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Abstract

Nonalcoholic steatohepatitis (NASH) is rising in prevalence in the United States and is a growing
cause of hepatocellular carcinomas (HCCs). Site-specific glycan heterogeneity on glycoproteins
has been shown as a potential diagnostic biomarker for HCC. Herein, we have performed a
comprehensive screening of site-specific N-glycopeptides in serum haptoglobin (Hp), a reporter
molecule for aberrant glycosylation in HCC, to characterize glycopeptide markers for NASH-
related HCCs. In total, 70 NASH patients (22 early HCC, 15 advanced HCC, and 33 cirrhosis
cases) were analyzed, with Hp purified from 20 gL of serum in each patient, and 140 sets of mass
spectrometry (MS) data were collected using liquid chromatography coupled with electron-
transfer high-energy collisional dissociation tandem MS (LC-EThcD-MS/MS) for quantitative
analysis on a novel software platform, Byos. Differential quantitation analysis revealed that five N-
glycopeptides at sites N184 and N241 were significantly elevated during the progression from
NASH cirrhosis to HCC (p < 0.05). Receiver operating characteristic (ROC) curve analysis
demonstrated that the N-glycopeptides at sites N184 and N241 bearing a monofucosylated
triantennary glycan A3G3F1S3 had the best diagnostic performance in detection of early NASH
HCC, area under the curve (AUC) = 0.733 and 0.775, respectively, whereas a-fetoprotein (AFP)
had an AUC of 0.692. When combined with AFP, the two panels improved the sensitivity for early
NASH HCC from 59% (AFP alone) to 73% while maintaining a specificity of 70%, based on the
optimal cutoff. Two-dimensional (2-D) scatter plots of the AFP value and N-glycopeptides showed
that these N-glycopeptide markers detected 58% of AFP-negative HCC patients as distinct from
cirrhosis. These site-specific N-glycopeptides could serve as potential markers for early detection
of HCC in patients with NASH-related cirrhosis.
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B INTRODUCTION

Nonalcoholic steatohepatitis (NASH) has become a leading cause of chronic liver disease in
the United States.12 The prevalence of NASH continues to increase due to the rising rates of
obesity, diabetes, and metabolic syndrome.3 NASH can lead to development of cirrhosis and
its complications including hepatocellular carcinoma (HCC).# The annual risk of developing
hepatocellular carcinomas (HCCs) in patients with NASH is 1—3%.° Since 80-90% of
HCCs occur within underlying cirrhosis, the American Association for the Study of Liver
Disease (AASLD) guidelines recommend HCC surveillance in adults with cirrhosis using
abdominal ultrasound with or without a.-fetoprotein (AFP) at 6-month intervals.”8 However,
patients with NASH often have comorbid central obesity, reducing the sensitivity of US
surveillance.? Therefore, a biomarker-based approach for HCC early detection in patients
with NASH is urgently needed.

Serum provides an important biomarker source since the majority of blood proteins are
synthesized and secreted by the liver, potentially carrying molecular indicators of the
progression of liver disease.1911 Serum AFP is the most widely used biomarker for HCC in
clinic practice; however, the sensitivity of ultrasound and AFP in combination is only
approximately 60%, missing over one-third of HCC at an early stage.1? Several efforts are
underway devoted to discovering new biomarkers for HCC. One such approach involves
characterizing the aberrant glycosylation due to its direct correlation with tumori-genesis,
13,14 in particular altered fucosylation'>-17 and sialylation.1® Serum haptoglobin (Hp),
containing four N-glycosylation sites, has been demonstrated as a reporter molecule for
aberrant glycosylation in the development of HCC® and other cancers.20-23 The
fucosylated/sialylated glycan structures of serum Hp were significantly elevated in HCC
compared to cirrhosis.19:24-27 These subtle but significant glycosylation structural changes
can be detected due to recent advances in mass spectrometry (MS)28-31 and data
interpretation software,32:33 which can provide highly specific fingerprints of malignancy.
Though Hp glycan/glycopeptide structural changes have been extensively explored for HCC
diagnosis in the etiologies of hepatitis B virus (HBV),24:25:34 hepatitis C virus (HCV),
25,26,35-37 and alcohol disease (ADD),2> Hp N-glycosylation profiling and diagnostic
performance in NASH-related HCC have not been well studied.

In recent work, we have developed an electron-transfer higher-energy collision dissociation
(EThcD) MS/MS-based workflow for differential quantitation of changes in site-specific
glycoform microheterogeneity of serum Hp between liver disease states.38 With a
combination of EThcD-MS/MS fragmentation39 and data interpretation/quantitation
softwares, Byonic*? and Byologic (Protein Metrics), the glycoforms of Hp at individual

glycosites were identified and quantitated in early HCV-related HCC compared to cirrhosis.
38
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In this study, we have now performed a comprehensive biomarker analysis of site-specific
N-glycopeptides in serum Hp for early detection of HCC in patients with NASH-related
cirrhosis. We have extended the quantitative EThcD-MS/MS workflow to NASH patients (77
=70) and also added Byos (Protein Metrics), a novel data quantitation platform, to enable
differential quantitation analysis of site-specific N-glycopeptides in this large data set, i.e.,
140 MS/MS data sets. We have characterized the site-specific N-glycan heterogeneity of
serum Hp in NASH-related HCC and cirrhosis patients and evaluated the utility of the Hp N-
glycopeptide markers for early diagnosis of HCC in patients with NASH cirrhosis and
monitoring NASH disease progression.

B MATERIALS AND METHODS

Serum Samples

Serum samples from patients with NASH-related HCC (/7= 37) or NASH-related cirrhosis
(n=33) were provided by the UT Southwestern Medical Center, Dallas, Texas, according to
IRB approval. Informed consent was obtained from all subjects. All HCC and cirrhosis
patients in this study were NASH-related.

The clinical features of the patients are summarized in Table 1. Summary statistics are used
to describe the patient characteristics. In addition to AFP, other clinical variables such as
total bilirubin (TBili), the international normalized ratio (INR)’ creatinine, the model for
end-stage liver disease (MELD) score, the Child—Turcotte—Pugh (CTP) score, and tumor
size were available. Continuous variables are summarized using the median with the
interquartile range (IQR). The CTP score is a scoring system to assess the severity of
cirrhosis, where patients can be classified into three Child—Pugh classes (A: 5-6 points, B:
7-9 points, and C: 10-15 points). The HCC samples were comprised of different clinical
stages (TNM classification): stage I, n= 19; stage Il, n=3; stage Ill, n=9; and stage IV, n=
6. All of the HCC patients in the study had cirrhosis, which is the intended population for
HCC screening. We did not include healthy subjects in this study since (1) the aim is to
screen for potential biomarkers for detection of HCC among patients suffering from
cirrhosis; (2) emerging evidence has confirmed that the glycosylation patterns of Hp are
significantly different between liver disease and healthy subjects, in particular in the case of
multifucosylation and multisialylation. Samples were aliquoted and stored at =80 °C until
further use to avoid freeze—thaw cycles.

