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a  b  s  t  r  a  c  t

Hepatocellular  cancer  (HCC)  is  a serious  human  disease  with  an  unfortunately  low  survival  rate.  It further
poses a  significant  epidemic  threat  to  our  society  through  its viral  vectors  associated  with  cirrhosis  con-
ditions preceding  the  cancer.  A search  for biomarkers  of  these  diseases  enlists  analytical  glycobiology,  in
general, and  quantitative  biomolecular  mass  spectrometry  (MS),  in  particular,  as valuable  approaches  to
cancer  research.  The  recent  advances  in  quantitative  glycan  permethylation  prior  to  MALDI-MS  oligosac-
charide  profiling  has  enabled  us to compare  the  glycan  quantitative  proportions  in  the  small  serum
samples  of cancer  and  cirrhotic  patients  against  control  individuals.  In  this  investigation,  reasoning  that
some  of the  observed  glycomic  changes  could  be  at least  partly  explained  by acute-phase  or  immune
responses,  we  further  fractionated  the  major  serum  proteins  from  the  minor  components  and  com-
pared  statistically  their differential  glycosylation,  elucidating  some  causes  of  quantitatively  unusual
ALDI-TOF MS
lycans

glycosylation  events.  Numerous  glycan  structures  were  identified  and  tentatively  connected  with  their
originating  proteins,  with  a particular  emphasis  on  sialylated  and  fucosylated  glycans.  In  particular,  for  the
highly-abundant  protein  fraction,  several  smaller,  neutral  glycans  were  observed  to  be  different  between
disease-free  individuals  and  those  diagnosed  with  either  HCC  or cirrhosis.  Further,  these  types of  gly-
cans were  also  different  between  the  two  diseases.  In  the  lesser-abundant  protein  fraction,  a  number  of
sialylated  glycans  were  different  between  each  state-of-health.
. Introduction

During the recent years, advances in glycomics have started
o attract the attention of the laboratories with interest in the
oles of glycoproteins, glycolipids and large proteoglycan molecules
nvolved in immune system responses, inflammation, and disease
evelopment and control. While various glycomic investigations
ay  involve different techniques and approaches [1],  mass spec-

rometry (MS) now plays a very essential role in solving the
tructural aspects of the glycobiology field. Quantitative gly-
omic profiling at high sensitivity has become particularly feasible
hrough the use of complete glycan permethylation [2–6] in con-

unction with MALDI-MS.

In relation to the search for putative glycan disease biomarkers,
t is essential to display numerous structures in the oligosaccha-
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ride profile obtained from relevant biological materials, such as
biological fluids or tissue extracts. The solid-phase permethyla-
tion approach [5,6], combined with MS,  is generally inclusive of
the oligosaccharide structures up to approximately 5000 mass
units, which include both the neutral and sialylated glycans. More-
over, permethylation enhances the sensitivity of MS  measurements
when compared to the unmodified sugars. In the recent studies
by this research group [5–7], these methodological improvements
have made it feasible to profile glycans in the samples of blood
sera of microliter volumes. While quantitative glycomic profiling
of the serum glycoprotein mixtures appears to hold potential for
diagnostic and prognostic measurements in cancer [8–11], these
comparative analytical procedures also have a great promise to
identify the source proteins associated with the aberrant glycosy-
lation which may  be typical for the presence of cancer or a state
of malignancy. This report deals with the preliminary stages of
such an inquiry for hepatocellular carcinoma (HCC), which we and

other groups [8,9,12,13] previously assessed in terms of the glycan
structures alone.

Human blood serum is a rich source of glycoproteins for
glycomic and glycoproteomic analyses pertaining to different
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tates-of-health of individuals. As the physiological fluids perfuse
ifferent tissues, blood carries thousands of proteins, including
hose that can originate from tumor cell surfaces and are shed
nto the bloodstream [14]. Additionally, proteins from tumor cells
hat may  have ruptured could also enter the circulatory system.
etecting diagnostically interesting glycoproteins has become a
ery active research area in the quest for new and better disease
ndicators. With blood serum being widely considered as a conve-
ient fluid for cancer research investigations, we have developed
lycomic and glycoproteomic methodologies which consume only
icroliter volumes.
The large dynamic range of proteins in blood serum represents a

ajor methodological problem. While over 95% of the total protein
ass in serum is due to roughly 20 proteins, significant effort must

e exerted to detect certain trace proteins [14] that may  be diag-
ostically important. In order to simplify the task of evaluating both
he major and minor proteins for their unusual glycosylation, we
mployed a widely available immunoaffinity/depletion column (as
o many other investigators) as the first necessary step to overcome
he problems of the large concentration range. We  then further
nvestigated the different fractions for their respective glycosyla-
ion patterns.

In relation to a disease condition, we must also consider yet
nother problem, the so-called acute-phase response, to assess
uantitatively a protein biosynthetic change/glycosylation. Many
f the proteins synthesized by the liver and secreted into the blood-
tream may  act as either positive (enhanced concentrations) or
egative (lower concentration) responders to a stress (inflamma-
ory response or injury) placed on the system [15,16].  Often, in
ssociation with chronic inflammation, cancer may also induce
n acute-phase response [15,16].  Because many of the highly-
bundant serum proteins are known to be both glycosylated and
ct as the acute-phase proteins, some of the measured, overall gly-
omic changes could be due to such a biochemical response.

