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Inclusive Quantification Assay of Serum

Des-y-Carboxyprothrombin Proteoforms
for Hepatocellular Carcinoma Surveillance

by Targeted Mass Spectrometry

Jihyeon Lee ! Young-Suk Lim 2 Jeong-Hoon Lee .} Geum-Youn Gwak,* Misol Do, Injoon Yeo,’ Dongyoon Shin,’

Dohyun Han,® Taesung Park,” and Youngsoo Kim"®

Hepatocellular carcinoma (HCC) is a malignant cancer with one of the highest mortality rates. Des-y-carboxyprothrombin
(DCP) is an HCC serologic surveillance marker that can complement the low sensitivity of alpha-fetoprotein (AFP).
DCP exists in the blood as a mixture of proteoforms from an impaired carboxylation process at glutamic acid (Glu)
residues within the N-terminal domain. The heterogeneity of DCP may affect the accuracy of measurements because
DCP levels are commonly determined using an immunoassay that relies on antibody reactivity to an epitope in the
DCP molecule. In this study, we aimed to improve the DCP measurement assay by applying a mass spectrometry
(MS)-based approach for a more inclusive quantification of various DCP proteoforms. We developed a multiple-
reaction monitoring-MS (MRM-MS) assay to quantify multiple noncarboxylated peptides included in the various des-
carboxylation states of DCP. We performed the MRM-MS assay in 300 patients and constructed a robust diagnostic
model that simultaneously monitored three noncarboxylated peptides. The MS-based quantitative assay for DCP had
reliable surveillance power, which was evident from the area under the receiver operating characteristic curve (AUROC)
values of 0.874 and 0.844 for the training and test sets, respectively. It was equivalent to conventional antibody-based
quantification, which had AUROC values at the optimal cutoff (40 mAU/mL) of 0.743 and 0.704 for the training and
test sets, respectively. The surveillance performance of the MS-based DCP assay was validated using an independent
validation set consisting of 318 patients from an external cohort, resulting in an AUROC value of 0.793. Conclusion:
Due to cost effectiveness and high reproducibility, the quantitative DCP assay using the MRM-MS method is superior
to antibody-based quantification and has equivalent performance. (Hepatology Communications 2021;5:1767-1783).

iver cancer is the seventh most prevalent can- liver cancer cases.”>™ A primary risk factor for HCC is
cer worldwide and is the second leading cause chronic liver cirrhosis due to chronic hepatitis B virus
of cancer-related deaths.? The most common (HBV) or hepatitis C virus (HCV) infection.®”

type of primary liver cancer is hepatocellular carcinoma

(HCC), which accounts for approximately 75% of all

The prognosis for HCC remains poor, with a 5-year

survival rate of less than 20% in most countries.>%1%

Abbreviations: AFE alpha—fetoprotein; AUROC, area under the receiver operating characteristic curve; BCLC, Barcelona Clinic Liver Cancer;
CHB, chronic hepatitis B; CHC, chronic hepatitis C; CI, confidence interval; CV, coefficient of variance; DCE des-y-carboxyprothrombin; Gla,
y-carboxylated glutamic acid; Glu, glutamic acid; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HPLC,
high-performance liquid chromatography; LG, liver cirrhosis; LLOQ, lower limit of quantification; LOQ, limit of quantification; MRM-MS,
multiple-reaction monitoring—mass spectrometry; MS, mass spectrometry; PAR, peak area ratio; ROC, receiver operating characteristic; SIS, stable
isotope-labeled standard; ULOQ, upper limit of quantification; US, ultrasonography; vol, volume.
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Consequently, the treatment strategy has shifted
toward diagnosing HCC at earlier stages; this strategy
has been associated with better survival rates in early
stage HCC (70%).""® Currently, ultrasonography
(US) and serum alpha-fetoprotein (AFP) detection
are widely used to surveil at-risk individuals for the
development of HCC(14'16); however, these methods
can often result in misdiagnosis due to the imprecise
identification of small tumors in liver cirrhosis back-
grounds using US or fluctuations in AFP levels that
are caused by benign liver diseases.'*1” Further, cer-
tain HCCs with normal AFP levels can contribute to
the low sensitivity of serum AFP. Therefore, ongoing
research has attempted to develop more effective sur-
veillance methods with enhanced sensitivity that can
be used independently from or in conjunction with
US or serum AFP.20%

Another available marker for HCC surveillance
is des-y-carboxyprothrombin (DCP), also known as
protein induced by vitamin K absence or antagonist-1I
or abnormal prothrombin, which is found at elevated
levels in patients with HCC.%*?) Several studies
have reported that DCP can be used to complement
AFP for the early diagnosis of HCC.?"*® Normal
prothrombin is synthesized as a precursor containing
10 glutamic acid (Glu) residues in the N-terminal

View this article online at wileyonlinelibrary.com.
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domain (Gla domain), at positions 6, 7, 14, 16, 19,
20, 25, 26, 29, and 32.%7 Under normal conditions,
the precursors undergo posttranslational carboxyl-
ation of the Glu residues resulting in the conversion
of Glu to y-carboxylated glutamic acid (Gla) by vita-
min K-dependent glutamyl gamma-carboxylase in the
specific order of 26, 25, 16, 29, 20, 19, 14, 32, 7, and
6.2%%)) Carboxylation is impaired under conditions of
vitamin K deficiency, warfarin treatment, or liver dys-
function, 3V resulting in DCP being released into
the bloodstream as a mixture of proteoforms with up
to 10 des-carboxylated Glu residues.®?

