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Integrated Proteomic and Glycoproteomic
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and Glycosylation*s
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Prostate cancer is the most common cancer among men
in the U.S. and worldwide, and androgen-deprivation ther-
apy remains the principal treatment for patients. Although
a majority of patients initially respond to androgen-depri-
vation therapy, most will eventually develop castration
resistance. An increased understanding of the mecha-
nisms that underline the pathogenesis of castration re-
sistance is therefore needed to develop novel therapeu-
tics. LNCaP and PC3 prostate cancer cell lines are models
for androgen-dependence and androgen-independence,
respectively. Herein, we report the comparative analysis
of these two prostate cancer cell lines using integrated
global proteomics and glycoproteomics. Global proteome
profiling of the cell lines using isobaric tags for relative
and absolute quantitation (iTRAQ) labeling and two- di-
mensional (2D) liquid chromatography-tandem MS (LC-
MS/MS) led to the quantification of 8063 proteins. To
analyze the glycoproteins, glycosite-containing peptides
were isolated from the same iTRAQ-labeled peptides from
the cell lines using solid phase extraction followed by
LC-MS/MS analysis. Among the 1810 unique N-linked gly-
cosite-containing peptides from 653 identified N-glyco-
proteins, 176 glycoproteins were observed to be different
between the two cell lines. A majority of the altered gly-
coproteins were also observed with changes in their
global protein expression levels. However, alterations in
21 differentially expressed glycoproteins showed no
change at the protein abundance level, indicating that the
glycosylation site occupancy was different between the
two cell lines. To determine the glycosylation heteroge-
neity at specific glycosylation sites, we further identified
and quantified 1145 N-linked glycopeptides with attached
glycans in the same iTRAQ-labeled samples. These intact
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glycopeptides contained 67 glycan compositions and
showed increased fucosylation in PC3 cells in several of
the examined glycosylation sites. The increase in fucosy-
lation could be caused by the detected changes in en-
zymes belonging to the glycan biosynthesis pathways of
protein fucosylation observed in our proteomic analysis.
The altered protein fucosylation forms have great poten-
tial in aiding our understanding of castration resistance
and may lead to the development of novel therapeutic
approaches and specific detection strategies for prostate
cancer. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M115.047928, 2753-2763, 2015.

Androgen is important for the development, function, and
proliferation of both normal and cancerous prostate cells (1).
At the earliest stage of prostate cancer, prostate cancer cells
are dependent on the presence of androgen, and androgen-
deprivation therapy (ADT)" is used to treat prostate cancer (2).
However, cells become androgen-independent as a result of
androgen deprivation therapy, and they become more ag-
gressive. This results in androgen-independent remission of
prostate cancer (3). LNCaP and PC3 cell lines have been
widely used as models of prostate cancer. LNCaP is an an-
drogen-dependent cancer cell line, whereas PC3 is an andro-
gen-independent cell line. The LNCaP cell line is less aggres-
sive as compared with PC3 cells that have a high metastatic
potential. LNCaP and PC3 cells have been previously studied
by genomics and proteomics approaches to understand the
mechanism(s) responsible for the aggressive and metastatic
nature of prostate cancer (4-8).

Post-translational modifications (PTMs) such as phosphor-
ylation are important in the function of the androgen-depend-
ent pathway. Androgen receptors bind to androgen and are

" The abbreviations used are: ADT, androgen-deprivation therapy;
iTRAQ, isobaric tags for relative and absolute quantitation; LC-MS/
MS, liquid chromatography-tandem MS; PTM, post-translational
modification; ECM, extracellular matrix; TMT, tandem mass tags;
APMAP, adipocyte plasma membrane associated protein.
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then phosphorylated before translocating into the nucleus (3).
However, protein PTMs cannot be directly inferred from gene
expression. Glycosylation is an abundant PTM and most cell
surface or secreted proteins are expected to be glycosylated
(9). Glycosylation is one of the more complex PTMs because
of the fact that different glycosylation machineries are present
in different cells, multiple glycosylation sites exist on many
glycoproteins and each glycosylation site can be modified by
several different glycans (10, 11). Such microheterogeneity of
glycan structures at each glycosylation site with different site
occupancy significantly increases the structural diversity of
each glycoprotein that is specific to the microenvironment of
the cells where each glycoprotein is produced. Although
these characteristics of protein glycosylation pose consider-
able challenges to the structural and functional analyses of
glycoproteins, we expect that cell and cell microenvironment-
specific glycoproteins differ according to the physiological
and pathological states of the cells. Aberrant glycosylation is
the result of alterations in glycosylation genes that may lead to
the development of cancer. A systematic approach to analyze
proteins, glycoproteins, and glycosylation is expected to per-
mit the identification of the glycoprotein alterations that are
specific to each cell state and aid the understanding of the
functions of glycosylation because alterations in glycosylation
can affect glycoprotein abundance or function (12, 13). A
detailed analysis of glycoproteins in cancer cells with different
functions is needed to understand tumor biology and how
glycoproteins can function as therapeutic targets or diagnos-
tic biomarkers (14, 15).

