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ackground & Aims: Late diagnosis of colorectal carci-
oma results in a significant reduction of average survival
imes. Yet despite screening programs, about 70% of tumors
re detected at advanced stages (International Union Against
ancer stages III/IV). We explored whether detection of ma-

ignant disease would be possible through identification of
umor-specific protein biomarkers in serum samples.
ethods:
discovery set of sera from patients with colorectal malig-

ancy (n � 58) and healthy control individuals (n � 32) were
creened for potential differences using surface-enhanced
aser desorption/ionization time-of-flight mass spectrome-
ry. Candidate proteins were identified and their expression
evels were validated in independent sample sets using a
pecific immunoassay (enzyme-linked immunosorbent as-
ay). Results: By using class comparison and custom-de-
eloped algorithms we identified several m/z values that were
xpressed differentially between the malignant samples and
he healthy controls of the discovery set. Characterization of
he most prominent m/z values revealed a member of the
omplement system, the stable form of C3a anaphylatoxin
ie, C3a-desArg). Based on a specific enzyme-linked immu-
osorbent assay, serum levels of complement C3a-desArg
redicted the presence of colorectal malignancy in a blinded
alidation set (n � 59) with a sensitivity of 96.8% and a
pecificity of 96.2%. Increased serum levels were also detected
n 86.1% of independently collected sera from patients with
olorectal adenomas (n � 36), whereas only 5.6% were clas-
ified as normal. Conclusions: Complement C3a-desArg
s present at significantly higher levels in serum from pa-
ients with colorectal adenomas (P � .0001) and carcinomas
P � .0001) than in healthy individuals. This suggests that
uantification of C3a-desArg levels could ameliorate existing
creening tests for colorectal cancer.

etection of cancer at early stages is critical for curative
treatment interventions. Although the 5-year disease-free
urvival for International Union Against Cancer (UICC) stage I
umors exceeds 90%, this percentage is reduced to 63% in UICC
tage III carcinomas.1 It should therefore be obvious that tools
nd methodologies for early cancer detection directly impact
urvival times. In present clinical practice, screening for cancer
nd preinvasive polyps of the colorectum is based on clinical
xamination, the detection of occult fecal blood,2 and on sig-
oidoscopy or colonoscopy. The successful implementation of

hese screening procedures has contributed to a reduction of
isease-associated mortality of colorectal carcinomas.3 How-
ver, colorectal tumors still rank among the most common
alignancies in the Western world: approximately 140,000 new

ases will be diagnosed in the United States annually, and about
5,000 patients will die of the disease.1 The persistent delay in
iagnosis and the associated high mortality are attributable to
low compliance to some screening tests (eg, colonoscopy) and

o the low sensitivity of other tests (eg, occult fecal blood test).4

There is reasonable hope and emerging evidence that the
resence of malignant disease could be detected by specific
hanges in the composition of serum proteins. Comprehensive
erum proteome profiling for such tumor-specific markers has
herefore become a field of intensive research.5– 8 For instance,
etermination of serum levels of prostate-specific antigen for
he detection of prostate cancer, despite issues regarding spec-
ficity and sensitivity, has become routine clinical practice.9

ther biomarkers indicate the presence of ovarian and prostate
arcinomas.10 –13 However, the use of single or a combination of
erum markers, including carcinoembryonic antigen, has so far
ailed to deliver diagnostic tests of high sensitivity and speci-
city for colon cancer.

Several technologies are available for proteome screening.
ne approach is based on surface-enhanced laser desorption/

onization time-of-flight mass spectrometry (SELDI-TOF MS).
ELDI uses chromatographic surfaces that retain proteins from
complex sample mixture according to their specific properties

Abbreviations used in this paper: ELISA, enzyme-linked immunosor-
ent assay; IMAC3, immobilized metal affinity capture; SELDI-TOF MS,
urface-enhanced laser desorption/ionization time-of-flight mass
pectrometry; UICC, International Union Against Cancer; WCX2, weak
ationic exchange.
© 2006 by the American Gastroenterological Association (AGA) Institute
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October 2006 A BIOMARKER FOR COLORECTAL TUMORS 1021
eg, hydrophobicity and charge), and the molecular weights of
he retained proteins then are measured by TOF MS.14,15 We
ave investigated the potential of this methodology for discov-
ry of features (proteins or protein complexes) in the serum that
re characteristic for patients with colorectal malignancy. This
iscovery phase was followed by protein identification of prom-

nent features at specific m/z values and independent experi-
ental verification with an enzyme-linked immunosorbent as-

ay (ELISA) test using an extended validation set including
erum samples from patients with colorectal adenomas.