In the initial attempt to circumvent possible glycomic changes
hat could be associated with acute-phase or immune responses,
e first subjected a total of 90 serum samples (30 each from
isease-free individuals, patients diagnosed with cirrhosis, and
atients suffering from HCC) to immunoaffinity depletion, result-

ng in two fractions. The bound fraction contained the seven
ost highly-abundant proteins (albumin, IgG, IgA, haptoglobin,
1-antitrypsin, and fibrinogen). In this fraction, haptoglobin,
1-antitrypsin, and fibrinogen are thought to act as positive acute-
hase glycoproteins, while transferrin responds as a negative
cute-phase actor. The flow-through fractions, for all samples in
omparison, should contain all remaining (trace) serum proteins.
ach fraction was then glycomically profiled using a slight modifi-
ation of our previously published protocol [5,7].

The glycomic profiles and their individual components were
hen subjected to a series of statistical tests, while the oligosac-
haride analytical results were correlated to those obtained in our
revious serum glycomic study of cirrhosis and HCC [8,9,13] and the
esults of other laboratories [12,17–19].  For a plethora of cancerous
onditions, some altered glycosylation patterns were previously
eported [10,11,17,20–24]. It has been suggested that increased
evels of � 1,6-linked fucosylation of complex glycans represents

 key change in HCC [25,26], whereas increased levels of core fuco-
ylation associated with bisecting glycans may  distinguish patients
iagnosed with cirrhosis from those suffering from HCC [19].

. Experimental
.1. Materials

Sodium hydroxide beads, �-mercaptoethanol, and methyl
odide were purchased from Sigma Chemical Co. (St. Louis, MO).
s Spectrometry 305 (2011) 185– 198

Sodium dodecyl sulfate (SDS) was acquired from Bio-Rad Labora-
tories (Hercules, CA) and Nonidet P40 was received from Roche
Diagnostics (Indianapolis, IN). The spin columns that were used
for sample purification, graphitized carbon and C18, were prod-
ucts of Harvard Apparatus (Holliston, MA). The MALDI  matrix,
2,5-dihydroxybenzoic acid (2,5-DHB), was acquired from Alfa Aesar
(Ward Hill, MA)  and N-Glycanase F (PNGase F) was  purchased from
Northstar Bioproducts (East Falmouth, MA). Water (HPLC-grade)
and trifluoroacetic acid (TFAA) were obtained from EMD  Chemicals,
Inc. (Gibbstown, NJ), while HPLC-grade acetonitrile (ACN), chlo-
roform, and dimethylsulfoxide (DMSO) came from Malllinckrodt
Baker (Phillipsburg, NJ).

2.2. Sample collection

In this study, patients that had been diagnosed with HCC and
disease-free individuals were enrolled in a study initially conducted
at the National Cancer Institute of Cairo University, Egypt, from
2000 to 2002. Briefly, adults (aged 17 and older) that were pre-
viously diagnosed with HCC and those without a prior history of
cancer were eligible to participate in the original study. The pres-
ence of HCC was confirmed by pathology, cytology, imaging (both
CT and ultrasound), and elevated levels of serum alpha-fetoprotein
(AFP). Individuals free of liver disease were recruited from the
orthopedic department of Kasr El-Aini Faculty of Medicine at Cairo
University and blood serum samples acquired from these indi-
viduals were used as control samples. Samples from the patients
diagnosed with liver cirrhosis, and confirmed by biopsy, were
acquired during the sample time period from the Ain Shams Uni-
versity Specialized Hospital and the Tropical Medicine Research
Institute, Cairo, Egypt.

Blood samples were collected by a trained phlebotomist each
day at around 10 a.m. and processed within a few hours according to
a standardized protocol. Aliquots of sera were frozen immediately
after collection and stored at −80 ◦C until the time of analysis.

2.3. Immunoaffinity fraction of serum samples

The Agilent Multiple Affinity Removal System (MARS) column
(Agilent Technologies, Palo Alto, CA) was  utilized in this study
to separate the seven most highly-abundant proteins (albumin,
IgG, �1-antitrypsin, IgA, transferrin, haptoglobin, and fibrinogen)
from the proteins in blood serum present in lower quantities.
Aliquots of blood serum (25 �L) were first diluted to 100 �L using
buffer A, a proprietary buffer recommended by the manufacturer
and then filtered using low-retention 0.22 �m filters. The sam-
ples were then injected onto the column and the flow-through
fractions, containing the lower-abundance proteins were collected.
The highly-abundant proteins were eluted from the column using
the proprietary buffer B and these proteins were also collected.
Each fraction was  then buffer-exchanged and desalted into HPLC-
grade water using 5000 Da molecular-weight cutoff filters and
completely dried.

2.4. Release and purification of the N-linked glycans

Prior to the release of the N-linked glycans, the dried pro-
tein samples were resuspended in a 50-�L aliquot of a buffer
(pH = 7.5) composed of 10 mM sodium phosphate/0.1% SDS/0.1%
�-mercaptoethanol. The proteins were then simultaneously dena-
tured and reduced by heating samples to 60 ◦C for 45 min. After

allowing the samples to cool to room temperature, a 5-�L  aliquot of
Nonidet P-40 was  added. Following a 10-min equilibration period, a
5-mU aliquot of PNGase F was added and the digestion was allowed
to proceed for 18 h at 37 ◦C.
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Following the enzymatic digestion, the liberated N-linked
lycans were purified by a two-step solid-phase extraction pro-
edure utilizing first C18 microspin columns, followed by activated
raphitized carbon microspin columns. Both media were first
onditioned with three aliquots, 400 �L each, of a solution com-
osed of 85%/15%/0.1% ACN/water/TFAA (solution B) and then
e-equilibrated with three aliquots, 400 �L each, of a 95%/5%/0.1%
ater/ACN/TFAA solution (solution A). Following re-equilibration