In this study, a comprehensive proteomic and glycopro-
teomic platform was designed to investigate the differences in
proteins, glycoproteins, and site-specific glycosylation forms
of glycoproteins between LNCaP and PC3 cells (Fig. 1). To
our knowledge, this is the first report to characterize glyco-
proteins with respect to protein abundance, glycosylation
occupancy, and glycosylation heterogeneity at specific gly-
cosites. These altered glycosylation patterns among proteins
between LNCaP and PC3 cell lines have a significant potential
to aid our understanding of the altered glycoprotein expres-
sion in prostate cancer cells, thus leading to novel specific
methods to detect aggressive prostate cancer.

MATERIALS AND METHODS

Cell Lines and Culture Conditions—Human prostate cancer cell
lines were cultured as described in our previous publication (16). The
cells were used for proteomic analysis upon reaching 80-90% con-
fluence. The cells were washed six times with ice-cold phosphate
buffered saline prior to cell lysis for protein extraction. Biological
replicates were prepared using the same conditions.

Protein and Peptide Extraction from Cells for Proteomic Analysis—
The cell pellet from two 10 cm dishes was first denatured in 1 ml of 8
M urea and 0.4 m NH,HCO4 and sonicated thoroughly. The protein
concentration was measured using a BCA protein assay kit (Thermo
Scientific, Rockford, IL). The proteins were then reduced by incubat-
ing in 120 mm Tris (2-carboxyethyl) phosphine for 30 min and alkyl-
ated by addition of 160 mm iodoacetamide at room temperature for 30

min in the dark. The sample was diluted with buffer (100 mm Tris-HCI,
pH 7.5) containing 0.5 ug/ul sequence grade trypsin (Sigma-Aldrich,
St Louis, MO) and incubated at 37 °C overnight. The completion of
protein digestion was assessed using SDS-PAGE and silver staining.
Peptides were purified with C18 desalting columns and dried using a
SpeedVac concentrator.

iITRAQ Labeling of Global Tryptic Peptides from Cell Lines—Each
iTRAQ (isobaric tags for relative and absolute quantitation) fourplex
reagent was dissolved in 70 ul of methanol. One mg of each tryptic
peptide sample was added into 250 ul of iTRAQ dissolution buffer,
then mixed with iTRAQ fourplex reagent and incubated for one hour
at room temperature. iTRAQ channels 114 and 115 were used to label
two replicate LNCaP samples in order to determine the analytical
reproducibility, iTRAQ channel 116 was used to label peptides from
PC3 cells and iTRAQ channel 117 was used for labeling peptides from
another cell line unrelated to this study. After iTRAQ labeling, the four
sets of tagged peptides were combined and purified by SCX column.
Then, 10% of the labeled peptides were dried and resuspended into
0.4% acetic acid solution prior to fractionation for mass spectrometry
analysis. The remaining peptides were desalted for glycopeptide cap-
ture. In the biological replicate, channels 114 and 115 were used to
label peptides from the PC3 cells and channel 116 was used to label
peptides from LNCaP cells.

Glycopeptide Capture— Glycosite-containing peptides were ex-
tracted from tryptic peptides using solid-phase extraction of glyco-
site-containing peptides (SPEG) (17). Briefly, 90% of the iTRAQ-
labeled tryptic peptides (3.6 mg) were dissolved in 5% ACN in 0.1%
TFA followed by adding 1/10 of the final volume of 100 mm sodium
periodate to the samples. The samples were incubated with hydrazide
beads for one hour at room temperature in the dark with gentle
shaking. Beads were then washed to remove any nonspecific binding.
PNGaseF (New England Biolabs, Ipswich, MA) was used to detach
glycosite-containing peptides from glycans conjugated on the beads.

Chromatography Fractionation—The global peptide mixture result-
ing from 100 ug of iTRAQ-labeled tryptic peptides was fractionated
into 24 fractions by basic reverse phase liquid chromatography
(bRPLC) using a 1200 Infinity LC system (Agilent Technology, Santa
Clara, CA) equipped with a 4.6 X 100 mm BEH120 C-18 column
(Waters, Milford, MA). Samples were adjusted to a basic pH using 1%
ammonium hydroxide. Solvent A was 7 mm tri-ethyl ammonium bi-
carbonate (TEAB), whereas Solvent B was 7 mm TEAB in 90% ace-
tonitrile. A total of 96 fractions were collected and concatenated
into 24 fractions. The glycosite-containing peptides isolated by
SPEG were not further fractionated but were analyzed directly by
LC-MS/MS.

LC-MS/MS Analysis—The peptide samples were separated utiliz-
ing a Dionex Ultimate 3000 RSL C nano system (Thermo Scientific)
with a 75 um X 50 cm C18 PepMap RSLC column (Thermo Scientific)
protected by a 5 mm guard column (Thermo Scientific). The flow rate
was 0.350 ul/min with 0.1% formic acid and 2% acetonitrile in water
(A) and 0.1% formic acid, 95% acetonitrile (B). The peptides were
separated with a 5-40% B gradient in 104mins. MS analysis was
performed using a Thermo Q Exactive mass spectrometer (Thermo
Scientific). The AGC target for MS1 was set for 3 X 10° for MS1 in
60ms maximum injection time (IT). The AGC target for MS/MS was
5 X 10* (resolution of 17,500, High-energy collisional dissociation
(HCD) and maximum IT of 100ms) of the 20 most abundant ions.
Charge state screening was enabled to reject ions with z = 1, =8 and
unassigned protonated ions. A dynamic exclusion time of 25 s was
used to discriminate against previously selected ions. The mass
spectrometry data is available via ProteomeXchange (18), and the
assigned data set identifier is PXD002107.