DCP concentrations have been determined using a
conventional antibody-based assay featuring a mono-
clonal antibody produced by the MU3 cell line.®%
The DCP epitope that is recognized by the MU3
antibody is located within the Gla domain at amino
acids 17-27, which includes four Glu residues (19, 20,
25, and 26). Thus, the DCP proteoforms containing
some Gla residues at the antibody epitope could have
reduced affinity for the MU3 antibody compared with
that of the totally noncarboxylated DCP. According
to previous studies, the MU3 antibody binds pre-
dominantly with DCP molecules containing 9-10
Glu residues, weakly with those that possess 6-8 Glu

residues, and rarely with those that have less than 5
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Glu residues.®*** Recently, several studies aimed to
develop discriminative quantification immunoassays
for the detection of DCP proteoforms with lower Glu
content to overcome this limitation and improve the
diagnostic performance of DCP measurement,*>3%:36)
These studies used additional immunoassays that fea-
ture other antibodies, such as 19B7, P-11, and P-16,
which recognize different epitopes than those that are
detected by the MU3 antibody. These studies reported
the value of these assays for the detection of DCP
proteoforms that contain fewer Glu resides. However,
these antibody-based assays are costly, and because
they require the performance of extra and separate
immunoassays, they are subject to batch effects.

Multiple-reaction monitoring—mass spectrometry
(MRM-MS) is a powerful analytical method that
can be used to accurately quantify peptides and pro-
teins with high throughput. Recently, the MRM-MS
assay has been shown to be advantageous compared
with conventional antibody-based assays in terms of
throughput and the ability to distinguish protein iso-
forms with common epi'copes.m_39 In our previous
study, we developed an MRM-MS assay to quantify
DCP using a surrogate peptide; this found that the
MRM-MS assay had comparable diagnostic power

d with the conventional immunoassay.“**!)
compared wi y.
However, this MRM-MS assay remains limited
because it only quantifies a surrogate peptide that
represents just a small portion of the existing DCP
variants.

The objective of the present study was to improve
the diagnostic power of the MRIM-MS assay for DCP
by inclusively quantifying a wider range of proteo-
forms with various des-carboxylation states. In brief,
we examined potentially noncarboxylated peptides
(referred to as Glu-peptides) within the Gla domain
and developed a robust MRM-MS assay to quantify
multiple Glu-peptides for the inclusive quantification

of DCP proteoforms.

Materials and Methods

CHEMICALS AND REAGENTS

High-performance liquid chromatography
(HPLC)-grade solutions, including water, aceto-
nitrile, formic acid, 0.1% formic acid in water, and
0.1% formic acid in acetonitrile, were purchased from
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Fisher Scientific (Loughborough, United Kingdom).
Ammonium bicarbonate (200 mM) solution was
purchased from iNtRON Biotechnology (Sungnam,
Korea). Dithiothreitol and iodoacetamide were
obtained from Merck Co. (Darmstadt, Germany) and
Sigma-Aldrich (St. Louis, MO). RapiGest surfactant
was obtained from Waters Corp. (Milford, MA,).
Sequencing-grade chymotrypsin and trypsin were
obtained from Promega (Madison, WI). Formic acid
was purchased from Fisher Scientific. Stable isotope-
labeled standard (SIS) peptides (heavy peptides)
were synthesized by SynPeptide Co., Ltd. (Shanghai,
China) (with >99% isotope purity and about >60%
purity for individual peptides). Heavy peptides for
two tryptic peptides were labeled (*C and “N) at a
C-terminal arginine (Arg) and lysine (Lys). The SIS
peptides for three chymotryptic peptides were labeled
(*C and ®N) at C-terminal tyrosine (Tyr), phenylal-
anine (Phe,), and leucine (Leu).

CLINICAL SPECIMENS AND STUDY
DESIGN

A total of 618 serum samples were obtained from
patients with HCC and at-risk control patients
with chronic hepatitis B (CHB), chronic hepatitis
C (CHQ), or liver cirrhosis (LC). All patients were
recruited from two medical centers in Korea (Asan
Medical Center and Samsung Medical Center) and
provided informed consent before enrollment. This
study was approved by the institutional review boards
of the Asan (IRB No. 2017-1049) and Samsung (IRB
No. 2017-08-164) Medical Centers. The cohort of
300 patients that was used for model construction
and assessment was recruited from Asan Medical
Center (cohort A) and included 100 cases of HCC
and 200 at-risk controls (Fig. 1). Seventy percent of
the patients were randomly defined as the training set
(n = 210), and the remaining patients were defined as
the test set (n = 90). The training set was used to con-
struct a diagnostic model, while the test set was used
to assess model performance. To validate the model
performance in an external cohort, an independent
validation set was recruited comprising 318 samples
collected from Samsung Medical Center (cohort B),
including 184 cases of HCC and 134 at-risk controls.

The HCC diagnosis was confirmed by the results
of a histological examination or typical imaging fea-
tures obtained by US, computed tomography, or
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Cohort A Cohort B
Model Construction and Assessment External validation
300 patients enrolled from 318 patients enrolled from
Asan Medical Center Samsung Medical Center
Training set Test set Independent validation set
(n = 210) (n=90) (n=318)
« HV=70,LC=70,HCC =70 « HV=30,LC=30,HCC =30 * HV=105,LC=29,HCC =184

