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. A
Abstract: Proteins N-glycosylation is significantly increased in the activated human hepatic stellate cells (HSCs) stimulated by transforming
growth factor-f1 (TGF-B1) compared to the quiescent HSCs according to our previous study. However, little is known about the alteration of
N-glycoprotein profiles in the activated HSCs. Profiles of N-glycopeptides / N-glycoproteins / N-glycosites in LX-2 cells, with and without
activation by TGF-B1, were identified and compared using hydrazide chemistry enrichment coupled with liquid chromatography - mass spectro-
metry analysis. Western blot and immunohistochemistry were further used for validation. A total of 103 non-redundant N-glycopeptides, with
107 glycosylation sites from 86 N-glycoproteins, were identified in activated and quiescent LX-2 cells respectively. Among these, 23 proteins
were known N-glycoproteins, and 58 were newly identified N-glycoproteins. In addition, 43 proteins (e.g., pigment epithelium-derived factor
and clathrin heavy chain 1) were solely identified or up-regulated in the activated LX-2 cells, which participated in focal adhesion and glycosa-
minoglycan degradation pathways and were involved in interaction clusters of cytoskeletal proteins (e.g., myosin light chains and keratins). The
increased expression of glucosamine (N-acetyl)-6-sulfatase and phospholipase C beta 2 and the decreased expression of zinc finger and BTB
domain-containing protein 1 were validated in the activated compared to the quiescent LX-2 cells. In conclusion, increased expression of N-
glycoproteins and N-glycosites play important roles in cellular contractility, signal transduction, and responses to stimuli in the activated HSCs,
which might provide useful information for discovering novel molecular mechanism of HSC activation and therapeutic targets in liver fibrosis.
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Introduction

Fibrosis is a common liver disease with significant
morbidity and mortality, which results from chronic
damage to the liver in conjunction with the accumula-
tion of extracellular matrix (ECM) proteins (1). Activa-
tion of hepatic stellate cells (HSCs) is the key event in
the process of hepatic fibrosis, by which HSCs acquire
contractile, proinflammatory, and fibrogenic properties
(2,3). Transforming growth factor-f1 (TGF-B1) is a
pro-fibrogenic mediator that can induce HSC activation
both in vivo and in vitro (4,5).

Glycosylation is a ubiquitous and essential modifica-
tion of proteins. As many as 70% of all human proteins
are estimated to contain one or more glycan chains (6).
Two types of protein glycosylation exist: 1) N-glycosy-
lation to the amide nitrogen of asparagine side chains,
and 2) O-glycosylation to the hydroxyl groups of serine
and threonine side chains. N-Linked glycoproteins play
particularly important roles in various biological pro-
cesses, such as cell-cell adhesion, bacterial infection,
viral attachment, and ligand-receptor binding (7-9).
Changes in specific N-linked glycoproteins are associa-
ted with disease progression. Identification of these N-
linked glycoproteins and their N-glycosites has poten-
tial applications in disease diagnosis and prognosis, and
the prediction of effective treatments (10,11). It is well
known that lots of fibrosis-related proteins are N-gly-
coproteins or N-glycan binding proteins. Hypoxia up-
regulated protein 1 and lysosomal alpha-glucosidase are
N-glycosylated (12). Interleukin-1 and tumor necrosis

factor-o contribute to the activation of HSC (13), have
lectin-like activities (14), and recognize disialylated
diantennary N-glycans bearing two NeuSAca2,3 resi-
dues (15), and heparin (16). According to our previous
study, proteins N-glycosylation recognized by Aleuria
aurantia lectin (AAL), Phaseolus vulgaris agglutinin
E (PHA-E) and Erythrina cristagalli agglutinin (ECA)
significantly increased in the activated human HSCs sti-
mulated by TGF-B1 compared to the quiescent HSCs
(17). Therefore, N-glycoproteins and their N-glycosy-
lation are closely associated with HSC activation and
liver fibrosis.

Along with the rapid improvements and increased
use of new technologies involving mass spectrometry
in the area of glycoproteomics, N-linked glycoprotein/
glycopeptides can be enriched by hydrazide chemistry
(18,19), lectin affinity chromatography (20,21), immu-
noaffinity chromatography (22,23), bonic acid che-
mistry (24,25), size exclusion chromatography (26,27),
electrostatic repulsion hydrophilic interaction chroma-
tography (28,29), and hydrophilic interaction chroma-
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Figure 1. Schematic flow diagram of the integrated strategy used

herein.

tography (30). These techniques can be used alone or
in combination with others. Hydrazide chemistry is a
relatively universal and reliable method for the identi-
fication of glycoproteins, as well as glycosylation sites,
from complex biological samples. This chemistry is
carried out by coupling N-linked glycoproteins to hy-
drazide resin and then releasing these glycopeptides
specifically by digestion with peptide N-glycanase (PN-
Gase). In the current study, hydrazide chemistry enrich-
ment coupled with liquid chromatography-tandem mass
spectrometry (LC-MS/MS) identification was used to
compare profiles of N-glycoproteins / N-glycopeptides/
and N-glycosites between human HSCs (LX-2 cells)
with and without activation by TGF-B1. This integrated
strategy is summarized in Fig. 1.

