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ABSTRACT: Aberrant changes in site-specific core fucosylation
(CF) of serum proteins contribute to cancer development and
progression, which enables them as potential diagnostic markers of
tumors. An optimized data-dependent acquisition (DDA) work-
flow involving isobaric tags for relative and absolute quantitation-
labeling and enrichment of CF peptides by lens culinaris lectin was
applied to identify CF of serum proteins in a test set of patients
with nonalcoholic steatohepatitis (NASH)-related cirrhosis (N =
16) and hepatocellular carcinoma (HCC, N = 17), respectively. A
total of 624 CF peptides from 343 proteins, with 683 CF sites,
were identified in our DDA—mass spectrometry (MS) analysis.
Subsequently, 19 candidate CF peptide markers were evaluated by
a target parallel reaction-monitoring—MS workflow in a validation
set of 58 patients, including NASH-related cirrhosis (N = 29), early-stage HCC (N = 21), and late-stage HCC (N = 8). Significant
changes (p < 0.01) were observed in four CF peptides between cirrhosis and HCC, where peptide LGSFEGLVn'®LTFIHLQHNR
from LUM in combination with AFP showed the best diagnostic performance in discriminating HCC from cirrhosis, with an area
under curve (AUC) of 0.855 compared to AFP only (AUC = 0.717). This peptide in combination with AFP also significantly
improved diagnostic performance in distinguishing early HCC from cirrhosis, with an AUC of 0.839 compared to AFP only (AUC =
0.689). Validation of this novel promising biomarker panel in larger cohorts should be performed.
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B INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the leading causes
of cancer-related death worldwide." The early detection of
HCC is essential for being able to perform surgical resection or
transplantation while those diagnosed at an advanced stage are
generally not eligible for curative therapy, with a median
survival of 1—2 years.” Like most other cancers, early detection
of HCC is challenging. HCC surveillance using semiannual
ultrasound plus alpha fetoprotein (AFP) is recommended by
professional society guidelines given an association with
improved early detection and reduced HCC-related mortality;
however, this combination misses over one-third of HCC at an
early stage.’

Due to an unhealthy modern lifestyle, nonalcoholic
steatohepatitis (NASH) represents a growing problem and is
projected to increase 15—56% globally by 2030, during which
advanced liver disease and liver-related mortality will more
than double.” NASH-related HCC cases experienced an annual
increase of 9% in the United States, while in many parts of
Asia, HCC is increasingly caused by NASH-related liver
disease because of successful hepatitis B virus vaccination
programs and urbanization. This shift in cirrhosis and HCC
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epidemiology is noteworthy given that the imaging quality and
sensitivity of ultrasound are significantly impaired in patients
with obesity or NASH-related cirrhosis.” Therefore, new
reliable biomarkers are much needed to complement early
detection of NASH-related HCC and improve survival
outcomes. Validation of an effective blood-based biomarker
could also address issues of surveillance underuse, an issue that
is particularly problematic in patients with NASH, thereby
further improving surveillance effectiveness for early HCC
detection.”

In recent years, abnormal changes of glycoproteins and
glycopeptides have become of great interest for their diagnostic
value in cancers.® N-Glycosylation is involved in various key
pathological processes of carcinogenesis, such as tumor
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angiogenesis and cell communication.” In particular, core
fucosylation (CF) has shown promise as a biomarker for
various malignancies, including melanoma,’ lung cancer,"’'
pancreatic cancer (PC),"” and liver cancer.> AFP-L3, the CF
isoform of AFP, has been approved by the FDA' as a
biomarker for the diagnosis of HCC. However, AFP-L3 has
not contributed significantly to HCC detection, with
diagnostic sensitivities of 7.0—41.5% at a cutoff of 5 or 10%
in patients with early HCC."

Mass spectrometry (MS)-based large-scale identification of
CF peptides has been applied to discover new biomarkers for
HCC diagnosis. The difficulty in characterization of serum CF
proteins/peptides has involved the complexity of CF and
significant suppression by the overwhelming coexistence of
nonglycopeptides, particularly considering that complex
glycopeptides have significantly reduced ionization efficiency
(10—50% of the corresponding nonglycopeptides).'® A recent
report'” from our research team combined HILIC enrichment
and high-pH reversed-phase peptide fractionation to enhance
signal intensity of intact glycopeptides in patient sera. Other
groups have used one-step lectin enrichment'>'*'® or MAX
solid-phase extraction,'” followed by Endo F3 digestion. In
quantitative proteomics, isobaric tags for relative and absolute
quantitation (iTRAQ) labeling has often been used to
determine the differences in the expression of CF peptides
and was believed to improve identification of targeted peptides
by facilitating MS/MS fragmentation.20 Moreover, targeted
MS, such as parallel reaction monitoring (PRM),”" has been
believed to be a promising tool for CF peptide biomarker
detection due to its high selectivity and sensitivity.

Yin et al.'® found that 20 CF peptides were differentially
expressed in alcohol (ALC)-related HCC compared to
cirthosis through an iTRAQ_ labeling-based MS workflow,
while 26 CF peptides were significantly changed in HCV-
related HCC compared to cirrhosis. CF peptides from isolated
serum haptoglobin (Hp)** and alpha-1 acid glycoprotein™
were identified as potential biomarkers for early diagnosis of
NASH HCC. However, global-scale identification of CF
peptides aberrantly overexpressed in NASH-related HCC
serum has not yet been well studied.

In this study, we first performed broad-scale screening for
site-specific CF peptides of serum proteins to identify potential
biomarkers of detection for early-stage HCC in patients with
NASH cirrhosis by introducing a workflow including depletion
of high-abundance serum proteins, trypsin digestion, iTRAQ
labeling, CF peptide enrichment with LCA, and Endo F3
digestion, followed by C18 desalting and LC-data-dependent
acquisition (DDA)-MS/MS. To achieve further quantitative
evaluation of the potential CF peptide marker candidates, an
optimized LC-PRM-MS/MS workflow has been developed to
discover feasible biomarkers for early detection of HCC in
patients with NASH.