Patients and Methods
Study Population
A total of 149 serum samples were collected at the

epartment of Surgery, University Hospital Schleswig-Hol-
tein, Campus Lübeck, Germany, consisting of a discovery set of
2 healthy controls and 58 patients with colorectal malignancy
nd an independently collected, nonoverlapping, blinded vali-
ation set of 59 samples. Peripheral blood samples were col-

ected in adherence with protocols approved by the local Insti-
utional Ethical Review Board as follows: blood from cancer
atients was collected from patients during the initial presen-
ation at the hospital, which in our clinic precedes the day of
urgery by about 4 –5 days. These patients were not fasting nor

able 1. Clinical Parameter of Samples in the Discovery Set

Discovery set (n

Malignancy

atients n � 58
Tumor (T), metastasis (M) (T � 38, M � 20)

ELDI-TOF MS n � 69
Tumor (T), metastasis (M) (T � 46, M � 23)

ex
Female 26
Male 32

verage age, y 63.05
ange 39–81
ICC staging
I 8
II 11
III 18
IV 21

NM staging
T1 2
T2 8
T3 23
T4 5

ocalization
Cecum 1
Ascending 0
Transverse 1
Descending 0
Sigmoid 12
Rectum 24
etastasis/recurrence
Liver 8
Lung 5
Liver and lung 3
Recurrence 4
ere they admitted to the hospital at the time of phlebotomy i
nd therefore were not exposed to specific environmental fac-
ors. The healthy control group was composed of medical
ersonnel who also were not fasting at the time of blood
ollection. Blood was drawn into serum tubes (S-Monovette;
arstedt, Nümbrecht, Germany) and immediately was stored on

ce until serum preparation was performed (within 2 hours after
ollection). Samples then were stored at �20°C. Clinical data
re summarized in Table 1. In addition to the collection of
erum samples for SELDI-TOF MS– based protein profiling, we
ollected a set of samples from patients with colorectal polyps
n � 36). These samples were collected at the Department of
nternal Medicine at the University Hospital Schleswig-Hol-
tein, Campus Lübeck, Germany, before an explorative colonos-
opy. These samples were used for quantification of serum
evels of complement C3a-desArg using an ELISA test only (see
ater). Therefore, 3 sets of samples were used in this investiga-
ion: a discovery set containing 32 healthy individuals and 58
atients with colorectal malignancy; a validation set containing
9 samples with unknown status (either with or without colon
ancer); and a testing set containing 36 patients with colorectal
olyps. Mass spectra were acquired for all individuals in the
iscovery and validation sets; the discovery set was used to

dentify a putative biomarker and its discriminating ability was
ested on the validation set. Serum levels of complement C3a-
esArg then were measured using an ELISA test in all 3 sets of

the Blinded Validation Set

0) Validation set (n � 59)

Control Malignancy Control

n � 32 n � 38 n � 21
(T � 17, M � 21)

n � 39 n � 76 n � 42
(T � 34, M � 42)

16 11 12
16 27 9

31.34 65.07 37.33
19–43 42–81 26–61

5
4
3

26

2
4

10
1

1
2
0
1
5
8

17
1
2
1

and

� 9
ndividuals. Serum levels of the discovery set were used to
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1022 HABERMANN ET AL GASTROENTEROLOGY Vol. 131, No. 4
stablish thresholds that were applied to the validation set. We
lso used levels of both the discovery and validation set (whose
tatus was now known) to determine appropriate serum con-
entration thresholds that then were applied to the testing set
f polyp sera. The clinical data are provided in Table 2.

Sample Preparation
Nonfractionated, total serum samples were processed

sing 2 types of ProteinChip Arrays, immobilized metal affinity
apture (IMAC3) and weak cationic exchange (WCX2) arrays,
ccording to protocols provided by the manufacturer (Cipher-
en Biosystems, Inc., Fremont, CA). All samples were random-
zed; duplicates were analyzed on separate ProteinChip Arrays
Ciphergen Biosystems, Inc.). Both types of ProteinChip Arrays
ere analyzed on the ProteinChip Biology System II SELDI-
OF mass spectrometer (Ciphergen). Mass accuracy was as-

able 2. Clinical Parameters for 36 Serum Samples From Pa

Patient Age, y Sex

Polyp
size,
mm

Polyp
location Histology

1 63 m 20 3 Hyperplastic
2 75 f 16 3 Tubular
3 63 m 12 2 Tubular
4 68 f 30 NA Tubulovillous
5 86 f 4 3 Tubulovillous
6 75 m 15 3 Tubulovillous
7 80 f 15 3 Tubular
8 55 f 7 3 Tubular
9 89 f 2 3 Tubular

10 70 f 10 3 Tubulovillous
11 53 f 8 0 Tubulovillous
12 78 m 9 0 NA

13 74 f 6 3 Tubular
14 73 m 2 0 and 3 Tubular
15 71 m NA 0 and 3 Tubular
16 75 m 5 NA NA
17 67 f 3 0 Hyperplastic
18 61 f 2 3 Hyperplastic
19 76 m 2 0 and 3 Tubular
20 62 m 2 3 Hyperplastic
21 69 m 3 3 Hyperplastic
22 62 m 7 0 and 3 Tubulovillous
23 79 f 3 3 Tubular
24 66 f 6 0 and 3 Tubulovillous
25 81 m 5 0 Tubulovillous
26 47 f 2 3 Hyperplastic
27 71 m 5 3 Hyperplastic
28 88 f 2 0, 2, and 3 Tubular
29 62 m 15 0 Tubulovillous
30 71 m 10 3 Tubular
31 52 f 3 0 and 3 Hyperplastic
32 64 m 22 1 and 3 Tubulovillous
33 54 m 15 1 and 3 Tubular
34 69 m 10 1 and 3 Tubular
35 67 m 15 0 and 3 Tubulovillous
36 53 f 7 3 Tubulovillous

OTE. 0 � cecum, ascending colon, right flexure; 1 � transverse colo
A, not analyzed.
essed daily through external calibration with All-in-1 Peptide r
nd All-in-1 Protein standards (Ciphergen). The arrays were
nalyzed using the following ProteinChip Biology System II
utomated settings: laser intensities 215 (IMAC3) and 220
WCX2), detector sensitivity 8, focus mass 5000, m/z range
–200,000, and 130 averaged laser shots per sample spectrum.
ata were collected using Ciphergen ProteinChip software ver-

ion 3.0.2.

