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Kallikrein 6 (KLK6) has been shown to be aberrantly glycosylated in ovarian cancer. Here, we
report a novel HPLC anion exchange method, coupled to a KLK6-specific ELISA, capable of dif-
ferentiating KLK6 glycoform subgroups in biological fluids. Biological fluids were fractionated
using anion exchange and resulting fractions were analyzed for KLK6 content by ELISA pro-
ducing a four-peak elution profile. Using this assay, the KLK6 elution profile and distribution
across peaks of a set (n = 7) of ovarian cancer patient matched serum and ascites fluid samples
was found to be different than the profile of serum and cerebrospinal fluid (CSF) of normal
individuals (n = 7). Glycosylation patterns of recombinant KLK6 (rKLK6) were characterized
using tandem mass spectrometry (MS/MS), and found to consist of a highly heterogeneous
KLK6 population. This protein was found to contain all of the four diagnostic KLK6 peaks
present in the previously assayed biological fluids. The rKLK6 glycoform composition of each
peak was assessed by lectin affinity and MS/MS based glycopeptide quantification by product
ion monitoring. The combined results showed an increase in terminal alpha 2–6 linked sialic
acid in the N-glycans found on KLK6 from ovarian cancer serum and ascites, as opposed to
CSF and serum of normal individuals.

Keywords:

Glycobiomarker / Glycoproteomics / Kallikrein / Lectin / N-glycosylation / Ovarian
cancer

Received: July 8, 2011
Revised: November 24, 2011
Accepted: December 2, 2011

1 Introduction

Ovarian cancer is the worldwide leading cause of death among
common gynecological malignancies with more than 200 000
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new cases and 125 000 deaths every year [1, 2]. Such a high
mortality rate (4.2% of all cancer deaths among women) can
be attributed to the lack of symptoms in incipient disease
resulting in only 25% of early stage ovarian cancer being
diagnosed [1–4]. Early stage diagnosis allows for a 90% 5-year
survival rate among patients, but current means of disease
detection by ultrasonography and/or the serum biomarker
CA125 (MUC16) have shown only modest success as early
screening tools [4–9].

Aberrancies in protein glycosylation patterns have been
observed in a majority of cancers and over the past four
decades a number of different protein glycoforms have been
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identified as tumor-associated antigens [8,10]. Dysregulation
of glycosylation pathways can be an early event in oncogen-
esis, resulting in increased glycan structures on the surface
of tumor cells, aiding them in evading the immune response
during invasion and metastasis [10–19]. Several glycoproteins
of varying biological functions and sites of expression have
been shown to have disturbed glycosylation patterns in ovar-
ian cancer [8]. These include a number of acute phase pro-
teins, CA125, and IgGs [8, 20–23]. More specifically, the ad-
dition and processing of sialic acids on glycoproteins seems
to be disturbed in ovarian cancer [8, 24]. This is supported
by evidence showing altered sialyltransferase enzyme activity
and mRNA expression in ovarian cancer and other gyneco-
logical tumors [25–28]. Not surprisingly, overexpression of
sialyl Lewis X and sialyl-Tn antigens has been recorded in
this disease [22, 29, 30].

Kallikrein 6 (KLK6) is a secreted trypsin-like member of the
human tissue kallikrein family of serine proteases. Although
it is expressed in a number of tissues in the body, the major
site of KLK6 expression is the central nervous system with
high levels of the protein (mg/L) detected in cerebrospinal
fluid (CSF), making it the major source of KLK6 in serum
[31–33]. Increased levels of KLK6 and five other members
of the kallikrein family have been shown to be prognostic
of negative outcome in ovarian cancer [34–39]. The majority
of ovarian tumors produce KLK6, which is believed to enter
the circulation as the cancer progresses [31–33]. However,
measurement of KLK6 levels alone has not shown any im-
provement over CA125 in detection of ovarian cancer, and
when used in combination, these two tests show only a small
improvement in sensitivity [39]. In the early stages of ovarian
cancer, the contribution of KLK6 from tumor tissue is not
sufficient to raise the total serum levels of this protein above
the defined normal diagnostic range. Therefore, a method
capable of detecting tumor-derived KLK6 could improve the
diagnostic value of this molecule. The N-glycosylation pat-
terns of KLK6 immunoisolated from CSF of normal individ-
uals and ascites fluid of ovarian cancer patients have been
elucidated [40]. Through a combination of molecular biol-
ogy, lectin affinity, and mass spectrometry techniques, KLK6
from ascites fluid was found to be highly branched and en-
riched with terminal alpha2–6 galactose linked sialic acid gly-
cans when compared to the protein from CSF [40]. However,
these techniques were not sensitive enough to characterize or
quantify glycoforms of KLK6 in serum due to the low levels
of protein present in this fluid (<5 ng/mL in normal individ-
uals).

Here, we report the development of a KLK6 ELISA-coupled
anion exchange method, which can distinguish between
KLK6 glycoform subpopulations at physiologically relevant
levels in biological fluids, including serum. Namely, high-
performance anion exchange liquid chromatography was em-
ployed to fractionate directly injected samples. KLK6 in the
resulting fractions was quantified using an in-house devel-
oped ELISA, resulting in an elution profile composed of four

distinct peaks. Using this methodology, the KLK6 elution pro-
files of matched ovarian cancer patient sera and asictes fluids
were found to be different from serum and CSF of healthy
subjects. As well, electrospray ionization (ESI)-Orbitrap tan-
dem mass spectrometry (MS/MS) was used to character-
ize recombinant KLK6 (rKLK6) purified from an immortal-
ized human cell line. This preparation was found to consist
of a highly heterogenous KLK6 population, which encom-
passed the majority of KLK6 glycoforms previously detected
in protein isolated from ascites fluid and CSF [40]. When
subjected to anion exchange, the elution profile of rKLK6
was found to contain all of the four diagnostic peaks ob-
served in assayed biological fluids. The glycoform composi-
tion of each of the rKLK6 peaks was analyzed with Elderberry
(Sambucus nigra, SNA) lectin affinity and relative glycopep-
tide quantification by product ion monitoring with mass
spectrometry [41].

2 Materials and methods

2.1 Clinical samples

The biological fluids used were collected with informed con-
sent and institutional review board approval, or leftovers sub-
mitted for routine medical testing. They were stored at –80�C
until use. CSF samples were chosen to be clear in appear-
ance to ensure no blood contamination, and ranged in KLK6
concentration from 44 to 280 ng/mL. Ovarian cancer serum
samples and matched ascites fluids were from patients with
FIGO stage III and IV serous ovarian carcinomas. The total
KLK6 values ranged from 2.6 to 30 ng/mL for the ovarian
cancer sera, and from 40 to 355 ng/mL for the ascites fluids.
Normal control sera analyzed were from women in the age
range between 37 and 66, with KLK6 values ranging from 1 to
2.6 ng/mL. Serum samples from patients with renal failure
ranged in total KLK6 from 2.0 to 7.3 ng/mL.

