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ABSTRACT: Nonalcoholic steatohepatitis (NASH) is the fastest
growing cause of hepatocellular carcinoma (HCC) in the United
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States. Changes in N-glycosylation on specific glycosites of serum yroe N

proteins have been investigated as potential markers for the early T i ootin

detection of NASH-related HCC. Herein, we report a glycopeptide RO/ :

with a Sialyl Lewis structure derived from serum haptoglobin (Hp) b e i :

as a potential marker for NASH related HCCs among 95 patients v

with NASH, including 46 cirrhosis, 32 early-stage HCC, and 17 ;,)2 m

late-stage HCC. Hp immuno-isolated from patient serum was Dk — e -

LC-MS/MS

analyzed using LC-HCD-PRM-MS/MS followed by data analysis
via Skyline software. Two glycopeptides involving site N184 and
four glycopeptides involving site N241 were significantly changed in patients with HCC vs NASH cirrhosis (P < 0.05). The two-
marker panel using N-glycopeptide N241_A4G4F2S4 showed the best performance for HCC detection when combined with a-
fetoprotein (AFP), with an improved estimated area under the curve (AUC) = 0.898 (95% CI: 0.835, 0.951), compared to the AUC
of 0.790(95% CI, 0.697 0.872) using AFP alone (P = 0.048). At 90% specificity, the combination of N241 A4G4F2S4 + AFP had an
improved sensitivity of 63.3%, compared to the sensitivity of 52.3% using AFP alone. When using three markers, the panel of AFP +
N241 A2G2F1S2 + N241_ A4G4F254 yielded an estimated AUC of 0.928 (95% CI: 0.877, 0.970). Our findings indicated that
N241_ A4G4F254 may play an important role in distinguishing HCC from NASH cirrhosis.

Glycopeptides

B INTRODUCTION

Nonalcoholic steatohepatitis (NASH) is one of the leading
causes of chronic liver disease in the United States."” NASH
can lead to cirrhosis and subsequent hepatocellular carcinoma
(HCC) at an incidence of 1—2% per year.” Due to its poor
survival rate at advanced stages, early stage detection of HCC
is needed for effective clinical treatment.* Ultrasound-based
surveillance, the current standard of care, has poor sensitivity

off value of 20 ng/mL.12 AFP-L3, a form of AFP, which has
high affinity to Lens culinaris agglutinin (LCA) bearing a core-
fucosylated glycoform at site N251, has been approved by the
US Food and Drug Administration (FDA) for use as a serum
biomarker for HCC diagnosis. However, AFP-L3 cannot
overcome the limitation of low sensitivity compared to AFP
with an overall sensitivity of AFP-L3 for HCC of
approximately 50—60%.'> A biomarker with improved

for early-stage HCC detection, particularly in patients with
NASH-given issues of operator dependency and poor visual-
ization.”®

Many serum proteins are secreted from the liver, where
aberrant serum proteins could serve as potential molecular
indicators of liver disease.””'* Among these, alpha-fetoprotein
(AFP) has been widely used for surveillance and HCC
prognosis.'' However, AFP has not been recommended by the
American Association for the Study of Liver Diseases
(AASLD) due to its poor sensitivity (approximately 60%)
and specificity (80%) for early-stage HCC with a common cut-
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sensitivity and specificity for early-stage HCC diagnosis is
required.

Recent studies have reported that glycosylation alterations of
serum proteins may serve as a marker for the early diagnosis of
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cancer. Other studies have explored site-specific

glycosylation structural changes in serum glycoproteins as
potential markers for early HCC, including ceruloplasmin,'®
kininogen-1,"" a-l-antitrypsin,”’ and vitronectin.” Serum
haptoglobin (Hp), containing four glycosites at N184, N207,
N211, and N241, is an abundant glycoprotein secreted into the
bloodstream primarily by the liver, where it modulates renal
iron loading and prevents kidney damage by releasing iron.”’
Hp also has been reported as a reporter protein based on
aberrant glycosylation for several cancers.”*~>°

Recent advances in mass spectrometry (MS) have provided
powerful techniques for verification of site-specific glycopep-
tide markers to aid in early detection of cancer’” >’ based on
subtle but significant glycosylation changes in the same
peptide.”*” The fucosylated and sialylated glycan structures
of serum Hp have been shown to be significantly elevated in
patients with HCC compared to patients with cirrhosis.’® In
related work, glycan structural changes of Hp in liver related
diseases, such as hepatitis B virus (HBV),”" hepatitis C virus
(HCV),” and alcohol-related liver disease,”> have been
observed using MS-based techniques.”” In our previous work,
we have mapped the landscape of site-specific glycosylation of
serum Hp in patients with HCC and cirrhosis using LC-
EThcD-MS/MS and demonstrated the potential for detecting
subtle changes in site-specific N-glycopeptides for discrim-
ination of early HCC from cirrhosis.””**> However, a more
specific and targeted study of glycan changes of these
glycopeptides of Hp needs to be investigated.