f the C18 media, used to remove proteins, detergents, and other
ydrophobic materials, the samples were diluted to 200 �L with
uffer A and applied to the spin column. After centrifugation, the
amples were reapplied and centrifuged again. The medium was
hen washed with a 200-�L aliquot of buffer A to ensure a high
ecovery of the glycans, which were not retained by the station-
ry phase. The samples were then further purified and desalted
y activated graphite spin columns. The samples were applied to
he medium a total of three times and washed twice with 300-�L
liquots of buffer A. The retained glycans were then eluted by a
00-�L aliquot of a 25%/75%/0.1% ACN/water/TFAA solution (solu-
ion C) and centrifuged. A second 100-�L aliquot of solution C was
hen added, followed by centrifugation. The samples were then
ompletely dried in a vacuum centrifuge.

.5. Solid-phase permethylation

The N-linked glycans derived from the glycoproteins present
n blood serum samples were permethylated statically, in a slight

odification to our previously published methods that utilized
ow [5,6]. Briefly, spin-column reactors were prepared by loading
mpty microspin columns (Harvard Apparatus, Hollister, MA)  with
odium hydroxide beads that had been suspended in ACN. The reac-
ors were thoroughly washed with DMSO prior to the application of
he samples. The dried N-linked glycan samples were resuspended
n a reaction solution composed of 60 �L of DMSO, 44.8 �L of methyl
odide, and 2.4 �L of water. The samples were then applied to each
eactor and allowed to react for 15 min. In this method, the sam-
les were not centrifuged to generate flow, unlike in our previous
ethods. After 15 min, the samples were centrifuged and a second

4.8-�L aliquot of methyl iodide was added and the samples were
eapplied to the reactors for a second 15-min reaction period. The
amples were then centrifuged and the reactors were washed with
wo 100-�L aliquots of ACN. The permethylated N-linked glycans
ere recovered from the permethylation reaction solution by liq-
id/liquid extraction using chloroform and repeatedly washed with
.5 M NaCl and HPLC-grade water. Following the extraction, the
hloroform layer containing the permethylated N-linked glycans
as dried in a vacuum centrifuge.

.6. Mass-spectral analysis

All mass-spectral measurements in this study were performed
n an Applied Biosystems 4800 MALDI TOF/TOF instrument
Applied Biosystems, Foster City, CA) equipped with a frequency-
ripled Nd:YAG laser operating at 355 nm.  The MALDI matrix used
n this study was 2,5-dihydroxybenzoic acid and was  prepared at
0 mg/ml  in 50%/50% water/methanol with 1 mM sodium acetate
o ensure complete cationization. The samples were resuspended
n 5 �L of 50%/50% water/methanol and a 0.5-�L aliquot was  spot-
ed on a stainless steel MALDI target plate and mixed with an equal
olume of the matrix solution and dried under vacuum to generate

 layer of fine, uniform crystals. The instrument was  operated in its

ositive-ion mode and the m/z  range from 1400 to 5000 was  mon-

tored. A total of 4000 laser shots were applied to each sample spot
nd each sample was analyzed automatically by the instrument in
ts “batch mode” of operation.
s Spectrometry 305 (2011) 185– 198 187

2.7. Data processing and statistical analysis

The resulting data were baseline-corrected, a noise filter was
applied, and the files were exported as text files using Data Explorer
(version 4.0), a software tool included with the instrument’s oper-
ating software. Normalization of the data was  performed using an
in-house developed software tool. Normalization was  performed
by first summing the intensities of all glycans of interest and divid-
ing the intensity of the signal associated with each ion by the sum
of the total intensity.

The normalized data were then subjected to a series of statis-
tical tests to determine the potential differences of the acquired
N-linked glycomic profiles. First, a principal component analysis
(PCA) was  performed on the raw MALDI data using MarkerView
(Applied Biosystems, Foster City, CA). Supervised PCA methods
were used, employing an a priori knowledge of the pathological
condition of the sample. In this analysis, the peak intensities were
scaled using the Pareto option, where the average value is sub-
tracted from each value and the difference is divided by the square
root of the standard deviation. This prevents analytes resulting in
the highest mass-spectral intensities from dominating the analy-
sis. Next, Microsoft Excel was used to perform a single-variable
analysis-of-variance (ANOVA) test. In this study, the data sets were
considered to be statistically different only if the resulting p-value
was less than 0.05, meaning the observed changes had a 5% chance
of being randomly significant. Those glycans passing the ANOVA
test were then subjected to a receiver operating characteristics
(ROC) test and its associated area-under-the-curve (AUC) value
was calculated using Origin 8 (OriginLab Corporation, Northamp-
ton, MA). A ROC test plots the sensitivity (or the true-positive rate)
against the 1-specificity, or the false-positive rate. The resulting
AUC value may  range from 0 to 1, where 0 is a perfectly negative
test for the condition and 1 is a perfectly positive test. Arbitrary
guidelines have been assigned for all remaining values. AUC values
ranging from 0.9 to 1 and 0 to 0.1 were considered highly accurate
and values between 0.8 and 0.9 and 0.1 and 0.2 were deemed accu-
rate. If the AUC value was between 0.7 and 0.8 or 0.2 and 0.3, the test
was thought of as only moderately accurate. If the AUC value fell
between 0.5 and 0.7 or 0.3 and 0.5, the test was considered uninfor-
mative. Finally, the variation of the data associated with each group
was expressed as the standard error-of-the-mean (SEM) to account
for the sample size, possibly providing a better view of the data
dispersion by minimizing the effects of biochemical individuality
associated with rather limited sample sets.

