Marie-Christine W Gast 
email: marie-christine.gast@slz.nl
  
Jan H M Schellens 
  
Jos H Beijnen 
  
Marie-Christine W Gast 
  
A E Jan 
  
H M Schellens 
  
A E Jos 
  
H Beijnen 
  
M.-C W Gast 
  
Á J H Beijnen 
  
  
  
  
  
Clinical proteomics in breast cancer: a review

Keywords: Breast cancer, Biomarkers, MALDI-TOF MS, SELDI-TOF MS

published or not. The documents may come   L'archive ouverte pluridisciplinaire

Introduction

Breast cancer imposes a significant healthcare burden to women worldwide. For example, in the USA, breast cancer is estimated to be the most commonly diagnosed neoplasm in women in 2008, as it will account for 26% of all new female cancer cases [START_REF] Jemal | Cancer statistics, 2008[END_REF]. In addition, preceded only by lung cancer, breast cancer is expected to be the second leading cause of USA cancer deaths in 2008 [START_REF] Jemal | Cancer statistics, 2008[END_REF]. The 5-year survival rates of breast cancer decrease from 98% for localised disease to 26% for late stage disease [START_REF] Ries | SEER Cancer Statistics Review[END_REF]. Hence, short of prevention, detection of breast cancer at an early, still curable stage would offer the best route to decrease its mortality rates. However, since only 63% of breast cancers are still confined to the breast at the time of diagnosis [START_REF] Jemal | Cancer statistics, 2008[END_REF], the currently applied diagnostic screening tools (e.g. mammography) obviously do not suffice for adequate breast cancer diagnosis. In addition, despite the survival benefit achieved by locoregional treatment and adjuvant systemic therapy, 30-50% of breast cancer patients will eventually develop metastatic relapse and die [START_REF]Early Breast Cancer Trialists' Collaborative Group (1998) Polychemotherapy for early breast cancer: an overview of the randomised trials[END_REF], while a small percentage of patients would have survived without these treatment modalities. Evidently, the currently applied prognostic and predictive markers (e.g. age, hormone receptor status) lack adequate performance as well. Hence, better markers for early diagnosis, accurate prognosis and prediction of response to treatment are warranted to improve breast cancer care.

We now comprehend that cancer arises from successive genetic changes, by which a number of cellular processes, including growth control, senescence, apoptosis, angiogenesis, and metastasis, are altered [START_REF] Mommers | Balance of cell proliferation and apoptosis in breast carcinogenesis[END_REF][START_REF] Reis-Filho | The diagnosis and management of pre-invasive breast disease: genetic alterations in pre-invasive lesions[END_REF]. Consequently, researchers initially searched for markers by employing genomic and transcriptomic approaches, providing new biomarkers (e.g. [START_REF] Veer | Gene expression profiling predicts clinical outcome of breast cancer[END_REF][START_REF] Wang | Gene-expression profiles to predict distant metastasis of lymph-node-negative primary breast cancer[END_REF][START_REF] Miki | A strong candidate for the breast and ovarian cancer susceptibility gene BRCA1[END_REF][START_REF] Vogelstein | Has the breast cancer gene been found?[END_REF]) and expanding our insight into the genetic basis of cancer. It is, however, currently understood that gene analysis by itself provides an incomplete picture. Due to alternative splicing of both mRNA and proteins, combined with more than 100 unique post-translational modifications, one gene can give rise to multiple protein species [START_REF] Banks | Proteomics: new perspectives, new biomedical opportunities[END_REF]. Hence, compared to the genome, the proteome can provide a more dynamic and accurate reflection of both the intrinsic genetic programme of the cell and the impact of its immediate environment [START_REF] Aebersold | Perspective: a program to improve protein biomarker discovery for cancer[END_REF]. Since proteome analysis can provide the link between gene sequence and cellular physiology [START_REF] Dove | Proteomics: translating genomics into products?[END_REF], proteomics is expected to complement gene analyses for evaluating disease development, prognosis, and response to treatment [START_REF] Clarke | The application of clinical proteomics to cancer and other diseases[END_REF].

