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ABSTRACT

Purpose

With a lifetime risk currently estimated one in nine, breast cancer is among the most
common diagnosed malignancies and remains a leading cause of cancer-related mor-
bidity and mortality. Proteomic expression profiling generated by mass spectrometry
has been suggested as a potential tool for the early diagnosis of cancer and other
diseases. The objective of our study was to assess the feasibility of this approach for

the discrimination of breast cancer patients from healthy individuals.

Experimental design

In a randomised block design pre-operative serum samples obtained from 77 breast
cancer patients and 29 controls were used to generate high-resolution MALDI-TOF
protein profiles. The median age of the patient group and control group was respec-
tively, 57.2 years and 50.0 years. All available 106 samples from both groups were
randomly distributed across 3 plates in roughly equal proportions. The MALDI-TOF
spectra generated using C8 magnetic beads assisted mass spectrometry (Ultraflex,
Bruker Daltonics, Germany) were smoothed, binned and normalised after base-
line correction. After pre-processing of the spectra, linear discriminant analysis with

double cross-validation, based on principal component analysis, was used to classify
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the protein profiles.
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Results

A total recognition rate of 99%, a sensitivity of 100% and a specificity of 97.0% for
the detection of breast cancer were shown. The area under the curve of the clas-
sifier was 98.3%, which demonstrates the high, significant separation power of the
classifier. The first 2 principal components account for most of the between-group

separation.

Conclusions

Double cross-validation showed that classification could be attributed to actual infor-
mation in the protein profiles rather than to chance. Although preliminary, the high
sensitivity and specificity indicate the potential usefulness of serum protein profiles

for the detection of breast cancer.
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INTRODUCTION

With a lifetime risk currently estimated one in nine, breast cancer is among the most
common diagnosed malignancies and remains a leading cause of cancer-related mor-
bidity and mortality. Although the precise pathways of tumour genesis remain poorly
defined, it appears that most invasive breast cancers arise from gene alterations that
result in an initial transformation of normal breast tissue to in situ carcinoma.[1]
Currently, mammography remains the most important diagnostic tool, although MRI
and ultrasonography are used in case of impairment of the latter diagnostic results.
[2] However, up to 20% of new breast cancers are not detected or visible on a mam-
mogram.[3] Prognosis and selection of therapy may be influenced by the age and
menopausal status of the patient, Bloom-Richardson stage, histological and nuclear
grade of the primary tumour, oestrogen-receptor (ER) and progesterone-receptor
(PR) status, measures of proliferative capacity, and HER2/neu gene amplification.
[4] Currently, serum tumour markers play no role of importance in the diagnosis of
breast cancer due to a lack of sensitivity and specificity.

Proteomic expression profiles generated with mass spectrometry have been sug-
gested as potential tools for the early diagnosis of cancer and other diseases. After
the initial ‘hype’ of biomarker detection on the basis of multiple low-molecular-
weight serum proteins stringent demands have been proposed on both study design
and experimental procedures for proteomic profiling.[5-11] Subsequently, several
studies appeared showing the importance of standardised protocols and homogene-
ity of subject groups and especially validation of the classification method.[12-16]
This study aims to live up to all these demands.

Since no serum biomarker is currently known to reliably detect breast cancer, the
present study was designed to test and validate whether serum protein profiles gen-

erated with mass spectrometry could be indicative of the presence breast cancer.

MATERIAL AND METHODS

Subjects

Serum samples were obtained from a total of 77 patients one day prior to surgery for
a breast disease. All surgical specimens were histologically examined and if malig-
nant, the extent of tumour spread was assessed by TNM classification. All stages of
breast cancer were present in the patient group. The median age of the patient group
was 57.2 years (range 32.6-90.3). Patients were included from October 2002 till July
2005 in our center. The control group consisted of 29 healthy female volunteers. The
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median age of the healthy symptom-free control group was 50.0 years (25.9-76.7).
The 29 controls were included in November and December 2004 (Table 1).

Table 1. Patient characteristics.