B METHODS

Chemicals and Materials. Trifluoroacetic acid, tris (2-
carboxyethyl) phosphine (TCEP), iodoacetamide (IAA), a-
methylmannoside, a-methylglucoside, TEAB, Bradford re-
agents, water [high-performance liquid chromatography
(HPLC) grade], formic acid (FA) (HPLC grade), and
acetonitrile (HPLC grade) were purchased from Sigma-Aldrich
(St. Louis, MO). The Pierce centrifuge column (2 mL),
centrifuge filters (0.45 ym), C18 spin column, and low binding
tips were purchased from Thermo Fisher Scientific (Fair Lawn,

NJ). Low protein-binding tubes were purchased from
Eppendorf (Hauppauge, NY). Agarose-bound Lens culinaris
agglutinin (LCA) was purchased from Vector Laboratories
(Burlingame, CA). Amicon ULtra 3 K (0.5 and 4.0 mL) and
10 k (4.0 mL) centrifugal filters were purchased from Millipore
(Billerica, MA). The Bradford assay kit was purchased from
BioRad (Hercules, CA). iTRAQ 8-plex reagent kits were
purchased from AB Sciex (Redwood, CA). Sequencing-grade
modified trypsin enzyme was obtained from Promega
(Madison, WI). Endoglycosidase F3 (Endo F3) was purchased
from BA-Bio (San Mateo, CA). Human 14 multiple affinity
removal system spin cartridges for the depletion of high-
abundant proteins from human proteomic samples were from
Agilent (Santa Clara, CA).

Serum Samples. Human serum samples of cirrhosis and
early-stage HCC, all of which were NASH-induced, were
provided by UT Southwestern Medical Center, Dallas, Texas,
according to institutional review board approval. As previously
described, the diagnosis of NASH-induced cirrhosis and HCC
was based on radiographic, histologic, and clinical evidence of
the correspondin§ liver diseases, as well as the exclusion of
secondary causes™* (e.g., viral hepatitis and excessive alcohol
consumption). The discovery phase included 33 patients with
NASH (16 cirrhosis controls and 17 HCC cases), while 58
patients with NASH (29 cirrhosis controls and 29 HCC cases)
were used in the validation phase via PRM analysis of serum
samples. Patient characteristics of the validation sample set are
summarized in Table 1.

Table 1. Demographic and Clinical Information of
Validation Sample Set (n = 58)“

Cirrhosis (N=29) HCC (N = 29) P
age 63 (58—67) 68 (61-76) 0.007
male gender (%) 7 (24.1) 10 (34.5) 0.387
creatinine (mg/dL) 0.81 (0.71-1.03)  0.82 (0.69-0.90)  0.348
albumin (g/dL) 3.6 (3.1-4.1) 3.7 (3.2—4.0) 0.868

total bilirubin (mg/dL)  1.35 (0.60—1.83)  0.80 (0.40—1.90)  0.193

ALT 33.0 (30.3-463)  42.0 (23.3-49.5)  0.741
AST 47.0 (41.0-66.3)  54.0 (28.5-69.0)  0.724
INR 12 (1.1-13) 1.1 (1.0-1.2) 0452
child-Pugh score 6 (5-7) 6 (5-7) 0.935
class A 20 (69.0) 20 (69.0) 1.00

AFP (ng/mL) 3.2 (2.7-5.7) 6.0 (4.0-9.0) 0.267
AFP <20 ng/mL 28 (96.6) 25 (86.2) 0.161
ascites (%) 10 (34.5) 10 (34.5) 1.00

encephalopathy (%) 4 (13.8) 5(17.2) 0.717
tumor size (cm) NA 3.9 (2.3-5.7)

TNM stage (I/I/II)  NA 17/4/8

presence of cirrhosis 29 (100) 25 (86.2) 0.112

“Values are presented as median with the interquartile range. AFP: a-
fetoprotein; ALT: alanine aminotransferase; AST: aspartate amino-
transferase; and INR: international normalized ratio.

Depletion of High-Abundance Serum Proteins in
DDA Workflow. Serum samples were stored at —80 °C and
were not thawed until use when 10 uL of each sample was
diluted to 200 uL with buffer A. Cell debris and particles were
removed first by centrifuging samples through 0.45 um filters
at 9000 g for 1 min. Figure 1A shows the workflow of the
screening process which began with the depletion of high-
abundance serum proteins.

https://doi.org/10.1021/acsomega.3c00519
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Figure 1. Workflow of quantitative (A) LC-HCD-DDA-MS/MS and (B) LC-HCD-PRM MS/MS analysis of core-fucosylated glycopeptides
derived from the serum of patients between NASH-related liver cirrhosis, early-stage HCC, and late-stage HCC.

With a human IgY-7 multiple-affinity removal spin cartridge,
the top seven high-abundance serum proteins were depleted
following the manufacturer’s instructions with some mod-
ification. The storage agent in the cartridge was discarded by
centrifugation at 100g for 1 min before the filter serum sample
was loaded. After incubation for 2 min at RT, the sample was
centrifuged at 100g for 1.5 min where the flow-through fraction
was collected. Then, 200 uL of buffer A was loaded to the
multiple-affinity spin cartridge and centrifuged at 100g for 1.5
min where the fraction was collected, which was repeated
twice. Bound fraction (high-abundance proteins) was eluted by
3.0 mL of elution buffer (buffer B) and was discarded, followed
by equilibration with 4.0 mL of buffer A.