Until recently, the search for novel protein biomarkers has been dominated by two-dimensional gel electrophoresis [START_REF] Hondermarck | Clinical proteomics: searching for better tumour markers with SELDI-TOF mass spectrometry[END_REF], a major disadvantage of which is its lack of real high-throughput capability. However, recent advances in analytical technologies, such as protein microarrays and mass spectrometry (MS), have enabled large-scale proteomic analyses [15]. Due to their relative simplicity of sample preparation, high analytical sensitivity and speed of data acquisition, two MS-based technologies in particular, i.e. matrix-assisted laser desorption/ionisation time-offlight (MALDI-TOF) MS [START_REF] Hortin | The MALDI-TOF mass spectrometric view of the plasma proteome and peptidome[END_REF] and its variant surfaceenhanced laser desorption/ionisation (SELDI-) TOF MS [START_REF] Hutchens | New desorption strategies for the mass spectrometric analysis of macromolecules[END_REF][START_REF] Merchant | Recent advancements in surface-enhanced laser desorption/ionization-time of flight-mass spectrometry[END_REF] have been widely deployed for cancer biomarker discovery [START_REF] Simpson | Proteomics-driven cancer biomarker discovery: looking to the future[END_REF]. In both laser desorption/ionisation (LDI) platforms, biological samples (e.g. serum, tissue lysate) are co-crystallised with an energy absorbing matrix on a sample probe surface. Subsequent irradiation with brief laser pulses sublimates and ionises the proteins out of their crystalline matrix, after which an electric field migrates the charged proteins to the time-of-flight mass analyser. Herein, proteins are separated based on their mass, as the time to detector impact (TOF) is proportional to protein mass per charge (m/z). The two LDI platforms differ in their sample probe surfaces. In MALDI, the probe surface merely presents the sample to the mass spectrometer, warranting off-line sample fractionation and clean-up to produce usable MS signals. In contrast, the probe surfaces utilised by SELDI are comprised of various chromatographic surfaces, enabling their active role in sample fractionation (Fig. 1).

In the current overview, we focus on the expression proteomics (i.e. protein profiling) studies performed using the two LDI platforms in the search for novel breast cancer biomarkers. We will discuss the studies performed thus far for discovery of diagnostic, prognostic and predictive biomarkers, and evaluate the potential of the discriminating proteins identified in this research for clinical use as breast cancer biomarkers.

Diagnostic protein profiling studies

Short of prevention, detection at an early stage remains the best route to decrease breast cancer related mortality. Hence, the majority of MALDI/SELDI protein profiling studies performed in breast cancer have searched for novel diagnostic markers (Table 1). All diagnostic protein profiling studies were performed in vivo, investigating various biological matrices, including serum, plasma and tissue, but also nipple aspirate fluid, ductal lavage fluid and saliva.

Protein profiling of tissue

As tissue proteins will reflect the earliest changes caused by the successive genetic mutations that lead to breast cancer, it has been hypothesised that the concentration of potential biomarkers is highest in the tumour and its immediate microenvironment [START_REF] Simpson | Proteomics-driven cancer biomarker discovery: looking to the future[END_REF]. Although tissue provides an invaluable sample source, tissue sampling through biopsies is highly invasive, thereby limiting the number of diagnostic tissue protein profiling studies performed thus far.

Analysis of tumour tissue lysates by SELDI-TOF MS revealed several peaks that were significantly associated with lymph node status [START_REF] Nakagawa | Proteomic profiling of primary breast cancer predicts axillary lymph node metastasis[END_REF] or cancer subtype (i.e. lobular and ductal carcinoma) [START_REF] Traub | SELDI-MS-based expression profiling of ductal invasive and lobular invasive human breast carcinomas[END_REF]. However, the search for tumour originating proteins can be complicated by the high cellular heterogeneity of whole tumour tissue specimens. This can be reduced by laser capture microdissection (LCM), enabling selective capture of a specific subset of cells [START_REF] Cowherd | Proteomic analysis of human breast cancer tissue with laser-capture microdissection and reverse-phase protein microarrays[END_REF]. Following microdissection, captured cells can be mounted directly on a MALDI target, thereby preserving their spatial conformation for imaging MS [START_REF] Sanders | Differentiating proteomic biomarkers in breast cancer by laser capture microdissection and MALDI MS[END_REF][START_REF] Umar | Method optimisation for peptide profiling of microdissected breast carcinoma tissue by matrix-assisted laser desorption/ionisation-time of flight and matrix-assisted laser desorption/ionisation-time of flight/time of flight-mass spectrometry[END_REF]. Using LCM, Umar et al. [START_REF] Umar | Method optimisation for peptide profiling of microdissected breast carcinoma tissue by matrix-assisted laser desorption/ionisation-time of flight and matrix-assisted laser desorption/ionisation-time of flight/time of flight-mass spectrometry[END_REF] detected 9 differentially expressed tryptic peptides (not structurally identified) following analysis of stromal and tumour cells collected from five tissue specimens. In addition, Sanders et al. [START_REF] Sanders | Differentiating proteomic biomarkers in breast cancer by laser capture microdissection and MALDI MS[END_REF] identified ubiquitin and S100-A8 to be decreased in tumour (n = 122) compared to normal tissue (n = 167), whereas S100-A6 was found increased. Their split-sample approach allowed a successful within-study validation of the three potential markers [START_REF] Sanders | Differentiating proteomic biomarkers in breast cancer by laser capture microdissection and MALDI MS[END_REF]. As both ubiquitin and S100-A6 were also found to decrease in lysates of human breast cancer cell lines following chemotherapy induced apoptosis [START_REF] Leong | Profiling of apoptotic changes in human breast cancer cells using SELDI-TOF mass spectrometry[END_REF], these proteins may provide insight into the pathogenesis of breast cancer upon further investigation.