In the current work, we have performed further biomarker
discovery to select the optimal glycopeptide markers for
discrimination of HCC from cirrhosis and early HCC from
cirrhosis. We have thus used parallel reaction monitoring-
tandem mass spectrometry combined with liquid chromatog-
raphy (LC-PRM-MS/MS) to quantitatively evaluate the
changes in targeted site-specific glycopeptides of serum Hp,
as determined by potential marker candidates for detection of
early NASH HCC from cirrhosis in our previous study,™
among 95 NASH-related patients, including 46 cirrhosis, 32
early-stage HCCs, and 17 late-stage HCCs. The quantitative
analysis results were evaluated by receiver operating character-
istic curves (ROC), where six glycopeptides demonstrated
significant changes between NASH-related HCC and cirrhosis
patients. A glycopeptide with Sialyl Lewis antigen among these
six Hp glycopeptides, from the N241 site, was finally
determined as an optimal biomarker for potential diagnosis
of HCC in patients suffering from NASH cirrhosis for
monitoring NASH disease progression.

B MATERIALS AND METHODS

Reagents. Sequencing-grade trypsin and GluC were
purchased from Promega (Madison, WI, USA). The 7KDa
MWCO Zeba Spin Desalting Columns were purchased from
Thermo Scientific (Rockford, IL, USA). Hp standard protein
was purchased from Abcam. Other reagents were from Sigma
(St. Louis, MO, USA).

Serum Samples. Serum samples from patients were
provided by UT Southwestern Medical Center, Dallas,
Texas, including NASH cirrhosis (n = 46), early-stage NASH
HCC (n = 32), and late-stage NASH HCC (n = 17). Samples
were aliquoted and stored at —80 °C, without prior thaw
cycles. Samples were approved by the IRB at UTSW and then
transferred to the University of Michigan using a material
transfer agreement between institutions. Other details are as
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described in previous works. The clinical features are
summarized in Table 1. These 95 serum samples were

Table 1. Clinical Characteristics of Individual Patients with
NASH“ for Investigation”

variable cirrhosis early HCC late HCC p-value
N 46 32 17
gender (M/F) 13/33 15/17 11/6 0.026°
age 61.5[25,  70.7 [60, 64 [43,78]  <0.001
84] 91]
laboratory
AFP 3[14,10] 5[20, 101.9 [4, <0.001
310.4] 60,500]
total_biliriubin 0.7 [02, 0.7 [02, 1.6[03,31]  0.21
4.1] 4.7]
INR 1.1 [0.9, 1.1 [09, 11[10,19] 0527
2.6] 2.5]
creatinine 0.94 [0.48, 0.95 [0.59, 0.83 [0.41, 0.249
7.4] 3.69] 7.47]
score
MELD_score 8[0,24] 85[1,21] 81, 30] 0.775
CTP score 6[s,10]  5[1,10] 6 [2, 11] 0.058
ascites (%) 0.559*
1. None 35 (761) 23 (719) 11 (64.7)
2. Mild 9 (19.6) 9 (28.1) 5(294)
3. Severe 2 (4.3) 0 (0.0) 1(59)
TNM
I 0 21 0
I 0 11 0
I 0 0 11
v 0 0 6
AFP < 20 ng/mL 46 (100.0) 26 (81.2)  § (29.4) <0.001°
max_diameter NA [NA, 3.05 [1.3, 14.75 [8.5, <0.001
NA] 12.0] 18.5]

“Values are presented as median with the range [min, max]. p-Values
with “%” are obtained from Fisher’s exact test; all others are obtained
from the Kruskal-Wallis Test. AFP, TBili ALT, AST, INR, and
creatinine values and MELD and CTP scores were provided by the
UT Southwestern Medical Center. Values are presented as median
with the interquartile range (IQR). AFP: alpha-fetoprotein; TBili:
total bilirubin; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; INR: international normalized ratio; MELD:
Model for end stage liver disease; CTP: Child—Turcotte—Pugh.

classified as two groups: 46 NASH cirrhosis and 49 NASH
HCC (32 early-stage and 17 late-stage NASH HCC). Early-
stage disease was defined by Milan criteria. The analysis was
performed using R 4.0.5.

Haptoglobin Purification. The experimental process is
shown in Figure 1. An in-house antibody-immobilized HPLC
column was used to purify the Hp protein from 20 uL of each
individual patient serum where the resulting sample was then
digested and analyzed by MS. Details are included in our prior
publications.”

