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Abstract Early detection is a key step for effective intervention of hepatocellular carcinoma (HCC), the lack of
sensitive and specific biomarkers is a major reason for the high rate of HCC-related mortality. This report described an
integrated strategy by combining SELDI-ProteinChip, sophisticated algorithm analysis, acetonitrile (ACN) pre-treatment
and two-dimensional electrophoresis (2DE)-peptide mass fingerprinting (PMF) techniques to identify serological markers
for the prediction of HBV-related HCC. Proteomic profiling of three groups of serum specimens from HBV-related HCC
(50 cases), HBV infection (45 cases), and normal subjects (30 cases) was conducted by using SELDI-ProteinChip system
and the resulting different protein peaks were subjected to stepwise statistical analyses. Three most discriminatory peaks at
5890, 11615, and 11724 Da, respectively, were screened out from the statistical algorithm and a predictive model based
on the three peaks was constructed and tested using the newly enrolled serum samples. 2DE was applied to separate and
compare the serum samples that were pre-treated by ACN precipitation. The protein spots obviously intensified in HCC
sera in the 2DE region of 12 kDa were identified by PMF to be serum SAA, which was validated by SELDI-TOF spectra
of HCC sera after immunoprecipitation using anti-SAA antibody and by Western blot experiments. Given the factthat SAA
is not a specific biomarker, further attempt is being made to identify the other two most discriminatory peaks to realize
the possibility of using the predictive model for HCC surveillance and prediction. J. Cell. Biochem. 103: 740—752, 2008.
© 2007 Wiley-Liss, Inc.
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Hepatocellular Carcinoma (HCC) is one of the
most common malignant tumors in the world.
Chronicinfections of hepatitis B & C virus (HBV
& HCV) are two major risk factors leading
to HCC incidence. Surgical resection is still the
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major potentially curative form of therapy,
however only 10% of patients were at operable
stages of disease at presentation. This is due in
part to the lack of reliable tools for early
diagnosis and thus most of patients were at a
late stage at the time of clinical presentation.
Currently, liver biopsy is the only reliable
method for definite diagnosis but it can be
associated with expense and risk of patient
injury. The widely used serological tumor mark-
er for HCC, a-fetoprotein (AFP) lacks specificity
and sensitivity [Johnson, 1999; Johnson, 2001].
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This presents a great need of continued effort to
identify better and more accurate biomarkers
for designing novel diagnostic tools and ther-
apeutic strategies for HCC.

As an emerging powerful biological research
technology, proteomics has recently become an
important tool in the identification of bio-
markers and disease targets [He and Chiu,
2003; Petricoin and Liotta, 2003; Zhu et al.,
2003]. One apparent advantage of proteomics is
its ability to simultaneously inspect the whole
proteome or sub-proteomes so that correlated
proteins altered in expression and modification
corresponding to a disease condition can be
identified. This makes it possible to combine
several protein markers together to form an
index with higher sensitivity and specificity in
the detection and monitoring of the disease.
In recent years, proteomics has been exten-
sively used to identify biomarkers for HCC with
both HBV [Le Naour et al., 2002; Poon et al.,
2003, 2005; Comunale et al., 2004; Li et al.,
2004, 2005; Zhu et al., 2004; Feng et al., 2005;
Tan and Chen, 2005] and HCV [Le Naour et al.,
2002; Takashima et al., 2003, 2005; Paradis
et al., 2005; Schwegler et al., 2005; Lee et al.,
2006] infections and promising progresses have
been reported. In particular, serum samples
were directly used as a source of identifying
biomarkers for the great potential of clinical
application for early detection of HCC.

Protein profiling based on two-dimensional
electrophoresis (2DE) or SELDI-ProteinChip
system is the major strategy in proteomics for
biomarker discovery. 2DE can separate thou-
sands of proteins in a single experiment and
then potential biomarkers can be identified by
comparing the protein profiles between control
and disease samples. Protein spots from 2DE
are usually identified through mass spectro-
scopy (MS)-based peptide-mass fingerprinting
(PMF) or MS/MS partial sequencing. However,
protein separation by 2DE cannot be well
performed for those proteins with molecular
weights (MW) less than 6 kDa and isoelectric
points (pI) less than 3 or higher than 11.
Particularly, high abundant proteins in serum
can shadow low abundant ones in 2DE and thus
sample pre-treatment is usually required. As a
complementary tool, ProteinChip SELDI-TOF
technology is much useful in analyzing proteins
with low MWs covering the entire pl range.
Other advantages of SELDI-ProteinChip sys-
tem include its high sensitivity and straightfor-

wardness especially in examining body fluids
such as serum samples. However, this system
mainly aims at providing differences between
specimens in low MW proteins and it is difficult
for it to identify proteins directly.