Study Design

The expression of site-specific N-glycopeptides of Hp was assessed on serum of patients
with NASH-related HCC and cirrhosis, using an EThcD-MS/MS-based workflow.38 The
workflow enables label-free quantitation of the microheterogeneity of site-specific N-
glycopeptides in serum Hp between disease groups, which includes: (1) Hp purification
from 20 g4 of patient serum using a high-performance liquid chromatography (HPLC)-
based anti-Hp column, (2) double digestion of Hp using trypsin/GIluC and glycopeptide
enrichment with HILIC TopTips, (3) LC-EThcD-MS/MS analysis of glycopeptides with two
replicates for each sample on an Orbitrap Fusion Lumos Tribrid Mass Spectrometer, and (4)
data interpretation and quantitation using Byonic and Byologic software packages (Protein
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Metrics). In this study, we further applied a novel data quantitation platform, Byos (Protein
Metrics), to integrate the quantitative results from this large data set, i.e., 140 MS/MS data
sets. Site-specific N-glycopeptides were quantified to determine glycopeptide biomarkers for
distinguishing NASH-related HCC from NASH-related cirrhosis patients.

Haptoglobin Purification

Hp was purified from 20 4L of patient serum using an in-house antibody-immobilized
HPLC column?! on a Beckman Coulter HPLC system (Fullerton, CA) as described
previously.38 The eluted Hp fraction was desalted using a 4 mL centrifugal filter device (3
kDa MWCO, Millipore) and then dried down in a SpeedVac concentrator (Thermo). The
purity of the Hp eluent was evaluated by SDS-PAGE gel followed with silver staining using
a ProteoSilver Plus silver stain kit (Sigma). The Hp eluent (1/10) was loaded onto the gel,
with 0.3 yg of an Hp standard protein (Abcam) as a reference. To eliminate the variation in
protein abundance among samples, the same amount of Hp from individual patients, an
estimated ~3 4g, was used for the subsequent enzymatic digestion.

Double Enzymatic Digestion, Glycopeptide Enrichment, and LC-EThcD-MS/MS

Double enzymatic digestion and glycopeptide enrichment were performed as described
previously. Briefly, the purified serum Hp (~3 4g) was dissolved in 50 mM NH4HCOs3,
reduced with 20 mM dithiothreitol (DTT), and alkylated with 50 mM iodoacetamide (IAA).
To the sample, 0.2 1g of trypsin (Promega, Madison, WI) was added and incubated at 37 °C
overnight. After quenching the reaction at 95 °C for 10 min, 0.2 g of GluC (Promega,
Madison, WI) was added and incubated at 37 °C for 12 h. The sample was dried down and
then reconstituted in 15 L of 85% acetonitrile containing 15 mM ammonium acetate, pH
3.5, where glycopeptides were enriched using HILIC TopTips (Glygen, Columbia, MD)
according to the procedure described previously.38

The enriched glycopeptides were dissolved in 0.1% formic acid (FA) and analyzed with two
injections on the Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo) coupled with
a Dionex UPLC system. A binary solvent system was composed of 0.1% FA in H,0O (A) and
80% CH3CN/0.1% FA (B). Samples were separated on a 75 x/m x 50 cm column (C18, 2
4m, 100 A; Thermo) under a 90 min linear gradient from 2 to 40% B at a flow rate of 300
nL/min. The MS instrument was operated in data-dependent mode. The MS1 scans (/m/z
350-1800) were acquired in the Orbitrap (120 K resolution, 4e5 AGC, 100 ms injection
time) followed by EThcD-MS/MS acquisition of the precursors with the highest charge
states in the order of intensity and detection in the Orbitrap (60 K resolution, 3e5 AGC, 250
ms injection time). The calibrated charge-dependent electron transfer dissociation (ETD)
parameters were applied, and EThcD was supplemented by 33% higher-energy collisional
dissociation (HCD) activation. Dynamic exclusion was enabled with an exclusion duration
of 30 s and both mass tolerances of low and high as 10 ppm.

The mass spectrometry data have been deposited to the ProteomeXchange Consortium via
the PRIDE“2 partner repository with the data set identifier PXD018502.
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Data Interpretation and Relative Quantitation

All spectra were searched with Byonic (Protein Metrics), a software for peptide and protein
identification based on MS tandem spectra, which is one of the few software packages that
can analyze EThcD-MS/MS data.*® A UniProt human Hp database (P00738) was used for
data searching. Based on the N-glycans reported in the literature for serum Hp in liver
disease,26:37:384143.44 an N-glycan database containing 53 human N-glycans was employed
(Table S1). The search was performed using the parameters: (1) fixed modification,
carbamidomethyl (C); (2) variable modifications, oxidation (M) and deamidation (N; Q),
and N-glycan madifications (N); (3) up to two missed cleavages; and (4) mass tolerance, 10
ppm for MS1 and 20 ppm for MS2. The results were filtered at a confidence threshold of the
Byonic score > 100, delta modification score > 10, PEP2D < 0.05, and FDR2D < 0.01. The
manual check criteria include the retention time, the presence of oxonium ions, e.g., m/z
204.09 for HexNAc, 292.10 for NeuAc, 274.09 for NeuAc-H,0, 366.14 for HexHexNAc,
512.20 for HexHexNAcFuc, and 657.23 for HexNAcHexNeuAc. The monoisotopic peak
and diagnostic oxonium ion were further checked in the case of 2Fuc-1.02 = 1NeuAc to
eliminate the false assignment of the glycopeptide-containing NeuAc residue to that with
2Fuc residues.

Automatic quantitative analysis was performed using Byologic (Protein Metrics) as
described previously,38 which inputs both MS1 raw data and Byonic search results. With
Byologic, the peak area of the XIC of a given glycopeptide was automatically integrated and
normalized against the sum of peak areas of all glycopeptides in Hp identified in each MS
run, providing a relative quantitation of each N-glycopeptide of Hp in the sample. The
abundance of a site-specific glycoform was represented by the sum of the glycopeptides
bearing the same glycan at the glycosite. The relative quantitation of a site-specific
glycoform at the glycosite level was also automatically achieved by normalization against all
glycopeptides identified at the given glycosite in each MS run.

The Byologic quantitative results were further uploaded into Byos (Protein Metrics), a novel
software platform that can process a large number of MS data sets in one project for data
comparison, in this case 140 MS data sets. The relative quantitation result was exported as
an Excel file. Since each sample was analyzed with two injections, the average normalized
abundance of a site-specific N-glycopeptide from the two replicates was used to measure its
relative levels between disease groups.

In the main text, glycans were described as AXGxFxSx according to the Oxford glycan
nomenclature, i.e., Ax, number (x) of antenna; Gx, number (x) of linked galactose on
antenna; Fx, number (x) of fucose; Sx, number (x) of sialic acids. For example, A3G3F2S2
represents the triantennary trigalactosylated bifucosylated bisialylated glycan.

Statistical Analysis

Patient characteristics and biomarkers are reported as the median with the interquartile range
(IQR), means * standard deviation (SD), or frequency, as appropriate. Chi-square test was
used to compare the frequency of discrete variables between groups. Wilcoxon rank-sum test
or Kruskal—Wallis test was used to compare the value of continuous variables across

J Proteome Res. Author manuscript; available in PMC 2020 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhu et al.

