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ABSTRACT: Hepatocellular carcinoma (HCC) is the most :gc((':;;%)) 1 pL serum Exosomal proteins 30 DIA runs Spectronaut

common form of hepatic malignancies. The diagnosis of HCC = T /o ‘,
remains challenging due to the low sensitivity and specificity of the Iﬁl > >\ > II -> ‘0‘ .
diagnostic method. Exosomes, which are abundant in various QW | ’Q‘
proteins from parent cells, play pivotal roles in intercellular 4
communication and have been confirmed as promising sources of
disease biomarkers. Herein, we performed a simple but robust
proteomic profiling on exosomes derived from 1 uL of serum using
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a data-independent acquisition (DIA) method for the first time, to 343
screen potential biomarkers for the diagnosis of HCC. Ten pivotal
differentially expressed proteins (DEPs) (von Willebrand factor

NC HcCC NC HCC Log, (Fold Change) ExoCarta

(VWE), LGALS3BP, TGFB1, SERPINC1, HPX, HP, HBA1, FGA,
FGG, and FGB) were screened as a potential candidate biomarker
panel, which could completely discriminate patients with HCC from normal control (NC). Interestingly, Gene Expression Profiling
Interactive Analysis (GEPIA) revealed that the expression levels of four genes increased and those of six genes decreased in HCC
tissues compared with normal tissues, which were in concordance with protein expression levels. In conclusion, we screened 10
exosomal proteins holding promise for acting as a potential candidate biomarker panel for detection of HCC through a simple but
robust proteomic profiling.

B INTRODUCTION is easily degraded.'’ Recently, multiple retrospective clinical
diagnostic analyses reported exosomes as potential biomarkers
in cancer, such as breast cancer,"’ lung cancer,'” liver cancer,"’
prostate cancer, * pancreatic cancer,” etc. An analysis indicated
that exosome surfaceome could be used as noninvasive diagnosis
of pancreatic cancer.'® A blood test of tumor exosomal RNA was
developed for detecting lung cancer.'” Another study revealed
that exosomal proteins were eventually selected as potential
diagnostic and prognostic biomarkers of cancer.'® Therefore,
exosomes in bodily fluids, specifically in serum, could be utilized
as early diagnostic biomarkers in a minimally invasive manner."”

Data-independent acquisition (DIA) is a robust and
reproducible proteomic technology for large-scale digital
qualitative and quantitative research. The DIA mode divides
the entire mass range into several sequential windows. All of the
precursor ions in each window were fragmented sequentially.
Therefore, DIA not only overcomes the loss of low abundance

Hepatocellular carcinoma (HCC) is the most common type of
liver cancer. Liver cancer is the fourth on incidence and sixth on
mortality among cancers worldwide," with the 1-year to S-year
survival rate of 47 to 12%. Although early detection of HCC is
critical to reduce high HCC mortality rates, it remains
challenging due to the low sensitivity and specificity of the
diagnostic method.”® The serum biomarker a-fetoprotein
(AFP) is commonly used to screen and diagnose HCC in the
clinic." However, the sensitivity and specificity of AFP are
limited to 40 and 62%.° Clearly, a sensitive, simple, and rapid
biomarker panel for the detection of HCC is an imperative need.

Exosomes are phospholipid bilayer-enclosed extracellular
vesicles, which carry active substances such as proteins and
nucleic acids derived from their parent cells.” Exosomes have
been found in various bodily fluids, including serum, plasma,
urine, and saliva.” These exosomes greatly facilitate the exchange
of substances and information between cells and have been

confirmed as promising sources of disease biomarkers.” Besides, Received: November §, 2020
exosome is one of the three great liquid biopsies (circulating Accepted:  December 22, 2020
tumor cell (CTC) and circulating tumor DNA (ctDNA)),” Published: January 4, 2021

carrying various stable information for early diagnosis and
treatment. Exosomes make up the drawbacks that the CTC
contains comprehensive non-tumor cell information and ctDNA
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peptide information for accurate quantification in the data-
dependent acquisition (DDA) mode but also avoids the
drawback of only targeted interesting peptides in the selected
reaction monitoring (SRM).””*" A throughput optimized DIA
workflow was allowed for the efficient simultaneous discovery
and verification of candidate biomarkers.”> An analysis revealed
carbonic anhydrase 2 as a potential new diagnostic blomarker for
nasopharyngeal carcinoma in SWATH-MS analysis.”*> Another
analysis established a rapid and robust DIA-based quantitative
proteomic proﬁhng, describing 10 proteins as potential
biomarkers.”*** Overall, the DIA method acquires all high
throughput peptide information without discrimination and is
successfully used to detect candidate biomarkers. Unfortunately,
there were few studies about the exosomal candidate biomarker
panel of HCC using the DIA approach.