Data Analysis—Data were searched using SEQUEST in Proteome
Discoverer 1.4 (Thermo Scientific) against the Human RefSeq data-
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by tryptic digestion and iTRAQ labeling.
Labeled peptide samples were then
combined and separated into two ali-
quots. One aliquot was enriched for gly-
cosite-containing peptides using Solid
Phase Extraction of Glycopeptides
(SPEG) and the other aliquot was used
for bRPLC separation followed by the
analysis of global proteins and intact gly-
copeptides. Finally, peptides were ana-
lyzed using LC-MS/MS.

base downloaded on August 13, 2014 containing 55,926 proteins.
Peptides were searched with two tryptic termini allowing two missed
cleavages. The search parameters used were 10ppm precursor tol-
erance and 0.06Da fragment ion tolerance, fragmentation using HCD,
static modification of fourplex iTRAQ at N terminus and lysine, carb-
amidomethylation of cysteine, and variable modification of oxidation
at methionine. Deamidation at asparagine was applied as a variable
modification to identify N-linked glycosylation sites of formerly glyco-
sylated peptides. Filters used for global data analysis included pep-
tide rank 1, two peptides per protein, and 2% FDR threshold. Filters
used for glycopeptide analysis were peptide rank 1 and 1% FDR. The
data were normalized by protein median using PD 1.4. Glycopeptides
were required to contain NXS/T motifs.

For intact glycopeptide identification, the data were searched using
Byonic 1.3 (19) and an in house developed glycopeptide analysis
software, GPQuest 1.0 (20), with the same parameters as mentioned
above for proteomic data using the human RefSeq database (Fig. 1).
Additional parameters for database search were the mammalian N-
glycans database and the offset was set for = 1. Results were filtered
using in-house software based on the following criteria: (1) presence
of two oxonium ions, (2) intensity of the highest oxonium ion greater
than the maximum reporter ion intensity, and (3) all the peptides with
scores below the score of the highest reverse database match were
removed. The data was normalized using the normalization factor
obtained in global data.

The raw mass spectrometry data are publicly accessible in Pro-
teomeXchange (ProteomeXchange.com) with the project accession#
PXD002107.

RESULTS

Global Proteomic Analysis—To determine the proteomic
profiles of LNCaP and PC3 cells, global proteomics was per-
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formed using iTRAQ labeling (Fig. 1). Each bRPLC fraction
was analyzed by LC-MS/MS to obtain both qualitative and
quantitative information on the proteome of LNCaP and PC3
cells. At 2% spectral FDR, 8063 protein groups were identi-
fied with a minimum of two peptides per protein (supplemen-
tal Table S1). Twofold differences were considered to be
significant changes. Six hundred and thirty seven protein
groups were up-regulated in PC3 cells compared with LNCaP
cells and 410 proteins were determined to be down-regulated
in PC3 cells. In the replicate analyses of LNCaP cells, none of
the proteins were up- or down-regulated, indicating a false
discovery rate of less than 0.01%. The distribution of the
fold-change expression ratios of the 8063 global proteins
between LNCaP replicates and PC3/LNCaP cells is repre-
sented in the histogram in Fig. 2. For the replicate analysis of
LNCaP cells, the protein ratios were distributed between —1
and +1 (on the log, scale) (Fig. 2). For the PC3/LNCaP com-
parison, the presence of protein ratios < —1 and > +1
suggest that protein expression changed in PC3 cells com-
pared with LNCaP cells.

When comparing the identified global proteins with the
genes that are known to play roles in glycan synthesis path-
ways, we identified 191 enzymes that were involved in glycan
biosynthesis or degradation. Eleven proteins including hyalu-
ronan synthase 3 (HASS3), bifunctional 3’-phosphoadenosine
5’-phosphosulfate synthase 2 (PAPSS2), phosphoglucomu-
tase-1 (PGM1), and alpha-(1,6)-fucosyltransferase (FUT8)
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Fic. 2. Distribution of proteins and glycoproteins between replicate analyses of LNCaP (top panel) and the distribution of glyco-
proteins versus global proteins between LNCaP and PC3 cells indicating changes in glycosylation occupancy.

were found to be up-regulated with greater than a three fold
increase in PC3 cells. Although 14 proteins in PC3 cells were
identified with at least two-fold decreased expression when
compared with the LNCaP proteome (supplemental Table S2
and Table 1), a similar trend was observed in the biological
replicate analysis (supplemental Data S1). The differentially
expressed enzymes involved in glycosylation indicate that
there may be significant differences in the glycan structures
among proteins between the two cell lines.

Glycoproteomic Analysis—To determine the changes in
glycoproteins, N-glycosite-containing peptides from the same
iTRAQ-labeled tryptic peptides that were used for global pro-
teomic analysis were isolated using SPEG. This eliminated
variation because of sample preparation between the global
proteomic and glycoproteomic analyses. In this study, we
identified 1810 N-linked glycosite-containing peptides (sup-
plemental Table S3) from 653 glycoproteins (supplemental
Table S4). The spontaneous deamidation of asparagine resi-
dues has been previously reported (21). However, the N-
linked glycosite-containing peptides identified in this study
were from the chemical immobilization of glycopeptides by
conjugating oxidized glycans to a solid support and the re-
lease of formerly N-linked glycopeptides by PNGase F. There-
fore, the N-linked deamidated asparagine residues identified

from the N-linked glycosite-containing peptides were most
from formerly N-linked glycopeptides. In order to increase the
confidence in identification of glycosites in current study,
subcellular location of glycoprotein was determined (supple-
mental Data S4).