Page 7

groups. A value of p< 0.05 was considered statistically significant. The reproducibility
analysis of five replicates of an Hp standard sample was performed with the Perseus
software,*> and the heat map was generated with Heml 1.0.46 Hierarchical clustering
analysis was performed using Perseus. The scatter plots of the differentially expressed site-
specific N-glycopeptides between HCC and cirrhosis patients were generated with GraphPad
Prism 8 (La Jolla, CA). The correlation of differentially expressed N-glycopeptides at sites
N184 and N241 was summarized using the Spearman correlation coefficient. A logistic
regression model is used to combine the site-specific glycopeptide biomarker candidates
with AFP in the marker panel development. Receiver operation characteristic (ROC) curves
were constructed. The area under the curve (AUC) was calculated, and its 95% confidence
interval (CI) was estimated using SPSS 16.0. p-Values comparing AUCs between markers
and marker panels were calculated using R statistical software.

B RESULTS AND DISCUSSION

Patients’ Characteristics

There were 70 patients involved in this study, including 33 NASH-related cirrhosis and 37
NASH-related HCC cases. The characteristics of the patients are summarized in Table 1.
The majority (95.7%) of patients had Child Pugh A or B cirrhosis, as these are the
subgroups of cirrhosis patients who benefit from surveillance and are the recommended
population per AASLD guidelines. All HCC patients in the study had cirrhosis, which is the
intended population for HCC screening.

There was no statistically significant difference in bilirubin, ALT, INR, and creatinine levels
between cirrhosis and HCC patients, with median MELD scores of 8 for both groups;
however, there was a significant difference in the CTP score (0= 0.025) and AST (o=
0.021) between cirrhosis and HCC groups. HCC patients included different TNM stages,
with 22 HCC patients diagnosed at early stages (stages | and I1) and 15 at advanced stages
(stages 111 and 1V). As expected, AFP levels were higher among HCC patients, with median
AFP of 3.0 ng/mL for cirrhosis and 6.7 ng/mL for HCC patients (p = 0.0001). However,
AFP was below the traditional surveillance cutoff of 20 ng/mL in 26 (70%) of HCC patients.

There were more female patients in the cirrhosis group than those in the HCC group in this
study (p = 0.010), which was not seen in other studies. The median age was 62.0 years for
the cirrhosis group and 65.8 years for the HCC group, indicating that NASH-related HCC
patients tended to be older than those with NASH-related cirrhosis at the time of diagnosis
(p=10.003).

Hp Purification and EThcD-MS/MS Analysis

Hp was immunopurified from 20 gL of serum in each patient using an HPLC-based anti-Hp
column. The purification was achieved in 30 min for each sample, which was distinctly more
efficient than conventional immunoprecipitation.*? A blank run was performed after running
each serum sample, showing that there was no carryover between runs. The abundance of
the purified Hp in each patient was evaluated by the HPLC peak area and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. A representative HPLC
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chromatogram and a gel image are shown in Figure 1A,B. Based on the gel result, an
estimate of 3 yg of Hp from individual patients was used for MS analysis to eliminate
variations in protein abundances between samples.

Serum Hp has four potential glycosylation sites (N184, N207, N211, and N241) on its 8
chain. In this study, GIuC, which cleaves at either aspartic (D) or glutamic acid (E) residues,
was coupled with trypsin to further separate the two glycosites of N207 and N211 as
reported previously.26:38:43:44 |n ammonium bicarbonate buffer, GIuC specificity is high at
the glutamic acid residues but weak at the aspartic. Thus, at the site N241, bothglycope
ptidesVVLHPNZ241YSQVDand VVLHPN2*1YSQVDIGLIK were generated due
to the incomplete cleavage by GIuC.

After enrichment using HILIC tips, N-glycopeptides of serum Hp from individual patients
were analyzed with two injections by nano LC-EThcD-MS/MS. A representative extracted
ion chromatogram (XICs) of MS/MS spectra of the HexNAc oxonium ion (HexNAc™) at
m/z204.087 is shown in Supporting Information Figure S1, displaying the major peaks
derived from the glycopeptides of MVSHHNI84LTTGATLINE, NLFLN297HSE,
VVLHPN241 YSQVD, and VVLHPNZ41YSQVDIGLIK. The short peptide N21IATAK was
difficult to detect by RP C18 chromatography due to its high hydrophilicity.26:43

We further selected the glycosites N184 and N241 for differential quantitation of site-
specific glycoforms in serum Hp between HCC and cirrhosis since these two sites contain
the most informative glycopeptides bearing a large number of multifucosylated/sialylated
glycans, which are highly related to liver diseases.26:38

Method Reproducibility

We evaluated the reproducibility of the method by five independent replicates of an Hp
standard that have been processed at five different times. As shown in Figure 1C, the
Pearson correlation coefficient /2 values for the binary comparison of the five technical
replicates were from 0.955 to 0.995, demonstrating good reproducibility of the method. A
pie chart indicates the frequency of glycopeptide quantification, which was present in all five
replicates, in 3-4, in 2, or only in 1 (Figure 1D). The result showed that over 90% of
glycopeptides were identified in more than two replicates. The reproducibility of the AUC of
glycopeptides at the site N241 differing in abundance by 5 orders of magnitude has also
been investigated (Figure 1E). The relative standard deviation (RSD) of the five replicates
for the most abundant glycopeptide at the site 241 (VVLHPNZ41YSQVD_A2G2S2) was
7.73%, followed by 12.33% for VVLHPN24YSQVD_A3G3S3, and 13.45% for
VVLHPN24lYSQVD_A2G2F1S2. The low-abundant glycopeptides of
VVLHPN24lYSQVD_A4G4S4 and VVLHPN241YSQVD_A4G4F1S4 had a RSD of 10.20
and 15.23%, respectively.

We also assessed the reproducibility of the method using serum samples where two aliquots
of 20 L serum samples from an HCC patient were processed at different times, followed by
two injections each for LC-MS/MS analysis. Taking the low-abundance N-glycopeptide of
VVLHPNZ4YSQVD_A4G4F1S4 as an example, the RSD of the peak area in the four
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technical replicates of the serum sample was 12.6%, showing good reproducibility of the
method.

N-Glycopeptide Identification

N-glycopeptides were characterized by EThcD-MS/MS, of which ETD is well known to
preserve labile PTMs on peptide backbones while a supplemental HCD is applied to ions
formed by ETD to incorporate both glycan and peptide fragment ions in a single MS/MS
spectrum.39 All glycopeptide spectrum matches were searched by Byonic software (Protein
Metrics) with strict mass tolerances (10 ppm precursor/20 ppm product ion tolerance).
Representative MS/MS spectra of N-glycopeptides of VVLHPNZ41YSQVDIGLIK bearing
the glycan A2G2S2 and A3G3F1S3, respectively, are shown in Figure 2.

