train-
ing (0.970 vs. 0.686; P < 0.001; Table 2) and valida-
tion sets (0.874 vs. 0.707; P < 0.001; Table 2). The
sensitivity of the multimarker panel was 80.8% in the
training set and 67.8% in the validation set (Table 2).

SUBGROUP ANALYSES

Because most current practice guidelines rec-
ommend the surveillance of HCC in patients with
CHB and/or LC, subgroup analyses were performed
separately for patients with CHB and LC. In HBV-
related HCC cases and CHB controls without cirrho-
sis, the multimarker panel had a significantly higher
AUROC compared with AFP in the training (0.985
vs. 0.810; P < 0.001) and validation sets (0.953 wvs.
0.793; P = 0.002; Supporting Table S5 and Supporting
Fig. S2). In patients with LC, the multimarker panel
had a significantly higher AUROC value than AFP in
the training (0.964 vs. 0.801; P < 0.001) and validation
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FIG. 2. Performance of the multimarker panel and AFP in the diagnosis of HCC. AUROC curve and surveillance ability for the
multimarker panel and AFP for all patients with HCC versus high-risk controls in the training set (A) and validation set (B) (left,
AUROC curve; right, bar plot of sensitivity and specificity). The AUROC for the multimarker panel was significantly higher than that of
AFP (0.976 vs. 0.804 and 0.898 vs. 0.778 in training and validation sets, respectively). The sensitivities were significantly greater for the
multimarker panel than AFP. However, the specificities of the multimarker panel were slightly lower compared with AFP. The AUROC,
sensitivity, and specificity of the combination of the multimarker panel with AFP were similar to those of the s panel alone in the training
and validation sets. Abbreviation: AUC, area under the curve.

sets (0.883 vs. 0.767; P = 0.001; Supporting Table S5 two separate cutoffs for AFP levels. In our previ-

and Supporting Fig. S3). ously study, we demonstrated that the surveillance

performance of AFP when using cutoffs of 5 ng/mL
DIAGNOSTIC PERFORMANCE for AFP significantly improved the sensitivity for
OF THE COMBINATION OF carly detecting of HCC.?? We compared the abil-

MULTIMARKER PANEL WITH AFP ity of the multimarker panel to diagnose HCC with

the performance of AFP at two cutoffs: 5 ng/mL
ACCORDING TO CUTOFF IN HCC (AFP 5) and 20 ng/mL (AFP 20). In this model,

The putative HCC prediction models consisted subjects were deemed to have HCC if the subject
of the multimarker panel in conjunction with the was deemed as HCC by either of the two cutoffs.
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FIG. 3. Surveillance ability of the multimarker panel in cases with very-early-stage HCC. AUROC curves for the multimarker panel and
AFP for very-early-stage HCC (single size <2 cm) versus controls in the training set (A) and validation set (B) (left, AUROC curve; right,
bar plot of sensitivity and specificity). The multimarker panel outperformed AFP with regard to surveillance of very-early-stage HCC
(0.974 and 0.833 for multimarker panel vs. 0.772 and 0.777 in training and validation sets, respectively). The AUROC of the combination
of multimarker panel and AFP was similar to the panel alone in the training and validation sets. The combined model (combination of
multimarker panel and AFP) was more sensitive but less specific than the panel alone. Abbreviation: AUC, area under the curve.

The predictions of the models were then compared
with the actual results.

In the training cohort, the multimarker panel had
an AUROC of 0.924 (95% CI, 0.901-0.942) in dis-
criminating individuals with HCC from controls with
a sensitivity of 91.9% and specificity of 92.1% (Table 3
and Fig. 4A). The AUROC for multimarker panel
was significantly greater than that of AFP 5 (0.758;
P < 0.001), AFP 20 (0.693; P < 0.001), multimarker
panel in conjunction with AFP 5 (0.876; P < 0.001), and
multimarker panel in conjunction with AFP 20 (0.903,

P = 0.003). The 28-multimarker panel in conjunction
with AFP 5 had higher sensitivity compared with the
stand-alone panel (96.6% vs. 91.9%; P = 0.022), but
had significantly lower specificity (78.6% vs. 92.1%;
P < 0.001; Table 3). However, the specificity of the
multimarker panel in conjunction with AFP 5 was sig-
nificantly lower than that of the multimarker panel in
conjunction with AFP 20 (90.1%; Table 3).

In the validation set, at detection of HCC, the
stand-alone panel displayed the highest AUROC
value of 0.836 (95% CI, 0.788-0.877) in diagnosing

761



YEO, KIM, ET AL.