Patients Controls
n= 78 29
Age (mean) 56.6 49.9
(range) 36.2-90.3 25.9-76.7

Serum samples

Informed consent was obtained from all patients and the study was approved by the
Medical Ethical Committee of the LUMC. All samples were collected and processed
following a standardised protocol: all blood samples were drawn while the patients
or healthy controls were seated and non-fasting. The samples were collected in a
10 cc Serum Separator Vacutainer Tube (BD Diagnostics, Plymouth, UK) and centri-
fuged 30 min later at 3000 rpm for 10 minutes. The serum samples were distributed
into 1 ml aliquots and stored at -70 °C. After thawing on ice the serum samples were
randomised over different 96-well microtitration racks (Matrix) and then stored at
-70°C until the experiment.

Study design

We used a randomised blocked design to avoid any potential batch effects.[17;18]
All the available 106 samples from both groups were randomly distributed across
3 plates in roughly equal proportions (Table 2). For breast cancer, the distribution
of stadia across plates was again in random fashion and in approximately equal
proportions (Table 3). The position on the plates of samples allocated to each plate
was randomised as well. Each plate was then assigned to a distinct day. Analysis was
carried out on 3 consecutive days, Tuesday to Thursday, processing a single plate
each day.

Table 2. Distribution and randomisation of serum samples of colorectal cancer patients with different TNM stage before and after the MALDI-
TOF experiment. The distribution of stadia across plates was performed randomly random fashion and approximately equal proportions.

Plate 1 Plate 2 Plate 3 Total
Breast cancer 26 26 26 78
Controls 1 9 9 29

Total 37 35 35 107
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Table 3. Distribution and randomisation of serum samples of breast cancer group over the three MS target plates.

Stage Plate 1 Plate 2 Plate 3 Total
DCIS 5 4 3 12
| 6 6 8 22
1A 7 8 3 18
1B 4 6 4 14
A 1 2 4 5
IIB 1 0 2 3
e 1 0 2 3
Total 25 26 26 77

Isolation of peptides and protein profiling

The isolation of peptides from serum was performed using the C8 magnetic beads
based hydrophobic interaction chromatography (MB-HIC) kit from Bruker Daltonics
(Bremen, Germany) mainly according to manufacturers instructions, adapted for
automation on a 8-channel Hamilton STAR® pipetting robot (Hamilton, Martinsried,
Germany) as previously described by our group. Each sample was spotted in quadru-
plicate on a MALDI AnchorChip™. Matrix Assisted Laser Desorption Ionisation Time-
Of-Flight (MALDI-TOF) mass spectrometry measurements were performed using an
Ultraflex I TOF/TOF instrument (Bruker Daltonics, Bremen, Germany) equipped
with a SCOUT ion source, operating in linear mode. Tons formed with a N2 pulse
laser beam (337 nm) were accelerated to 25 kV. With this specific serum preparation

peptide/protein peaks in the m/z range of 960 to 11,169 Dalton were measured.

Data processing and statistical analysis

All unprocessed spectra were exported from the Ultraflex in standard 8-bit binary
ASCII format. They consisted of approximately 45,000 mass-to-charge ratio (m/z)
values, covering a domain of 1.160 - 11,600 Dalton. To increase robustness, the
average of four spots was used to represent one serum sample. Subsequently, we
lightly smoothed, binned and normalised the spectra after baseline correction. Fully
validated classification error rates were estimated based on a classical Fisher linear
discriminant analysis through complete double cross-validatory joint estimation and
assessment of class predictions as previously described.[19]
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RESULTS

Three different randomised target plates were successfully measured on three con-
secutive days in the middle of the week. Figure 1 shows a raw data spectrum,
directly obtained from the MALDI-TOF mass spectrometer. Before pre-processing
and further analysis a mean spectrum of each sample was calculated over all four
spots that were measured for each sample. The above-described pre-processing
steps resulted in a sequence of 4483 normalised m/z values ranging from 1160 to
11,600 Dalton, for each individual. One sample from the breast cancer group was

excluded from analysis due to its poor quality spectra.
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Figure 1. MALDI-TOF spectrum of a breast cancer patient after peptide isolation with (8 magnetic beads. On the Y-axis the relative intensity is
shown. The mass to charge ration (m/z) is demonstrated on the X-axis in Dalton.

