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Abstract—Glycosylation in liver is one of the most biologically important protein modifications. It plays critical roles in
many physiological and pathological processes by virtue of its unique location at the blood—tissue interface, including
angiogenesis, liver cancer, cirrhosis, and fibrosis. To analyze glycosylation of plasma membrane proteins in liver sinusoidal
endothelial cells (LSEC), N-glycopeptides of the LSEC surface were enriched using a filter-assisted sample preparation-
based lectin affinity capture method and subsequently identified with mass spectrometry. In total, 225 unique N-glycosyla-
tion sites on 152 glycoproteins were identified, of which 119 (53%) sites had not previously been determined experimental-
ly. Among the glycoproteins, 53% were classified as plasma membrane proteins and 47 (31%) as signaling proteins and
receptors. Moreover, 23 cluster of differentiation antigens with 49 glycopeptides were detected within the membrane glyco-
proteins of the liver sinusoidal surface. Furthermore, bioinformatics analysis revealed that the majority of identified glyco-
proteins have an impact on processes of LSEC. Therefore, N-glycoproteomic analysis of the liver sinusoidal surface may
provide useful information on liver regeneration and facilitate liver disease diagnosis.
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Analysis of plasma membrane proteins and their post-
translational modifications is an important route for the
identification of disease markers and potential drug targets
[1, 2]. Protein glycosylation is one of the major posttrans-
lational modifications with significant effects on protein
folding, conformation distribution, stability, and activity. It
is estimated that more than half of all mammalian proteins
are glycosylated [3]. N-Glycosylation is by far the most

Abbreviations: CAM, cell adhesion molecule; CD, cluster of
differentiation; ECM, extracellular matrix; EGFR, epidermal
growth factor receptor; ER, endoplasmic reticulum; FASP, fil-
ter-aided sample preparation-based method; GO, gene ontol-
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Kyoto Encyclopedia of Genes and Genomes; LC-MS/MS, liq-
uid chromatography-tandem mass spectrometry; LSEC, liver
sinusoidal endothelial cells; MS, mass spectrometry; NPM,
plasma membrane pellet from the Nycodenz density centrifu-
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common cell surface modification, and it occurs at
asparaginyl residues within the consensus sequence N-!P-
S/T (where !P is any amino acid except proline) [1]. This
modification is involved in many cellular functions,
including cell—cell and receptor—ligand interactions,
immune response, apoptosis, and disease pathogenesis [4].
N-Linked glycosylation predominantly occurs on mem-
brane proteins, which are traditionally difficult to analyze
using proteomic methods. Notably, most mammalian
membrane proteins are extensively glycosylated [5].
Glycosylation of membrane proteins plays a key role in
biological processes such as cell adhesion, recognition,
and signal transduction [6]. The disruption and mutation
of glycosylation sites are basic features of oncogenesis and
tumor progression. Considerable attention has recently
focused on the growing field of glycoproteomics to deter-
mine the biological roles of protein glycosylation and its
relationship with specific diseases. Several researchers
have employed mass spectrometric methods to character-
ize glycopeptides or glycans attached to certain glycosyla-
tion sites. To date, extensive studies have been performed
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on body fluids such as plasma and saliva to identify bio-
markers of diseases [6]. Decades of research have shown
that structural changes in the glycan structures of serum
proteins are an indication of liver damage [7]. Protein gly-
cosylation has been focal in the search for an objective tar-
get feature in liver diseases [6, 8]. A few reports on mem-
brane glycoproteins in liver tissue are documented in the
literature. A literature search revealed that only one study
to date has focused on the rat liver membrane; in that
work, Lee et al. focused on whole liver membrane glyco-
proteome, and they identified 335 potential N-linked gly-
cosylation sites on 424 non-redundant membrane proteins
[9]. As we know, the liver contains multiple cell types,
including liver sinusoidal endothelial cells (LSEC), stellate
cells, Kupffer cells, biliary epithelial cells, and hepato-
cytes, and therefore the membrane is extremely complex.
LSECs between the blood and vessel wall, namely, the
luminal side of the plasma membrane of vascular endothe-
lial cells, are composed of a single layer of flattened
endothelial cells that line blood vessels and are critical in
various physiological and pathological processes [10-12].
Due to the hydrophobic nature of plasma membrane (PM)
proteins, mass-spectrometric analysis is a difficult task.
LSEC PM constitutes only 15.2% of all PM. In this study,
the LSEC PM was enriched and its N-glycoproteome was
identified by mass spectrometry [9]. Recent technological
developments in sample preparation, together with
improvements in mass-spectrometric analysis, have facili-
tated analysis of these proteins and their posttranslational
modifications [1, 10, 12]. A filter-aided sample prepara-
tion (FASP)-based method, in which glycopeptides were
enriched via lectin affinity purification on the surface of a
filter, is well suited for this purpose. According to this
method, most membrane proteins could be effectively sol-
ubilized in sodium dodecyl sulfate (SDS), which could be
removed easily in the following washing step [1, 11, 13,
14]. In this study, we successfully applied glycopeptide
enrichment with an N-glyco-FASP for N-glycoproteomic
analysis of liver sinusoidal surface accessible from the vas-
culature. In total, 225 N-glycosylation sites on 152 glyco-
proteins were identified. Among these, 23 cluster of differ-
entiation (CD) antigens with 49 glycopeptides were
detected within the membrane glycoproteins of LSEC.
Many of the identified glycoproteins, such as CDI13,
CD147, CDS82, epidermal growth factor receptor
(EGFR), and integrin 1, are associated with physiologi-
cally and pathologically significant events. Our data might
provide clues for identification of valuable candidate drug
targets and biomarkers from rat liver sinusoidal surface.

MATERIALS AND METHODS
An overview of the analytical strategy in this study is

illustrated in Fig. S1 (see Supplement to this paper on the
journal website http://protein.bio.msu.ru/biokhimiya).
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In vivo membrane density perturbation technique.
Animal housing and all experimental procedures were
conducted according to the requirements of the
Provisions and General Recommendations of Chinese
Experimental Animal Administration Legislation. The
study was approved by the local ethics committee and was
conducted according to the principles expressed in the
Helsinki Declaration. The silica nanoparticle subfraction
method was used for LSEC plasma membrane isolation
[15-17] except the in vivo membrane density perturbation
steps were carried out according to our previous report
[17]. A schematic view of the separation steps is shown in
Fig. 1a. Briefly, the rats were anesthetized with 10% chlo-
ral hydrate (n = 6). The liver was perfused with colloidal
silica suspension and then covered with polyacrylic acid.
The membrane density perturbation procedures were
repeated once to make a denser luminal membrane. After
homogenization, crude LSEC PM (SPM) was obtained
from the bottom of a sucrose density centrifugation with
membrane density higher than 69% sucrose solution.
Then the SPM from five rat livers were pooled. To purify
further the LSEC membranes, the SPM was then sedi-
mented through 70% Nycodenz density centrifugation.
The plasma membrane pellet from the Nycodenz density
centrifugation (NPM) was washed with lysis buffer twice.
The NPM proteins were then recovered from the silica
coating by solubilized in 2% SDS sample loading buffer,
sonicated 5 times for 10 s, and boiled for 10 min. The sol-
ubilized LSEC PM protein was recovered from the super-
natant after centrifugation at 15,000g¢ for 30 min. The
protein concentration was determined with an RCDC
protein assay kit (Bio-Rad, USA).