In this study, we investigated the proteomic profiling of
exosomes from HCC patient serum samples by the DIA method
to screen the potential candidate biomarker panel. Cluster
analysis revealed 10 significant differentially expressed proteins
(DEPs) that could completely distinguish HCC from normal
control (NC). Gene Expression Profiling Interactive Analysis
(GEPIA) revealed that the expression levels of four genes
increased and those of six genes decreased in HCC tissues
compared with normal tissues, which were in concordance with
protein expression levels, suggesting exosomal proteins’ clinical
values as a potential biomarker panel for HCC detection.

B RESULTS

Procedure of Exosomal Proteomics from Serum
Samples. The procedure of exosomal proteomics from serum
samples is shown in Figure 1A. In brief, the spectral library was
generated with a mixture of 10 NC and 10 HCC samples in the
DDA method. Then, the exosomal proteins from 10
independent NC and 20 independent HCC samples in DIA
mode were analyzed by bioinformatic tools to screen potential
candidate biomarkers of HCC. Finally, the potential vital
exosomal candidate biomarker expression levels were validated
by the Cancer Genome Atlas (TCGA) data set. On the
evaluation of the minimal size of samples for proteomic analysis,
the accumulation curve of the identified proteins from 10
samples in our previous study revealed that the accumulated
protein number reached saturation when the sample size was 10
(Figure 1B). It was consistent with the results of the pooling
strategy for quantitative p1‘ote0mics.26’27

Generation of Spectral Library. The spectral library is the
basis of qualitative and quantitative analyses of the DIA data,
which was generated by a mixture of NC and HCC samples in
the DDA method. Clinical information of NC samples and HCC
patients was listed, including cases, gender, and age (Table S1).
The spectral library contained 627 protein groups, 1251
proteins, and 5529 peptides from NC and HCC samples
(Tables S2 and S3). The spectral library data were evaluated
with unique peptides and peptide length distribution. The
results showed that the percentage of proteins with two or more
unique peptides reached 83% (Figure S1A). The ratio of amino
acid residues between 7 and 24 was over 95% (Figure S1B),
suggesting that the spectral library data is available.

Evaluation of Experimental Variation. Since the
reproducibility of the experimental methods and the LC system
is a prerequisite for the reliable comparison of different runs, we
tested run-to-run variation by repeated LC/MS/MS runs. Base
peak profiles for the three consequent raw data were almost
identical (data are not shown). The protein intensities of each
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Figure 1. Procedure of exosomal proteomics from serum samples. (A)
The procedure of the study. (B) The accumulation curve of the
identified proteins from 10 samples. The accumulated number of
proteins (y-axis) increased as the number of the samples (x-axis)
increased. When the sample size reached 10, the accumulated protein
number reached saturation.

run range from 10 to 107 (Figure S1C), suggesting that the
stability of experimental methods. In addition, the synthetic
unique peptide (LSASIAR) retention times were 28.94, 28.85,
and 28.75 min, respectively. The intensities were 90.29, 100, and
90.03%, respectively (Figure S1D). The data strongly supported
the high reproducibility of the automated LC/MS/MS system
used in this study.