» Logistic regression
- Stepwise elimination
- 10-fold cross-validation

- 100-times repeats

* ROC curve analysis

» Evaluation of

the Multi-Glu-peptide panel

ROC curve analysis

:> * Subgroup analysis

» External validation of

the Multi-Glu-peptide panel

» Establishment of
the Multi-Glu-peptide panel

FIG. 1. Design of the study. The 618 patients were enrolled in this study from two cohorts (Asan and Samsung Medical Center). The 300
patients from cohort A were randomly divided into the training and test sets to construct the diagnostic model and assess its performance.
The diagnostic model was established by stepwise logistic regression in the training set, which consisted of serum samples from 70
patients with HCC and 140 high-risk controls (70 with HV and 70 with LC). The diagnostic performance of the established model was
assessed using the test set, which comprised 90 serum samples from 30 patients with HCC and 60 high-risk controls (30 with HV and 30
with LC), by ROC curve analysis. The model performance was then validated in an independent validation set from cohort B, including
318 patients consisting of 184 patients with HCC and 134 high-risk patients (105 with HV and 29 with LC). Additional evaluations
for model performance were conducted using subgroups of independent validation sets, such as patients with AFP-negative and DCP-
negative HCC or very early stage HCC. Abbreviation: HV, patients with hepatitis virus infections.

magnetic resonance imaging, according to regular
clinical practice guidelines.*? The stages of HCC
were defined according to the Barcelona Clinic Liver
Cancer (BCLC) classification as follows: very early
stage (BCLC stage 0, single nodule <2 c¢m) and early
stage (BCLC stage A, a single 2-5-cm lesion or two
to three lesions that are each <3 cm). Cirrhosis was
defined clinically or radiologically using the follow-
ing criteria: coarse liver echotexture and nodular liver
surface on US, clinical features of portal hypertension
(e.g., ascites, splenomegaly, or varices), or thrombo-
cytopenia (platelet count <150 x 1,000/mm®). CHB
was defined as the presence of serum hepatitis B
surface antigen for more than 6 months. Patients
with persistent anti-HCV and HCV RNA for more
than 6 months were defined as CHC. Ages and sex
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distributions were matched between the control and
case groups to the greatest extent possible; the clinical
information for each data set and reference values™”
are detailed in Table 1.

CANDIDATE NONCARBOXYLATED
PEPTIDES WITHIN THE GLA
DOMAIN OF DCP

The Gla domain of prothrombin consists of 46
amino acids at the N-terminus, including 10 spo-
radic Gla sequences. We identified potential Glu-
peptides that originated from the Gla domain
through an in sifico proteolytic digestion using Skyline
(McCoss Laboratory, University of Washington).

The in silico digestion was performed separately
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with trypsin and chymotrypsin, and peptides with
six to 30 amino acids and without methionine res-
idues were selected to ensure reproducible quan-
tification. Two tryptic peptides (ANTFLEEVR,
ECVEETCSYEEAFEALESSTATDVFWAK)
and three chymotryptic peptides (EEVRKGNL,
ERECVEETCSY, ESSTATDVF) remained as
potential targets representing the partially non-
carboxylated state of the Gla domain (Supporting
Fig. S1). MRM-MS analysis was then performed
to verify the detectability of these five peptides
by MS analysis, using corresponding SIS peptides
(also referred to as heavy peptides). Among the
five Glu-peptides, the longest tryptic peptide
(ECVEETCSYEEAFEALESSTATDVFWAK) did
not have any discernable signal due to its long length
and hydrophobicity. The other four Glu-peptides were
detected by MRM-MS and were chosen for further

analysis.

PValue

Cases
12 (6.5%)

0
36 (19.6%)
123 (66.8%)
25 (13.6%)

Cohort B

Independent Validation Set
(n=318)

Controls

PValue

Cases
2 (6.7%)
0
11 (36.7%)
16 (53.3%)
3(10%)

MULTIENZYME DIGESTION FOR
SAMPLE PREPARATION

All serum samples were randomized within each
set before preparation. The complete sample prepa-
ration workflow is shown in Supporting Fig. S2
and detailed in Supporting Table S1. The six most
abundant proteins (albumin, immunoglobulin [Ig]G,
antitrypsin, IgA, transferrin, and haptoglobin) were
depleted using a multiple affinity-removal system
column (Hu-6, 4.6 x 100 mm; Agilent Technologies,
CA) and their exclusive buffers (buffers A and B).
The depleted serum was concentrated using a 3-kDa
molecular weight cutoff concentrator (Amicon Ultra-4
3K; Millipore, MA). The proteins in depleted and
concentrated serum samples were quantified by the
bicinchoninic acid assay, and 200 pg of proteins were
denatured, alkylated, and divided into two equal frac-
tions. Each sample pair was separately digested with
trypsin and chymotrypsin to obtain peptides without
competing for cleavage sites in a single run while min-
imizing variations due to prior steps. The incubation
was performed at 37°C for 4 hours and was stopped
by the addition of formic acid. The supernatant was
transferred to clean tubes after centrifugation at
16,602¢ at 4°C for 1 hour to remove the by-products
of RapiGest-SF. The individual enzymatic digests
were mixed evenly and spiked with corresponding

heavy peptides before the MRM-MS analysis.

Test Set
(n=90)

TABLE 1. Continued

Cohort A

PValue

Cases
2 (2.9%)
1(1.4%)
27 (38.6%)
37 (52.9%)
6 (8.6%)

(n=210)

Train Set

Controls

T, 0-35 U/L; ALT, 0-35 U/L; albumin, 3.5-5.5 g/dL; bilirubin, 0.3-1.0 mg/dL; creatinine, <1.5 mg/dL; prothrombin time, 11.1-13.1 seconds. The reference

“3). AS

Controls
Except where indicated, data are presented as mean + SD or median [IQR] (for AFP and DCP). P values for sex, etiology, Child-Pugh score, Child-Pugh class were calculated by the
range for prothrombin time as INR is <1.1, per the Mayo Clinic (www.mayoclinic.org).

chi-squared test. P values for others were calculated by the 7 test. Reference ranges for each liver function test are based on laboratory reference values from Massachusetts General

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; IQR, interquartile range.

