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Abstract. Changes in the proteome of colon mucosal
cells accompany the transition from normal mucosa via
adenoma and invasive cancer to metastatic disease. Sam-
ples from 15 patients with sporadic sigmoid cancers
were analyzed. Proteins were separated by two-dimen-
sional gel electrophoresis. Relative differences in ex-
pression levels between normal tissue, adenoma, carci-
noma and metastasis were evaluated in both intra- and
inter-patient comparisons. Up- and down-regulated pro-
teins (> two fold) during development to cancer or me-
tastasis were excised and submitted to peptide mass fin-
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gerprinting and MS/MS sequence analysis, facilitated by
the use of a compact disc workstation. In total, 112 pro-
tein spots were found to be differentially regulated, of
which 72 were determined as to protein identity, 46 be-
ing up-regulated toward the progression of cancer, and
26 down-regulated. Several of the identifications cor-
relate with proteins of the cell cycle, cytoskeleton or
metabolic pathways. The pattern changes now identified
have the potential for design of marker panels for assis-
tance in diagnostics and therapeutic strategies in col-
orectal cancer. 
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Colorectal carcinoma is the fourth most common malig-
nancy in the western world (approximately one of every
eighth malignant tumor in the USA). It ranks third as the
cause of death from carcinoma, surpassed only by lung
and prostate neoplasms in men, and lung and breast can-
cers in women. Multiple mutations have been suggested
to lead to a progression from normal epithelium to
metastatic carcinoma through hyperplastic epithelium,
adenoma, carcinoma and metastasis, known as the ‘ade-
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noma-carcinoma sequence’ [1]. In 65–70%, tumors are
detected as advanced-stage cancer located in the sigmoid
colon. As in most malignant diseases, early diagnosis and
especially detection of metastases is of importance for
patient prognosis. Settlement of tumor cells in the liver 
is the major cause of cancer-associated deaths [2].
Presently, clinical parameters combined with histopatho-
logical staging and grading are the most important diag-
nostic and prognostic variables. The evaluation of carci-
noembryonic antigen (CEA) in serum has not fulfilled
the promise of a simple test that would offer an early di-
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agnosis of colon cancer. A number of other, less well ex-
plored potential markers exist but are currently not used
in routine clinical diagnosis [3–5]. Therefore, more ex-
tensive proteome tests are desirable for diagnosis, prog-
nosis evaluation and monitoring recurrent disease.
We describe comprehensive proteome analyses of normal
mucosa, adenoma, cancer and distant liver metastasic
cells recovered from the same patients using two-dimen-
sional gel electrophoresis (2-DE), image and principal
component analysis (PCA), and mass spectrometry of
samples purified via compact disc (CD) technology to
study progression-specific protein expression profiles.

Materials and methods

Sample collection
Colon samples were obtained immediately after resection
from the Lübeck University Hospital (with ethical per-
mit). Cells were collected from the surface of non-
necrotic tumor or metastasic tissue, normal mucosa and
polyps by scraping with a scalpel, and were transferred
into 2–5 ml ice-cold RPMI-1640 medium containing 5%
fetal calf serum and 0.2 mM phenylmethylsulfonyl fluo-
ride/0.83 mM benzamidine. This was followed by aspira-
tion and squirting steps with a syringe and a 29-gauge
needle to preferentially release the tumor cells, which are
less attached to each other than the connective-tissue
cells. A two-phase nylon filter (pore sizes of 250 and 
100 mm) was used to catch remaining stromal compo-
nents and to allow the passage of the tumor cells. These
enriched cell suspensions, underlaid with 2 ml ice-cold
Percoll (54.7% in PBS), were centrifuged at 1000 g for 
10 min at +4°C. Cells at the interface were collected and
washed twice with PBS. This method is rapid and results
in pure tumor cell populations, free from serum proteins,
red blood cells, connective tissue and necrotic tissue ma-
terial [6]. After preparation, each sample was quality-
checked by comparison of Giemsa-stained smears with
histological slides. Only samples with more than 95% tu-
mor cells were used.