Materials and Methods

Materials

Dulbecco's modified Eagle medium and fetal bovine
serum were purchased from Invitrogen (Carlsbad, CA,
USA). TGF-B1 was purchased from R&D systems
(Minneapolis, MN, USA). AffiGel hydrazide resin was
purchased from Bio-Rad (Hercules, CA, USA). Dithio-
threitol and iodoacetamide were purchased from GE
Healthcare (Waukesha, WI, USA). Urea, NH HCO,,
NalO,, HPLC-grade acetonitrile (ACN), trifluoroace-
tic acid (TFA), bicinchoninic acid, proteinase inhibitor
cocktail, and Bradford assay reagent were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Trypsin was
purchased from Promega (Madison, WI, USA). PNGase
F was purchased from New England Biolabs (Ipswich,
MA, USA). Bovine serum albumin was purchased from
Merck (Darmstadt, Germany). T-PER reagent was from
Pierce Biotechnology (Rockford, IL, USA). Rabbit
polyclonal antibodies against glucosamine (N-acetyl)-
6-sulfatase (GNS), 1-phosphatidylinositol 4,5-bisphos-
phate phosphodiesterase beta-2 (PLCB2), and GADPH
were from GeneTex Inc. (Irvine, CA, USA). A rabbit
polyclonal antibody against zinc finger and BTB do-
main-containing protein 1 (ZBTB1) was purchased
from Abcam Trading Company Ltd. (Shanghai, China).
Other chemical reagents were obtained from commer-
cial suppliers and used without further purification.

Amicon Ultra-0.5 3kD devices were obtained from
Millipore (Bradford MA, USA). C18 SepPak columns
were from Waters (Milford, MA, USA). All solutions
were prepared with ultra-pure water obtained from a

Milli-Q50 SP Reagent Water System (Millipore). The
ZHWY-2101C oscillator was from ZhiCheng Corpora-
tion (Suzhou, China). The SpeedVac was from Thermo
Scientific (Waltham, MA, USA). HPLC used a Zorbax
300SB C18 analytical column (150 x 0.075 mm, 3.5
mm particles). The Q-TOF 6530 mass spectrometer was
from Agilent (Santa Clara, CA, USA).

Cell culture and activation

LX-2 cells were maintained and activated as descri-
bed previously (17,31). LX-2 cells (2 x 10°) were see-
ded and cultured for 24 h in Dulbecco's modified Eagle
high glucose medium supplemented with 10% fetal bo-
vine serum. After 24 h of starvation, cells were activated
by adding 2 ng/mL TGF-B1 for an additional 24 h. The
control groups were not treated with TGF-$1.

Extraction and trypsin digestion of total protein

Total protein from LX-2 cells was extracted using T-
PER reagent as described previously (17,32). Adherent
cells were washed twice with ice-cold phosphate buf-
fered saline (PBS) (10 mM sodium phosphate buffer
containing 150 mM NaCl, pH 7.4) to remove culture
media. Cells were disrupted by repetitive pipetting after
a 15 min incubation with 10 pL/mL of T-PER reagent
mixed with protease inhibitors. Following centrifuga-
tion at 10,000 x g for 10 min, the supernatant was col-
lected immediately for use, or stored at —80°C. LX-2
cells were independently treated by three times and
the total proteins from each group (n=3) were pooled
in order to reduce error. The protein concentration was
determined by the bicinchoninic acid assay. Two mg of
protein was concentrated at 4°C using a 3 kD Amicon
Ultra centrifugal filter with denaturing buffer (8 M urea
in 0.1 M NH,_HCO, solution, pH 8.3) (33,34) at 12,000
x g for 20 min. This was repeated three times with an
exchange of solvent to denature the proteins. The pro-
teins were then reduced by incubation for 60 min in 5
mM dithiothreitol at 60°C, and alkylated by 20 mM
iodoacetamide at room temperature in the dark for 30
min. The solution was diluted 5-fold with 0.1 M NH H-
CO, (pH 8.3) and the proteins were digested overnight
with 20 pg sequencing-grade modified trypsin at 37°C.
Digestion was terminated by acidifying the sample mix-
ture with TFA to pH < 3. The peptides were desalted by
a Sep-Pak® Vac C18 cartridge and eluted in 0.4 mL of
80% ACN/0.1% TFA.

Enrichment of N-glycopeptides by hydrazide che-
mistry

The N-glycopeptides in LX-2 cells were enriched by
hydrazide chemistry as described previously (18,33,34).
Briefly, the peptides (~0.5 mg) were oxidized by 10 mM
NalO, at room temperature for 1 h in the dark. The oxi-
dized peptide samples were diluted 16-fold with 0.1%
TFA and purified using a C18 column. The purified
peptides were eluted directly into hydrazide resin and
incubated overnight at room temperature with shaking.
The resin was washed sequentially three times each
with 80% ACN, 1.5 M NaCl, and deionized water. The
N-linked glycopeptides were released from the resin via
2 uL PNGase F in 100 pl of 25 mM NH,HCO, at 37°C
overnight with shaking. The supernatant and wash solu-
tions were combined and lyophilized.
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LC-MS/MS analysis

Lyophilized peptides were resuspended in 25 pL
of 0.1% formic acid (FA), and 8 pL was used for each
LC-MS/MS run. The LC-MS/MS analysis of peptides
was conducted using a LC Packing nano-LC system
(Agilent 1200 series) with a nanoelectrospray chip
interface (Agilent) and a quadrupole TOF mass spec-
trometer (Agilent 6530 Accurate-Mass QTOF LC/MS).
The samples were first loaded onto an HPLC-Chip
(G4240-62010, Zorbax 300SB C18 particles) for nano-
LC separation at a flow rate of 300 nL/min. The eluents
used for the LC were (A) 1% ACN/0.1% FA and (B)
90% ACN/0.1% FA. A gradient was utilized from 3% B
to 10% B in 10 min, from 10% B to 45% B in 70 min,
from 45% B to 95% B in 10 min, and held at 95% B for
15 min. Then the column was re-equilibrated for 15 min
before the next run. Due to the statistical fluctuations of
peptide precursor selection during the MS/MS acquisi-
tion, two LC-MS/MS assays were run for each sample
to facilitate a proper proteome comparison.