As shown in Figure 2A, there are three sets of product ions in a typical glycopeptide EThcD-
MS/MS spectrum: glycan fragments (oxonium ions), b/y and c/z ions from peptide
backbones, and glycosidic fragments with the sequential loss of monosaccharides from the
parent glycopeptide. The most intense peaks are oxonium ions, such as HexNAc (m/z
204.09), HexHexNAc (m/z 366.14), NeuAc (m/z 292.10), NeuAc-H,0 (m/z274.09), and
HexNAcHexNeuAc (/m/z657.23). The second most intense peaks are glycosidic fragments,
including Y1 (peptide + HexNAc), Y2 (peptide + 2HexNAc), Y3 (peptide + 2HexNAcHex),
Y4 (peptide + 2HexNAc2Hex), Y5 (peptide + 2HexNAc3Hex), Y6 (peptide +
3HexNAc3Hex), and Y7 (peptide + 3HexNAc4Hex). These fragments were sufficient to
identify the glycopeptide with detailed information for both glycans and peptide. The less
intense peaks are b/y and c¢/z ions from peptide backbones. All matched fragment ions are
labeled in the spectrum. The distribution of these fragment ions was consistent with reports
in the literature.3® By combining the presence of intense oxonium ions and Y ions, as well as
filtering all glycopeptide matches with MS1 accuracy of 10 ppm and MS2 accuracy of 20
ppm, these fragments were sufficient to identify the glycopeptides.

For N-glycopeptides with the fucose moiety, specific diagnostic fragment ions in EThcD
spectra can further provide detailed structural information such as core- and outer-arm
fucose. For example, as shown in Figure 2B, the diagnostic fragment ions of
HexHexNAcFuc at m/2512.20 and FucHexNAcHexNeuAc at /7/2803.30 (marked by the
red dashed rectangle) confirmed the presence of the outer-arm fucose residue.

In the case of N-glycopeptides bearing the multiples of two fucoses, manual verification of
the isotopic evidence of the precursor ion and the presence of diagnostic glycan fragments
was employed to confirm the assignment. Supporting Information Figure S2 shows the
MS/MS spectra of two low-abundance glycopeptides VVLHPN241YSQVDIGLIK bearing
AA4GAS4 (Figure S2A) vs AAG4F2S3 (Figure S2B), both of which were quadruply charged
(z= 4), with the difference in the glycan moiety of one sialic acid vs two fucoses.
Considering 2Fuc-1.02 = 1NeuAc, the glycopeptide assignment was confirmed with the
monoisotopic peak of the precursor ions at /m/z1328.81 and 1329.08, respectively (see the
inset figures). Thus, the specific diagnostic glycan fragments were evaluated. As shown in
Figure S2A, a high-intensity peak of HexNAcHexNeuAc at m/z657.23 confirmed the
presence of hypersialylation in the glycopeptide, but no fucose residue was detected in the
spectrum. However, in Figure S2B, the specific diagnostic fragment ions of HexHexNAcFuc
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at m/z512.20 and FucHexNAcHexNeuAc at /2 803.30 confirmed the presence of the
outer-arm fucose residue. In the case of core-fucosylation, the diagnostic ion of peptide +
2HexNAcFuc, with the core-fucose residue attached to the peptide, can further confirm the
core-fucosylation.38

We also evaluated the MS signal to noise ratio (S/N). As an example, we examined a low-
abundance glycopeptide VVLHPN241YSQVDIGLIK_A4G4F2S3 (/2= 1329.08) where
the inset in Figure S2B shows the MS1 precursor ion with the isotope distribution. The
intensity of the precursor ion was 2.72E6, which was over 60-fold higher than that of the
noise. With the S/N ratio considerably greater than 3, these glycopeptides can be well
quantified.

Site-Specific Glycosylation Heterogeneity in NASH-Related HCC vs Cirrhosis

All N-glycopeptides were automatically identified by Byonic (Protein Metrics) with high
confidence. There were a total of 409 glycopeptide spectral matches identified, containing
bi-, tri-, and tetra-antennary sialylated and/or fucosylated N-glycans. Multiple charge states
were observed for most of the N-glycopeptides, where +3 and +4 ions are the most
dominant. Compared to cirrhosis patients, an increased number of N-glycopeptide spectra
were identified in HCCs, which were mainly multiply fucosylated and sialylated
glycopeptides. The hyperfucosylated and hypersialylated N-glycopeptides, up to five fucoses
and four sialic acids, were more frequently detected in HCCs than in cirrhosis patients. The
result was consistent with our previous glycopeptide study on serum Hp in HCV-related
HCC patients.38

The list of total glycoforms identified at sites N184 and N241 in HCC and cirrhosis patients,
respectively, is provided in Supporting Information Table S2, and the list of glycoforms
identified at the site N207 is provided in Supporting Information Table S3 (HexNAc = N-
acetylhexosamine; Hex = Hexose; Fuc = Fucose; and NeuAc = sialic acid).

Since glycosites N184 and N241 are the most informative sites in Hp, we further
investigated the glycosylation heterogeneity on these two sites. Figure 3A shows the number
of total glycoforms identified at sites N184 and N241 in cirrhosis and HCC groups. At the
site N184, there were 37 and 41 glycoforms identified in cirrhosis and HCC, respectively.
The site N241 was more diverse in N-glycosylation of Hp, with 41 and 44 glycoforms
identified in cirrhosis and HCC, respectively. There were four glycans at the site N184
(A1G1F1S1, A4GAF1S3, A4GAF2S3, and A4G4FAS1) and three glycans at the site N241
(A3G1S1, A4G3F1S2, A4G4F5S1) exclusively identified in HCC but absent in cirrhosis,
most of which are tetra-antennary glycans with increased fucosylation or sialylation. Among
these seven glycoforms, N184 A1G1F1S1 (p= 0.003) and N241 A4GA4F5S1 (p=0.014)
were significantly elevated in HCCs compared to cirrhosis. However, most of these site-
specific glycopeptides were not consistently present in all HCCs, with a p> 0.05.

Interestingly, NASH-related liver diseases expressed a slightly greater diversity in N-
glycosylation at the sites N184 and N241 of serum Hp compared to those of HCV-related
liver diseases, which were reported in our previous study.38 The extra glycoforms frequently
identified in NASH-related liver patients but not detected in HCV-related patients included
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A1G1F1S1, A3G1S1, and A4G3F1S2 at sites N184 and A2G2, A5G5S1 at the site N241.
The slight difference in N-glycosylation heterogeneity of serum Hp in NASH-related
patients vs HCV-related patients may occur where NASH is caused by the buildup of fat in
the liver while HCV is caused by hepatitis C virus infection.

Relative Quantitation of Site-Specific N-Glycopeptides in HCC and Cirrhosis

The automated quantitation software Byologic (Protein Metrics) was employed to quantitate
the relative abundance of site-specific N-glycopeptides of serum Hp in each patient. In this
study, we quantified the relative abundance of site-specific N-glycopeptides at sites N184
and N241. Since each sample was analyzed twice by EThcD-MS/MS, the average of the
abundances of a site-specific N-glycopeptide among the two replicates was used to measure
its level in individual patients.

The relative abundance of all N-glycopeptides identified at sites N184 and N241 in serum
Hp of each patient is listed in Supporting Information Table S2, with the mean value, SD,
the ratio between HCC and cirrhosis, and p-value also provided. Figure 3B shows the
distribution of the 10 most abundant glycoforms at sites N184 and N241 in cirrhosis and
HCC patients, respectively.