Characterization of formalin-fixed specimens
Histopathological characterization was carried out using
hematoxylin-eosin-stained sections of formalin-fixed
and paraffin-embedded specimens. Polyps, tumors and
liver metastases were characterized according to size,
lymph node status and site of metastasis. Histopathologi-
cal classification followed WHO criteria (TNM classifi-
cation).

Cytochemical analysis
Nuclear DNA content was assessed in all disease speci-
mens by image cytometric analysis of Feulgen-stained
cells. Samples with a single stemline in the normal

diploid region (1.9c–2.1c) were classified as diploid and
those with pronounced scattered DNA values and a stem-
line outside the diploid or tetraploid regions were classi-
fied as aneuploid [7, 8].

Protein quantification
Protein concentrations of samples were determined by
addition of 25 ml concentrated assay reagent (Bio-Rad) to
1 ml solubilized sample diluted in 100 ml Milli-Q water
using 96-well microplates [9]. A standard curve was con-
structed using different concentrations of bovine serum
albumin. The plate was read using a Multiscan reader
(Labsystems). 

2-D gel electrophoresis
This was performed as described elsewhere [6, 10]. Be-
fore application, all samples were diluted to 500 ml con-
taining 7 M urea, 2 M thiourea, 1% 3-(3-chloramido-
propyl) dimethylammonio-1-propanesulfonate (CHAPS),
0.4% immobilized pH gradient (IPG) buffer, 0.3%
dithiothreitol (DTT) and a trace of bromophenol blue. To-
tal cell extracts were applied via active rehydration on
precast IPG strips (pH 4–7, 17 cm; Bio-Rad) in sample
solution for isoelectric focusing. Protein (75 mg/IPG
strip) was loaded and focused in PROTEAN IEF Cells
(Bio-Rad) for ~52,900 Vh overnight. After isoelectric fo-
cusing (IEF), the strips were immediately equilibrated for
2 ¥ 15 min with 50 mM Tris-HCl, pH 8.8, in 6 M urea,
30% glycerol and 2% SDS. DTT (2%) was included in
the first and iodoacetamide (2.5%) in the second equili-
bration step to reduce and alkylate free thiols. SDS gels
with a 10–13% linear acrylamide gradient (1.5 ¥ 200 ¥
230 mm) were used for the second dimension. The IEF
strips were carefully applied on top of the gels and fixed
in position using warm agarose (0.5%) dissolved in SDS/
PAGE running buffer. Electrophoresis was carried out
overnight at 42,000 Vh. For image analysis, gels were
stained with silver nitrate [11, 12]. Preparative gels uti-
lized more material (two- to tenfold more) and spots were
then visualized using Coomassie Brillant Blue, Sypro
Ruby (Bio-Rad) or Silver Plus staining (Bio-Rad).

Scanning, image and statistical analysis
2-D gels were scanned at 84.7 ¥ 84.7 mm resolution us-
ing a GS-710 imaging densitometer (Bio-Rad). Data
were analyzed using PDQuest software from Bio-Rad
[13]. A PCA was performed with 60 gels to screen for
outliers and clusters [14]. Spot data from the PDQuest gel
analysis package were subsequently transferred to the
Spotfire statistical software (DecisionSite for Functional
Genomics; www.spotfire.com). PCA is effective for
identifying discriminating features in a data set by find-
ing two or three linear combinations of the original fea-
tures that best summarize the variation in the data. If
much of the variation is captured by these two or three



most significant principal components, group member-
ship of many data points can be observed.
Using the PDQuest 7.1 software, polypeptide spots from
the different stages of the disease were matched to spots
in the reference pattern. Spot intensities were normalized,
background was subtracted, peaks were located and the
relative staining intensities were determined. Several
known proteins served as landmarks to facilitate the gel
matching. Spots were identified using boolean analysis
and the Mann-Whitney test (p < 0.05). A high-level
match set comparing the clinical cancer samples with two
colorectal cancer cell lines (diploid HCT 116 and aneu-
ploid Lovo cell lines) was also constructed, as were gels
from two normal liver samples, recovered from the liver
metastases resection specimens. Only those protein spots
that indicated up- or down-regulation (> twofold) in the
metastases samples were considered for identification.