3. Results

In this study, we have utilized a commercially available
immunoaffinity-depletion column to fractionate blood serum pro-
teins into a pool consisting of the top seven most highly-abundant
proteins and a fraction containing the remaining, lesser-abundant
proteins. In the highly-abundant protein fraction, six of the seven
proteins are glycosylated (of these, only albumin is not a gly-
coprotein) and four are glycoproteins synthesized by the liver
(�1-antitrypsin, transferrin, haptoglobin, and fibrinogen) which
may  act as acute-phase proteins. Of these acute-phase proteins,
only transferrin acts as a negative acute-phase protein, i.e., it
is down-regulated during an immune response or inflammatory
response by the liver [15]. Since cancer often induces an acute-
phase response [16], it seemed plausible to deplete the most-highly
abundant proteins prior to glycomic analysis in order to study

those glycans associated with the glycoproteins present in lower
abundances in order to by-pass some of the changes between the
different sample groups that could be expected to be the result of
an acute-phase response.
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.1. Preliminary observations on N-linked glycomic profiles:
ighly-abundant vs lesser-abundant protein fractions

Comparing the glycomic profiles for the N-linked glycans
erived from the glycoproteins present in the serum of a sin-
le patient that had been subjected to immunoaffinity-depletion
ractionation, the overall profiles for each fraction may  appear
omewhat similar in respect to the most intense m/z  signals.
owever, significant differences were observed for many of the

ower-intensity ions. A representative MALDI-TOF mass spec-
rum for each fraction is presented as Fig. 1a and b for the
ighly-abundant protein fraction (those proteins retained by
he depletion column) and the lesser-abundant fraction (or the
ow-through fraction), respectively. In total, approximately 55
nique glycan compositions were detected in each fraction, with
he majority being present in both. Both spectra were domi-

ated by an ion present at m/z 2792.2, which is the result of

 biantennary-disialylated glycan. While the fraction containing
he highly-abundant proteins contained many neutral glycans,
hich resulted in moderately intense signals in the m/z range from
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ig. 1. Representative MALDI-TOF MS  spectra for the N-linked glycomic analysis of (a) t
he  symbols in this figure are: blue square, N-acetylglucosamine; green circle, mannose;
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approximately 1750–2500, this same range in the depleted frac-
tion was noticeably altered. Many of those same glycans were
either absent or gave rise to very weak signals. For example,
the glycan observed at m/z 1835.9 possessed an average rela-
tive intensity of nearly 8% in the highly-abundant protein fraction
(for the 30 disease-free samples) and only a relative intensity of
approximately 0.1% in the depleted fraction. This observation is
expected, since this particular glycan had been implicated to be
associated with IgG [27]. Based on previous proteomic experi-
ments with depleted human blood serum, we generally observe the
highly-abundant proteins in the depleted fraction, since the deple-
tion is reproducible, but not quantitative. Therefore, we believe
that the presence of the glycan at m/z 1835.9 (along with other
expected IgG-associated glycans), may  be at least partly due to trace
amounts of IgG in the lesser-abundant protein fraction, though
it may  also be possible for these glycans to be associated with

other trace-level glycoproteins. Conversely, many trace-level gly-
cans that were observed in the high m/z range (defined as those
above m/z greater than ca. 4000) were present in greater relative
abundance in the flow-through fraction (compare Fig. 1a and b). The
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Table 1
Glycans from the bound fraction (highly-abundant proteins), which were statistically different between disease-free individuals (NC) and from patients diagnosed with
hepatocellular carcinoma (HCC), and those that were different between disease-free individuals and cirrhosis (QT) patients. The differences were based on the p-values
(values less than 0.05 were considered significant) and the area-under-the-curve (AUC) values (values great than 0.80 were considered “accurate”, while values greater than
0.90  were considered “highly accurate”).

Bound fraction

NC QT HCC NC vs QT NC vs HCC

Avg. rel. int. SEM Avg. rel. int. SEM Avg. rel. int. SEM p-Value AUC p-Value AUC

1835.8 7.77 0.71 9.30 0.60 14.07 1.12 0.106 0.620 1.42E−05 0.810

1906.9  0.65 0.06 0.68 0.05 1.30 0.12 0.726 0.554 1.45E−05 0.839

2040.0  6.99 0.31 9.36 0.37 8.34 0.37 7.32E−06 0.828 0.00688 0.697

2081.1  1.51 0.15 2.35 0.15 3.03 0.30 7.48E−04 0.757 3.29E−05 0.800

2110.9  0.61 0.04 0.75 0.03 0.97 0.06 0.00856 0.692 5.21E−06 0.822

2244.1  2.89 0.23 4.15 0.21 2.69 0.19 1.54E−04 0.800 0.514 0.472

2285.2 1.58 0.09 2.69 0.13 2.29 0.13 3.12E−09 0.908 2.54E−05 0.800

2314.9  0.28 0.01 0.38 0.01 0.34 0.02 1.09E−06 0.822 0.00534 0.696

2431.2  5.28 0.26 3.50 0.17 3.34 0.19 2.97E−07 0.144 9.91E−08 0.138

2489.3 0.56 0.03 0.75 0.03 0.63 0.03 3.51E−06 0.824 0.0573 0.633

2646.2  0.55 0.03 0.60 0.02 0.86 0.05 0.182 0.621 1.68E−06 0.827
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elative intensities of the glycans present in this region of the spec-
ra were increased from ca. 1.4 to 4.5 times in the lesser-abundant
rotein fraction for the 30 disease-free samples. A tetraantennary-
etrasialylated glycan was observed to have the greatest increase in
elative abundance. Thus, while the spectra between the two frac-
ions may  superficially appear similar, closer inspection on smaller
eaks revealed several differences, indicating that each fraction
hould be subjected to further analysis. The glycans monitored in
his study are listed in Tables 1 and 2 for the glycans that passed
tatistical tests for the bound (representing the highly-abundant
roteins) and the unbound, or lesser-abundant proteins, respec-
ively and Table S1 of the supplemental data presents the remaining
lycans identified in this study that were not indicative of the state-
f-health of a sample.