The depleted serum samples were then transferred to an
ultra-4 centrifugal filter (10 kDa MWCO) for desalting. In
brief, each sample was diluted to 4.0 mL with HPLC water
after being loaded to the filter and centrifuged at 7500g for 30
min, followed by buffer exchange with HPLC water for three
times. The desalted sample was collected in an Eppendorf
tube, and a Bradford assay kit was used to measure protein
concentration. Gel electrophoresis with silver staining was
applied to confirm the depletion of high-abundance serum
protein, with a reference standard protein made by combining
bovine serum albumin (1.0 ug/uL) and Hp (0.1 pug/uL).

Trypsin Digestion. Based on the protein concentration, 16
ug of each sample was used for the subsequent trypsin
digestion. A pooled sample was derived by mixing 1/15 of each
sample and was aliquoted as 16 pg of protein as a reference
sample for MS analysis. Urea (8 M) was used to denature the
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sample to a volume of 100 L, and then the sample was
reduced by adding TCEP to a final concentration of 10 mM
and incubated at 37 °C for 30 min. After the sample was
cooled to RT, free thiol groups were alkylated by adding 5.0 uL
of 0.5 M IAA. The sample was kept in the dark for 30 min at
RT before being transferred to an Ultra-0.5 centrifugal filter (3
kDa, MWCO), where buffer exchange was processed. Each
sample was buffer exchanged with S00 uL of 50 mM TEAB
three times at 14,000 g for 30 min at 4 °C. Subsequently,
proteins were digested by 1 uL of sequencing-grade trypsin
(0.4 ug/pL) at 37 °C overnight, and the sample was heated at
95 °C for 10 min to deactivate digestion before being dried
down in a SpeedVac concentrator (Thermo).

iTRAQ Labeling. The tryptic samples were then labeled
with iTRAQ_8-plex isobaric reagents according to manufac-
turer’s instructions. Seven research samples (three or four
HCC cases) were randomly assigned to each labeling set with
the corresponding iTRAQ tag 114 to 119, while a reference
was assigned 121. The samples were afterward incubated at 37
°C for 1 h before adding 0.5 uL of 5% hydroxylamine to
quench the reaction at RT for 15 min and dried down by
SpeedVac. The eight samples in a set, including a reference,
were dissolved with LCA enrichment binding buffer (20 mM
Tris HC], 0.1 M NaCl, pH 7.4, 1 mM CaCl2, 1 mM MnCL,
and 1 mM MgCI2) and pooled. Each pooled sample was
afterward buffer exchanged to binding buffer three times on an
Ultra-4.0 filter (3 kDa, MWCO) by centrifugation at 7500g for
30 min.

https://doi.org/10.1021/acsomega.3c00519
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LCA Enrichment. Six hundred microliters of agarose-
bound LCA slurry were loaded to a 2 mL gravity-flow column
(Fisher Scientific, Pittsburgh), where the resin slurry was
washed by 1 mL of binding buffer three times. The buffer-
exchanged sample was diluted to 500 uL before being
transferred to the LCA column and incubated with gentle
rotation for 10 min at RT. The flow-through was collected and
reloaded to the column for another 10 min incubation. The
LCA column'” was washed with 2 mL of binding buffer four
times. Subsequently, the bound CF peptides were eluted twice
with 500 uL of elution buffer (binding buffer with 200 mM a-
methylglucoside and 200 mM a-methylmannoside) after 10
min incubation. The resin was then eluted by 500 uL of
nonionic elution buffer (20 mM Tris with 200 mM a-
methylglucoside and 200 mM a-methylmannoside) twice. All
eluents were collected and combined, followed by desalting
with an Ultra-4.0 centrifugal filter (3 kDa MWCO) at 7500 g
for 30 min and dried down by SpeedVac.

Endo F3 Partial Deglycosylation of CF Peptides.
Glycans of the enriched CF peptides were cleaved by
endoglycosidase F3 (Endo F3). Each sample was dissolved
in 30 uL of HPLC water, and 3.5 uL of 10X glycol buffer was
added. Two microliters of Endo F3 (8 units/uL) were added
to the CF peptides for overnight digestion at 37 °C and dried
down with a SpeedVac before desalting with a ZipTip C18
column (Thermo) according to the manufacture’s instruction.
After eluting, the sample was dried down in a SpeedVac.

Preparation of CF Peptides for LC-HCD-PRM-MS/MS.
The validation serum sample set was derived from 29 NASH-
HCC and 29 NASH-cirrhosis cases. Samples were depleted
and desalted with an Ultra-4.0 centrifugal filter (10 kDa) as
described above, and protein concentration was measured.
Each sample was dried down by a SpeedVac and then
reconstituted in urea solution, followed by reduction with
DTT and alkylation with IAA. Around 90 uL of 50 mM
ammonium bicarbonate was added to reduce the concen-
tration of urea (<1 M), followed by overnight trypsin digestion
at a ratio of 1:50. The sample was desalted four times with an
Ultra-0.5 centrifugal filter (3 kDa MWCO) at 14,000g for 30
min, followed by Endo F3 digestion and desalting with a C18
column as described above (Figure 1B).

LC-HCD-DDA-MS/MS Analysis. Each of the 33 samples in
the test set for CF peptide screening was dissolved in 20 yL of
0.1% FA before being loaded to a 75 ym X 50 cm column
(C18, 2 um, 100 A; acclaim PepMap RSLC, Thermo) for LC
separation on an Ultimate 3500 UPLC system (ThermoFisher
Scientific, San Jose, CA) with a flow rate of 300 nL/min. A
binary solvent set consisting of mobile phase A (0.1% FA in
H,0) and B (80% ACN in 0.1% FA) was applied. Peptides
were separated through a 90 min linear gradient of mobile B
from S to 42% in 65 min and 42 to 95% in S min, followed by
95% for 5 min to wash and 8% for 10 min to equilibrate the
column. The UPLC was coupled with an Orbitrap Fusion
Lumos Tribrid Mass Spectrometer which was operated in
positive ion mode with the following settings: the Orbitrap
resolution for MS1 (m/z 400—1700) scan was 120 k and RF
lens was 60%, while a standard AGC and a max injection time
of 100 ms were set. Multiple charged precursors detected in
the Orbitrap (S0 K resolution, m/z 110—-2000, 100 ms
injection time) were selected for HCD MS/MS (fixed 32%
HCD collision energy) according to intensity. Raw data from
the MS instrument was acquired using Xcalibur software in
data-dependent mode.