In-gel digestion and CD technology for preparation
of tryptic digests
Protein spots were excised manually from Coomassie-
stained gels and in-gel digested [15] using a MassPREP
robotic protein-handling system (Micromass). Gel pieces
were destained twice with 100 ml 50 mM ammonium 
bicarbonate (Ambic)/50% (v/v) acetonitrile at 40°C for
10 min. Pieces containing protein were reduced by 10
mM DTT in 100 mM Ambic for 30 min, shrunk in ace-
tonitrile, and the proteins were then alkylated with 55 mM
iodoacetamide in 100 mM Ambic for 20 min. Trypsin (25
ml of a 12 ng/ml solution in 50 mM Ambic) was added and
incubation was carried out for 4.5 h at 40°C. Peptides
were extracted with 30 ml 5% formic acid/2% acetonitrile
followed by extraction with 24 ml 2.5% formic acid/50%
acetonitrile. The acetonitrile was evaporated under atmos-
pheric pressure overnight at 10°C. For electrospray (ES)
ionization MS/MS, the peptide extracts were desalted
with C18 ZipTips (Millipore), activated and equilibrated
using 10 ml 70% acetonitrile/0.1% trifluoroacetic acid
(TFA) twice, 10 ml 50% acetonitrile/0.1% TFA twice, and
finally 10 ml 0.1% TFA twice. The sample was loaded
onto the ZipTip by pipetting 20 times and washed using
10 ml 0.1% TFA twice. The tryptic fragments were eluted
with 60% acetonitrile/1% acetic acid.
Samples with proteins in low yield were analyzed using a
Gyrolab MALDI SP1 Workstation (Gyros AB). In this
approach, 96 microcolumns (packed with a C18 resin to a
volume of 10 nl) are incorporated into a CD platform and
used for desalting by reverse-phase chromatography. The
columns are conditioned with 50% acetonitrile in water.
The samples are loaded onto the columns, and solvents
passed through by spinning of the disc. The wash solution
(200 nl 0.1% TFA) is directed to a waste exit. Peptides are
eluted from the columns using 200 nl 50% acetonitrile
containing 1 mg/ml a-cyano-4-hydroxycinnamic acid
matrix and 0.1% TFA. The eluate is captured in an open

MALDI target area of 200 ¥ 400 mm for solvent evapo-
ration and the peptide/matrix crystallization. For on-CD
MALDI analysis, the cut CD was accommodated in the
target compartment of the MALDI instrument.

Mass spectrometry
The tryptic fragments were mass analyzed by matrix-as-
sisted laser desorption ionization (MALDI) mass spec-
trometry (Voyager DE-PRO; Applied Biosystems) and,
where relevant, also ES ionization quadrupole time-of-
flight (Q-TOF) tandem MS (Micromass) for sequence in-
formation. Samples for MALDI analysis were mixed at a
1:1 (v/v) ratio with a saturated a-cyano-4-hydroxycin-
namic acid solution in 50% acetonitrile/0.1% TFA. Data-
base searches were carried out using the MS-Fit search
program (http://prospector.ucsf.edu/). Only protein hits
with three or more matching peptide masses were consid-
ered, and only if the assigned protein was human, and the
theoretical pI and Mr values did not deviate excessively
from the values observed in the 2-D gel separation. 
Samples for the ES analysis were introduced via gold-
coated nano-ES needles (Protana). A capillary voltage of
800–1000 V was applied together with a cone voltage of
40–45 V and collision energy of 4.2 eV. The sample
aerosol was desolvated in a stream of nitrogen. During the
collision-induced dissociation (CID), the collision energy
was in the range of 15–30 eV with argon as collision gas.