In the present study, we focused on identify-
ing potential biomarkers in the serum samples
of HBV and HCC by employing an integrated
strategy combining both SELDI-ProteinChip
and 2DE to take the complementary advan-
tages. Serum samples (125 cases in training set)
were first profiled in SELDI-ProteinChip sys-
tem and the resulting peak differences were
analyzed by sophisticated statistical programs.
The significant peaks were correlated to the
2DE gel spots generated by the protein profiling
of acetonitrile (ACN) -pretreated sera, followed
by the sequential protein identification through
PMF and confirmation with immunoprecipita-
tion and Western blotting. Differing from other
similar studies that were related to liver fibrosis
and cirrhosis [Poon et al., 2003, 2005; Zhu et al.,
2004], we included HBV-infection samples that
are at early stages of the disease progression
to HCC. A predictive model containing three
most discriminatory protein peaks was con-
structed to predict the probability of HCC
incidence in test set (39 samples) with high
sensitivity and specificity. The potential appli-
cation of these biomarkers and the predictive
model is discussed.

MATERIALS AND METHODS
Patient Materials

With patients’ consent, we collected blood
specimens from HBV and HCC patients at the
Queen Mary Hospital of The University of Hong
Kong. The study was approved by the research
ethics committee of the University of Hong
Kong. A total of 164 serum specimens were
divided into training and test sets (Table I). The
training set contains 125 samples including
45 HBV which are affirmed of absent from

TABLE 1. Information of Subjects

Training group Age (years) Male/female
Normal 48+9 16/14
HBV 45+6 28/17
HBV-HCC 52+ 12 30/20
Test group Age (years) Male/female
Normal 50+10 77

HBV 53+8 5/3
HBV-HCC 56 +15 10/7
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malignancy or cirrhosis, 50 HBV-positive HCC,
and 30 normal control sera. The test set contains
39 samples including 8 HBV, 17 HCC, and 14
normal controls. All serum samples were distri-
buted into 50 pl aliquots and were stored at
—80°C before assay.

SELDI-TOF ProteinChip
Analysis of Serum Samples

Five types of protein chips including IMACS3,
WCX2, SAX2, H50, and NP20 from Ciphergen
Biosystems (Frement, CA) were used in the
protein profiling of the serum samples. These
protein chips have different surface affinity
properties with IMAC3 for metal-binding pro-
teins, WCX2 (weak cation exchanger) for pos-
itive-charge molecules, SAX2 (strong anion
exchanger) for negative charge molecules, H50
for hydrophobic peptides, and NP20 (normal
phase) for general binding of proteins. Based on
the experiments, the IMAC3-Cu metal binding
chip was found to give the most signals and thus
its detection results were chosen for the sequen-
tial statistical analysis.

The experimental protocol was similar to that
described previously [He et al., 2005]. Each
serum fraction was thawed and pre-treated
before loading on the protein chips. Serum
sample of 3 pul was diluted into 6 pl of U9
solution (9 mol/L urea, 2% CHAPS, 50 mmol/L
Tris—HCI, pH 9.0), incubated for 30 min, and
mixed every 5 min in between when incubating
on ice or shaken gently and continually in a cold
room. After vortexing, each sample was diluted
in 1:36 with corresponding binding buffers.
Then 10 pl mixed serum fraction was spotted
onto ProteinChip arrays with variety of chem-
ical surfaces in duplicate.

Mass spectrometric analysis was performed
by SELDI-TOF mass spectrometry in a PBS-II
ProteinChip reader (Ciphergen Biosystems)
according to an automated data collection
protocol. This includes an average of 255 laser
shots to each spot with a laser intensity of

240 and 265, respectively, depending on the
measurement region (low=2-20 kDa and
high =20-200 kDa, respectively). The detector
was run at a sensitivity of 9. Spectral analysis
was carried out using the ProteinChip software
version 3.1 (Ciphergen Biosystems). All mass
spectra were normalized to have the same total
ion current. Preliminary cluster analysis of
the detected signals and the determination of
respective P-values were carried out with the
Biomarker Wizard Program (Version 3.0;
Ciphergen Biosystems). The significant protein
peaks with their normalized intensities were
subjected to the following statistical analysis.