Characteristics
BCLC stage, n (%)
Hospital as follows

0
A
B
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SELECTION OF A QUANTIFIER
ION FOR EACH TARGET PEPTIDE

We experimentally screened the six intense transi-
tions as an initial list of MRM-MS transitions using
the heavy peptides. The best transition was selected as
a quantifier ion, considering the results of the reversed
response curve analysis and the Automated Detection
of Inaccurate and imprecise Transitions (AuDIT)
algorithm,* according to the following criteria: (1)
the best linearity of the response curve (based on
the correlation coefficient, R%); (2) the lower limit
of quantification (LLOQ) value was lowest among
the transitions; and (3) interference-free status from
AuDIT results.

The background matrix for the response curves
was prepared using 100 pg of proteins from depleted
pooled hepatitis serum for each enzyme fraction.
The calibration points were generated by mixing the
background matrix with variable amounts of heavy
peptides from 78.13 fmol to 20 pmol, over a 100-
fold range. All calibration points were sequentially
analyzed, followed by a blank sample (0.1% formic
acid in HPLC water), from zero sample (matrix
only) to the highest concentration point in tripli-
cate. The peak area ratio (PAR) was calculated with
the peak area of heavy peptides normalized against
that of corresponding endogenous (light) peptides
existing in a matrix. Linear regression analysis was
conducted on the plot in which the PAR of heavy
peptides to light peptides was plotted against the
nominal concentration of heavy peptides on a log,,
scale.

The limit of detection (LOD) and limit of quanti-
fication (LOQ) were calculated based on the averaged
PAR, plus 3 times and 10 times the SD for a zero
sample that was analyzed in triplicate, respectively.
The LLOQ_was determined as the lowest concen-
tration at which the precision was under 20%, the
accuracy was within 20%, and the signal-to-noise
(S/N) ratio over 5, representing the first point of the
response curve. Similarly, the upper LOQ_(ULOQ)
was defined as the highest concentration on the
response curve showing the precision under 20% and
the accuracy was within 20%, representing the last
point of the response curve. The analytical informa-
tion and AuDIT results for the quantifier ion used for
each peptide and their response curves are shown in

Supporting Tables S2 and S3, respectively.
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QUANTITATIVE MRM-MS
ANALYSIS

The quantification of target peptides for DCP
was performed on an Agilent 6490 triple quadrupole
MS (Agilent Technologies) with a Jetstream elec-
trospray source coupled with a 1260 Infinity HPLC
system (Agilent Technologies). The liquid chroma-
tography—MS system was controlled by MassHunter
(vB06.01; Agilent Technologies) software for the
establishment of a scheduled MRM-MS method and
data acquisition.

The total liquid chromatography assay was per-
tormed over 70 minutes, with a binary gradient con-
sisting of mobile phase A (water 0.1% volume [vol]/
vol formic acid) and mobile phase B (acetonitrile
0.1% vol/vol formic acid). Twenty microliters of chy-
motryptic and tryptic peptides was injected into the
guard column (2.1 mm x 30 mm internal diameter
[id], 1.8 pm particle size; Agilent Zorbax SB-C18),
which was maintained at 40°C. After online desalt-
ing for 10 minutes at 5 pl/minute with 3% B, the
peptides were subjected to a reversed-phase analyti-
cal column (150 mm x 0.5 mm id, 3.5 pm particle
size; Agilent Zorbax SB-C18) maintained at 40°C.
The separation of the peptides was conducted with a
binary gradient of 3% to 35% B through the column
for 45 minutes at 40 pL/minute. Equilibration of the
column for the next run was performed by raising the
gradient to 70% B for 5 minutes and then lowering it
to 3% B for 10 minutes.

The ion spray capillary voltage was 2,500 V, and the
nozzle voltage was 2,000 V. The drying gas and sheath
gas were set to flow at 15 L/minute at 250°C and
12 L/minute at 250°C, respectively. The voltage of the
cell accelerator was adjusted to 5 V. The fragment volt-
age and the delta electron multiplier voltage were set to
380 V and 200 V, respectively. The resolution mode of

the first and third quadrupoles was set to unit mode.

DATA ANALYSIS

Quantitative analysis after MS analysis was performed
using Skyline (McCoss Laboratory), which handled the
MRM-MS raw data files from import to alignment and
was used to conduct peak area calculations for transitions.
The raw data were processed in Skyline, and each data
point was smoothed by the Savitzky-Golay method. The
PAR of the endogenous peptide to the heavy peptide
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for each peptide was used to represent the relative abun-
dance of the peptide in each sample.

In the training set, a DCP multi-Glu-peptide panel
was constructed to discriminate cases from controls
by stepwise backward logistic regression with 10-fold
cross-validation (100 times repeated). The stepwise
backward elimination strategy was used to maximize
the opportunity to identify the best combination of
Glu-peptides for the discriminative quantification of
DCP proteoforms between cases and control groups.
The 10-fold cross-validation approach was used to
avoid the overfitting of the model. A receiver oper-
ating characteristic (ROC) curve was used to gener-
ate area under the ROC curve (AUROC) values to
evaluate the predictive ability of the DCP multi-Glu-
peptide panel in each data set. The cut-oft point was
identified by calculating the Youden Index (J = max
[sensitivity + specificity — 1]) for the training set. The
relative differences in abundance for each peptide in
the panel were compared between the control and case
groups using the Mann-Whitney U test. DeLong's
tests were conducted to compare the AUROC values.
All reported P values are from two-sided tests, and
two-tailed P < 0.05 was considered significant.

All statistical analyses were performed using R
(version 3.6.3; R Foundation, Vienna, Austria), IBM
SPSS (version 25.0; IBM, Chicago, IL), and GraphPad
Prism (version 6.0; GraphPad, San Diego, CA).