2.2 Recombinant KLK6 production

Full-length glycosylated recombinant KLK6 (rKLK6) was pu-
rified from the serum-free medium of human embryonic
kidney (HEK-293) cells transfected with the inactive zymo-
gen form of KLK6, as described previously [42–44]. Briefly,
the supernatant medium was collected and concentrated 10-
fold using a 10-kDa cutoff nitrocellulosse membrane with
the Centricon ultrafiltration device (Millipore, Waltham, MA,
USA). The rKLK6 protein from the concentrated medium was
purified using a cation exchange chromatography column
(5-mL HiTrap CM FF column, GE Healthcare Bio-Sciences,
Uppsala, Sweden) connected to the AKTA FPLC system (GE
Healthcare Bio-Sciences). Liquid chromatography was per-
formed using 50 mM sodium acetate, pH 5.3 as the run-
ning buffer over a 0–1M NaCl linear gradient. The resulting
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fractions were analyzed for the presence and purity of KLK6
by SDS-PAGE and ELISA.

2.3 Anion exchange methodology

A Mono Q 4.6/100 PE Tricorn high performance col-
umn (GE Healthcare) connected to an Agilent 1100 series
HPLC system was used for anion exchange chromatogra-
phy of the selected biological fluids. A solution of 20 mM
Tris-HCl (pH 8.6) was used as running buffer, and the elu-
tion buffer contained 1 M NaCl. Samples (100 �L) were in-
jected directly into the column and the protein was allowed
to bind to the column for 5 min at a 0.5 mL/min flow rate.
The same flow rate was maintained throughout. The elu-
tion buffer was brought to 8% (80 mM NaCl) over the next
5 min. This concentration of elution buffer was maintained
for another 15 min, then increased to 9% (90 mM NaCl)
where it was maintained for another 15 min. Following this,
another step up in NaCl concentration was made to 25%
(250 mM NaCl) which was kept for another 15 min. Sub-
sequent 15 min washing (100% NaCl) and re-equilibration
(running buffer alone) steps followed. Fractions (500 �L)
were collected every minute into glass vials containing
100 �L of a 6% BSA solution. 200 �L of each fraction were
analyzed in duplicate with a previously described in-house
KLK6 ELISA [45]. Peak areas of the resulting KLK6 elution
chromatograms were integrated using OriginPro 8.0 software
(OriginLab, Northampton, MA, USA) by manually select-
ing peak centers and using automatically provided param-
eters. One hundred microliters of undiluted serum samples,
100 �L of CSF- or ascites-spiked KLK6 immunodepleted
serum (to final concentration of 10 ng/mL of KLK6), and
100 �L of 2 mg/mL solution of rKLK6 were used for anion-
exchange chromatography.

2.4 Lectin detection

rKLK6 from chromatographic peaks was diluted in
100 �L of 50 mM Tris-HCl, pH 7.8 at different concentrations
and coated overnight at room temperature (RT) on a 96 well
polystyrene microtiter plate (Greiner Bio-One, Monroe, NC,
USA). The plate was washed twice in wash buffer (10 mmol/L
Tris-HCl, pH 7.4, containing 150 mmol/L NaCl and 0.5mL /L
Tween 20) and blocked for 1 h at RT with 1× CarboFree
solution (Vector Labs, Burlingame, CA, USA). The plate was
washed six times with wash buffer and 500 ng of biotinylated
Sambucus nigra agglutinin (SNA, Vector Labs) in 100 �L of
1× CarboFree buffer was added to each well and incubated
at RT for 1 h. Following another six wash steps, 100 �L of
50 ng/mL alkaline phosphatase-conjugated streptavidin in
1× CarboFree solution was added to each well, incubated
with shaking for 15 min, and washed six times. For 10 min,
each well was incubated with 100 �L of diflunisal phosphate

solution (0.1 mol/L Tris-HCl, pH 9.1, containing 1 mmol/L
diflunisal phosphate, 0.1 mol/L NaCl, and 1 mmol/L MgCl2).
One hundred microliters of developing solution (1 mmol/L
Tris, 0.4 mol/L NaOH, 2 mmol/L TbCl3, and 3 mmol/L
EDTA) was then added and left on the shaker for 1 min. The
PerkinElmer EnVision 2103 Multilabel Reader was used to
measure the fluorescence signal in each well, in time-resolved
mode.

2.5 Sample preparation for mass spectrometry

Purified or anion exchange-fractionated rKLK6 (1–5 �g) was
run on a pre-cast NuPAGE 4–12% 10 well Bis-Tris gel
(Invitrogen, Carlsbad, CA, USA). As per the manufacturer’s
protocol, the gel was exposed to SimplyBlue SafeStain (In-
vitrogen) and destained in water. The excised KLK6 bands
were dehydrated for 10 min with ACN at RT and reduced
in 150 �L of a solution containing 10 mM DTT and 50 mM
NH4HCO3 for 30 min at 60�C and cooled to RT for 10 min.
The gel band was dehydrated with ACN and rehydrated with
50 mM NH4HCO3 another three times. The final rehydration
was performed in 300 �L of 50 mM NH4HCO3 with 100 mM
iodoacetamide, followed by incubation at RT in the dark for
1 h. After another three dehydration steps with ACN the gel
band rehydrated in 50 mM NH4HCO3 with 1 �g of sequenc-
ing grade modified trypsin (Promega, Madison, WI, USA)
and left overnight at 37�C. The resulting solution was used
for MS/MS analysis.

2.6 MS/MS glycopeptide structure identification

KLK6 tryptic peptides were subjected to MS/MS analysis as
previously described [40]. Following liquid chromatography
with a 2 cm C18 precolumn (200 �m diameter) and a 5 cm
resolving analytical C18 column (75 �m diameter) with a
15 mm tip (New Objective, Woburn, MA, USA), the eluted
peptides were injected with a nanoelectrospray ionization
source (Proxeon, ThermoFisher Scientific, Waltham, MA,
USA) into a Thermo LTQ Orbitrap XL mass spectrometer set
to positive-ion mode. Liquid chromatography was performed
over a 90 min linear gradient using a running buffer
containing 0.1% formic acid, 5% ACN, and 0.02% TFA in
water and elution buffer 90% ACN, 0.1% formic acid, and
0.02% TFA in water. Parent ion frgamentation conditions
were set to reject 1+, 2+, and unassigned charge states and
only the peptides in the 1000 to 1800 m/z range were chosen.
Peptides were fragmented in HCD mode (17, 24, and 30%
normalized collision energy) and in CID mode using 35%
normalized collision energy. The isolation width was set to
3.0 for all data dependent events. The retention time of the
glycopeptides associated with the DCSANTTSCHILGWGK
seqence was determined by observing the common oxonium
ions (i.e. 204.08 for N-acetylglucosamine or 366.13 for a
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hexose linked N-acetylglucosamine) in MS2 spectra. Xcalibur
2.0 software (ThermoFisher Scientific) was used to combine
MS1 spectra over the glycopeptide specific retention time
period and visually selected monoisotopic masses of triply
charged ions were referenced against the Glycomod tool at
5 ppm mass tolerance. To further confirm the identity of
the glycopeptides, MS2 data was examined for the presence
of fragment glycopeptides and glycan in a majority of
cases.

