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ABSTRACT

Aim: Colorectal cancer (CRC) screening programmes detect early cancers but
unfortunately they have limited sensitivity and specificity. Mass spectrometry-based
determination of serum peptide- and protein profiles provide a new approach for
improved screening.

Method: Serum samples from 126 CRC pretreatment patients and 277 control
individuals were obtained. An additional group of samples from 50 CRC patients and
82 controls was used for validation. Peptide and protein enrichments were carried
out using reversed-phase CI8 and weak-cation exchange magnetic beads (MBs) in
an automated solid-phase extraction and spotting procedure. Profiles were acquired
on a matrix-assisted laser desorption/ionization time-of-flight system. Discriminant
rules using logistic regression were calibrated for the peptide and protein signatures
separately, followed by combining the classifications to obtain double cross-validated
predicted class probabilities. Results were validated on an identical patient set.

Results: A discriminative power was found for patients with CRC representative for
all histopathological stages compared with controls with an area under the curve of
0.95 in the test set (0.93 for the validation set) and with a high specificity (94-95%).

Conclusion: The study has shown that a serum peptide and protein biomarker
signature can be used to distinguish CRC patients from healthy controls with high
discriminative power. This relatively simple and cheap test is promising for CRC
screening.
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INTRODUCTION

The lifetime risk of colorectal cancer (CRC) in the US population is 5-6% without
screening, which is similar to the Netherlands (I-3). Early diagnosis reduces disease-
related mortality (4). The number of patients diagnosed annually is still increasing,
because of aging of the population and a small increase in the incidence at all ages. It is
therefore expected that population screening programmes aiming at early detection
of CRC will become more relevant. Currently the most promising screening tests
used in population screening include the immunology-based faecal occult blood test
(iFOBT), DNA markers in stool (sDNA), computed tomography colonography (CTC)
and colonoscopy (4;5). The iFOBT uses antibodies to detect the globin portion of
human hemoglobin. Multiple brands of tests are available and specificity and sensitivity
values reported in literature vary widely from 70% to 94% (6;7). Current advice is
annual screening with iFOBT. Screening based on sDNA involves the identification
of genetic modifications in the initiation of a sequenced progression from adenoma
to carcinoma. The sensitivity and specificity of the various sDNA tests range from
52% to 91% and from 93% to 97% (5). The guideline recommendation is to screen
every 3 years.Virtual colonoscopy or CTC is reported to have overall sensitivities of
55-94%, depending on the size of the detected polyps, with high specificity (91-96%)
(8). Guidelines advise a screening interval of 5 years. Serum carcinoembryonic antigen
(CEA) estimation lacks sensitivity and specificity (9).Although not used for screening,
colonoscopy has a specificity and sensitivity of at least 95% for large polyps, but the
miss rate for polyps smaller than 5mm is 15-25% and 0—6% for polyps of 10 or more
millimetres (10).

Although current screening methods are widely available, there is room for improve-
ment and new developments of simple, cost-effective and noninvasive screening tests
(11;12). The use of protein biomarkers for early detection of cancer is promising
(13;14). Comparison of serum protein patterns or profiles has allowed the separa-
tion of patients with cancer from healthy individuals (I5).Alternatively tissue can be
used to identify protein biomarkers (16), but results obtained from body liquids and
cancer tissue may not be the same.We have developed a one-step, fully automated and
standardized solid-phase extraction (SPE) method using functionalized magnetic beads
(MBs) to enrich for subsets of peptides and proteins in a high-throughput fashion, in
combination with matrix-assisted laser desorption/ionization — time of flight (MALDI-
TOF) read-out (16-18). In this study, we use a combination of two different types of
paramagnetic beads (MBs) to increase the number of detected features, namely based
on weak cation exchange (WCX) and reversed phase (RP) CI8-functionalization. Pre-
viously, we have shown that the statistical combination of two thus obtained data sets
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improves classification of samples in a case-control study of breast cancer patients
(19). In the current study, we used MALDI-TOF MS to generate a protein and peptide
signature of a serum sample in a case-control set-up aiming for the detection of CRC.

METHOD

Patients

Serum samples within the test set were obtained from 126 outpatients with CRC
before treatment and from 277 healthy controls collected between October 2002
and December 2008.Validation specimens were obtained from 50 patients with CRC
and 82 healthy controls. These were collected in the same way between January 2009
and May 2010. Histopathological examination of the surgical specimen reported the
TNM stage (TNM Classification of Malignant Tumours fifth edition). Informed consent
was obtained from all subjects and the study was approved by the Medical Ethical
Committee of the Leiden Universal Medical Center.