Results

Samples, histopathology and ploidy analysis
Colon samples from more than one histological specimen
(N for normal, P for adenoma/polyp, C for cancer/tumor,
M for metastasis) were analyzed by 2-D gel elec-
trophoresis, subsequent PDQuest evaluation and PCA
from 15 patients with sporadic adenocarcinomas. In ad-
dition, tissues from single lesions were analyzed from
many patients (200 in total). Data and histopathological
diagnosis are provided in table 1.
The eight polyps included in the study were pedunculated
tubular adenomas localized within the colon resection
specimen. All polyps had a head size smaller than 1 cm
diameter. Two polyps showed a high-grade dysplasia, the
other six were low-grade dysplastic. Ploidy assessment
showed pronounced scattered DNA values exceeding the
tetraploid region in the two polyps with high-grade dys-
plasia, in all of the carcinomas and in the metastasis sam-
ples. These samples were classified as aneuploid. The re-
maining six polyps were diploid. For the normal mucosal
tissue, diploidy was presumed. 

Intra- and inter-tumor/metastasis heterogeneity
In two tumor (CR97T and CR151T) and two metastasis
(CR69M and CR175M) samples, we took two separate
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preparations from different areas within the same neopla-
sia (designated A and B in fig. 1) to evaluate the intra-tu-
mor and intra-metastasis heterogeneity. In these compar-
isons, we were able to match at least 93% of all polypep-
tide spots detected. The average correlation coefficient
was 0.86 within the tumor and 0.80 within the metastasis
samples, reflecting their close relatedness. In analogy, vi-
sual inspection showed very similar expression patterns
(fig. 1). The correlation coefficients between pairs of pri-
mary tumors gave an average r value of 0.70 (0.58–0.73).
For pairwise comparison of liver metastases, the average
correlation coefficient was 0.57 (0.51–0.61). In the pa-
tient from whom normal tissue, primary tumor and liver
metastases were available, we calculated a correlation co-
efficient of 0.55 between normal mucosa and the tumor,
and 0.76 between the tumor and its metastases. 

Principal component analysis
As an initial analytical step, we applied a PCA to the en-
tire data set to identify outliers and clusters. Using spot-
fire statistical analysis, the relationship of the four
colonic histological subtypes can then be visualized in a
three-dimensional PCA plot. The PCA results showed a
close clustering of the normal mucosa samples (fig. 2). In
the neighborhood of the normal samples, six of the eight
polyps also clustered. The two outlying polyps clustered
closer to the tumor cohort, and were identified as the
polyps with high-grade dysplasia and aneuploidy men-
tioned above (fig. 2), proving compatibility between the
histopathological and PCA-proteomics grouping modes.
Nevertheless, a pathological re-appraisal of those two
cases did not lead to carcinoma diagnosis. The tumor
samples formed a widespread, separate cluster in the
three-dimensional PCA plot (fig. 2). The subset of liver
metastases clustered separately, without overlap with the
primary tumors.

Identification of the deviating spots in normal versus
cancer samples
Using IPG strips of pH 4–7, an average of 1675 spots
(range 1543–1866 spots/gel) could be resolved. The res-
olution of the polypeptides showed better quality in the
low-molecular-mass area and toward the acidic side of
the gels (fig. 1). Increased streaking and precipitation on
the basic side is a well-known phenomenon observed in
2-D gel electrophoresis. The number of cells used was not
determined since the analysis was not performed with
cell line material. However, in parallel work with cell
lines, we find about 1 million cells useful to obtain high-

Table 1. Samples.