.2. Principal component analysis

As the first test to observe changes between the different sample
ets, the resulting N-linked glycan profiles were subjected to a prin-
ipal component analysis (PCA). Principal component analysis is a

hemometric tool employed to distinguish different sample sets
ased on a series of orthogonal (and therefore unrelated) princi-
al components. Each principal component visualizes the variance
ssociated with each sample.
 19.01 1.21 0.00144 0.274 8.64E−08 0.140

The plots for the PCA analysis of the highly-abundant and lesser-
abundant protein fractions are given as Fig. 2a and b, respectively.
In both fractions, the N-linked glycomic profiles resulted in sepa-
ration of the HCC sample set from the disease-free and cirrhosis
sample sets in the first principal component, suggesting that the
HCC profiles were significantly different from the other two states-
of-health. The disease-free and cirrhosis sample sets overlapped in
the first principal component for both fractions, but were separated
in the second principal component, suggesting that only subtle, yet
perhaps important differences were detectable between these two
sample sets.

3.3. Total intensity differences between different glycan classes

In order to gain a deeper insight into the nature of the possible
changes that were indicated by the PCA plots, the N-linked gly-
cans used in this study were classified into various subclasses that
included the high-mannose, non-fucosylated neutral, fucosylated
neutral, bisecting, fucosylated complex sialylated, complex sialy-
lated, total complex sialylated (including fucosylated structures),

and fucosylated complex sialylated subclasses. Notched-box plots
depicting the results of these analyses are given as Fig. 3a–g for
the highly-abundant protein fraction and Fig. 4a–g for the lesser-
abundant protein fraction. The data are depicted as notched-box
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Table 2
Glycans from the flow-through fraction (lesser-abundant proteins), which were statistically different between disease-free individuals (NC) and the patients diagnosed with
hepatocellular carcinoma (HCC) and those that were different between the disease-free individuals and cirrhosis (QT) patients. The differences were based on the p-values
(values less than 0.05 were considered significant) and the area-under-the-curve (AUC) values (values great than 0.80 were considered “accurate” and values greater than
0.90  were considered “highly accurate”).

Flow-through fraction

NC QT HCC NC vs QT NC vs HCC

m/z Avg. rel. int. SEM Avg. rel. int. SEM Avg. rel. int. SEM p-Value AUC p-Value AUC

1835.8 1835.8 0.124 0.009 0.141 0.013 0.408 0.062 0.3 3.13E−05 0.884

1906.9  1906.9 0.056 0.006 0.046 0.005 0.115 0.020 0.173 0.0063 0.800

1998.9 1998.9 0.078 0.005 0.084 0.006 0.114 0.008 0.45 0.588 2.45E−04 0.818

2040.0  2040.0 0.117 0.008 0.159 0.015 0.308 0.042 0.0163 0.678 3.16E−05 0.872

2081.1  2081.1 0.023 0.004 0.023 0.003 0.101 0.017 0.918 5.79E−05 0.872

2110.9  2110.9 0.059 0.007 0.057 0.005 0.133 0.014 0.75 1.69E−05 0.882

2186.1  2186.1 0.458 0.042 0.722 0.031 0.686 0.045 5.47E−06 0.827 5.41E−04 0.754

2244.1  2244.1 0.350 0.023 0.471 0.021 0.732 0.133 2.78E−04 0.767 0.00653 0.800

2285.2  2285.2 0.073 0.006 0.105 0.008 0.236 0.028 0.0024 0.740 5.01E−07 0.920

2314.9  2314.9 0.049 0.005 0.065 0.004 0.110 0.011 0.0267 0.736 4.10E−06 0.889

2390.2  2390.2 0.490 0.043 0.811 0.035 0.785 0.046 3.07E−06 0.883 1.77E−05 0.785

2472.2  2472.2 0.058 0.006 0.061 0.003 0.095 0.008 0.627 0.633 4.20E−04 0.801

2605.3  2605.3 1.915 0.121 2.691 0.120 3.927 0.341 2.86E−05 0.810 6.97E−07 0.842

2676.3  2676.3 0.152 0.006 0.184 0.009 0.239 0.016 0.00455 0.702 3.54E−06 0.846

2792.4 2792.4 42.184 0.582 43.585 0.694 34.900 0.818 0.127 0.619 1.08E−09 0.089

3054.5  3054.5 0.444 0.015 0.558 0.016 0.825 0.045 3.27E−06 0.835 1.38E−07 0.954

3211.6  3211.6 0.540 0.026 0.556 0.028 0.831 0.066 0.691 0.532 9.14E−07 0.852

3415.7  3415.7 0.611 0.035 0.615 0.041 1.174 0.087 0.939 0.480 1.28E−07 0.884

3602.8  3602.8 9.121 0.621 7.226 0.376 5.759 0.435 0.0114 0.327 4.18E−05 0.200

p
d
s
t

3864.9  3864.9 0.395 0.019 0.339 
lots, since these types of plots indicate that, at 95% confidence, the
ata sets are statistically different if the notches between sample
ets do not overlap [28]. After summing the individual intensi-
ies for the glycans in each subclass, the resulting notched-box
0.013 0.553 0.032 0.0206 0.327 9.14E−05 0.809
plots in Fig. 3 (the highly-abundant protein fraction) indicate that
the high-mannose and, interestingly, the total complex sialylated
(including fucose-substituted) subclasses were not significantly
different between the three sample sets. These results were further
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fraction. All four of these glycans were sialylated and increased
rotein fraction; and (b) the lesser-abundant protein fraction.