Data mining and analysis

Protein identification was accomplished using the
MASCOT database search engine (V2.3.02, Matrix
Science, London, UK). The MS/MS spectra were used
to search the IPI human 3.74 database in which tryp-
sin, and up to two cleavages errors were allowed. The
carboxymethylated cysteines (+57 Da) were set as a
fixed modification. Oxidized methionine (+16 Da) and
deamidization of asparagine (+0.98 Da) were set as
variable modifications. A peptide tolerance of 20 ppm
and a tolerance of + 0.7 Da for the fragment ions were
used. Glycoproteins were identified from peptides with
a Mascot Score above 25 (p <0.05) and a deamidization
site on the Sequon motif (asparagine-Xxx-threonine/
serine where Xxx should not be proline) (p < 0.05). The
N-glycopeptides identified were filtered by a deamida-
ted (N) site at the N-X-S/T motif (where X is any amino
acid except proline) to reduce potential false positives
(35).

Label-free relative quantification of glycoproteins
identified by emPAI

The Mascot search engine has incorporated a semi-
quantification method, emPAI, which leads to a conve-
nient relative quantification method. To compare activa-
ted with quiescent LX-2 cell glycoproteomes, the nor-
malized emPAI value for each protein in each sample
for each run was calculated (see Formula 1), and the
emPAI values for two runs were averaged and were
compared by fold change in the activated versus the
quiescent LX-2 cells.

Formula 1: normalized emPAI of a glycoprotein
= emPAI of a glycoprotein / sum of all emPAls in a
samplex 100.

Proteome Bioinformatics

Ontology analysis was performed according to the
standard Blast2GO procedure (36) to gain insights of
the identified N-glycoproteins in three aspects of GO.
The differences in GO terms between those of glyco-
proteins from activated and quiescent LX-2 cells were
also determined (37). Biological pathways represented
by the identified glycoproteins were from the KEGG

human pathway database (38). To validate the results
of the Blast2GO and KEGG analyses, an independent
functional enrichment analysis was performed using
DAVID (Database for Annotation, Visualization and
Integrated Discovery) (39). Finally, to assess the func-
tional relevance of the differentially expressed glyco-
proteins, a protein-protein interactive network analysis
was performed using STRING (40).

Western blot analysis

Thirty pg of proteins were separated by 10% SDS-
PAGE and then transferred to PVDF membranes (Mil-
lipore). After blocking for 2 h at room temperature
with 5% (w/v) skimmed milk powder in TBS (100
mM Tris-HCI, 150 mM NaCl, pH 7.6), the membrane
was incubated overnight at 4 °C with rabbit polyclonal
antibodies against GNS, PLCB2, KRT26, or GADPH
in antibody dilution buffer (5% (w/v) skimmed milk in
TBST (0.05% (v/v) Tween 20 in TBS, pH 7.6)). The
membranes were washed three times with TBST, and
then incubated with alkaline phosphatase-conjugated
secondary antibodies (1:1000 (v/v) in antibody dilution
buffer) for 1 h at room temperature. The membranes
were washed three times with TBST and proteins de-
tected using a 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue tetrazolium salt substrate solution. f—Actin
was used as the internal control.

Fluorescence immunohistochemistry

The anti-PLCB2 antibody was labeled with Cy3
fluorescence dye (GE Healthcare, Little Chalfont, UK)
and purified by Sephadex G-25 columns according to
the manufacturer's instructions. Adherent cells were
fixed with 4% (w/v) paraformaldehyde and permeabi-
lized at 4°C for 10 minutes in PBS supplemented with
1% (v/v) Triton X-100, then rinsed twice in PBS. The
permeabilized cells were treated with H,O, (3% (v/v)
in methanol) for 20 min to block endogenous peroxi-
dases. Cells were blocked with 5% (w/v) bovine serum
albumin in PBS (blocking solution) for 1 h at room tem-
perature. After that, cells were incubated with 100 pg/
mL of Cy3 labeled PLCB2 antibody diluted in the bloc-
king solution overnight at 4°C in the dark. Finally, cells
were stained with DAPI (1 pg/mL in PBS; Roche) for
10 min before the final rinse. A laser scanning confo-
cal microscope FV 1000 (Olympus, Tokyo, Japan) was
used to collect the images using the merge channels of
Cy3 and DAPI.

Results

Identification of N-glycoproteins

Relatively large indexes of the N-glycoproteomes
from the activated LX-2 and the control were identi-
fied by LC-MS/MS. A total of 81 and 64 non-redun-
dant N-glycopeptides representing 65 and 51 unique
N-glycoproteins were identified in the activated and the
quiescent LX-2 cells respectively (Table 1 and Figs. 2A
and 2B). Of these N-glycoproteins, 35 proteins (e.g.,
pigment epithelium-derived factor and clathrin heavy
chain 1) were identified specifically in the activated
LX-2 cells, and 21 proteins (e.g., ZBTB1) were identi-
fied specifically in the control cells (Table 1). Estimates
of emPAl-based protein abundance deviated from the
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Table 1. N- glycoproteins / N-glycopeptides / N-glycosites identified from activated and quiescent LX-2 cells by hydrazide chemistry.

