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Abstract

AIM: To find new potential biomarkers and to establish
patterns for early detection of colorectal cancer.

METHODS: One hundred and eighty-two serum samples
including 55 from colorectal cancer (CRC) patients, 35 from
colorectal adenoma (CRA) patients and 92 from healthy
persons (HP) were detected by surface-enhanced laser
desorption/ionization mass spectrometry (SELDI-MS). The
data of spectra were analyzed by bioinformatics tools like
artificial neural network (ANN) and support vector machine
(SVM).

RESULTS: The diagnostic pattern combined with 7 potential
biomarkers could differentiate CRC patients from CRA patients
with a specificity of 83%, sensitivity of 89% and positive
predictive value of 89%. The diagnostic pattern combined
with 4 potential biomarkers could differentiate CRC patients
from HP with a specificity of 92%, sensitivity of 89% and positive
predictive value of 86%.

CONCL USION: The combination of SELDI with bicinformatics
tools could help find new biomarkers and establish patterns
with high sensitivity and specificity for the detection of CRC.
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INTRODUCTION

Colorecta cancer (CRC) isone of the most common malignant
tumors that threaten people’s healthi*®. At present, CRC is
one of the three leading causes of worldwide cancer mortality
and the second leading cause of cancer-related deaths in the
Western world®™. The prognosis of CRC is strongly related to
early diagnosis. CRC patients diagnosed in early stage have a

five-year surviva post-operation of over 80%, but in the advanced
stage thefive-year survival islower than 40%. So, early diagnosis
isvery important to improve the prognosis of CRCE.

Recently serum tumor markers, such as carcinoembryonic
antigen (CEA), are commonly used to detect CRC for the
advantages of less pain and accessibility. However all the
existing biomarkers have alow diagnostic sensitivity in CRC
(sensitivity of 23% with CEA). New biomarkerswith ahigh
sensitivity and specificity to detect CRC in early stageare urgently
needed. A nove proteomic approach for the detection of cancer
whichiscalled surface enhanced | aser desorption/ionization time-
of-flight mass spectrometry (SELDI-TOF MS), and ProteinChip
technology, have been developed. SELDI-TOF M S coupled with
bi oinformatics approach has successfully found new biomarkers
and achieved high sensitivity and specificity for the diagnosis
of cancers of bladder™, prostate™*4, ovary!>*®, breast!**9,
liverl®® neck!®!, lung?-? | pancreas'®.

The aim of this study wasto find the potential biomarkersin
CRC and to establish the patterns to diagnose CRC.

MATERIALS AND METHODS

Samples

A total of 182 serum samples were obtained from the serum
banks of the Cancer Institute of the Second Affiliated Hospital
of Zhejiang University Medical College. The cancer group
consisted of 55 serum samples from CRC patients at different
clinical stages: Dukes' A (n=8), Dukes B (n=22), Dukes C
(n=13), Dukes D (n=12). Themedian age of CRC patientswas
57 years (range, 31-84 years). The two non-cancer control
groupsincluded 35 serum samplesfrom patientswith colorectal
adenoma (CRA) and 92 serum samples from healthy persons
(HP). They were age and sex matched with cancer group.
Diagnoseswere pathol ogically confirmed, and specimenswere
obtained before treatment. All sampleswere stored at -80 C.

Proteinchip array analysis
Serum sampleswere thawed in ice and centrifuged at 3 000 r/m
for 5minat 4 'C, supernatants were retained. We added 90 pL
of 5g/L CHAPS(Sigma) (pH 7.4) in PBSto 10 pL of each serum
sample, and vortex-mixed them. Thediluted sampleswere added
to 100 pL Cibacron Blue 3GA (Sigma) (previoudly equilibrated
with5g/L CHAPSthreetimes) ina96-well cell culture plateand
agitated on aplatform shaker at 4 °C for 60 min. After centrifuged
a 1000r/m, 50 pL supernatant was sampled and further diluted
by 150 uL 20 mmol/L HEPES (pH 7.4) and applied to eech well of
abioprocessor (Ciphergen Biosystems) containing hydrophobic
surface (H4) chips previoudy activated with 20 mmol/L HEPES.
The bioprocessor was then sealed and agitated on a platform
shaker for 60mina 4 C. Theexcessserum mixtureswerediscarded,
and the chips were washed three timeswith 20 mmol/L HEPES
and 2 timeswith del onized water. The chipswere then removed
from the bioprocessor, air-dried. Before SEL DI analysis, 0.5 puL
of a saturated solution of a-cyano-4-hydroxycinnamic acid
(CHCA) in 0.5 L/L acetonitrileand 5 mL/L trifluoroacetic acid
was applied onto each chip twice, air-dried.