2.7 Glycopeptide product ion monitoring

Relative quantification of rKLK6 glycopeptides was per-
formed by product ion monitoring methodology [41]. In
brief, several major DCSANTTSCHILGWGK peptide-based
glycopeptides from the rKLK6 protein in different chro-
matographic peaks were subjected to LC-MS/MS analy-
sis in CID mode with 35% collision energy on the LTQ-
Orbitrap XL instrument. All of the parent masses cho-
sen were of triply charged glycopeptides previously iden-
tified (i.e. 1152.49, 1352.55, 1454.91, 1673.65). For each
fragmented parent ion, at least three daughter ions (tran-
sitions) were monitored and quantified in MS2. For the
1152.49 parent mass, the 1524.85, 1545.35, and 1626.39
transitions were monitored. Transitions 1255.43, 1525.12,
1606.00, 1679.05, and 1699.75 were monitored for the 1352.55
parent mass. For the 1454.91 parent ion, 1357.76, 1524.87,
1707.53, and 1853.10 daughter ions were monitored, while
1270.80, 1343.30, 1526.26, 1606.85, and 1653.73 were moni-
tored for the 1673.65 parent m/z. The instrument setup and
in line liquid chromatography were performed in the same
fashion as described above. Additionally, each MS/MS run
also included the monitoring of the triply charged LSELIQ-
PLPLER nonglycosylated KLK6 tryptic peptide (parent mass
of 704.44 with 684.40, 724.49, 852.53 transitions) as an indi-
cator of the total KLK6 quantity. The MS2 transitions were
quantitated using Xcalibur 2.0 software (Thermo) by peak
area integration using boxcar type smoothing over seven
points.

3 Results

3.1 Anion-exchange chromatography of biological

samples

When biological fluids were subjected to anion-exchange
chromatography separation, four distinct peaks were ob-
served when plotting KLK6 concentration (determined by
ELISA) against elution time, over the course of the described
method. Based on their retention time, from earliest to latest,
these peaks were designated as A, B, C, and D (Fig. 1A). In
relation to each other, the peaks were found to be of varying
intensities in the different fluids analyzed. To ensure that

the differences in the KLK6 distribution across the chromato-
graphic peaks was not due to matrix and background effects,
CSF and ascites fluid samples were spiked (to a final concen-
tration of 10 ng/mL) into a serum pool of normal individuals,
which was immunodepleted of KLK6 (serum concentration
<0.1 ng/mL). CSF-spiked sera and sera from patients with no
ovarian malignancy had similar distribution of KLK6 accross
the peaks between different samples. Namely, intermediate
peaks B and C were of low (and sometimes undetectable)
intensity while the majority of KLK6 was found in peaks A
and D, with peak A consistently showing a higher content
of KLK6, on average. When serum and ascites samples from
ovarian cancer patients were analyzed, no such consistency
was observed. In these samples, there was a relative increase
in the intensities of the last three peaks (B, C, and D). How-
ever, between different patient samples, the increase in these
peaks was variable, with different peak(s) being up-regulated
in different patients. Considering the expected microhetero-
geneity of posttranslational modifications between individual
cancer cells or patient subpopulations, these results are not
surprising. As well, additional samples were included in the
nonmalignant group from patients with renal failure and with
increased levels of serum KLK6 due to lack of clearance, but
with no diagnosis of ovarian cancer. This group of samples
showed the same pattern as the normal set of sera, indicating
that the pattern of distribution of KLK6 across the observed
peaks is not a function of the absolute levels of KLK6 in
serum, but rather their origin (i.e. malignant vs. nonmalig-
nant conditions).

These observations can be summarized by monitoring the
area of peak A as a percentage of the total area under the
KLK6 elution chromatogram (Fig. 1B). For CSFs, sera of
healthy individuals and renal failure patients the mean and
median average values were between 50% and 55%, indi-
cating that the majority of the KLK6 in serum of normal
individuals have the same (or closely similar) glycosylation
pattern as the one found in the CSF. Ovarian cancer ascites
fluid KLK6 exhibited an elution pattern where the KLK6 gly-
coforms found in Peak A were minimally represented (com-
pared to CSF) for all of the samples analyzed. The area of
peak A was at less than 10% of total. Analysis of sera col-
lected from the same patients had a more diverse distribu-
tion but the representation of peak A was significantly lower
than that found in normal control samples (Fig. 1B). This
heterogeneity is to be expected due to the differential contri-
bution of normal (CSF-derived) and ovarian cancer (ascites-
derived) KLK6 in the circulation. The individual peak areas of
each sample analyzed can be seen in Supporting Information
Table S1.

3.2 Lectin analysis of rKLK6 peaks

Due to the limited quantity of native KLK6 protein available
for study (i.e. low �g/L levels in serum and ∼100 �g/L levels
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Figure 1. Anion-exchange chromatography of biological fluids. (A) ELISA quantification of KLK6 in collected fractions after elution of bound
proteins from a MonoQ anion-exchange column. The value for each fraction is presented as percentage of total eluted KLK6. The presented
data is from a single representative runs for a control serum of a woman with no ovarian cancer diagnosis, cerebrospinal fluid (CSF),
ovarian cancer ascites fluid, and serum from a woman with ovarian cancer (OC). Peaks A, B, C, D representing glycoforms of KLK6, are
discussed in the text. (B) Results of peak area integration of individual anion exchange runs for different biological fluids (RF, renal failure
serum; OC, ovarian cancer serum) represented as the percentage of total area under the curve attributed to the first chromatographic KLK6
peak (Peak A). See Fig. 1 for peak identification. The top and bottom borders of the box represent 25th and 75th percentiles, respectively. The
whiskers are outlier values, with the mean and median average values represented by a small box and a bisecting line, respectively. Serum
from ovarian cancer patients and ascites fluid contains significantly less peak A-related KLK6 than CSF, RF, and normal serum samples. n =
number of samples per category. Differences between OC and ascites groups and CSF, normal and RF groups were statistically significant
(p <0.05) by ANOVA test.

in CSF and ovarian cancer ascites fluid) and the difficulty
associated with isolation of this protein with sufficient purity
from biological fluids, the MS/MS and lectin-based charac-
terization of the KLK6 found in the different peaks following
anion-exchange chromatography was performed using puri-
fied recombinant KLK6 (rKLK6). This protein was purified
from transformed HEK-293 cells stably expressing the inac-
tive zymogen version of the protein, thereby increasing the
probability of detecting similar glycosylation patterns nor-
mally found in humans and minimizing the possibility of
autolytic degradation of KLK6. However, rKLK6 may not fully
represent the glycan composition of KLK6 found in biological
fluids.