SDS-PAGE and immunoblotting analysis. For pro-
tein separation and purity verification, the protein sam-
ples were mixed with 4x SDS loading buffer and subject-
ed to SDS-PAGE. After completion of electrophoresis,
the gel was visualized by Coomassie brilliant blue G250
(Bio-Rad) staining or transferred to PVDF membrane
(Merck Millipore, Germany) for further western blotting
analysis. Na'/K*-ATPase antibody (BD Bioscience,
USA) and flotillin-1 antibody (Abcam, UK) were used to
detect the plasma membrane. Golgi 58 antibody (Abcam)
was used for marker of Golgi. Prohibitin antibody was
used to detect mitochondria. After exposure to Hyperfilm
ECL (GE Healthcare, Amersham, USA), images were
analyzed using Quantity One 1D-Analysis software (Bio-
Rad).

Filter aided sample preparation. Approximately
0.5 mg LSEC PM protein was subjected to the FASP pro-
cedure as previously reported [1, 13]. Briefly, approxi-
mately 0.5 mg protein was mixed with 50 pl of lysis buffer
(0.1 M Tris-HCI, 0.1 M DTT, 4% SDS) and incubated at
95°C for 3 min. The mixture was then centrifuged at
15,000g for 15 min, and the resulting supernatant was
mixed with 200 ul 8 M urea in 0.1 M Tris-HCI, pH 8.5
(UA solution). The mixed sample was loaded into a
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Fig. 1. Purification schematic and quality identification of sinusoidal endothelial surface plasma membrane from rat liver. a) Work flow of
enrichment of sinusoidal endothelial surface plasma membrane from rat liver. b) SDS-PAGE image of crude plasma membrane, SPM, and
NPM. ¢) Purity identification of SPM and NPM determined by Western blotting. Equal protein amounts from each fraction were loaded.
SPM, the PM fraction from sucrose density centrifugation; NPM, the PM fraction from Nycodenz density centrifugation. Na*/K*-ATPase
and flotillin-1, plasma membrane markers; Golgi 58, marker of Golgi; prohibitin, marker of mitochondria.

3-kDa Microcon filtration device (Merck Millipore) and
centrifuged at 14,000g for a minimum of 20 min so that
the remaining volume was less than 10 pl. The concen-
trates were then diluted in the devices with 200 pl of solu-
tion and centrifuged twice. After centrifugation, the con-
centrates were mixed with 100 ul 50 mM iodoacetamide
in UA solution, incubated in darkness at room tempera-
ture for 30 min, and then centrifuged for 20 min. The
concentrate was diluted with 200 pl of 8§ M urea in 0.1 M

Tris-HCI, pH 8.5, and concentrated again. This step was
repeated twice. The samples were then diluted with 100 pul
40 mM NH,HCO; and concentrated twice. After con-
centrating, 5 pg trypsin (Promega, USA) in 100 ul 40 mM
NHHCO; (pH 7.8) was added for digestion overnight at
37°C. The resulting peptides were collected by centrifuga-
tion of filter units with 50 pl binding buffer (20 mM Tris-
HCI, 0.5 M NaCl, 1 mM CaCl,, 1 mM MnCl,, pH 7.3)
for 20 min. This step was repeated three times.
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Lectin enrichment and de-glycosylation. Approxi-
mately 250 pg of digested peptides were mixed with lectin
solution containing a combination of concanavalin A,
wheat germ agglutinin, and Ricinus communis agglutinin
(Sigma Aldrich, USA), resulting in mixtures of peptides
and lectins with a mass proportion of 1 : 2. The mixtures
were transferred to new YM-30 filter units (Merck
Millipore). After 1 h incubation at room temperature, the
unbound peptides were eluted by centrifugation. The cap-
tured peptides were washed followed by deglycosylation
with peptide-N-glycosidase F (Sigma Aldrich). After
incubation for 12 h at 37°C, the deglycosylated peptides
were eluted. The deglycosylated peptides were purified on
ZipTips C18 and dried by vacuum centrifugation.

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. The peptide mixtures were ana-
lyzed using a linear ion trap-Orbitrap hybrid mass spec-
trometer (LTQ-Orbitrap XL; Thermo Fisher Scientific,
USA) equipped with an ESI nano spray source. The
digested peptides were injected into an Easy LC system
(Proxeon, Denmark) with a pre-column (2 cm, ID
100 um, 5 um, CI18). Peptides were eluted from a C18
column (10 cm, ID 75 um, 3 um, C18) with a linear gra-
dient of 5-40% solvent B (99.9% acetonitrile with 0.1%
formic acid) for 80 min with constant flow of 200 nl/min.
The mass spectrometer was set so that each full MS scan
(m/z 350-1800) in profile mode was acquired in the orbi-
trap with a resolution of 100,000 at m/z 400, followed by
five MS/MS scans in the ion trap on the five most intense
ions from the MS spectrum with dynamic exclusion set-
ting: a repeat count of 2, a repeat duration of 30 s, and an
exclusion duration of 90 s. Xcalibur 2.0.7 (Thermo Fisher
Scientific) was used to control both the EASY n-LC and
the Orbitrap MS/MS.