DEPs as an Indicator for the Classification of Samples.
In total, 30 DIA raw data of LC-MS/MS were processed using
Spectronaut software. The number of proteins identified in each
individual serum exosome sample of NC and HCC was analyzed
in a box plot, in which the numbers from HCC were significantly
higher than those in NC (p-value < 0.05) (Figure 2A). Among
the 478 proteins from NC and 490 proteins from HCC, 473
proteins (95.56%) were shared by both samples. Among them,
343 exosomal proteins could be found in 6515 human exosomal
proteins from the ExoCarta database (Figure 2B). The fold
change (FC) and p-value (student’s t-test) were calculated based
on the protein information following crude screening.
Upregulated and downregulated proteins were selected by the
criteria of FC > 2, FC < 1/2, and p-value < 0.0S. Eventually, 54
exosomal proteins were screened as DEPs, which were
performed in a volcano plot (Figure 2C and Table $4).
Twenty-four red dots represented upregulated exosomal
proteins, while 30 green dots represented downregulated
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Figure 2. DEPs as an indicator for the classification of the samples. (A) The box plot showed a significant difference in the number of proteins between
NC (n=10) and HCC (n =20). (B) Venn diagrams of 343 coidentified exosomal proteins of NC and HCC, and 6515 human exosomal proteins from
the ExoCarta database. (C) The volcano plot for DEPs. Blue dots represent the downregulated exosomal proteins, grey dots represent exosomal
proteins that are not significantly expressed, and the red dots represent the upregulated exosomal proteins. (D) The clustered heat map of 54 DEPs.
The exosomal proteins were grouped into four clusters according to the Euclidian distance. Upregulated and downregulated exosomal proteins

completely separated the samples into HCC and NC, respectively.

exosomal proteins. Furthermore, the clustered heat map of 54
DEPs was performed after normalization with z-score, and the
exosomal proteins were grouped into four clusters according to
the Euclidian distance. Upregulated and downregulated
exosomal proteins completely separated the samples into
HCC and NC, respectively (Figure 2D), suggesting that DEPs
could be used as an indicator for the classification of the samples.

DEPs are Associated with HCC. Gene ontology (GO)
analysis of DEPs was performed to understand versatile
biological and functional meanings. In Figure 3A, the 10 most
statistically significant items (p-value < 0.05) of GO analysis are
listed. For a biological process (BP), the exosomal proteins were
mainly involved in platelet degranulation, blood coagulation,
platelet aggregation and activation, cellular protein metabolic
process, fibrinolysis, and innate immune response, which could
indicate that serum exosome proteins contribute to the platelet
aggregation and activation. The aberrant regulation of body
immunity could partially involve the tumorigenesis and
metastasis of HCC. A similar study revealed that exosomes
facilitate intercellular communication in the tumor micro-
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environment, thereby remodeling normal macrophages to a
tumor-activated phenotype with the assistance of hypoxia-
inducible factors.”® As for the cellular components (CC), these
DEPs are mainly associated with the extracellular region, blood
microparticle, extracellular exosomes, extracellular space, etc.,
suggesting that these proteins were originated from exosomes.
Molecular functions (MF) were also conducted with heparin
binding, serine-type endopeptidase activity, glycoprotein bind-
ing, and receptor binding.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis was used to analyze significantly
affected metabolic and signal transduction pathways of DEPs.
The KEGG pathway contained complement and coagulation
cascades, platelet activation, and focal adhesion (Figure 3A),
which were closely related to platelet degranulation, platelet
aggregation, and activation of BP. The protein—protein
interaction (PPI) network of DEPs were established (Figure
3B) based on the Search Tool for the Retrieval of Interacting
Genes (STRING) database with a combined score > 0.4. It was
worth noting that 10 exosomal proteins were screened as
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Figure 3. Bioinformatic analysis of the DEPs of HCC. (A) GO and KEGG analyses for DEPs. The p-value of each enrichment entry was represented by
the x-axis. (B) Visualization of the protein—protein interaction (PPI) network with DEPs. The red central nodes represented 10 candidate biomarkers.
(C) Visualization of the PPI network with the 10 potential candidate biomarkers of HCC. (D) The clustered heat map for the 10 potential candidate

biomarkers of HCC.

potential candidate biomarkers at central nodes, namely, von
Willebrand factor (VWE), galectin-3-binding protein
(LGALS3BP), transforming growth factor- (TGFB1), antith-
rombin-III (SERPINC1), hemopexin (HPX), haptoglobin
(HP), hemoglobin subunit @ (HBAL), fibrinogen @ chain
(FGA), fibrinogen y chain (FGG), and fibrinogen f chain
(FGB) (Table S5). KEGG pathway enrichment analysis
revealed that VWF, FGG, FGA, and FGB were relevant to
both complement and coagulation cascades and platelet
activation, implying that exosomal proteins could be key
proteins regulating the coagulation cascade in patients with
HCC. Moreover, TGFB1, VWF, LGALS3BP, FGG, FGA, and
FGB were linked to platelet degranulation, which suggested that
DEPs played complex roles in HCC tumorigenesis and
development.