To characterize the sialic acid content of KLK6 found
in each of the four peaks, purified recombinant KLK6 was
subjected to anion-exchange chromatography separation as
described for biological samples and fractions were immobi-
lized on a microtiter plate and tested for SNA lectin affin-
ity, as described in Section 2 (Fig. 2). SNA preferentially
binds alpha2–6 sialylated glycans. KLK6 eluting in Peak A

was found not to bind the SNA lectin, whereas the other
three peaks contained sialic acid, but at differing levels. The
relative degree of sialylation increased with the retention time
of each peak, with peak D containing the highest and peak
B the lowest amount of sialic acid. This is not surprising,
considering that an overall increase in negative charge due
to more extensive glycan branching and terminal sialylation,
would cause stronger binding to the anion-exchange matrix
and therefore result in later elution times over an increasing
salt gradient.

3.3 MS/MS analysis of rKLK6

Trypsin-digested rKLK6 was subjected to MS/MS
analysis and pertinent retention times of the
DCSANTTSCHILGWGK-based glycopeptides (contain-
ing the sole KLK6 N-glycosylation site; underlined) were
identified by the presence of diagnostic oxonium ions
(204.08 for N-acetylglucosamine or 366.13 for a hexose-
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Figure 2. SNA lectin affinity to recombinant KLK6 from chromato-
graphic peaks. The quantity of galactose linked terminal sialic acid
moities on microtiter plate-immobilized recombinant KLK6 from
the different chromatographic peaks as determined by SNA lectin
affinity. Peaks A, B, C, and D are shown in Fig. 1. The data is pre-
sented as raw fluorescence counts subtracted from fluorescence
counts recorded with no KLK6 present. The results presented are
from duplicate measurements of the different concentrations of
KLK6 from the four chromatographic peaks. Note that peak D con-
tains more sialic acid, as determined by SNA lectin affinity, than
the other peaks.

linked N-acetylglucosamine) in the resulting MS2 scans.
The glycopeptide retention times were further determined
by comparing mock and PNGase F-treated rKLK6 in the
total ion current (TIC) spectra in MS1 of each run. For
the PNGase F-treated sample, there was a loss of spectra in
the same specific time period where the majority of oxonium
ions were identified (Fig. 3). The identified glycan structures
associated with the DCSANTTSCHILGWGK peptide seen in
Fig. 4 exhibit great diversity. An example of the MS2 scans for
one of the identified glycopeptides can be seen in Supporting
Information Fig. S1. The glycan structures range from a
tri-antennary core-fucosylated glycopeptide with terminal
N-acetylglucosamine residues (1152.47) to tetra-antennary
core-fucosylated structure with three terminal galactose-
linked sialic acid residues (1673.65), encompassing a number
of structures previously identified in KLK6 from CSF and
ascites fluid of ovarian cancer patients [40]. What should be
noted is that the absolute values for the relative abundance
of the indicated masses cannot be taken as a quantitative
measure, considering that glycopeptides with different
glycan moieties may ionize differently, generally following
the trend that ionization efficiency decreases with increased
glycan branching and sialylation. The identified glycan
structures in each of the anion-exchange chromatographic
peaks of rKLK6 can be seen in Supporting Information
Fig. S2.

Figure 3. Total ion current chromatograms. Resulting total ion
current (TIC) MS1 chromatograms of mock (A) and PNG-
ase F treated (B) recombinant KLK6. The predicted elution
period of the DCSANTTSCHILGWGK-based glycopeptides is
boxed.

3.4 Quantification of rKLK6 glycopeptides

by product ion monitoring

Product ion monitoring assays were developed for several
of the representative rKLK6 glycopeptides, four of which are
shown to be highly enriched in each of the four diagnostic
peaks (Fig. 5). These were used as indicators of the glycan
content in each of the KLK6 peaks as it relates to branch-
ing extent and sialic acid presence. The selected glycopep-
tides were quantified relative to the amount of the LSELIQ-
PLPLER tryptic peptide of KLK6 (amino acids 118–129 in the
protein sequence), which served as an indicator of total KLK6
quantity. These data should be considered to be semiquan-
titative, especially considering the several orders of magni-
tude difference in the absolute values (area under the curve)
recorded for glycopeptides and the nonglycosylated LSELIQ-
PLPLER peptide. This effect is due to the much weaker
ionization of glycopeptides when compared to unmodified
peptides.

The core-fucosylated tri-antennary glycopeptide with ter-
minal N-acetylglucosamines (1152) was shown to be mostly
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Figure 4. Composite MS1 spectra. Combined MS1 spectra over
the DCSANTTSCHILGWGK glycopeptide retention time period for
mock (A) and PNGaseF treated (B) recombinant KLK6. For com-
ments see text. A heterogeneous population of glycan structures
is detected, varying in sialic acid content and branching pattern.
The displayed structures reflect the predicted KLK6-attached gly-
cans by composition, not linkage.

present in peak A (Fig. 5). Peak B showed enrichment of the
glycopeptide with a bi-antennary glycan structure with ter-
minal galactose and N-acetylgalactosamine-linked terminal
sialic acids (1352). The triply charged glycopeptides with m/z
values of 1454 and 1673 were shown to be enriched in peaks C
and D, respectively (Fig. 5). These have more extensive glycan
branching with galactose-linked terminal sialic acid (Fig. 4).
Therefore, it appears that with increasing retention time of
KLK6 during the anion exchange method, the extent of glycan
branching and sialic acid content also increases, indicating
(in concert with other data presented herein) that KLK6 pro-
duced by ovarian cancer cells has preferentially higher glycan
branching and sialylation.

4 Discussion

Protein glycosylation is one of the most common posttransla-
tional modifications. The majority of secreted and membrane

Figure 5. Glycopeptide product ion monitoring. Product ion mon-
itoring (PIM)-based relative quantification of glycopeptides in
the chromatographic peaks of recombinant KLK6. The abun-
dance of the different glycopeptides in each KLK6 chromato-
graphic peak is expressed as an absolute ratio to the LSELIQ-
PLPLER nonglycosylated KLK6 peptide. One microgram of rKLK6
from each chromatographic peak was used for each MS exper-
iment. Peaks A, B, C, and D are identified in Fig. 1A. Boxed
values represent the m/z ratios of glycopeptides identified in
Fig. 4.

proteins are glycosylated. Alterations in protein glycosylation
occur in a number of human disorders, including autoim-
mune diseases, cancer, and immunodeficiency [8]. Aberrant
glycosylation patterns in cancer can present as over-, under-,
or neoexpression of embryonic glycan structures, which
result from changes in expression of glycosyltransferase
enzymes in the classical secretory pathway [46]. One of
the most common changes is the increased branching
of N-glycans, which, in the presence of increased sialyl-
transferase expression, opens more sites for attachment
of terminal sialic acids and results in increased protein
sialylation [46, 47].