Statistical Analysis

Three selection steps were performed to
identify the most discriminatory set of protein
peaks from the training set. Firstly a hierar-
chical clustering program, CLUSTAG (http://
hkumath.hku.hk/web/link/CLUSTAG/CLUSTAG.
html) was used to merge the protein peaksinto a
number of clusters, such that each cluster
contains a “representative” peak that has
squared correlation R?>0.8 with all other
members of the same cluster. Secondly, a series
of ordinal logistic regression was performed on
each protein peak, with disease status as the
dependent variable and the protein peak as the
predictor variable. Only protein peaks with
P <0.001 were retained in their -clusters.
Finally, a series of forward stepwise ordinal
logistic regression, with a 0.001 probability of
entry and 0.005 probability of removal, was
performed on the clusters in order to screen out
the most discriminatory protein peaks. All the
logistic regression analyses were carried out by
Stata version 7 (Stata Corporation, College
Station, TX). A predictive model, based on the
most discriminatory protein peaks, was used to
discriminate the disease status of subjects (see
Table II). The performance of this predictive
model was assessed by its sensitivity and

TABLE II. Predictive Model Based on the Discriminatory Analysis

Probability of being a HCC patient = 1/(1 + exp(y — delta;))
Probability of carrying HBV = 1/(1 + exp(y — delta; , 1)) — 1/(1 + exp(y — delta;))
Probability of being a control =1 — 1/(1 + exp(y — delta; ; 1))

where,
Y= j-1.n S

S;=the most discriminatory protein peaks selected from the training set

f;=the beta-coefficients of S;

n =number of the most discriminatory protein peaks selected from the training set
delta; = the cut values of the ordinal logistic regression on the training set
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specificity in identifying HCC and HBV subjects
in the training and test sets.

Acetonitrile Precipitation

Briefly, the protocol involved adding 200 pl
of serum to 400 pl of high-performance liquid
chromatography (HPLC) grade ACN, votexing
vigorously for 5 s, and allowing standing at room
temperature for 30 min. Samples were then
spun for 10 min at 14,000g, room temperature.
After 1D SDS—PAGE confirmation for the effec-
tiveness of ACN precipitation to remove high
molecular weight proteins, an aliquot of super-
natant (550 pl) was then lyophilized to 200 pl
in a SpeedVac vacuum centrifuge (Thermo
Savant) for 2DE analysis. The molecular
marker used in the SDS—-PAGE gel was pur-
chased from Bio-Rad.

2DE Protein Separation

2DE gel electrophoresis was carried out
with IPGphor II isoelectric focusing (IEF) Unit
and Hoefer SE 600 Ruby electrophoresis unit
(Amersham Biosciences) according to the
method reported previously [He et al., 2004].
Briefly, 60 pg of proteins from ACN precipitated
serum were mixed up to 250 pl of rehydration
solution containing 8 M Urea, 4% CHAPS, 1 mM
PMSF, 20 mM DTT, and 0.5% IPG buffer. The
rehydration step was carried out with pre-cast
13 cm IPG strips for more than 10 h at low
voltage of 30 V. IEF was run following a
stepwise voltage increase procedure: 500 and
1,000V for 1 h each and 5,000—8,000 V for about
10 h with a total of 64 kV/h. After IEF, the strips
were subjected to two-step equilibration in
equilibration buffers (6 M urea, 30% glycerol,
2% SDS, and 50 mM Tris—HCI pH 6.8) with 1%
DTT for the first step, and 2.5% iodoacetamide
for the second step. The strips were then
transferred onto the 2D SDS—PAGE (13 cm)
that was run on 1.0 mm thick 12.5% polyacry-
lamide gels at 10°C. Protein samples were run
in pair side by side and triplicate electropho-
resis was performed to ensure reproducibility.
All gels were visualized by silver staining [He
et al., 2003].

Image Analysis, In-Gel Tryptic Digestion
and Protein ldentification

As described previously [He et al., 2003], the
stained gels were scanned and the images were
comparatively analyzed using ImageMaster 2D
Elite software (Amersham Biosciences). The

protein spots with altered expression were cut
off from the gels and subjected to tryptic in-gel
digestion. The resulting peptide mixtures were
applied to a Voyager DE-STR MALDI-TOF
mass spectrometer to generate peptide mass
spectra. PMF was performed by matching these
mass spectra to the NCBInr protein database
using MS-Fit (http://prospector.ucsf.edu/) to
produce protein IDs. Strict criteria were follow-
ed to ensure accurate matching [He et al., 2003].
Species search was limited to Homo sapiens.