Protein identification and data analysis. Mascot (v.
2.2.06; Matrix Science, UK) was used for protein identifi-
cation. Trypsin was chosen as the enzyme, and the number
of missed cleavages was set to 1. The peptide charge was set
to 2%, 3*, and 4%, and the peptide tolerance and MS/MS
tolerance were 15 ppm and 0.5 Da, respectively. The IPI
rat database (v. 3.68; 79,898 sequences; 42,135,824
residues) and a decoy database constructed as described by
our laboratory group were appended to the target database.
Variable modifications were carbamidomethyl for cys-
teines, oxidation for methionines, and an asparagine to
aspartic acid conversion of +0.984 Da. The maximum
number of missed cleavage sites was two. Spectra with a
Mascot score >30 (significance threshold p < 0.05) and a
valid glycosylation consensus sequence N-X-S/T (X is not
proline) were considered for further manual evaluation.
The UniProt system (http://www.uniprot.org/uniprot)
was used for glycosylation data evaluation and protein
function analysis. Identification was validated using a 1%
false discovery rate assessed by reverse database searching,
which was applied to non-redundant protein lists. A mini-
mum of two unique peptide matches identified in at least
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two replicates was used to validate protein identifications.
The grand average hydropathy (GRAVY) values for identi-
fied proteins and peptides were analyzed using the
ProtParam program available at http://tw.expasy.org/
tools/protparam.html. Putative transmembrane domains
(TMDs) for identified proteins were mapped using the
TMHMM 2.0 program based on transmembrane hid-
den Markov model (http://www.cbs.dtu.dk/services/
TMHMM) by submitting the FASTA files. The informa-
tion on membrane location was derived from UniProt,
gene ontology annotation (GQO), and the Swiss-Prot data-
base. The N-glycosites were compared with the Swiss-Prot
database and further recognized as “Known”, “Probable”,
“By similarity”, “Potential”, and “Unknown”. UniProt
and David Bioinformatics Resources 6.7 [18, 19] (http://
david.abcc.ncifcrf.gov/home.jsp) were used to evaluate the
enrichment of N-linked glycoproteins. Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis was used
to evaluate the pathways of the detected N-glycoproteins
[20].

RESULTS

Isolation of LSEC PM from vasculature of rat liver.
We employed an in vivo membrane density perturbation
strategy previously applied in our laboratory to isolate
liver sinusoidal PM. The purity of LSEC PM was deter-
mined by immunoblotting [17]. As shown in Fig. 1a, after
homogenization, the liver sinusoidal membrane was sep-
arated on a benchtop centrifuge. Due to the cationic col-
loidal silica coating, the volume of pellet (containing P-
lysate) from centrifugation became large. To reduce
experimental costs and ensure biocompatibility with the
lysis buffer system, sucrose density gradient centrifuga-
tion (with the highest density at 1.35 g/ml) was applied
for the second separation. Since the volume of SPM was
reduced significantly in the second preparation, a more
expensive and appropriate gradient medium, Nycodenz,
was employed for the third separation to further purify the
membrane fraction (NPM). The final pellet was washed
three times in lysis buffer, and the purity of SPM and
NPM assessed. The protein staining patterns of the
homogenate, SPM, and NPM were examined using
SDS-PAGE, as shown in Fig. 1b. Several bands showed
significantly different intensities. All P-lysate, SPM frac-
tions, and NPM preparations were detected using
Western blotting. The SPM fraction was virtually free of
Golgi and mitochondrial contamination. Additionally,
endoplasmic reticulum (ER) contamination was greatly
reduced. Moreover, PM markers were greatly enriched, as
evident from Na*/K*-ATPase and flotillin-1 activity.
NPM was significantly purer than SPM after the third
purification, as shown from Western blotting with anti-
bodies against Golgi 58, Na*/K"-ATPase, and flotillin-1
(Fig. 1¢).
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N-glyco-FASP method. Analysis of membrane pro-
teins presents a considerable challenge owing to their
hydrophobic nature and low abundance. To resolve this
problem, different strategies for the digestion and identi-
fication of membrane proteins have been reported [21].
Among them, the filter-aided sample preparation
(FASP)-based method is particularly suitable for analyz-
ing insoluble proteins, in particular plasma membrane
proteins, since complete protein solubilization is achieved
in SDS while allowing gel-free analysis [1, 13]. Zielinska
and coworkers further developed a FASP-based N-linked
glycopeptide capture method (N-glyco-FASP) involving
binding to lectins on the top of a filter, and mapped 6367
N-glycosylation sites on 2352 proteins in four mouse tis-
sues and blood plasma [1]. In the current study, we applied
this procedure to collect LSEC PM proteins and achieve
better digestion efficiency. The work flow diagram of the
enrichment strategy of LSEC PM N-glycopeptides is out-
lined in Fig. S1 (see Supplement). Moreover, the eluted
peptides are clean and suitable for lectin enrichment. The
technique features efficient exchange of SDS for urea in a
centrifugal ultrafiltration unit, followed by protein diges-
tion and isolation of peptides, which are eluted with high
purity for LC-MS/MS. For improving the recovery rate of
peptides, filters were rinsed with 50 pl binding buffer three
times. Efficient digestion was followed by the process of
N-glycopeptide enrichment. For capture of all three

@ Known
O By similarity
] i 7.3%
B Potential 4.9%
8 Unknown '/
119.53% 93.42%

Fig. 2. Classification of N-glycosites identified in rat liver sinu-
soidal surface plasma membrane. N-Glycosites were compared
with the Swiss-Prot database and further classified as “Known”,
“By similarity”, “Potential”, and “Unknown”. “By similarity”
and “Potential” are two types of non-experimental qualifiers indi-
cating that the information provided is not based on experimental-
ly proven findings in the Swiss-Prot database. The term
““Potential’’ indicates logical or conclusive evidence that the given
annotation could apply. ‘‘By similarity’’ is added to proven data for
whole or partial protein, and transferred to other protein family
members within a certain taxonomic range dependent on the bio-
logical event or characteristic (http://au.expasy.org/sprot/user-
man.htmlnon_experimental).
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classes of N-glycosylated peptides in LSEC PM, we used
the N-glyco-FASP method based on a multilectin affinity
strategy for glycopeptide enrichment [22]. Lectins do not
need to be coupled to a solid support since they are
retained by the filter, and therefore any lectin or mixture
of lectins can be employed. We selected ConA that binds
to mannose, wheat germ agglutinin that binds to sialic
acid, N-acetylglucosamine and Ricinus communis agglu-
tinin, which captures galactose modified at the 3-0 posi-
tion (e.g. with sialic acid or another galactose) as well as
terminal galactose. LSEC PM were independently pre-
pared in triplicate and measured three times via single LC
MS/MS runs with 165-min gradients. Additionally, N-
glycosylation sites required no additional fractionation.
Interestingly, the number of identified N-glycosylation
sites did not increase significantly with repeated measure-
ments and additional fractionation [1]. The methods were
successfully applied to LSEC PM samples, leading to the
identification of 277 N-glycosites in 162 glycoproteins.
However, only 231 N-glycosites of 152 glycoproteins were
annotated in the UniProt database (details of identified
glycoproteins and glycopeptides are provided in Table S1
of the Supplement).