Double Enzymatic Digestion, Glycopeptide Enrich-
ment. Double enzymatic digestion and glycopeptide enrich-
ment were performed as described previously (see ref 22).

LC-Stepped HCD-DDA-MS/MS and LC-Stepped-HCD-
PRM-MS/MS. To obtain the parameters of the targeted
precursors such as the retention time, charges, and ratio of
mass to charges, a survey scan in DDA mode was required
before running the PRM analysis. The dried glycopeptides
were dissolved in distilled water containing 0.1% formic acid
(FA) and then analyzed on an Orbitrap Fusion Lumos Tribrid

https://doi.org/10.1021/acsomega.2c02600
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‘ Haptoglobin Purification |
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‘ Trypsin/GluC double digestion |

| LC- Stepped HCD-PRM MS/MS analysis |

}

l Glycopeptides quantitation by Skyline ‘

Figure 1. Workflow of the quantitative N-glycopeptide analysis.

mass spectrometer (Thermo) coupled with a Dionex UPLC
system with conditions as described in our prior work.”'%**
The mass spectrometer was set as data dependent mode with
the MS1 scan range set as m/z 400—2000 and MS1 data
acquired in the Orbitrap (120k resolution, 4e> AGC, 100 ms
injection time) followed by stepped HCD-MS/MS acquisition
with the stepped collision energies of 31.5, 35, and 38.5%.
When the LC-Stepped HCD-PRM-MS/MS was performed,
the elution linear gradient was like that used in the DDA
detection mode mentioned above. Two differences between
DDA-MS/MS and PRM-MS/MS involving the stepped
collision energies (19, 26, 33%) were set to fragment the
glycopeptides, and the PRM analysis required pre-defined
precursor ions. As a method of targeted quantitative analysis,
the sensitivity of the detection of PRM is improved compared
to the DDA detection mode. The targeted precursor ions from
Hp are listed in Table S1, which include potential glycopeptide
markers with mono- and bi-fucosylated glycans at sites N184,
N207, and N241 and those with fully sialylated bi- and tri-
antennary glycan motifs.

The MS proteomics data have been placed in the
ProteomeXchange Consortium via the PRIDE partner
repository (http://www.ebi.ac.uk/pride/archive/) with the
dataset identifier PXD.

Method Reproducibility and Linear Dynamic Range.
LC stepped-HCD-PRM-MS/MS was employed to quantita-
tively target and analyze the glycopeptides where a standard
Hp protein was digested to assess reproducibility. The double
digestion procedure was the same as described above. For
these reproducibility experiments, four repeated independent
experiments were carried out where 1 ug of Hp-digested
product was injected into the MS for each run. For linear
regression analysis, different amounts (0.25, 0.5, 0.75, 1.0, 1.5,
and 2 pg) of digested product from Hp were injected
sequentially, and the XIC from the results were plotted against
the amount of the protein injected.

Data Interpretation and Relative Quantitation. All
spectra from DDA results were searched with Byonic software
(Protein Metrics), as described previously.” A UniProt human
Hp database (P00738) was used for data searching.”**>**~*
The search parameters were set as in prior works.”'® The
theoretical m/z of the oxonium ions in glycopegtides from
HCD-MS were used to check the fragment ions.” »23

The Skyline platform was used to quantitatively analyze the
selected glycopeptides from PRM results. Like DDA analysis,
oxonium ions including HexNAc, NeuAc, HexNAc-Hex,

HexHexNAcFuc, and HexNAcHexNeuAc and other possible
b/y ions, were used for glycopeptide identification, while the
Y1 ion (peptide+HexNAc) was used for quantification.”*
Skyline analysis requires peptide settings, transition settings,
and a .ms?2 file converted from the survey scan raw data. A fasta
file (P00738 from UniProt human database) of haptoglobin
was uploaded as the background protein database. Peptide
settings are required to create a library (.ssl file) with the
parameters taken from a DDA survey scan, such as the
glycopeptide sequence, scan number, retention time, charges
and so on. The transition settings and the procedures for
quantification are as described in our recent publication.”"°

B RESULTS AND DISCUSSION

Patients’ Characteristics. The patient serum samples
classified as NASH cirrhosis and NASH HCC based on the
clinical features are summarized in Table 1. Ninety-five
patients were involved in this study, including 46 NASH
cirthosis, 32 NASH early-stage HCC, and 17 late-stage HCC.
In respect to the laboratory tests, there was no statistically
significant difference in total bilirubin, INR, and creatinine,
whereas the AFP was statistically significant among these
groups. In addition, there were no statistically significant
differences in the MELD score and CTP score among these
groups. These HCC patients involved different TNM stages,
including 32 early-stage HCC (21 stage I and 11 stage II) and
17 late-stage HCC (11 stage III and 6 stage IV). The median
age was 61.5 years old for NASH-related cirrhosis, 70.7 years
old for NASH early-stage HCC, and 64.0 years old for late-
stage HCC. It showed that the NASH-related HCC patients
were more likely to be older patients than those with NASH-
related cirrhosis (P < 0.001).