Depletion of Serum Amyloid A (SAA) by
Immunoprecipitation (IP)

HCC serum sample (10 pl) was diluted into
490 pl IMACS buffer. After pre-clearing with
protein-A agarose, 50 pl diluted sample was
saved as the pre-IP control. The left 450 pl
diluted serum was incubated with 3 pg anti-
SAA antibody at 4°C with rotation overnight.
The resulted immunocomplex was captured by
adding 50 ul protein-A agarose and gently
rotating at 4°C for 3 h. After centrifugation at
14,000g for 10 s, the supernatant was directly
used for analysis by IMAC3-Cu protein chip
and SELDI-TOF MS according to the protocol
described previously.

Western Blotting

Serum proteins (10 pg) were separated on
12% SDS—PAGE, and then transferred onto a
PVDF membrane. After incubating with block-
ing solution (TBS-T containing 5% non-fat milk)
at 4°C overnight, the membrane was probed
with antihuman SAA sheep polyclonal antibody
(Calbiochem) at a 1:3,000 dilution for 2 h at
room temperature. After washing three times of
15 min each with TBS-T, antigoat IgG antibody
was added for 1 h at room temperature, and the
antigen—antibody interaction was finally detect-
ed by ECL detection kit (Amersham-Pharmacia
Biotech) and then exposed to the X-ray film. The
molecular marker used here was obtained from
Bio-Rad Company.

RESULTS
SELDI-TOF ProteinChip Profiling

As aninitial screening to decide which protein
chip is suitable for the serological protein
analysis, five types of protein chips, H50,
IMAC3, NP20, SAX2, and WCX2, were used
for the protein profiling of the serum samples.
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IMACS3-Cu was found to produce most signifi-
cant protein peaks and thus was selected for this
study. Figure 1 shows representative protein
profiles from 1.5 to 20 kDa detected by the
IMACS3 chips for the HCC, HBV, and normal
sera side by side. The obvious differences in
protein profiles among these three groups of
serum samples can be easily observed even by
naked eyes. ProteinChip software version 3.1
(Ciphergen Biosystems) that is pre-installed in
the SELDI system was used to preliminarily
analyze the protein profiles. With the selective
criteria at P <0.05 and fold-difference of peak
intensity >2.0, 135 protein peaksin the training
set of samples were found to be significant.
These 135 signals were included into the
following sophisticated discriminatory statisti-
cal analysis.

Discriminatory Statistical Analysis

The discriminatory statistical analysis was
carried out by a step-wise selection approach to
select the most discriminatory peaks for con-
structing a predictive model. The detail of the
screening process is summarized in Scheme 1.
In the first step, a total of 104 clusters were
formed by CLUSTAG with a criterion of R%>
0.8. The distribution frequency of the protein
peaks within clusters is shown in Table III.
Secondly, a series of ordinal logistic regression
was performed on each protein peak. A total of
65 protein peaks failed to reach the significance
level of P <0.001, and this resulted in a total of
49 clusters remaining. Among these clusters,
42 contained just one protein peak and these
were grouped together to form one “cluster.”
Each of the eight clusters was subjected to a
stepwise ordinal logistic regression, and this

Dalton — ssoo 19800

led to removal of all but 10 protein peaks.
Table IV gives out the specific information of
these 10 peaks. Finally, these 10 peaks were
subjected to a stepwise ordinal logistic regres-
sion, in which only 3 protein peaks were
retained (highlighted in Table IV). This set of
three peaks, which located at 5890, 11615, and
11724 Da, respectively, was regarded as the
most discriminatory protein peaks. The corre-
sponding beta-coefficients, standard errors, and
pseudo R? are shown in Table V. Figure 2 is the
diagrams showing the serum levels of these
three proteins that gradually increase from
normal control to HBV infection and then to
HCC.

The predictive model, after substituting the
corresponding parameters, is shown in Scheme 2.
The performance of the predictive model on both
the training and test sets are shown in Table VI.
For the training set, the model has above 90%
sensitivity and specificity to predict the HCC
subjects. The performance to predict subjects
carrying HBV was reasonable, with 76% sensi-
tivity and 85% specificity. For the test set,
the predicative model has 100% sensitivity of
identifying both the HCC subjects and subjects
with HBV infection. The specificity is 100% for
the HCC group and 87% for the HBV group.