Ovarian cancer has the highest morbidity rate among
all gynecological disorders and is the fifth leading cause of
cancer deaths among women in the United States [48].
Alterations in the protein glycosylation processes are well
established in ovarian cancer [8]. In the serum of ovarian
cancer patients, IgG exhibits a decrease in galactosylation
and several acute phase proteins, including haptoglobin,
alpha1-acid glycoprotein and alpha1-antichymotrypsin, have
been found to overexpress the sialyl Lewis-X antigen
[22, 23]. As well, three major serum proteins (apolipopro-
tein B-100, fibronectin, and immunoglobulin A1) display
unique glycan structures in the presence of ovarian cancer
[49]. The only routinely used clinical biomarker for ovarian
carcinoma is CA125, also a glycoprotein. It has only limited
utility as a screening tool and is mostly used for monitoring
of patient response to treatment, because its levels in serum
can be elevated in other malignancies, benign conditions,
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menstruation, and pregnancy [5–7, 9]. CA125 has high car-
bohydrate content, estimated at 24–28% of total mass, that
is located at a number O- and N-glycosylation sites whose
corresponding glycan structures have only been partially
characterized in a non site-specific fashion, either by MS-
based identification of PNGase F-released glycans or lectin
affinity [20, 50]. Taking into account the innate heterogene-
ity of cancer, variability in site occupancy and microhetero-
geneity of glycans occupying each site, the prospect of fully
characterizing particular glycan structures of CA125 to im-
prove its diagnostic potential becomes an extremely difficult
proposition. With its single N-glycosylation site and charac-
terized glycan structures, and well established immunore-
agents available, KLK6 has a clear advantage when consider-
ing the practicalities of developing a clinically applicable as-
say capable of quantitating both protein and associated glycan
levels.

Some of the most well recognized clinically used cancer
biomarkers are glycoproteins [51, 52]. Aberrant glycosylation
patterns of some of these proteins have been elucidated when
normal and disease states were compared. Measurement of
the monosialylated form of alpha-fetoprotein (AFP), instead
of total AFP protein levels, has been suggested to improve its
diagnostic potential as a biomarker for hepatocellular carci-
noma [53–55]. Prostate-specific antigen (PSA) was shown to
be aberrantly glycosylated in prostate cancer [56], and mea-
surement of alpha1,2-linked fucose on PSA has shown im-
provement in sensitvity and specificity over the existing test
[57]. Quantification of fucosylated haptoglobin seems to be
a promising avenue for diagnosing pancreatic cancer [58].
In spite of these observations, few clinically applied tests
utilize the potential of the binary nature of glycoprotein
biomarkers.

The majority of challenges preventing reliable, clinically
applicable binary measurement of glycoprotein biomarkers
are of a technical nature. More specifically, there is only
a very limited set of tools capable of performing this task,
each with its own set of associated limitations and difficul-
ties [59]. Due to a large number of combinations of branched
oligosaccharide structures that can be created from available
monosaccharides in eukaryotic cells, and especially cancer
cells, where target protein production and normal glycosy-
lation processes are highly disturbed, the staggering glycan
microheterogeneity can significantly impede precise binary
measurement of glycobiomarkers. To broach the issue of
KLK6 glycoform heterogeneity, towards the purpose of quan-
tifying specific overexpressed glycoforms of the protein in
ovarian cancer, we chose to resolve the subpopulations of
KLK6 based on the differential charge status conferred by
differences in glycosylation (i.e., anion exchange chromatog-
raphy). We managed to identify four separate glycoform pop-
ulations that stem from glycan variability at the single N-
glycosylation site of KLK6. However, the chance of success
for this approach would be significantly decreased if it is

attempted with a glycoprotein containing multiple glycosyla-
tion sites. This is due to the fact that the complexity of the
assay output (i.e., number of possible peaks) would likely
increase exponentially with each additional glycosylation
site.

The majority of high abundance proteins that account for
more than 90% of protein content in serum, are glycopro-
teins. These include such proteins as the Ig family mem-
bers, haptoglobin, antitrypsin and transferrin, among others.
However, the majority of potential biomarkers are found at
significantly (several orders of magnitude) lower levels in
the serum [60]. Taking into consideration that a specifiic
glycan profile on one protein might indicate a malignant
condition, but not on another (i.e., one of the high abun-
dance proteins) the specificity of detection by lectins, or even
glycan-specifc antibodies of low concentration serum glyco-
proteins can be hindered by high levels of background from
high abundance glycoproteins. As such, these methods of
detection lag behind the gold standard (sandwich ELISA) in
sensitivity, especially when taking into account that only a
subset of the target protein’s total population is being mea-
sured. These issues are magnified in lectin based assays,
because the quality and source of lectins has been brought
into question, and the extensive washing required for this
type of detection causes concern when reliability and re-
producibility are considered [61, 62]. As well, antibody-lectin
based sandwich assays can be hindered by narrow affinity of
certain lectins for specific glycan structures, which may be
highly variable in cancer. Therefore, even if there is a dis-
turbance in the glycosylation pattern of a protein, a lectin
might detect only a single variant among many aberrant gly-
can structures. However, this issue may be ameliorated with
the use of antibody arrays using multiple lectins for detec-
tion of glycan epitopes [63], but even this technique cannot
detect subtle changes of a few monosaccharides in the glycan
structure.

There have been a number of promising MALDI-TOF
MS-based efforts at detecting glycan variability in a num-
ber of malignancies [64–67]. These approaches have been
proven to be successful at detecting alterations in glycans
released from individual or multiple proteins. Glycopep-
tide quantitation by MS also appears promising when con-
sidering approaches for the future. Nonglycosylated pep-
tides have been measured reliably in a number biological
fluids from low abundance proteins [41, 68–70]. However,
the same is not true for glycopeptides and the reasons for
this are twofold. First, glycopeptides ionize more weakly
when compared to their nonglycosylated counterparts, which
is especially true for sialic acid containing glycopeptides
[71, 72]. Second, measurement of each nonglycosylated pep-
tide remains constant for the total population of a particular
glycoprotein, whereas for the equal quantity of the same gly-
coprotein the detection signal is divided among the differ-
ent glycoform subpopulations. Attempts have been made to-
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wards quantifying heterogeneous glycopeptide populations,
but these approaches involved extensive sample preparation,
such as lectin or hydrazide bead enrichment, not suitable
for reliable and reproducible high-throughput analysis of
large sets of samples [73–75]. Nonetheless, as technology ad-
vances multiple reaction monitoring (MRM) methodologies
will become the tools of choice for measuring glycoproteins.
Although we have had only moderate success with quanti-
fying different glycoforms of KLK6 in a similar approach,
the ability to even semiquantitatively measure the repre-
sentation of several closely related glycoforms in the total
KLK6 population is beyond the reach of most other detection
methods.