Statistical Method. Descriptive statistics were used to
summarize the patient characteristics. The group difference
was assessed using the Fisher’s exact test for the discrete
variables such as gender and using the Kruskal—Wallis test for
continuous variables such as age. The marker distributions
were summarized using the descriptive statistics such as the
median and the range, as well as the histogram. The Wilcoxon
test was used to compare their values between HCC and
cirthosis samples. The adjusted p-values using the Bonferroni
correction for multiple comparisons were provided for each
marker. The markers with clinical importance and showing
statistically significant difference between HCC and cirrhosis
were selected as the candidate markers for panel development.
Their differentiation effect was evaluated using the area under
the curve (AUC) based on the receiver operation characteristic
(ROC) analysis. The logistic regression model was used to
combine the site-specific glycopeptide biomarker candidates
with AFP in the marker panel development. The best 2-marker
and 3-marker panels were selected based on their estimated
AUC. The bootstrapping method was used to compare the
AUC of the selected panel to the AUC using AFP alone, i.e.,
test Hy : AUC, 4 7 AUCypp against Hy : AUC,, = AUCpp. A
value of P < 0.05 was considered as statistically significant. All
statistical analysis was performed using R Statistical Software
(version 3.6.1; R Foundation for Statistical Computing,
Vienna, Austria).

Method Reproducibility and Linear Dynamic Range.
Four repeated independent experiments were carried out using
Hp standard protein then detected by LC-HCD-PRM-MS/
MS. The Pearson correlation coefficient R* values for the
binary comparison of the four technical replicates from 0.97 to
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Figure 2. (a) Analysis of four independent replicates of the standard Hp sample. Pearson correlation coefficient R* values for the binary comparison
of the three replicates ranging from 0.97 to 0.995. (b—d). Linear regression analysis of glycopeptides N184 A(3)G(3)F(1)S(3),
N241_A(2)G(2)F(1)S(2), and N241_A(3)G(3)F(1)S(3) from the standard Hp sample, respectively.

0.99 as shown in Figure 2a indicated a good reproducibility for
the experiment. Furthermore, the linear dynamic range of each
glycopeptide was carried out by different amounts of Hp
standard protein involving 0.25, 0.5, 0.75, 1.0, 1.5, and 2 ug
injection each time. The linear regression curves of these
glycopeptides are shown in Figure 2b—d and Figure S1. The R*
of these linear regression curves by the XIC against the amount
of protein were between 0.94 and 0.99, indicating that all these
glycopeptides have good reproducibility by this method when
the injected proteins were in a range of 0.25—2 pug. The results
of linear regression analysis did not involve the tetra-antennary
glycoform of glycopeptides since the level of these glycoform
glycopeptides was extremely low in this Hp standard protein,
which was derived from normal subjects.

Glycopeptides Identified as Potential Biomarker
Candidates by LC-stepped-HCD-PRM-MS/MS. To con-
firm the differential expression of glycopeptides for diagnostic
potential in the detection of NASH HCC, LC stepped-HCD-
PRM-MS/MS was performed for targeted quantitative analysis
of the selected glycopeptide candidates among different liver
disease states, including 46 cirrhosis, 32 early-stage HCC, and
17 late-stage HCC.'' The selection of the targeted
glycopeptides for PRM-MS was based on our previous report
on the site-specific glycopeptides of Hp showing a significant
difference during the progression from NASH cirrhosis to
HCC by differential LC-DDA-MS/MS analysis.”> The
glycopeptide marker candidates were predominantly found
with fucosylated or fully sialylated glycan motifs. Although the
overall fucosylation level of serum Hp in patients can be
evaluated by a lectin-antibody enzyme-linked immunosorbent
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assay (ELISA) method,* the subtle but important changes of
the glycoforms of Hp cannot be assessed by this method.

The significant advantage of PRM-MS is that it is a targeted
quantitative analysis as compared to DDA-MS, which scans
over the entire mass range. The increased sensitivity of PRM is
due to its targeted nature where the mass spectrometer can
spend longer times collecting the target peptide ions, which is
termed dwell time, compared to DDA-MS. Also, PRM allows
all fragment ions of a predefined precursor to be measured in
parallel, where a full MS2 product ion spectrum of a specified
precursor ion can be acquired, and all detectable product ions
can be simultaneously monitored at high accuracy and
resolving power.”>** In addition, the PRM-MS can provide a
wide dynamic range for quantitative analysis for target
precursors.”’*> These aspects of PRM allow accurate
quantification of a larger number of target precursors in an
anticipated elution time interval.