Based on the replicate analysis of LNCaP cells, a two-fold
threshold was set to determine the number of glycoproteins
that were differentially expressed between the PC3 and
LNCaP prostate cancer cells. Among the 653 identified glyco-
proteins, 97 glycoproteins containing glycosites were quanti-
fied with significantly higher expression levels in PC3 cells,
whereas 79 glycoproteins were quantified with down-regu-
lated expression when compared with the LNCaP, with an
FDR of ~0.1% based on the changes in the replicate analyses
between LNCaP glycoproteins (Supplemental Table S5). A
slightly higher number of up-regulated glycoproteins in PC3
cells indicated a moderate increase in glycoprotein expres-
sion and/or glycosylation occupancy in PC3 cells. Differen-
tially expressed glycoproteins were compared with glycopro-
teins without changes using the DAVID annotation tool to
facilitate biological interpretation in a network context (22).
Down-regulated glycoproteins in PC3 cells are highly repre-
sented in the lysosome pathway. These down-regulated gly-
coproteins include the lysosomal acid hydrolases CTSL2 and
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TABLE |
Changes in glycosylation enzymes in PC3 cells

Accession # Gene Description Protein Type PC3/LNCaP
20302153 HAS3 Hyaluronan synthase 3 Glycan-transferase 6.2704
34447231 PAPSS2  Bifunctional 3'-phosphoadenosine 5’-phosphosulfate synthase 2 Nuc. Sugar 3.4607
21361621 PGM1 Phosphoglucomutase-1 Nuc. Sugar 3.4496
30410726 FUT8 «-(1,6)-fucosyltransferase Glycan-transferase 3.4058
4502343 B3galnt1 UDP-GalNAc:B-1,3-N-acetylgalactosaminyltransferase 1 Glycan-transferase 2.7572
190014632 GNE Bifunctional UDP-N-acetylglucosamine 2-epimerase/ Nuc. Sugar 2.7074
N-acetylmannosamine kinase
11321585 GNB1 Guanine nucleotide-binding protein G(l)/G(S)/G(T) subunit beta-1 Nuc. Sugar 2.2892
194097330 HK3 hexokinase-3 Nuc. Sugar 2.2705
42516563 UXS1 UDP-glucuronic acid decarboxylase 1 Nuc. Sugar 2.1321
240255483  SULF2 Extracellular sulfatase Sulf-2 Glycan Degradation 2.1069
13027378 GNPDA1  Glucosamine-6-phosphate isomerase 1 Nuc. Sugar 2.0157
84798622 MANBA  B-mannosidase Glycan Degradation 0.4966
189011548 ASAH1 Acid ceramidase isoform a preproprotein Glycan Degradation 0.4909
109148548 NAAA N-acylethanolamine-hydrolyzing acid amidase Glycan Degradation 0.4559
4505235 MPI Mannose-6-phosphate isomerase Nuc. Sugar 0.4540
189011550 ASAH1 acid ceramidase Glycan Degradation 0.4515
4504373 HEXB B-hexosaminidase subunit beta preproprotein Glycan Degradation 0.4304
119360348 FUCA1 Tissue a-L-fucosidase Glycan Degradation 0.4238
285002251 AGA N(4)-(B-N-acetylglucosaminyl)-L-asparaginase isoform 1 preproprotein Glycan Degradation 0.4218
38026892 ALG6 Dolichyl pyrophosphate Man9GIcNAc2 alpha-1,3-glucosyltransferase = Glycan-transferase 0.3808
4507303 SULT1A2 Sulfotransferase 1A2 xSulfotransferase 0.3672
4758092 CTBS Di-N-acetylchitobiase Glycan Degradation 0.3590
189181666 HEXA B-hexosaminidase subunit alpha preproprotein Glycan Degradation 0.3405
66346698 NAGLU a-N-acetylglucosaminidase Glycan Degradation 0.3185
29550921 SULT1A3 Sulfotransferase 1A3/1A4 xSulfotransferase 0.2449

LGMN, the glucosidases IDUA, NAGA, FUCA1, HEXA, and
MANB, and AGA, PSAP, GM2A, NRAMP, and CLNS5. Other
glycoproteins that belong to the N-glycan degradation path-
way are also enriched among the down-regulated glycopro-
teins in PC3 cells and these glycoproteins include AGA,
FUCA1, FUCA2, HEXA, and MANBA. Up-regulated glycopro-
teins in PC3 compared with LNCaP cells are enriched in the
extracellular matrix (ECM) pathway and these glycoproteins
include LAMB1, CD44, CD47, ANPEP, ITGB4, ITGA1, ITGA2,
ITGA3, RELN, and HSPQ2. Hematopoietic cell lineage, cell
adhesion molecule and focal adhesion pathway proteins were
also enriched among the up-regulated glycoproteins with p
values < 0.005.