Chips were detected on the protein biological system Il
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(PBSHI) plusamassspectrometer reader (Ciphergen Biosystems).
Datawere collected by averaging 65 laser shotswith anintensity
of 135, a detector sensitivity of 7, ahighest mass of 30 000 Da
and an optimized range of 2 000-20 000 Da. Mass accuracy was
calibrated to lessthan 0.1% using the all-in-one peptidemolecular
mass standard (Ciphergen Biosystems).

Bioinformatics analysis

The spectraintensities of al samples were normalized to the
total ion current of m/z between 2 000 and 30 000 Da. The noise
of spectrawasfiltrated and peakswere detected with an automatic
peak detection pass using signal-to-noise ratio. Peak clusters
were completed to cluster the peaks in different samples that
had similar masses (defined by a mass window in 0.3% mass
error). All these were performed using ProteinChip Software 3.1
(Ciphergen). The pesk intensitieswere preprocessed by scaling
all the datato the range[-1, 1].

The pattern recognition techniques were applied to diverse
areasincluding prediction of cancer!®!, gene microarray'®! and
mass spectrometry'®!. We utilized amulti-layer perception (MLP)
ANN with a scaled conjugate gradient (SCG) optimized back
propagation algorithm for discriminating CRC from HP, and a
linear support vector machine (SVM) for discriminating CRC
from CRA.. They were powerful toolsfor analysisof the complex
data™ derived from SELDI-MS.

Feature selection
We estimated the power of each peak in discriminating different
group samples by integrating approaches such ast-test, receive
option curve (ROC) and mean square error (MSE) of ANN.
The ANN used to calculate the M SE of each peak had 3
layers, with 1 nodein input and output layer, 2 nodesin hidden.
For each peak the ANN wastrained with al thesamples, performed
1 000 epochs to get the MSE respectively. The MSE was
calculated as the difference between the target output and the
ANN predictivevalue. Thelower M SE value of the peak showed
ahigher relativeimportance valuefor their ability to accurately
discriminate the different groups.

Integrated ANN classifier
The ANN established for discriminating different groups had 4
layers. Except output layer and input layer ANN also had 2
hidden layers each with 100 nodes. We randomly selected 1/3
of all the samples to be the blinded test set, and the remaining
2/3 samplesfor training, the procedure was repeated 10 times.
In the procedure of training ANN we used across-vaidation
approach to reduce the risk of “over fit"?"l. The samples for
training were randomly divided into 2 sets: 2/3 samples for
training set and 1/3 samples for validation set. The random
shuffling was redone 100 times. Thus 100 different ANNswere
established to predict the blinded test set samples. The predictive
values of the blinded test set samples were the average of all
the predicted outputs of 100 ANNSs.

SVM classifier

SVM isanew machine learning approach originally proposed
and developed by Vladimir Vapnik. SVM applications were
actively pursued in various areas recently, from genomics to
face recognition?#1, SVM is powerful for small sample data.
We used thelinear SVM classifier and set the cost of the constrain
violation (C) to 1. The 3-fold cross-validation approach was
applied to estimate the accuracy of the classifier.

RESULTS

Bioinformatics analysis of CRC and HP data
After noise wasfiltrated by Ciphergen ProteinChip Software 3.1,

there were 61 peaks detected for discriminating CRC from HP
and 235 peaks for discriminating CRC from CRA. The peaks
were between 2 k and 30 kDa. Peskswith an m/z <2 kDawere
mainly ion noise from the matrix and therefore excluded!*®.

The 61 qualified peaks detected from the two groups were
ranked by the MSE values of ANN. We input the 61 peaks
respectively. For each peak wetrained the ANN with al the 147
healthy and CRC samplesto give an MSE value. The top 15
peakswith lower M SE valueswere selected for further analysis
(Figure 1). The t-test and ROC method confirmed the results
with the same 15 peaks.

A Peak m/z (Da) B

1 5011

2 8922 0.25
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Figure 1 MSE values of the top 15 peaks. A: m/z of peaks. B:
MSE values of peaks.

>

O O W
S N K
[ \ 1

86

Accuracy (%)
0]
=

o]
N
T

L L L L L L L L L L L L L |
123 4 5 6 7 8 9 10 11 12 13 14 15
Combined peaks

[ee]
N

B 901

N o] o]
[$;] o (53]
T

Accuracy (%)
T

~N
o
T

L L | L L L L L L L L L
123 4 5 6 7 8 9 10 11 12 13 14
Combined peaks

[e)}
(9]

J
15

Figure 2 Accuracies of different combinations of peaks. A:
Accuracies of different combinations of peaks in the pattern
discriminating CRC patients from HP. B: Accuracies of differ-
ent combinations of peaks in the pattern discriminating CRC
patients from CRA patients.