We are aware of the limitations of the methodologies uti-
lized within. The majority of the data reported should be
considered as semiquantitative. Anion-exchange chromatog-
raphy can be prone to retention time disturbances, especially
when monitoring such minute changes on the single protein
being monitored, causing potentially significant variability.
This can affect the robustness of the methodology if careful
and precise calibration is not employed. As well, the cum-
bersome and time consuming methodology of this approach
limits its potential for use in a clinical setting, where a high
number of samples need to be analyzed. Utilization of the
product ion monitoring glycopeptide relative quantification
methodology is also far from being applicable to analyzing
complex samples such as biological fluids. The signal from
the glycopeptides is approximately three orders of magnitude
less than the unglycosylated peptide, even in the high quantity
and purity preparation of KLK6 used in this study. Also, con-
sidering that the ovarian cancer samples used in this study
were from patients with late stage disease (III and IV), it can
be questioned how sensitive this approach will be when at-
tempting to detect early stage ovarian carcinoma. Also in this
feasibility study, the number of samples analyzed is small and
the conclusions need to be verified with analysis of a larger
dataset.

In conclusion, even with these concerns, this is the first
study to indicate that aberrant glycosylation of KLK6 occurs
in the serum of individuals with ovarian cancer and we de-
veloped a reliable method of measuring these changes. As
such, further refinement of the analytical method may lead
to the improvement of KLK6 and other cancer glycopro-
tein biomarkers with similar properties in their diagnostic
potential.

We would like to thank Dr. C. Geeth Gunawardana, Dr. Hari
Kosanam, and Ioannis Prassas for intellectual insight and dis-
cussion, and the members of the ACDC lab for their continuous
support.

The authors have declared no conflict of interest.

5 References

[1] Parkin, D. M., Bray, F., Ferlay, J., Pisani, P., Global can-
cer statistics, 2002. CA Cancer J. Clin. 2005, 55, 74–
108.

[2] Sankaranarayanan, R., Ferlay, J., Worldwide burden of gy-
naecological cancer: the size of the problem. Best Pract. Res.
Clin. Obstet. Gynaecol. 2006, 20, 207–225.

[3] Bast, R. C., Jr., Badgwell, D., Lu, Z., Marquez, R. et al., New
tumor markers: CA125 and beyond. Int. J. Gynecol. Cancer
2005, 15(Suppl 3), 274–281.

[4] Badgwell, D., Bast, R. C., Jr., Early detection of ovarian can-
cer. Dis. Markers 2007, 23, 397–410.

[5] Higgins, R. V., van Nagell, J. R., Jr., Woods, C. H., Thompson,
E. A., Kryscio, R. J., Interobserver variation in ovarian mea-
surements using transvaginal sonography. Gynecol. Oncol.
1990, 39, 69–71.

[6] Meyer, T., Rustin, G. J., Role of tumour markers in monitor-
ing epithelial ovarian cancer. Br. J. Cancer 2000, 82, 1535–
1538.

[7] Rustin, G. J., Nelstrop, A. E., Tuxen, M. K., Lambert, H. E.,
Defining progression of ovarian carcinoma during follow-up
according to CA 125: a North Thames Ovary Group Study.
Ann. Oncol. 1996, 7, 361–364.

[8] Saldova, R., Wormald, M. R., Dwek, R. A., Rudd, P. M., Glyco-
sylation changes on serum glycoproteins in ovarian cancer
may contribute to disease pathogenesis. Dis. Markers 2008,
25, 219–232.

[9] Xu, Y., Shen, Z., Wiper, D. W., Wu, M. et al., Lysophosphatidic
acid as a potential biomarker for ovarian and other gyneco-
logic cancers. JAMA 1998, 280, 719–723.

[10] Hakomori, S., Glycosylation defining cancer malignancy:
new wine in an old bottle. Proc. Natl. Acad. Sci. U. S. A.
2002, 99, 10231–10233.

[11] Aubert, M., Panicot, L., Crotte, C., Gibier, P. et al., Restoration
of alpha(1,2) fucosyltransferase activity decreases adhesive
and metastatic properties of human pancreatic cancer cells.
Cancer Res. 2000, 60, 1449–1456.

[12] Gorelik, E., Galili, U., Raz, A., On the role of cell surface carbo-
hydrates and their binding proteins (lectins) in tumor metas-
tasis. Cancer Metastasis Rev. 2001, 20, 245–277.

[13] Hsu, C. C., Lin, T. W., Chang, W. W., Wu, C. Y. et al.,
Soyasaponin-I-modified invasive behavior of cancer by
changing cell surface sialic acids. Gynecol. Oncol. 2005, 96,
415–422.

[14] Kannagi, R., Carbohydrate-mediated cell adhesion involved
in hematogenous metastasis of cancer. Glycoconj. J. 1997,
14, 577–584.

[15] Kannagi, R., Izawa, M., Koike, T., Miyazaki, K., Kimura, N.,
Carbohydrate-mediated cell adhesion in cancer metastasis
and angiogenesis. Cancer Sci. 2004, 95, 377–384.

[16] Phillips, M. L., Nudelman, E., Gaeta, F. C., Perez, M. et al.,
ELAM-1 mediates cell adhesion by recognition of a carbohy-
drate ligand, sialyl-Lex. Science 1990, 250, 1130–1132.

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



808 U. Kuzmanov et al. Proteomics 2012, 12, 799–809

[17] Takada, A., Ohmori, K., Yoneda, T., Tsuyuoka, K. et al., Con-
tribution of carbohydrate antigens sialyl Lewis A and sialyl
Lewis X to adhesion of human cancer cells to vascular en-
dothelium. Cancer Res. 1993, 53, 354–361.

[18] Walz, G., Aruffo, A., Kolanus, W., Bevilacqua, M., Seed,
B., Recognition by ELAM-1 of the sialyl-Lex determinant
on myeloid and tumor cells. Science 1990, 250, 1132–
1135.

[19] Zhu, Y., Srivatana, U., Ullah, A., Gagneja, H. et al., Sup-
pression of a sialyltransferase by antisense DNA reduces
invasiveness of human colon cancer cells in vitro. Biochim.
Biophys. Acta. 2001, 1536, 148–160.

[20] Jankovic, M. M., Milutinovic, B. S., Glycoforms of CA125
antigen as a possible cancer marker. Cancer Biomark 2008,
4, 35–42.

[21] Orczyk-Pawilowicz, M., Hirnle, L., Katnik-Prastowska, I., The
expression of fucose isoforms of amniotic and plasma alpha-
1-acid glycoprotein derived from 2nd and 3rd trimester
normal pregnancies. Clin. Biochem. 2009, 42, 1517–
1523.