Results

REVERSED RESPONSE CURVES
FOR FOUR CANDIDATE GLU-
PEPTIDES IN DEPLETED HUMAN
SERUM

The reversed response curves for four DCP Glu-
peptides are shown in Supporting Fig. S3. Each curve
satisfied the U.S. Food and Drug Administration
(22); more than
six calibration points were composed in each curve,
and the coefficients of variance (CVs) of the measure-
ments (n = 3) at all points in the curve were below
20% (Supporting Table S3). All correlation coefficients
(R?) of the response curve were above 0.99, except
that for the ESSTATDVF peptide, which had an R?
value that was slightly lower than the others (0.9872).
The LOD, LOQ, LLOQ, and ULOQ _values for the

guidelines for validating response curves
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quantifier ion in each of the four Glu-peptides are
summarized in Supporting Fig. S3, and the results of
the linear regression analyses for the response curve for
each peptide are summarized in Supporting Table S4.

The analytical sensitivities of the target peptides
at the LLOQ_ concentration met the requirements
for precision, accuracy, and S/N criteria described in
the Materials and Methods section (Supporting Table
S5). The potential interferences of the analytes in the
biological samples were inspected as the analytical
specificity of individual serum samples from 6 patients
with hepatitis. The interference values of peptides sat-
isfied the standard criteria in all samples (interfer-
ence <20%), as shown in Supporting Table S6. The
average interference values of six matrices for the
ANTFLEEVR, ERECVEETCSY, ESSTATDVE,
and EEVRKGNL peptides were 6.4%, 3.2%, 7.5%,
and 6.8%, respectively. The carryovers were inspected
to ensure that the ULOQ_samples would not affect
the subsequent sequential analysis of specimens. The
average carryover of the four analytes ranged from
3.28% to 12.10%, which met the criteria (carryover
<20%; Supporting Table S7).

REPRODUCIBILITY OF THE
MRM-MS ASSAY USING THE
MULTIENZYME DIGESTION
WORKFLOW

We evaluated the reproducibility of the total
MRM-MS assay that used the multienzyme diges-
tion workflow with depleted pooled HCC serum. The
serum was prepared over 5 days and analyzed daily in
triplicate. The average CV values of each target pep-
tide were under 20% in both the intra-assay and inter-
assay analyses, as shown in Supporting Table S8. The
average CV values of the intra-assay analysis ranged
from 7.03% to 17.35%. The corresponding values for
the interassay analysis ranged from 14.81% to 17.67%.
These results demonstrate that the total MRM-MS
assay using the multienzyme digestion workflow is
stable for the quantitation of four peptides over sev-
eral days.

CONSTRUCTION OF THE DCP
MULTI-GLU-PEPTIDE PANEL

As a result of the logistic regression analysis per-
formed on the training set, a multi-Glu-peptide panel
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containing three Glu-peptides (ANTFLEEVR,
ERECVEETCSY, and ESSTATDVF) was estab-
lished as the best panel for predicting HCC, elimi-
nating a nonsignificant Glu-peptide (EEVRKGNL).
The three Glu-peptides contributed significantly to
the panel (P < 0.005), as indicated by the final logis-
tic model, which is detailed in Table 2. The three-
Glu-peptide panel obtained an AUROC of 0.873
(95% confidence interval [CI], 0.818-0.928), with a
sensitivity of 71.4% and a specificity of 90.0% at the
optimal cut-off value in the training set (Fig. 2A).
The constructed panel achieved a greater AUROC
value than each individual Glu-peptide (AUROC
values: 0.801 for ERECVEETCSY, 0.734 for
ESSTATDVEF, and 0.561 for ANTFLEEVR;
Supporting Fig. S4). The predictive performance
of the three-Glu-peptide panel was consistent in
the test set, with an AUROC value of 0.844 (95%
CI, 0.761-0.928), which was equivalent to the
AUROC value of 0.873 obtained for the training
set (DeLong's test, P = 0.5722; Fig. 2A).

The levels of three peptides in the 300 individual
samples of both the training and test sets were plot-
ted as scatter dot plots, with lines showing the mean
and SD (Fig. 2B); these were plotted separately for
the training and test sets (Supporting Fig. S5). By
Mann-Whitney U test, we found that the levels of
the three Glu-peptides were significantly altered in
cases compared with controls (P < 0.05). Notably, the
level of the ANTFLEEVR peptide was significantly
decreased in the HCC case group compared with that
in the control group, whereas the levels of the other
two peptides were significantly elevated in the HCC
case group.

TABLE 2. SUMMARY OF THE DCP THREE-GLU-
PEPTIDE LOGISTIC REGRESSION MODEL

Estimate  Standard Error  z Value PValue
(Intercepts) -5.202 1.0066 -5.168 2.37E-07
ANTFLEEVR -0.9199 0.3111 -2.957 0.00311
ERECVEETCSY 11.1108 1.8697 5.942 2.81E-09
ESSTATDVF 2.1785 0.5023 4.337 1.44E-05

A logistic regression model to predict the probability of having
HCC (P) was built with the following equation: logit(P) = log(P/
[1-P])=-5202-0.9199 x ANTFLEEVR + 11.1108 x ERECV
EETCSY + 2.1785 x ESSTATDVF. The numeric values of each
peptide in the equation were raw values for relative concentrations
(PAR of endogenous light peptides to heavy SIS peptides). The
optimal cut-off value for the above equation is 0.432.

LEEET AL.

