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Proteomics-based clinical studies have been shown to
be promising strategies for the discovery of novel bio-
markers of a particular disease. Here, we present a study
of hepatocellular carcinoma (HCC) that combines com-
plementary two-dimensional difference in gel electropho-
resis (2D-DIGE) and liquid chromatography (LC-MS)-
based approaches of quantitative proteomics. In our
proteomic experiments, we analyzed a set of 14 samples
(7 � HCC versus 7 � nontumorous liver tissue) with both
techniques. Thereby we identified 573 proteins that
were differentially expressed between the experimental
groups. Among these, only 51 differentially expressed
proteins were identified irrespective of the applied ap-
proach. Using Western blotting and immunohistochemi-
cal analysis the regulation patterns of six selected pro-
teins from the study overlap (inorganic pyrophosphatase
1 (PPA1), tumor necrosis factor type 1 receptor-associ-
ated protein 1 (TRAP1), betaine-homocysteine S-methyl-
transferase 1 (BHMT)) were successfully verified within
the same sample set. In addition, the up-regulations of
selected proteins from the complements of both ap-
proaches (major vault protein (MVP), gelsolin (GSN), chlo-
ride intracellular channel protein 1 (CLIC1)) were also re-
producible. Within a second independent verification set
(n � 33) the altered protein expression levels of major
vault protein and betaine-homocysteine S-methyltrans-
ferase were further confirmed by Western blots quantita-
tively analyzed via densitometry. For the other candidates

slight but nonsignificant trends were detectable in this
independent cohort. Based on these results we assume
that major vault protein and betaine-homocysteine
S-methyltransferase have the potential to act as diagnos-
tic HCC biomarker candidates that are worth to be followed
in further validation studies. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M113.028027, 2006–2020, 2013.

Hepatocellular carcinoma (HCC)1 currently is the fifth most
common malignancy worldwide with an annual incidence up
to 500 per 100,000 individuals depending on the geographic
region investigated. Whereas 80% of new cases occur in
developing countries, the incidence increases in industrialized
nations including Western Europe, Japan, and the United
States (1). To manage patients with HCC, tumor markers are
very important tools for diagnosis, indicators of disease pro-
gression, outcome prediction, and evaluation of treatment
efficacy. Several tumor markers have been reported for HCC,
including �-fetoprotein (AFP) (2), Lens culinaris agglutinin-
reactive fraction of AFP (AFP-L3) (3), and des-�-carboxyl pro-
thrombin (DCP) (4). However, none of these tumor markers
show 100% sensitivity or specificity, which calls for new and
better biomarkers.

To identify novel biomarkers of HCC, many clinical studies
using “omics”-based methods have been reported over the
past decade (5–6). In particular, the proteomics-based ap-
proach has turned out to be a promising one, offering several
quantification techniques to reveal differences in protein ex-
pression that are caused by a particular disease. In most
studies, the well-established 2D-DIGE technique has been
applied for protein quantification followed by identification via
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mass spectrometry (7–15). Even if the quantification is very
accurate and sensitive in this gel-based approach, the rela-
tively high amount of protein sample necessary for protein
identification is the major disadvantage of this technique.
Several mass-spectrometry-based quantitative studies using
labeling-techniques like SILAC (stable isotope labeling by
amino acids in cell culture) or iTRAQ (isobaric tags for relative
and absolute quantification) have also been carried out for
biomarker discovery of HCC (16–18). Here, the concomitant
protein quantification and identification in a mass spectrom-
eter allows high-throughput analyses. However, such experi-
ments imply additional labeling reactions (in case of iTRAQ) or
are limited to tissue culture systems (in case of SILAC). In the
latter case, one can overcome the limitation by using the
isotope-labeled proteins obtained from tissue culture as an
internal standard added to a corresponding tissue sample.
This approach is known as CDIT (culture-derived isotope
tags) and was applied in a HCC study, very recently (19).
Label-free proteomics approaches based on quantification by
ion-intensities or spectral counting offer another possibility for
biomarker discovery. These approaches are relatively cheap
compared with the labeling approaches, because they do not
require any labeling reagents and furthermore they allow for
high-throughput and sensitive analyses in a mass spectrom-
eter. A quantitative study of HCC using spectral counting has
been reported (20), whereas to our knowledge an ion-inten-
sity-based study has not been performed yet. Apart from
these quantification strategies, protein alterations in HCC
have been studied by MALDI imaging, as well. Here, the
authors could show that based on its proteomic signature,
hepatocellular carcinoma can be discriminated with high ac-

curacy from liver metastasis samples or other cancer types
(21) as well as liver cirrhosis (22). Based on these results, it
could be assumed that MALDI imaging might be a promising
alternative to standard histological methods in the future.

Here, we report a quantitative proteomic study that com-
bines two different techniques, namely the well-established
2D-DIGE approach and a label-free ion-intensity-based quan-
tification via mass spectrometry and liquid chromatography.
To our knowledge this is the first time such a combined study
was performed with regard to hepatocellular carcinoma. By
comparing the results of both studies, we aim to identify
high-confident biomarker candidates of HCC, as gel- and
LC-MS-based techniques are complementary. To verify the
differential protein expressions detected in our proteomic
studies we performed additional immunological verifications
for selected proteins within two different sample sets (Fig. 1).

METHODS

Clinical Data—Tissue samples from hepatocellular carcinoma and
nontumorous liver were collected from 26 patients suffering from
primary liver cancer (19 males and 7 females). Normal liver and HCC
tumor samples were acquired in the course of hepatic resections or
liver transplantations. The age of the patients ranged from 21 years to
76 years (mean 62.1). The tumors were classified according to the
pathologic TNM (pTNM) system (seventh edition) (23). The tumor
grading ranged from G1 to G3, and all tumors showed clear surgical
margins. None of the patients in the first sample set that was used for
the quantitative proteomics study had liver cirrhosis or hepatitis B or
C infection. Further details about patients and tumor characteristics
for all samples used during discovery and verification phases are
shown in Table I. Informed consent was obtained from every patient
and the study protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki.

FIG. 1. Schematic representation of the applied workflow.
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Tissue Preparation—Liver tumor and nontumor tissue were col-
lected and fixed in 4% buffered formalin, paraffin embedded and
prepared for pathological examination and immunohistochemical
evaluation. For the proteomics study and the verification via Western
blotting, the samples were immediately placed on ice, snap-frozen
and stored at �80 °C. The tissue samples were lysed by sonication
(6 � 10s pulses on ice) in sample buffer (30 mM Tris HCl; 2 M thiourea;
7 M urea; 4% 3-[(3-cholamidopropyl)dimethylammonio]propanesul-
fonate, pH 8.5). After centrifugation at 15,000 � g for 5 min the
supernatant was collected and protein concentration was determined
using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).