Sample Patient

normal adenoma cancer metastasis sex age TNM

1 CR64T CR65M M 76 T3N2M1
2 CR95N CR94T CR96M M 81 T3N2M1
3 CR98N CR97T F 78 T3N1Mx
4 CR107N CR105P CR106T F 71 T3N0Mx
5 CR125N CR124T F 65 T3N2Mx
6 CR132N CR131T M 59 T3N1Mx
7 CR135N CR133P CR134T M 77 T4N1Mx
8 CR139N CR138P* CR137T1, 136T2 M 78 T4N1Mx
9 CR149N CR150P CR148T M 60 T3N0Mx

10 CR152N CR151T F 71 T3N0Mx
11 CR158N CR157T M 76 T3N1Mx
12 CR160N CR159T F 75 T4N1Mx
13 CR164N CR162P1, 163P2* CR161T M 61 T3N0Mx
14 CR174N CR173P CR172T M 74 T3N1Mx
15 CR211N CR210P CR209T M 76 T3N1Mx

N, normal mucosa; P, adenoma/polyp; T, cancer/tumor; M, metastasis from 15 patients. For database allocation they are labeled as CR (col-
orectal) followed by a number and N, P, T, M. For the sample type were included and analyzed with more than one-stage samples per pa-
tient. In addition to the samples from 15 patients where more than one sample type could be obtained, metastases only were includes for 
5 patients (CR21M, CR68M, CR69M, CR102M, CR175M). TNM classification according to WHO guidelines. The asterisks denote polyp
material that was high-grade dysplastic and aneuploid.

Figure 1. Comparison of two carcinoma samples (CR97T; A and
B) from different locations within the same tumor. Close-up areas
reflect the relatedness and relative homogeneity.
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quality gels with corresponding spot numbers. Focusing
on proteins that matched to all members of the match set
and on polypeptides whose level was significantly up- or
down-regulated from benign disease to cancer develop-
ment (fig. 3), we identified 112 spots deviating by at least
a twofold change in expression as judged by staining in-
tensity in the PDQuest analysis template. Furthermore,
within the carcinoma samples, we considered only those
spots for further evaluation that were co-expressed in at
least one of the colorectal cancer cell lines. 
Of the up- and down-regulated proteins, nine high-abun-
dant forms could be identified via gel matching toward
our HCT 116 database. For identification of remaining
focus, we performed preparative separations using
Coomassie Brilliant Blue staining. We could detect and
prepare 64 for analysis. They were cut out from the
Coomassie-stained preparative gels, the corresponting
proteins were in-gel digested with trypsin, analyzed by
MALDI MS and, in several cases, also analyzed for se-
quence by tandem MS (fig. 4). All proteins identified and
the proof for their identifications are summerized in table

2. Table 2 also shows the extent of sequence coverage for
each spot. Identification of spot 32, determined both by
MALDI and tandem MS is exemplified in figure 4. For
the different preparations, three adjacent but equally ex-
pressed proteins with known identities served as internal
controls and landmarks. Sixty-four samples were run on
the Gyros SP-1 workstation. Of these samples, 58 pro-
teins were identified, compared to 39 when the same sam-

Figure 2. PCA plot of the protein expression data of all match set members, with the normal cohort (green), polyps (yellow), tumors (blue)
and metastases (red). The arrows highlight two polyps that were outliers, showed aneuploidy in the DNA measurement (shown in the his-
tograms) and clustered closer to the tumors in the three-dimensional space.

Figure 3. Intra-individual expression differences of cytokeratin 20
in patient 14. The left gel segment a is zoomed from the normal mu-
cosa; b represents a polyp in the same patient, and c, the corre-
sponding segment of the adenocarcinoma.
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Figure 4. Mass spectrometric characterization of spot 32 (fig. 5). From MALDI MS spectrum (top) of the tryptic peptide mixture, data-
base searches of the masses of the tryptic peptides identified the protein as prohibitin. Tandem MS via collision-induced dissociation of
the doubly charged fragment with m/z 722.8 (1444.6 Da in MALDI MS) confirmed the identification from the peptide mass fingerprint-
ing.

Table 2. Proteins identified and supporting data.