Despite the clear potential of (tumour) tissue to yield cancer-specific diagnostic biomarkers, their routine clinical application is seriously hampered by the intricacies associated with tissue sampling. Although this can be avoided by assessment of tumour-derived markers in easier accessible biological matrices such as serum, this type of validation has not been performed in breast cancer yet.

Protein profiling of serum and plasma

Since whole blood is considered to provide a dynamic reflection of physiological and pathological status, human plasma and serum represent the most extensively studied biological matrices in the quest for (breast) cancer biomarkers [START_REF] Hanash | Mining the plasma proteome for cancer biomarkers[END_REF]. Constantly perfusing and percolating the human body, the blood compartment endows a protein-rich information archive [START_REF] Petricoin | Clinical proteomics: translating benchside promise into bedside reality[END_REF]. Besides the expected circulatory proteins, this archive also contains specific tumour-secreted proteins, normal tissue-and plasma-proteins digested by tumour-secreted proteases, and proteins produced by local and distant responses to the tumour [START_REF] Aebersold | Perspective: a program to improve protein biomarker discovery for cancer[END_REF][START_REF] Conrads | Cancer diagnosis using proteomic patterns[END_REF][START_REF] Grizzle | The need from review and understanding of SELDI/MALDI mass spectroscopy data prior to analysis[END_REF]. Moreover, whole blood is an easy to sample, readily accessible matrix that allows repeated collection, thereby augmenting the clinical relevance of candidate blood-borne biomarkers [START_REF] Conrads | Cancer diagnosis using proteomic patterns[END_REF][START_REF] Good | Body fluid proteomics for biomarker discovery: lessons from the past hold the key to success in the future[END_REF].

Several MALDI-TOF MS and SELDI-TOF MS peaks (not structurally identified) have been reported to differentiate between serum or plasma of breast cancer patients, patients with benign breast disease and/or healthy controls [START_REF] Callesen | Combined experimental and statistical strategy for mass spectrometry based serum protein profiling for diagnosis of breast cancer: a case-control study[END_REF][START_REF] De Noo | MALDI-TOF serum protein profiling for the detection of breast cancer[END_REF][START_REF] Hu | SELDI-TOF-MS: the proteomics and bioinformatics approaches in the diagnosis of breast cancer[END_REF][START_REF] Laronga | SELDI-TOF serum profiling for prognostic and diagnostic classification of breast cancers[END_REF][START_REF] Pusztai | Pharmacoproteomic analysis of prechemotherapy and postchemotherapy plasma samples from patients receiving neoadjuvant or adjuvant chemotherapy for breast carcinoma[END_REF][START_REF] Shin | Serum biomarkers to differentiate benign and malignant mammographic lesions[END_REF]. Since a small percentage (7-10%) of breast ). a Protein profiling by MALDI-TOF MS: 1. samples (ll volume) are fractionated off-line using for instance magnetic beads coated with a chromatographic surface (e.g. hydrophilic, hydrophobic, cationic, anionic, or immobilised metal affinity capture moiety), 2. addition of energy absorbing matrix (e.g. a-cyano-4-hydroxy-cinnamic acid) to (fractionated) samples, 3. application of mixed specimen to inert target plate for laser irradiation in (c). b Protein profiling by SELDI-TOF MS: 1. application of sample (ll volume) from, for example, cancer and control patients to an 8-spot array with a chromatographic surface (e.g. hydrophilic, hydrophobic, cationic, anionic, or immobilised metal affinity capture moiety) in appropriate binding buffer, 2. on-chip sample clean-up using various wash-buffers, 3. application of energy absorbing matrix (e.g. sinapinic acid) for desorption/ionisation of proteins by laser irradiation in a laser desorption/ionisation time-of-flight analyser (c).