Serum Pre-treatment by
Acetonitrile Precipitation

We then attempt by using 2DE/MALDI-TOF
MS technology to identify the last three proteins
selected by the discriminatory statistical anal-
ysis described above. Since the high abundant
proteins such as albumin and transferrin in
serum shadow the detection of low abundant
proteins in 2DE and the proteins in the low

> MNormal

-

= HBV

= HCC

|

sssuT 11515“ 11724

Fig. 1. IMAC3-Cu chip-SELDI spectral comparison among normal, HBV, and HCC serum samples.
Three most significant differences are shown by arrows with molecular weight (MW) of 5890, 11615, and

11724 Da, respectively.
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Clustering with
criteria of R? > 0.08

Ordinal logistic
regression was performed
on every protein peak.
Peaks were eliminated if
the associated p-value >
0.001

v
Stepwise ordinal logistic
regression was performed
on each cluster with two or
members and a set

containing the remaining
peaks

A

Stepwise ordinal logistic
regression was performed
on the remaining 10 protein
peaks

Scheme. 1. Discriminatory protein peaks selection steps.
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TABLE III. Distribution of Protein Peaks
Within Clusters That Formed by CLUSTAG

Number of protein peaks within a

cluster Frequency
1 92
2 5
3 3
4 2
7 1
9 1

molecular weight are usually in the low content
region in serum, ACN was used to precipitate
the high abundant proteins with high MW.
Figure 3 shows 1D PAGE gel images for serum
samples before and after treatment with ACN
precipitation. Obviously, when compared to the
whole serum sample (Lane 2), most of high
abundant proteins with high MW were removed
and the low abundant proteins with low MW
were detected (Lane 3). These samples after
ACN treatment were used for the following 2DE
separation and comparison.

2DE and Protein Identification

Figure 4 shows 2DE images for the normal
control (A) and HCC (B) pooled serum samples
after ACN treatment. In the region of low
molecular weight ~12 kDa, a train of protein
spots at p/ 5—8 were found to be significantly
over-expressed in HCC samples. These differ-
ences may not be distinguished from the
comparison with normal 1D gels since the
similar molecular weight proteins in around
pIl =4 shade the differentiation. These altered
protein spots were then subjected to in-gel
digestion and protein identification by PMF
and they were found to be three isoforms of SAA.
Figure 5 shows a representative MS spectrum
of the SAA protein samples. Table VII lists
corresponding protein IDs, parameters and

residues of identified peptides in peptide finger-
printing matching for protein identification.
Spots 1 and 2 are SAA1 (13,532 Da) with AAs
1-19 truncated and spot 3 may be SAA2
(10,167 Da).

Immunoprecipitation with Anti-SAA Antibody

Given the facts that the SAA spots have very
close MW to two of the three most discrim-
inatory protein peaks derived from the statis-
tical analysis, the over-expression protein
peaks in HCC from the ProteinChip profiling
are probably SAA isoforms. To validate this
speculation, HCC serum samples were treated
with anti-SAA antibody to remove SAA by IP
and then subjected to ProteinChip-SELDI TOF
MS analysis. Figure 6 displays the ProteinChip
spectrain the region around 12 kDa for the HCC
sera before and after IP. The peak at 11,615 Da
disappeared after SAA depletion with IP,
indicating that this signal originates from SAA.

Western Blot Analysis

Western blotting was performed to confirm
the SAA alterationsin serum samples. From the
three groups of serum specimens, 6 samples
each were randomly selected and subjected to
the immunochemical blotting with antihuman
SAA sheep polyclonal antibody. Figure 7 dis-
plays the results for the immunochemical
interaction. With the same amount of protein
loading, strong interaction in HCC, weak
signals in HBV and almost no signals in normal
sera were observed. Although with some varia-
tions, these results are fully consistent with the
data from SELDI profiling.

DISCUSSION

Biomarker identification by means of proteo-
mics technology is a hot topic of research.

TABLE IV. Ten Protein Peak Profiles Screened Out by Three Step-Wise Statistical Analyses

HCC HCC HBV HBV Ctrl Ctrl Fold
M/Z (Da) P (Mean) (SD) (Mean) (SD) (Mean) (SD) (HCC/Ctrl)
2,959 1.41E - 09 33.33 18.64 12.74 11.26 8.93 10.08 +3.7
4,574 1.30E - 09 33.94 16.21 21.05 13.76 14.35 7.76 +2.4
5,550 5.00E — 10 12.84 7.94 10.13 8.27 3.76 2.55 +3.4
5,808 4.83E — 09 39.58 21.64 13.04 17.41 6.57 4.63 +6.0
5,890 6.10E — 10 35.87 18.16 11.91 11.32 7.45 9.13 +4.8
8,337 2.90E — 09 6.32 3.78 16.82 12.96 21.00 15.58 -3.3
9,139 1.40E — 09 34.16 14.51 32.07 14.46 15.75 9.18 +2.1
11,081 3.20E — 05 4.37 1.47 2.00 2.06 1.44 0.95 +3.0
11,615 1.80E — 10 4.00 2.51 1.67 0.89 0.89 0.57 +4.5
11,724 2.00E — 08 33.94 16.21 21.05 13.76 14.35 7.76 +2.4
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TABLE V. Three Most Discriminatory Protein Peaks Screened Out
Through Entire Analytical Algorithm