onfirmed by p-values that were greater than 0.05 and AUC val-
es associated with uninformative tests. Significant increases in the
otal relative intensities for the two diseases were observed for the
omplex fucosylated, the non-fucosylated neutral, the bisecting,
nd the fucosylated complex sialylated subclasses. The statistical
nalyses of these glycan subclasses resulted in p-values less than
.05 and AUC values that were “moderately accurate” or “accurate.”
onversely, the complex sialylated subclass demonstrated lowered
elative abundances for the diseases states and statistical analy-
is of these subclasses also resulted in p-values less than 0.05 and
ccurate AUC test values. Interestingly, the total intensity for the
omplex sialylated and total fucosylated subclasses for cirrhosis
ere between the disease-free individuals and the HCC patients,

uggesting cirrhosis is an intermediate disease. The analysis for
he total sialylated glycans subclass did not prove to be diagnos-
ically relevant. It appears that when considering the increase in
he relative abundance of the fucosylated complex sialylated sub-

lass coupled with the decrease in the relative abundance in the
ialylated subclass, the total complex sialylated subclass was  not
ignificantly different between the different sample sets.
s Spectrometry 305 (2011) 185– 198 191

A similar investigation was  conducted for the lesser-abundant
protein fraction and many of the trends observed in the highly-
abundant protein fraction were also noticed in this fraction as well
(see Fig. 4a–g). Just as in the highly-abundant protein fraction, no
significant differences were observed in the high-mannose sub-
class or the total sialylated (including fucose) subclass. However,
in the analysis of the complex sialylated subclass, the HCC sample
set showed a statistically relevant decrease in abundance, while the
samples derived from patients diagnosed with cirrhosis did not. The
fucosylated complex sialylated subclass was  increased in relative
abundance in the lesser-abundant protein fraction for the samples
originating from HCC patients. However, for this particular sub-
class, the cirrhosis sample set was  not significantly different from
the disease-free samples. When the total complex sialylated sub-
class was analyzed, an increase in the total relative intensity was
observed for the patients diagnosed with HCC, while once more,
no significant difference was observed for those diagnosed with
cirrhosis.

3.4. Changes in specific glycan structures

To further understand the nature of the changes observed for
the specific glycan subclasses discussed above, notched-box plots
were constructed for the glycans that passed both statistical tests
(a p-value less than 0.05 and an AUC value greater than 0.8). Fig. 5a-
f presents the notched-box plots for a group of glycans derived
from glycoproteins in the highly-abundant protein fraction that
are mostly specific for the cirrhosis. In these plots, the values
for HCC are also included to demonstrate that a certain level of
specificity does exist and it is possible to distinguish the two dis-
eases based on an analysis of the N-linked glycans derived from
blood serum glycoproteins. In this subset of glycans, four were
fucosylated and all were increased in their relative abundance
in the cirrhosis samples. Only one of these fucosylated glycans,
a monogalactosylated bisecting structure, passed both statistical
tests for both diseases. From this pool of six glycans, a second
glycan, a biantennary-monosialylated structure, passed both sta-
tistical tests for both diseases, and was significantly decreased in its
relative abundance in both disease states, though a more significant
decrease was  observed for the HCC samples. The remaining glycans
were all neutral and may  have originated from IgG [27]. A pool of
glycans that are mostly specific for N-linked glycomic changes asso-
ciated with HCC in the highly-abundant protein fraction is given
as Fig. 6a-f. A total of seven glycans (including the biantennary-
disialylated glycan) from this fraction were used to distinguish
samples acquired from patients suffering from HCC from disease-
free individuals. Interestingly, four of these glycans were neutral
(also increased in their relative abundance), with their most likely
origin being IgG [27]. Three glycans in this subset were also fuco-
sylated and all were increased in their relative abundances in the
disease states, though more significant increases were observed
in the samples originating from the patients diagnosed with HCC.
(Only one of these glycans passed all statistical tests for cirrhosis.)
These four, presumably IgG-derived glycans [27], were different
from those that were identified in the samples acquired from the
patients diagnosed with cirrhosis, suggesting a different immune
response by the body to the two diseases. The remaining glycan that
could be used to distinguish HCC was the biantennary-disialylated
glycan, being markedly lowered in its relative abundance relative
to the disease-free samples.

Fig. 7a-d presents notched-box plots for the glycans that were
significantly different for cirrhosis in the lesser-abundant protein
in their relative abundance. Two of these structures were fuco-
sylated versions of the biantennary-monosialylated glycan and a
triantennary-monosialylated glycan. These four glycans were also
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ialylated (with fucose) subclass. The symbols in this figure are the same as those u
ound to be increased in their relative proportions in HCC, though
he structures observed at m/z  values of 2186 and 2390 returned
nly moderately accurate AUC values. The two fucosylated struc-
ures, a biantennary monsiaylalted structure and a triantennary
abundant protein fraction: (a) high-mannose subclass; (b) bisecting structures; (c)
 sialylated subclass; (f) complex sialylated (without fucose subclass); and (g) total

 Fig. 1.
monosialylated glycan, were significantly increased in both dis-
eases.