c Schematic representation of laser desorption/ionisation (LDI) timeof-flight (TOF) analyser: the MALDI target plate or SELDI array is inserted in the MALDI or SELDI instrument. Subsequent laser irradiation desorbs and ionises bound proteins, after which an electric field migrates the charged proteins to the TOF analyser. Herein, proteins are separated based on their mass, as the time to detector impact (TOF) is proportional to the protein mass per charge (m/z = constant * t 2 ). Thus, small proteins (c) fly faster than large ones (a), and multiple charged ones (b) faster than single-charged ones (a). d Representative example of SELDI-TOF mass spectra of sera from female healthy controls (HC) and breast cancer patients (BC). On the x-axis the protein m/z is displayed, and the y-axis depicts its abundance. Expression differences are visible between breast cancer and control sera at m/z 3980 and m/z 4292 (first arrow, ITIH4 fragments), and m/z 8939 (second arrow, C3a desArg ) Yes [START_REF] Heike | Identification of serum proteins related to adverse effects induced by docetaxel infusion from protein expression profiles of serum using SELDI ProteinChip system[END_REF] cancers is attributable to hereditary syndromes (e.g. BRCA-1, -2 mutations), Becker et al. [START_REF] Becker | Surfaced-enhanced laser desorption/ionization time-of-flight (SELDI-TOF) differentiation of serum protein profiles of BRCA-1 and sporadic breast cancer[END_REF] investigated whether the BRCA-1 mutation was reflected by the serum proteome. Multiple SELDI-TOF MS peaks were significantly different in expression between breast cancer patients with and without the BRCA-1 mutation [START_REF] Becker | Surfaced-enhanced laser desorption/ionization time-of-flight (SELDI-TOF) differentiation of serum protein profiles of BRCA-1 and sporadic breast cancer[END_REF]. However, as none of these peaks were structurally identified, their association to the BRCA-1 gene remains unclear. Moreover, none of the peaks reported by these studies have been validated by analysis of an independent sample set. Yet validation is of utmost importance to ascertain reproducibility and prevent systematic bias and overfitting of data. This is highlighted by a study of our group [START_REF] Gast | SELDI-TOF MS serum protein profiles in breast cancer: assessment of robustness and validity[END_REF], in which the potential markers for breast cancer and lymph node status, reported by Vlahou et al. [START_REF] Vlahou | A novel approach toward development of a rapid blood test for breast cancer[END_REF] and Laronga et al. [START_REF] Laronga | SELDI-TOF serum profiling for prognostic and diagnostic classification of breast cancers[END_REF], respectively, could not be confirmed following analysis of an independent sample set. In contrast, Belluco et al. [START_REF] Belluco | Serum proteomic analysis identifies a highly sensitive and specific discriminatory pattern in stage 1 breast cancer[END_REF] report excellent performance of their seven-peak classifier (not structurally identified) following validation by an independent sample set analysed 14 months after their initial discovery study. Li et al. [41] observed three serum peaks to distinguish patients from controls: one (4.3 kDa) decreased and two (8.1 and 8.9 kDa) increased in patients. These peaks were structurally identified as a fragment of inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4, 4.3 kDa), C3a des-arginine (C3a de- sArg , 8.9 kDa) and a C-terminal truncated form thereof (C3a desArgD8 , 8.1 kDa) [42]. Subsequent analysis of an independent sample set could only confirm the increased 8.1 and 8.9 kDa C3a fragments [42]. However, the 8.1 kDa C3a de- sArgD8 was found to lack significance in a second [43] and third validation study [44]. The latter study also reported a decreased 8.9 kDa C3a desArg expression in breast cancer [44], whereas in all previous studies, this fragment was found increased [41][42][43]. Beyond these four studies, C3a desArg has been found associated with survival, as its expression decreased in metastatic relapse [45]. In addition, the 4. [48], were found either increased in cancer [47], or devoid of discriminative power [48]. Regarding the inconsistent regulation observed across multiple studies, the definitive value of the different ITIH4 fragments, C3a desArg , and C3a desArgD8 in the diagnosis of breast cancer cannot be determined yet.

In addition to the various ITIH4 fragments, several fragments of fibrinopeptide A, fibrinogen alpha, C3f, C4a, apolipoprotein A-IV, bradykinin, factor XIII, and transthyretin were found to provide accurate class discrimination [47]. Generated by exoprotease activities superimposed on the ex vivo coagulation and complement-degradation pathways, these fragments are proposed to bear cancer-type specificity. It has, however, been argued that this ''peptidome signature'' merely reflects the hypercoagulable state of the blood of cancer patients [49] and not necessarily a cancerspecific signature [START_REF] Simpson | Proteomics-driven cancer biomarker discovery: looking to the future[END_REF]. Although the peptidome signature has not been validated yet, two fragments thereof (i.e. the ITIH4 fragment discussed above, and a fibrinogen fragment) have been encountered in other studies as well [41,46,48]. The fibrinogen fragment, though increased in the breast cancer serum peptidome, was found decreased in breast cancer plasma and reverted to normal values after surgical extirpation of the tumour [50]. The difference between study results most likely originates from the biological matrix investigated, as plasma differs from serum by inhibition of the coagulation cascade, by which fibrinogen is generated.

Also of interest are the results of the ''Classification competition on clinical mass spectrometry proteomic diagnosis data'' [51]. For this competition, sera of breast cancer patients (n = 76) and healthy controls (n = 77) were analysed by MALDI-TOF MS. Data were subsequently analysed by ten competition participants for construction of diagnostic classifiers [52-61]. Surprisingly, though the various bioinformatic methods applied resulted in highly divergent classification models, reported performances (ranging from 83% to 89%) were very similar. However, as these results are based on a single dataset, validation by analysis of an independent study population most likely will reveal differences between the various bioinformatic methods and their resulting classification models. Serum and plasma protein profiling studies by MALDI-TOF or SELDI-TOF MS have yielded numerous protein peaks with a significantly different expression between breast cancer and healthy control. However, although elucidation of protein identities is essential for insights into the molecular mechanisms involved in breast cancer, thus far, only a small percentage of reported peaks has been structurally identified. Moreover, since most studies did not investigate other cancer types or patients with benign breast disease, the specificity of reported markers for breast cancer still has to be addressed. Furthermore, although of pivotal importance, only few potential markers have been validated by analysis of independent sample sets. As these studies generally yielded contradictory results, further research is needed to determine the potential of identified markers in breast cancer diagnosis.