Protein Peptide AIQ
Accession Glycoprotein Gene Coverage Identified Glycopeptide® Sp QorA® <. Glycosites?
% core Ratio
IP100003269 Beta-actin-like protein 2 ACTBL2 215 MTDNELSALVVDN*GSGMCKA 5.87 QA  — 13N
IP100010790 Biglycan BGN 10.9 RMIEN*GSLSFLPTLRE 46.96 QA  — 270%
IP100045396 Calumenin CALU 6.2 RN*VTYGTYLDDPDPDDGFNYKQ 85.32 QA  — 131¥
P100107357 Cleftlip and gi‘(l)i‘:rfrfnsmembme CLPTM1 22 KDYYPIN*ESLASLPLRV 84.02 QA 06 295K
IP100551062 Protein canopy homolog 3 CNPY3 7.9 KVVMDIPYELWN*ETSAEVADLKKQ 57.57 QA 27 153%
IP100297646 Collagen alpha-1(I) chain COLIAL 1.0 RLMSTEASQN*ITYHCKN 52.31 QA  — 1365V
IP100739099 Collagen alpha-2(V) chain COL5A2 6.5 KEASQN*ITYICKN 51.38 QA  — 1400
Peptidyl-prolyl cis-trans isomerase RYHYN*GTFLDGTLFDSSHNRM 23.05
IPI00182126 KBPO FKBP9 6.7 RYHYN*GTLLDGILFDSSYSRN 2115 QA  — 174K 286¢
idvl- is-trans i RYHYN*GTFEDGKK 27.12
1P100303300 eptidyl-prolyl cis-trans isomerase gy ppyg 5.3 QA 057 70 204"
FKBP10 RYHYN*GSLMDGTLFDSSYSRN 52.07
PI001gagss  CPNATTLIAIZL fis, clone FKBP10 54 RYHYN*GSLMDGTLFDSSYSRN 437 QA 057 6~
1P100029723 MIR198 Follistatin-related protein 1 FSTL1 32 KGSN*YSEILDKY 54.04 QA 0.41 144°
, RQVVEN*MTRAHFPLDVQWNDLDYMDSRR 4.92
IP100293088 Lysosomal alpha-glucosidase GAA 24 QA 0.58 390K, 470%
RGVFITN*ETGQPLIGKV 50.59
KYYN*YTLSINGKA 55.24 o
IPI00012102  N-acetylglucosamine-6-sulfatase GNS 15.9 RQAKTPMTN*SSIQFLDNAFRK 261 QA 205 L2
KMLVANIDLGPTILDIAGYDLN*KT 7.17
1P100027851 CDNA FLIS3927, highly similar to- 4y o 1.9 KSAEGTFFIN*KT £334 QA 203 157
Bﬁtfl/;{le)lcoqa}nﬁmdaﬁe alnh%) _clham
class I histocompatibility N
IPI00760554 - imen A0 ol eham HLA-A 4.1 RGYYN*QSEAGSHTVQRM 35.06 QA 06 110
IP100022488 Hemopexin HPX 2.8 RSWPAVGN*CSSALRW 51.61 QA  — 187%
IPI00003865 Heat shock cognate 71 kDa protein ~ HSPAS 38.2 KN*QTAEKEEFEHQQKE 18.01 QA  — 584N
IPI00555565 | utative heagos_}t‘)‘e’f;‘f“’tem HSP " HspooaB4p 10.5 MSLIINTFYSNKEIFLQELISN*ASDALDKI 10.62 QA 045 2N
RELISN*ASDALDKI 11.39 o
IP100027230 Endoplasmin HSP90B1 14.7 KHNN*DTQHIWESDSNEFSVIADPRG 32.93 QA — 4;3%,17 ’
KYN*DTFWKEFGTNIKL 1.56
IPI00000877  Hypoxia up-regulated protein 1 HYOU1 3.6 RVFGSQN*LTTVKL 18.45 QA — S15%
o . RFN*STEYQVVTRV 33.44 o
IP100020557 T rolow-density lipoprotein receptor- LRPI1 1.3 RIETILLN*GTDRK 47.6 QA 446, 2O,
related protein 1 3089
RMHLN*GSNVQVLHRT 11.53
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1P100337335 Myosin-14 MYH14 44 RAQAELEN*VSGALNEAESKTIRL 1591 QA  — 1308
IPI00335168  Myosin light polypeptide 6 MYLG6 457 RVEDKEGN*GTVMGAEIRH 6597 QA  — 101N
IP100025049 Catiog}‘fgﬁ;‘:g‘igft‘gfse'6' M6PR 14.8 RLN*ETHIFN*GSNWIMLIYKG 67.32 Q,A — 1075, 1137
IPI00337495 Procollagenjlysine,2—0x0glutarate PLOD2 4.9 KYFN*YTVKV 15.53 Q.A o 63", 6967
5-dioxygenase 2 RYN*CSIESPRK 53.55
KHESNNVGLLEN*LTNGVTAGNGDNGLIPQRK  2.62
1P100479743  POTE ankyrin domain family POTEE 12.1 KEKDVLHEN*STLRE 298 QA PO
KALQLNELTMDDDTAVLVIDN*GSGMCKA 538
P100009923 Tl 4-hydroxylase subunit P4HAI 8.1 KDMSDGFISN*LTIQRQ 318 QA — 113K
IP100015842 Reticulocalbin-1 RCN1 8.8 RVVRPDSELGERPPEDN*QSFQYDHEAFLGKE  39.12 QA  — 53K
1P100887938 Protein SET SET 44 KEFHLN*ESGNPSSKS 417 QA — 159N
IP100030847 Transmem:q{:nﬂigrS_,)“perfamﬂy TMOSF3 1.9 RIVDVN*LTSEGKV 32.24 QA 181 174%
IP100219678 Eukarygiiotrraznzﬁglil‘;ri‘tﬁlﬁﬁaﬁ°“ EIF2S1 13.0 RAGLN*CSTENMPIKI 1.73 Q 0.01 217%
PI00642244 TR membrzﬁﬁlf;i"tfi“ complex EMC1 1.0 RFINYN*QTVSRM 17.23 Q 0.01 913K
IPI00339269  Heat shock 70 kDa protein 6 HSPA6 5.0 RELAVGIDLGTTYSC\’%\T/FQQGRVEILANDQGN 1.01 Q 00l 37
IPI00442154 1eucine-, glutzrrr(‘)jte; a‘lnd lysine-rich ¢ prepy 6.6 KEIDSN*DSVSENLRKE 25.66 Q 0.01 2148
IP100470649 Nicalin NCLN 1.4 RVIYN*LTEKG 15.08 Q 00l 428"
IPI00218830 tetragggggfgi‘fferasel NMTI 8.4 KMKGFDVFNALDLMEN*KT 2.12 Q 0.01 458"
IP100873495 DNA polymerase theta POLQ 4.4 KINEVLIQN*GSKNQNVYMKH 1.72 Q 0.01 1309N
IP100419585 cptidyl-prolyl cis-trans isomerase PPIA 38.2 KHTGPGILSMANAGPNTN*GSQFFICTAKT 12671 Q 00l 108%
1P100657716 T PIOYIProlyl estransisomerase - ppyap 4 207 KHTGSGILSMANAGPNTN*GSQFFICTAKT 281 Q 001 108
IPI00425002 | ranslocon-associated protein SSR2 8.4 RIAPASN*VSHTVVLRPLKA 56.73 Q 001 88K
1P100025160 Protein VAC14 homolog VAC14 6.9 KEVANVCN*QSLMKL 0.82 Q ool 305V
1P100479509 ReNSEP] (Fragment) YBXI 46.7 KGAKAAN*VTGPGGVPVQGSKY 774 Q 00l 1208
PI00007273  ZM¢ gﬁzmﬁg Er?fe Slo?ai“' ZBTBI 6.5 RMFFMNHQHSTAQLN*LSNMKI 3.06 Q o001 64
IPI00936175 LOCl%%léfgggséTﬂar 0 L0C100128355 108 KFMENANYGIEGMQVNN*VSKAVN*KS 0.23 Q 00l N
IPI00935692 Loncrcl)?e??)gf,ogélzyffggggcal LOC100290509  32.4 KHTGPGILSMANAGPNMN*GSQFFICTAKT 1.63 Q 00l N
1P100886o11 OO0 ?asllﬁglte";‘;?enh?lpha ' Locessoas 106 QPALATLPPIARCOLIMDDDIEVIVVRREG 5 15 Q 00l N
IP100877807 21 kDa protein 45.9 RNVLIFDLGDDTFN*VSILTTEDGIFEVKS 242 Q o0l N
IP100879182 8 kDa protein 45.9 KHTGPGMLSMANAGPNTN*GSQFLICTAKT 12.46 Q ool N
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c¢DNA FLJ51587, highly similar