COMPARISON OF THE MRM-MS
ASSAY AND THE IMMUNOASSAY

To assess whether the diagnostic performance
of the DCP three-Glu-peptide panel based on the
MRM-MS assay was comparable to the diagnostic
performance of measuring serum DCP levels using
the immunoassay, we conducted ROC curve analy-
sis at the optimal cut-off value. The optimal cutoff
of the serum DCP level is 40 mAU/mL, whereas
that of the three-Glu-peptide panel was 0.432, as
determined by the Youden Index of the training set.
The AUROC values for the quantitative MRM-MS
assay were 0.743 and 0.742 in the training and test
sets, respectively, whereas those for the immunoassay
were 0.743 and 0.704 (Fig. 2C,D). The AUROC: of
the DCP three-Glu-peptide panel were statistically
equivalent to those of the immunoassay for each
set, based on DeLong's test (P > 0.05). Moreover,
the MRM-MS assay provided higher accuracy than
the immunoassay. The accuracies of the MRM-MS
assay were 0.814 (95% CI, 0.755-0.865) and 0.800
(95% CI, 0.703-0.877) for the training and test
sets, respectively, whereas those for the immuno-
assay were 0.758 (95% CI, 0.682-0.825) and 0.739
(95% CI, 0.619-0.838). Further, the DCP levels
by immunoassay and the logit(P) values from the
DCP three-Glu-peptide panel correlated weakly
(Pearson's correlation, R = 0.24; P = 2.3e-05), as
shown in Supporting Fig. Sé.

COMBINED MODEL OF THE DCP
THREE-GLU-PEPTIDE PANEL AND
THE SERUM AFP LEVELS

We conducted further logistic regression analyses
to determine whether combining the DCP panel with
serum AFP levels could enhance the predictive power
for HCC detection. The combined model using both
the three-Glu-peptide panel and serum AFP levels
increased the AUROC values to 0.903 (95% CI,0.855-
0.952) for the training set (Fig. 3A). The combined
model outperformed serum AFP levels (AUROC,
0.770; 95% CI, 0.698-0.842) for the training set, based
on DeLong's test (P < 0.05). Similarly, the AUROC
value of the combined model significantly increased
from 0.844 to 0.913 (95% CI, 0.851-0.974) for the
test set. Notably, the combined model had greater sen-
sitivity in both the training and test sets (68.9% and
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FIG. 2. Assessment of the diagnostic performance of the DCP three-Glu-peptide panel in the training and test sets and comparison with
the immunoassay at the optimal cut-off point. (A) ROC curves for the DCP three-Glu-peptide panel in the training (solid black line)
and test sets (dotted black line). The AUROC of the DCP three-Glu-peptide panel was 0.873 in the training set, which was consistent
with the test set, which had an AUROC of 0.844 (DeLong's test, P = 0.5722). (B) The relative concentrations of three Glu-peptides
in the training and test sets. The relative concentrations of ANTFLEEVR peptide were significantly lower in cases than in controls,
whereas those for ERECVEETCSY and ESSTATDVF were significantly higher in cases than in controls. The comparisons of relative
concentrations separately plotted for the training and test sets are shown in Supporting Fig. S5. (C,D) Comparison of the ROC curve
and the corresponding confusion matrix at the optimal cutoff for the DCP three-Glu-peptide panel and the serum DCP level from the
immunoassay, respectively, in the (C) training set and (D) test set. The optimal cut-off value for the serum DCP level (gray lines) was 40
mAU/mL and that of the three-Glu-peptide panel (black lines) was 0.432, presented by the Youden Index for the training set (shown in
Supporting Fig. S4). The AUROC of the DCP three-Glu-peptide panel was statistically equivalent to that of the immunoassay at the
optimal cut-off value in the training and test sets (DeLong’s test, P > 0.05). All AUROC values are summarized with 95% CI for ROC
curves. Relative concentrations of three Glu-peptides were plotted as PARs of light peptides to heavy SIS peptides for individual patients.
Middle horizon lines and error bars indicate the mean and SD, respectively. P values were calculated with the Mann-Whitney U test to
compare the relative concentrations of each peptide. **P < 0.01, ***P < 0.0001.

76.7%, respectively) compared with the low sensitivity ~ of 134 controls and 184 cases (Table 1). The AUROC
of serum AFP levels alone (35.7% and 56.7%, respec-  values of the three-Glu-peptide panel and the com-
tively), as shown in Supporting Fig. S7C. bined model with AFP levels were 0.793 (95% CI,

0.745-0.842) and 0.863 (95% CI, 0.822-0.903),
VALIDATION OF THE DCP THREE- respectively, for the independent validation set (Fig.
GLU-PEPTIDE PANEL AND 4A). The AUROC values for the three-Glu-peptide
THE COMBINED MODEL WITH panel and the combined model were statistically

AFP LEVELS IN AN EXTERNAL equivalent to those identified in the test set (0.844 and
COHORT 0.913, respectively) based on the results of DeLong’s

test (P > 0.05). Moreover, the Mann-Whitney U test
We analyzed another 318 samples from an external revealed that the levels of each peptide were also
cohort as an independent validation set; this consisted ~ significantly different between the control and case
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FIG. 3. Comparison of the diagnostic performances of the DCP three-Glu-peptide panel, serum AFP levels, and a combined model
(DCP three-Glu-peptide panel and serum AFP level) in the training and test sets. AUROC values are presented with 95% CI for ROC
curves. The combined model (black lines) had a higher AUROC value than the DCP three-Glu-peptide panel (solid gray lines) or serum
AFP levels (dotted gray lines) alone, for all data sets. (A) In the training set, the combined model had a higher AUROC value (0.903) than
either AFP levels (0.770) or DCP three-Glu-peptide panel (0.873) alone. The AUROC value for the combined model was statistically
different from that for AFP levels (DeLong's test, P < 0.05) but not for the DCP three-Glu-peptide panel (DeLong's test, P = 0.079). (B)
In the test set, the combined model also had a higher AUROC value (0.913) than both the AFP levels (0.889) and the DCP three-Glu-
peptide panel (0.844). The AUROC value for the combined model was statistically different from that for the DCP three-Glu-peptide
panel (DeLong's test, P < 0.05) but not from AFP levels (DeLong's test, P = 0.484).

groups, as shown in Fig. 4B (P < 0.0001). The com-
bined model had greater sensitivity compared with
serum AFP levels alone in the independent validation
set (45.1% to 64.1%), whereas the other diagnostic
performances of the panel remained equivalent, as

detailed in Table 3 and Supporting Fig. S7.