Although 176 glycoproteins underwent =two-fold changes
between PC3 and LNCaP cells, it was not clear whether the
changes were because of changes in protein abundance or in
glycosylation site occupancy. To resolve the above dilemma,
we compared the glycoprotein changes identified from our
glycoproteomic analysis to those identified from our global
proteomic analysis. Comparing the glycoprotein versus global
protein ratio between the two cell lines indicates the differen-
tial glycosylation occupancy on the glycoproteins. Plotting the
histogram of glycoprotein/protein ratios between the PC3 and
LNCaP cells, the distribution revealed that the vast majority of
the proteins (155 glycoprotein changes; 88.1%) were located
within a range of =1 (log, scale) of the glycoprotein/protein
ratio, indicating that these proteins were regulated at the

protein abundance level (Fig. 2). However the ratios of the
remaining 21 glycoproteins (11.9%) were outside of the —1
and +1 interval suggesting significant changes in the glyco-
sylation occupancy of these proteins (Fig. 2). The data show
that the majority of the glycoprotein changes were caused by
differential protein expression and there was a subset of
glycoproteins where the changes resulted from differential
glycosylation occupancy. The CD63 protein, which is mainly
associated with the membranes of intracellular vesicles, was
observed to have a protein abundance ratio of 1.17 between
the LNCaP and PC3 cells, indicating a minor change at the
protein level. However, the observed CD63 glycosite ratio
between the two cell lines was determined to be 3.45 with a
total of 90 MS/MS spectra showing a significant change at the
glycosylation site occupancy level.

To determine whether the differences in glycoprotein ratio
compared with global protein levels were attributed to partial
glycosylation of the glycosylation site, the global data was
analyzed to identify the nonglycosylated peptides that con-
tained nonglycosylated sequences of the glycosite-containing
peptides that were identified from our glycoproteomic analy-
sis using the SPEG method. We identified 73 unique peptides
containing the same N-linked glycosylation sites but without
an attached glycan or Asn-to-Asp conversion because they
were identified in the global proteomic data (supplemental
Table S6). The identification of nonglycosylated peptides ex-
isting in their unmodified and glycosylated forms indicated
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that these peptides were partially glycosylated and their gly-
cosylation sites were not fully occupied. This could be part of
the reason why different ratios were observed for glycopro-
teins compared with the ratios that were obtained in the
global proteomics analysis. The extent of glycosylation of a
particular site could vary in different cell lines.

Glycopeptide Identification—To determine the glycosyla-
tion heterogeneity at specific glycosylation sites, we further
analyzed the global proteomics data to identify the intact
glycopeptides. MS/MS spectra from intact glycopeptides
have unique fragmentation signatures following HCD frag-
mentation: oxonium ions (m/z 138, 163, 204, 274, 292, and
366) are generated along with peptide and peptide + HexNAc
fragment ions, and these ions were used to identify glycopep-
tides. In the global proteomics data analysis, the glycopeptide
spectra had unique signatures. Interestingly, in the MS/MS
spectra of nonglycosylated peptides, the iTRAQ reporter ions
at m/z 114,115,116, and 117 were generally the most intense
ions because of HCD fragmentation. For glycopeptides with
attached glycans, oxonium ion intensities were observed to
be higher than the intensities of the iTRAQ reporter ions, and
the diagnostic oxonium ions were the base peak in MS/MS. In
previous studies, a similar phenomenon was observed when
tandem mass tags (TMT) were used for the analysis of bovine
fetuin/glycosidic bonds were preferentially cleaved versus
amides in HCD fragmentation (23, 24). To extract the MS/MS
spectra of glycopeptides from the global proteomic data, we
required the oxonium ion intensities to be greater than the
highest iTRAQ reporter ion intensity. Another filter was ap-
plied to the MS/MS data wherein at least two of the top five
most abundant peaks were required to be oxonium ions. This
reduced and almost eliminated the false positive glycopeptide
identifications.

With these stringent filters, we identified 3670 MS/MS
spectra meeting our glycopeptide identification threshold,
and they were assigned to glycopeptides using Byonic and
GPQuest for searches against a forward human protein data-
base, and 469 MS/MS spectra were matched to peptides
from the reversed database. For glycopeptide identification
using the highest score of a spectrum matched to the re-
versed database as a cutoff score, we considered glycopep-
tides with a score greater than the score for a reversed data-
base match as identified glycopeptides (with < 0.05% FDR at
the spectral level, considering one reverse database match).
We assigned 2021 MS/MS spectra to 1145 unique N-glyco-
peptides from 227 protein groups (supplemental Table S7).
These glycopeptides were comprised of 67 glycan composi-
tions (supplemental Table S7).

We identified intact N-glycopeptides at glycosites contain-
ing different glycan structures. To determine the glycosite
occupied by different type of glycans, the MS/MS spectra
with high mannose structures on a specific glycosite were
combined and the median iTRAQ ratio was used to represent
the high mannose glycan structures (HM). The MS/MS spec-

tra of other glycan structures were classified in a similar
manner into the following groups: fucosylated glycans (F),
hybrid glycans (H), sialylated glycans (S), and sialylated +
fucosylated glycans (SF). Most of the MS/MS spectra were
assigned to glycosites containing either fucosylated or high
mannose type N-glycans. To increase the accuracy of the
iTRAQ-based quantitation of the glycopeptides, only intact
glycopeptides with least five MS/MS spectral assignments
were used for quantification purpose to determine the ratios
for the glycans belonging to any of the five categories
described above (HM, F, H, S, and SF). The glycopeptide
quantification was also normalized based on the same fac-
tor determined in global proteomic analysis because the
glycopeptide data were extracted from the global proteomic
analysis. Glycosites exhibiting both high mannose and fu-
cosylated glycan structures are represented in Fig. 3. The
data indicate that the relative ratios of high mannose and
fucosylated glycans were not always correlated to the ratios
of protein abundance or total glycosylation level of each
glycosite, indicating the glycosylation heterogeneity at each
glycosylation site.