HEPATOLOGY COMMUNICATIONS, May 2020

TABLE 3. COMPARISON OF DIAGNOSTIC PERFORMANCES ACROSS COMBINATIONS OF THE
MULTIMARKER PANEL AND SERUM-AFP LEVELS AT TWO CUTOFFS

Very-Early-Stage HCC (Single <2 cm)

HCC vs. Controls vs. Controls AFP-Negative HCC vs. Controls
AUROC Sensitivity  Specificity AUROC Sensitivity  Specificity AUROC Sensitivity  Specificity
(95% Cl) (%) (%) (95% Cly (%) (%) (95% Cl) (%) (%)
Training set
Multimarker 0.924 91.9 92.1 0.927 92.7 92.1 0.886 80.8 96.5
panel (0.901-0.942) (0.901-0.948) (0.857-0.911)
AFP 5 (cutoff = 0.758 67.3 84.3 0.734 62.4 84.3 0.655 452 85.8
5 ng/mL) (0.725-0.790) (0.693-0.771) (0.615-0.694)
Pvalue* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.007 <0.001
AFP 20 (cufoff = 0.693 40.4 98.3 0.684 38.5 98.3 0.500 0.0 100
20 ng/ml) (0.658-0.727) (0.642-0.724) (0.458-0.542)
Pvalue* <0.001 <0.001 <0.001 <0.007 <0.001 <0.001 <0.001 <0.001 <0.001
Multimarker 0.876 96.6 78.6 0.884 98.2 78.6 0.868 90.4 83.3
panel +AFPS (0.850-0.899) (0.853-0.910) (0.838-0.895)
Pvalue® <0.001 0.022 <0.001 0.003 0.105 <0.001 0.203 0.016 <0.001
Multimarker 0.903 89.9 90.1 0.920 93.6 90.4 0.886 80.8 96.5
panel + AFP20  (0.879-0.924) (0.893-0.942) (0.857-0.911)
Pvalue* 0.003 0.481 0.373 0.465 0.999 0.460 1.000 0.893 0.847
Validation set
Multimarker 0.836 81.1 84.8 0.769 71.1 84.8 0.785 67.8 89.3
panel (0.788-0.877) (0.708-0.822) (0.729-0.835)
AFP 5 (cutoff = 0.716 61.8 81.4 0.725 63.6 81.4 0.651 47.8 82.4
5ng/mL) (0.659-0.767) (0.658-0.785) (0.588-0.710)
Pvalue* <0.001 0.001 0.490 0.434 0.597 0.490 0.001 0.010 0.109
AFP 20 (cutoff = 0.628 26.8 98.8 0.585 187 98.8 0.500 0.0 100
20 ng/mL) (0.569-0.684) (0.514-0.653) (0.436-0.564)
Pvalue* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Multimarker 0.803 89.8 70.8 0.780 86.7 70.8 0.793 84.4 74.2
panel +AFPS (0.754-0.846) (0.717-0.834) (0.738-0.842)
Pvalue? 0.088 0.074 0.002 0.685 0.120 0.002 0.747 0.015 <0.001
Multimarker 0.829 80.3 84.3 0.763 71.1 84.3 0.785 67.8 89.3
panel + AFP20 (0.780-0.871) (0.705-0.820) (0.729-0.835)
Pvalue* 0.552 0.998 0.987 0.317 0.816 1.000 1.000 0.873 0.856

Note: “Controls” indicates at-risk populations with CHB, CHC, and LC in the training set and the validation set. “AFP 5” indicates a
cutoff value of 5 ng/mL for AFP; “AFP 20” indicates a cutoff value of 20 ng/mL for AFP. “Very-early-stage HCC” indicates single tumor
size under 2 cm HCC. “AFP-negative HCC” indicates patients with HCC with AFP level under 20 ng/mL.

*Multimarker panel versus AFP.

fCombination of multimarker panel and AFP 5 versus multimarker panel alone.
fCombination of multimarker panel and AFP 20 versus multimarker panel alone. Pvalues less than 0.001 are shown as “<0.001.”