To further select the set of candidate biomarkers, we used a
stepwise approach in which many integrated ANNsweretrained.
Thetop 1 pesk with the highest ability to predict the two groups
(had the lowest M SE value) was selected as a single input to
build the integrated ANN. We estimated the discriminating
ability of thisintegrated ANN by the accuracy of blind test set.
Next, the top 2 peaks were input to integrated ANN and the
accuracy was calculated. The following peaks were added as
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input stepwise to train integrated ANN and the accuracy was
calculated. Inthisway, the 15 models combining different peaks
werebuilt. The pesksinput to themode with the highest accuracy
were selected as the set of potential biomarkers. The top 4
peakswerefinally selected as potential biomarkers, an accuracy
of 92% was achieved. The accuracies of these 15 models are
plotted in Figure 2 (A).

Them/z of the4 candidate biomarkerswere5911, 8 922, 8 944,
8817 Da. These 4 peaksdl appeared to highly expressin CRC

ANNswere built up. Table 3 showsthe results of this classifier.
For the integrated ANN classifier, the estimated specificity in
the blind test set was 92% with a 95% confidence interval of
89-95%, the estimated sensitivity was 89% (85-93%), the
estimated positive predictive value was 86% (82-90%).

Table 2 Descriptive statistics for the 7 potential biomarkers in the
pattern discriminating CRC patients from CRA patients (mean+SD)

and Iowly e(pr%in hedthy persons, asshownin Figure3 (A, B). M/Z (Da) P value (x10°®) CRA patients CRC patients
Between the two groups, the P value of t-test (<10°) and the area 17 247 0.71 0.211+0.130 0.113+0.100
under the ROC curve (>8.0) showed statistical significance of al 18 420 1.27 0.039+0.036 0.076+0.040
the 4 peaks. Table 1 showsthe descriptive statistics of the 4 pesks. 5911 1.71 1.459+0.977 2.763+1.720
9 294 2.76 0.617+0.385 1.105+0.563
Table 1 Descriptive data for the 4 potential biomarkers in the 4 654 6.74 0.503+0.493 1.164+0.943
pattern discriminating CRC patients from HP (mean+SD) 21 694 7.48 0.489+0.145 0.698+0.267
21 742 12.10 0.536+0.161 0.744+0.282
M/Z (Da) AUC HP CRC patients
5911 0.908 0.824+0.504 2 763+1.720 Ta:a_leé% fPredi<|:_t|e|:3d results of classifier for discriminating CRC
8 922 0.872 1.254+0.724 2.767+1.445 patients from
8 944 0.828 0.999+0.626 2.651+1.851 —
8 817 0.811 0.878+0.607 1.744+0.940 Test set (49x10)  Training set (98x10)
HP CRC HP CRC
AUC: area under the carve.
HP (92x10) 287 25 599 9
The 4 peaks were combined and evaluated by integrated chif(f?txlO; 9219287/ 28%?25 9;9599/ 5993:13
ANN. Wetrained theintegrated ANN with 89 samplesand tested ~~ SPecificity (%) (287/( ) (599/(599+9))
. Sensitivity (%) 89(159/(159+19)) 92(343/(343+29))
49 samples. We randomly selected thetest set 10times, and o Giive value (06)  86(159/(159+25))  97(343/(343+9))
each time 100 ANNswere built to predict the test set. So 1 000
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Figure 3 Spectra and gel maps of potential biomarkers. A: Spectra

and gel maps of the peak with the m/z of 5911 Da. B: Spectra

and gel maps of the peak with the m/z of 8 922, 8 944, 8 817 Da. C: Spectra and gel maps of the peak with the m/z of 17 247 Da.
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Bioinformatics analysis of CRC and CRA data

The 235 qualified peaks detected from the two groups were
ranked by the P values of t-test. Thetop 15 peaks were selected
for further analysis. For these datawe utilized the 3-fold cross-
validation SVM classifier to select the potential biomarkersto
build the model to predict the test sets. This approach randomly
selected 1/3 of samples to be the blinded test set, and the
remaining 2/3 samplesto be the training set and the procedure
was repested 3 times. We still used stepwise method to add the
peaks in the rank of P value one by one to be the input of 3-
cross-vdidation SVM. Thetop 7 peakswith the highest accuracy
(86.7%) were sdlected asfina potential biomarkersto separatethe
two groups. Table 2 shows the descriptive data of the 7 peaks.
Between the two groups, the P values of t-test (<10*) and thearea
under the ROC curve (>7.0) showed the Setistical significance of
the 7 peaks. Inthe 7 pesks only the peak of 17 247 Daappeared to
lowly expressin CRC and highly expressin CRA as shownin
Figure 3C, otherswere highly expressed in CRC.