Spot Protein SPDB Mass pI Coverage MS/MS

1 keratin, type II cytoskeletal 7 P08729 51 5.5 18
2 keratin, type I cytoskeletal 18 O75575 48 5.3 12
3 tropomyosin 1 alpha chain P09493 33 4.7 22
4 tropomyosin 1 alpha chain P09493 33 4.7 30
5 reticulocalbin 1 precursor P08729 39 4.9 29
6 cytochrome b5 O43169 81 4.8 27 13–24
7 keratin, type I cytoskeletal 19 P08727 44 5 28
8 keratin, type II cytoskeletal 7 P08729 51 5.5 24
9 actin, cytoplasmic 1 P02570 42 5.3 27

10 2¢,3¢-cyclic nucleotide 3¢-phosphodiesterase P09543 48 9.2 14
11 serum albumin precursor P02768 69 5.9 26
12 annexin V P08758 36 4.9 40 227–244
13 actin, cytoplasmic 2 P02571 42 5.3 25
14 protein disulfide isomerase P07237 57 4.8 21
15 keratin, type I cytoskeletal 19 P08727 44 5 56
16 endoplasmin precursor P14625 32 4.8 24
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Table 2 (continued)

Spot Protein SPDB Mass pI Coverage MS/MS

17 keratin, type I cytoskeletal 19 P08727 44 5 57
18 keratin, type I cytoskeletal 19 P08727 44 5 35
19 keratin, type I cytoskeletal 19 P08727 44 5 36
20 ATP synthase beta chain P06576 57 5.3 30
21 class I beta-tubulin P09203 50 4.8 20
22 class I beta-tubulin P09203 50 4.8 20
23 keratin, type I cytoskeletal 18 P05783 48 5.3 27
24 vimentin P08670 54 5.1 39
25 ATP synthase D chain O75947 18 5.2 51 123–143
26 keratin, type I cytoskeletal 19 P08727 44 5 56
27 actin, cytoplasmic 1 P02570 42 5.3 26
28 actin, cytoplasmic 1 P02570 42 5.3 20
29 keratin, type II cytoskeletal 8 P05787 54 5.3 27
30 endoplasmin precursor P14625 32 4.8 18
31 heat shock cognate 71 kDa P11142 71 5.4 17
32 prohibitin P35232 30 5.6 31 106–117
33 actin, cytoplasmic 2 P02571 42 5.3 22
34 F-actin capping protein alpha-1 subunit P52907 33 5.4 39 38–47
35 tubulin alpha-6/1 chain Q9BQE3 50 5 27 65–79
36 78-kDa glucose-regulated protein precursor P11021 72 5.1 30
37 actin, cytoplasmic 1 P02570 42 5.3 25
38 keratin, type II cytoskeletal 8 P05787 54 5.5 35
39 keratin, type I cytoskeletal 18 P05783 48 5.3 28
40 keratin, type II cytoskeletal 8 P05787 54 5.5 46
41 CYPIA/PAPS synthetase-2 O95340 70 8.2 11
42 keratin, type II cytoskeletal 8 P05787 54 5.5 39
43 keratin, type I cytoskeletal 20 P35900 48 5.5 49
44 lamin B2 Q03252 68 5.3 46
45 60-kDa heat shock protein P10809 61 5.7 30 182–493 + 430–446
46 5-lipoxygenase P09917 78 5.5 17
47 actin, cytoplasmic 1 P02570 42 5.3 15
48 putative ATP-dependent Clp protease Q16740 30 8.3 33 215–226
49 tubulin alpha-6 chain Q9BQE3 50 5 10 65–79
50 actin, cytoplasmic 2 P02571 42 5.3 26
51 actin, cytoplasmic 1 P02570 42 5.3 25
52 actin, cytoplasmic 2 P02570 42 5.3 34
53 serum albumin precursor P02768 69 5.9 26
54 serum albumin precursor P02768 69 5.9 42
55 heat shock 27 kDa P04792 23 6 51 28–37
56 3,2-trans-enoyl-CoA isomerase P42126 39 8.8 21 271–283
57 T-complex protein 1, beta subunit P78371 57 6 23
58 DnaJ homolog subfamily B member 11 Q9UBS4 41 5.8 32 207–217
59 DnaJ homolog subfamily A member 2 Q60884 46 6.1 28
60 hepatocellular carcinoma-associated antigen 66 Q9NYH9 70 7.2 21
61 keratin, type II cytoskeletal 7 P08729 51 5.5 13
62 proliferation-associated protein 2G4 Q9UQ80 44 6.1 37 333–344
63 succinate dehydrogenase P31040 73 7.1 16
64 elongation factor 1-delta P29692 31 4.9
65 heat shock cognate 71-kDa protein P11142 71 5.4
66 26s protease regulatory subunit Q03527 49 5.7
67 heat shock cognate 71-kDa protein P11142 71 5.4
68 glucose-regulated protein precursor P11021 72 5.1
69 eucaryotic translation initiation factor O95065 50 5.8
70 vimentin P08670 54 5.1
71 heat shock cognate 71-kDa protein P11142 71 5.4
72 ezrin (P81) cytovillin P15311 70 6