Protein profiling of nipple aspirate fluid and ductal lavage fluid

Most breast cancers (70-80%) are thought to arise from the epithelial cells lining the mammary ducts [START_REF] Clarke | The application of clinical proteomics to cancer and other diseases[END_REF]. The breast epithelium exfoliates cells as a renewal of tissue and secretes fluid into the ductal-lobular system of the breast. While this fluid exits each breast through six to nine orifices at the nipple, it can be collected by either of two noninvasive methods; aspiration or ductal lavage. Both nipple aspirate fluid (NAF) and ductal lavage fluid (DLF) are traditionally used for cytological assessment [62, 63], but their vicinity to the breast epithelium renders them valuable matrices for diagnostic protein profiling studies as well.

Although several discriminating protein peaks were detected when comparing equal volumes of NAF or DLF from breast cancer patients and healthy controls by SELDI-TOF MS [62-65], large variations in the spectra between different samples within one diagnostic group were observed [63][64][65]. Likely originating from the wide protein content range of NAF (1-90 mg/ml [62]), further studies have normalised the protein content prior to analysis. Nonetheless, despite normalisation, Sauter et al. [66,67] could not confirm the initially observed diagnostic potential of three SELDI-TOF MS peaks (identified as hemoglobin beta chain isoforms) in a second, larger, study population. In contrast, despite the very limited sample size, the differential expression of human neutrophil peptides 1-3 observed in NAF (n = 10) was confirmed by analyses of pooled DLF samples from cancerous (n = 9) and unrelated healthy (n = 7) breasts [64].

As the breasts are a paired organ system, NAF samples from both the cancerous and non-cancerous breast of patients with unilateral breast cancer have been compared as well. Surprisingly, although different between patients, protein expression patterns were highly similar in both breasts of each patient [68][69][70]. Comparison of either the cancerous or the contralateral breast to unrelated healthy controls, however, yielded several significantly different peaks [69,70].

Despite limited sample sizes and lack of validation studies, NAF protein profiling did distinguish between women with and without breast cancer. However, as identification of the cancer-bearing breast was not possible, protein profiling of NAF may have more value in breast cancer risk assessment and disease monitoring than as a diagnostic tool [69]. Evidently, further research is needed to assess the value of the intraductal approach in breast cancer diagnosis.

Protein profiling of saliva

The use of saliva in diagnosis of systemic diseases such as breast cancer has been demonstrated by the detection of increased levels of solubilised c-erbB-2 and CA15.3 in breast cancer patients compared to healthy controls [START_REF] Hu | SELDI-TOF-MS: the proteomics and bioinformatics approaches in the diagnosis of breast cancer[END_REF]. Investigating saliva for diagnostic purposes has several key advantages, including its noninvasive collection, the possibility of repeated sampling, and the ease of sample handling and processing. Nonetheless, thus far, only one feasibility study has been performed in saliva. Using SELDI-TOF MS, five high molecular weight peaks were found to be overexpressed in breast cancer (n = 3) compared to control (n = 3) [71]. Although these peaks were neither structurally identified nor validated in larger sample sets, this study does show the potential of using saliva for diagnostic purposes.

Prognostic protein profiling studies

Compared to diagnostic studies, protein profiling studies aimed at discovering novel markers to improve breast cancer prognostication are rather limited (Table 1). Investigating post-operative sera of 83 high-risk breast cancer patients by SELDI-TOF MS, Goncalves et al. [45] constructed a 40-protein signature that correctly predicted outcome in 83% of patients. Major components of this signature included haptoglobin alpha-1, complement component C3a, transferrin, and apolipoprotein A-I and C-I (Table 2). These results should be interpreted cautiously, as the number of proteins used for classification is rather high in comparison with the limited study population, indicating probable over-fitting of the data. Moreover, results have not been validated in independent sample sets. The importance of validation is emphasised by a study performed by our group [72]. Using SELDI-TOF MS, we discovered a strong association between haptoglobin phenotype and recurrence free survival in sera of 63 high-risk primary breast cancer patients. However, as results were not confirmed following validation by haptoglobin phenotyping of a six-fold larger sample set (n = 371), this observation most likely resulted from a type I error (i.e. false positive) [72].

In a third SELDI-TOF MS study, performed in breast cancer tissue (n = 60), high levels of ubiquitin and/or low levels of ferritin light chain were found associated with a good prognosis [73]. Although results have not been confirmed by analysis of independent sample sets, ubiquitin has also been found differently expressed in breast cancer by three other studies investigating tissue specimens [START_REF] Sanders | Differentiating proteomic biomarkers in breast cancer by laser capture microdissection and MALDI MS[END_REF] and cell lines [START_REF] Leong | Profiling of apoptotic changes in human breast cancer cells using SELDI-TOF mass spectrometry[END_REF]74].