At the site N184, the most abundant glycoform is the biantennary disialylated glycan
A2G2S2, followed by the biantennary monosialylated glycan A2G2S1, which account for
68.03 + 6.97% and 11.77 £ 6.62% in HCC, 69.79 + 5.01 and 14.06 + 6.91% in cirrhosis,
respectively. The remaining eight abundant glycoforms at the site N184 in HCC were those
with bi- or triantennary structures, including A3G3S3 (3.92%), A2G2F2S1 (3.08%),
A3G3F1S3 (2.55%), A2G2F1S2 (2.08%), A3G3F2S2 (1.55%), A3G3S2 (1.54%), A3G3S1
(0.52%), and A1G1S1 (0.41%). The tetra-antennary N-glycoforms with multiple sialic acids
and/or multiple fucoses were observed on the site N184 in HCC patients, with a total
abundance of 0.42%. However, the level of tetra-antennary glycoforms was significantly
increased in HCC compared to that in cirrhosis (0.17%) (o = 0.010).

At the site N241, a slightly different distribution of the glycoforms was observed compared
to those at the site N184. The site N241 has the most diverse N-glycosylation, due to the
complexity of tetra-antennary and hyperfucosylation and sialylation. As shown in Figure 3B,
though the biantennary disialylated N-glycan A2G2S2 was also the most abundant glycan,
which contributed 71.03 £ 9.78% in HCC and 75.96 + 7.43% in cirrhosis, respectively, the
second most abundant groups were the triantennary nonfucosylated structures, including
A3G3S1 (3.57%), A3G3S2 (3.45%), and A3G3S3 (3.55%). Notably, the overall level of
tetra-antennary glycoforms at the site N241 was significantly higher in HCC (4.04 £ 3.49%)
than that in cirrhosis (2.56 + 1.64%) (p = 0.030).

In general, the biantennary N-glycoforms were the most abundant at both sites, followed by
the triantennary with a 10-23% contribution and the tetra-antennary at low abundance
accounting for 0.04—8%. However, the tetra-antennary N-glycoforms were significantly
elevated in HCC compared to cirrhosis patients, showing the most complexity of
hyperfucosylation and sialylation in HCC as reported previously.26:38
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Differentially Overexpressed Hp N-Glycopeptides in HCC Compared to Cirrhosis

We further determined the differentially expressed N-glycopeptides in serum Hp between
HCC and cirrhosis. The fold change was calculated as the ratio of the average abundance for
the target N-glycopeptide at the glycosite level between HCC and cirrhosis samples. The
cutoff for differential expression was set at a 2-fold change between HCC and cirrhosis with
a p< 0.05. An additional criterion to choose the N-glycopeptides as potential marker
candidates was that the glycopeptide should be detectable in the majority of patients, with a
good signal/noise ratio for the mass spec-based quantitation study.

Ten site-specific N-glycopeptides were found to be significantly elevated in HCC compared
to cirrhosis, including four glycopeptides at the site N184 (A2G2F1S2, A3G3F1S3,
A3G3F2S3, and A4G4F1S2) and six glycopeptides at the site N241 (A2G2F1S2,
A3G3F1S3, A3G3F2S3, AAG4AF1S3, AAG4AF1S4, and A4G4F2S4). The ratio and p-value of
the 10 significantly overexpressed N-glycopeptides between HCC and cirrhosis are provided
in Table 2A, which are mainly multisialylated tri- or tetra-antennary N-glycans with one or
two fucose moieties. The ratio and p-value of these N-glycopeptides between early HCC and
cirrhosis are also included in Table 2A.

At the site N184, the glycopeptides of N184 A2G2F1S2 and N184 A3G3F1S3, with a
1.95- and 1.92-fold increase, respectively, in HCC vs cirrhosis patients (p = 0.005 and 0.002,
respectively), were also considered as candidate N-glycopeptides of interest. The
glycopeptide of N184 A3G3F2S3 with a bifucosylated triantennary glycan was significantly
increased in HCC compared to cirrhosis, showing a fold change of 6.5 (p= 0.005). The
elevation of N184 A3G3F2S3 expression was also detected in HCV-related HCC compared
to the corresponding cirrhosis in our previous study.38 In the current study, the glycopeptide
of N184_A4G4F1S2 was found with an average 9.64-fold increase in NASH HCC vs
cirrhosis (p=0.001), mainly because this glycopeptide was absent in 28 (85%) of 33
cirrhosis samples.

At the site N241, the glycopeptides of N241 A2G2F1S2, N241 A3G3F1S3, and

N241 A3G3F2S3 were significantly increased, with a 2.67-, 2.32-, and 9.27-fold change,
respectively, in HCC vs cirrhosis patients (o= 0.0004, 0.0001, and 0.017, respectively). The
glycopeptide N241 A3G3F2S3 with the bifucosylated triantennary glycan was significantly
increased in HCC but absent in 70% of cirrhosis patients. The significant overexpression of
N241_A3G3F2S3 was also reported in HCV-related HCCs vs HCV-related cirrhosis
patients, with a 4.16-fold increase.38 The glycopeptides with tetra-antennary glycans, such
as A4G4F1S3, AAG4AF1S4, and A4G4F2S4, were found to have a 2.25-, 4.48-, and 4.05-fold
increase in HCC vs cirrhosis with a p < 05. The glycopeptide of N241_A4G4F2S4 with a
bifucosylated tetra-antennary glycan was statistically significantly increased in HCCs but
absent in 25 (76%) of 33 cirrhosis patients (p = 0.044). The scatter plot of the abundance of
N241 A4G4F2S4 in HCC and cirrhosis patients is shown in Supporting Information Figure
S3A. The elevated bifucosylated glycoforms of Hp in HCCs were consistent with our
glycomics studies.2>47 The increased tetra-antennary glycoforms with hyperfucosylation
(up to five fucoses) on the site N241 were observed in a portion of HCC patients of this
sample set but did not significantly distinguish HCC from cirrhosis.
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We further performed correlation analysis for the differentially expressed N-glycopeptides at
sites N184 and N241 to generate clusters exhibiting related expression patterns. The
correlation plot is shown in Supporting Information Figure S4. N-glycopeptide

N241 A4G4F1S3 was highly correlated with N-glycopeptides N241 A3G3F1S3 and

N184 A3G3F1S3, with the correlation coefficient (/) of 0.71 and 0.70, respectively. N-
glycopeptide N241_ A3G3F1S3 was correlated with N-glycopeptides N184 A3G3F1S3 (R
=0.67) and N241 A3G3F2S3 (R=0.66). The result indicated that the expression patterns of
N-glycopeptides N184 A3G3F1S3, N241 A3G3F1S3, and N241 A4G4F1S3, all attached
with three sialic acids and one fucose, are highly correlated.