Sample processing and MALDI-TOF measurement

The method of serum collection, sample and profile processing and data analysis has
been described previously (16).The isolation of proteins and peptides from serum was
performed using a kit based on magnetic bead purification with WCX- and RP CI8
Mbs. using a standardized protocol. High-throughput SPE was followed by MALDI-
TOF measurement on an Ultraflex Il TOF/TOF spectrometer (Bruker Daltonics). In
this way, so-called WCX- and RP CI8-profiles were obtained, representing (small)
protein and peptide signatures respectively.

Profile processing

For optimal data analysis, all WCX- and RPCI8-profiles underwent baseline correc-
tion followed by alignment (19). A list of selected peaks (Table I) was then compiled
through the application of a peak selection procedure as previously described by our
group (19). In this way, 57 peptides and proteins were selected in the WCX-profiles
and 42 peptides in the RP CI8-profiles. The summarized spectral measurements for
each individual were then used within the discriminant analysis (19).

Statistical analysis

Discriminant rules were calibrated for the WCX and RP C|8 data separately using
logistic ridge regression (see Appendix S1) (19). A combined classification rule was
calibrated using logistic regression on double cross-validation. Predictive performance
of the calibrated combination was verified on the validation set. Error rates were
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calculated as well as estimates of sensitivity and specificity, assigning each observation
to the group for which the predicted class probability was highest, and the receiver
operating characteristics (ROC) curve was plotted with the area under the ROC
curve (AUC) indicating the ability to distinguish cancer from control samples (Fig.1).

Table | Summary of all m/z-values used for statistical analysis of the peptide- and protein signatures from the reverse phase
(RP C18) and weak cation exchange (WCX) profiles.
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Figure | Receive operating characteristic (ROC) curves of the validation set based on weak cation exchange (WCX) and
reverse phase (RP) C18 data sets separately and after combination.The area under the ROC curve is a measure of between-

group separation (case—control).

RESULTS

Patients

There were 126 outpatients (76 men) with CRC before treatment of median age 65
(25-90) years.The control group included 277 normal individuals (I |0 men) of median
age 56 (24-84) years.The validation set consisted of 50 pre-treatment CRC patients
(28 men) of median age 68 (26-91) years and 82 controls (32 men) of median age 45

(21-75) years (Table 2).

Table 2 Patient characteristics.

NA, not applicable.
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Peptide- and protein signatures

In total 535 serum samples (test- and validation set) were processed with two types
of magnetic beads. MALDI-TOF profiles were obtained in quadruplicate, yielding 2140
WCX- and 2140 RPCI8-profiles. Profiles were baseline-corrected, aligned and of the
mean of the four quadruplicates was calculated. Low-quality profiles (approximately
[%) resulting from a failure in sample processing or failed MALDI-spotting were ex-
cluded from analysis. The strategy for data analysis and statistical evaluation is shown
in Fig. 2. First, all peptide- and protein profiles, obtained from RP CI8 and WCX
workup procedures were aligned to the m/z-axis. Then 42 and 57 peaks (summarized
in Table |) were selected from the RP C18- as well as WCX profiles indicating patient
samples (in green) and controls (in blue). In this way, two data sets were obtained
that were used for statistical analysis. In the combination plot of the patient samples
the correctly classified cases are in green, whereas the remaining wrongly classified
cases are in red. From this plot it can be seen that |18 of the 50 cases were incorrectly
classified. The combined classification results of the control samples show that all
were correctly classified (in blue) (Fig. 2, bottom right). From this plot it can be seen
that only 4 of the 82 control samples were incorrecty classified as “cases” (in red).The
clinical background of incorrectly classified patient and control samples was further
evaluated and the results are summarized in Table 3.

Figure 2 Overview of study design and classification results. On the left-hand side typical examples of peptide (reverse phase,
RP C18) and protein (weak cation exchange, WCX) profiles are shown, cases are in green and controls in blue. From all RP
C18and WCX profiles 42 and 57 peaks, respectively, were selected for statistical analysis. The results for the validation set are
plotted on the right-hand side and further explained in the Results.
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Table 3 Characteristics of misclassified cases for different cut-off values. ‘Misclassified cases’ in the case group are patients
with colorectal cancer (CRC) with the specific cut-off value who were misclassified as controls, whereas ‘Misclassified cases’

in the control group represent controls with the same cut-off value were misclassified as CRC patients.