LC-HCD-PRM-MS/MS. Settings of LC—MS in the PRM
mode were similar with that in the DDA mode. After being
resuspended in 2% ACN and 0.1% FA, 5 uL, the processed
sample was injected onto a C18 trap column (75 ym X 2 cm, 2
um, 100 A; Thermo Scientific, Pittsburgh, PA) for 10 min. The
analytical gradient was 60 min long at a flow rate of 350 nL/
min, where solvent B (ACN in 0.1% of FA) rose from 3 to 45%
in 30 min and from 40 to 80% in 6 min before washing and
equilibration. To produce stable and abundant characteristic
ions of the core-fucosylated peptides, stepped collision energies
(18, 25, and 32%) were set to fragment the glycopeptides. A
survey scan was run in DDA—MS/MS to obtain the
information of precursor ions and retention times. All the
identified precursor ions were included in the PRM-MS
method with a retention time window of 2 min and a mass
range of 2 Da relative to the target mass. All samples were
run twice.

Data Interpretation. DDA spectra were analyzed based on
a UniProt human protein database which includes 26,152
proteins with Proteome Discoverer 1.4 (Thermo Fisher
Scientific, San Jose, CA) software using the Sequest HT
search engine. The searching parameters were as follows: (1)
dynamic modification: methionine oxidation (+15.995 Da),
asparagine glycosylation GlcNac + fucose (+349.137 Da); (2)
static modification: lysine and peptide N-terminal iTRAQ
labeling (+304.205), cysteine carbamidomethylation (+57.021
Da); (3) mass tolerance: 10 ppm and 0.05 Da for precursor
and fragment ion, respectively; (4) one or two missed
cleavages were allowed; (S) target FDR: 0.01; (6)
quantification method: iTRAQ_8plex; and (7) high-peptide
confidence filter.

The specific information for each detected CF peptide
structure was targeted in the LC-PRM-MS approach on the
Orbitrap Fusion Lumos (Thermo). The selection of the
precursor ions for all identified CF peptide structures was
based on the signal intensity so that in each case, the most
abundant ion was used in the PRM strategy. For all the targets,
the fragmentation produced allowed us to confirm the site-
specific glycosylation by the observation of abundant Y1 ions,
the characteristic HexNAc—fucose residues (m/z 147.1, m/z
184.1, m/z 204.1), and the peptide backbone. Five of the most
representative and abundant fragment ions were selected for
each CF peptide, and their peak areas were calculated using
Xcalibur (Thermo) software. After the area under the curve
(AUC) was computed, the differential changes in abundance of
the identified CF peptides were investigated in the analyzed
samples.

Statistical Analysis. The student -test and Chi-square test
were used in the analysis of continuous and categorical data,
respectively, to compare basic information of patients with
NASH cirthosis and NASH HCC. The scatter plots of
differentially expressed CF peptides were depicted by Graph-
Pad PRISM 9.0 (La Jolla, CA), while receiver operating
characteristic (ROC) curves were generated to evaluate
diagnostic efficiency of each target. The AUC with the
corresponding specificity and sensitivity was calculated by
SPSS 22.0 (IBM, Inc.). A p-value <0.05 was considered to be
statistically significant.

B RESULTS AND DISCUSSION

Workflow for LC-HCD-DDA-MS/MS and LC-HCD-PRM-
MS/MS Analysis. We performed an iTRAQ label-based
workflow for the identification of broad-scale CF peptides from

https://doi.org/10.1021/acsomega.3c00519
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Table 2. CF Peptides and CF Proteins Identified in the Test
Set (N = 33)

no. of CF no. of CF

proteins peptides CF sites
average of 33 samples 206 + 17 368 + 27 387 + 32
maximum of single run 224 419 433
cirrhosis 206 + 18 367 + 25 385 + 31
HCC 207 + 17 369 + 28 388 + 33
in total 343 624 683

serum samples, including depletion of high-abundance serum
proteins, trypsin digestion, iTRAQ labeling, LCA enrichment,
and C18 column desalting, followed by LC-HCD-DDA-MS/
MS for primary quantitative comparison. Due to the complex
nature of serum and the low abundance of CF peptides,
immunodepletion of high-abundance proteins combined with
enrichment of glycopeptides was adopted to increase the

relative abundance of CF peptides. Low-molecular-weight
cutoff using an ultracentrifugal filter (3 kDa MWCO) was also
applied after trypsin digestion to further reduce nonglycopep-
tides. The isotopic labeling with iTRAQ enables us to combine
eight samples in each set, and the coverage of serum CF
peptides was improved because of the significant increase of
precursor ions which facilitates detection.

Apart from routine depletion of high-abundance proteins in
serum, lectin-based enrichment is another well-established
approach to overcome the suppression of nonglycopeptides
and indirectly enhances the signals of CF peptides.”> Notably,
our research group optimized the wash and elution step of
LCA enrichment, where all resin was completely washed and
more CF peptides were recovered by additional elution buffer
without NaCl and divalent cations (Mn?*, Ca?*, and Mg**)."”
Metal ions not only help LCA bind to CF peptides*® but also
negatively affect the release of some CF peptides from the