Five N-Glycopeptide Marker Candidates for NASH HCC

The scatter plots offive differentially expressed N-glycopeptides, i. e., N184 A3G3F1S3,
N241_A2G2F1S2, N241_A3G3F1S3, N241_A4G4F1S3, and N241_A4GAF1S4, were
applied to display the distribution of their abundance in HCC and cirrhosis (Figure 3C). A
heat map of the abundance of these five N-glycopeptides in HCC vs cirrhosis is shown in
Figure 3D. As shown in Figure 3C, each spot represents an individual patient and the solid
line indicates the median level in each disease group. The result indicated that the site-
specific fucosylation with full-sialylation is critical for determination of HCC from cirrhosis,
where the N-glycopeptides at sites N184 and N241 with fucosylated tri- or tetra-antennary
glycans were significantly associated with HCC (p < 0.013). Further statistical analysis
among the three disease groups, i.e., cirrhosis, early HCCs, and late HCCs, showed that the
five N-glycopeptides were significantly elevated during the progression from NASH
cirrhosis to late HCCs (p < 0.004).

Diagnostic Performance of Site-Specific N-Glycopeptides in HCC and Early HCC

We further performed the receiver operating characteristic (ROC) curve analysis for Hp site-
specific N-glycopeptides in differentiating HCCs and early HCCs from cirrhosis patients,
respectively. The ROC AUC values of Hp site-specific N-glycopeptides and AFP are
summarized in Table 2A.

Among all HCCs, the N-glycopeptide at the site N184 bearing a monofucosylated
biantennary glycan A2G2F1S2 had an AUC of 0.723 (95% CI: 0.602, 0.843), and the one
bearing a monofucosylated triantennary glycan A3G3F1S3 had an AUC of 0.760 (95% ClI:
0.642, 0.879) in distinguishing NASH HCCs from cirrhosis. The ROC curves of these two
N-glycopeptides in distinguishing HCCs from cirrhosis are shown in Figure 4A. As shown
in Table 2A, these two N-glycopeptides had a better diagnostic performance than the other
two at the site N184 (AUC = 0.672 and 0.683, respectively). The N-glycopeptide at the site
N241 bearing the monofucosylated biantennary glycan A2G2F1S2 yielded an AUC of 0.753
(95% CI: 0.638, 0.868), and the one bearing the monofucosylated triantennary glycan
A3G3F1S3 achieved an AUC of 0.800 (95% CI: 0.691, 0.907) in distinguishing NASH
HCCs from cirrhosis. The other N-glycopeptides at the site N241 containing the glycan
A3G3F2S3, A4G4F1S3, A4GAF1S4, or A4G4F2S4 had an AUC of 0.712, 0.703, 0.698, and
0.649, respectively. The ROC curves of the N-glycopeptides of N241 A3G3F1S3 and

N241 A4G4F1S4 in distinguishing NASH HCCs from cirrhosis are shown in Figure 4A
The ROC curve of the N-glycopeptide N241 A4G4F2S4 in distinguishing HCCs from
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cirrhosis is shown in Supporting Information Figure S3B. N241_A4G4F2S4 yielded an
AUC of 0.649 to distinguish HCCs from cirrhosis, which was lower compared to other
marker candidates. Interestingly, the glycopeptides with the monofucosylated triantennary
glycan (A3G3F1S3) had the best performance at each glycosite in the detection of HCCs.

In the case of early HCCs, the ROC curve of AFP resulted in an AUC of 0.692 (95% CI:
0.548, 0.837) in distinguishing early HCCs from cirrhosis patients. The site-specific N-
glycopeptides that outperformed AFP for early HCCs were N184_A2G2F1S2,

N184_ A3G3F1S3, and N241_A3G3F1S3, with the AUC values of 0.714, 0.733, and 0.775,
respectively (Table 2A). Notably, the N-glycopeptide of N241 A3G3F1S3 showed the best
performance in early detection of HCCs, with an increase of 12% in the AUC value
compared to AFP (AUC 0.775 vs 0.692). Differences in N-glycopeptides of

N241 A2G2F1S2 and N241 A4G4F1S3 had comparable performance compared to AFP in
distinguishing early HCCs from cirrhosis, with an AUC value of 0.682 and 0.688,
respectively (Table 2A). The ROC curves of the selected N-glycopeptides are displayed for
sites N184 and N241 (Figure 4B) in distinguishing early HCC from cirrhosis.

These data suggest that the N-glycopeptides with the monofucosylated triantennary glycan
(A3G3F1S3) at sites N184 and N241 may serve as promising biomarkers for early HCC
detection in patients with NASH cirrhosis.

Combinatorial Analysis of Hp N-Glycopeptide Markers with AFP

The ROC AUC values of Hp site-specific N-glycopeptides in combination with AFP are
listed in Table 2B. Comparisons in AUCs between AFP and the combination of N-
glycopeptides with AFP were performed. At the site N184, when combining N-
glycopeptides with AFP, the AUC among all HCCs was improved to 0.859 for

N184 A2G2F1S2 + AFP (p=0.076), 0.842 for N184 A3G3F1S3 + AFP (p= 0.150), 0.852
for N184_A3G3F2S3 + AFP (p= 0.053), and 0.841 for N184_A4G4F1S2 + AFP (p=
0.066), compared to AFP alone (AUC = 0.787, 95% CI: 0.681, 0.893). The combination of
glycopeptides with AFP yielded a better performance in AUC, but the improvement was not
significant. We found that the panel of N184 A3G3F1S3 + AFP yielded a significant
improvement in AUC compared to the marker N184_A3G3F1S3 itself in distinguishing all
HCCs from cirrhosis (p = 0.034). For distinguishing early-stage HCCs from cirrhosis, the
combination of N-glycopeptides with AFP resulted in an AUC of 0.780, 0.767, 0.770, and
0.732, respectively, while AFP alone had an AUC of 0.692.

At the site N241, when combining N-glycopeptides with AFP, the combinatorial ROC
analysis yielded an AUC of 0.821 for N241_A2G2F1S2 + AFP (p=0.357), 0.841 for
N241_A3G3F1S3 + AFP (p=0.182), 0.814 for N241_A3G3F2S3 + AFP (p=0.171), and
0.849 for N241_A4G4F1S4 + AFP (p=0.088) in differentiating HCCs from cirrhosis,
where they all performed better than AFP alone (AUC = 0.787). Among early HCCs, the
panel of N241_A3G3F1S3 with AFP improved the AUC with an increase of 13% in early
detection of NASH-related HCCs compared to AFP alone (AUC 0.783 vs 0.692, p=0.126).
The panels of N241_A3G3F2S3 with AFP and N241 A4G4F1S4 with AFP resulted in an
AUC of 0.736 and 0.746, respectively.
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The ROC curves of the selected N-glycopeptides and AFP marker panels are shown in
Figure 4A At the site N184, the two panels of N184 A2G2F1S2 + AFP and

N184 A3G3F1S3 + AFP indicated a better performance in distinguishing all HCCs from
cirrhosis than AFP alone (Figure 4A), while the panels of N184 A3G3F1S3 + AFP and
N184 A3G3F2S3 + AFP demonstrated a better performance in distinguishing early HCCs
from cirrhosis (Figure 4B). At the site N241, the two panels of N241_A3G3F1S3 + AFP and
N241 A4G4F1S4 + AFP were selected to show the increased AUC values in distinguishing
all HCCs (Figure 4A) and early HCCs (Figure 4B) from cirrhosis, respectively.