Protein peaks Beta-coefficients Standard error Pseudo R?
M5890 —0.2613 0.0425 0.4892
M11615 —2.8525 0.6806 0.0946
M11724 0.1334 0.0456 0.0377

Identification of new markers for HCC by
protein profiling has been a major research
subject driven by the facts that there are still
lacking sensitive and specific biomarkers
for HCC surveillance and diagnosis and that
protein alterations corresponding to the liver
carcinogenesis should be able to be identified by
proteomic profiling. Extensive efforts to dis-
cover novel HCC biomarkers have been made in
these several years by profiling proteomes in
liver tissues [Takashima et al., 2003, 2005; Li
et al., 2004, 2005; Melle et al., 2004; Lee et al.,
2005; Luk et al., 2006], cells [Tan and Chen,
2005] and sera [Le Naour et al., 2002; Poon
et al., 2003; Feng et al., 2005; Kawakami et al.,
2005; Paradis et al., 2005; Schwegler et al.,
2005; Lee et al., 2006], and by using animal
models [Block et al., 2005]. Other investigations
focused on biomarker identification for HBV
infection [He et al., 2003; Comunale et al., 2004]
or liver fibrosis and cirrhosis that may lead
to HCC [Xu et al., 2004; Zhu et al., 2004; Poon
et al., 2005]. Among these studies, proteomic
platforms either based on 2DE [Le Naour et al.,
2002; He et al., 2003; Takashima et al., 2003,
2005; Comunale et al., 2004; Li et al., 2004,
2005; Block et al., 2005; Feng et al., 2005; Lee
et al., 2005; Tan and Chen, 2005; Luk et al.,
2006] or ProteinChip [Poon et al., 2003, 2005;
Melle et al., 2004; Xu et al., 2004; Zhu et al.,
2004; Paradis et al., 2005; Schwegler et al.,

2005] have been employed individually or in
combination [Lee et al., 2006]. In particular,
several recent publications have reported sero-
logical profiling using SELDI-ProteinChip sys-
tem to compose proteomic fingerprints or
models for detecting or predicting HCC with
high sensitivity and specificity [Poon et al.,
2003, 2005; Paradis et al., 2005; Schwegler
et al., 2005], showing the potential of building a
noninvasive and high-throughput surveillance
strategy by proteomics for monitoring HCC
progression.

For a few years, we have been attempting
to identify biomarkers for HBV-related liver
diseases by using proteomics techniques. Our
earlier proteomic profiling of HBV-infected
serum in 2DE resulted in the identification of
several proteins that changed their expression
levels and patterns compared to those in normal
serum [He et al., 2003]. Nevertheless, these
proteins are mostly high-abundant acute-phase
proteins due to the limited separation ability of
2DE for whole serum samples. In the present
study, we combined both 2DE and SELDI-
ProteinChip techniques to take the complemen-
tary advantages and included a HCC sample
group aiming at searching for more specific
serological markers to predict HBV-induced
HCC incidence. Similar strategy that used
SELDI-TOF MS and 2DE in combination has
been successfully applied to identify a candidate

50 4
50- 1 m11615 M 11724
5 404
§ a0
- ] o
£ »] " =
S 3 / )
=l i 20 4
'g » 2] /
€ 1o i) / 10
04 - ] i ; ¥ 1] ' : -
Cirl HBY HCC Cirl HBY HC Ctrl HBY HCC

Fig. 2.

Protein levels of the three most discriminatory peaks in serum of normal, HBV, and HCC subjects.
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Probability of carrying HCC = 1/(1+exp(y — (- 8.5228)))

where

Probability of carrying HBV = 1/(1+exp(y — (- 3.1071))) - 1/(1+exp(y — (- 8.5228)))
Probability of being a control = 1 - 1/(1+exp(y — (- 3.1071)))

y = m5890%(-0.2613) + m11615%(-2.8525) + m11724%(0.1334)

Scheme. 2. Predictive model.

biomarker for HCV-related HCC [Lee et al.,
2006].