DIAGNOSTIC PERFORMANCE
FOR SUBGROUPS OF THE
INDEPENDENT VALIDATION SET

We examined the diagnostic abilities of the panel
that was constructed using three DCP Glu-peptides
to distinguish patients with HCC in various subgroups
of the independent validation set. First, we examined
the performance of the three-Glu-peptide panel in
the AFP-negative and DCP-negative subgroup, con-
sisting of 127 patients at risk and 39 patients with

HCC, with AFP and DCP levels below the reference
values. The AUROC values of the three-Glu-peptide
panel and the combined model with AFP levels were
0.803 (95% CI, 0.726-0.880) and 0.821 (95% CI,
0.739-0.903), respectively, for the AFP-negative and
DCP-negative subgroup (Fig. 5A). Notably, our three-
Glu-peptide panel could discriminate 18 patients with
HCC, corresponding to approximately half of the 39
patients with HCC with AFP and DCP levels below
the reference values, reducing the false-negative rate.
We also analyzed the diagnostic performance of
the DCP 3-Gu-peptide panel for detecting very early
stage HCC (BCLC 0, single lesion <2 c¢m; Fig. 5B).
The very early stage HCC subgroup in the indepen-
dent validation set consisted of 36 cases. According to
the ROC analysis results for the detection of very early
stage patients with HCC from among at-risk controls,

the AUROC value of the three-Glu-peptide panel
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FIG. 4. Validation of the diagnostic performance of the DCP three-Glu-peptide panel, serum AFP levels, and the combined model (DCP
three-Glu-peptide panel and serum AFP level) in the independent validation set. (A) ROC curves for the DCP three-Glu-peptide panel
(solid gray lines), serum AFP levels (dotted gray lines), and the combined model (black lines) for the independent validation set. AUROC
values are presented with 95% CI for ROC curves. Differences between the AUROC value for the combined model and those for the
DCP three-Glu-peptide panel and serum AFP levels were significant for the independent validation set (DeLong’s test, P < 0.005). The
diagnostic performance of the DCP panel was consistent in the independent validation set, although the performance was slightly higher
in the training set (AUROC = 0.873) than in the independent validation set (DeLong's test, P = 0.0336). (B) Relative concentrations
of three Glu-peptides in cohort B. The tendencies for the relative concentrations of each peptide were consistent in the independent
validation set with those observed in the training set. The relative concentrations of three Glu-peptides were plotted as PARs of the light
peptides to heavy SIS peptides for individual patients. Middle horizon lines and error bars indicate the mean and SD, respectively. P values
were calculated using the Mann-Whitney U test to compare the relative concentrations of each peptide. ***P < 0.0001.

was 0.825 (95% CI,0.748-0.902). Further, a combined
model using both serum AFP levels and the three-
Glu-peptide panel had significantly greater diagnostic
power for very early stage HCC, with an AUROC of
0.896 (95% CI, 0.840-0.953). The diagnostic power of
the three-Glu-peptide panel and combined model in
discriminating very early stage HCC was comparable
with the overall performance in the original validation
set by DeLong's test (P > 0.05). Further, no signifi-
cant differences were observed between the AUROC
values of each panel for distinguishing very early stage
HCC from control subgroups that were stratified by
etiology and the entire control group (DeLong's test,
P > 0.05), as shown in Table 4. This tendency was
maintained when assessing discriminating early stage

HCC (DeLong's test, P > 0.05).

Discussion

According to recent studies, the y-carboxylation
of the 10 Glu residues in the N-terminal Gla domain
of DCP occurs in a specific order, resulting in blood
DCP populations consisting of a heterogeneous
mixture of 10 possible proteoforms (Supporting
Fig. $8).%%%) To quantify the DCP proteoforms
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inclusively, we constructed a quantitative assay for
DCP measurement to simultaneously monitor three
noncarboxylated peptides within the Gla domain,
using the MRM-MS method. The three moni-
tored Glu-peptides could be obtained from different
subgroups of DCP proteoforms (Supporting Table
S9). The ANTFLEEVR peptide contains the ninth
and tenth carboxylated residues and represents the
subgroup of DCP containing more than two Glu
residues (two to 10 Glu residues). Similarly, the
ESSTATDVF peptide contains the eighth carbox-
ylated Glu residue and represents the subgroup of
DCP with more than three Glu residues (three to
10 Glu residues). The ERECVEETCSY peptide
(referred to as ERE peptide) contains the third,
fifth, sixth, and seventh carboxylated Glu residues
and represents the subgroup of DCP with more
than eight Glu residues (eight to 10 Glu residues).
Therefore, our quantification assay is able to detect
both substantially des-carboxylated forms and less
des-carboxylated forms within the same batch,
requiring lower cost and labor than immunoassay
detection methods and with minimized potential for
variations due to batch effects.

In the present study, the ERECVEETCSY pep-
tide quantity significantly increased in the HCC



HEPATOLOGY COMMUNICATIONS, Vol. 5, No. 10, 2021

LEEET AL.