Method of Examination
The ProteinChip Array data were treated by an initial

runcation of the spectra to eliminate m/z values less than 1500
altons. After scaling each spectrum in the discovery set to a
onstant total ion current, the spectra were averaged into a
ingle spectrum to identify peak regions with sufficient inten-
ity. Each region had a total width of 0.3% of m/z and in general
ontained approximately 15 recorded intensities. A region was

s With Colorectal Polyps

plasia
Synchronous

polyps

ELISA
Adjusted

Concentration,
ng/mL

Coefficient
of

variation
% SD

No 0 28,317.853 12.2 0.345
grade 0 50,345.413 3.6 0.179
grade 0 44,735.147 10.5 0.47
grade 0 33,889.272 4.4 0.149
grade 2 22,058.816 4.4 0.098
grade 0 5648.808 5.3 0.03
grade 3 15,112.206 10.7 0.162
grade 3 17,698.282 15.2 0.268

cinoma
n situ

1 20,257.066 12.8 0.259

grade 0 28,649.786 15 0.429
grade 0 36,740.409 7.7 0.281

cinoma
n situ

0 27,534.233 14.5 0.4

grade 0 19,772.251 14.7 0.291
grade 6 24,323.259 1.9 0.046
grade 5 11,869.255 6.6 0.078

NA 0 17,289.496 11.9 0.207
No 0 25,875.368 8.1 0.209
No 0 15,661.015 12.9 0.201
grade 3 15,655.595 1.2 0.02

No 3 21,696.217 11.9 0.257
No 0 32,292.145 7.1 0.228
grade 3 16,996.113 6.7 0.114
grade 0 29,859.718 8.3 0.247
grade 60 24,894.408 5.9 0.146
grade 3 23,211.359 6.4 0.148

No 5 20,885.996 5.6 0.117
No 2 18,776.944 6.1 0.115
grade 7 9122.904 2.4 0.022
grade 0 15,495.583 4.4 0.069
grade 4 18,287.728 10 0.183

No 3 11,967.37 13.5 0.162
grade 4 17,067.89 5.2 0.089
grade 2 13,206.723 5.6 0.074
grade 3 42,076.839 10.9 0.459
grade 4 18,987.849 4 0.075
grade 0 29,158.652 4.2 0.122

d left flexure; 2 � descending colon; 3 � sigmoid colon and rectum.
tient

Dy

Low
Low
Low
Low
Low
Low
Low
Car

i
Low
Low
Car

i
Low
Low
Low

Low

Low
Low
Low
Low

Low
Low
Low

Low
Low
Low
Low
Low

n an
etained only if the maximum intensity did not occur in the
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October 2006 A BIOMARKER FOR COLORECTAL TUMORS 1023
rst or last 2 recorded m/z values of this region in at least 60%
f the samples of a given status (normal or cancer), thereby
emoving shoulder regions from consideration. This conserva-
ive approach dramatically reduced the SELDI-TOF MS data
oints to 305 significant regions on the IMAC3 array, and 322
ignificant regions on the WCX2 array, therefore reducing prob-
bility of chance fitting of data.16,17 The same scaling was
pplied to each spectrum in the validation set, and the final set
f 305 and 322 significant regions were examined to find the
aximum intensity in each region for the IMAC3 and WCX2

pectra, respectively. The spectra of the 2 array surfaces (IMAC3
nd WCX2) then were combined, such that each spectrum in
he discovery and validation set presented 627 features. Because
alidation set spectra were not used for the identification of
utative biomarkers, only discovery set spectra then were ana-

yzed as to whether the 2 technical repeats per serum sample
hould be averaged or kept as duplicates. Because biomarkers
re serum proteins whose blood concentration depends on
hether or not an individual has a disease, it is important to
istinguish these peaks from those used in a single classifier to
ccount for variations in peak intensities caused by individual
nd experimental variations. The experimental variation is the
ifference between the duplicate spectra; if it is too small the
pectra should be averaged so that they do not adversely influ-
nce the classifiers. If the experimental variation is large, the
amples should be kept separate to maintain a realistic spread
n peak intensities. Although we acknowledge the possibility
hat averaging of duplicate spectra may be problematic, we
ubmit that our procedure did not adversely affect the qualita-
ive results, as shown through confirmation of serum C3a levels
ith an independent ELISA test. The 627 peak intensities from
oth chip surfaces were used to determine the Euclidean dis-
ance between each spectrum and its duplicate, and this was
ompared with the distances between it and the spectra from
ther samples. If each member of a duplicate pair of spectra
ad, on average, 2 or more spectra from other samples that were
loser to it than it was to its duplicate, there was no a priori way
o associate these spectra with the same individual and they
ere kept separate. Otherwise, the duplicate spectra were aver-
ged. This also has the effect of not allowing a suboptimal
pectrum to contaminate its duplicate. Outlier detection iden-
ified 8 spectra that were excluded from subsequent analysis.
he remaining spectra (69 cancerous, 39 controls) comprised

he discovery set, which was used exclusively to identify features
hat distinguish malignant sera from control sera. We then
pplied a total of 11 independent methods with the rationale
hat a true biomarker will appear not only in one but several
nalytic algorithms as a strong discriminative feature.