For the lesser-abundant fraction from the HCC samples, a total
of 11 glycans were found to be significantly different when com-
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IgG, possessed a higher relative intensity than the other potential
IgG-associated structures [27]. This particular glycan was found in
a relative intensity of 0.35% in the lesser-protein fraction for the
disease-free samples and more than 0.7% in the HCC, indicating
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his structure may  be associated with proteins other than IgG. The
emaining five glycans were sialylated; two were both sialylated
nd fucosylated. The sialylated structures, observed at m/z values
f 2431, 2792, and 3602 were all decreased in their relative abun-
ance in the HCC samples. (See Fig. 8 for the notched-box plots
or these glycans.) However, these glycans were not statistically
ifferent for the cirrhosis samples. The fucosylated and sialylated
lycans, observed at m/z  values of 3415 and 3864, were elevated in
heir relative quantities for the HCC samples and, once again, no sig-
ificant difference between the disease-free samples and cirrhosis
amples was observed.

. Discussion

Altered glycosylation on the cell surface of tumor cells is one

f the hallmarks of cancer. Increased sialylation, in particular the
resence of enhanced levels of �2,6-linked sialic acid, along with

ncreased �1,6-GlcNac branching and elevated levels of fucosyla-
ion, often times observed as sialyl Lewis × epitopes, are among the
ein fraction that were specific for cirrhosis in this study. The symbols in this figure

most common aberrations to cancer cell surfaces [16]. Changes
in the sialylation patterns to higher levels of �2,6-linked sialic
acids are thought to increase the metastatic potential of tumor
cells by increasing their mobility [29] and adhesiveness to colla-
gens, while sialyl Lewis × structures are recognized by e-selectin
and allow tumor cells to invade distant tissues from the original
tumor [30,31]. A primary goal for many researchers in the field
of glycomics has been to identify altered glycosylation patterns in
patients diagnosed with cancer, in hope of being able to identify
molecular markers of cancer in its early stages. Because glycopro-
teins, or their fragments may  be shed from the cell surface into
the bloodstream, it may  be possible to detect changes in small
volumes of blood serum using sensitive glycomic techniques. How-
ever, many cancers are also associated with the secretion of various
cytokines, signaling molecules that can induce an acute-phase

response, mimicking the results of chronic inflammation [16].
Because many of the acute-phase proteins found in blood serum
are also glycoproteins, the observed changes of glycosylation in
the patients diagnosed with cancer may  at least partly be associated
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ig. 6. Notched-box plots for glycans derived from proteins of the highly-abundan
he  same as those used in Fig. 1.

ith an acute-phase response [15]. In addition, blood serum is dom-
nated by only a handful of highly-abundant proteins; many of these
re known to act as acute-phase proteins. Therefore, in an attempt
o uncover more specific changes in glycosylation that could be
ssociated with cancer alone, we have first subjected aliquots of
lood serum to immunoaffinity fractionation using a commercially
vailable column to remove the seven most abundant proteins.
rom these proteins (albumin, IgG, IgA, haptoblobin, transferrin,
1-antitrypsin, and fibrinogen), only albumin is not glycosylated.
ith the exception of IgG and IgA, the remaining glycoproteins may

ct as acute-phase proteins, with fibrinogen, �1-antitrypsin, and
aptoglobin acting as positive acute-phase proteins (their concen-
rations increase during an acute-phase response) and transferrin
cting as a negative acute-phase protein (during an acute-phase
esponse, its concentration decreases) [15]. In addition, different
mmunofractions of blood serum samples may  allow us to make

ore informed decisions to target the subsets of proteins or par-

icular proteins in each fraction. For example, because we observe
ncreased levels of sialylated and fucosylated glycans, targeted gly-
oproteomic/proteomic studies may  provide more detailed insight
nto the biochemical processes responsible for glycomic changes
ein fraction that were specific for HCC in this study. The symbols in this figure are

observed. Using glycomic data alone, it is not clear whether alter-
ation in the activity levels of glycosylation enzymatic pathways
occurs or if the protein levels possessing the altered glycosylation
sites are also changing. Hopefully, future more targeted studies will
provide additional details about these types of observed glycopro-
teomic changes.

When comparing the notched-box plots for the various glycan
subclasses for the highly-abundant protein fraction and the lesser-
abundant protein fraction, many of the same trends were observed
in both fractions. Neither fraction showed a significant change in
the relative abundance in the high-mannose subclass, while in both
fractions, the fucosylated complex subclass was increased in its
relative abundance for both disease state. Though, in the lesser-
abundant protein fraction, statistical analysis of the cirrhosis set of
samples resulted in only a moderately accurate AUC value. Based
on these MALDI-MS profiles alone, a more in-depth knowledge
pertaining to the specific linkage and thus location (either core or