We have considered age and gender in the panel development. However, adding age, gender,
or both did not yield a statistically significantly improved AUC compared to the panels
N184 A3G3F1S3 + AFP (p=0.417, 0.140, and 0.118, respectively) or N241_A3G3F1S3 +
AFP (p=0.231, 0.222, and 0.222, respectively).

Diagnostic Accuracy of Hp N-Glycopeptide Markers in HCCs and Early HCCs

We further evaluated the diagnostic accuracy of the N-glycopeptide marker candidates for
detecting HCCs and early-stage HCCs. According to ROC curve analysis, the optimal cutoff
value, sensitivity, and specificity of AFP, N-glycopeptide marker, and marker panels are
summarized in Table 2C. We chose the cutoff value whose corresponding sensitivity and
specificity were determined by the point with the shortest distance to the point when
sensitivity = 1 and specificity = 1.

Among all HCCs, AFP had an AUC of 0.787 to distinguish HCCs from cirrhosis, with a
sensitivity of 73% and a specificity of 70% for this sample set. The glycopeptides
N184_A3G3F1S3 and N241_A3G3F1S3 had an AUC of 0.760 and 0.800, respectively, both
of which had a greater sensitivity of 81% compared to AFP. Notably, the glycopeptide

N241 A3G3F1S3 (AUC = 0.800) outperformed AFP to distinguish all HCCs, resulting in
81% sensitivity and 73% specificity at the optimal cutoff. When combined with AFP, these
two glycopeptide markers yielded an improved AUC of 0.842 and 0.841, respectively,
compared to AFP alone (AUC = 0.787). Based on the optimal cutoff, the two marker panels
resulted in a sensitivity of 70% but a high specificity for diagnosing HCC, 83 and 87%,
respectively.

Among early HCCs, AFP had an AUC of 0.692, with a specificity of 70% but a low
sensitivity of 59%. The glycopeptide N184 A3G3F1S3 had an AUC of 0.733, with the
optimal cutoff resulting in 77% sensitivity and 70% specificity. Notably, the glycopeptide
N241 A3G3F1S3 (AUC = 0.775) outperformed AFP, resulting in 82% sensitivity and 73%
specificity at the optimal cutoff. Both glycopeptide markers achieved a distinctly higher
sensitivity than AFP for early HCCs. The panel of AFP with N184_ A3G3F1S3 resulted in
an AUC of 0.767 (95% CI: 0.635, 0.898) and the panel of AFP with N241_A3G3F1S3
yielded an AUC of 0.783 (95% CI: 0.656, 0.910). Based on the optimal cutoff, the two
panels improved the sensitivity to 73% compared to AFP alone (59% sensitivity) while
maintaining a specificity of 70%.

The result showed that the two N-glycopeptide markers and the marker panels had a greater
benefit in early detection of NASH-related HCCs than AFP. This is a preliminary finding
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over a limited sample size, and a larger cohort of NASH patients will be needed to confirm
our findings.

Performance of Hp N-Glycopeptide Markers in AFP-Negative Patients

We also evaluated the diagnostic performance of selected N-glycopeptides in patients with
AFP < 20 ng/mL, which are recorded as AFP negative in the clinic. In this sample set, 70%
(26 of 37) HCC patients and 100% (33 of 33) cirrhosis patients were AFP negative.

The ROC curves of AFP and the N-glycopeptides N241 A3G3F1S3 and N241 A4G4F1S4
in distinguishing HCC from cirrhosis in patients with AFP < 20 ng/mL are shown in Figure
4C. Among AFP-negative patients, AFP had an AUC of 0.697, while the N-glycopeptides
N241 A3G3F1S3 and N241 A4G4F1S4 yielded an AUC of 0.772 and 0.722, respectively.
At a 5.85 ng/mL cutoff, AFP showed a sensitivity of 38% and a specificity of 80%. When
combined with AFP, the glycopeptide N241_A3G3F1S3 yielded an AUC of 0.772, with
58% sensitivity and a corresponding 80% specificity. Notably, the combination of the
glycopeptide N241 A4G4F1S4 and AFP achieved an AUC of 0.787, with sensitivity and
specificity of 73 and 80%, respectively. The result demonstrated that the panel of the
glycopeptide N241 A4G4F1S4 and AFP can significantly improve the sensitivity for AFP-
negative HCC patients from 38% (AFP alone) to 73% while maintaining a specificity of
80%.

We further performed 2-D plots of the N-glycopeptide marker candidates and AFP value
among AFP-negative patients and found that five N-glycopeptides, including
N241_A2G2F1S2, N241 A3G3F1S3, N241 A4G4F1S4, N184 A3G3F1S3, and

N184 A4G4F1S2, can detect 15 (58%) of 26 AFP-negative patients (Figure 5B). Figure 5A
shows the 2-D scatter plot of AFP values with the three N-glycopeptides at the site N241
bearing glycans A2G2F1S2, A3G3F1S3, and A4G4F1S4 for cirrhosis (blue circle) and HCC
(red triangle) patients with AFP negative. The scatter plots of the two glycopeptides at the
site 184 are shown in Supporting Information Figure S5. HCC patients with negative AFP
but an elevated level of Hp N-glycopeptide are marked with arrows. As shown in Figure 5A,
the cirrhosis samples were clustered in the lower left panel of the plot, indicating low levels
of both the glycopeptide and AFP value. Taking N241 A4G4F1S4 as an example, on the
upper panel of the plot, 8 AFP-negative HCC patients were found with distinctly increased
N241 A4G4F1S4 level (marked with arrows). The result indicated that these glycopeptides
could serve as promising markers for monitoring AFP-negative HCC patients.

B CONCLUSIONS

In this study, we demonstrated a novel noninvasive NASH biomarker analysis based on site-
specific N-glycopeptides in serum Hp with unique glycosylation structural changes between
NASH-related HCC and cirrhosis for early detection of HCC in patients with NASH. This
assay incorporated the EThcD-MS/MS fragmentation strategy and a novel data quantitation
platform, Byos, into characterization of the alterations in site-specific glycoforms of serum
Hp in a large cohort of patients. This current work follows Pompach et al.43 on site-specific
glycopeptide studies of serum Hp where we are now focusing on NASH patients and have
used the recently introduced EThcD fragmentation strategy, instead of collision-induced
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dissociation (CID), and automated data quantitation software, which show advantages in
providing structural information for intact N-glycopeptides as well as for quantitation of
alterations in site-specific intact N-glycopeptides. Moreover, we performed 2-D scatter plots
of the N-glycopeptide candidates and AFP value among AFP-negative patients (AFP < 20
ng/mL), which resulted in detection of 15 (58%) of 26 AFP-negative patients as distinct
from cirrhosis.

The EThcD-MS/MS-based assay showed a great advantage in detecting minor but
significant glycan structure changes at individual glycosylation sites for the discovery of
novel biomarkers for NASH-related HCC. The overall fucosylation level of serum Hp (Fuc-
Hpt) in NASH patients had been evaluated by a lectin-antibody enzyme-linked
immunosorbent assay (ELISA) kit, showing the potential in distinguishing NASH from non-
NASH patients.849 However, the detailed structural analysis in glycans of serum Hp cannot
be achieved using the lectin-antibody ELISA assay. The most significant advantage of our
EThcD-MS/MS-based assay is the ability to obtain detailed structural analysis of glycans
simultaneously for individual glycosites in serum Hp together with differential quantitative
analysis between disease states, which could have a direct impact on biomarker research.