A
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Figure 2. Bar graph (A), network (B) of enriched clusters, and biology process (C) of 343 CF proteins.
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Table 3. 28 CF Peptides Found in Different Quantities between Cirrhosis and HCC

protein accessions CF protein sequence HCC/cirrhosis P
P01871 Ig mu chain C region THTn*”ISESHPn*’ATFSAVGEASICEDDWNSGER 1.37 0.008
P26927 hepatocyte growth factor-like protein GTGNDTVLNVALLn*VISNQECNIK 1.35 0.018
Q92859 neogenin TLSDVPSAAPQn®*’LSLEVR 1.27 0.042
P02748 complement component C9 AVn**ITSENLIDDVVSLIR 125 0.019
QUJV3 probable E3 ubiquitin-protein ligase MID2 QTLEMn**LTNLVK 1.19 0.017
P02745 complement Clq subcomponent subunit A NPPMGGNVVIEDTVITNQEEPYQn'*HSGR 1.17 0.011
P10909 clusterin EDALn*ETR 0.87 0.037
QINZP8 complement Clr subcomponent-like protein GFLALYQTVAVn'®YSQPISEASR 0.85 0.026
P55058 phospholipid transfer protein GKEGHFYYn*ISEVK 0.84 0.048
QIH6X2 anthrax toxin receptor 1 DFn'*ETQLAR 0.83 0.021
P05362 intercellular adhesion mol 1 An'*LTVVLLR 0.83 0.033
Q13740 CD166 antigen Ln’'LSENYTLSISNAR 0.83 0.025
P29622 Kallistatin SQILEGLGFn'®LTELSESDVHR 0.83 0.004
Q9UBGO C-type mannose receptor 2 WNDSPCn*’QSLPSICK 0.83 0.031
P15151 poliovirus receptor VEDEGn'"*YTCLFVTFPQGSR 0.82 0.002
Q12884 seprase DDNLEHYKn®’STVMAR 0.82 0.006
QoP121 neurotrimin LIFFn?**VSEHDYGn*YTCVASNK 0.81 0.033
P43251 biotinidase DVQIIVEPEDGIHGFn'"’FTR 0.81 0.005
P01042 kininogen-1 KYNSQn*QSNNQFVLYR 0.80 0.016
P10909 clusterin LAn**LTQGEDQYYLR 0.80 0.001

KEDALn*ETR 0.78 0.028
P51884 lumican LGSFEGLVn'“LTFIHLQHNR 0.78 0.037
P33151 cadherin-5 ELDREVYPWYn**LTVEAK 0.78 0.025
Q99784 noelin VHYAYQTn*'ASTYEYIDIPFQNK 0.76 0.050
P01127 platelet-derived growth factor subunit B LLHGDPGEEDGAELDLn®*MTR 0.74 0.013
Q14314 fibroleukin LHVGNYn**GTAGDALR 0.74 0.022
Q92823 neuronal cell adhesion molecule ERPPTFLTPEGn**ASNKEELR 0.72 0.021
000391 sulfhydryl oxidase 1 AFTKn"**GSGAVFPVAGADVQTLR 0.67 0.033

lectin, and about one-third of CF peptides were recovered by
elution buffer without NaCl and divalent cations.'”

Our DDA workflow allowed large-scale screening of site-
specific CF peptides and provided a list of targeted CF
peptides which were primarily identified differentially ex-
pressed between HCC and cirrhosis and were further analyzed
with PRM workflow in a validation cohort of 58 patients (29
NASH-HCC and 29 NASH-Cirrhosis). Unlike multiple
reaction monitoring (MRM)27’28 that requires preselection of
transitions, all transitions of targeted precursor ions are
simultaneously monitored in PRM analysis with high
resolution and mass accuracy.

Identification of CF Peptides. Raw data from the DDA
mode was searched by Proteome Discoverer software, where
CF peptides were initially identified based on the presence of
precursor ions (HexNAc, +349.137) with high confidence (1%
FDR). Diagnostic HexNAc ions were also required for final
confirmation of CF sites, including m/z 126.055, m/z 138.055,
m/z 186.066, and m/z 204.087. In addition, we excluded
redundantly counted CF peptides caused by trypsin mis-
cleavage, which generally occurred when there is a K or R
located immediately after another K or R or the glycosylated
site.”” Fourteen duplicated CF sites that resulted from missed
cleavage of trypsin were excluded.

The numbers of CF proteins, CF peptides, and CF sites
identified in the test set of 33 serum samples with LC-HCD-
DDA-MS/MS workflow are summarized in Table 2, and data
of site-specific distribution of core-fucosylation regarding
proteins, peptides, and CF sites are available in Tables S1
and S2. A total of 624 CF peptides and 683 CF sites from 343
CF proteins were identified in the DDA mode, with an average

of 206 (+17) CF proteins, 368 (+27) CF peptides, and 387
(£32) CF sites in each sample. Similar numbers of CF proteins
(206 + 18 vs 207 + 17, p > 0.05), CF peptides (367 + 25 vs
369 + 28, p > 0.05), and CF sites (385 + 31 vs 388 + 33, p >
0.05) were observed between the cirrhosis and HCC group.
Most CF peptides (92.2%) have only one CF site, while 6.3
and 1.6% of CF peptides have two and three CF sites,
respectively.

Ingenuity pathway analysis showed that the clusters of these
343 CF proteins mainly involved complement and coagulation
cascades, hemostasis, and post-translational protein phosphor-
ylation (Figure 2A,B). The biological process analysis indicated
that these proteins participate in negative biological regulation
and cellular processes (Figure 2C).

Comparison of CF Peptides between HCC and
Cirrhosis among DDA Data. In the discovery cohort,
positive serum AFP (>20 ng/ml) was observed in only one
HCC patient (5.9%), revealing the inadequate sensitivity of
AFP in NASH-related HCC which was in line with a previous
report.30 Hence, new serum biomarkers are needed to
complement current surveillance procedures for NASH-HCC
at an early stage. A comparative analysis was performed to
explore potential biomarkers for early detection of NASH-
related HCC. For each CF peptide/protein, the ratio of the
HCC or cirrhosis sample over the standard reference was used
to compare target CF peptide/protein between the two groups.
In the 33 serum samples analyzed by iTRAQ-based DDA
workflow, 6 unique CF peptides from 6 proteins were
upregulated in HCC in comparison to cirrhosis, whereas 22
CF peptides from 20 proteins were downregulated in HCC
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Figure 3. Differentially expressed CF peptides between cirrhosis and HCC in DDA analysis. (A) C9: complement component C9; (B) CI1RL:
complement C1q subcomponent subunit A; (C) CLU, clusterin; (D) PVR: poliovirus receptor; (E) BTD, biotinidase; and (F) FAP: seprase; *, P

< 0.0S; ** P < 0.01.