2D-DIGE Analysis—
Protein Labeling—Proteins were labeled using cyanine dyes in the

ratio 50 �g protein to 400 pmol dyes (minimal labeling dyes (GE
Healthcare, Munich, Germany)). The labeling reaction was performed
according to the manufacturer’s instructions. Samples of HCC-tissue
and nontumor tissue were randomized by labeling with Cy3 dye or
Cy5 dye to avoid any dye biases. The internal standard, which is a
mixture of same amounts of all analyzed samples, was labeled with
Cy2 dye.

2D Electrophoresis—Before 2D electrophoresis the seven sample
mixtures including appropriate Cy3- and Cy5-labeled pairs and a
Cy2-labeled internal standard were generated. The corresponding
sample pairs were mixed (each labeled 50 �g) together and 50 �g of
labeled internal standard were added to each of the seven mixtures.
Per 100 �l cell lysate, 10 �l dithiotreitol (DTT) (1.08 g/ml) and 10 �l

Ampholine 2–4 (GE Healthcare, Munich, Germany) were added. For
the isoelectric focusing (IEF) the whole 150 �g per mixture were
loaded. The focusing was performed using tube gels (20 cm � 0.9
mm) containing carrier ampholytes (CA-IEF). A voltage gradient was
applied in an IEF-chamber produced in house (24). After IEF, the
ejected tube gels were incubated in equilibration buffer (125 mM Tris,
40% (w/v) glycerol, 3% (w/v) SDS, 65 mM DTT, pH 6.8) for 10 min. The
second dimension (SDS-PAGE) was performed on polyacrylamide
gels (15.2% total acrylamide, 1.3% bisacrylamide) using a Desaphor
VA 300 system. IEF tube gels were placed onto the polyacrylamide
gels (20 cm � 30 cm � 0.7 mm) and fixed using 1.0% (w/v) agarose
containing 0.01% (w/v) bromphenol blue dye (Riedel de-Haen,
Seelze, Germany). For identification of proteins by MS, an amount of
250 �g total protein of the internal standard was applied to IEF tube
gels (20 cm � 1.5 mm) and subsequently to preparative SDS-PAGE
gels (20 cm � 30 cm � 1.5 mm). Silver post-staining was performed
after gel scanning using a MS-compatible protocol as described
elsewhere (25). Gel images of the Cy3- and Cy5-labeled samples as
well as an example of a Cy2-labeled internal standard are shown in
supplemental Data S6.

Scanning, Image Analysis, and Statistics—SDS-PAGE gels were
scanned using a Typhoon 9400 scanner (GE Healthcare, Munich,
Germany). Excitation and emission wavelengths were chosen specif-
ically for each of the dyes according to recommendations of the
manufacturer. Images were preprocessed using the ImageQuantTM

software (GE Healthcare, Munich, Germany). Intragel spot detection,

TABLE I
Patient and tumor characteristics. NASH, non alcoholic steatohepatitis; HepB, hepatitis B infection; HepC, hepatitis C infection; n.k., not known;

NX, Regional lymph nodes cannot be assessed

ID Gender Age T N G V R Underlying liver disease

Discovery and verification set
1 Female 57 T1 N0 G3 V0 R0 n.k.
2 Female 42 T1 NX G3 V0 R0 n.k.
3 Male 51 T1 N0 G1 V0 R0 n.k.
4 Male 21 T2 N1 G2 V1 R0 n.k.
5 Male 71 T1 NX G2–3 V0 R0 NASH
6 Male 69 T1 NX G1 V0 R0 n.k.
7a Male 65 T1 NX G2–3 V0 R0 NASH
8b Male 74 T1 NX G1 V0 R0 n.k.

Independent verification set
9c Female 59 T3 NX G2 V0 R0 n.k.
10 Female 76 T2 NX G2–3 V1 R0 n.k.
11 Male 53 T3 NX G2 V1 R0 HepC
12 Male 62 T2 NX G2 V1 R0 HepC
13 Male 72 T1 n.k. G1 n.k. R1 HepB
14 Female 67 T1 N0 G1 V0 R0 n.k.
15 Male 75 T1 N0 G1 V0 R0 HepB, liver cirrhosis
16d Male 65 T2 NX G3 V1 R1 n.k.
17c Male 67 T3 NX G3 V0 R0 n.k.
18 Male 57 T2 NX G2 V0 R0 Liver cirrhosis
19 Male 66 T1 NX G2 V0 R0 Liver cirrhosis
20 Female 56 T3 NX G3 V0 R0 n.k.
21 Male 76 T1 NX G2 V0 R0 n.k.
22 Female 68 T3 N0 G2 V1 RX n.k.
23 Male 37 T2 N0 G2 V1 R0 HepB
24 Male 71 T2 NX G2 V0 R0 n.k.
25 Male 65 T1 NX G2 V0 R0 HepC
26 Male 73 T1 NX G2 V0 R0 HepC

a From this patient only tumor tissue was used in the proteomic study.
b From this patient only nontumor tissue was used in the proteomic study.
c Tumor tissue sample of this patient was not included in the validation because of sample degradation as shown by 1D-PAGE.
d Nontumor tissue sample of this patient was not included in the validation due to sample degradation as shown by 1D-PAGE.
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inter-gel matching, and normalization of spot intensities were per-
formed using the Differential In-gel Analysis (DIA) mode and Biological
Variation Analysis (BVA) mode of DeCyder 2DTM software (GE Health-
care, Munich, Germany), respectively. Spot intensities were normal-
ized to the internal standard. The Extended Data Analysis tool (EDA),
implemented in the DeCyder 2DTM software package was used for the
statistical analysis of the 2D-DIGE experiments. Here, only spots
appearing in at least 70% of all analyzed and matched spot maps
were chosen for further analysis. Significantly regulated proteins were
identified by Student’s t test including a false-discovery-rate correc-
tion. Protein spots differentially expressed (p � 0.05, Average Ratio �

1.5) between HCC and nontumor samples were identified using
MALDI-TOF-MS or nano-HPLC-ESI-MS/MS.