Ten Exosomal Proteins as a Potential Candidate
Biomarker Panel of HCC. Correlation among the 10 potential
candidate biomarker panel with STRING software showed that
the 10 proteins were closely associated (Figure 3C).
Furthermore, the clustered heat map revealed that the 10
potential candidate biomarkers also were grouped into four
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clusters, and upregulated and downregulated candidate
biomarkers completely distinguish HCC from NC (Figure
3D), insinuating exosomal proteins as a potential candidate
biomarker panel of HCC.

Validation of the Exosomal Potential Candidate
Biomarker Panel. Gene expression levels of the 10 exosomal
candidate biomarkers were estimated by GEPIA. The box plots
revealed that the expression levels of VWF and LGALS3BP
genes significantly increased in HCC tissues compared with
normal tissues (p-value < 0.05), and the levels of TGFB1 and
SERPINCI1 genes also increased. However, the expression levels
of HPX, HP, HBAL1, and FGB genes significantly decreased (p-
value < 0.05), and the levels of FGA and FGG genes also
decreased (Figure 4), which were in concordance with protein
expression levels.

B DISCUSSION

Although various HCC biomarkers derived from omics data
have been described,””*° simple but robust proteomic analysis
based on the DIA method with serum-derived exosomes from
HCC patients has not been reported. In this study, we

https://dx.doi.org/10.1021/acsomega.0c05408
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Figure 4. Gene expression levels of the 10 potential candidate biomarkers of HCC. The red and gray boxes represented cancer and normal tissues,
respectively. (A, B) Gene expression levels of the four upregulated and six downregulated potential candidate biomarkers of HCC, respectively.

discovered that the serum-derived exosomes completely
distinguish HCC from NC, suggesting that the exosomal
proteins could be used as a potential complementary tool in
diagnosing HCC.

Our study demonstrated that exosomes derived from HCC
patients contained more exosomal proteins than those derived
from NC. Similarly, the exosomes from HCC cell lines carried
higher amounts of protein content than exosomes from
immortalized hepatocyte lines.”’ BP of HCC was enriched in
our study, such as platelet degranulation, blood coagulation,
platelet aggregation and activation, fibrinolysis, and innate
immune response. An analysis revealed that platelet degranu-
lation and human immune response played important roles in
tumor growth and metastasis.”” An analysis indicated that
platelet cargo, platelet adhesion, and activation were pivotal for
nonalcoholic steatohepatitis and subsequent hepatocarcino-
genesis.”” Another analysis indicated that tumor cell-induced
platelet activation and blood coagulation system resulted in
increased proliferation, migration, and metastatic potential of
HCC.* The similar finding also reported that coagulation and
complement hematogenous metastasis pathway is implicated in
HCC malignant ascites formation, and the coagulation products
(such as fibrinogen and plasminogen) might predict prognosis
of the patients with HCC.* In addition, KEGG pathway analysis
revealed that differentially expressed genes from HCC-
associated data set GSE14323 significantly enriched comple-
ment and coagulation cascades and focal adhesion, which is
consistent with our study.*