Lastly, cerebrospinal fluid (CSF) has also been explored for prognostic markers [75,76]. CSF is specific for the central nervous system [START_REF] Hu | Human body fluid proteome analysis[END_REF], contains less total protein than serum and provides a low fluid-volume-to-organ ratio, thereby augmenting biomarker discovery [START_REF] Good | Body fluid proteomics for biomarker discovery: lessons from the past hold the key to success in the future[END_REF]. As collection of CSF by invasive lumbar puncture is not applicable to healthy controls, this matrix has thus far only been investigated for prognostic purposes. In search for markers indicative of leptomeningeal metastases (LM), whole CSF samples of 106 breast cancer patients were digested with trypsin [75]. Following MALDI-TOF MS analysis of the resulting peptides, a classifier with 77% accuracy in determining LM status was constructed [75]. The discriminative tryptic peptides were derived of several proteins [76]. Three of these proteins (i.e. apolipoprotein A-I, haptoglobin and transferrin) have also been found associated to clinical outcome in serum [45].

Currently, breast cancer prognosis is assessed by a.o. TNM classification, assigning breast tumours to different stages based on depth of tumour invasion and presence of metastases. However, considering the heterogeneity in outcome of patients diagnosed with equivalent TNM stage, this classification system is suboptimal in tumour characterisation. Instead, tumour staging on the molecular level could be more accurate. Indeed, microarray-based gene expression profiling studies have identified five major molecular breast cancer subtypes (i.e. luminal A and B, Abbreviations. C: complement component, ITIH4: inter-a-trypsin inhibitor heavy chain 4, m/z: mass-to-charge ratio, detected by MALDI-or SELDI-TOF MS, t.p.: tryptic digest peptides * ± expression: one fragment was found increased (m/z 905), while the other fragments were found decreased (m/z 1264, 1351, and 1537) in breast cancer vs. control sera ERBB2-overexpressing, basal-like, and normal-like), showing distinct clinical courses and responses to therapeutic agents [START_REF] Sorlie | Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications[END_REF][START_REF] Perou | Molecular portraits of human breast tumours[END_REF]. Hence, in search for prognostic markers, two studies have investigated the correlation between SELDI-TOF MS protein profiles of tumour tissue lysates (n = 105) [START_REF] Brozkova | Surfaceenhanced laser desorption/ionization time-of-flight proteomic profiling of breast carcinomas identifies clinicopathologically relevant groups of patients similar to previously defined clusters from cDNA expression[END_REF] and breast cancer cell lines (n = 27)

[74] with the previously reported breast cancer subtypes.

Although discrepancies between cells grown in vivo and in vitro exist due to adaptation to cell culture conditions, breast cancer cell lines have been shown to accurately reflect the genomic, transcriptional, and biological heterogeneity found in primary tumours [START_REF] Neve | A collection of breast cancer cell lines for the study of functionally distinct cancer subtypes[END_REF]. As such, they appear to be a good surrogate matrix for tumour tissues, enabling proteome comparisons without introducing interfering factors. Indeed, in both studies, patient subgroups identified by hierarchical clustering of SELDI-TOF MS protein profiles were analogous to the molecular breast cancer subtypes [74,[START_REF] Brozkova | Surfaceenhanced laser desorption/ionization time-of-flight proteomic profiling of breast carcinomas identifies clinicopathologically relevant groups of patients similar to previously defined clusters from cDNA expression[END_REF]. Of the several differentially expressed protein peaks detected, heat shock protein (HSP) 27 and annexin V were identified as over-expressed in the luminal A type tumour tissue lysates [START_REF] Brozkova | Surfaceenhanced laser desorption/ionization time-of-flight proteomic profiling of breast carcinomas identifies clinicopathologically relevant groups of patients similar to previously defined clusters from cDNA expression[END_REF], while S100-A9 and a C-terminal truncated form of ubiquitin were found differentially expressed between the luminal-like and basal-like cell lines [74]. Of note, subsequent immunohistochemical analysis of S100-A9 in tumour specimens of 547 early breast cancer patients confirmed its association with basal subtypes, as well as its value as an indicator of poor prognosis [74]. The in vivo prognostic potential of HSP 27 and annexin V should be assessed by validation in clinical samples. Similar to the diagnostic studies, the prognostic studies published thus far generally investigated only a limited number of samples. Combined with the large number of features generated by the resulting protein profiles, datasets are frequently subjected to multiple testing. Hence, candidate biomarkers are prone to be false positive, rendering validation of pivotal importance to assess their true clinical performance. Nonetheless, thus far, only two validation studies have been performed. All studies have, however, structurally identified (part of) the candidate prognostic markers. The markers identified across serum and CSF (e.g. apolipoprotein A-I, haptoglobin and transferrin) were highly abundant, non-specific, host-response generated proteins. In addition, many of the proteins identified in tissue and cell lines (e.g. annexin V, S100-A9) are in fact normal cellular proteins. However, as their precise role in breast cancer remain to be elucidated, further research is needed to determine their value for breast cancer prognostication.