Digestion and Protein Identification—In-gel digestion of proteins
was performed with trypsin following standard protocols and the
obtained peptides were extracted from the gel matrix (26). MALDI-
TOF-MS analyses were performed on an UltraFlexTM II instrument
(Bruker Daltonics, Bremen, Germany). For nano-HPLC-ESI-MS/MS
experiments an Ultimate 3000 RSLCnano system (Dionex, Idstein,
Germany) online coupled to a Bruker Daltonics HCT plus ion trap
instrument equipped with a nanoelectrospray ion source (Bruker Dal-
tonics, Bremen, Germany) was used. For protein identification, data-
base searches against IPI human database (ver. 3.87, #sequences
with shuffled decoy sequences: 91,464) were performed using Mas-
cot (ver. 2.3.0.2) (Matrix Science Ltd., London, UK) (27). Further
details regarding the experimental setup, search parameters or iden-
tification threshold were described earlier (26). PMF spectra of iden-
tified proteins and peak lists containing peptide annotations are listed
in supplemental Data S1.

Label-free Analysis—
In-gel Digestion and Sample Preparation—Before LC-MS analysis,

5 �g of each protein sample were loaded on a 4–20% SDS-PAGE gel
(Anamed, Gro�-Bieberau, Germany) and allowed to run into the
gel for about 1 cm (15 min at 50 V). After Coomassie-staining, in-gel
trypsin digestion was performed following a previously described
protocol (26). The generated peptides were extracted by sonication
(15 min, ice cooling) of the gel pieces in �20 �l of 50% acetonitrile in
0.1% trifluoroacetic acid, twice. Afterward, acetonitrile was removed
by vacuum centrifugation. Peptide concentration of the resulting so-
lution was determined by amino acid analysis performed on an
ACQUITY-UPLC with an AccQ Tag Ultra-UPLC column (Waters, Esch-
born, Germany) calibrated with Pierce Amino Acid Standard (Thermo
Scientific, Bremen, Germany). Prior to LC-MS analysis, samples were
diluted with 0.1% TFA to adjust a peptide concentration of 23.3 ng/�l.

LC-MS/MS Analysis—Quantitative label-free analyses were per-
formed on an Ultimate 3000 RSLCnano system (Dionex, Idstein,
Germany) online coupled to a LTQ Orbitrap Velos instrument (Thermo
Scientific, Bremen, Germany). For each analysis 15 �l of sample were
injected, corresponding to an amount of 350 ng tryptic digested
proteins. The peptides were preconcentrated with 0.1% TFA on a trap
column (Acclaim® PepMap 100, 75 �m � 2 cm, nano Viper, C18, 2
�m, 100 Å) at a flow rate of 7 �l/min for 10 min. Subsequently, the
peptides were transferred to the analytical column (Acclaim® Pep-
Map RSLC, 75 �m � 50 cm, nano Viper, C18, 2 �m, 100 Å) and
separated using a 90 min gradient from 5–40% solvent B at a flow
rate of 300 nl/min (solvent A: 0.1% formic acid, solvent B: 0.1%
formic acid 84% acetonitrile). The column oven temperature was set
to 60 °C. The mass spectrometer was operated in a data-dependent
mode. Full scan MS spectra were acquired at a mass resolution of
30,000 in the Orbitrap analyzer. Tandem mass spectra of the twenty
most abundant peaks were acquired in the linear ion trap by peptide
fragmentation using collision-induced dissociation.

Peptide Quantification and Filtering—Progenesis LC-MSTM soft-
ware (version 4.0.4265.42984, Nonlinear Dynamics Ltd., Newcastle

upon Tyne, UK) was used for the ion-intensity-based label-free quan-
tification. After importing the .raw files, one sample was selected as a
reference run to which the retention times of the precursor masses in
all other samples were aligned to. In the following, a list of features
was generated including the m/z values of all eluted peptides at given
retention times. For further analysis, only features comprising charges
of 2� and 3� were selected. Subsequently, the raw abundances of
each feature were automatically normalized for correcting experimen-
tal variations. In this step, for all features in a LC-MS run quantitative
abundance ratios between the run to be aligned and a reference run
are calculated and logarithmized. Logarithmic transformations are
necessary at this point to ensure that up- and down-regulated fea-
tures are taken into account to the same extent. The anti-log of the
average of these log(ratio) values gives a global scaling factor for the
particular LC-MS run that is then used to align the run and to correct
experimental and technical variations. Such as, differences in protein
quantity loaded into the instrument or differences in ionization. In a
following step, the samples were grouped corresponding to the se-
lected experimental design, in this case a two-group comparison
between “nontumor” and “HCC.” Differences of peptide abundances
between both groups were assigned to be significant if the following
filter criteria were satisfied in the following statistical analysis: ANOVA
p value � 0.05 and q-value � 0.05. Because of the fact, that multiple
MS/MS spectra were acquired for the same features, only fragment-
ion spectra of the ten most intense precursors of a feature were
selected for the generation of a peak list exported to a Mascot generic
file.

Protein Identification—The generated .mgf file was searched
against IPI human database (ver. 3.87, #sequences with shuffled
decoy sequences: 91,464) using Mascot (ver. 2.3.0.2) (Matrix Science
Ltd., London, UK) (27). The following search parameters were applied:
variable modifications propionamide (C) and oxidation (M), tryptic
digestion with up to one missed cleavage, 13C � 1, precursor ion
mass tolerance of 5 ppm and fragment ion mass tolerance of 0.4 Da.
For further analysis, only peptides with mascot ion scores �36 (p �

0.01 identity threshold) were chosen. Above this threshold a false
discovery rate of �1% (67 decoy hits within 6909 PSMs) was esti-
mated. By importing the list of identified peptides in Progenesis
LC-MSTM, the previously quantified features were matched to the
corresponding peptides. A summary of the search results and de-
tailed information concerning fragment assignments in the case of
single-peptide-based protein identifications are listed in supplemen-
tal Data S2 and S3, respectively. Additionally, results of protein
searches are shared via the PRoteomics IDEntifications database
(PRIDE) (28).

Protein Quantification and Filtering—For the protein quantification,
only nonconflicting peptides (i.e., peptides occurring in only one
protein) were chosen, and the protein-grouping function implemented
in Progenesis LC-MSTM was disabled. At the protein level, the signif-
icance of expression changes was again tested by calculating an
ANOVA p value and a q-value. Proteins not satisfying the significance
criteria (ANOVA p value � 0.05 and q-value � 0.05) were filtered out.
Finally, proteins showing less than 1.5-fold change of expression
were discarded as well.

Analysis of Regulated Proteins—Ingenuity Pathway Analysis soft-
ware (Version 12402621, Ingenuity Systems, www.ingenuity.com)
was used to assign the localizations as well as the molecular and
cellular functions of the regulated proteins.