In a recent work, it has been reported that four
glycopeptides involving site N207 of Hp changes significantly
in abundance between HCC and cirrhosis from a total of 30
patients’ serum samples. It was further shown that when AFP
was combined with glycopeptides N207_ A3G3F1S2 and
N207_A3G3F1S2 as a 3-marker panel, the result provided a
better AUC value than AFP alone.*® Different from this work,
the current work contains a total of 95 patients’ serum samples
in a larger sample set and the precursor ions selected in our
current experiment were based on our previous work >’
where both charge states 3 and 4 precursor ions were included.
These differences would provide more accurate and precise
results, which include significant changes of glycopeptides in
abundance involving sites N184 and N241.
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Figure 3. Histograms of the six differentially expressed site-specific N-glycopeptides between HCC and cirrhosis (a—f) as well as between early-

stage HCC and cirrhosis (g—1).

In our current study, 49 precursor ions originating from 32
site-specific glycopeptides, including mono- and bi-fucosylated
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glycoforms at sites N184, N207, and N241, were selected for
PRM-MS analysis among different liver disease states (Table
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Table 2a. Summary of the Six Candidate Glycopeptide Markers: Summary Statistics Using Median and Range, and
Comparisons between All HCC and Cirrhosis”

median [min, max]

variable cirrhosis all HCC P P, gjusted
N 46 49
N184 A2G2S2 69.06 [50.51, 86.89] 57.88 [37.74, 76.36] <0.001 <0.001
N184_A3G3F1S3 2.94 [0.33, 7.76] 4.96 [0.62, 10.11] <0.001 0.008
N241_A2G2F1S2 2.36 [0.29, 5.54] 3.63 [0.93, 9.90] <0.001 <0.001
N241_ A3G3F1S3 4.40 [0.20, 16.81] 8.28 [2.52, 21.39] <0.001 <0.001
N241_A4G4F1S3 1.16 [0.06, 3.18] 2.04 [0.16, 3.87] <0.001 <0.001
N241_A4G4F284 0.46 [0.00, 2.13] 1.11 [0.19, 6.34] <0.001 <0.001

“P denotes the p-values based on the Wilcoxon test. P,gyeq denotes the adjusted p-values using Bonferroni correction, where P,gygea = P X 32.
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Figure 4. MS/MS spectrum of an N-glycopeptide N241 A3G3F1S3 (symbols used in the structural formulas: bluesquare = HexNAc; green circle

= Man; yellow circle = Gal; red triangle = Fuc; purple diamond = NeuAc).

S1). Both charge states 3 and 4 of the precursor ion were
included for PRM-MS in some glycopeptides based on the MS
profile observed in the DDA mode. Based on the relative
abundance of each glycopeptide quantified using the Skyline
platform, the expression of six glycopeptides showed statisti-
cally significant differences between patients with HCC and
those with cirrhosis (Figure 3). The relative abundance of each
marker was normalized by their peak, and the normalized value
was used for the ROC analysis. Table 2a summarizes their
distribution using median and range, as well as the p-values
based on the Wilcoxon test. After Bonferroni correction, their
p-values were still statistically significant (<0.05). These six
glycopeptides involved two glycosites—N184 and N241. The
two glycopeptides on N184 were N184 A2G2S2 (Figure 3a)
and N184 A3G3F1S3 (Figure 3b, mass spectrum in Figure
S2). There are four glycopeptides derived from the same
peptide backbone containing N241 including the bi-antennary
glycoform N241 A2G2F1S2 (Figure 3c, mass spectrum in
Figure S3), tri-antennary glycoform N241 A3G3F1S3 (Figure
3d, mass spectrum in Figure 4), tetra-antennary glycoform
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N241_A4G4F1S3 (Figure 3e, mass spectrum in Figure S4),
and N241_ A4G4F254 (Figure 3f, mass spectrum in Figure 5).
All four glycopeptides were increased significantly during the
progression from cirrhosis to HCC. It is notable that the non-
fucosylated glycopeptide N184_A2G2S2 was decreased during
the progression of HCC, whereas the other five fucosylated
glycan forms at sites N184 and N241 were elevated in HCC
compared to cirrhosis, indicating the complexity of fucosyla-
tion and sialylation in HCC as previously reported.””***” The
expression of these six glycopeptides also presented statistically
significant differences between patients with early-stage HCC
and those with cirrhosis (Figure 3g—1).