Among the DEPs, 10 potential candidate biomarkers (VWF,
TGFB1, LGALS3BP, SERPINC1, HPX, HP, HBAl, FGA,
FGG, and FGB) were identified in previous studies of HCC.
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VWFEF is a blood glycoprotein involved in the process of
hemostasis, increased plasma levels in many cardiovascular and
neoplastic, and could predict an increased risk of thrombosis.>”
The VWF antigen level was higher in patients with severe liver
fibrosis stage and/or HCC, suggesting that VWF is a ;)otential
biomarker for liver fibrosis and HCC development.***” TGFB1
is a secreted protein controlling cell growth, proliferation,
differentiation, and apoptosis. An analysis revealed that TGFB1
participated in tumor invasion and migration through
remodeling the tumor microenvironment and inducing
inflammation.”” SERPINC1 was screened as a potentially
novel biomarker from the liver-specific proteins through initial
enrichment analysis with statistical significance, which was more
amenable to downstream clinical validation experiments.*' The
marker of HPX glycan differentiated patients with HCC and
cirrhosis from healthy volunteers and patients with cirrhosis or
fibrosis with a sensitivity and specificity of 79 and 93%,
respectively. The elevated bifucosylation degree of HP could
discriminate early-stage HCC patients from cirrhosis in each
etiologic category.”” Arbelaiz et al. revealed LGALS3BP with
higher diagnostic capacity than AFP by serum exosomal
proteomic profiling of HCC.*’ Fibrinogen, a blood-borne
glycoprotein, is composed of three pairs of nonidentical
polypeptide chains (FGA, FGB, and FGG). Significant down-
regulation of FGG genes compared to their nonmalignant
counterparts highlighted FGG as a potential candidate of
frequent allelic losses on chromosomes of HCC.** The above
data strongly support that exosomal proteins are closely related
to the tumorigenesis and development of HCC. In addition,
VWE, TGFB1, LGALS3BP, SERPINCI, HP, FGA, FGG, and
FGB are membrane proteins. Membrane proteins play very
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important roles in cell proliferation and differentiation, energy
conversion, signal transduction, and material transportation.

Furthermore, gene expressed levels of the 10 exosomal
candidate biomarkers between HCC and NC by GEPIA were
consistent with protein expression levels. The result provided a
clue that exosomal proteins could be potential candidate
biomarkers of HCC. However, it should be noted that the
expressed levels were derived from the results of the gene
expression but not the protein itself. Further studies are required
for the validation and verification of these protein expressed
levels in HCC samples.

B CONCLUSIONS

In this study, we performed a simple but robust DIA-based
quantitative exosomal proteomic profiling for distinguishing
HCC from NC. The workflow is promising in clinical
applications because of small serum amounts, various parent
proteins from exosomes, and reproducible and rapid DIA
method. The findings suggested that exosomal proteins from
serum could be potential, promising, and efficient candidate
biomarkers for HCC diagnosis. Although exosomal candidate
biomarkers were required to validate our study, the procedure is
expected to be highly instructive for other cancers.

B MATERIALS AND METHODS

Reagents. Titansphere TiO, beads (5 um) were purchased
from GL Sciences (Tokyo, Japan). DMEM was provided by
Gibco Brl (Grand Island, NY). EDTA-free protease inhibitor
cocktail was from Roche (Basel, Switzerland). Ac-trypsin was
provided by Enzyme & Spectrum (Beijing, China). Serum
samples of 20 HCC patients were collected from Zhongshan
Hospital, Fudan University.

Exosome Isolation and Protein Extraction. Exosomes
were isolated from serum using TiO, enrichment technology as
described before with slight modification.” Briefly, the cells and
dead cells of serum were removed by centrifuging at 2000g for 30
min, and then the cells debris were removed consistently by
centrifuging at 12 000g for 45 min. Next, 1 uL of serum was
mixed with 2 mg of TiO, microspheres in 49 uL of DMEM,
followed by a S min incubation in a shaker MS-100 (Thermo
Fisher Scientific, Palo Alto, CA). Sequentially, the exosomes on
the TiO, microsphere surface were lysed with 20 uL of lysis
buffer (4% SDS, EDTA-free protease inhibitor cocktail, 0.1 M
Tris-HCl, pH 7.5), followed by ultrasonication on ice for 20 min.
The exosomal proteins were collected by centrifuging at 12 000g
for 3 min.

Protein Digestion. Exosomal proteins were digested with
the filter aided sample preparation (FASP) method after
reduced with S mM dithiothreitol (DTT) and alkylated with
10 mM iodoacetamide (IAA).*® The exosomal proteins were
sequentially digested with trypsin at a ratio of 1:50 (enzyme to
substrate) at 37 °C overnight. The digested peptides for spectral
library generation were divided into six fractions with a
homemade C18 StageTip. A synthetic unique peptide
(LSASIAR, 0.1 ng) was added into each sample as an internal
standard before DIA analysis to evaluate the stability of the MS
instrument. All peptides were desalted before LC-MS analysis.