Five of these different methods were used to determine how
alignant sera could be separated from healthy control sam-

les based only on individual features. In addition, evolutionary
rogramming in 6 sets of 16 runs was used to test how well
eatures could separate in a pair-wise concerted form, using
verage-linkage and complete-linkage clustering algorithms
nd distance-dependent K-nearest neighbors.18 Here, the Eu-
lidian distance metric was used with either absolute differences
r relative differences in the intensities of the chosen set of
eatures. Further information on all of these methods is avail-
ble in the Supplementary Methods section (see supplementary
aterials online at www.gastrojournal.org). Based on all meth-
ds, a total of 21 features were selected based on scoring in the a
op 5 models by any of the methods that examined individual
eatures, or when appearing in the best model or regular ap-
earance in the top 100 models at least 5 times in a set of 16
uns (Supplementary Table 1; see supplementary materials on-
ine at www.gastrojournal.org). This set of 21 features then was
sed to identify representative peaks in the spectrum by finding
ll features whose intensities have a sufficient correlation to
hose listed in Supplementary Table 1 (r � 0.70) and then
isually inspecting the raw spectra. This produced a set of 33
eaks (18 from the IMAC3 array and 15 from the WCX2 array)
hat clustered into 9 groups. The intensities of the peaks in each
roup are shown in Supplementary Figure 1 (see supplementary
aterials online at www.gastrojournal.org). The results on the

MAC array show that the peaks at 9148.7 and 8941.1 were
dentified by 10 and 8 of the 11 methods, respectively, and
ppeared to have a high discriminating value. The peak at
941.1 has a higher intensity than the 9148.7 peak (maximum

ntensities, 246.3 and 78.8, respectively), suggesting that the
ormer represents the major serum state of this protein product
nd the latter represents some modified form (which was con-
rmed after protein identification). All analytic procedures were
ompleted before our clinical collaborators in Lübeck, Ger-
any, decoded patient diagnoses of the validation set.

Protein identification. Serum samples were fraction-
ted on an anion-exchange resin (Q HyperD F; Pall Corpora-
ion, East Hill, NY). The resulting fractions were enriched fur-
her using YM-30 Microcon filtration units (Millipore Inc.,
edford, MA) or additionally purified by reverse-phase chroma-

ography using RPC Poly-Bio beads (Polymer Laboratories Inc.,
mherst, MA). The chromatographic fractions were monitored
y SELDI-TOF MS. Enriched fractions were finally purified by
odium dodecyl sulfate–polyacrylamide gel electrophoresis (In-
itrogen, Carlsbad, CA). Colloidal Blue–stained bands were ex-
ised from gels. Whole bands of interest were extracted from
els with 50% formic acid, 25% acetonitrile, 15% isopropanol,
nd 10% water,19 and reanalyzed using the SELDI-TOF MS to
onfirm that masses of proteins from sodium dodecyl sulfate–
olyacrylamide gel electrophoresis bands corresponded to
asses of selected biomarkers/features. Extracts were evapo-

ated in vacuum and in solution digested with trypsin.19 Tryptic
igests were analyzed using tandem mass spectrometer Q-TOF2

Waters-Micromass Inc., Milford, MA) equipped with PCI-1000
roteinChip Interface (Ciphergen). Spectra were collected from

to 3 kilodaltons in single MS mode. After reviewing the
pectra, specific ions were analyzed by MS/MS. The collision-
nduced dissociation spectra were submitted to the database-

ining tool Mascot (Matrix Science Inc., Boston, MA) for
dentification.

The identity of biomarkers was confirmed by ProteinChip
mmunoassay or a beads-based immunoassay. In the first case,

specific antibody was cross-linked to the PS20 ProteinChip
rray. The crude serum was incubated on spots with immobi-
ized antibody, unbound proteins were removed by multiple
ashes, and the specifically captured proteins were analyzed
irectly using the ProteinChip Reader.20,21 In the second ap-
roach, 2 �L of Protein A Hyper D beads (Pall Corporation)
ere loaded with a specific antibody. Beads were washed 3 times
ith phosphate-buffered saline (PBS) to remove unbound pro-

eins. A total of 2- to 5-�L serum samples diluted to 50 �L in
BS were bound to the beads for 30 minutes at room temper-

ture. The beads were washed 3 times with PBS and once with

http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
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1024 HABERMANN ET AL GASTROENTEROLOGY Vol. 131, No. 4
ater. Bound proteins were eluted from the beads with 0.1
ol/L acetic acid. Eluted fractions were analyzed by SELDI-
OF MS using NP20 ProteinChip Arrays.