It is important to point out that the oxonium ions at m/z
512.20 (HexNAc-Hex-Fuc) and m/z 803.30 (HexNAc-Hex-
Fuc-NeuAc) were clearly observed in the mass spectra of these
five fucosylated glycopeptides (Figures 4 and S, Figures S2—
S4,), indicating that all of these fucosylated-bearing glycopep-
tides were outer-arm fucosylated. This is consistent with results
reported from previous reports.”” Particularly, the fragment m/
2 803.3 (HexNAc-Hex-Fuc-NeuAc) demonstrates that all these
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Figure S. MS/MS spectrum of an N-glycopeptide of N241_A4G4F2S4 (symbols used in the structural formulas: bluesquare = HexNAc; green
circle = Man; yellow circle = Gal; red triangle = Fuc; purple diamond = NeuAc).

Table 2b. Summary of the Six Candidate Glycopeptide Markers: Estimated AUC of Individual Markers for All HCCs and

Early-Stage HCCs, Respectively

cirrhosis (n = 46) vs all HCC (n = 49)

cirrhosis (n = 46) vs early HCC (n = 32)

marker AUC 95% CI sensitivity at 90% specificity AUC 95% CI sensitivity at 90% specificity
AFP 0.790 (0.697, 0.872) 52.3% 0715 (0.592, 0.827) 39.5%
N184_A2G2S2 0.776 (0.676, 0.866) 40.8% 0.703 (0.579, 0.819) 21.9%
N184 A3G3FIS3 0.719 (0.606, 0.820) 24.5% 0.682 (0.552, 0.806) 21.9%
N241_A2G2F1S2 0.765 (0.665, 0.853) 34.7% 0.732 (0.617, 0.832) 37.5%
N241_A3G3F1S3 0.796 (0.693, 0.883) 46.9% 0.729 (0.611, 0.836) 31.3%
N241_A4G4F183 0.758 (0.657, 0.853) 32.7% 0.704 (0.579, 0.818) 25.0%
N241_A4G4F254 0.793 (0.700, 0.874) 44.9% 0.757 (0.643, 0.861) 34.4%

glycopeptides bear Sialyl Lewis (SLe) antigen.*® As the SLe
antigens can be mainly classified as SLe* and SLe”, where their
differences are the linkages between the fucosyl and HexNAc
residues, which cannot be distinguished in mass spectrometry,
we can consider them as SLe antigens together. The SLe*
epitopes in a-1-acid glycoprotein and haptoglobin from sera
were found to have a different expression of SLe* in small cell
and non-small cell lung cancer patients.”” Tang et al. employed
SLe® combined with CA19-9 as a potential diagnosis of
pancreatic cancer.”’

Of interest, the mass spectrum of glycopeptide
N241 A4G4F2S4, at m/z 1619.78 (pep + HexNAc+Fuc)
presented a core-fucosylated glycoform (Figure S). Combined
with the fragments m/z 512.20 (HexNAc-Hex-Fuc) and SLe
antigen (m/z 803.30, HexNAc-Hex-Fuc-NeuAc), this bi-
fucosylated tetra-antennary glycopeptide at site N241 con-
tained one outer-arm fucosylation as well as a core
fucosylation. Saldova et al. combined SLe* levels and core
fucosylated agalactosylated diantennary glycan as complemen-
tary markers for CAI125 in ovarian cancer diagnosis.”' We
found that all the SLe epitope containing glycopeptides were
increased significantly during the disease progression from
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cirrthosis to late-stage HCC, whereas the N184 A2G2S2
decreased where this is a non-fucosylated glycopeptide.
Diagnostic Performance of Site-Specific N-Glycopep-
tides in All HCC and Early HCC. We performed the receiver
operating characteristic (ROC) analysis for Hp site-specific N-
glycopeptides in differentiating all HCCs and early HCCs from
cirrhosis patients, respectively. The estimated AUC as well as
its 95% confidence interval (CI) were summarized for each
individual marker in Table 2b. AFP had an estimated AUC of
0.790 (95% CI: 0.697, 0.872), and the sensitivity was 52.3 at
90% specificity when comparing all HCC vs cirrhosis. The six
glycopeptides derived from two glycosites N184 and N241
discussed above were all expressed statistically significantly
different between cirrhosis and all HCC groups. The estimated
AUC:s of two glycopeptides involving the site N184 were 0.776
(95% CI: 0.676, 0.866) and 0.719 (95% CI: 0.606, 0.820),
respectively. Although these two glycopeptides were signifi-
cantly different between cirrhosis and HCC, they did not yield
a better AUC than AFP alone (Figure SSa,b, red lines). The
four glycopeptides involving glycosite N241 (Figure SSc—e,
red lines) included one bi-antennary glycopeptide
N241 A2G2F1S2, one tri-antennary glycopeptide
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Table 3. The Best 2-Marker and 3-Marker Panels in Differentiating all HCCs and Early-Stage HCCs, Respectively”