Double cross-validatory analysis and evaluation carried out on the protein spectra
correctly classified 28 of 29 controls as non-cancer. All breast cancer patients were
correctly classified as malignant (Table 4). These validated results yield a total recog-
nition rate of 98.2%, a sensitivity of 100% and a specificity of 97.6% for the detection
of breast cancer. To analyze the actual discriminative power of the classifier, we pro-
duced an ROC-curve (again based on the double cross-validatory classification prob-
abilities), visualizing the performance of the two-class classifier in figure 2. The AUC

of the classifier was 98.3%. The median AUC was 49.4% with confidence interval of
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Table 4. Double cross-validatory classification of serum samples. A positive test results assigns subjects to the breast
cancer (BC) group and a negative to the controls. In the horizontal plane the actual histologically confirmed diagnosis
is stated.

Test results for detection of BC

Neg Pos Total
Controls 77 0 77
CRC patients 1 28 29

78 28 106
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0.4 1
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Figure 2. ROC-curve for the double cross-validated two-group classifier. The true positive recognition rate (sensitivity) is demonstrated on the
y-axis against the false negative recognition rate (1-specificity) on the x-axis of the classifier.

[24.8, 64.2]. As both median recognition rates and AUC’s equal 50%, there is thus no
substantial evidence of bias remaining within the cross-validatory calculation.

We then proceeded to a post hoc exploration of the classification model. In the
present study the first two principal components provided most of the between-
group separation. Figure 3 shows a plot of the correlation coefficients, with the class
indicator, which can be calculated from the linear discriminant weightings in the
region between 1.160 and 11,600 Dalton.[20;21] As illustrated, the classification is

achieved primarily through a contrast in peak intensities between the first and sec-
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Figure 3. Correlation coefficients of two first principal components with the class indicator. The correlation coefficients were calculated from the
linear discriminant weightings. The negative correlation of the first peak is an indicator for the control group and the positive correlation of the
second peak points out the cases.
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Figure 4. Scatter plot of the first two principle components on basis of which the classification patient-control group was made.
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Figure 5. Histogram showing the difference between the normalized intensities of the two most discriminating “peaks” (bins). The X-axis shows
the difference between the normalized intensities of the peaks. On the Y-axis the number of subjects is displayed.

ond principal component. This can also be seen in the scatter plot shown in figure
4: low intensities at the first peak for cases separates cases from controls. Likewise,
a small contribution for controls at the second peak separates controls from patients.
To illustrate these results further, we can simply calculate the contrast between the
two peak intensities directly across all subjects and construct a simple one-dimen-
sional summary of the data, as shown in the histogram displayed in figure 5, which
shows overlapping histograms of this (ad hoc) contrast for each group separately.
The separation is clearly visible. We also quantified the significance of this difference

by performing a two-sample Student t-test on this contrast, (p<0.0001).

DISCUSSION

This study underlines the potential of serum protein profiling for the detection of
breast cancer. We were able to classify breast cancer patients and healthy individuals
very accurately based upon information in MALDI-TOF serum spectra. The classifier,
calibrated and validated on spectra of the entire dataset demonstrated a sensitivity
and specificity of 100% and 97.6% respectively. Only one subject from the control
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group was misclassified in the malignant group (Table 4). Moreover, with a lifetime
risk of one in nine, it might even be the case that one of 29 control subjects cur-
rently is developing or carrying the disease. Unfortunately, since the control group
consisted of anonymous symptom-free subjects it was impossible to retrieve the
current physical state. All patients with various stages of breast cancer were correctly
classified, including DCIS patients. The fact that all DCIS patients are recognised in
the cancer group, adds to its possible future applicability as a tool for early detection.
If these results are validated, future studies could be performed to screen women at
high risk for breast cancer by both mammography and serum protein profiling.[22]
In that way the positive predictive value of the proteomic pattern approach could
be assessed. Further, efforts have to be made to correlate different stages of breast
cancer with serum protein profiles because this may contribute better prognostica-
tion and may eventually lead to more individualised treatment. Obviously, validation
and sufficient sample size are once again of paramount importance for the reliability
and its potential in a clinical setting.