[22] Saldova, R., Royle, L., Radcliffe, C. M., Abd Hamid, U. M. et
al., Ovarian cancer is associated with changes in glycosy-
lation in both acute-phase proteins and IgG. Glycobiology
2007, 17, 1344–1356.

[23] Turner, G. A., Goodarzi, M. T., Thompson, S., Glycosylation
of alpha-1-proteinase inhibitor and haptoglobin in ovarian
cancer: evidence for two different mechanisms. Glycoconj.
J. 1995, 12, 211–218.

[24] Aranganathan, S., Senthil, K., Nalini, N., A case control study
of glycoprotein status in ovarian carcinoma. Clin. Biochem.
2005, 38, 535–539.

[25] Wang, P. H., Lee, W. L., Juang, C. M., Yang, Y. H. et al., Altered
mRNA expressions of sialyltransferases in ovarian cancers.
Gynecol. Oncol. 2005, 99, 631–639.

[26] Wang, P. H., Li, Y. F., Juang, C. M., Lee, Y. R. et al., Expression
of sialyltransferase family members in cervix squamous cell
carcinoma correlates with lymph node metastasis. Gynecol.
Oncol. 2002, 86, 45–52.

[27] Wang, P. H., Li, Y. F., Juang, C. M., Lee, Y. R. et al., Al-
tered mRNA expression of sialyltransferase in squamous
cell carcinomas of the cervix. Gynecol. Oncol. 2001, 83, 121–
127.

[28] Wang, P. H., Lo, W. L., Hsu, C. C., Lin, T. W. et al., Different en-
zyme activities of sialyltransferases in gynecological cancer
cell lines. Eur. J. Gynaecol. Oncol. 2002, 23, 221–226.

[29] Inoue, M., Fujita, M., Nakazawa, A., Ogawa, H., Tanizawa,
O., Sialyl-Tn, sialyl-Lewis Xi, CA 19–9, CA 125, carcinoem-
bryonic antigen, and tissue polypeptide antigen in differen-
tiating ovarian cancer from benign tumors. Obstet. Gynecol.
1992, 79, 434–440.

[30] Inoue, M., Ton, S. M., Ogawa, H., Tanizawa, O., Expression of
Tn and sialyl-Tn antigens in tumor tissues of the ovary. Am.
J. Clin. Pathol. 1991, 96, 711–716.

[31] Shan, S. J., Scorilas, A., Katsaros, D., Diamandis, E. P., Tran-
scriptional upregulation of human tissue kallikrein 6 in ovar-

ian cancer: clinical and mechanistic aspects. Br. J. Cancer
2007, 96, 362–372.

[32] Shaw, J. L., Diamandis, E. P., Distribution of 15 human
kallikreins in tissues and biological fluids. Clin. Chem. 2007,
53, 1423–1432.

[33] Shih Ie, M., Salani, R., Fiegl, M., Wang, T. L. et al., Ovarian
cancer specific kallikrein profile in effusions. Gynecol. Oncol.
2007, 105, 501–507.

[34] Hoffman, B. R., Katsaros, D., Scorilas, A., Diamandis, P. et
al., Immunofluorometric quantitation and histochemical lo-
calisation of kallikrein 6 protein in ovarian cancer tissue: a
new independent unfavourable prognostic biomarker. Br. J.
Cancer 2002, 87, 763–771.

[35] Kyriakopoulou, L. G., Yousef, G. M., Scorilas, A., Katsaros,
D. et al., Prognostic value of quantitatively assessed KLK7
expression in ovarian cancer. Clin. Biochem. 2003, 36, 135–
143.

[36] Luo, L. Y., Katsaros, D., Scorilas, A., Fracchioli, S. et al., Prog-
nostic value of human kallikrein 10 expression in epithelial
ovarian carcinoma. Clin. Cancer Res. 2001, 7, 2372–2379.

[37] Tanimoto, H., Underwood, L. J., Shigemasa, K., Parmley, T.
H., O’Brien, T. J., Increased expression of protease M in ovar-
ian tumors. Tumour. Biol. 2001, 22, 11–18.

[38] Yousef, G. M., Scorilas, A., Katsaros, D., Fracchioli, S. et al.,
Prognostic value of the human kallikrein gene 15 expression
in ovarian cancer. J. Clin. Oncol. 2003, 21, 3119–3126.

[39] Diamandis, E. P., Scorilas, A., Fracchioli, S., Van Gramberen,
M. et al., Human kallikrein 6 (hK6): a new potential serum
biomarker for diagnosis and prognosis of ovarian carci-
noma. J. Clin. Oncol. 2003, 21, 1035–1043.

[40] Kuzmanov, U., Jiang, N., Smith, C. R., Soosaipillai, A., Dia-
mandis, E. P., Differential N-glycosylation of kallikrein 6 de-
rived from ovarian cancer cells or the central nervous sys-
tem. Mol. Cell Proteomics 2009, 8, 791–798.

[41] Kulasingam, V., Smith, C. R., Batruch, I., Buckler, A. et al.,
“Product ion monitoring” assay for prostate-specific antigen
in serum using a linear ion-trap. J. Proteome. Res. 2008, 7,
640–647.

[42] Oikonomopoulou, K., Hansen, K. K., Baruch, A., Hollenberg,
M. D., Diamandis, E. P., Immunofluorometric activity-based
probe analysis of active KLK6 in biological fluids. Biol. Chem.
2008, 389, 747–756.

[43] Magklara, A., Mellati, A. A., Wasney, G. A., Little, S. P. et al.,
Characterization of the enzymatic activity of human kallikrein
6: autoactivation, substrate specificity, and regulation by in-
hibitors. Biochem. Biophys. Res. Commun. 2003, 307, 948–
955.

[44] Little, S. P., Dixon, E. P., Norris, F., Buckley, W. et al., Zyme, a
novel and potentially amyloidogenic enzyme cDNA isolated
from Alzheimer’s disease brain. J. Biol. Chem. 1997, 272,
25135–25142.

[45] Diamandis, E. P., Yousef, G. M., Soosaipillai, A. R., Grass,
L. et al., Immunofluorometric assay of human kallikrein 6
(zyme/protease M/neurosin) and preliminary clinical appli-
cations. Clin. Biochem. 2000, 33, 369–375.

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



Proteomics 2012, 12, 799–809 809

[46] Dube, D. H., Bertozzi, C. R., Glycans in cancer and inflamma-
tion – potential for therapeutics and diagnostics. Nat. Rev.
Drug. Discov. 2005, 4, 477–488.

[47] Kim, Y. J., Varki, A., Perspectives on the significance of al-
tered glycosylation of glycoproteins in cancer. Glycoconj. J.
1997, 14, 569–576.