The relative quantitative analysis of 140 MS/MS data sets derived from NASH patients
revealed that five N-glycopeptides significantly elevated during the progression from NASH
cirrhosis to late HCCs (p < 0.05). The quantitation results further confirmed that the
bifucosylated tri- and tetra-antennary glycoforms in serum Hp were significantly increased
in NASH-related HCC compared to cirrhosis (o < 0.02). Evaluation of the diagnostic
performance showed that the N-glycopeptides at sites of N184 and N241 bearing a
monofucosylated triantennary glycan A3G3F1S3 had the best diagnostic performance in
distinguishing early NASH-related HCC from cirrhosis. When combined with AFP, the two
panels improved the sensitivity of 59% in AFP alone to 73%, at the optimal cutoff, for early
detection of NASH-related HCC. Moreover, the N-glycopeptide at the site N241 containing
a monofucosylated tetra-antennary glycan A4G4F1S4 can significantly improve the
sensitivity for AFP-negative HCC patients from 38 to 73% with a specificity of 80%,
suggesting that it could serve as a promising marker for monitoring AFP-negative HCC
patients.

We achieved similar results in the diagnostic performance of haptoglobin glycosylation
changes in distinguishing HCC from cirrhosis in both a current glycopeptide study38 and
previous glycomics studies.2>37 However, for the glycomics study of a target serum
glycoprotein, one must purify the target protein from serum with a high-purity requirement.
In the case of the glycopeptides, due to the unique peptide backbone of the target protein,
one can track site-specific glycoforms without protein purification or with partial
purification from serum. This glycopeptide study provides a means in principle to develop
an assay to directly analyze the changes in glycoforms at individual glycosites of
glycoproteins in serum. This noninvasive biomarker assay contributes a potentially useful
tool for discovering new glycomarkers for early detection of NASH-related HCC.

The limitation of this assay is label-free quantitation, while complimentary approaches
utilizing isobaric mass tags®® or metabolic 1°N/13C labeling strategy®! can improve the
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precision of relative quantitation of N-glycopeptides. Absolute quantitation using multiple
reaction monitoring (MRM)52:53 is a future direction, although it is challenging due to the
complexity of glycopeptides composed by glycan and peptide motifs. Future studies on a
larger cohort of NASH patients will be needed to validate our findings, where an MRM-
based assay can be employed for absolute quantitation of the N-glycopeptide marker
candidates in NASH patients. To achieve a sensitivity of 80% or greater for early detection
of NASH-related HCC, an optimal multimarker panel combining Hp N-glycopeptide
markers and AFP needs to be identified for potential clinical utility.
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Figurel.
(A) HPLC purification of Hp from 20 pL of patient serum. The insert is an enlarged image

showing the elution peak of Hp. (B) Evaluation of purified serum Hp by one-dimensional (1-
D) gel, with an Hp standard protein as a reference. (C-E) Method reproducibility analysis of
five technical replicates processed at five different times. (C) Pearson correlation coefficient
RZ values for the binary comparison of the five technical replicates. (D) Frequency of
glycopeptide identification present in all five technical replicates, in 3-4, in 2, or only in 1.
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(E) Reproducibility of the AUC of glycopeptides at the site N241 differing in abundance by
5 orders of magnitude among the five technical replicates.
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Figure2.

Representative MS/MS spectra of N-glycopeptides of VVLHPN241YSQyDIGLIK with the
glycan (A) A2G2S2 and (B) A3G3F1S3. The oxonium ions, glycosidic fragments, and bly,
c/z fragments from the peptide backbone were well characterized. (B) Specific diagnostic
fragment ions at /7/2512.20 and 803.30 (marked by red dashed rectangles) confirmed the
outer-arm fucosylation. (The symbols used in the structural formulas: blue square =
GIcNACc; green circle = Man; yellow circle = Gal; red triangle = Fuc; purple diamond =

NeuAc.).
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Figure 3.

Cirrhosis

(A) Number of N-glycoforms identified at sites N184 and N241 in cirrhosis (blue) and HCC
(red), respectively. (B) two-dimensional (2-D) bar chart showing the relative abundance of
the 10 most frequently identified N-glycoforms at sites N184 and N241 in cirrhosis and
HCC, respectively. For each site-specific glycoform, the mean value across patients in each
group is used. (C) Scatter plots of the five differentially expressed site-specific N-
glycopeptides between HCC and cirrhosis. Each spot represents an individual patient and the
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solid line indicates the median level in each disease group. (D) Heat map of the relative
abundance of five differentially expressed N-glycopeptides in HCC vs cirrhosis.
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Figure 4.
Receiver operating characteristic (ROC) curves of Hp N-glycopeptide markers at sites N184

and N241 in combination with AFP to differentiate all HCCs (A), early HCCs (B), and AFP-
negative HCCs (C) from cirrhosis patients (blue line, AFP; green and orange lines, Hp N-
glycopeptides; red and purple lines, the combination of Hp N-glycopeptide and AFP).
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Figureb.

(A) 2-D scatter plots of the AFP value against Hp N-glycopeptides N241 A2G2F1S2,
N241_A3G3F1S3, and N241_A4G4F1S4 in cirrhosis (blue) and HCC (red) patients with
AFP <20 ng/mL. HCC patients with negative AFP but an elevated level of Hp N-
glycopeptide are marked with arrows. (B) Venn diagram showing that N-glycopeptide
markers detected 15 (58%) of 26 AFP-negative HCC patients as distinct from cirrhosis.
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Table 1.
Clinical Characteristics of Partients With NASH?
cirrhosis HCC P
N 33 37
gender % (M/F) 18/82 51/49 0.010
age (years) 62 (56-66) 65.8 (61-76) 0.003
laboratory
AFP (ng/mL) 3.0 (2.3-5.2) 6.7 (4.0-189.2)  0.0001
TBili (mg/dL) 0.6 (0.4-1.2) 0.7 (0.45-1.95)  0.223
ALT 29 (21.2-415) 36 (23.5-52) 0.139
AST 39(30.2-49.5)  53(33.5-79.5)  0.021
INR 1.1 (1.0-1.2) 1.1 (1.0-1.2) 0.995
creatinine (mg/dL) 0.81(0.67-1.05)  0.84 (0.69-1.05)  0.897
score
MELD 8 (6-10) 8 (6-11) 0.639
CTP 5 (5-6) 6 (5-7) 0.025
TNM stage % (I/1I/II/1V)  NA 52/8/24/16
ascites (%) 18 32
encephalopathy (%) 12 11
child’s class A 28 (85%) 24 (65%)
child’s class B 5 (15%) 10 (27%)
early HCC NA 22 (60%)
AFP < 20 ng/mL 33 (100%) 26 (70%)
tumor size (cm) NA 4.25(2.5-8.2)

Page 29

aAFP, TBIli” ALT, AST, INR, and creatinine values and MELD and CTP scores were provided by the Hospital. Values are presented as the median
with the interquartile range (IQR). AFP: a-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.
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