We used 3-fold cross-vaidation SVM to combinethe 7 pesks,
and trained it with 60 samples. For the 3-fold cross-validation
SVM, the estimated specificity in the blind test set (30 samples)
was83% with a95% confidenceinterval of 79-87%, theestimated
sengitivity was 89% (86-92%), the estimated positive predictive
value was 89% (86-92%). Table 4 shows our results for this
classifier.

Table 4 Predicted results of classifier for discriminating CRC
patients from CRA

Test set (30x3) Training set (60x3)

CRA CRC CRA CRC
CRA (35x3) 29 6 56 14
CRC (55%3) 6 49 16 94
Specificity (%) 83(29/(29+6)) 80(56/(56+14))
Sensitivity (%) 89(49/(49+6)) 85(94/(94+16))
Positive value (%) 89(49/(49+6)) 87(94/(94+14))

DISCUSSION

CRC screening includes fecal occult blood test (FOBT),
sigmoidoscopy, air-contrast barium enema examination,
colonoscopy!™. But they have not been commonly accepted
dueto costs, bowel preparation, sedation and perforation risks.
Detection of serumtumor markers(suchasCEA) isaninexpensive
and facile screening method compared to others. However, all
the existing biomarkersin serum lack sufficient sensitivity for
screening and diagnosis of CRCI¥-%, | n this study, we detected
CEA values (cut-off value of CEA level of 5ng/mL) of 182
serum samples (including 55 from CRC patients, 35 from CRA
and 92 from HP which were also detected by SELDI), and a
sengitivity of 47% wasachieved in screening for CRC. Theresults
also showed that CEA lacked sufficient sensitivity for screening
and diagnosis of CRC.

Because of the multi-factoria nature of CRC, itisvery clear
that a combination of several markers would be necessary to
effectively detect and diagnose CRC. SELDI-MS and the
ProteinChip technology could provide the high-throughput
proteomic profiling™. Coupled with sophisticated bicinformatics
toolsfor complex dataanaysisthey could find the“fingerprints’
of CRC and build the diagnosis model.

One hundred and forty-seven CRC patients and HP were
detected by SEL DI-TOF-M Sand thecomplex datawereanayzed
by integrated ANN, wefound 4 potential biomarkersand achieved
a specificity of 92% (89-95%), sensitivity of 89% (85-93%),
positive predictive value of 86% (82-90%). Ninety CRC and
CRA patients were detected by SEL DI-M S and analyzed by an
SVM classifier. Wefound 7 potentia biomarkers and achieved

a specificity of 83% (79-87%), sensitivity of 89% (86-92%),
positive predictive value of 89% (86-92%).

Early detection remains one of the most urgent issuesin CRC
research®. Our two patterns could recognize early Dukes
samples as efficiently as other Dukes samples. The biomarkers
used inthefinal selection were not sensitiveto different Dukes,
stages of cancer patients. In ailmost all the patients with CRC,
preceding lesions were asymptomatic adenomas’®. So it is
very important to discriminate the noncancer CRA patients
fromearly CRC. Wea so achieved ahigh sengitivity and specificity
model to recognize CRC and CRA patients.

We devel oped an integrated approach using bioinformatics
and biostatics tools to analyze the large data of spectra. The
ROC curve, t-test and M SE valueswere used to rank and select
the peaks according to their contribution to the separation of
two groups. To accurately estimate the senditivity and specificity
of the classifiers established by potential biomarkers, the test
setswererandomly selected many times, independent of training
sets each time.

The pesk of 4 645 Dawasidentified as doubly charged forms
of 9294 Daby Ciphergen ProteinChip Software 3.1. Therecognition
of both the doubly charged and the singly charged forms of
these peaks suggested their importance in discriminating the
two diagnostic groups. The peak of 5911 Dawas selected asa
potential biomarker in both the pattern discriminating CRC
patientsfrom HP and the pattern discriminating CRC from CRA
patients. The expression of this biomarker increased step by
step in HP, CRA and CRC patients as shown in Figure 3A.
Thereforethe peak of 5911 Damay play animportant roleinthe
formation and progression of CRC.

In conclusion, SELDI-TOF-MS in combination with
sophisticated bioinformatics tools could facilitate the discovery
of new biomarkers and establish patternswith ahigh sensitivity
and specificity for the detection of CRC.
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