[48] Jemal, A., Siegel, R., Ward, E., Murray, T. et al., Cancer statis-
tics, 2007. CA Cancer J. Clin. 2007, 57, 43–66.

[49] Li, B., An, H. J., Kirmiz, C., Lebrilla, C. B. et al., Glycopro-
teomic analyses of ovarian cancer cell lines and sera from
ovarian cancer patients show distinct glycosylation changes
in individual proteins. J. Proteome Res. 2008, 7, 3776–3788.

[50] Kui Wong, N., Easton, R. L., Panico, M., Sutton-Smith, M.
et al., Characterization of the oligosaccharides associated
with the human ovarian tumor marker CA125. J. Biol. Chem.
2003, 278, 28619–28634.

[51] Pan, S., Chen, R., Aebersold, R., Brentnall, T. A., Mass spec-
trometry based glycoproteomics – from a proteomics per-
spective. Mol. Cell Proteomics 2010.

[52] Ludwig, J. A., Weinstein, J. N., Biomarkers in cancer staging,
prognosis and treatment selection. Nat. Rev. Cancer. 2005,
5, 845–856.

[53] Johnson, P. J., Poon, T. C., Hjelm, N. M., Ho, C. S. et al., Struc-
tures of disease-specific serum alpha-fetoprotein isoforms.
Br. J. Cancer 2000, 83, 1330–1337.

[54] Johnson, P. J., Poon, T. C., Hjelm, N. M., Ho, C. S. et al., Gly-
can composition of serum alpha-fetoprotein in patients with
hepatocellular carcinoma and non-seminomatous germ cell
tumour. Br. J. Cancer 1999, 81, 1188–1195.

[55] Poon, T. C., Mok, T. S., Chan, A. T., Chan, C. M. et al., Quantifi-
cation and utility of monosialylated alpha-fetoprotein in the
diagnosis of hepatocellular carcinoma with nondiagnostic
serum total alpha-fetoprotein. Clin. Chem. 2002, 48, 1021–
1027.

[56] Peracaula, R., Tabares, G., Royle, L., Harvey, D. J. et al., Al-
tered glycosylation pattern allows the distinction between
prostate-specific antigen (PSA) from normal and tumor ori-
gins. Glycobiology 2003, 13, 457–470.

[57] Dwek, M. V., Jenks, A., Leathem, A. J., A sensitive assay to
measure biomarker glycosylation demonstrates increased
fucosylation of prostate specific antigen (PSA) in patients
with prostate cancer compared with benign prostatic hyper-
plasia. Clin. Chim. Acta 2010, 411, 1935–1939.

[58] Matsumoto, H., Shinzaki, S., Narisada, M., Kawamoto, S. et
al., Clinical application of a lectin-antibody ELISA to measure
fucosylated haptoglobin in sera of patients with pancreatic
cancer. Clin. Chem. Lab. Med. 2010, 48, 505–512.

[59] Gamblin, D. P., Scanlan, E. M., Davis, B. G., Glycoprotein
synthesis: an update. Chem. Rev. 2009, 109, 131–163.

[60] Anderson, N. L., Anderson, N. G., The human plasma pro-
teome: history, character, and diagnostic prospects. Mol. Cell
Proteomics 2002, 1, 845–867.

[61] Hirabayashi, J., Lectin-based structural glycomics: glycopro-
teomics and glycan profiling. Glycoconj. J. 2004, 21, 35–40.

[62] Hirabayashi, J., Concept, strategy and realization of lectin-
based glycan profiling. J. Biochem. 2008, 144, 139–147.

[63] Chen, S., Haab, B. B., Analysis of glycans on serum proteins
using antibody microarrays. Methods Mol. Biol. 2009, 520,
39–58.

[64] Tang, Z., Varghese, R. S., Bekesova, S., Loffredo, C. A. et al.,
Identification of N-glycan serum markers associated with
hepatocellular carcinoma from mass spectrometry data. J.
Proteome Res. 2010, 9, 104–112.

[65] Tsai, H. Y., Boonyapranai, K., Sriyam, S., Yu, C. J. et al.,
Glycoproteomics analysis to identify a glycoform on hap-
toglobin associated with lung cancer. Proteomics 2011, 11,
2162–2170.

[66] Zhang, S., Shu, H., Luo, K., Kang, X. et al., N-linked glycan
changes of serum haptoglobin beta chain in liver disease
patients. Mol. Biosyst. 2011, 7, 1621–1628.

[67] Zhao, J., Simeone, D. M., Heidt, D., Anderson, M. A., Lub-
man, D. M., Comparative serum glycoproteomics using
lectin selected sialic acid glycoproteins with mass spectro-
metric analysis: application to pancreatic cancer serum. J.
Proteome Res. 2006, 5, 1792–1802.

[68] Drabovich, A. P., Diamandis, E. P., Combinatorial peptide li-
braries facilitate development of multiple reaction monitor-
ing assays for low-abundance proteins. J. Proteome Res.
2010, 9, 1236–1245.

[69] Keshishian, H., Addona, T., Burgess, M., Kuhn, E., Carr, S.
A., Quantitative, multiplexed assays for low abundance pro-
teins in plasma by targeted mass spectrometry and sta-
ble isotope dilution. Mol. Cell Proteomics 2007, 6, 2212–
2229.

[70] Keshishian, H., Addona, T., Burgess, M., Mani, D. R. et
al., Quantification of cardiovascular biomarkers in patient
plasma by targeted mass spectrometry and stable isotope
dilution. Mol. Cell Proteomics 2009, 8, 2339–2349.

[71] Nwosu, C. C., Strum, J. S., An, H. J., Lebrilla, C. B., Enhanced
detection and identification of glycopeptides in negative
ion mode mass spectrometry. Anal Chem. 2010, 82, 9654–
9662.

[72] Sutton, C. W., O’Neill, J. A., Cottrell, J. S., Site-specific charac-
terization of glycoprotein carbohydrates by exoglycosidase
digestion and laser desorption mass spectrometry. Anal
Biochem. 1994, 218, 34–46.

[73] Ahn, Y. H., Kim, Y. S., Ji, E. S., Lee, J. Y. et al., Compara-
tive quantitation of aberrant glycoforms by lectin-based gly-
coprotein enrichment coupled with multiple-reaction mon-
itoring mass spectrometry. Anal Chem. 2010, 82, 4441–
4447.

[74] Kurogochi, M., Matsushista, T., Amano, M., Furukawa, J. et
al., Sialic acid-focused quantitative mouse serum glycopro-
teomics by multiple reaction monitoring assay. Mol. Cell Pro-
teomics 2010, 9, 2354–2368.

[75] Shoji, N., Nakagawa, K., Asai, A., Fujita, I. et al., LC-MS/MS
analysis of carboxymethylated and carboxyethylated phos-
phatidylethanolamines in human erythrocytes and blood
plasma. J. Lipid Res. 2010, 51, 2445–2453.

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com