HCC than combined with AFP (Table 3 and Fig. 4A),
which was combined with AFP 5 and combined with
AFP 20. The AUROC for the combination of mul-
timarker panel in conjunction with AFP was not
significantly different compared with that of the com-
bination of multimarker panel in conjunction with

AFP 5 (0.803; 95% CI, 0.754-846; P = 0.088), and
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AFP 20 (0.829; 95% CI, 0.780-0.871; P = 0.552).
The sensitivity of the multimarker panel for HCC
was likewise not significantly different from that of
the panel in conjunction with AFP 5 (81.1 vs. 89.8%;
P =0.074) and in conjunction with AFP 20 (81.1 vs.
80.3%; P = 0.998). However, the specificity of the mul-
timarker panel for HCC was significantly greater than
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as the conjunction with AFP 5 or 20 in all sets. Abbreviation: ROC, receiver operating characteristic.
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that of the panel in conjunction with AFP 5 (84.8 vs.
70.8%; P = 0.002), but was not significantly different
from that of the panel in conjunction with AFP 20
(84.8% vs. 84.3%; P = 0.987; Table 3 and Fig. 4A).
Our results suggest that the multimarker panel is the
optimal choice for HCC detection.

DIAGNOSTIC PERFORMANCE
OF THE COMBINATION OF
MULTIMARKER PANEL AND
AFP LEVEL IN CASE WITH
VERY-EARLY-STAGE AND
AFP-NEGATIVE HCC

We further evaluated the combination of multi-
marker panel and AFP for detection of very-early-
stage. HCC. Compared with the combination of
multimarker panel and AFP, the multimarker panel
showed higher AUROC for very-early-stage HCC, as
shown by the AUCs of 0.927 (95% CI, 0.901-0.948)
in the training set and 0.769 (95% CI, 0.708-0.822) in
the validation set (Table 3 and Fig. 4B). When AFP
was used in conjunction with the 28-multimarker
panel, there was no significant improvement in its per-
formance for diagnosing very-early-stage HCC. The
AUROC for the stand-alone panel was significantly
different from the combined one of multimarker
panel with AFP 5 (0.884 [95% CI, 0.853-0.910;
P = 0.003] in the training set and AUROC = 0.780
[95% CI, 0.717-0.834; P = 0.6850] in the valida-
tion set), but was not significantly different than that
for combined with multimarker panel with AFP 20
(AUROC = 0.920 [95% CI, 0.897-0.945; P = 0.465]
in the training set and AUROC = 0.763 [95% CI,
0.705-0.820; P = 0.317] in the validation set).
However, the conjunction of multimarker panel with
AFP 5 was more sensitive than the stand-alone panel
(98.2% vs. 92.7% [P = 0.104] in the training set, and
86.7% vs. 71.1% [P = 0.120] in the validation set). By
contrast, specificity of the conjunction of multimarker
panel with AFP 5 was significantly lower than that of
the stand-alone panel (78.6% vs. 92.1% [P < 0.001] in
training set, 70.8% vs. 84.8% [P = 0.002] in validation
set) and conjunction of multimarker panel with AFP
20 (90.4% vs. 92.1% in training set, 84.3% vs. 84.8%
in validation set, respectively; Table 3 and Fig. 4B).

Likewise, for the patients with AFP-negative
HCC (AFP < 20 ng/mL), the multimarker panel
was not significantly different in AUROC compared
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with multimarker panel in conjunction with AFP 5 in
the training set (0.886 vs. 0.868; P = 0.203; Table 3
and Fig. 4C) and validation set (0.785 vs. 0.793;
P = 0.747; Table 3 and Fig. 4C). However, the con-
junction of multimarker panel with AFP 5 identified
AFP-negative HCC with a greater sensitivity than
the stand-alone panel (90.4% vs. 80.8% [P = 0.016]
in the training set, and 84.4% vs. 67.8% [P = 0.015]
in the validation set), but had lower specificity (83.3%
vs. 96.5% [P < 0.001] in the training set and 74.2%
vs. 89.3% [P < 0.001] in the validation set; Table 3).

DIAGNOSTIC PERFORMANCE
OF THE COMBINATION OF
MULTIMARKER PANEL AND TWO
AFP LEVELS IN SUBGROUP

In HBV-related HCC cases and CHB controls
without cirrhosis, the multimarker panel was not
significantly different in AUROC (0.920 [95% CI,
0.889-0.945] in the training set and 0.868 [95% CI,
0.792-0.923] in the validation set) than the other
two combination models. The conjunction of multi-
marker panel with AFP 5 had higher sensitivity than
the stand-alone panel in the training set (93.2% vs.
86.3% [P = 0.026] in the training set and 86.7% vs.
75.6% [P = 0.087] in the validation set; Supporting
Table S6 and Supporting Fig. S4A). The specificity of
the conjunction of multimarker panel with AFP 5 was
lower than the stand-alone panel (86.8% vs. 97.3%
[P < 0.001] in the training set and 82.9% vs. 94.3%
in the validation set). The AUROC, sensitivity, and
specificity of the conjunction of multimarker panel
with AFP 20 showed similar results to the stand-alone
panel in both the training set and the validation set.