Material from 72 spots (shown in fig. 4) was identified as given in the first two columns. Corresponding accession number (Swissprot data-
base, SPDB), precursor subunit mass (kDa) and precursor PI are given in the next three columns. Sixty-three identifications were by
MALDI mass fingerprinting of the tryptic fragments, in which case the penultimate column gives the extent of sequence coverage (in per-
cent). Thirteen cations were by sequence analysis using collision-induced dissociation in tandem MS (MS/MS), in which case the column
gives the start and end position of each sequence determined. Spots 64–72 were identified by comparison with gel databases.
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ples were run manually. In total, and including all analy-
ses, we identified no less than 72 polypeptides revealing
expression differences during the progress of the disease.
The identified 26 proteins with higher expression in nor-
mal and adenomatous lesions than in the primary neopla-
sia and metastases, and the remaining 46 proteins with an
increased expression in malignant disease stages are all
listed in table 2 and displayed gel-positioned in figure 5.
The database entries regarding mass and pI in table 2 are
given for orientation but refer to the precursor forms as
listed in the database, whereas the actual positions as
shown in figure 5 apply to the mature proteins identified.
Differences between database and actual mass and pI val-
ues are due to modifications (such as truncations, phos-
phorylations and glycosylations) of the mature poly-
peptide chains. 

Discussion

Remarkable advances in colon cancer prevention and
therapy are consequences of early detection, improved
therapy and a better understanding of colorectal carcino-
genesis. There are several genetic events in colon cancer
development that affect proteins involved in biological

processes during tumor formation. By generating com-
prehensive proteomic expression profiles of normal mu-
cosa, polyps, primary tumors and metastases, we traced
expression changes corresponding to colon cancer devel-
opment and progression at both intra- and inter-patient
levels consistent with the prevailing adenoma-carcinoma
paradigm of tumor progression [1]. Thus, we were able to
detect the changes of 112 proteins at the proteome level
and to identify 72 of those polypeptides (table 2). 
We first analyzed qualitative and quantitative elec-
trophoretic data to gain basic information concerning het-
erogeneity in primary colon tumors and metastases.
When cell populations sampled from different areas
within the same primary tumor and metastasis were ana-
lyzed, our average correlation level for the tumors was
0.86 and 0.80 in the metastases. We found a high degree
of intra-tumoral homogeneity which is in accordance
with studies describing average correlation coefficients
of 0.85 in ovarian and 0.81 in breast carcinomas [16]. As
all our tumor samples and metastases represented ad-
vanced disease stages, this homogeneity could be due to
overgrowth by a dominating cell clone [17], in a manner
similar to the situation at chemotherapy when response
and resistance properties are related to the dominating tu-
mor cell population [18].

Figure 5. 2-D electrophoresis gel pattern showing all the spots identified (1–72). Spots in green define those that were overexpressed in
the benign subentities. Spots in red define those that were significantly overexpressed in the malignant stages . The nine red spots with red
numbers were identified by gel-to-gel matching.