IP100908994 to Heterogeneous nuclear 23.6 KKIFVGGSYNDFGNYNN*QSSNFGPMKG 3.44 Q 0.01 121N
ribonucleoprotein A1l
; imi RVFGSQN*LTTVKL 18.45
IP100922838 cDNA FLJ56074, highly similar to 8 QN*LT Q 0.01 550N, 851N
150 kDa oxygen-regulated protein KN*ATLAEQAKL 0.06
1P100453476  CDNA FLISI983, highly similar to 55.5 RSYDVPPPPMEPDHPFYSN*ISKD 15.52 Q 001 1208
Phosphoglycerate mutase 1
IP100021439 Actin, cytoplasmic 1 ACTB 61.1 MDDDIAALVVDN*GSGMCKAGFAGDDAPRA 1.73 A 100 12v
PI00021812  Neuroblast differentiation- AHNAK 3.1 K APN*ISMPDVDLNLKGPKI 7.5 A 100 2450"
associated protein AHNAK
IPI00760877 Transcrég&‘:;rflaeft"lgTF 1B BDPI 3.2 KATGN*ESSPRE 18.96 A 100 962N
*
IP100024067 Clathrin heavy chain 1 CLTC 49 KEAIDSYIKADDPSSY\I,VIIQ’ VQAANTTISGNWEEL ¢ |3 A 100 1145
1 E3 *
IP100215637 ATP-dependent RNA helicase DDX3X 13 MSHVAVENALGLDQQFAGLDLN*SSDN*QSGGS 371 A 100 20N, 26N
DDX3X TASKG
KQSISKFMAFVHTSVN*QTSQSYLSNEQRY 137
IP100302453  Dynein heavy chain 9, axonemal DNAH9 2.6 Q Q Q A 100 3023N, 3452\
RMSVEN*ATILINCERWPLMVDPQLQGIKW 44
IPI00414676  Heat shock protein HSP 90-beta ~ HSP90ABI 283 RELISN*ASDALDKI 11.39 A 100 46N
Putative uncharacterized protein % K
IP100930442 DKEZn6S6 M4 18 IGHG4 1.9 REEQFN*STYRV 29.99 A 100 177
IP100306604 Integrin alpha-5 ITGAS 1.8 RHPGN*FSSLSCDYFAVN*QSRL 27.31 A 100 7127, 724"
IP100220327  Keratin, type II cytoskeletal 1 KRTI 18.6 RMSGECAPN*VSVSVSTSHTTISGGGSRG 1.56 A 100 500"
IPI00009865  Keratin, type I cytoskeletal 10 KRT10 25 RN*VSTGDVNVEMNAAPGVDLTQLLNNMRS 9.34 A 100 296N
IPI00015309 Keratin, type I cytoskeletal 12 KRT12 43 MDLSN*NTMSLSVRT 7.87 A 100 SN
IP100375910 Keratin, type I cytoskeletal 26 KRT26 12 RQIISATICN*ASIVLQNDNARLTADDFRL 0.39 A 100 155N
IPI00376379  keratin, type II cytoskeletal 1b KRT77 73 KMEIAELN*RTVQRL 7.47 A 100 386"
P100216070  Myosin light chain 1/3, skeletal MYLI 14.4 RVFDKEGN*GTVMGAELRH 65.97 A 100 144N
muscle isoform
IP100793089 Myosin light polypeptide 6 MYL6B 53 RVFDKEGN*GTVMGAEIRH 3.69 A 100 101V
IP100220278 Myosin regmato‘z light polypeptide g 442  KNPTDEYLEGMMSEAPGPIN*FTMFLTMFGEKL 6.6 A 100 8N
IP100169285  Putative phospholipase B-like 2 PLBD2 8 RSDLNPAN*GSYPFQALRQ 34.77 A 100 515%
I-phosphatidylinositol
IPI00784327 4,5-bisphosphate phosphodiesterase PLCB2 5.1 REIN*NSHIQEVVQVIKQ 6.27 A 100 1076N
beta-2 i
PI00739539  TOTE anlzgﬁlf;‘%am family POTEF 11.7  KHESNNVGLLEN*LTNGVTAGNGDNGLIPQRK 1.29 A 100 432N 712V
1PI00738655 ~ TOTE ankﬂzg;ggr‘?aln family POTEJ 142 KALQLNELTMDDDTAVLVIDN*GSGMCKA 5.38 A 100 675
, , KALQLNELTMDDDTAVLVIDN*GSGMCKA 5.38
IPI00887316 Actin, beta-like 3 POTEKP 12.1 A 100 N
KHGSTHVGFPEN*LTNGAAAGNGDDGLIPPRKS 1.33
IP100925411 13 kDa protein PPIA 48.3 KHTGPGILSMANAGPNTN*GSQFFICTAKT 131.94 A 100 48N
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LS