Predictive protein profiling studies

Although accurate prediction of chemosensitivity in cancer therapy would enable individualised therapy, thus avoiding toxic side effects and eliminating the use of ineffective agents, protein profiling studies searching for markers for response prediction and treatment monitoring of breast cancer are scarce. Several SELDI-TOF MS peaks (not structurally identified) were found indicative of treatment regimen for chemosensitive and -resistant breast cancer cell lines following exposure to doxorubicin or paclitaxel [START_REF] Mian | A prototype methodology combining surface-enhanced laser desorption/ionization protein chip technology and artificial neural network algorithms to predict the chemoresponsiveness of breast cancer cell lines exposed to Paclitaxel and Doxorubicin under in vitro conditions[END_REF]. In addition, Dowling et al. [START_REF] Dowling | Purification and identification of a 7.6-kDa protein in media conditioned by superinvasive cancer cells[END_REF] found an increase of a 7.6 kDa bovine transferrin fragment in serum-free conditioned medium of paclitaxel resistant human breast cancer cell lines, corresponding to the increased expression of the transferrin receptor they observed in whole cell lysates. Although these results were not translated to a human in vivo setting, other studies have indeed reported an association between increased serum and CSF transferrin levels and poor clinical outcome [45,75,76]. Similarly, while ubiquitin and S100-A6 were found to decrease in lysates of human breast cancer cell lines following chemotherapy induced apoptosis [START_REF] Leong | Profiling of apoptotic changes in human breast cancer cells using SELDI-TOF mass spectrometry[END_REF], an aberrant expression of both proteins has also been reported in breast cancer tissue [START_REF] Sanders | Differentiating proteomic biomarkers in breast cancer by laser capture microdissection and MALDI MS[END_REF]73]. Nonetheless, regarding the very limited number of samples investigated in the various studies, screening of larger cohorts and validation of the preclinical data in clinical samples is warranted before these potential markers can be used to improve therapeutic accuracy in clinical practice.

In vivo studies have been performed as well [START_REF] Pusztai | Pharmacoproteomic analysis of prechemotherapy and postchemotherapy plasma samples from patients receiving neoadjuvant or adjuvant chemotherapy for breast carcinoma[END_REF][START_REF] Heike | Identification of serum proteins related to adverse effects induced by docetaxel infusion from protein expression profiles of serum using SELDI ProteinChip system[END_REF]. In serum, both high molecular weight kininogen and apolipoprotein A-II were found significantly decreased in expression following docetaxel-induced shock [START_REF] Heike | Identification of serum proteins related to adverse effects induced by docetaxel infusion from protein expression profiles of serum using SELDI ProteinChip system[END_REF]. Likewise, in plasma, a SELDI-TOF MS peak at m/z 2790 (not structurally identified) was found to significantly increase following (neo)adjuvant paclitaxel infusion [START_REF] Pusztai | Pharmacoproteomic analysis of prechemotherapy and postchemotherapy plasma samples from patients receiving neoadjuvant or adjuvant chemotherapy for breast carcinoma[END_REF]. As it remains to be elucidated whether identified proteins are treatment-responsive, originate from micrometastatic carcinoma, or merely result from a general host-response to cytotoxic therapy, the definitive value of identified proteins as predictive markers can not be established yet.

Discussion and conclusion

Thus far, the majority of LDI protein profiling studies performed in breast cancer have searched for novel diagnostic markers, while the search for new prognostic and predictive biomarkers is limited to only few studies. The studies discussed in the current overview together have reported hundreds of mass-to-charge values, intensities of which were found to contain significant diagnostic, prognostic or predictive value. However, although indispensable for providing insight into the pathophysiological mechanisms associated with, or underlying, breast cancer, and development of absolute quantitative assays, only very few of these mass-to-charge ratios have been structurally identified yet. Moreover, the candidate markers that have been identified constitute of normal cellular proteins and high abundant blood proteins involved in coagulation and the acute phase response. Since their biology cannot be linked directly to tumour biochemistry, one of the ultimate aims of (LDI) protein profiling studies, i.e. increasing knowledge of the molecular mechanisms involved in cancer by identification of discriminative (full-length) proteins generated exclusively by cancer cells, has not been fulfilled yet.