To address concerns of biological reproducibility,
experiments were conducted on three biological repli-
cates. The reproducibility of the method for the glycopro-
teomic study of LSEC PM was evaluated. One hundred
fifty two non-redundant proteins were identified with 89,
95, and 103 glycoproteins in subsequent experiments. The
reproducibility was 63.0% on average, with separate iden-
tification ratios of 58.6% (89/152), 62.5% (95/152), and
67.8% (103/152) (details are described in Table S6 of the
Supplement).

Mapping of LSEC PM N-glycoproteins. The N-
glyco-FASP method was further applied for rat liver sinu-
soidal surface glycoproteomic analysis. As shown in Table
S1 (Supplement), 277 N-glycosylation sites on 260
unique glycopeptides were identified, corresponding to
162 N-glycoproteins. To enhance further identification
reliability, only proteins recognized according to the
UniProt database (version of July 2013) were approved.
Consequently, 148 N-glycoproteins were annotated,
among which 46 proteins were identified with more than
two glycopeptides and 102 with one glycopeptide (Table
S2 of the Supplement). Glycosylation sites were com-
pared with the UniProt database. In total, 231 unique N-
glycosites were recognized, and only seven sites were doc-
umented in UniProt based on experimental data.
Moreover, 231 sites were annotated as “Potential” or “By
similarity” in view of no experimental evidence. The
remaining 224 sites identified in this study were not
referred to in the UniProt database. To our knowledge,
the other 127 (55%) N-glycoproteins have not hitherto
been reported in rats (Fig. 2).

Accordingly, the 224 (97%) N-glycosylation sites
were either listed as “Potential” sites or not identified in
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the UniProt database. Table S2 (Supplement) provides
details of the identified N-linked glycosylation sites and
their parent glycoproteins. Reliable identification of pep-
tides and N-glycosylation sites is based on the following
principles: identified peptides must have a Mascot ion
score above 30 (p < 0.05) and their expected value must be
evaluated. Second, glycoproteins need at least one pep-
tide containing the consensus N-!P-[S/T]-!P (where !P is
not proline) N-glycosylation motif, and all identified gly-
copeptides require an asparagine to aspartic acid deami-
dation site with a mass increase of 0.984 Da. Finally, all
MS/MS spectra for each identified glycopeptide must be
manually checked. An example MS/MS spectrum of the
N-linked glycopeptide, TYCSSELVSN#CTQK, from the
precursor of CD164 is presented in Fig. S2 (see
Supplement). The mass difference of 115 Da between
fragments y4 and y5 confirms that conversion of N
(asparagine) to D (aspartic acid) occurs at Asn97. Details
of all the identified N-glycosites are provided in Table S1
(Supplement). These data could potentially be used for
glycoprotein database completion and provide valuable
information for further in-depth study of N-glycosylation
in rat liver. Physicochemical characteristics (Fig. S3 in
the Supplement) were employed to evaluate the bias of
our sample preparation and separation methods. Overall,
28% (42) proteins with molecular weight (MW) above
100 kDa and 6% (9) proteins with p/ above 9.0 were iden-
tified, as shown in Fig. S3a. When the calculated p/ val-
ues were plotted against molecular weight on a logarith-
mic scale (Fig. S3b), over 40% of these proteins fell out-
side the typical limits of protein resolution with routine 2-
DE (MW < 100 kDa; p/ ranging from 4.5 to 8.5). The
identified glycoproteins of LSEC PM were analyzed
based on the calculated GRAVY values, and TMDs were
predicted to assess the efficacy of the developed protocol
for membrane protein identification (Table S1 in the
Supplement). As the affinity approach in this study uses
non-gel-based separation, it is particularly suitable for
purification of highly hydrophobic integral membrane
proteins. Several proteins with membrane-spanning
domains were detected: 37% (55) of the glycoproteins had
TMDs and 10% (15) were predicted to contain 2-11
TMDs (Fig. S3c). In addition, six glycoproteins with no
TMDs, including CD54, were predicted as membrane
proteins via database annotation, and one predicted as
extracellular. These results further support the effective-
ness of the method in successfully identifying integral
membrane proteins containing multiple TMDs with no
bias against complex multi-spanning proteins. The
GRAVY index of identified glycoproteins shows a broad
scattering of values ranging from hydrophilic proteins,
such as RTI1 class I, CE4 (—0.830), to extremely
hydrophobic proteins, such as similar to epithelial mem-
brane protein 1 (1.010). However, both proteins localize
on plasma membrane and contain TMDs, despite the sig-
nificant deviation in their GRAVY values. GRAVY values
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tended to be positive, and proteins were predicted as
hydrophobic. However, in the region with 0-2 TMDs,
GRAVY values were distributed in the range from —0.4 to
0.4. According to Santoni et al. [23], it is difficult to
determine whether a protein is hydrophobic or
hydrophilic based on the distribution of GRAVY values
within this range. We classified the subcellular locations
of N-glycoproteins according to Swiss-UniProt and GO
annotation. Among the 59% (95) GO cellular compo-
nent-annotated proteins, 73% (69) belonged to mem-
brane-associated locations. Overall, 16% (15 proteins)
were classified as extracellular, 6% (6) were located in the
cytoplasm, and 5% (5) were mainly in the ER and pro-
teasomes (Fig. 3a). Among the membrane proteins, 53%
(50) localized to the plasma membrane and 16% (15) to
extracellular (Fig. 3b). The molecular functions of glyco-
proteins identified in the current study were classified
based on the GO database and literature surveys (Fig. 3c).
Approximately, 40 (27%) of the N-glycoproteins had no
annotated functions and were therefore classified as
“uncharacterized” or “hypothetical”. Overall, 18% (26
proteins) were classified as cell adhesion molecular, 18%
(27) with binding and structural activities, and 8% (12)
with catalytic activity, due to ambiguous annotations of
the GO database. Interestingly, 38% (50 proteins) were
classified as signaling proteins and receptors with poten-
tial roles in a variety of cell signaling pathways. Further
details of cellular localization are presented in Table S1
(Supplement). The cell surface membrane proteins iden-
tified included cell adhesion proteins, cell surface recep-
tors, and many solute carrier transporters.

Functional characterization of membrane N-glyco-
proteins of rat liver sinusoidal surface. N-Glycoproteins
were subjected to further bioinformatics analysis. While
LSEC PM glycoproteins were greatly enriched, this did
not represent the entire signaling cascade. Rather, the
procedure was designed to capture N-linked glycopro-
teins, many of which are involved in LSEC-related sig-
naling. DAVID analysis indicated significant enrichment
for LSEC-related KEGG pathways (Fig. 4; Tables S4 and
S5 in the Supplement).