cDNA FLJ35730 fis, highly

IPI00550991 similar to ALPHA-1- SERPINA3 10.5 RTLN*QSSDELQLSMGNAMFVKE 412 A 100 127
ANTICHYMOTRYPSIN
IP100006114  Pigment epithelium-derived factor ~ SERPINF1 53 KVTQN*LTLIEESLTSEFIHDIDRE 94.11 A 100 285K
IPI00844215 Spectrin alpha chain, brain SPTAN1 2.8 RQEQIDN*QTRI 1.59 A 100 1051N
assoc : RIAPASN*VSHTVVLRPLKA 35.07
IPI00604442  |ranslocon-associated protein SSR2 308 = A 100 88K 114K
subunit beta KAGYFN*FTSATITYLAQEDGPVVVSCPNP 1.49
IPI00218905 TRAFz;‘é‘tleﬁckﬁgt:m“‘ng TNIK 3.9 KGLSGFQEALN*VTSHRVEMPRQ 0.5 A 100 627
1P100877930 Tubulin beta-8 chain TUBBS 244 KN*SSYFADWLPDNVKT 2.66 A 100 37
*
IP100291175 Vinculin VCL 137 RATMLORTRZISDEESFQATEMEVENAQNLMOS =5 37 A 100 1078"
1PI00022774 |ransitional e‘g’g;"s‘zmlc reticulum VCP 213  RAVAN*ETGAFFFLINGPEIMSKLAGESESNLRK 0.81 A 100 260N
PI00640611  “OC100288889 hypothetical =y 100788880 494  KAQFN*LSVYPYDPTWSITHTEETLVLVMANKN 196 A 100 N
protein XP_002342830.
cDNA FLJ57036, highly similar to
IPI00910712 Homo sapiens tropomyosin 2 (beta) 20.1 RTMDQALKSLMASEEEVVTPMN*LSGQWRL 138 A 100 219
(TPM2)
1PI00921849 CDNA FLIS7046, highly similar to 1 RGVFITN*ETGQPLIGKV 50.59 A 100 470
Lysosomal alpha-glucosidase
1PI00964079 CDNA FLIS8783, highly similar to 15.2 MN*SSLGPTIEKLSVSHIMAAKA 5.53 A 100 2N

T-complex protein 1 subunit epsilon
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Figure 2. Identification and physiochemical characteristics of N-
glycoproteins isolated from activated and quiescent LX-2 cells.
The Venn diagrams present the numbers of non-redundant N-
glycopeptides (A) and N-glycoproteins (B) identified by MS. A:
activated LX-2 cells. Q: quiescent LX-2 cells. (C) A pI-molecular
weight diagram of total N-glycoproteins in LX-2 cells.

actual measured values and revealed that four proteins
(e.g., N-acetylglucosamine-6-sulfatase and transmem-
brane 9 superfamily member 3) were up-regulated
(fold-change > 1.5), while 7 proteins (e.g., lysosomal
a-glucosidase and putative heat shock protein HSP 90-3
4) were down-regulated (fold-change < 0.67) in the
activated LX-2 cells compared to the control. By map-
ping to the Uniprot database (41), 23 proteins (26.7%
of those identified in this research) were marked as N-
glycoproteins, 5 were potential N-glycoproteins (5.8%),
and 58 were newly identified N-glycoproteins (67.4%).
After identification of the isoelectric point (pI) and mo-
lecular weights, the pl values of the total identified N-
glycoproteins were between 4 and 11, but most of these
were clustered around 4-6 in the activated compared to
the quiescent LX-2 cells. The molecular weight of most
N-glycoproteins (90.7%) was lower than 200 kDa (Fig.
2C).