PCA was used to identify outliers in our four histologi-
cally defined subgroups. The PCA data support the qual-
ity of the preparation technique, which has been validated
in breast tumor samples of different histological subtypes
[6, 16]. Taking into account that the background data of
protein spots from more than 200 patients were processed
by PCA analysis, the discrimination of the four colonic
subgroups based on the protein expression data is no-
table. Furthermore, our polypeptide expression data re-
flect the closer relatedness of the benign-sample cohorts
(normal mucosa, polyps) than of the malignant primary
carcinomas and metastases (wider spread). Interestingly,
the two dysplastic polyp samples did not conformingly
cluster in their cohort and were closer in location to the
malignant diseases. DNA content analysis revealed a
scattered distribution pattern, characteristic for aneuploid
cells, indicating an increased malignancy potential. This
supports the theory that adenomas should be regarded as
a potentially malignant disease entity in themselves
rather than just a presymptomatic transitional lesion [19].
To identify the proteins responsible for the subentity ex-
pression groups, we searched for proteins up- or down-
regulated at least twofold. This was done by evaluating a
match set consisting of proteins from 15 patients, derived
from normal mucosal tissue, polyps, primary carcinomas
and liver metastases. We succeeded in identifying 72 of
112 consistently, deviating proteins. Of 72 identified
polypeptides that showed significant expression differ-
ences in the 2-DE evaluation, 46 proteins were found to
be exclusively over-expressed in tumors and metastases.
The deviating proteins identified (table 2, fig. 5) include
several functional groups. One group includes cell-cycle-
related proteins, e.g. elongation factor-1, proliferation-
associated protein 2G4 and translation initiation factor,
reflecting the proliferation status of the neoplasms. An-
other group includes proteins involved in metabolic path-
ways, e.g. 3,2-trans-enoyl-CoA isomerase, succinate de-
hydrogenase and 5-lipooxygenase, representing an in-
creased metabolic activity within the malignancies [16].
A third group, with increased expression levels in the car-
cinoma and metastasis samples, was identified as mem-
bers of the heat shock (HS) family, e.g. HS cognate 71
and HS protein (HSP) 27. HSPs are abundant intracellu-
lar polypeptides rapidly up-regulated by various stressors
(e.g. temperature, infection and cancer). Their release is
considered as a putative danger signal because they help
to maintain the structural and metabolic integrity of cells.
Several reports using therapeutic cancer vaccine based on
HSPs for renal cancer and melanoma immunotherapy
have been published [20–24]. A fourth group with ex-
pression changes now detected consists of structural pro-
teins. We found a shift in cytokeratin expression from
CK7, CK8, CK18 and CK19 (high in normal mucosa and
polyps) to an over-expression of CK20 in the cancer sam-
ples (table 2, fig. 5). This is in accordance with immuno-

histochemical data where CK7 and CK20 are used as
markers to distinguish primary ovarian carcinoma
(CK7+/CK20–) and colonic cancer (CK7–/CK20+)
metastatic to the ovary [25]. In addition, we now observed
a lower expression of actin 1, actin 2 and tropomyosin 1
in the malignant cells than in the normal mucosa and the
polyps. This transformation is in agreement with results
in cell lines following Fos-induced deregulation of genes
encoding microfilament-associated proteins [26]. A
down-regulation of tropomyosin isoforms 1–3 has also
been observed in breast cancer tissue [16]. Regarding the
expression differences between primary carcinomas and
liver metastases, we detected a significant difference for
the hepatocellular-carcinoma-associated antigen 66. This
70-kDa protein is a member of a family of proteins also
over-expressed in different carcinoma entities, like testis,
lung, hepatocellular carcinoma, pancreas, prostate and
colon cancer cell lines, but not in the corresponding nor-
mal tissues [27].
We conclude that 2-D-gel-electrophoresis-based pro-
teomics combined with MS is an efficient tool for bio-
marker distinction in colon cancer material. The present
study reveals a panel of well-defined markers with diag-
nostic potential. Although these markers will need vali-
dation before they can be used in a clinical setting, they
indicate that cellular proteome patterns could be used for
non-subjective diagnosis and to design adjusted individ-
ual therapies.
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