Table 4. PRM Information for Each of the Targeted CF Peptides

protein

complement C1q subcomponent subunit A
kininogen-1

inter-alpha-trypsin inhibitor heavy chain H4
clusterin

clusterin

phospholipid transfer protein

lumican

lumican

lumican

lumican

complement component C9

anthrax toxin receptor 1

intercellular adhesion molecule 1
complement Clr subcomponent-like protein
kallistatin

sulthydryl oxidase 1

neuronal cell adhesion molecule

fibronectin

seprase

CF peptide
NPPMGGNVVIFDTVITNQEEPYQn'*“HSGR
KYNSQn*QSNNQFVLYR
LPTQn’ITEQTESSVAEQEAEFQSPK
EDALn*ETR
LAn**LTQGEDQYYLR
GKEGHFYYn*ISEVK
LGSFEGLVn!'®LTFIHLQHNR
AFENVTDLQWLILDHn'®LLENSK
LSHNELADSGIPGn**SFNVSSLVELDLSYNK
LHINHNn"?*LTESVGPLPK
AVn*SITSENLIDDVVSLIR
DFn'**ETQLAR
An'"LTVVLLR
GFLALYQTVAVn'®*YSQPISEASR
DFYVDER**TTVR
AFTKn'*GSGAVFPVAGADVQTLR
ERPPTELTPEGn*’’ASNKEELR
HEEGHMLn*?CTCEGQGR
DDNLEHYKn®’STVMAR

charge

+3
+3
+3
+2
+2
+3
+4
+3
+3
+4
+3
+2
+2
+3
+2
+3
+4
+4
+4

RT (min)
26.4
20.1
28.3
159
23.8
20.6
27.5
29.8
29.7
21.2
329
21.2
17.5
26.3
20.1
37.0
28.7
19.1
19.6

precursor ion (1/z)

1154.8715
784.7121
1053.4987
648.7965
1016.9863
673.9880
636.8313
987.8276
1190.2401
558.7911
774.0796
721.8361
674.3930
921.8026
854.3829
852.4445
659.3317
571.2393
536.2507

samples (Table 3). Figure 3 shows two upregulated and four
downregulated CF peptides in HCC compared to cirrhosis.
Even though the labeling-based DDA workflow is powerful
in unbiased identification of CF peptides, it is less reliable in
acquiring consistent data of interesting CF peptides across
samples due to complex preparation steps and its stochastic
nature of signal screening. However, DDA provided necessary

spectrum.

12473

information of CF peptides for subsequent targeted MS
analysis, including amino acid sequence with the correspond-
ing retention time and distribution of reporter ions in the MS?

Validation of Potential CF Peptide Biomarkers for
Distinguishing HCC from Cirrhosis by LC-HCD-PRM-MS/
MS. A pooled sample was analyzed in DDA mode and used to

https://doi.org/10.1021/acsomega.3c00519
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Table S. Diagnostic Performance of CF Peptides in Identifying HCC from Cirrhosis”

protein

AFP

ITIH4

CF-pep + AFP
C9

CF-pep + AFP
CIRL

CF-pep + AFP
LUM

CF-pep + AFP
NRCAM
CF-pep + AFP
FN1

CF-pep + AFP
CLU

CF-pep + AFP

CF peptides

LPTQn*ITFQTESSVAEQEAEFQSPK

AVn*SITSENLIDDVVSLIR

GFLALYQTVAVn'*YSQPISEASR

LGSFEGLVn'®LTFIHLQHNR

ERPPTFLTPEGn?*ASNKEELR

HEEGHMLn**?CTCFGQGR

EDALn*ETR

HCC/cirrhosis

131

1.40

1.40

0.689

1.34

2.39

2.38

p

0.0057

0.0014

0.0010

0.0016

0.0211

0.0180

0.0262

AUC Sensitivity
0.717 0.724
0.723 0.793
0.781 0.793
0.749 0.828
0.768 0.793
0.727 0.724
0.787 0.759
0.767 0.655
0.855 0.724
0.659 0.724
0.718 0.621
0.618 0.517
0.755 0.828
0.636 0.552
0.757 0.759

specificity
0.655
0.655
0.655
0.655
0.690
0.690
0.655
0.828
0.862
0.621
0.655
0.724
0.621
0.724
0.655

“ITIH4: inter-alpha-trypsin inhibitor heavy chain H4; C9: complement component C9; C1RL: complement Clr subcomponent-like protein;
NRCAM: neuronal cell adhesion molecule; FN1: fibronectin; CLU: clusterin; and LUM: lumican.
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Figure 4. Three upregulated CF peptides in HCC compared with cirrhosis patients and their diagnostic performances in distinguishing HCC from
cirrhosis. (A) LPTQn*"ITFQTESSVAEQEAEFQSPK from ITIH4; (B) AVn**ITSENLIDDVVSLIR from C9; and (C) GFLALYQTVAV-
n'YSQPISEASR from CIRL. (D) Heat map of three differentially expressed CF peptides between cirrhosis and HCC. **, P < 0.01, **%, P <
0.001. ITIH4, inter-alpha-trypsin inhibitor heavy chain H4; C9, complement component C9; and C1RL, complement Clr subcomponent-like

protein.
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Figure 5. (A) Relative abundance of CF peptide LGSFEGLVn'®LTFIHLQHNR in cirrhosis and HCC patients, respectively. (B) ROC analysis of
the CF peptide to differentiate HCC from cirrhosis patients. (C) MS/MS spectrum of LGSFEGLVn'LTFIHLQHNR. (D) Heat map of
LGSFEGLVn'®LTFIHLQHNR in cirrhosis and early and late HCC. *¥, P < 0.01.

identify the CF peptides present in the samples based on
monoisotopic mass, charge, retention time, and MS? spectra
(Table 4). A total of 19 CF peptides from 1S proteins, with
common extracted ion chromatograms (EICs), were verified
by label-free PRM analysis and were analyzed in a validation
cohort of 58 samples (29 cirrhosis, 21 early-stage HCC, and 8
late-stage HCC). We compared the relative abundance of each
CF peptide between HCC and cirrhosis, which was calculated
by normalizing the peak area of certain CF peptides to that of
the sum of all targeted CF peptides in the sample.