cirrhosis (n = 46) vs all HCC (n = 49)

best model AUC 95% CI sensitivity at 90% specificity P
AFP 0.79 (0.697, 0.872) 52.30% NA
2-marker AFP + N241_A4GA4F254 0.898 (0.835, 0.951) 63.30% 0.0481
3-marker AFP + N241_A2G2F1S2 + N241_A4G4F254 0.928 (0.877, 0.970) 65.30% 0.0083
cirthosis (n = 46) vs early HCC (n = 32)
best model AUC 95% CI sensitivity at 90% specificity P
AFP 0715 (0.592, 0.827) 39.50% NA
2-marker AFP + N241_A4G4F284 0.845 (0757, 0.919) 50.00% 0.0691
3-marker AFP + age + N241_A2G2F1S2 0.902 (0.829, 0.961) 71.90% 0.0048

“p-Values were based on the bootstrapping method of 1000 bootstrapping samples.
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Figure 6. ROC curves of the best 2-marker panel to differentiate all HCCs (a), and early HCCs (b) from cirrhosis patients (black dashed line, AFP

only; red solid line, combined Hp N-glycopeptide and AFP).

N241_A3G3F1S3, and two tetra-antennary glycopeptides
N241 A4G4F1S3 and N241 A4G4F2S4. N241 A3G3F1S3
and N241 A4G4F2S4 had similar estimated AUC as AFP,
0.796 (95% CI: 0.693, 0.883) and 0.793 (95% CI: 0.700,
0.874), respectively.

When comparing early-stage HCCs to cirrhosis, AFP had an
estimated AUC of 0.715 (95% CIL: 0.592, 0.827). It had a
sensitivity of 39.5 at 90% specificity. Like the results of all
HCCs together, the results from glycopeptides involving site
N184 did not perform better than that of AFP alone (Figure
S6a,b, red solid lines). However, the glycopeptides
N241 A2G2F1S2 (Figure Sé6e, red solid lines), N241
A3G3F1S3(Figure S6¢c, red solid lines), and N241
A4G4F284 (Figure S6f, red solid lines) showed slightly better
AUC, and their AUCs were 0.732 (95% CI: 0.617, 0.832),
0.729 (95% CI: 0.611, 0.836), and 0.757 (95% CI: 0.643,
0.861), respectively.

Diagnostic Performance of Combinatorial Analysis of
Hp N-Glycopeptide Markers with AFP. In order to
improve the discrimination performance of AFP, we sought
the best combination panels. Considering six candidate
glycopeptide markers, as well as age and gender, using AFP
as the anchor marker, we built the 2-marker and 3-marker
panels. The marker panels with the highest AUC were selected
as the best panel for future validation. Table 3 summarizes the
results of the best 2- and 3-marker panels. The p-values for
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comparing each selected marker panel with the panel using
AFP alone were calculated based on the bootstrapping method.

All the 2-marker combination models showed AUCs greater
than 0.841 in distinguishing all HCC samples from cirrhosis
(Table S2) and better than the AUC of 0.790 using AFP alone.
N241_A4G4F254 combined with AFP had the best estimated
AUC in all 2-marker combinations with an estimated AUC of
0.898 (95% CI:0.835, 0.951), which was significantly better
than AFP alone (P = 0.0481) (Figure 6a). This best 2-marker
panel had a sensitivity of 63.3% at 90% specificity, whereas
AFP alone had a sensitivity of 52.3%. When using 3-fold cross
validation, it had an AUC of 0.904 (95% CI: 0.844, 0.960).
The other three glycopeptides on site 241, involving
N241_A2G2S1F2, N241_A3G3F1S3, and N241_A4G4F1S3,
achieved AUC values of 0.870 (Figure SSe), 0.869 (Figure
SSc), and 0.841(Figure SSd), respectively. The sensitivities for
each at 90% specificity were 59.2, 57.1, and 61.2%. At site
N184, the AUC for the combination for glycopeptide
N184 A3G3F1S3 + AFP was estimated to be 0.843 (95%
CI: 0.763, 0.917) (Figure SSa, green solid line). Also, the panel
of N184 A2G2S2 + AFP had an AUC of 0.869 (95% CI:
0.79S5, 0.931). Notably, this glycopeptide’s expression is
decreased in distinguishing between HCCs to cirrhosis,
where there is no Sialyl Lewis epitope.