NA, nort applicable.

DISCUSSION

In this study we have evaluated mass spectrometry-based peptide and protein sig-
natures for improved early cancer detection, motivated by that fact that the success
rate of currently available tests for early diagnosis of CRC is rather low (I1).These
signatures, or profiles, were used successfully to distinguish CRC patients from healthy
controls with a high discriminative power. It was found that the applied technology is
a potential candidate for screening and early detection of CRC.

Despite the high discriminative power larger studies are essential (and on-going) to
investigate the “tumour-specificity” of the obtained discriminating signatures. Survival
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is relatively good when CRC is diagnosed in an early stage (3). Early detection will
identify cancer when it is still localized and curable, not only preventing mortality, but
also reducing morbidity and costs. Detection of symptomless CRC or precursor le-
sions through population screening allows for more effective treatment, which would

likely improve long-term survival (3;4).

Full automation of the preparation and analysis process ensures standardization and
robustness together with high discriminative power, supporting the potential of this
test for screening programs. Encouraging results of well above 90% were obtained with
regard to specificity- and sensitivity values. Cut-off levels can be chosen depending on
the defined strategy for patient management and availability of colonoscopy facilities.
Implementing a test for population screening requires consideration of factors such
as compliance and costs. Enhanced sensitivity is an essential goal in the development
of a screening test; however the fine-tuning of the ideal cut off value also depends on
the organisation of the healthcare environment. False positive results are associated
with patient anxiety and unnecessary colonoscopy (20). Zorzi and co-workers (21)
evaluated five (large) population screening programs using iFOBT, that reported a
total of 267,769 screened individuals of which 13,388 (5.0%) had a positive iFOBT
test. From this group 90.3% (12,089 persons) were followed-up with colonoscopy, of
which 748 individuals (6.2%) had a screen detected cancer.Thus, more than 90% of the
persons with a positive iFOBT resulted in a negative colonoscopy (21).

Colonoscopy is an invasive procedure with a complication rate of 0.8-2% (22;23),
which often requires sedation, which includes monitoring, extra nursing support and
risk. Furthermore colonoscopy is time consuming and not really suited for screening.
Both colonoscopy and CTC require bowel preparation and have a low participation
rate of respectively 22% and 34% (l). The serum proteomics test is based on the
analysis of one tube of peripheral blood, which is more convenient for the patient.

In conclusion, serum protomics analysis is easy to apply, cheap and patient-friendly
with good sensitivity and specificity. The next step is to compare the test performance
to current screening methods such as iFOBT. To this end, population screening will
be evaluated, comparing serum proteomics analysis with iFOBT using colonoscopy as
the gold standard. This may ultimately result in new guidelines for CRC screening in
the Netherlands.
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APPENDIX S1.DISCRIMINATION BETWEEN PATIENTS
AND CONTROLS

Both the WCX and RPCI8 data were calibrated separately with a discriminant rule
using logistic ridge regression based on the training- or test set. Joint calibration of
the classifiers and unbiased estimation of the class probabilities on the training set
was achieved using double cross-validation, as described previously (26).The two sets
of double cross-validated class probabilities which were thus obtained on the training
data were then used as inputs for the estimation of an ordinary logistic regression
model, which combines the predictions from the WCX and RPCI8 training data. To
evaluate this combination classifier, first the logistic ridge regression models were
refit on the WCX and RPC18 data separately using the optimum penalty term identi-
fied in the previous double cross-validatory analysis. Then, for each validation sample
these two logistic regression models were applied to obtain class predictions on the
WCX and RPCI8 sets separately. Finally, these two predictions were combined using
the above described ordinary logistic regression combination model, which gives a
single output class probability for each individual in the validation data. The double
cross-validated results yielded a total recognition rate with an AUC of 0.95. For the
validation set the AUC was 0.93 (see Figure 2). Different cut-off values were evaluated
to match the most optimal test performance in a given population with respect to
the colonoscopy capacities/facilities, as is summarized in Table 3. As an example, at a
cut-off value of 0.5 the sensitivity and specificity numbers in the test set are 82% and
94% (validation: 64% and 95%), whereas at a cut-off of 0.2 the sensitivity and specificity
are 92% and 82% (validation: 82% and 87%). A low cut-off value results in optimal
sensitivity at the cost of specificity. Whereas when a higher specificity is preferred a
higher cut-off value can be chosen. In Tables 3A and 3B an overview is given of the
patient characteristics, which were misclassified in this study design at an associated
chosen cut-off value.
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