Western Blotting—
Western Blots (ECL)—Prior to Western blotting, protein concentra-

tion of the samples was determined by amino acid analysis. Equal
amounts of 15 �g protein per sample were separated by SDS-PAGE
on a 4–20% polyacrylamide gel (Criterion TGX, Bio-Rad, Hercules,
CA). Proteins were subsequently transferred onto nitrocellulose mem-
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brane (Trans-Blot Turbo, Bio-Rad) and membranes were blocked with
StartingBlock blocking buffer (Thermo Scientific, Bremen, Germany)
for one hour at room temperature. Primary antibodies anti-CLIC1
(Clone 2D4, Abnova, Heidelberg, Germany, dilution 1:1000), anti-MVP
(Clone 1032, Acris, Herford, Germany, dilution 1:1000), anti-PPA1
(ab96099, Abcam, Cambridge, UK, dilution 1:5000), anti-TRAP1
(clone EPR5381, Abcam, Cambridge, UK, dilution 1:15000), anti-GSN
(clone GS-2C4, Sigma-Aldrich, Munich, Germany, dilution 1:1000),
and anti-BHMT (clone EPR6782, Epitomics, Burlingame, CA, dilution
1:20000) were diluted in StartingBlock and incubated with mem-
branes over night at 4 °C. Horseradish peroxidase-labeled secondary
antibodies (Jackson ImmunoResearch, Newmarket, UK) were used
for detection for one hour at room temperature. Bound antibodies
were visualized by enhanced chemiluminescence and exposure to
hyperfilm (GE Healthcare, Munich, Germany).

Densitometric Analysis—For densitometric analysis of Western
blots, infrared fluorescence detection was performed using IRDye®-
labeled secondary antibodies (Rockland, Gilbertsville, USA) with the
same incubation conditions as described above. Odyssey imaging
system was used for detection, and densitometric analysis was done
with Odyssey application software version 3.0.21 (both from Li-Cor
Biosciences, Lincoln, NE). For densitometric analysis, total lane back-
ground was subtracted from measured band average intensity. Equal
loading amounts were verified by Coomassie staining (supplemental
Data S7). No normalization to a housekeeping protein was performed,
because the commonly used housekeeping proteins (i.e., �-actin,
�-tubulin, GAPDH) were identified in the proteomics studies with
expression changes higher than 1.5-fold between the experimental
groups.

Immunohistochemistry—Paraffin embedded 4 �m slides were de-
waxed and pretreated in EDTA buffer (pH 9) at 95 °C for 30 min. All
Immunohistochemical stains were performed with an automated
staining device (Dako Autostainer, Glostrup, Denmark). Both, the
source of the primary antibodies and the technical staining details of
the automatically performed stainings are listed in Table II. All stains
were developed using Polymer Kit (ZytoChemPlus (HRP), POLHRS-
100, Zytomed Systems). Replacement of the various primary antibod-
ies by mouse or rabbit immunoglobulin served as negative controls.

RESULTS

Quantitative Proteomic Analysis—To identify novel bio-
marker candidates of hepatocellular carcinoma we performed
a study that combined two complementary techniques of
quantitative proteomics, namely the gel-based 2D-DIGE and
the label-free LC-MS-based approaches. Following a
straightforward workflow (Fig. 1), we analyzed the differential
protein expression in primary liver cancer tissue (n � 7) in
comparison to adjacent nontumorous liver tissue (n � 7).

In the gel-based approach, a total of 1,366 protein spots
represented in at least 70% of all investigated spot maps were

detected. Of these, only protein spots showing significant
expression changes between nontumor and malignant tissue
specimens (p � 0.05 and 1.5-fold change of expression) have
been isolated and analyzed. By the means of MALDI-MS and
nano-LC-ESI-MS/MS analyses 240 proteins (148 nonredun-
dant proteins) were successfully identified. Among these, 55
proteins were found to be up- and 83 proteins down-regu-
lated in HCC tumor tissue. Ten proteins showed variable
regulation directions within several detected isoforms (sup-
plemental Data S4).

In the label-free approach 31,673 features comprising
charges of 2� or 3� were detected. Significant differences in
abundance between the two experimental groups were ob-
served for 3507 of the features. Of these, 1038 regulated
features have been assigned to peptide matches by the ac-
quired tandem mass spectra. These identifications resulted in
476 significantly regulated proteins of which 284 were found
to be up-regulated in tumor tissue and 194 down-regulated,
respectively (supplemental Data S5).

In summary, a total of 573 differentially expressed proteins
were found, whereas 97 proteins were exclusively identified in
the 2D-DIGE study and 425 proteins in the LC-MS study.
Hence, only 51 differential proteins were identified irrespec-
tive of the applied quantification technique, which clearly
shows that both approaches are complementary (Table III).
Except of eight proteins, the regulation directions of the pro-
teins identified in both studies were the same. In four of the
eight cases of inconsistent regulations, the protein expres-
sions already vary between several isoforms detected in the
gel-based approach.

An analysis of the protein localizations revealed, that by
using a gel-based approach mainly cytoplasmic proteins were
detected. Whereas the proteins detected in label-free ap-
proach widespread over a broader range of cellular localiza-
tions, in particular the plasma membrane (Fig. 2A). The up-
regulated proteins identified in the whole study were found to
be mainly involved in molecular and cellular processes like cell
death and survival, cellular growth and proliferation as well as
RNA post-transcriptional modification. Contrary, the down-
regulated proteins are involved in energy production, lipid
metabolism, and small molecule biochemistry (Fig. 2B).

Selection of Biomarker Candidates for Further Verifica-
tion—To verify the observed complementarity of the applied

TABLE II
Antibodies used for immunohistochemistry. AB, antibody; RT, room temperature

Antibody Distributor Code Source AB concentration

TRAP 1 abcam ab109323 Rabbit monoclonal 1:200, 30 min. RT
LRP/MVP Kamiya MC-603 Mouse monoclonal 1:100, 30 min. RT
Pyrophosphatase-1 abcam ab96099 Rabbit polyclonal 1:500, 30 min. RT
CLIC1 Abnova H00001192-M01 Mouse monoclonal 1:9000, 30 min. RT
Gelsolin Sigma G4896 Mouse monoclonal 1:3000; 30 min. RT
BHMT abcam Ab124992 Rabbit monoclonal 1:100; 30 min. RT
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TABLE III
Regulated proteins identified in both proteomic studies