In our experiments, we firstly profiled whole
serum samples by protein chips and then
screened out 10 significant protein peaks by
applying bioinformatics and cluster analyses.
By comparing these results with the most
relevant study using similar HBV-infected
serum by Poon et al. [2003], we can see
data homogeneity and heterogeneity herein.
In the protein/peptide peaks we found, 2 out of
the 10 significant proteins with the MW 4,574
and 9,139 Da are very close to the peaks of 4,568
and 9,137 Da in their list of most significant
differences (6 in total from IMACS3-Cu chip)
[Poon et al., 2003], demonstrating that Protein-
Chip SELDI-TOF MS system can generate
some consistent results. However, heterogene-
ity in SELDI-TOP MS analysis is also very

obvious. This can also be found in the works by
other groups. The highest discriminating peak
at 8,900 Da (belongs to the C-terminal part of
the V10 fragment of vitronectin) screened out by
Paradis et al. [2005] using similar IMAC chips
did not appear in the final list of both Poon’s
work [Poon et al., 2003, 2005] and our present
results. On the other hand, Lee et al. [2006] also
identified the significant peak at 8,900 Da using
weak cation exchange chips from HCV-related
HCC sera, but the peak is complement C3a
protein. This heterogeneity demonstrates that
in ProteinChip/SELDI-TOF MS profiling it is
critical to use identical conditions including
experimental design, sample grouping, and
statistical algorithm methods.

Based on our sophisticated statistical analy-
sis, three most discriminatory peaks were
singled out from the 10 significant signals.

TABLE VI. Sensitivity and Specificity of the Prediction Model

The training set

Predicted status

Actual status Cancer HBV Control Total
Cancer 46 4 0 50
HBV 3 34 8 45
Control 0 8 22 30
Total 49 46 30 125
Sensitivity 0.92 0.76

Specificity 0.96 0.85

The testing set

Predicted status

Actual status Cancer HBV Control Total
Cancer 17 0 0 17
HBV 0 8 0 8
Control 0 4 10 14
Total 17 12 10 39
Sensitivity 1.00 1.00

Specificity 1.00 0.87
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Fig. 3. SDS—PAGE images for serum samples before and after
ACN precipitation. Lane 1: Molecular weight marker 1; (Lane 2)
original serum; (Lane 3) ACN-treated serum; (Lane 4) molecular
weight marker 2. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

We were then able to use these three peaks to
construct a predictive model (Scheme 2), result-
ing in 92% sensitivity and 96% specificity
of HCC prediction for the training set and
100% of sensitivity and specificity for the test
set (Table VI). This exciting result demon-
strates the powerfulness of combining several
biomarkers as a signature in disease detection.
For the discrimination of HBV using this model,
the sensitivity and specificity are reasonably at
76% and 85%, respectively. This is because
that HBV infection is an early and possible
stage of liver carcinogenesis, some of the sero-

A Normal control
pH3 pH10

piG.0

logical characteristics may not be differentiated
from the normal ones.

As described above and occurred in other
similar studies, the deviation of up to several
Daltons in peak detection is normal in SELDI-
ProteinChip experiments. This imprecision
makes the peak detection uncertain and con-
fusing. The best way to solve this problem is to
exactly identify the proteins or peptides corre-
sponding to the peaks. However, it is actually
the shortfall or disadvantage of SELDI-Protein-
Chip system to straightforwardly identify the
proteins/peptides. We therefore used 2DE in-
corporated with MALDI-MS PMF to identify
these proteins. Prior to 2DE, high-abundant
and high-MW proteins in serum must be
depleted and thus the low-MW proteins identi-
fied through the protein chips above may be
visibly separated in 2DE. By evaluating several
serum pre-treatment methods [Tirumalai et al.,
2003; Chernokalskaya et al., 2004; Greenough
et al., 2004; Harper et al., 2004; Merrell et al.,
2004; Peng et al., 2004], we chose the optimized
ACN precipitation procedure to successfully
eliminate most of high-MW proteins in serum
(Fig. 3) and then resumed 2DE experiment to
separate the ACN-treated samples (Fig. 4).
Here, 2DE exhibits its advantage in displaying
the differences between HCC and normal sera

B HCC
pH3 pH10

6K

12KD

pl6.0

Fig. 4. 2DE images of normal control (A) and HCC (B) pooled serum samples after ACN treatment. Three
significantly different spots in around 11 kDa region were analyzed by PMF to be isoforms of SAA protein.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]



750 He et al.

Vioyager Spec #1=>NFD.T

BF = 2179.0, 33121]

100 pap B 3 5F4
0
0
m
[~
El
s
1913 7754
20 {80 S50
1670 800

Y

a9 15847 el 5T 310 3830
» 1456.7200 i 2 fr 14259545 j EE-‘r‘i- 28157784

Il Ll i i _A_JJ M i
i TLd aE e £ =1

M58 (i)

Fig. 5. MALDI-TOF MS spectrum of SAA protein. The major peaks are well matched to the SAA sequence
with matched peptides coverage of 84%. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

in the region around 12 kDa MW, where the
aberrant expression of three spots in HCC were
obviously detected. These spots were identified
through PMF to be isoforms of SAA protein and
they probably correspond to one/two of the three
most discriminatory peaks based on their
similar MWs.