TABLE 3. COMPARISON OF DIAGNOSTIC PERFORMANCE OF THE THREE-GLU-PEPTIDE PANEL, AFP
LEVEL, AND COMBINED MODEL IN EACH DATA SET

Diagnostic
perf%rmqnce AUROC (95% Cl) Sensitivity (%)  Specificity (%) PPV (%) NPV (%)  Accuracy (95% Cl)
Training set Pvalue
DCP three-Glu-peptide 0.873 52.9 95.7 86.1 80.2 0.814
panel
(0.818-0.928) (0.755-0.865)
AFP level 0.770 <005 * 35.7 97.9 89.3 75.3 0.771
(0.698-0.842) (0.709-0.826)
DCP three-Glu-peptide 0.903 0.079 f 68.9 94.3 85.7 85.7 0.857
panel + AFP level
(0.855-0.952) (0.802-0.902)
Test set Pvalue
DCP three-Glu-peptide 0.844 56.7 91.7 77.3 80.9 0.800
panel
(0.761-0.928) (0.703-0.877)
AFP level 0.889 0.393 * 56.7 98.3 94.4 81.9 0.844
(0.818-0.961) (0.7528-0.912)
DCP three-Glu-peptide 0.913 <005 f 76.7 90.0 79.3 88.5 0.856
panel + AFP level
(0.851-0.974) (0.766-0.921)
Independent validation Pvalue
set
DCP three-Glu-peptide 0.793 37.0 95.5 91.9 52.5 0.616
panel
(0.745-0.842) (0.561-0.670)
AFP level 0.764 0.408 * 45.1 91.8 88.3 54.9 0.648
(0.711-0.816) (0.593-0.700)
DCP three-Glu-peptide 0.862 <005 f 64.1 90.3 90.1 64.7 0.752
panel + AFP level
(0.822-0.903) (0.700-0.798)

*DCP three-Glu-peptide panel versus AFP level.
TDCP three-Glu-peptide panel with versus without AFP level.

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

group, implying that DCP proteoforms with more
than eight Glu residues (eight to 10 Glu residues) are
elevated in patients with HCC relative to the control
group (fold change, 1.70; P < 0.0001). The increas-
ing tendency in DCP proteoforms observed for the
HCC group was consistent in the subgroup contain-
ing a wider range of DCP proteoforms, as repre-
sented by the ESSTATDVF peptide quantity (three
to 10 Glu residues; fold change, 1.35; P < 0.0001).
However, the ANTFLEEVR peptide was elevated
in control patients (fold change, 0.85; P < 0.0001).
When considering that the ANTFLEEVR peptide
targets the DCP with two Glu residues as well as
the DCP proteoforms that were targeted by the
ESSTATDVEF peptide (Supporting Table S9), the

DCP with two Glu residues appeared to constitute
a higher proportion of the DCP population in the
control versus case group. Meanwhile, the DCP vari-
ants with two Glu residues have a]é)proximately half
the activity of normal prothrombin. 45,46) Presumably,
a larger portion of DCP variants with two Glu res-
idues would be beneficial for benign liver diseases
than for the HCC group, although the direct impact
of prothrombin activity in the progression of HCC
remains unknown. The combination of the relatively
lower level of ANTFLEEVR peptides and a higher
level of ERECVEETCSY or ESSTATDVF peptide
could be used to characterize the DCP proteoforms
that are synthesized during HCC rather than benign

liver diseases.
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FIG. 5. HCC surveillance abilities of the DCP three-Glu-peptide panel and the combined model (DCP three-Glu-peptide panel and
serum AFP level) in subgroups of the independent validation set. (A) ROC curves for the AFP-negative and DCP-negative subgroup,
consisting of 127 at-risk patients and 39 patients with HCC with <20 ng/mL for AFP and <40 mAU/mL for DCP. (B) ROC curves for
the discrimination of very early stage HCC (tumor size <2 cm) cases, consisting of 36 patients from 134 at-risk controls. All AUROC
values are summarized with 95% CI for the ROC curves. The three-Glu-peptide panel (gray lines) and the combined model (black lines)
with serum AFP levels showed reliable surveillance performance for patients with very early stage HCC and patients with HCC with
serum AFP and DCP values under the corresponding reference values, as indicated by AUROC values over 0.8.

Our work has some limitations. First, our assay was
unable to cover the three Glu residues at positions
25, 26, and 29, which are located within either a long
tryptic peptide with poor ionization or a short chy-
motryptic peptide with fewer than six amino acids. If
alternative proteolytic enzymes are available to gener-
ate an appropriate peptide length for stable MS anal-
ysis, the quantification and discernment of additional
DCP proteoforms might be possible. Further, the
cohorts in this study consisted solely of individuals
of Korean ethnicity, primarily with an HBV etiology.
Therefore, additional studies are needed to validate
our assay using different populations consisting of
other ethnicities and etiologies. Analytical validations
to confirm the robustness and reproducibility of the
MRM-MS assay should be evaluated using larger
cohorts in future studies.

In conclusion, the quantitative MRM-MS assay
for DCP measurement that was designed in this
study shows equivalent diagnostic performance as the
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antibody-based DCP immunoassay. Our MRM-MS
assay to quantify three Glu-peptides enabled not only
the extensive detection of DCP proteoforms but also a
detailed comparison of the DCP proteoform compo-
sitions between HCC and benign liver diseases. This
study indicates that the comprehensive measurement
of DCP proteoforms using the MRM-MS assay has
great potential as a surveillance test for the detection
of HCC at the very early stage, even among patients
with AFP and DCP levels under the corresponding
cut-off values. Further, this assay is advantageous com-
pared with the DCP immunoassay because it facil-
itates the high-throughput analysis of large cohorts
while requiring lower costs and sample volumes. The
multiplexing ability of the MS-based quantification
approach has the potential to develop an HCC sur-
veillance assay that simultaneously analyzes the DCP
proteoforms in combination with hundreds of existing
serological biomarkers in a high-throughput format
that would be suitable for routine check-ups.
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