antennary), cannot be obtained. However, this topic is the subject
of an on-going study in our laboratory. The increased relative abun-
dance of fucosylated complex glycan subclass in both fractions was
attributed mainly to the glycans appearing at m/z  values of 1835,
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ig. 7. Notched-box plots for the glycans derived of proteins from the lesser-abunda
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040, and 2081. These glycans are known to be attached to IgG [27]
nd we have identified them as being increased in both breast [10]
nd prostate [11] cancers as well. These glycans most likely were
erived from IgG [27] in the less-abundant protein fraction only
s the result of an incomplete removal of IgG. However, because
f the very low relative intensities of these glycans, we  are confi-
ent in a highly efficient removal of the targeted proteins. Similarly
or HCC, both fractions showed a decrease with both the com-
lex sialylated (no fucose) and total sialylated subclasses. Analysis
f the cirrhosis samples demonstrated that these subclasses were
nly decreased in their relative abundance in the highly-abundant
rotein fraction. Alternatively, the fucosylated complex sialylated
ubclass was elevated in its relative abundance in both fractions
or HCC, which is in good agreement with the previously published
eports studying the levels of fucosylated proteins [32–34].  This
ubclass was again elevated for the cirrhosis samples only in the
ighly-abundant fraction. Interestingly, when comparing the rel-
tive intensities for the biantennary-monosialylated glycan (m/z
431), its relative abundance decreased in both fractions for HCC,
hile its fucosylated analogue (m/z 2605) was increased. A similar

rend was also observed for the biantennary-disialylated structure
m/z 2792) and its fucosylated version (m/z 2966). These results
uggest that the complex sialylated structures are being converted
o fucosylated structures, possibly as sialyl Lewis × epitopes. Fur-
hermore, this seems to suggest that at least for HCC, even in the
esser-abundant protein fraction, there may  still be the effects of
n acute-phase response.

The lesser-abundant protein fraction studied in this investiga-

ion contained both �1-acid glycoprotein (AGP) and hemopexin,
oth of which may  act as positive acute-phase proteins [15,35].
he concentration of AGP has been reported to increase by sev-
ral fold in patients with chronic inflammation [36]. AGP is known
tein fraction that were specific for cirrhosis in this study. The symbols in this figure

to include the biantennary-mono-sialylated glycan and its fucosy-
lated version along with the biantennary-disialylated glycan and
its fucosylated analogue [15]. Therefore, it seems plausible that the
decrease in the two  non-fucosylated structures, coupled with the
increase in the relative abundance of their fucosylated versions,
may  be partly due to increases in the levels of AGP. Recently, it was
reported that AGP levels were elevated in HCC patients, relative to
not only control samples, but also in patients diagnosed with cir-
rhosis [37]. Additionally, altered glycosylation of hemopexin has
also been examined in HCC patients [18]. This study also con-
cluded that fucosylation was  increased on many multiply-branched
structures, which may  partly explain the results we  observe in
this work. However, the authors’ experimental design required
an enzymatic removal of the sialic acids, making it impossible to
compare the exact structures exhibiting enhanced fucosylation.
These results suggest that it may  be worthwhile to specifically
focus on the altered glycosylation of acute-phase proteins in the
lesser-abundant protein fraction.

While significant changes for HCC were observed in both protein
fractions, the statistical analyses for various subclasses of glycans
did not provide diagnostically relevant information for the cirrho-
sis sample set in the lesser-abundant protein fraction. We  were
only able to identify four glycans that were significantly different
between the disease-free individuals and the patients diagnosed
with cirrhosis. In the bound fraction, we were able to confidently
identify five structures that were significantly different between
the two sample sets. Most of these diagnostically useful glycans
are likely to originate from IgG [27]. In good agreement with

the previously published data utilizing a DNA sequencer [19], we
too identified a fucosylated bisecting biantennary-asialo glycan as
being significantly increased in its relative abundance. When com-
paring the oligosaccharides which possibly be associated with IgG
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ig. 8. Notched-box plots for the glycans derived of proteins from the lesser-abun
re  the same as those used in Fig. 1.

27] for the two diseases, each disease had four unique glycans (m/z
040, 2244, 2315, and 2489 for cirrhosis, and 1835, 1906, 2081,
110 for HCC). The glycan yielding a signal at m/z  2285 was  charac-
eristic for both diseases. This might suggest that there is a slightly
ifferent immune response between cirrhosis and HCC. In addition,
n acute-phase response also appears to occur in cirrhosis due to an
ncrease in fucosylated complex/sialylated glycans and a decrease
n complex sialylated structures without fucose.

. Conclusions

The sensitivity of contemporary MS  techniques makes it now
easible to detect glycomic changes in very small amounts and vol-
mes of physiological fluids. An improved comprehensiveness and
uantification have further been facilitated through the solid-phase
ermethylation procedures, which now permit us to profile quan-

itatively and reliably various samples of clinical interest. During
his study, we have continued to assess quantitatively connec-
ions of the glycomic changes in health and disease conditions,
ith the respective glycoprotein constituents of blood serum. The
rotein fraction that were specific for HCC in this study. The symbols in this figure

protein-related glycomic changes must be measured and cross-
correlated between the conditions such as hepatocellular cancer
and its frequent precursor, liver cirrhosis. This is a difficult task in
the view of large concentration differences of various serum pro-
teins. It has been, however, demonstrated here that a division of
protein fractions prior to their glycomic profiling is a viable strategy
even for a simple case of immunoaffinity-based separations, result-
ing in two fractions: a fraction composed of the top seven most
highly-abundant proteins and a fraction containing all the lesser-
abundant proteins. Significant glycomic changes were observed in
both fractions. Modulations in the amounts of structurally distinct
glycans were seen in both liver cirrhosis and cancer, which are ten-
tatively a result of their different immunological and acute-phase
attributes. A number of predominately “smaller” neutral glycans
were observed to be different between the different sample sets. In
the fraction containing the lesser-abundant proteins, several sia-

lylated glycans appeared to be statistically different between the
sample sets. Additional functionally or affinity-based fractionations
of serum glycoproteins prior to a glycomic analysis by MS  profiling
appears desirable.
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