ELISA methods. All measurements of serum concen-
ration for complement C3a and complement C3a-desArg were
erformed using the OptEIA Human C3a ELISA kit (BD Bio-
ciences Pharmingen, San Diego, CA). In accordance with the

anufacturer’s recommendations, all serum samples were exam-
ned at a dilution of 1:10,000 to ensure signal in the linear range
f the reference standard curve. With the use of this ELISA kit,
hysiologic serum levels of complement C3a-desArg are in the
ange of 8707.2 � 1797.3 ng/mL. Analyses for each serum sample
nd reference standard in all ELISA tests were performed in trip-
icate. The mean coefficient of variation value for serum analyses of
he complement C3a ELISA test was 5.61% � 3.66%. All ELISA
ests were performed using the Ultrawash Plus Plate Washer
Dynex, Chantilly, VA) and the VersaMax Mircoplate Reader (Mo-
ecular Devices, Sunnyvale, CA).

Results
Here we report a comprehensive evaluation of serum

rotein patterns in an effort to identify biomarkers for colon

igure 1. (A) Flow-chart of experimental and analytic procedures f
ocused on SELDI-TOF MS–based profiling of a discovery set (red). The
et (red). These steps were followed by protein characterization of
3a-desArg was used to validate all SELDI-TOF MS–based results (blue
ith colorectal adenomas (blue) based on serum level thresholds derive

gray). (B) Examples of SELDI-TOF spectra (IMAC3 ProteinChip Array)
malignancy). The dotted lines indicate peaks at prominent m/z values
ample.
umors. Figure 1A presents a summary of the experimental t
et-up. In the first step of the experimental procedures we
creened sera from 32 healthy controls and 58 sera of patients
ith colorectal malignancy using SELDI-TOF MS. After trun-

ation of spectra and normalization, SELDI-TOF MS revealed
3 m/z values that were a reflection of 9 different serum pro-
eins and their associated adducts. The m/z values on the
MAC3 array at 8941.1 and 9148.7 daltons appeared to be the
trongest discriminative features, although the discriminating
bility of the proteins producing the group 8 and 9 peaks
Supplementary Figure 1) were not as convincing. These find-
ngs were corroborated by the identification of a corresponding
eak from the WCX2 array surface at 8937.6 daltons (r � 0.811,
� .0001). Figure 1B exemplarily shows a SELDI-TOF (IMAC3

rray) spectrum from a normal sample and a cancer sample
overing the m/z values at 8941.1 and 9148.7 daltons. Because
he control sera were collected from significantly younger indi-
iduals as compared with the malignant sera (Table 1) we
nalyzed each selected m/z value for the possibility that the
bserved differences might simply be a reflection of age. We
ould not detect any age-dependent expression of any of these
/z values in the cancer samples of the discovery set; for

nstance, the m/z value at 8941.1 revealed a Pearson’s correla-

ntification of colorectal cancer–specific serum markers. The first step
oducibility of the data set was explored with an independent validation
es in prominent m/z values (green). An ELISA test for complement
to predict samples from a validation set and a set of sera from patients

m the discovery set, or a combination of the discovery and training set
a healthy individual (normal) and a patient with colorectal carcinoma

41.1 and 9148.7. These peaks show higher expression in the cancer
or ide
repr

featur
) and
d fro
from
at 89
ion coefficient of expression levels and age of r � 0.204,
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October 2006 A BIOMARKER FOR COLORECTAL TUMORS 1025
howing that there is no correlation between expression levels
nd age (Figure 2A). The analysis of the discovery set therefore
uggested that serum profiling using SELDI-TOF MS identifies
rotein peaks that allow the discernment of patients with
olorectal malignancy from control individuals in our collec-
ion of sera. To exclude fortuitous separation of the malignant
amples from healthy controls in the discovery set, the predic-
ive value of the 8941.1 dalton peak then was tested with an
ndependently collected, blinded validation set consisting of 59
amples. Thirteen of the 59 samples (22.0%) received an un-
nown classification (ie, the peak values were between the upper
nd lower thresholds). Forty-five of the remaining 46 samples
ere classified correctly (sensitivity, 96.9%; specificity, 100%).

Early detection of cancer is a perceived clinical goal. Sixteen
f the tumor samples in the discovery set tested here were UICC
tages I and II (ie, early stage tumors). The independent valida-
ion set contained 9 such tumors. Figure 2B shows the plot of
he intensities of the m/z value at 8941.1 daltons according to
he UICC stage of the malignant sera compared with the con-
rol sera. Figure 2B shows that there is no correlation between
eak intensity and tumor stage.