In the PRM analysis, seven CF peptides were found to be
differentially expressed between HCC and cirrhosis, including
six peptides that were significantly upregulated in HCC and
another one downregulated, with results of ROC analysis listed
in Table S. Comparison in four CF peptides between HCC
and cirrhosis resulted in p values less than 0.01 (Figures 4 and
SA), and these CF peptides also showed satisfying performance
in distinguishing HCC from cirrhosis.
LPTQn*""ITFQTESSVAEQEAEFQSPK from inter-alpha-
trypsin inhibitor heavy chain H4 (ITIH4), yielded an AUC
of 0.723 (95% CI: 0.590—0.856) (Figure 4A), while
AVn*"ITSENLIDDVVSLIR from complement component
C9 (C9) (Figure 4B) and GFLALYQTVAVn'®YSQPISEASR
from complement Clr subcomponent-like protein (C1RL)
(Figure 4C) had AUCs of 0.749 (95% CI: 0.620—0.878) and

12475

0.727 (95% CI: 0.596—0.857), respectively, all outperforming
AFP (AUC 0.717, 95%CI: 0.584—0.850). The difference in the
only downregulated CF peptide,
LGSFEGLVn'**LTFIHLQHNR from Lumican (LUM), had
the best performance in distinguishing HCC from cirrhosis,
with an AUC of 0.767 (95% CI: 0.644—0.890) (Figure SB).
Figure SC shows the corresponding tandem mass spectra of
LGSFEGLVn'“LTFIHLQHNR. Heat maps of the three
upregulated CF peptides and the one from LUM are shown
in Figures 4D and SD, respectively.

To distinguish HCC from cirrhosis, AFP had a sensitivity of
72.4% and a specificity of 65.5%. However, when the specificity
was set at 89.7%, the sensitivity dropped to only 37.9%, which
is not able to effectively detect HCC. The combination analysis
with AFP led to an AUC of 0.781 for
LPTQn*"'ITFQTESSVAEQEAEFQSPK (Figure 4A), 0.768
for AVn**ITSENLIDDVVSLIR (Figure 4B), 0.787 for
GFLALYQTVAVn'®YSQPISEASR (Figure 4C), and 0.855
for LGSFEGLVn'®LTFIHLQHNR (Figure SB). The combi-
nation with LPTQn*ITFQTESSVAEQEAEFQSPK and
GFLALYQTVAVn'®YSQPISEASR improved the sensitivity
to 79.31 and 75.86%, respectively, at a specificity of 65.52%.
The sensitivity increased to 79.31% when combining AFP and
AVn*SITSENLIDDVVSLIR, while the specificity was raised to
68.97%. The downregulated CF peptide,
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Figure 6. Six differentially expressed CF peptides in HCC compared with cirrhosis patients and their diagnostic performances in distinguishing
early HCC from cirrhosis. (A) LGSFEGLVn'®LTFIHLQHNR from LUM; (B) HEEGHMLn**CTCFGQGR from FN1; (C) EDALn*ETR from
CLU; (D) GFLALYQTVAVn'®YSQPISEASR from CIRL; (E) LPTQn’ITEQTESSVAEQEAEFQSPK from ITIH4; and (F)
AVn*BITSENLIDDVVSLIR from C9. *, P < 0.05, **, P < 0.01, ¥*¥* P < 0.001. LUM, lumican; FN1, fibronectin; CLU, clusterin; CI1RL,
complement Clr subcomponent-like protein; ITIH4, inter-alpha-trypsin inhibitor heavy chain H4; and C9, complement component C9.

LGSFEGLVn'®LTFIHLQHNR, was the best at improving
specificity in combination with AFP, which increased
specificity to 86.21% at a sensitivity of 72.41%. Even though
the AUC of AFP was improved by combining the
aforementioned four peptides, only the combination with
LGSFEGLVn'“LTFIHLQHNR significantly improved the
sensitivity to 69.0% at a specificity of 89.7% (Figure SB),
while the other three resulted in even lower sensitivities than
AFP alone (data not shown).

In terms of early HCC, AFP had an AUC of 0.689, with a
sensitivity of 33.3% at a specificity of 89.7%.
LGSFEGLVn'®LTFIHLQHNR (Figure 6A) again had the

largest AUC of 0.803 in distinguishing early HCC from
cirrhosis, with a sensitivity of 52.4% at a specificity of 93.1%,
followed by HEEGHMLNCTCFGQGR (Figure 6B) and
EDALNETR (Figure 6C), both with a sensitivity of 47.6% at
a specificity of 96.6% (Table 6). When combined with AFP,
LGSFEGLVn'®“LTFIHLQHNR resulted in a significantly
improved AUC of 0.839 compared to AFP alone, with a
sensitivity of 66.7% at a specificity of 89.7%. Three other CF
peptides, GFLALYQTVAVn'YSQPISEASR (Figure 6D),
HEEGHMLNCTCFGQGR, and EDALNETR also improved
the diagnostic performance of AFP to an AUC of 0.803, 0.746,
and 0.769 and all with an identical sensitivity of 52.4% at a
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Table 6. Diagnostic Performance of CF Peptides in Identifying Early HCC from Cirrhosis”

protein CF peptides
AFP
LUM LGSFEGLVn'“LTFIHLQHNR
CF-pep + AFP
FN1 HEEGHMLn**CTCFGQGR
CF-pep + AFP
CLU EDALn*ETR
CF-pep + AFP
CIRL GFLALYQTVAVn'®YSQPISEASR
CF-pep + AFP
ITIH4 LPTQn*ITEQTESSVAEQEAEFQSPK
CF-pep + AFP
C9 AVn*SITSENLIDDVVSLIR
CF-pep + AFP