N-Glycosites identified in LX-2 cells by hydrazide
chemistry

Totally, 103 non-redundant N-glycopeptides with
107 glycosites from 86 N-glycoproteins were identi-
fied in this study by LC-MS/MS. By mapping all 107
glycosites to the Uniprot database, 33 (30.8%) of the
identified N-glycosites were annotated as ‘“known”
(e.g., N*ELT on hypoxia up-regulated protein 1), and 11
(10.3%) are marked as “potential” sites of N-glycosy-
lation (e.g., N¥!DT on endoplasmin). The other 63 gly-
cosites (58.9%) were new ones (e.g., NS%VS on myo-
sin-14) identified in this study (Table 1). Besides, 41
and 23 N-glycosites were presented solely in the activa-
ted and the quiescent LX-2 cells respectively (Table 1).

Gene ontology analysis
To identify the major biological functions of N-gly-

coproteins in LX-2 cells, Blast2go was used to analyze
three aspects of the N-glycoproteins that were identified:
cellular components, biological processes, and molecu-
lar functions (Fig. 3A). Totally, 77 of 86 identified N-
glycoproteins had GO annotations. In terms of the cel-
lular components, 63 (73.3%) were cell proteins while
54 (62.8%) were organelle proteins. Other proteins
were located on membranes (27, 31.4%), macromole-
cular complexes (25, 29.1%), and membrane-enclosed
lumens (16, 18.6%). In terms of biological processes,
50 (58.1%), 39 (45.3%), 37 (43.0%), and 34 (39.5%)
proteins participated in cellular processes, responses to
stimuli, metabolic processes, and biological regulation,
respectively. In terms of molecular functions, glycopro-
teins with binding properties contributed the most (57,
66.3%), but other molecular functions including cata-
lytic (22, 25.6%), structural molecule (17, 19.8%), and
receptor (4, 4.7%) activities were also found. Detailed
analysis of the glycoprotein binding properties revea-
led that large proportions of the binding activity were to
proteins (31, 36.0%), small molecules (22, 25.6%), ion
(20, 23.3%), and carbohydrates (6, 7.0%).

A GO enrichment analysis was performed to deter-
mine whether there was any difference in the three
aspects of GO annotations between the activated and
quiescent LX-2 cells. The response to a stimulus, detec-
tion of a stimulus, activation of an immune response,
and gene silencing were much higher, while the initia-
tion of translation and cell cycle progression were much
lower, in the activated than in the quiescent LX-2 cells
(Fig. 3B).

KEGG pathway and protein interaction network
analysis

Sixty seven of the total 86 identified N-glycoproteins
were annotated in DAVID Bioinformatics Resources
6.7 with the thresholds of counts > 2 and P values <
0.05 compared to the background of the human genome.
These N-linked glycoproteins mapped to 11 KEGG
pathways (e.g., regulation of actin cytoskeleton, focal
adhesion, and tight junction) that were significantly re-
presented (p < 0.05) with a fold enrichment higher than
4.5 (Table S1). Proteins involved in focal adhesion (e.g.,
collagen alpha-2(V) chain, integrin alpha-5, vinculin,
and cytoplasmic 1) (Fig. 4A) and glycosaminoglycan
degradation (e.g., N-acetylglucosamine-6-sulfatase and
the beta-hexosaminidase alpha chain) (Fig. 4B) were
identified or up-regulated in the activated LX-2 cells.
Upon further annotation, 83.6% of these N-glycopro-
teins had a signal peptide and contained N-linked glyco-
sylation sites (Table S2). In addition, a total of 73 mat-
ched N-glycoproteins were queried against the STRING
Homo sapiens database to determine their functional
relevance (Fig. 5A). Through K-mean clustering analy-
sis, the clusters of CCT5, VCP, HSP90ABI1, and ACTB;
SERPINA3, CNPY3, and SERPINF1; POTEJ, POTEF,
POTEI, and TUBBS; and MYL1, MYL9, MYL6B,
CLTC, and SPTAN1, were all up-regulated in activated
LX-2 cells.

Validation of N-glycoproteins expression in LX-2
cells

Alterations of N-glycoproteins expression in acti-
vated compared to quiescent LX-2 cells were assessed
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Figure 3. Gene ontology annotations of the N-glycoproteins identified in LX-2 cells. (A) Total N-glycoproteins identified in LX-2 cells were

analyzed using Blast2GO® software for functional enrichment according to three grouping classifications: cellular components, biological pro-
cesses, and molecular functions. (B) Gene ontology classification, and comparison of the enrichment of functional groups between quiescent and

activated LX-2 cells, were performed using WEGO software.
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Potential interactions among N-glycoproteins showing significant correlations by STRING analysis. Up-regulated (red arrow) and down-regu-
lated (green arrow) proteins in activated LX-2 cells. (B) Western blots of GNS, PLCB1, and ZBTB1 in activated and control LX-2 cells. (C)
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by measuring the expression of N-acetylglucosamine-
6-sulfatase (GNS), 1-phosphatidylinositol 4,5-bisphos-
phate phosphodiesterase beta-2 (PLCB2), and zinc fin-
ger and BTB domain-containing protein 1 (ZBTBI1).
The expression of GNS and PLCB2 were increased and
the expression of ZBTB1 was decreased in the activated

versus the quiescent LX-2 cells, which was consistent
with the result of MS identification (Fig. 5B). Immuno-
histochemistry showed obviously the increased expres-
sion of PLCB2 in activated LX-2 cells than the control
(Fig. 5C).
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Discussion