LSECs act as a filter between the lumen of the hepat-
ic sinusoid and surrounding hepatocytes. A major role of
LSEC is to minimize barriers for the bidirectional trans-
fer of small or soluble substrates between blood and extra-
cellular space of Disse while excluding larger circulating
particles, such as blood cells, platelets, and chylomicrons.
This physiological role is achieved by the presence of
numerous transcellular pores in LSECs known as fenes-
trations [24, 25]. The diameter and number of fenestra-
tions are altered by various liver diseases, diabetes melli-
tus, and old age, and they are influenced by cytokines and
hormones [26]. Alterations in the size and number of fen-
estrations influences the hepatic trafficking of lipopro-
teins [27], clearance of pharmaceutical agents [25, 28],
liver regeneration and angiogenesis, and interactions
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Fig. 4. Significant KEGG pathways involved in protein—protein interaction (PPI) networks of 150 N-linked glycoproteins of LSEC PM. The

p-value threshold in the corresponding KEGG pathways is shown.

between lymphocytes and hepatocytes [29, 30]. In the
physiological and pathological processes of liver cancer
and angiogenesis, LSEC first needs to adhere to the extra-
cellular matrix and surrounding stromal cells via cell
adhesion molecules (CAMs). CAMs are associated with
liver angiogenesis progression and metastasis and have
been proposed as effective biomarkers [31-33]. In our
study, F11 receptor, RT1 class I, CE14, activated leuko-
cyte cell adhesion molecule, cadherin 2, cadherin 5,
endothelial cell adhesion molecule, integrin oM, integrin
Bl (fibronectin receptor P), integrin B2, intercellular
adhesion molecule 1 (CD54), and intercellular adhesion
molecule 2 were classified as CAMs (the table). Integrins
are important adhesion molecules that regulate tumor
and endothelial cell survival, proliferation, and migra-
tion. Interestingly, integrin (1, integrin oS, and
fibronectin 1 form complexes in angiogenesis of liver
regeneration, and integrin a5B1 appears to play a critical
role during angiogenesis [34]. Integrins are transmem-
brane glycoproteins involved in cell-matrix and cell—cell
interactions [35], and thus they play critical roles in adhe-
sion, cytoskeletal remodeling, and cell motility. Five inte-
grin proteins were identified in our analysis, including
integrin aM, integrin al (CD49a), integrin B1 (CD29),
integrin B2, and integrin a5 [36]. Integrins act as impor-
tant adhesion molecules that regulate endothelial cell and
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tumor survival, proliferation, and migration. A study of
integrin glycosylation would therefore be not only benefi-
cial in understanding liver physiology mechanisms, such
as angiogenesis, but also liver disease diagnosis and treat-
ment, for instance, distinguishing the stage of liver fibro-
sis, cirrhosis, and hepatocellular carcinoma carcinogene-
sis [6, 7].

Our data indicated that the CD47 molecule, colla-
gen (type VI, a2), procollagen (type VI, a3), the protein
similar to integrin a-IIb precursor (CD41 antigen),
fibronectin 1, and integrins are involved in the extracellu-
lar matrix (ECM) receptor interaction pathway (table).
ECM is an important regulator of angiogenesis and vas-
cular remodeling. Specifically, an activated leukocyte—
cell adhesion molecule, ALCAM (CD166), has been
identified as a cancer stem cell marker [37, 38]. Although
not identified with KEGG analysis, several other proteins
are associated with cell adhesion, including the CD97
antigen associated with increased motility and invasive-
ness [39] owing to the ability to break through endothelial
cell barriers and attach to distant organs. Recent research
has further revealed that CD97 is involved in angiogene-
sis [40] and leukocyte trafficking [41]. Cadherin 2 [42]
and cadherin 5 [43], involved in integrin-mediated cell
adhesion and fibronectin matrix remodeling in tumor
cells, and basigin (also known as CD147 or extracellular
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Representative glycoproteins and N-glycosylation sites identified from the LSEC PM

Accession Protein description Score® Site® N-Glycopeptide?
No.?
1 2 3 4 5
. . 63 97+ K.NVIN#RSK.G
P49134 integrin p1 (CD29) 58 212% K.LRNPCTSEQN#CTSPFSYK.N
62 406* K.NGVN#GTGENGR.K
45 521%* R.KEN#SSEICSNNGECVCGQCVCR.K
72 212% R.NPCTSEQN#CTSPFSYK.N
P10252 CD48 antigen (CD48) 123 186* R.NPGYVLEITITPHN#K.S
P27274 CD59 glycoprotein (CD59) 117 38% K. TN#STCSPNLDACLVAVSGK.Q
Q00238 intercellular adhesion mole- 41 309* R.IYN#FSAPILTLSQPEVSEGDQVTVK.C
cule 1 (CD54)
070352 CD82 antigen (CD82) 68 197 K.GFCESDN#STASENSPEDWPVHPEGCMEK.A
62 203* K.GFCESDNSTASEN#SPEDWPVHPEGCMEK.A
QI9JHY1 junctional adhesion molecule 89 185* R.AFIN#SSYTIDPK.S
A (CD321)
QI9JKP9 | asialoglycoprotein receptor 2 121 97% K.ETLSN#FSTTTLMEFK.A
65 119% R.NDN#LTSWETILEK.K
P21588 5'-nucleotidase (CD73) 36 55% K.CLN#ASLCVGGVAR.L
65 313% K.VEFDDKGNVVTSYGNPILLN#STIR.E
84 335% K.LDN#YSTQELGR.T
46 349% R.TIVYLN#GSAQECR.F
035112 CD166 antigen (CD166) 72 95% R.LSLSEN#YTLSINNAK.I
P14562 lysosome-associated mem- 47 297 K.VSN#MTLPASAEVLK.N
brane glycoprotein 1
(CD107a)
P14740 dipeptidyl peptidase 4 39 148° K IPN#NTQWITWSQEGHK.L
(CD26) 65 319 R.IQN#YSVMAICDYDK.T
74 521 K.KLDFIVLN#ETR.F
Q64244 ADP-ribosyl cyclase 1 78 100% K.N#PCNITNEDYAPLVK.L
(CD38) 67 103% K.NPCN#ITNEDYAPLVK.L
42 123% K.LVTQTIPCN#K.T
P15684 aminopeptidase N; 112 114* R.FTCN#ETTNVIIIHSK.K
CD_antigen (CD13) 63 234% 242% | KL ASFN#ITLIHPNN#LTALSNMLPK.D
P27645 low affinity immunoglobulin 61 97%* K.ATVN#DSGEYR.C
yFc region receptor I11
(CD16)
P28648 CD63 antigen (CD63) 111 154% K.DRVPDSCCIN#ITVGCGNDFK.E
68 K.LDLPVNTSIPN#VTEIK.E
Q9QX82 sialomucin core protein 24 88 97* TYCSSELVSN#CTQK
(CD164)
P18614 integrin ol (CD49a) 231 100*, 105* | K.LDLPVN#TSIPN#VTEIK.E
38 217* K.QTQVGIVQYGEN#VTHEFNLNK.Y
42 418* K. ANQMVIPHN#TTFQTEPAK.M
54 459% R.YN#HTGQVVIYK.M
41 531* K.VYVYAVN#QTR.F
94 698* K.ETVCIN#ATMCFHVK.L
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Table (Contd.)