The fact that SELDI-TOF MS– based serum proteome pro-
ling revealed distinct m/z values whose discerning power was
orroborated in an independent, blinded validation set
rompted us to infer that these peaks indeed reflected biomar-
ers of colorectal malignancy. We therefore proceeded with
rotein identification of the most prominent features. We iden-
ified complement C3a-desArg at the peaks with m/z of 8941.1
nd 9148.7 (the peak at 9148.7 is the expected satellite peak of
3a-desArg and reflects the sinapinic acid adduct caused by
atrix-assisted ionization). C3a-desArg is the stable form of
3a in serum.22 The results are presented in Figure 3A. We next
ished to confirm the SELDI-TOF MS– based results using an

ndependent method for protein quantification. Serum levels of
omplement C3a-desArg were assessed using a commercially
vailable ELISA test (this ELISA detects both C3a and its de-
ivative C3a-desArg, which is the stable form of the protein in
erum). After SELDI-TOF MS analysis and protein identifica-
ion, sufficient serum volumes were left for 57 cancer samples
nd 32 normal samples of the discovery set. Serum levels also
ere determined for all 38 malignant samples and 21 normal

amples in the validation set. The results from both sets then

igure 2. (A) Scatter plot of
ELDI-TOF MS–based m/z in-

ensities at 8941.1 and age of
atients. A Pearson correlation
oefficient of expression levels
nd age of r � 0.204 indicated
hat there is no correlation. (B)
ummary of the SELDI-TOF
S–based values for the peak

ntensity at 8941.1 of the discov-
ry and the validation set. Note
hat the peak intensities do not
orrelate with the UICC stage in
ither of the samples. SELDI-
OF MS values for 8941.1 are

ower in healthy individuals (N).
ere compared with the intensity values obtained from the O
ELDI-TOF spectra. The results are presented as a scatter plot
n Figure 3B. The regression analysis revealed good correlation
etween the SELDI-TOF MS– derived data and quantification
f protein concentration with the immunoassay (r � 0.71). By
sing solely the serum levels determined with the ELISA test for
3a-desArg in the discovery set, not taking into consideration
ny of the additional SELDI-TOF MS peaks, nor any values
rom the validation set, we determined threshold values for the
rediction of malignancy that then were applied to the valida-
ion set. The threshold values were determined by the intensity
t which the probability of belonging to the malignant or
ormal group equals 60% in a 6-neighbor distance-dependent
-nearest neighbors model. According to these criteria, the

erum threshold for healthy individuals was 11,842 ng/mL or
ess, and 17,637 or more ng/mL for individuals with colon

alignancy. By applying these thresholds to the samples of the
alidation set we were able to correctly predict 35 of the malig-
ant samples to be malignant; none was predicted to be normal,
lthough 3 samples could not be assigned to either group
because the values were between the lower and higher thresh-
ld of the serum levels). None of the normal samples was
lassified as malignant, 19 of 21 were classified correctly as
ormal, although 2 samples could not be predicted. When these
hresholds then were applied to the samples in the discovery set,
ewer samples could be assigned correctly to the respective
roups: 3 of the 57 cancerous samples in the discovery set were
redicted to be normal and 3 others could not be predicted;
owever, all 32 normal samples in the discovery set were pre-
icted to be normal (Table 3).

The convincing performance of C3a-desArg indicating the pres-
nce of colorectal carcinomas prompted us to explore whether this
arker also would be useful for the detection of colorectal ade-

omas. Toward this end, we collected sera from 36 patients for
hom the presence of a polyp was determined by colonoscopy.
era from these patients were not analyzed using SELDI-TOF MS,
ut solely by means of ELISA for complement C3a-desArg. The
LISA test results for all polyp sera are included in Figure 3C. The
ean serum levels of C3a-desArg in patients with polyps (22,928.2
9901.8 ng/mL) were lower than the levels observed in patients

ith invasive carcinomas (43,646.6 � 18,963.7 ng/mL), however,
he levels were increased significantly compared with the mean
erum levels in healthy controls (5139.3 � 3233.1 ng/mL). The

ptEIA Human C3a ELISA kit (BD Biosciences) that was used



h
i
r
8
t
n
m

r
p
a
p
w
t
o
a
w
T
a
v
a
t
s
T
C
d
d

a
s
w

F
M
c
p
g
s
v
a

T

P

P

N

C
LIN

IC
A

L–
A

LIM
EN

TA
R
Y

TR
A

C
T

1026 HABERMANN ET AL GASTROENTEROLOGY Vol. 131, No. 4
ere reported a mean C3a-desArg serum concentration in healthy
ndividuals of 8707.2 � 1797.3 ng/mL. In analogy to the algo-
ithm described earlier, we used the data from the discovery set of
9 samples to predict the presence of colorectal adenoma (ie, lower
hresholds of 11,842 ng/mL and higher thresholds of 17,637
g/mL). With these thresholds, 24 of the 36 patients with adeno-
as showed serum C3a-desArg levels above the set threshold, 2

igure 3. (A) Immunoassay with an antibody against complement C
S–derived m/z values of 8941.1 and 9148.7. The analysis confirms

ancer patients compared with serum from healthy individuals (NORMA
lot of SELDI-TOF MS–based measured intensities for the m/z intensities
ood correlation between the SELDI-TOF MS–derived data and quantifi
quares indicate values from normal individuals, and the red squares in
alues for complement C3a-desArg for the healthy individuals (N), sera
ccording to UICC stage.

able 3. Prediction Results of Samples in the Validation
Set

Thresholds based on discovery set ELISA values
only (11,842 and 17,637 ng/mL)

Validation set Discovery set
Polyps
(n �
36)

Malignant
(n � 38)

Normal
(n � 21)

Malignant
(n � 57)