Protein N-glycosylation is importantly involved in
almost all pivotal cellular processes, such as ion trans-
port, bacterial and viral infection, cell communication,
and signal transduction (42-44). Aberrant N-glycosyla-
tion is related to abnormal development, inflammation,
carcinogenesis, and tumor progression (45,46). Most
of current tumor biomarkers are N-glycoproteins (e.g.,
prostate-specific antigen, a-fetoprotein, and HER2/neu)
(47). Comparison of profiles of N-glycoproteins in hu-
man HSCs with and without activation by TGF-f1 by
LC-MS/MS was particularly useful method for finding
novel molecular mechanisms of HSC activation and an-
tifibrotic therapeutic strategies. However, high-efficien-
cy enrichment of N-glycoproteins or N-glycopeptides
before MS detection is usually the first step of N-glyco-
proteome analysis due to the relative lower abundance
of N-glycoproteins in complex biological samples. The
N-glycopeptide extraction method based on hydrazide
chemistry is very easy to handle, exhibits high specifici-
ty and high reproducibility, and is widely used in serum
glycoproteome research, glycosylation analyses of the
influenza virus, and disease-related glyco-biomarker
discovery (48,49). In this study, more N-glycoproteins
and N-glycosites were identified from activated than
from quiescent LX-2 cells. In our previous study, PHA-
E, that recognizes bisecting GlcNAc and biantennary N-
glycans, showed increased binding to the cytoplasmic
membrane and the perinuclear region of cytoplasm in
activated LX-2 cells. In contrast, PHA-E+L, that binds
specifically to tri- and tetra-antennary complex-type N-
glycans, showed no significant difference between the
two cell groups. This suggests that the higher abundance
of N-glycoproteins and N-glycosites in activated HSCs
might be the result of increased amounts of bisecting
GlcNAc and biantennary N-glycans.

The activation of the HSCs is characterized by pro-
liferation, contractility, fibrogenesis, and chemotaxis,
especially the accumulation of ECM (52). In this study,
most proteins involved in regulation of the actin cytos-
keleton (e.g., vinculin, myosin light chains, and integrin
alpha-5) and focal adhesion (e.g., collagen alpha-2(V)
chain, integrin alpha-5, vinculin, and cytoplasmic 1)
(Fig. 4A) were identified solely or up-regulated in the
activated HSCs. Actin cytoskeleton participates in many
basical processes including the regulation of cell shape,
motility, and adhesion (50). Focal adhesions are speci-
fic large macromolecular assemblies through which the
cytoskeleton of a cell connects to the ECM. Proteins
associate and disassociate with the ECM continually as
signals are transmitted to other parts of the cell, rela-
ting to anything from cell motility to the cell cycle (51).
Each of these characteristics is closely related to regu-
lation of the actin cytoskeleton and focal adhesion. Fur-
thermore, according to the protein interaction networks,
many cytoskeletal proteins and proteins attached to the
cytoskeleton are up-regulated in the activated HSCs.
Actually, the changes in the abundance of N-glycopep-
tides from the LC/MS experiments may be caused by
either changes in protein expression or changes in N-
glycosylation, or both of them. To elucidate aberrant
glycosylation on the function of those proteins, more
research needs to be done in future.

The cytoskeleton of eukaryotes has three major com-
ponents: microfilaments, microtubules, and intermediate
filaments. In the current study, ankyrin domain family
members (i.e., POTEJ, POTEF, POTEKP), microtubule
proteins (i.e., TUBBS8), myosin light chains (i.e., MYLI,
MYL9, MYLG6B) that attach to the microfilament and
"walk" along them, clathrin (i.e., CLTC), spectrin (i.e.,
SPTANI) that exists as a fibrous coating on the inner
cytoplasmic surface of membranes, and keratins (i.e.,
KRT10, KRT12, KRT16, and KRT77) belonging to
intermediate filament proteins, were expressed at dis-
tinctly higher levels in the activated LX-2 cells (Fig.
5A and Table 1). In early stages of fibrosis, activated
stellate cells already show features of smooth muscle—
like cells, characterized by expression of a number of
contractile filaments, including smooth muscle actin
(53) and myosin (54), that generate calcium-dependent
and -independent contractile forces contributing to cel-
lular contractility (55,56). Overall, the regulation of cy-
toskeleton-related pathways involving N-glycoproteins,
and the increased expression of cytoskeletal N-glyco-
proteins seen in this study, were largely responsible for
the contractility of HSCs activated by TGF-f1.

GNS, with multiple known N-glycosites, that was
up-regulated in activated HSCs (Table 1 and Fig. 5B),
is a lysosomal enzyme responsible for hydrolysis of the
N-acetyl-D-glucosamine 6-sulfate units of heparan sul-
fate and keratan sulfate. Heparan sulfate proteoglycans
are found at the cell surface and in the ECM, where they
interact with a plethora of ligands (57). Increased GNS
activity increases the degradation of heparan sulfate, af-
fecting crucial cell signaling pathways, such as those in-
volving Wnt, Hedgehog, TGF-f1, and fibroblast growth
factor (58). The N-glycoprotein PLCB2 was found only
in activated HSCs. Western blot and immunohistoche-
mistry analyses also showed an increased expression
level of PLCB2 in activated HSCs compared to control
cells. This enzyme catalyzes the formation of inositol
1,4,5-trisphosphate and diacylglycerol from phospha-
tidylinositol 4,5-bisphosphate using calcium as a cofac-
tor. PLCB2 plays an important role in the intracellular
transduction of many extracellular signals including
the calcium signaling pathway, chemokine signaling
pathway, phosphatidylinositol signaling system, carbo-
hydrate digestion and absorption, and the Wnt signaling
pathway (59).

In conclusion, increased expression of N-glycopro-
teins and N-glycosites play important roles in cellular
contractility, signal transduction, and responses to sti-
muli, and might provide useful information for discove-
ring novel molecular mechanism of HSC activation and
new therapeutic targets in liver fibrosis.
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