No. IPI
accession Gene Protein

Fold changes Reported association to
HCC

DIGE LC-MS Regulation References

Up-regulated in HCC tissue
1 IPI00015018 PPA1 Inorganic pyrophosphatase 2.0 5.9 2 (29)
2 IPI00448925 IGHG1;IGHV4–31 44 kDa protein 2.4 3.9 - -
3 IPI00553177 SERPINA1 Alpha-1-antitrypsin (isoform 1) 2.7–3.7 3.6 1 (30–35)
4 IPI00418471 VIM Vimentin 3.1 2.9 1 (29, 36)
5 IPI00021405 LMNA Prelamin-A/C (isoform A) 2.8–3.7 2.7 - -
6 IPI00554788 KRT18 Keratin, type I cytoskeletal 18 1.7 2.4 1 (37–38)
7 IPI00219018 GAPDH Glyceraldehyde-3-phosphate

dehydrogenase
2.0–3.1 2.4 1 (39–40)

8 IPI00479186 PKM2 Pyruvate kinase isozymes M1/M2
(isoform M2)

3.2 2.3 1 (41)

9 IPI00007765 HSPA9 HSPA9 Stress-70 protein, mitochondrial 2.7–2.8 2.3 1 (9, 42–43)
10 IPI00003362 HSPA5 78 kDa glucose-regulated protein 3.8 2.2 1 (9, 43–46)
11 IPI00030275 TRAP1 Heat shock protein 75 kDa, mitochondrial 3.0 2.2 - -
12 IPI00017855 ACO2 Aconitate hydratase, mitochondrial 2.3–2.1 1.7 - -
13 IPI00003865 HSPA8 Heat shock cognate 71 kDa protein

(isoform 1)
1.7–2.7 1.6 1 (9, 43)

14 IPI00010720 CCT5 T-complex protein 1 subunit epsilon 1.8 1.5 - -
Down-regulated in HCC tissue

15 IPI00011416 ECH1 Delta(3,5)-Delta(2,4)-dienoyl-CoA
isomerase, mitochondrial

�2.0 �1.5 - -

16 IPI00218733 SOD1 Superoxide dismutase �Cu-Zn	 �1.9 �1.8 2 (47–49)
17 IPI00218414 CA2 Carbonic anhydrase 2 �2.3 �1.8 2 (50)
18 IPI00014439 QDPR Dihydropteridine reductase �1.8 �2.0 - -
19 IPI00009367 AGXT Serine–pyruvate aminotransferase �2.3 �2.2 - -
20 IPI00216057 SORD Sorbitol dehydrogenase �2.4 �2.3 - -
21 IPI00016801 GLUD1 Glutamate dehydrogenase 1,

mitochondrial
�3.4–�1.7 �2.4 - -

22 IPI00889534 CPS1 Carbamoyl-phosphate synthase
�ammonia	, mitochondrial (isoform a
precursor)

�5.1–�4.4 �2.4 2 (51)

23 IPI00024990 ALDH6A1 Methylmalonate-semialdehyde
dehydrogenase (acylating),
mitochondrial

�3.5–�2.1 �2.4 2 (52)

24 IPI00037448 GRHPR Glyoxylate reductase/hydroxypyruvate
reductase

�1.9 �2.5 - -

25 IPI00329331 UGP2 UTP-glucose-1-phosphate
uridylyltransferase (isoform 1)

�2.0 �2.5 - -

26 IPI00006663 ALDH2 Aldehyde dehydrogenase, mitochondrial �2.5–�2.4 �2.6 - (53)
27 IPI00024993 ECHS1 Enoyl-CoA hydratase, mitochondrial �3.5–�2.2 �2.7 2 (54–55)
28 IPI00289524 AKR1C4 Aldo-keto reductase family 1 member C4 �2.0 �2.7 - -
29 IPI00218914 ALDH1A1 Retinal dehydrogenase 1 �1.7 �2.7 - -
30 IPI00165360 MPST 3-Mercaptopyruvate sulfurtransferase �2.5 �2.8 - -
31 IPI00020632 ASS1 Argininosuccinate synthase �2.0–�1.8 �2.8 2 (56)
32 IPI00027701 ACADS Short-chain specific acyl-CoA

dehydrogenase, mitochondrial
�2.1 �2.8 - -

33 IPI00218407 ALDOB Fructose-bisphosphate aldolase B �3.5–�2.4 �3.0 2 (6, 8, 51–52, 57)
34 IPI00024623 ACADSB Short/branched chain specific acyl-CoA

dehydrogenase, mitochondrial
�2.1–�1.6 �3.0 - -

35 IPI00216136 KHK Ketohexokinase (isoform C) �1.7 �3.2 2 (8)
36 IPI00034308 SARDH Sarcosine dehydrogenase, mitochondrial �3.3–�2.8 �3.3 2 (58)
37 IPI00001441 FTCD Formimidoyltransferase-cyclodeaminase

(isoform A)
�3.4 �3.3 2 (13, 59)

38 IPI00010180 CES1 Liver carboxylesterase 1 (isoform 1) �1.9 �3.3 2 (52, 60)
39 IPI00025341 BDH1 D-beta-hydroxybutyrate dehydrogenase,

mitochondrial
�2.4 �3.5 - -

40 IPI00024896 PBLD Phenazine biosynthesis-like domain-
containing protein

�2.8 �3.6 2 (61)

41 IPI00073772 FBP1 Fructose-1,6-bisphosphatase 1 �2.3–�1.8 �4.0 2 (62)
42 IPI00004101 BHMT Betaine-homocysteine S-

methyltransferase 1
�3.7–�3.0 �5.6 2 (63–64)

43 IPI00215925 GNMT Glycine N-methyltransferase �3.1 �6.3 2 (64–65)
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techniques and to identify proteins that might act as bio-
marker candidates for HCC, we have chosen several regu-
lated proteins for further validations that were identified either
in the 2D-DIGE study, the label-free study or in both studies.
From the proteins exclusively identified in the gel-based 2D-
DIGE approach we have chosen chloride intracellular channel
protein 1 (CLIC1), comprising a 2.5-fold over-expression in
tumor tissue. From the complement of the label-free LC-MS
based approach, major vault protein (MVP), which showed a
5.4-fold over-expression based on quantification with six pep-
tides, as well as gelsolin (GSN) with a 2.8-fold higher expres-
sion (quantified with three peptides) were selected. The first
regulated protein chosen from the overlap of both studies was
tumor necrosis factor type 1 receptor-associated protein 1
(TRAP1), also known as heat shock protein 75 (HSP75). For
this protein, fold changes of 3.0 and 2.2 were observed in the
gel- and LC-MS-based approaches, respectively. As a sec-
ond candidate from this group we selected inorganic pyro-
phosphatase 1 (PPA1), which was detected with fold changes
of 2.0 in the 2D-DIGE experiment and 5.9 in the label-free
approach. As an example for a candidate protein down-reg-
ulated in tumor tissue in comparison to nontumor tissue we
have chosen betaine-homocysteine S-methyltransferase 1
(BHMT) for further verification. BHMT was found to be down-
regulated in both studies with fold changes ranging from -3.0
to -3.7 in the gel-based approach and -5.6 in the label-free
study (Fig. 3).