Normal
(n � 32)

redicted as
malignant

35 0 51 0 24

redicted as
normal

0 19 3 32 2

ot 3 2 3 0 10
C
predictable
evealed levels that suggested that they were normal, and 10 sam-
les were positioned between the upper and lower thresholds. This
ssessment changed when the data from the validation set of 59
atients were included in calculating classification thresholds,
hich then were less than 11,566 ng/mL for normal and greater

han 13,652 ng/mL for cancer samples. Three of 95 cancer samples
f the discovery and validation sets now were classified as normal
nd 92 were classified correctly, whereas 51 of 53 normal samples
ere classified correctly and the remaining 2 were misclassified.
here were no nonclassifiable samples. The sensitivity was 96.8%,
nd the specificity was 96.2%. We calculated a positive predictive
alue of 97.8%, and a negative predictive value of 94.4%. In the
denoma serum collection, now 31 samples showed levels greater
han the cut-off level, 2 were characterized as normal, and 3
howed C3a-desArg serum levels between the cut-off values (see
able 4 for a summary). We did not observe a correlation of serum
3a-desArg levels with the size of the polyps or with the grade of
ysplasia. The ELISA values for all 184 samples analyzed here are
isplayed in Figure 3C.

Individuals in the control groups were younger than those
fflicted with cancer or with adenomas. To explore whether the
erum levels of complement C3a-desArg show a correlation
ith age, we now plotted all ELISA values for complement

esArg reveals the identity of this protein at the prominent SELDI-TOF
sed expression of complement C3a-desArg (8933.28) in serum from
e peak at 9141.19 is the expected matrix-induced adduct. (B) Scatter
41.1 and ELISA data for C3a-desArg. The regression analysis revealed

n of protein concentration with the immunoassay (r � 0.71). The green
values from patients with colorectal cancer. (C) Summary of all ELISA

patients with colorectal adenomas (P), and with colorectal carcinomas
3a-d
increa
L). Th
at 89

catio
dicate
from
3a-desArg against age in all groups and for all individuals. We
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October 2006 A BIOMARKER FOR COLORECTAL TUMORS 1027
id not observe a correlation of serum levels and age in the
ontrol groups (r � 0.134), in serum samples from patients
ith adenomas (r � �0.064), or in samples from patients with

ancer (r � �0.044). These findings support our initial conclu-
ion based on the plot of SELDI-MS peak intensities against age
n the cancer patients of the discovery set, shown in Figure 2A.

In summary, the results presented here show that SELDI-TOF
S–based serum protein profiling reveals certain m/z values that

llow discernment of sera from patients with and without colo-
ectal cancer. The subsequent protein identification revealed com-
lement C3a-desArg as the determining protein that allows pre-
iction of the presence of malignant colorectal disease with a
ensitivity of 96.8% and a specificity of 96.2%. The marker also
roved useful when applied to an additional independent sample
et consisting of sera from patients with colorectal adenomas, in
hich 86.1% of the adenoma samples revealed serum levels of

omplement C3a-desArg greater than the previously determined
hreshold for cancer samples, 8.3% were undetermined, and only
.6% were classified as normal.

Discussion
Disease-associated mortality rates of colorectal carcino-

as remain disturbingly high.1 This is attributable mainly to
ate detection. The gap between the general possibility of early
etection and the persistent high mortality rates is caused by

imited sensitivity or specificity of existing tests, such as screen-
ng for fecal occult blood,2 or by an unfortunate lack of com-
liance for others (eg, colonoscopy).3,4 Therefore, several addi-
ional approaches for early detection are being pursued, such as
he detection of genetically or epigenetically altered genes in
tool samples23,24 and the presence of cancer cells or abnormal
roteins in the peripheral blood.25 Although promising, none
f these approaches has resulted in the implementation of
omplementary screening tests to digital rectal examination,
olonoscopy, and fecal occult blood testing.

Proteomic technologies have developed rapidly over the past
ew years and approaches for the parallel interrogation of mul-
iple proteins in tissue or body fluids have become possible.7,8,25

omparable with the developments in genomics, such technol-
gies now allow screening for differential patterns in normal

able 4. Prediction Results of Combined Samples

Thresholds based on combined discovery and
validation set ELISA values (11,566 and 13,652

ng/mL)

Validation and discovery set combined

Polyps
(n � 36)

Malignant
(n � 95)

Normal
(n � 53)

redicted as
malignant

92 2 Positive predictive
value: 97.8%

31

redicted as
normal

3 51 Negative
predictive
value: 94.4%

2

ot predictable 0 0 Not predictable:
0%

3

Sensitivity:
96.8%

Specificity:
96.2%
nd diseased states without a priori knowledge of specific al- d
erations. One such screening platform is based on a protein
rray or biochip technology, in which multiple proteins are
ttached to solid surfaces.14 For instance, SELDI-TOF MS–
ased screening enables the separation and at least partial
haracterization of multiple proteins in tissue and serum sam-
les. The results then can be used to derive patterns of spectra
f multiple proteins that are specific for a certain disease state.
uch an approach has been applied to the identification of
ELDI-TOF MS patterns that are indicative of the presence of
varian or prostate carcinoma.10,11,13,26 Here we have used
ELDI-TOF MS to verify or falsify our hypotheses that, first,
era from patients with colorectal malignancy are different
rom normal healthy controls, and that, second, these differen-
ially expressed m/z values point to relevant biomarkers. Indeed,
everal peaks were prominent enough to allow very good sepa-
ation of the 2 groups. However, tumor prediction in our
ample set did not rely on classifiers based on SELDI-TOF
pectra. Instead, and in contrast to many previous applications
f SELDI-TOF MS-based serum proteome profiling, we were