HCC/cirrhosis p AUC sensitivity specificity
0.689 0.714 0.655
0.66 0.00214 0.803 0.714 0.828
0.839 0.667 0.897
2.96 0.00378 0.654 0.524 0.828
0.746 0.524 0.897
2.99 0.00514 0.668 0.619 0.759
0.769 0.524 0.897
1.49 0.00023 0.778 0.810 0.690
0.803 0.524 0.897
125 0.01409 0.729 0.810 0.655
0.732 0.762 0.621
1.36 0.00592 0.726 0.762 0.655
0.723 0.714 0.690

“ITIH4: inter-alpha-trypsin inhibitor heavy chain H4; C9: complement component C9; C1RL: complement Clr subcomponent-like protein;
NRCAM: neuronal cell adhesion molecule; FN1: fibronectin; CLU: clusterin; and LUM: lumican.

specificity of 89.7%. LPTQn*""ITFQTESSVAEQEAEFQSPK
(Figure 6E) and AVn*“ITSENLIDDVVSLIR (Figure 6F),
however, did not improve the diagnostic performance of AFP.

Lumican, a class II small leucine-rich proteoglycans family, is
characterized by its 40 kDa core protein comprising leucine-
rich repeat motifs which are flanked by cysteine clusters.”" It is
widely found aberrantly regulated in serum and/or tumor
tissues of patients with various malignancies and closely
correlates with clinicopathological factors and prognosis.*”*’
Lumican serves as an important component of extracellular
matrix which serves as a physical barrier to prevent invasion
and metastasis of melanoma.’® Lumican also inhibits angio-
genesis’> and snail-promoted tumor migration by reducing the
expression of metalloproteinase 14. In gastric cancer (GC),
however, lumican in tumor stroma facilitates GC progression
via the activation of integrin f1-FAK signaling pathway and is
associated with advanced GC stage and poor survival in human
patients.”® Indeed, the role lumican plays in carcinogenesis and
progression is quite tumor-specific, and it shows a dual effect
on certain cancers, such as PC. Secreted 70 kDa lumican
stimulates proliferation of PC cells by activating ERK, while
the phosphorylation of AKT is inhibited. On the other hand,
lumican represses tumor invasion via upregulation of integrin
a3 expression and enhances adherence to laminin.** The
correlation between lumican and survival outcomes in PC
patients remains controversial,’’ and similar inconsistent
results have been observed in patients with lung cancer.’
Little evidence is available on how lumican affects the
biological behavior of liver cancer. A knock down of lumican
resulted in reduced migration and invasion ability in liver
cancer cells via suppression of the ERK1/JNK pathway;*’
however, its impact in vivo has not been reported yet.

Four CF sites have been reported in lumican, at Asn 88, Asn
127, Asn 160, and Asn 252, respectively. Tan et al."> reported
that the expression of CF peptide LSHNELADS-
GIPGNSFn***VSSLVELDLSYNK from lumican is higher in
PC or chronic pancreatitis compared with healthy controls.
MRM analysis revealed upregulation of CF at N127 of lumican
in serum from cirrhotic patients, while no difference was
detected in terms of CF peptide
AFEN®VTDLQWLILDHNLLENSK of lumican.”® Herein,
we found that the CF peptide of lumican,
LGSFEGLVn'®LTFIHLQHNR, significantly decreased in
serum from HCC patients in comparison with that from
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cirrhotic patients and effectively improved the diagnostic
performance of AFP in discriminating HCC from cirrhosis or
early HCC from cirrhosis, with AUCs of 0.855 and 0.839,
respectively. The regulation of this last CF peptide was
“downregulation”, and the same pattern was observed in the
DDA results (Table 3), as well in the PRM validation, see
Figures 5 and 6. This downregulated CF peptide was a
promising supplemental biomarker especially for early HCC as
AFP only yielded an AUC of 0.689, with a sensitivity of 33.3%
at a specificity of 89.7%.

B CONCLUSIONS

A global-scale screening of site-specific CF peptides was
achieved in patient sera with NASH-related cirrhosis and
HCC, respectively, by the combination of iTRAQ-labeling, CF
peptide enrichment by LCA, and LC-HCD-DDA-MS/MS
analysis which enabled the improvement of low-abundant CF
peptide identification. A total of 624 site-specific CF peptides
in 343 proteins were detected, of which 28 were differentially
expressed between HCC and cirrhosis. Based on our DDA-
MS/MS findings, 19 CF peptides from 15 proteins were
further evaluated in a validation set of serum samples,
including 29 cirrhosis, 21 early HCC, and 8 late HCC
patients, by an optimized LC-HCD-PRM-MS/MS. Four CF
peptides were found significantly changed in HCC compared
with cirrhosis, where LGSFEGLVn'®LTFIHLQHNR from
lumican, in combination with AFP, showed the best diagnostic
performance in discriminating HCC from cirrhosis, with an
AUC of 0.855 and a sensitivity of 69.0% at a specificity of
89.7%. Compared to the inadequate performance of AFP
(AUC = 0.689) in the detection of early NASH HCC in this
sample set, the CF peptide LGSFEGLVn'®LTFIHLQHNR
remains as a promising biomarker candidate (AUC = 0.839)
which warrants further validation.
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