Methodological Verification via Western Blotting and Immu-
nohistochemistry—The selected candidate proteins were
first investigated by Western blot analysis of eight sample
pairs of HCC and nontumorous liver tissues that were also
used in label-free and 2D-DIGE differential proteomics stud-
ies (patient ID 1–8). Here, the analysis showed differential
expression of all candidates in tumorous tissue compared
with nontumor tissue. MVP showed strong expression in six
of eight tumor samples whereas weak or no expression was
observed in nontumor tissue. Gelsolin was found with gen-
eral high expression levels in HCC tissue and only weak

expression in the control group. For CLIC1, enhanced ex-
pression levels were observed in all tumor samples. TRAP1
and PPA1 also showed higher expression levels in four of
eight and five of eight HCC tissue samples, respectively. For
BHMT only little expression was detected in HCC-tissue
compared with strong expression in all samples of nontu-
mor tissue (Fig. 4). In addition to the Western blot analysis,
immunohistochemical stainings of the six candidate pro-
teins were performed as an additional methodological ver-
ification using an alternative immunological method. Again,
the previously observed alterations in protein expression
were reproducible. In normal liver tissue, CLIC1 showed
positive reactions in nonhepatocytes, whereas hepatocytes
were completely negative. In HCC the tumor cells displayed
a strong positive signal in the cytoplasm and in the nuclei. In
addition, stroma cells were also positive for CLIC1. The
antibody against MVP showed an immunoreactive signal in
the cytoplasm of HCC cells but was negative in normal
hepatocytes. TRAP1 was located in the cytoplasm of HCC
cells but was negative in the nontumor liver tissue. Using an
antibody against pyrophosphatase 1, the tumor cells were
slightly positive in the cytoplasm while the nontumor liver
cells were negative. Using an antibody against gelsolin in
the nontumor liver sinusoidal cells were immunopositive as
well as fibrous tissue of portal tracts and cholangiocytes,
but the hepatocytes were negative. In contrast, in HCC the
tumor cells were positively stained. In accordance to the
Western blot results, the immunohistochemical staining
against BHMT showed a strong signal in nontumor hepato-
cytes while tumor cells stained weaker (Fig. 5).

Verification of Differentially Expressed Proteins as Bio-
marker Candidates—To determine whether a regulated pro-
tein might act as a biomarker candidate of a particular disease
or not, further verifications using and independent and larger
patient cohorts are required. Hence, the expression changes
of all six candidate proteins were further investigated within
an independent verification set containing 33 samples (16
HCC and 17 nontumorous tissues from patient ID 9–26). To

TABLE III—continued

No. IPI
accession Gene Protein

Fold changes Reported association to
HCC

DIGE LC-MS Regulation References

Inconsistent regulation
44 IPI00745872 ALB Serum albumin (isoform 1) �3.9–3.8 2.4 12 (6)
45 IPI00419585 PPIA Peptidyl-prolyl cis-trans isomerase A �2.9–1.7 1.7 1 (58, 66)
46 IPI00218342 MTHFD1 C-1-tetrahydrofolate synthase,

cytoplasmic
1.8 �2.1 - -

47 IPI00030363 ACAT1 Acetyl-CoA acetyltransferase,
mitochondrial

1.8 �2.3 - -

48 IPI00797038 PCK2 Phosphoenolpyruvate carboxykinase
�GTP	, mitochondrial (isoform 1)

2.1–3.3 �2.9 2 (67)

49 IPI00032103 GATM Glycine amidinotransferase (isoform 1),
mitochondrial

1.8 �3.2 - -

50 IPI00473031 ADH1B Alcohol dehydrogenase 1B �6.3–3.1 �3.4 - -
51 IPI00218899 ADH4 Alcohol dehydrogenase 4 (isoform 2) �2.9–2.3 �3.6 1 (68)
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assess the significance of protein-expression changes be-
tween HCC and nontumorous tissue Western blots were an-
alyzed via densitometry. In this larger sample set only two of
the six candidates showed apparent regulations between
both experimental groups. MVP was found to be significantly
up-regulated in HCC tumor tissue compared with nontumor-

ous liver tissue (Student’s t test, unpaired, two-sided, unequal
variances, p � 0.0102). Furthermore, BHMT was confirmed to
be down-regulated in HCC tissue (p � 0.0067). Only in two
samples of tumor tissue BHMT expression was observed
(patient ID 10 and 24) (Fig. 6). For PPA1 and CLIC1, the
up-regulation in HCC tissue could be reproduced as a slight
but nonsignificant trend. However, for TRAP1 and GSN the
previously observed regulation patterns were not detected at
all (supplemental Data S7).

DISCUSSION

To identify novel biomarker candidates of HCC, a study
combining complementary gel-based and LC-MS based
quantification methods was performed. By comparing the
lists of dysregulated proteins obtained from both approaches
the assumed complementarity could be clearly shown. In
particular, 51 proteins were identified in both studies corre-
sponding to only 9% of the total number of proteins. This
result clearly shows the benefit of using different techniques in
combination, which leads to greater proteome coverage. Fur-
thermore, the fact that a regulated protein is identified in both
studies necessarily increases the probability that this partic-
ular biomarker candidate may be more clinically relevant. This
assumption is corroborated by the fact that the overlap in-
cludes many proteins that have already been associated to
hepatocellular carcinoma and whose disease-related dys-
regulations have been reported in numerous independent
studies (see references in Table I). Especially, among the
up-regulated proteins which are most interesting with respect
to a use as a biomarker. However, the overlap also includes
several proteins that to our knowledge were not associated to
HCC earlier (e.g. TRAP1) and therefore they might be new
biomarker candidates for this particular disease.

In some cases, the comparison of protein regulations
showed different results in the label-free and gel-based ap-
proach. However, in at least four of eight cases, this result is
caused by the detection of several up- or down-regulated
isoforms of the same protein in the 2D-DIGE experiment. In
such cases, it can be assumed that the regulations deter-
mined by the label-free bottom-up approach are more reliable
regarding the overall expression change of a protein as they
are not influenced by any isoform effects. For example, the
over-expressions of alcohol dehydrogenase 4 (ADH4) or pep-
tidylprolyl isomerase A (PPIA) in HCC tissue specimens, as
observed in the label-free approach, are in line with previously
published data (58, 68). However, inconclusive results were
obtained in the current 2D-DIGE study.