In the comparison of early-stage HCC vs cirrhosis, the panel
of AFP + N241 A4G4F254 had the best estimated AUC of
0.845 (95% CI: 0.757, 0.919), which was marginally
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Figure 7. ROC curves of the best 3-marker panel to differentiate all HCCs (a) and early HCCs (b) from cirrhosis patients (black dashed line, AFP

only; red solid line, combined Hp N-glycopeptide and AFP).

significantly better than the AUC of 0.715 (95% CI: 0.592,
0.827) when using AFP alone (P = 0.0691) (Figure 6b). It had
a sensitivity of 50.0% at 90% specificity, whereas AFP alone
had a sensitivity of 39.5%. Its AUC was estimated to be 0.823
(95% CI: 0.750, 0.923) in 3-fold cross validation.

Similar to the results from all HCCs, in early-stage HCC, the
AUC values of the other three glycopeptides
N241 A2G2F1S2, N241 A3G3F1S3, and N241 A4G4F1S3
were larger than 0.762, and they had better sensitivity at 90%
specificity than AFP alone in distinguishing early-stage HCCs
from cirrhosis (Table S2 and Figure S6c—f). At site N184, the
AUC value of N184 A2G2S2 combined with AFP was 0.806,
and the AUC of N184 A3G3F1S3 + AFP was 0.777 (Figure
S6a,b). It is notable that the glycopeptide N241_A4G4F254
combined with AFP provided the best AUC values among
these glycopeptides either in distinguishing all HCCs or early-
stage HCC from cirrhosis.

Since both age and gender showed significant differences
between cirrhosis and HCC samples, we also tested the
performance of the 2-marker panels of AFP + age and AFP +
gender. When differentiating all HCC, the panels of AFP + age
and AFP + gender had the estimated AUC being 0.846 (95%
CL: 0.760, 0.916) and 0.811 (95% CI: 0.714, 0.890),
respectively. When differentiating early HCC, the panels of
AFP + age and AFP + gender had the estimated AUC of 0.832
(95% CI: 0.734, 0.906) and 0.761 (95% CI: 0.650, 0.858),
respectively. None of them had significant improvement
compared to AFP alone.

Diagnostic Performance of Combinatorial Analysis
Using 3-Marker Panels. When considering 3-marker panels
and using AFP as the anchor marker, the best panel was
selected based on the estimated AUC. The performance of the
best panel is summarized in Table 3, and Figure 7 shows the
ROCs.

In the results for all HCC vs cirrhosis, the combination of
AFP + N241 A2G2F1S2 + N241_A4G4F2S4 performed the
best with the AUC estimated to be 0.928 (95% CI: 0.877,
0.970), with 65.3% sensitivity at 90% specificity. It was
statistically better than the panel using AFP alone (P =
0.0083). When using 3-fold cross validation, it had an AUC of
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0.923 (95% CI: 0.874, 0.975). In the comparison of early-stage
HCCs vs cirrthosis, the combination of AFP + age +
N241_A2G2F1S2 performed the best with an achieved AUC
value of 0.902 (95% CI: 0.829, 0.961), with 71.9% sensitivity at
90% specificity. It was statistically better than the panel using
AFP alone (P = 0.0048). When using 3-fold cross validation, it
had an AUC of 0.885 (95% CI: 0.861, 0.967).

B CONCLUSIONS

In this study, we demonstrated that six fucosylated
glycopeptides from serum Hp based on subtle glycan structural
changes could differentiate HCC from cirrhosis in patients
with NASH using LC-stepped HCD-PRM-MS/MS (P < 0.05).
These six glycopeptides involved two glycopeptides at site
N184 and four glycopeptides at site N241. At site N184, the
expression of the glycopeptide N184 A2G2S2 without Sialyl
Lewis epitopes decreased in distinguishing all HCCs from
cirrhosis. Another glycopeptide involving site N184,
N184_A3G3F1S3, and the four glycopeptides bearing N241
glycans with Sialyl Lewis epitopes were expressed differentially
during disease progression.

The ROC curves of all these glycopeptides when combined
with AFP performed better than AFP alone. Of these
fucosylated glycopeptides, a tetra-antennary
N241_A4G4F2584 provided the best performance with an
AUC value of 0.898 (95% CI: 0.835, 0.951, sensitivity: 63.3%,
specificity: 90%) for the comparison of all HCCs versus
cirrhosis. When considering 3-marker panels, the AUC value of
the combination of AFP + N241 A2G2F1S2 +
N241_A4G4F2S4 performed the best in all HCCs. These
results demonstrated that the bifucosylated tetra-antennary
glycopeptides N241_A4G4F2S4, which bear the Sialyl Lewis
(SLe) epitope, may potentially play a role in distinguishing
HCC from cirrhosis. The bifucosylated tetra-antennary
glycopeptide at site N241 contains both a core-fucosylation
and an outer-arm fucosylation. These markers are promising
for early detection of HCC but still require validation in a
larger sample set for further evaluation.
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