nterested exclusively in using these SELDI-TOF spectra for the
etection, characterization, and independent validation of pro-
eins that constitute the discerning m/z values. These steps were
ollowed up by the validation of serum levels of the detected
roteins using a specific immunoassay (ELISA) in an indepen-
ent validation set, and in sera from patients with colorectal
olyps. The initial analysis of the discovery set allowed identi-
cation of 21 discriminative features that could distinguish
olorectal malignancy–associated sera from healthy control
era. Before protein identification, the assumption that these
eatures are indeed bona fide biomarkers was tested by using an
ndependently collected and blinded validation set: indeed, the
eparation into healthy individuals and patients with cancer
as possible for more than 95% of the unknown samples.

dentification of proteins at the most prominent m/z values
evealed complement C3a-desArg, the stable derivative of com-
lement C3a in serum and plasma.22 Complement C3a-desArg,
lso referred to as acylation-stimulating protein,27 is an acute phase
eactant and is produced mainly in the liver and in adipocytes.
t is involved in triglyceride storage and is associated with
besity, cardiovascular disease, diabetes, and dyslipidemia.22

he complement system also can be activated through exposure
o tumor antigens.28 One could therefore speculate that per-
aps the presence of even relatively small adenomas can trigger
systematic reaction. The mechanistic link, however, between

omplement C3a activation and colorectal tumors remains to
e established. Possibly, the observed complement activation
ould be involved at least partially in the paraneoplastic phe-
omenon of an increased thrombosis risk. Our previous data
o not support the interpretation that protein levels of com-
lement C3a are up-regulated in primary tumor samples similar
o serum levels.29 This would be consistent with the interpre-
ation that we measure changes that are a reflection of a sys-
ematic reaction of the organism to the presence of neoplastic
rowth. This hypothesis potentially could be validated in ani-
al models of colon cancer. In recently published reports, Li et

l30,31 reported, among other proteins, overexpression of C3a-
esArg in serum from patients with breast cancer, even though
he discriminative power was lower than in our collection of
era. We therefore cannot exclude the possibility that comple-

ent activation, as measured by increased serum levels of C3a-

esArg, reflect a more generalized reaction to the presence of
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alignant disease, rather than specifically to colon cancer. Lim-
ted previous reports on serum levels of members of the com-
lement system are not conclusive in this regard.32

Here we have explored the value of SELDI-TOF MS–based
erum proteome profiling for the detection of m/z values specific
or malignant colorectal disease. The differentially expressed fea-
ures then were validated, which in turn prompted protein iden-
ification. We are obviously aware of potential pitfalls of serum
roteome profiling, which could include sample bias, underlying
onditions other than cancer, and, in particular, analytic ap-
roaches regarding experimental procedures and data interpreta-
ion, which inspired considerable controversy.16,17,33 Therefore, we
elieve it necessary to emphasize that the algorithms that we
eveloped and applied were designed for the identification of
otential biomarkers only, and not for the generation of the best
ossible classifier based on SELDI-TOF spectra. Most importantly,
ll SELDI-TOF MS–derived results reported here were confirmed
ith an established, specific immunoassay for complement C3a-
esArg. This is different from many previous studies that used
ELDI-TOF MS for detection of carcinomas (eg, ovarian or co-

on).10,33,34 The fact that the SELDI-TOF MS data were confirmed
ith a specific immunoassay attests to the robustness and repro-
ucibility of the data. However, we realize that the sera from
atients with colorectal cancers and polyps were from individuals
ho were older than those included in the control group. The
ean age of cancer patients in the discovery set was 63 years

range, 39–81 y) and in the validation set was 65 years (range,
2–81 y), compared with a mean age in the control group of 31
ears (range, 19–43 y) in the discovery set and 37 years (range,
6–61 y) in the validation set (mean age of patients with polyps,
8 y; range, 47–89 y). We therefore would like to emphasize the
otential caveat that the significant differences in the expression

evels of complement C3a-desArg could, at least partially, be a
eflection of the probands’ age. However, when plotting age
gainst serum levels in the individual groups (or plotting the
ELDI-TOF MS peaks as shown in Figure 2A), such a correlation
id not become evident.

Although we attempted to standardize serum collection as
uch as possible, including the times from phlebotomy to storage

t �20°C, our samples were collected at a single clinical institu-
ion and we therefore cannot predict how expansion to a multi-
enter setting would affect the sensitivity and specificity of our
est, and it is possible, yet unlikely, that conditions other than
olorectal cancer, such as inflammatory disease, systematically in-
uenced the observed serum levels of C3a-desArg. However, the
ata presented in this proof-of-principle study of some 165 indi-
iduals warrant further exploration in the general population. If
onfirmed, screening of serum levels of complement C3a-desArg
ould contribute to a reduction of the incidence of colorectal
arcinomas, and to a shift toward the diagnosis of cancer at earlier
tages.

Appendix

Supplementary data

Supplementary data associated with this article
an be found, in the online version, at doi:10.1053/

.gastro.2005.06.065.
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