For a first methodological verification of the applied pro-
teomics approaches six proteins were selected for further
analyses, namely TRAP1, MVP, CLIC1, GSN, PPA1, and
BHMT. In addition, these proteins were further investigated in
an independent patient cohort to assess their potential appli-
cations as HCC biomarker candidates. The proteins were
chosen with respect to their currently known or unknown

FIG. 2. A, Localizations of the differentially expressed proteins
detected in the 2D-DIGE or LC-MS-based approach. B, Molecular
and cellular functions of up- and down-regulated proteins identified in
the whole study. Numbers of proteins per functional class are shown
as red bars including the exact number of annotated proteins. Cor-
responding p values are shown as blue bars.
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association with HCC as well as the part of our proteomic
study they were identified in (e.g. complements of the label-
free and 2D-DIGE approaches or the overlap of both).

TRAP1 and GSN: TRAP1 is a member of the HSP90 family
of molecular chaperones which consists of three other major
homologues, namely HSP90�, HSP90�, and 94kDa glucose-
regulated protein (GRP94). In the present study, each of the
four HSP90 homologues was found to be significantly over-
expressed in HCC tissue, whereas only TRAP1 was identified

irrespective of the applied quantification technique. For the
homologues HSP90�, HSP90�, and GRP94 the observed
up-regulation has already been reported regarding several
carcinoma types including HCC. However, the mitochondrial
TRAP1 has not yet been investigated to such an extent.
TRAP1 is involved in processes like drug resistance, cell
survival, stress response, mitochondrial homeostasis and
protein folding. Earlier, it was found to be over-expressed in
colorectal (69) and nasopharyngeal carcinoma (70) as well as

FIG. 3. Regulation patterns of selected proteins. Depending on the study in which the protein was detected, spot volume of the
protein (2D-DIGE) and/or feature intensity of a representative peptide (LC-MS) in HCC and nontumorous tissue samples are shown.
Additionally, protein regulations within the investigated patient cohort are shown in the box plots (boxes represent 25th and 75th
percentile, whiskers indicate the standard deviation, the median is shown as a black bar and the mean value as an empty square within
box).
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cisplatin-resistant ovarian cancer cells (71–72). In the prior
case, the involvement of TRAP1 in drug-resistance was addi-
tionally studied by inhibiting TRAP1 activity with shepherdin
resulting in higher drug sensitivity (69). Hence, TRAP1 would
be not only a promising tumor marker candidate, but more-
over a potential drug target for improved cancer therapies.
The ubiquitous Ca2�-regulated actin-binding protein gelsolin
(GSN) was also found to be over-expressed in tumorous
tissue compared with adjacent nontumor tissue. The protein
exists in two major isoforms, namely the intracellular cytoplas-
mic one (cGSN) and a secreted form, also known as plasma
gelsolin (pGSN). The three regulated peptides detected in the
label-free approach are shared between those forms (for se-
quences see: supplemental Data S5) which makes a clear

decision between both forms impossible at this point. Dys-
regulation of gelsolin in cause of several malignancies has
been reported in numerous studies. In a high number of
cancer types, including human breast, colorectal, gastric,
bladder, lung, prostate, kidney, ovarian, pancreatic, or oral
cancers, gelsolin was down-regulated leading to the assump-
tion that gelsolin might act as a tumor suppressor. However,
in a subset of nonsmall cell lung cancers gelsolin was found to
be over-expressed. Furthermore, increased gelsolin levels
have been associated to tumor recurrence and progression in
urothelial tumors (73). In our current proteomic study, TRAP1
and GSN were found to be up-regulated in HCC tissue and
their regulation patterns were successfully verified by immu-
nological methods within the same sample set. However, the
experiments performed with a second independent sample
set revealed no significant up-regulations in HCC tissue. In-
stead, only a small subpopulation of four samples shows a
higher protein expression in HCC tissue. Hence, the summa-
rized results are not necessarily supportive for the assumption
that TRAP1 and GSN could act as biomarker candidates of
hepatocellular carcinoma.

CLIC1: In the gel-based approach, chloride intracellular
channel protein 1 (CLIC1) was found to be up-regulated in
HCC tumor tissue. Members of the CLIC protein family are
widely expressed and involved in several cellular processes
like apoptosis, cell division or secretion. An HCC-related up-
regulation of CLIC1 has already been reported in a proteomic
study of hepatocellular carcinoma developed in patients with
chronic hepatitis C infection as an underlying disease (74).
Earlier, transcriptomics data were published that also re-
vealed an over-expression of CLIC1 related to HCC, which is
in agreement with our data (75). Within the patient cohort
investigated in our proteomics study, none of the patients had
hepatitis B or C infections. Hence, the observed over-expres-
sion of CLIC1 in HCC seems to be irrespective of the under-
lying disease. During a second verification within an inde-
pendent sample set, the over-expression of CLIC1 was
observable as a slight but nonsignificant trend. Nonetheless,
the following fact supports that CLIC1 can be denoted as a
diagnostic HCC biomarker candidate for histopathological
purposes worth to be followed in ongoing validation studies.
Samples used in the verification with Western blots were full
lysates of nonmicrodissected tissues samples and therefore
heterogeneous. As shown by the immunohistochemical anal-
ysis CLIC1 clearly can distinguish HCC tumor cells and nor-
mal hepatocytes. However, CLIC1 is also positive for non-
hepatocytes in normal liver tissue, which could produce
misleading or nonsignificant results if full tissue lysates are
used.

PPA1: Inorganic pyrophosphatase (PPA1) was identified as
a regulated protein in the label-free and 2D-DIGE approaches.
It catalyzes the hydrolysis of pyrophosphate to orthophos-
phate and is ubiquitously expressed. It has been shown to be
differentially expressed in various types of cancer including

FIG. 4. Western blot analysis of nontumorous tissue and HCC
tumor tissue, respectively. Up-regulation of biomarker candidates
MVP, GSN, CLIC1, TRAP1, and PPA1 in HCC tissue could been
validated using immunoblots. All up-regulated candidates show
stronger signals in HCC samples in comparison to nontumorous
tissue samples. BHMT as an example for a biomarker candidate
down-regulated in HCC shows only weak or no signal in tumor tissue
but strong signal in nontumorous tissue samples.
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enhanced expression in primary colorectal cancer (76), lung
adenocarcinoma (77), and prostate cancer (78) and has also
been shown to be expressed in a hepatocellular carcinoma
cell line (79). However, in a proteomic pilot study of HCC in
which tissue samples of only three patients have been ana-
lyzed using 2D gel electrophoresis, PPA1 has been found to
be down-regulated (29). In our current proteomic study, we
can show with a larger sample set and two different quantifi-
cation methods that PPA1 is significantly up-regulated in
HCC. Furthermore, we verified this result using immunological
methods within the same sample set. In the independent set
of samples the up-regulation was solely reproducible as a
nonsignificant trend. However, in comparison to CLIC1, PPA1
remains an interesting candidate protein for diagnostic pur-
poses that should be investigated in further validation studies.