We favour a thorough and stringent study design and double cross-validation of
our classification model.[19] We feel that the use of standardised serum collection
and mass spectrometry protocols, as advocated in various studies, has lifted serum
protein profiling to a more reliable level.[12;13;16;23] To avoid the most common pit-
falls in clinical proteomics sample collection, pre-analytical conditions and biological
variables were in the present study matched for both groups and were rigorously
standardised. The location of blood collection, i.e. the outdoor clinic for controls and
the surgical ward for the patient group showed no influence on serum protein pro-
files (data not shown). Furthermore, patient samples from all stages of breast cancer
were randomly distributed over three different target plates, excluding these factors
as a discriminator in the current classifier. Ideally, the control group should consist
of precisely age-matched individuals undergoing a mammography showing no aber-
rations. However, in practice this is difficult to realize, due to ethical and logistical
issues. Notwithstanding, we performed an analysis to examine the differences in
intensity of most discriminating peaks based on age. In the present study there was
no significant contribution of one of these factors on the most discriminating peaks
of our classification model (data not shown).

Regarding the bioinformatic and statistical approach of these high dimensional
data there were two main points to consider: avoiding batch effects and validation
of the classification model. To avoid observational bias, a randomised block design
was used as an additional precaution. The randomised block design ensured that
no batch effects were introduced and excluded artificial between-group separations.
[17;18] Another recurrent topic of debate in serum protein profiling is validation of
the classification model.[11;24] Consensus is achieved that, ideally, discriminating
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protein profiles for the detection of a certain malignancy should be validated using
an independent dataset. In the current phase of this study, the use of an independent
validation set was excluded since the relatively small sample size did not allow this.
Until a larger sample set is obtained, we advocate the use of a double cross valida-
tion of classification. This procedure avoids the need for separate test and validation
sets to yield unbiased error rate estimates. The double validatory aspect of the
procedure results from the fact that the discriminant rule constructed to classify the
left-out data was optimised through a secondary cross-validatory evaluation within
the first cross-validatory layer.[19;25]

The classification between cancer and non-cancer was mostly performed using
the first two principal components, corresponding to two most discriminating peaks.
Identification and functional analysis of these discriminating proteins/peptides might
render new insights on tumour development and environmental responsiveness,
which could eventually be translated in new diagnostic and prognostic insights
for the clinician. Until nowadays, little success has been booked in assigning re-
producible discriminating biomarkers.[14;24] Though this study showed two most
discriminating mass values of MALDI-TOF based protein profiling analysis to be
low molecular weight fragments, we have not identified these potential biomarkers
yet. Some have argued that low molecular weight proteins in serum, the serum
peptidome, is nothing but aspecific biological trash and therefore does not yield
any reliable biomarkers in the currently technically available mass range.[26-28]
However, very recently Villanueva et al. published a study in which they proposed
that although discriminating peptides do indeed belong to well known coagulation
and complement pathways, their patterns or signatures do most certainly indicate
the presence of cancer.[29] This study showed that most of the cancer-type specific
biomarker fragments were generated in patient serum by enzymatic cleavage at
previously known endoproteage cleavage sites after the blood sample was collected.
[30] They postulated that these cancer-specific low molecular weight proteins in
the serum peptidome are an indirect snapshot of the enzyme activity in tumour
cells. We support to their hypothesis that discriminating serum protein profiles are a
compilation of surrogate markers for the detection and classification of certain types
of tumours.

In conclusion, the present study demonstrated that patterns of proteomic signa-
tures from high dimensional mass spectrometry data can be used as highly reliable
diagnostic classifiers for the detection of breast cancer. With the double crossvalida-
tory study in a randomised block design we obtained maximal reliability in classifica-
tion while maintaining protection against overfitting. Surely, independent validation

and follow up studies are necessary and currently in progress. Nevertheless, the
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extremely high sensitivity and specificity of the present study are highly promising
for a new diagnostic approach in breast cancer.
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