In patients with LC, the multimarker panel showed
significantly higher AUROC compared with the
multimarker panel in conjunction with AFP 5 in the
training set (0.904 vs. 0.860; P = 0.004). Although
the AUROC was higher, it was not significant in the
validation set (0.820 vs. 0.787; P = 0.071; Supporting
Table S6 and Supporting Fig. S4B). The conjunction
of multimarker panel with AFP 5 was significantly
more sensitive than the stand-alone panel in both sets
(training set: 94.3% vs. 87.2% [P = 0.004]; validation
set: 89.8% vs. 81.1% [P = 0.074]), but was less spe-
cific (training set: 77.7% vs. 93.3% [P < 0.001]; vali-
dation set: 67.6% vs. 82.7% [P = 0.006]; Supporting
Table S6). Similar to the HBV-related HCC cases
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and CHB control comparison, the AUROC, sen-
sitivity, and specificity of the conjunction of multi-
marker panel with AFP 20 showed similar diagnostic
performance to the stand-alone panel in both the
training set and the validation set when comparing

HCC and LC.

Discussion

In this study, 385 candidate biomarkers for HCC
were analyzed simultaneously by MRIM-MS in a large
cohort of samples from several centers. After com-
paring the surveillance of these candidates directly,
we constructed a multimarker panel that combined
28 peptide markers, improving its performance com-
pared with individual biomarkers. We then performed
quantitative proteomics by MRM-MS, which allowed
us to determine broad and systematic changes in
the proteome that was associated with liver disease—
related proteins. The interassay variation, obtained
by analyzing quality control samples over 6 days,
was less than 15% for the 28 peptides and ranged
from 6.2% to 12.4% (Supporting Information and
Supporting Table S7). These results demonstrate that
the 28-peptide panel achieved acceptable reliability by
MRM-MS.

Targeted  proteomics  approaches that use
MRM-MS are cost-effective and suitable for multi-
plex quantitation of hundreds of proteins, with high
accuracy and a lower limit of quantitation.*") In addi-
tion, MRM-MS assays generate consistent and repro-
ducible data sets between laboratories, even in highly
complex samples.(zz) MRM-MS has the advantage
of automation, as demonstrated in a recent study by
Silvia et al.?® Furthermore, MRM-MS can simulta-
neously detect attomole levels of specific peptides in
complex biofluids,?*?”) rendering it useful for vali-
dating molecules of interest.?*?”) Thus, multimarker
panel-based MRM-MS is a viable method for detect-
ing early-stage HCC.

The performance of the multimarker panel in
distinguishing HCC cases from at-risk controls was
high, with an AUROC value of 0.976, a sensitivity
of 91.9%, and a specificity of 92.1% in the training
set. The significantly greater AUROC and sensitiv-
ity of this panel versus AFP in discriminating HCC
cases from controls were observed in the validation

set (AUROC, 0.898; sensitivity, 81.1%) and in the
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subgroups with very-early-stage HCC and AFP-
negative HCC. Similar results were replicated for the
multimarker panel in the evaluation of subgroup anal-
yses for patients with CHB and LC. The addition of
AFP to the multimarker panel did not significantly
improve the performance of the multimarker panel
alone. These data suggest that the multimarker panel
is a valid tool for improving the surveillance for HCC.

Our cohort is unique in that it features patients
from multiple centers and that nearly all of the HCC
cases used in the discovery, training, and validation sets
were in the very-early or early-stage disease. The early
detection of HCC significantly improves the prog-
nosis of patients and is a key factor in reducing the
mortality from HCC.®? Thus, we aimed to meet at
patent clinical need in the management of HCC: bio-
marker assays that can detect HCC at an early stage
in patients who are at risk of developing the cancer.
Larger sample sizes increased our ability to identify
differentially expressed biomarkers between HCC
cases and at-risk controls. Through MRM-MS anal-
ysis of the large-scale multicenter samples, we noted
distinct proteomic differences between HCC and
at-risk controls in a high-throughput manner, allow-
ing us to derive a clinically applicable signature that
detects early-stage HCC. Our methodical application
of mass spectrometry has improved the likelihood of
discovering biomarkers that are most appropriate for
surveilling HCC.