IP experiment using anti-SAA antibody fol-
lowed by SELDI scanning confirmed that one of
the three peaks at 11,615 Da belongs to SAA.
This is not odd given the fact that the three SAA
isoforms in 2DE have very close MWs (Fig. 4)
and thus they may appear as a single peak in
SELDI-TOF MS spectra. Our Western blot
experiments further verified the gradual
increase of SAA levels in serum from normal
to HBV and then to HCC (Fig. 7). Unfortu-
nately, the other two of the three most discrim-
inatory peaks cannot be identified through this
2DE procedure. Further attempt is still being
made using other strategies to identify the
remained ambiguous peaks at 5,890 and
11,724 Da, respectively.

SAAs are multifunctional apolipoproteins
that are secreted in the acute phase of inflam-
mation [Uhlar and Whitehead, 1999; Zhang
et al., 2005]. Most of SAAs are synthesized by

the SAA1 and SAA2 genes. These proteins are
found in the high-density lipoprotein fraction of
the serum and are involved in transporting
cholesterol to liver for secretion into the bile,
induction of extracellular matrix-degrading
enzymes, and chemotactic recruitment of
inflammatory cells to the site of inflammation.
SAAs are shown to involve in the pathogenesis
of several chronic inflammatory diseases, such
as amyloidosis, atheroscelerosis, and rheuma-
toid arthritis [Uhlar and Whitehead, 1999;
Zhang et al., 2005]. Although SAA cannot be
regarded as a specific indicator for assessing
HBV and HCC, it is interesting that SAA
isoforms can be selected through the complicate
statistical analysis in this study. Our present
data suggest that SAAs, although belong to the
acute-phase proteins, can be combined with
other characteristic proteins/peptides to form
a specific signature for sensitive prediction of
HCC incidence.

CONCLUSION

We have integrated proteomic platforms of
both SELDI-ProteinChip and 2DE-MALDI-MS
technologies toward identifying serum bio-
markers for HCC. Three groups of serum

TABLE VII. Results of MALDI-TOF Mass Spectra and Database Searching for
Protein Identification

Peptides Sequence coverage Experimental
Spots Protein (MW/pl) matched (detected peptides) (MW/pI) Acc # (NCBI)
1 SAA1 isoform 2 (13,532 Da/6.3) 12 84% (20—-122) 11.5 kDa/5.3 2144880
2 SAA1 beta (13,533 Da/5.9) 6 72% (20—-122) 11.6 kDa/6.0 13937839
3 SAA2 alpha (10,167 Da/9.1) 5 73% (13-91) 11.4 kDa/8.0 36310
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Fig. 6. IMAC3-Cu chip-SELDI TOF spectra for HCC serum samples before and after immunoprecipitation

(IP) using anti-SAA antibody. The peak at 11,615 D
to SAA.

samples from HBV-related HCC, HBV infection
and normal subjects were profiled by IMAC3
protein chip and the resulting significantly
different protein signals were statistically ana-
lyzed by a sophisticated algorithm strategy.
Three most discriminatory protein/peptide
peaks were singled out through the stepwise
algorithm analyses and a predictive model
based on these three peaks was constructed
and tested using the newly enrolled serum
samples. One of the three peaks was identified
to be SAA by using 2DE-MALDI PMF technol-
ogy and validated by using IP and Western
blotting. Further attempt is being made to
exactly identify the other two most discrim-
inatory peaks, with a hope that these belong
to specific proteins which can be composed into
the predictive model for HCC surveillance and
prediction. This study demonstrated the power-
fulness of combining techniques of ProteinChip,
statistical algorithm, sample pre-treatment,
2DE, and PMF in biomarker identification in
serum. The potential of using these biomarkers
or the predictive model in HCC surveillance
and prediction, although needs to be further

Case: 1 2 3 4 5 [}

— .
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Fig. 7. Western blotting images of normal control, HBV,
and HCC individual serum samples. Immunochemical inter-
action with SAA sheep polyclonal antibody produced strong
signals in HCC, weak signals in HBV and no signals in normal
sera, corresponding to the results from SELDI profiling.

a disappeared after IP, confirming that this signal belongs

confirmed with large sizes of samples, is indeed
promising.
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