MVP: In previous studies, MVP has been found to be over-
expressed in several human cancers such as pancreatic,
breast, ovarian, urinary bladder carcinomas, melanomas, sar-
comas, and leukemias (80). However, in case of liver carcino-
mas a variable expression has been reported (81). Contrary,
our recent results clearly verify an over-expression of MVP in
tumorous HCC tissue. MVP is the main constituent of the so
called vaults, which are ribonucleoprotein particles with
masses of �13 MDa (82). It has been associated with several
signaling pathways, including PI3K/Akt, MAPK, and STAT
suggesting regulatory roles in these signaling processes (83–
85). More recently, MVP has been found to be involved in
resistance to epidermal growth factor inhibition of several
HCC-derived cell lines (86). In our current study, we observed
a significant up-regulation of MVP in HCC tissue that was

FIG. 5. Immunohistochemical staining of HCC and corresponding nontumorous liver from the same patient. MVP: In the normal liver
MVP is located in some nucleated blood cells but hepatocytes are negative in contrast to HCC with positive signals in the cytoplasm of tumor
cells. GSN: For GSN a positive reactivity in HCC tumor cells is observed in contrast to a negative antibody reaction in normal hepatocytes.
CLIC1: Immunohistochemistry against CLIC1 shows reactivity in sinusoidal lining cells but shows no signal in hepatocytes. In HCC strong
reactivity is present in the cytoplasm and nuclei of tumor cells and also in nontumor stroma cells. TRAP1: Immunohistochemistry against
TRAP1 shows strong reactivity in HCC cells, but is negative in the normal liver. PPA1: The antibody against PPA1 shows a faint reactivity in
HCC cells, but is completely negative in the normal liver. BHMT: The antibody against BHMT shows a strong reactivity in normal hepatocytes
and a faint reaction in HCC tumor cells. Original magnification: �200.
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verified in two independent patient cohorts. The relatively
large variance of expression levels that was detected within
the HCC experimental groups is in line with previous obser-
vations and is caused by an interindividual heterogeneity of
MVP expression in liver tissue that has already been de-
scribed (81). In summary, we conclude that MVP is a robust
HCC diagnostic biomarker candidate that can be used to
distinguish normal liver and HCC tumor tissues irrespective of
the underlying liver disease or tumor characteristics. Hence,
follow-up studies for the validation of MVP as a diagnostic
HCC marker in larger patients cohorts should be envisaged.

BHMT: Earlier, a strong decrease of BHMT expression in
HCC tumor tissue has already been shown in gel-based pro-
teomic studies (13, 64) as well as on the transcript level (63).
Very recently, the transcription of an aberrant splicing variant
has been described as mechanism leading to decreased
BHMT levels in HCC (87). BHMT is involved in homocysteine
metabolism where it catalyzes the synthesis of methionine
from betaine and homocysteine. Loss of BHMT function
therefore leads to impaired hemostasis of 1-carbon metabo-
lism and is directly associated with various diseases including
hepatocellular carcinogenesis (88). In our study, the de-
creased expression of BHMT in HCC was confirmed for the
first time using a label-free quantification method that was
successfully verified by immunological methods within two
independent patient cohorts. Even if the down-regulation of

BHMT has been described in several studies, its use as diag-
nostic HCC marker for histopathological purposes has not
been tested by immunohistochemical methods in large pa-
tient cohorts yet. Such a comprehensive validation study
should definitely be envisaged in future projects to assess the
use of BHMT as a diagnostic HCC biomarker.

CONCLUSION

In our study we compared the proteomic profile of HCC
tumor tissue (n � 7) with nontumorous liver tissue (n � 7) by
following a 2D-DIGE approach and a label-free LC-MS-based
quantification strategy. As expected, our results clearly show
that both techniques gave complementary results, as only 51
of the 573 regulated proteins have been identified irrespective
of the applied technique, which in turn shows the benefit of
using both techniques in combination. For a methodological
verification, HCC-related regulations of six proteins (MVP,
BHMT, CLIC1, GSN, TRAP1, PPA1) were investigated by
Western blots and immunohistochemistry using the same
sample set. Here, for each protein the previously observed
regulation pattern was successfully reproduced. To assess
the applicability of these proteins as biomarker candidates of
HCC, a second verification was performed with samples de-
rived from a larger and independent patient cohort (16 HCC
samples and 17 nontumorous tissue samples). Here, a signif-
icant regulation was only detectable for two of the six candi-

FIG. 6. Western blot analysis of the independent verification cohort and corresponding densitometric evaluations. Biomarker
candidates were tested with 17 independent samples of HCC-tumor tissue and 16 samples of nontumorous liver tissue, respectively. MVP and
BHMT show differential expression between both experimental groups. Box plots show the results of densitometric analyses (rhombs depict
individual data points, boxes represent 25th and 75th percentile, whiskers indicate standard deviation, median is shown as a black bar and the
mean value as a square within boxes,). MVP was found to be significantly higher abundant in tumor tisssue (Student’s t test, unpaired,
two-sided, unequal variances, p � 0.0102) whereas BHMT was found to be significantly down-regulated in HCC (p � 0.0067).

Quantitative Proteomics of Hepatocellular Carcinoma

Molecular & Cellular Proteomics 12.7 2017



date proteins. For MVP a significant up-regulation and for
BHMT a down-regulation in HCC tissues was detected by
Western blots analyzed via densitometry. In summary, the
results of the current study suggest a potential applicability of
these proteins as diagnostic HCC biomarkers. Hence, a vali-
dation of these marker candidates in larger patient cohorts will
be envisaged in future projects. In particular, the potential use
of MVP and BHMT as parts of biomarker panel will be inves-
tigated. Such multiple marker panels are commonly used for
the diagnosis of the very heterogeneous HCC, and show a
higher sensitivity and selective than single markers (89).
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