Notably, our multimarker panel performed similarly
in discriminating very-early-stage HCC from controls
as with distinguishing all stages of HCC from con-
trols (AUROC, 0.974 vs. 0.772 in the training set;
0.833 vs. 0.777 in the validation set). The sensitivity
of this panel in detecting very-early-stage HCC varied
(92.7% in the training set and 71.1% in the validation
set) but far exceeded that of AFP (38.5% and 18.7%,
respectively). Although US remains the standard test
tor HCC surveillance, its sensitivity is unacceptably
low in detecting very-early stage HCC.?%3

Our multimarker panel consisted of 28 proteins
that were identified in this study to be associated
with HCC (Supporting Table S4). Six AFP surrogate
proteins (T'TR, SERPINC1, SERPINNE2, APOCS3,
FABP1, and KNG1) associated independently with
HCC, consistent with a previous report.(32) In addi-
tion, SERPINAS8, a member of the serpin family,
suppresses tumor growth and metastasis.*® C1Q_

binds DDR1 directly, and activation of this signaling
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pathway might be involved in the progression of
HCC. ®Y CAT has an important function in the
development and progression of HCC.® CETP is
a significant determinant of lipoprotein function, and
regulates plasma high-density lipoprotein (HDL) lev-
els.%3") HDL has a critical function in the reverse
cholesterol transport pathway in the liver.®®3”
Complement component 9 is involved in immunity
and was recently reported to be down-regulated in
HCV-infected patients with HCC and overexpressed
in various cancers, including familial aggregation
HCC.®® BChE and Factor IX are usually produced
39:40) Factor IX is a zymogen in the blood
coagulation cascade.®” FCN3 is synthesized in the
liver by hepatocytes, bile duct epithelial cells, and type
IT alveolar and ciliated bronchial epithelial cells. It is
secreted into the blood, bile ducts, bronchi, and alveoli.
Thus, it might participate in systemic and local innate
immune responses. "’ CFHR2 consists of four SCR

in the liver.’

domains and circulates in human plasma in nongly-
cosylated and glycosylated forms.*” FN1 is produced
by hepatocytes, and elevated FN1 levels in the liver
might accelerate hepatic fibrogenesis and malignant
alterations in HCC."? Serpina$ is important in many
processes beyond hemostasis, including inflamma-
tion, innate immunity, fertilization, and carcinogene-
sis.**) TTIH1 is one of the heavy chains of a serine
protease inhibitor and is involved in inflammation and
carcinogenesis. Decreased ITTH1 levels correlate with
the progression of hepatic fibrosis.*®’ The expression
level of LDHA is critical for metastasis of human
HCC, and LDHA is important in tumor prolifera-
tion and the growth of HCC.*” Mannan-binding
lectin (MBL) functions in the innate immune system
by protecting against infections. Low serum levels of
MBL are associated with an increased chronic HBV
and HCV infection.*® A recent study reported that
elevated MBL is associated with the development of
HCC.“” THBST is linked to tumor invasiveness and
progression in HCC and is a proangiogenic factor
that stimulates angiogenesis in HCC.®”

Regardless of the promising outcomes in this study,
we have identified several limitations in our study.
First, all of our study populations were of Korean eth-
nicity, and most had chronic HBV infection, which
might limit the applicability of our results to the
general populations of other ethnicity and etiologies.
Despite our strict approach to the ALT levels for
the development of 385 candidate biomarkers in the
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discovery set (ALT < 80 IU/L), some proteins of our
multimarker panel might have been associated with
liver cell-specific proteins, and the performance of
the panel may have varied depending on the activity
of HBV replication or level of transaminases. When
the correlation between the performance of the mul-
timarker panel and ALT levels was reinvestigated,
a subtle yet statistically significant correlation was
found in the given data set (r = 0.25 in the training
set with P value < 0.0001 [n = 713] and r = 0.35 in
the validation set with P value < 0.0001 [n = 305]).
Third, whether the detection of preclinical disease
by biomarkers can decrease the mortality from HCC
remains unknown. However, this aim is beyond the
scope of our study, warranting EDRN phase 4 and
phase 5 biomarker studies.™® Last but not least, the
lower specificity of our multimarker panel compared
with AFP is another limitation. However, unlike in
the diagnosis, sensitivity carries more weight than
specificity in the surveillance of HCC, as a late diag-
nosis of HCC would limit the opportunity for sur-
vival improvement. Thus, although sensitivity offsets
specificity, efforts to enhance the sensitivity should be
prioritized in the surveillance of HCC.

In conclusion, using a multiplex MRM-MS
assay, we screened large-scale serum proteins in a
high-throughput manner in a large cohort of HCC
cases and at-risk controls. The MRM-MS-based
multimarker panel performed significantly better than
AFP in discriminating early-stage HCC cases from
at-risk controls. Thus, our results suggest that the
MRM-MS multimarker panel—alone or in combina-
tion with US and AFP—may have a clinical value in
supplementing US, which suffers from low sensitivity,

in the surveillance of HCC.
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