A change in fucosylation site occupancy was observed for
several glycosites including adipocyte plasma membrane as-
sociated protein (APMAP). The relative global protein and
glycosylation site levels of the AGPNGTLFVADAYK peptide of
APMAP were unchanged between the LNCaP and PC3 cells
based on identification and quantification by global proteo-
mics and glycosite analysis using SPEG and iTRAQ (Fig. 4A).
Using the b and y ions of the fragmented glycosite-containing
peptide, additional glycopeptides having the same peptide
fragmentation pattern along with high mannose glycans and
fucosylated glycans were identified. Glycopeptides with
Man;GIcNAc, were identified, but their iTRAQ reporter ion
intensity suggested a decrease in Man;GIcNAc, occupancy
at the glycosite in PC3 cells (Fig. 4B). Fig. 4C is an MS/MS
spectrum of the same glycosite containing Fuc,ManzGIcNAc,
glycans; however, in this case the intensity of the iTRAQ
reporter ions suggested an increase in Fuc,MansGIcNAc,
glycan occupancy at the same glycosite. Fuc,ManzGIcNAc,
identified in the current study has an atypical N-glycan struc-
ture which might be a result of biodegradation or synthetic
process as discussed in previous studies (25-27). We identi-
fied eight additional glycopeptides on the same N-linked gly-
cosite from APMAP, and we observed various high mannose
glycoforms with decreased relative abundance in PC3 com-
pared with LNCaP cells. However, the fucosylated glycopep-
tide ratio was increased in PC3 cells (Table Il) as observed in
the biological replicate analysis (supplemental Data S1).

Another protein, prosaposin (PSAP), was identified in the
SPEG analysis with six different glycopeptides from four
unique glycosylation sites. Among these glycopeptides, five
were down-regulated in PC3 cells. The overall protein ratio of
PSAP between PC3 and LNCaP cells was 0.85 suggesting
no significant change at the protein expression level. Upon
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Fic. 3. Quantitative analysis of intact glycopeptides. The intact glycopeptides with a minimum of five MS/MS spectra matching with both
high mannose and complex fucosylated glycans assigned to the same N-glycosites are presented here. VQPFN*VTQGK (lysosome associated
membrane protein 2), HNN*DTQHIWESDSNEFSVIADPR (heat shock protein 90 B1), VPYNVGPGFTGN*FSTQK (glutamate carboxypeptidase),
YYN*YTLSINGK (glucosamine 6 sulfatase)) AGPN*GTLFVADAYK (adipocyte plasma membrane protein) and NLEKN*STKQEILAALEK,
TN*STFVQALVEHVKEECDR, DVVTAAGDMLKDN*ATEEEILVYLEK, TN*STFVQALVEHVK, LIDNN*KTEK (prosaposin). The y axis represents the
ratio observed between PC3/LNCaP cells using iTRAQ-based quantification. The number above each bar indicates the number of MS/MS
spectra used to determine the glycopeptide ratio between PC3 and LNCaP cells.

glycopeptide analysis, the glycosite NLEKNSTKQEILAALEK
had an increased level of fucosylation and the ratio of PC3
versus LNCaP was 3.95 with eight matched MS/MS spectra
indicating an alteration of glycosylation in a site-specific
manner.

The change in glycoforms could be a result of changes in
the expression of glycosylated proteins or changes in the
protein expression of enzymes that are involved in glycosyla-
tion (supplemental Table S2). Quantitative analysis identified
191 proteins that were involved in the substrate synthesis,
glycan branching, elongation, or degradation of N-glycans
(supplemental Table S2). One of the glycosylation enzymes
identified, alpha-(1,6)-fucosyltransferase (FUT8), was up-reg-
ulated 3.4-fold at the protein level in PC3 cells compared with
LNCaP cells. Alpha-L-fucosidase (FUCA1), which is involved
in glycan degradation, was down-regulated in PC3 cells by
more than twofold (Table 1) and this observation was validated
in the replicate analysis (supplemental Fig. S1). This indicates
that the change in fucosylation observed in PC3 cells might be
caused by changes in the expression of fucosyltransferase
and alpha-L-fucosidase.

DISCUSSION

In this report, we have provided the most comprehensive
proteomic and glyoproteomic characterization of LNCaP and
PC3 cells to-date. These two prostate cancer cell lines are
widely used models to study androgen-dependent and an-
drogen-resistant disease. Previous studies have elucidated
the differences among the two cell types using differential
mRNA arrays and proteomic approaches. However, the elu-
cidation of these complex biological systems remains limited
by the available analytical technologies. Besides morpholog-
ical differences, the two cell lines have been shown to have
marked differences in Androgen receptor, Prostate specific
antigen, Glutamate carboxypeptidase, Kallikrein 2, Prostatic
acid phosphate, and Spondin 2 levels. The levels of these
proteins have been previously reported to be elevated in
LNCaP cells (4, 28). However, these studies either evaluated
the transcriptional activity or the protein expression of the
cells with little to no information about the post-translational
mechanisms.