1 2 3 4 5
63 779* R.VTLDFN#LTDPENGPVLDDALPNSVHEHIPFAK.D
66 820* R.CISDLTLN#VSTTEK.S
78 839* K.SQHDKFN#VSLTVK.N
54 1103* R.AHFSSLN#LTLR.G
35 1114* K.SEN#SSLTLSSSNR.K
Q9Z1Y3 cadherin-2 (CD325) 37 3254 R.ILSQAPSTPSPNMFTINN#ETGDIITVAAGLDR.E
Q5FVR3 | CD302 antigen (CD302) 57 107* K.WFDQSN#MTFDK. W
P97829 leukocyte surface antigen 84 34* K.SVEFTSCN#DTVVIPCK.V
(CD47) 44 73%* K.SYIFTYDGNKN#STTR.E
D3Z9U2 | molecule CD163 54 104% K. APGWAN#ASAGSGDIWMDK.V
Q5XI36 molecule CD97 40 424 R.WCPPNSECESN#R.S
P54848 epithelial membrane 59 43* K.N#CTSGSCDGSLSYGNDDAIK.A
protein 1
F1LS97 serine protease hepsin 70 1114 R.TAGAN#GTSGFFCVDEGGLPLAQR.L
P47853 biglycan 58 271* R.MIEN#GSLSFLPTLR.E
D3ZDS2 | Msrl 35 90%, 103 | K.NCLVGSAN#TSDTSQTLTGKEN#TSK.A
46 184% K.SLQSLN#TTLLDVQVHTETLNVK.V
85 248% K.VLNN#ITNDLR.L
Q8CGU6 | nicastrin 67 54* R.LLN#ATHQIGCQSSISGDTGVIHVVEKEDDLK. W
71 507* K.LAGGTNFN#NSIQADPQTVTR.L
66 529% R.AN#NSWFQSILR.H
Q6GT74 | basigin, isoform CRA b 88 44 K. TQLTCFLN#SSGIDIVGHR. W
(CD147) 56 153% K. TSDTGDQTISN#GTEANSK.Y
Q5I0H1 protein Lrpl 49 447% R.FN#STEYQVVTR.V
52 4076% R.LN#GTDPIVAVDSK.R
Q9JI30 integrin 32, o subunit 67 939% K.YLNFTASEMTSK.V
84 1020% R.TPVLNCSVAVCK.R
P04937 fibronectin 58 528 R.DQCIVDDITYNVN#DTFHK.R
84 542 R.HEEGHMLN#CTCFGQGR.G
69 1006 K.LDAPTNLQFVN#ETDR.T
P14480 fibrinogen, 3 chain 98 382* K.GTAGNALMEGASQLVGEN#R.T
Q3SWTO0 | platelet endothelial cell 74 309* K.ASSILVN#ITELFPRPK.L
adhesion molecule (CD31) 53 424* K.GQIIGISCQSVN#GTAPITYR.L
B2LYI9 tenascin C 56 1394% R.LLQTAEHN#ISGAER.T
Q62773 sodium/nucleoside cotrans- 86 616% R.GAETDCVSFLNTNFTN#R.T
porter 2
P97943 scavenger receptor class B 79 102*, 108* | K.VN#ITFNDN#DTVSYIENR.S
member 1 48 383* K.EHSLFLDIHPVTGIPMN#CSVK.M
Q64244 ADP-ribosyl cyclase 1 49 100* K.N#PCNITNEDYAPLVK.L
51 103* K.NPCN#ITNEDYAPLVK.L
76 123* K.LVTQTIPCN#K.T
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Table (Contd.)

1 2 3 4 5
P08541 UDP-glucuronosyl trans- 51 316* K.DMEEFVQSSGEHGVVVFSLGSMVSN#MTEEK.A
ferase 2B2
Q03626 murinoglobulin-1 48 393* K. AQEAGYTN#ATTTDQHGLAK.F
53 1004* K.YLN#ETQQLTEK.I
Q9QX70 epidermal growth factor 42 568% R.EFVENSECIQCHPECLPQTMN#ITCTGR.G
receptor 64 603% K. TCPSGIMGEN#NTLVWK.F
82 604% K. TCPSGIMGEN#NTLVWK.F
46 615% K.FADANN#VCHLCHANCTYGCAGPGLK.G
Q9QZX8 | solute carrier organic anion 165 S511%* K.KPNNTEFYDCSCISNSGN#NSAHLGECPR.Y
transporter family member
1B2
P02680 fibrinogen y chain 98 78%* Q.RAENRTTEAKELIK.A
P02706 asialoglycoprotein receptor 1 138 75%, 78%* R.QN#FSN#FTVSTEDQVK.A
P04937 fibronectin 401 1006* K.LDAPTNLQFVN#ETDR.T
Q9JLI97 GPI-anchored ceruloplas- 54 138% K. ANEGAIYPDN#TTDFQR.A
min
Q499T3 Sirpa protein 49 205%,209% | K.SNVSYNISSTVSVK.L
P50123 glutamyl aminopeptidase 113 316* K.QTAEYAAN#ITK.A
45 584* K.WTENGNSN#ITVYYR.S
F1LM19 o-2-HS-glycoprotein 120 156% R.EN#DTNVVHTVK.T
72 176% K. TALAAFNAQNN#GTYFK.L
Q8CFM6 | stabilin-2 73 1145% R.GTLFVPQNSGLPGN#K.S
P07340 sodium/potassium- 142 158% R.FKLDWLGN#CSGLNDESYGYK.E
transporting AT Pase subunit 35 266° K.YLQPLLAVQFTN#LTLDTEIR.I
p1
D3ZD19 extracellular link domain- 36 814 R.NADPQMN#FTEAK.E
containing 1
(Predicted)
B2RYBS | integrin B 148 645%, 649% | K.N#CSVQCAN#VTLQTVPFK.K
P02454 collagen a.1(I) chain 91 1354% LRLMSTE ASQN#ITYHCK N
Q8VCJ6 Mas-related G-protein 56 4* MAGN#CSWEAH STNQNKM
coupled receptor member F
Q498D4 protein TInl 43 1303% K.NSAKVMVTN#VTSLLK.T
QSIOE7 transmembrane emp24 38 125* R.FTFTSHTPGEHQICLHSN#STK.F
domain-containing protein 9
A0JPQS8 alkylglycerol 107 9% R.NPGAQDN#VSVSQGMR.A
monooxygenase
Q6AY20 cation-dependent mannose- 36 84* R.EAGN#HSSGAGLVQINK.S
6-phosphate receptor
Q5FVL6 tetraspanin-13 40 113% R.EQQGQLLEVGWN#N#TASAR.N
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Table (Contd.)