DDA Mass Data Acquisition. Fractionated peptide
samples were acquired with DDA mode on a Q Exactive HF-
X mass spectrometer (Thermo Fisher Scientific, Palo Alto, CA)
equipped with UltiMate 3000 high-pressure liquid chromatog-
raphy (UHPLC) system (Thermo Fisher Scientific, Palo Alto,
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CA), with a homemade capillary column (75 ym i.d. X 12 cm;
ReproSil-Pur C;4-AQ, 3 pm; Dr. Maisch). In brief, the
fractionated peptide samples were dissolved in 10 L of loading
buffer (0.1% formic acid in ddH,0), and then S L of peptide
solution was loaded onto an analytical column by an
autosampler and eluted with an 88 min nonlinear gradient: 0—
6% solvent B (0.1% formic acid in ACN) for 10 min, 6—10% for
S min, 10—30% for 55 min, 30—40% for 10 min, 40—95% for 0.1
min, and finally holding at 95% for the last 4.9 min. The
chromatographed peptides were ionized under a high voltage (2
kV). The full scan was acquired from m/z 350 to 1550 with a
resolution of 120 000 at m/z 200. The automatic gain control
(AGC) was set to 3 X10% and the maximum ion injection time
(MIT) was set to 20 ms. Data-dependent MS/MS scans were
performed with a resolution of 15 000 at m/z 200. The top 25
most intense peptide ions with charge states in the range of 2—7
were subjected to further fragmentation in DDA mode via
higher-energy collision dissociation (HCD) with 27% normal-
ized collision energy and a target value of 2 X 10* for AGC.
Dynamic exclusion was set to 15 s to avoid the redundancy
detection.

Spectral Library Generation. For the generation of the
spectral library, DDA raw data were analyzed with Spectronaut
software and a mass spectrometer vendor-independent software
from Biognosys.”” The DDA files were searched against the
Swiss-Prot human database (20 353 entries released on Aug 10,
2020) and the decoy proteins were produced from pseudo-
reversed sequences of the target proteins. The digestion of
trypsin was allowed with a maximum of two missed cleavages. A
minimal peptide length was set to seven amino acids. Cysteine
carbamidomethylation was set as fixed modifications, while
methionine oxidation and N-terminal acetylation were set as
variable modifications. The mass tolerances were 20 ppm for
precursor ions and fragment ions. The false discovery rates
(FDR) of peptide and protein identifications were set to 0.01.

DIA Mass Data Acquisition and Analysis. DIA mass
acquisition was performed with the same mass spectrometer, LC
system, and nonlinear gradient as DDA, as described above. Full
scans were analyzed over a mass range of 300—1400 m/z with a
resolution of 120 000 at #1/z 200. The AGC was set to 3 X 10,
the MIT was set to 80 ms, and NCE was set to 27%. The
isolation window was set to 35 DIA scans of 21 Da variable
windows (containing 1 Da for the window overlap) as follows:
300—321, 320—341, 340—361, up to 980—1001 Da. Finally, a
total of 30 DIA raw data of NC and HCC were analyzed against a
spectral library as described previously with Spectronaut
software. Default settings were performed, and the peptide
and protein identifications were limited to a 1% FDR.

Statistical and Functional Analysis. The difference of
identified proteins between NC and HCC was evaluated by a
one-way ANOVA test. An overlap between the identified
proteins and exosomal proteins on the ExoCarta database
(http://www.exocarta.org/, release date: Aug 15, 2020) was
exhibited on the online website (http://jvenn.toulouse.inra.fr/
app/example.html).*® Statistical analysis of quantitative mass
spectrometry-based proteomic experiments was performed for
all samples with Perseus (version 1.6.6.0).” A log, trans-
formation was applied to all intensity values. A protein was
included if it was identified in at least 50% of samples in NC and
HCC groups. Missing values were imputed using normal
distribution. The cluster analysis of DEPs was performed by the
online website (http://www.heatmapper.ca/expression/).”°
The GO and KEGG analyses were performed with Database
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for Annotation, Visualization, and Inte%rated Discovery
(DAVID) (http://david.abce.ncifcrf.gov/).”" The protein—
protein interaction (PPI) network was analyzed with the
STRING (http://string.embl.de/)52 and constructed with
Cytoscape software (version 3.8.0).>” The gene expressed levels
were simulated by Gene Expression Profiling Interactive
Analysis (GEPIA) (http://gepia.cancer-pku.cn/).>* The box
plot and scatter plots were based on GraphPad Prism 8.3.0
(GraphPad Software, La Jolla, CA).>”
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