In the current study, a total of 8063 proteins were identified
and quantified from LNCaP and PC3 prostate cancer cell
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Fic. 4. MS/MS spectra of glycosite-containing peptides (glycans were removed) and glycopeptides containing different glycans at
the same glycosite. A, An MS/MS spectrum of a glycosite-containing peptide, AGPN*GTLFVADAYK, identified by SPEG method after
PNGaseF treatment. B, An MS/MS spectrum of a glycopeptide, AGPN*GTLFVADAYK, containing HexNAc2Hex5. C, An MS/MS spectrum of
an identified glycopeptide, AGPN*GTLFVADAYK, containing fucosylated glycan HexNAc 2 Hex5 Fuc1. The glycan cartoon structures are the
most plausible structures based based on accurate masses and biosynthetic knowledge of N-linked glycans. The peptide with same backbone
was observed in all three spectra. The oxonium ions represent the presence of the glycan structures. The reporter ion intensity represents a
decrease in high mannose structures and an increase in fucosylation on the peptide AGPN*GTLFVADAYK in PC3 cells (116) compared with
LNCaP cells (114, 115). * indicates deamidation of N because of PNGase F treatment.

TABLE Il
Summary of the glycopeptide, AGPN#GTLFVADAYK, with different glycoforms

Glycopeptide Global SPEG
Accession  Spectra HexNAc Hexose Fucose Sialic Acid | NCaP/ PC3/ LNCaP/ PC3/ LNCaP/ PC3/
LNCaP LNCaP LNCaP LNCaP LNCaP LNCaP
24308201 1 3 3 1 0 1.46 5.44 0.99 1.02 0.98 1.07
24308201 2 2 3 1 0 1.04 2.37 0.99 1.02 0.98 1.07
24308201 2 4 3 1 0 1.42 7.37 0.99 1.02 0.98 1.07
24308201 1 2 5 1 0 1.14 4.33 0.99 1.02 0.98 1.07
24308201 2 5 3 1 0 1.09 8.47 0.99 1.02 0.98 1.07
24308201 5 2 5 0 0 1.17 0.74 0.99 1.02 0.98 1.07
24308201 5 2 6 0 0 1.09 0.39 0.99 1.02 0.98 1.07
24308201 2 2 8 0 0 0.94 0.51 0.99 1.02 0.98 1.07
24308201 2 2 9 0 0 1.48 0.48 0.99 1.02 0.98 1.07
24308201 1 2 7 0 0 1.12 0.94 0.99 1.02 0.98 1.07

lines. As expected, most of the changes in glycoproteins
observed at specific glycosites were accompanied by
changes in protein expression. However, a few glycoproteins
underwent changes in glycosylation without associated

changes in the protein level between the two cell lines. The
N-glycosite-containing peptides identified from the CD63 pro-
tein were detected at relatively high levels in the PC3 cells
compared with the LNCaP cells, where no significant changes
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were observed in the global expression of the same protein,
suggesting an overall increase in the occupancy of CD63
glycosylation in PC3 cells. CD63 N-linked glycosylation has
been shown to be important for its interaction with CXCR4
and the regulation of CXCR4 trafficking. (29) CXCR4 is a
chemokine receptor type 4, whose expression is related to the
metastasis of cancer cells (30). Altered CD63 glycosylation
could play a significant role in prostate cancer metastasis, but
this hypothesis needs to be validated by further studies.

Analysis using the DAVID annotation tool indicated that
among the expressed glycoproteins, the “Other N-glycan
degradation” pathway was enriched by up-regulation in
LNCaP cells. This enriched pathway contained five enzymes
that were differentially expressed. These five enzymes are
responsible for the removal of glycans, which impacts glyco-
sylation occupancy or changes the glycan structures of gly-
coproteins in the cells. Among the five enzymes, two are
fucosidases that are involved in removing fucose from glyco-
proteins and glycolipids. These fucosidases were down-reg-
ulated in PC3 cells, along with the up-regulation of Fut8 and
Fut11 as observed in the global analysis, which explains the
change in fucosylation observed in PC3 cells. In prostate
tissues, three fucosyltransferases (FUT3, FUT6, and FUT7)
have been shown to have elevated gene expression, and the
overexpression of these fucosyltransferases in PC3 cells
showed that they may serve as master regulators of prostate
cancer cell trafficking and explain the aggressive nature of
PC3 cells (31). In our global proteomic study, only two fuco-
syltransferases (FUT8 and FUT11) were identified as overex-
pressed in PC3 cells. In the case of LNCaP and PC3 cells, this
appears to be caused by a change in the expression of
enzymes of the fucosylation machinery based on our RNA
microarray analysis (data not shown). In our previous study,
we showed that FUT8 expression is associated with aggres-
sive prostate cancer tissue (16).