1 2 3 4 5
Q49678 low-density lipoprotein 36 574 R.DSRSSPAN#CTWVILGSK.E
receptor-related protein 10
F1LNH3 | procollagen, type VI, a2, 144 148% R.N#MTLFSDLVAEK.F
isoform CRA_a 42 905% R.MALLQYGSQNQQQVAFPLTYN#VITIHEALER.T
Q6AXM6 | intercellular adhesion mole- 91 8% MSSFACWN#LSLTLLVLFCSPGSGEK.A
cule 2 66 178% R.ETLKNQTFGGAETVPEEVIAIFN#STALK.K
48 1884 K.DGLN#FSCQAELDLRPHGGSLYR.R
P14480 fibrinogen P chain 538 382* K.GTAGNALMEGASQLVGEN#R.T
Q7TP48 adipocyte plasma mem- 94 120* R.VGPN#GTLFVVDAYK.G
brane-associated protein
Q7TMBY9 | liver regeneration protein 84 360% K.YTGN#ASALFILPDQGK.M
Irryan
A3RLAS low affinity Fc-y receptor 40 14% MGTLLFLPLPMDSN#RTVVHVLSR.T
IIB isoform 1 56 172% R.YYHQSSN#FSIPK.A
P34058 heat shock protein HSP 90-f3 129 389% R.GVVDSEDLPLN#ISR.E
Q31265 rat MHC class I cell surface 98 107% R.GYYN#QSEGGSHTIQR.L
antigen mRNA
Q5MPP6 | Ly49i4Ly49 inhibitory 40 K.SSVFQNKVR.S
receptor 4
Q95565 mature o chain of major 97 86% R.GYYN#QSEGGSHTIQEMYGCDVGSDGSLLR.G
histocompatibility complex
class I antigen
FILXN6 | sodium/nucleoside 100 603% R.GAETDCVSFLNTN#FTSR.T
cotransporter 2 similar to o3 63 R.YQEIIELESSLN#K.T
type VI collagen isoform 1
precursor
D3ZAC0 | protein Itga2b 116 93% K. ANN#GTCTSLLFDLR.D
D3ZD31 mannose receptor, C type 1 85 111% K.WECKN#DTLFGIK.G
(Predicted) 57 1211% K. TSYCN#ESFYFLCK.K
Q4G017.2 | integrin a5 (CD49e) 91 724% K.NALN#LTFLAQNLGEGGAYEAELR.V
43 761% R.HPGN#FSSLSCDYFAVNQSR.Q
44 773% R.HPGN#FSSLSCDYFAVN#QSR.Q

# Accession number from the UniProt database.
® The highest Mascot for the identified.

© The glycosylation sites are marked with ¢ Unknown, * Potential, ® By similarity. The N-glycosylation sites were compared with the UniProt data-
base and further recognized as Known, Probable, By similarity, Potential, and Unknown. Probable, By similarity, and Potential are three types of
non-experimental qualifiers indicated that the information given is not based on experimentally proven findings in Swiss-Prot database. The term
““Potential”” indicates that there is some logical or conclusive evidence that the given annotation could apply. The term ‘‘Probable’’ is stronger
than the qualifier “Potential” and there must be at least some experimental evidence. ‘By similarity’’ is added to facts that were proven for a pro-
tein or part of it, and which is then transferred to other protein family members within a certain taxonomic range.

9 Glycosylation sites are marked with # according to the UniProt database. All the glycosylation proteins were identified at least from two experi-

mental data.

matrix metalloproteinase inducer, EMMPRIN), are
enriched on tumor cell surfaces. Basigin stimulates the
production of collagenase, thus contributing to tumor
progression [44, 45].

Cell proliferation, survival, migration, invasion, and
organ development are also regulated by specialized focal
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adhesion complexes that anchor actin filaments to inte-
grins. Integrins bind either to the RGD motif
(fibronectin, ACTB) or to DGEA and GFOGER motifs
(collagen). Downstream signaling, including focal adhe-
sion kinase, enables reorganization of the actin cytoskele-
ton and allows cells to change their shape and migrate, a
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key process during metastasis. In addition to integrins and
collagens, epidermal growth factor receptor (EGFR) was
identified in this study. EGFR is a cell surface protein that
binds to the epidermal growth factor implicated in focal
adhesion, possibly mediated through two members of the
tensin family [46]. Mutations leading to EGFR overex-
pression are involved in several cancers and act as targets
for a number of anticancer therapies [47]. Rat EGFR has
no reported glycosylation sites in the UniProt database,
but in humans and mice, EGFR has been annotated as a
glycoprotein, with tyrosine kinase activity in the intracel-
lular region [48]. Three N-linked glycosylation sites in
EGFR were identified (the table). Eleven glycosylation
sites for this protein in humans are reported in the
UniProt database, including two partially glycosylated
modification sites that may be related to protein function
[49, 50]. At present, no evidence of a correlation between
glycosylation of EGFR and MDR (multidrug resistance)
in cancers is available. However, Liu et al. demonstrated
that glycosylation attenuates EGFR-mediated invasion of
lung cancer cells. The interaction between EGF and its
receptor ultimately leads to cell proliferation [51].

The most striking functional characteristic of LSECs
is their high endocytic activity, leading to their designa-
tion as scavenger endothelial cells [52-54]. LSECs play a
critical role in the removal of colloids and soluble macro-
molecular waste products from the systemic circulation,
and they represent the largest endocytotic tissue in the
body. Based on DAVID cluster analysis, scavenger recep-
tor class B member 2, CD164, sialomucin, CD63,
cathepsin L1, lysosomal-associated membrane protein
1,2, and mannose-6-phosphate receptor were classified as
lysosome pathway components in KEGG.