Altered enzymes involved in fucosylation resulted in
changes in protein fucosylation in a site-specific manner. In
the case of the PSAP glycosite NLEKNSTKQEILAALEK, both
fucosylation and N-glycosylation occupancy increased. How-
ever, we did not observe an increase in fucosylation or gly-
cosylation occupancy for any of the other PSAP glycosites:
TNSTFVQALVEHVKEECDR, DVVTAAGDMLKDNATEEE-
ILVYLEK, TNSTFVQALVEHVK, and LIDNNKTEK. PSAP has
been shown to be elevated in the prostate tissue of patients
with advanced prostate cancer (32, 33). Altered PSAP expres-
sion along with altered specific glycosylation occupancy
could be a good indicator of prostate cancer. PSAP has a
signal peptide, which indicates that it can be secreted. Altered
fucosylation on a secreted protein can be used as a biomarker
similar to alpha-Fetoprotein (AFP). Altered AFP and fucosyl-
ated AFP have been shown to differentiate various patholog-
ies of liver fibrosis, cirrhosis, and hepatocellular carcinoma
(HCC). In 2006, the FDA approved AFP-L3, a fucosylated form
of AFP, for the early detection of primary HCC (34). Changes

in specific glycosylation occupancy could be an indicator of
an aggressive prostate disease, but this hypothesis requires
further investigation to explore whether secretory serum
proteins such as PAP and PSA have higher site-specific fuc-
osylation levels in cancer patients compared with healthy
individuals.

Similar to the case of PC3 and LNCaP cells, the expression
of FUT8 is low in normal liver but increased in HCC (35, 36).
Secreted fucosylated proteins from prostate cancer tissues
need to be studied, which could lead to the identification of
specific glycosylated forms of glycoproteins as novel bio-
markers. Recently, we have shown that fucosylation of PSA
can be used to differentiate aggressive from nonaggressive
prostate cancer (37). Altered fucosylated glycans have been
reported in the serum glycome from 10 normal patients and
24 prostate cancer patients (38). However, the cause of the
glycan changes was not clear in the previous reports. Our
results from this study and our previous report show that the
altered expression of fucosylation enzymes in prostate cancer
cells or tissues could contribute to the increased fucosylation
of prostate cancer glycoproteins detected in serum (16).

HSP90B1 is another glycoprotein that exhibited an increase
in fucosylation. HSP90B1 purified from tumors initiates a tu-
mor-specific cytotoxic T-cell lymphocyte response (39, 40).
The amino acid sequences of HSP90B1 from tumor and
normal tissues are identical; (41) however, fucosylation differ-
ences between cancerous and normal tissue have been ob-
served (42), suggesting a role of glycosylation in the cancer-
specific immune system response and also emphasizing the
importance of studying glycosylation.

Rapid improvements in LC-MS/MS instrumentation have
enabled high-throughput proteomics to identify thousands of
proteins. In the current study, the increased sensitivity and
speed of LC-MS/MS system have enabled the identification
and quantitation of intact glycopeptides from global pro-
teomic analysis. ldentifying all the possible glycoforms at-
tached to each glycopeptide is still a challenge. The iTRAQ
reporter ion intensities from glycopeptides were lower than
the intensities of the unmodified peptides, resulting in de-
creased confidence of quantitation. Yet, multiple spectra can
convey more reliable information to quantify glycopeptides. In
the current study, the fragment ions from glycosite-containing
peptides were used to identify the intact glycopeptides from
the same glycosite, and oxonium ions were used to select the
MS/MS spectra with intact glycopeptides. In MS/MS spectra,
limited information was available for glycosite localization and
glycoform identification. Based on accurate precursor mass
and the glycosite-containing peptide identified using SPEG,
the glycopeptides with different glycoforms can be extrapo-
lated. However, there were a limited number of glycan struc-
tures and there is no information about the glycan structure
or the linkages between the monosaccharides forming the
glycan.
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A thorough investigation of glycan structures on the glyco-
proteins is required to understand the progression of cancer
in relation to changes in glycosylation. Further technological
advancements in high throughput LC-MS/MS systems and
data analysis are needed; however, progress is continuously
being made. Quantitative assays need to be developed to
validate the identified glycosylation changes. Site-specific
glycosylation changes need to be researched to gain a better
understanding of the roles of different glycoforms and how
they affect biological functions. Multiple integrated proteomic
strategies are ideal approaches for future studies to provide a
holistic view to understand the biological changes within a
system, and these strategies could readily be translated to
tumor tissues and other cancer systems.

CONCLUSION

In this study, we report an integrated proteomic and glyco-
proteomic comparison of LNCaP and PC3 cell lines, which are
the two most widely used cell culture models for androgen-
dependent and androgen-independent prostate cancer with
different metastatic potential. The two cell lines were vastly
different, with several thousand glycoproteins and proteins
being expressed. We not only identified differential glycopro-
tein expression, but we also identified changes in glycosyla-
tion occupancy and glycosite-specific heterogeneity in glyco-
proteins. We showed that an integrated omics approach for
the quantification of global peptides and glycopeptides in
combination with iTRAQ labeling could be useful in the deter-
mination of altered glycosylation. The results showed that
altered fucosylation between the two cell lines was associated
with altered fucosyltransferase and fucosidase expression.
These glycoproteins can be pursued as targets for specific
biomarkers for the early detection of prostate cancer and
cancer progression. This glycoprotein analysis provides a
detailed perspective of the post-translational modification of
N-glycosylation in LNCaP and PC3 cells, and the results could
benefit future cancer research.
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