DISCUSSION

Chronic liver disease is a serious health problem
worldwide. Analysis of plasma membrane proteins and
their posttranslational modifications is critical for the
effective identification of disease markers and targets for
drug treatment [2, 6, 55]. Glycosylation is a well-known
posttranslational modification in many secreted proteins.
Research over decades has shown that structural changes
in the glycan structures of serum proteins represent an
indication of liver damage [7]. Organelle proteomics, an
accepted technique for cellular fraction analysis, has two
main advantages, specifically, decreased complexity of
the sample for analysis and provision of subcellular infor-
mation on identified proteins [56].

In organelle proteomics, a defined cell type or
homogeneous cell population is essential as good starting
material. The liver is a large, complex organ containing
multiple cell types, including LSECs, stellate cells,
Kupffer cells, biliary epithelial cells, and hepatocytes
[57]. Various receptors are present on the sinusoidal and
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hepatocyte surfaces, and proteins bind to these receptors
via their carbohydrate moieties. In addition to changes in
glycosylation patterns, alterations in receptor concentra-
tion and distribution occur in various chronic liver dis-
eases (including cirrhosis, hepatocellular carcinoma
(HCC), and alcoholic liver disease (ALD), leading to the
accumulation of specific glycoproteins in the circulation
[58, 59]. The role of glycosylation in liver fibrosis, its rela-
tionship with various liver pathologies (ALD, hepatitis B,
bile-related diseases, and obesity), and role in HCC are of
significant interest. Recently, several analyses have
focused on protein glycosylation alterations in liver dis-
eases. However, no N-glycoproteomics researchers have
investigated the LSEC PM to date. A stereological study
showed that liver endothelial cell PM constitutes only
15.2% of all PM. Considering the difficulties in isolation
of homogeneous endothelial cells and impact of hetero-
geneous microcirculation on cells in vivo and in vitro, we
applied the in vivo membrane density perturbation strate-
gy developed previously in our laboratory to isolate LSEC
PM [17]. Owing to their significant hydrophobicity,
membrane proteins demonstrate low solubility and high
tendency of aggregation. As a complementary method,
N-glyco-FASP has the advantages of FASP for mem-
brane glycoprotein analysis. In the current study, the N-
glyco-FASP method was applied for surface glycopro-
teomic analysis of the LSEC plasma membrane.
Consequently, 231 N-glycosylation sites were identified
on 152 glycoproteins. Interestingly, among the identified
membrane glycoproteins of the liver sinusoidal surface,
23 CD antigens with 49 glycopeptides (51 N-glycosyla-
tion sites) were detected. Among these, 127 (53%) N-gly-
cosylation sites not previously determined experimental-
ly were highlighted. We classified 53% of these glycopro-
teins as plasma membrane proteins and 50 (41%) as sig-
naling proteins and receptors. The results clearly support
the utility of N-glyco-FASP as an effective strategy for the
identification of plasma membrane proteins and modifi-
cations in their glycosylation patterns.

The liver contains multiple cell types, and therefore
the membrane is extremely complex. LSEC PM consti-
tutes only 15.2% of all PM. In contrast to the study by Lee
et al. [9], we targeted the PM of LSEC for enrichment. As
a result, the complexity of the sample was significantly
reduced [9]. Theoretically, our data represent a subset of
that reported by the group of Lee, but only about 20 (9%)
N-glycoproteins were identified from both studies. This
finding confirms the significance of sample handling in
proteomics research and validates the effectiveness of our
strategy. On the other hand, the percentage similarity
with the LSEC PM proteome was low in this study [9].
Comparison of the datasets indicated 40% (170/425)
common proteins in the PM proteome of LSEC and this
study (Table S7 in the Supplement). The unique protein
percentage was 60% (255/425) in this study (identifica-
tion information and specific annotations of all identified
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proteins are shown in Table S3 in the Supplement). In
total, 162 N-glycoproteins were identified based on the
IPI database. Surprisingly, only 99 (61.1%) N-glycopro-
teins were identified in this work, which may be attributed
partly to differences in protein separation and identifica-
tion, but mainly to different sample enrichment strate-
gies. While our study material remained the same, the
main aim of our study was different. We employed the N-
glyco-FASP method for surface glycoproteomic analysis
of the LSEC plasma membrane N-glycoproteome.

Our results showed that proteins within the N-glyco-
proteome of LSEC PM are diversely involved in structur-
al, signaling, transporting, traffic, and adhesion func-
tions, possibly encompassing almost all the biological
processes involved in LSEC PM. Numerous researchers
have suggested an important role of LSEC surface pro-
teins under various physiological and pathological condi-
tions, including hypoxia, cirrhosis, fibrosis, liver cancer
and angiogenesis [24, 27, 60]. LSEC surface proteins
have been previously shown to participate in these impor-
tant pathological processes. Many of the identified CD
antigens have important biological functions and are
prospective drug targets and biomarkers. The other pro-
teins analyzed in liver ECM included collagens, fibrino-
gen, fibronectin, and integrin (the table). ECM is mainly
located at the interface between blood flow and endothe-
lial cells. Although ECM comprises less than 3% of the
relative areas of a normal liver section, quantitative, topo-
graphic, or qualitative modification of ECM proteins
would rapidly affect liver structure and function [61].
Proteolytic processing of ECM molecules has either stim-
ulatory or inhibitory effects on liver diseases, such as
angiogenesis. ECM degradation by matrix metallopro-
teinases could promote angiogenesis by stimulating
endothelial cell migration. These proteins include
CD147, aminopeptidase N (CDI13), and scavenger
receptor class B member 2. The multifunctional cation-
independent mannose-6-phosphate receptor in our list
displays metalloproteinase activity. Since many known
disease-related proteins have been identified using the
colloidal coating strategy, we expected that this method
could be applied to disease research on animal models.

Future studies using an affinity approach on the vas-
cular endothelium surface will mainly aim to optimize
and integrate the strategy with various experimental
workflows. For example, the strategy could be used to dis-
cover new and promising liver disease biomarkers in com-
bination with quantitative proteomic approaches, such as
stable isotope labeling (for instance, iTRAQ, '*O label-
ing). This method might lead to the identification of a
catalog of potential biomarkers correlated with cancer
development as well as future drug targets via quantitative
analysis of the differential expression of vascular endothe-
lium surface glycoproteins under various conditions, for
example, during different stages of liver regeneration and
hepatocellular carcinoma.
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