Moreover, many of the identified candidate breast cancer markers have been found to bear diagnostic potential for other cancer types as well (e.g. C3a desArg in colorectal cancer [START_REF] Habermann | Increased serum levels of complement C3a anaphylatoxin indicate the presence of colorectal tumors[END_REF], apolipoprotein A-I in ovarian cancer [START_REF] Zhang | Three biomarkers identified from serum proteomic analysis for the detection of early stage ovarian cancer[END_REF]), indicating a general lack of tumour-specificity. However, as cancer cells are deranged host cells, and most cancers of epithelial origin share similar molecular features [START_REF] Hu | Human body fluid proteome analysis[END_REF], it may prove difficult to find a true cancer-specific protein that is expressed exclusively by one type of malignant cells. On the other hand, as such proteins are expected to be among the least abundant proteins, they could well be below the detection limit of the current (LDI) methods. Hence, these specific tumour-secreted proteins might actually exist, but could simply have eluded detection thus far.

Nonetheless, identification of specific tumour-secreted proteins is no prerequisite for improving breast cancer care, as better breast cancer diagnosis, prognosis, and prediction can also be accomplished by surrogate biomarkers of disease. A class of proteins currently recognised for their surrogate biomarker potential is the (proteolytic fragments of) high-abundant circulatory proteins. These fragments are hypothesised to be generated by cancer type-specific exoprotease activity, superimposed on the ex vivo coagulation and complement degradation proteolytic pathways. In addition, these fragments can also result from the proteases specifically expressed by malignant cells within the tumour microenvironment for tumour invasion and metastasis [START_REF] Bank | Review: peptidases and peptidase inhibitors in the pathogenesis of diseases. Disturbances in the ubiquitin-mediated proteolytic system. Protease-antiprotease imbalance in inflammatory reactions. Role of cathepsins in tumour progression[END_REF][START_REF] Blasi | Proteolysis, cell adhesion, chemotaxis, and invasiveness are regulated by the u-PA-u-PAR-PAI-1 system[END_REF], as they proteolytically process the acute phase proteins that are generated by the host response to the tumour. Since these modified host response proteins generally are present at substantially higher circulatory concentrations than the enzymes that process them upon their exposure to the tumour microenvironment, they can be detected in blood by current (LDI) methods for diagnostic purposes [48]. Although in breast cancer, this concept has been investigated for a.o. serum ITIH4, the various studies have reported contradictory results, a finding not entirely unforeseen regarding the biological matrix commonly investigated (i.e. serum). Since serum is generated by coagulation, its proteome is prone to the proteases involved in this cascade, as well as to those involved in the complement cascade, activated upon clotting. Various preanalytical parameters, such as sampling device, clotting temperature, and storage time, can thus all exert a distinct influence on the serum proteome. Hence, the concept of cancer type-specific (host response) protein fragments generated by tumour-secreted proteases still awaits confirmation by validation studies that adhere to rigorous sample handling protocols.

The need for such validation studies is, however, not limited to the reported host response protein fragments. Regardless of their identity, the majority of markers has been reported by single breast cancer studies, in which only limited numbers of samples were investigated, thereby compromising the generalisibility of results. Moreover, as the number of generated features (i.e. protein MS peaks) usually by far exceeds the number of samples investigated, proteomic (LDI) datasets are frequently subjected to multiple testing. As such, many candidate biomarkers are prone to be false positive. Hence, to prevent overfitting of data, as well as systematic bias by above-mentioned preanalytical parameters, validation of biomarker candidates by other, quantitative, methods and/or in new study populations is of pivotal importance. Yet, thus far, such validation studies have been performed for only few of the candidate biomarkers detected in LDI studies (i.e. serum C3a desArg , C3a desArgD8 , ITIH4 fragments, haptoglobin alpha-1, plasma m/z 2660 fibrinogen, and tissue S100-A9). As these studies generally yielded contradictory results (except for the m/z 2660 fibrinogen fragment and S100-A9), further research is needed to determine the true value of these markers in breast cancer management.

The few validation studies performed thus far are all of retrospective nature. In fact, none of the identified candidate markers has been investigated for their utility as breast cancer biomarkers in a larger, prospective, clinical setting. As such, none of the candidate biomarkers discussed in this overview has been validated sufficiently to be used for clinical patient care. Yet, the move from discovery phase to the pre-clinical and subsequent clinical validation phase is mandatory, as the sole purpose of a biomarker lies in its application. Nonetheless, overseeing the results of MALDI-and SELDI-TOF MS protein profiling studies up to now, the two platforms hold promise as high-throughput screening tools for discovery of novel breast cancer markers. Provided that these studies are performed with adequate statistical power and analytical rigour, they could eventually fulfil the great promise that protein biomarkers have for improving cancer patient outcome.

Fig. 1

 1 Fig.1Schematic representation of the MALDI-and SELDI-TOF MS principle (adapted from[15]). a Protein profiling by MALDI-TOF MS: 1. samples (ll volume) are fractionated off-line using for instance magnetic beads coated with a chromatographic surface (e.g. hydrophilic, hydrophobic, cationic, anionic, or immobilised metal affinity capture moiety), 2. addition of energy absorbing matrix (e.g. a-cyano-4-hydroxy-cinnamic acid) to (fractionated) samples, 3. application of mixed specimen to inert target plate for laser irradiation in (c). b Protein profiling by SELDI-TOF MS: 1. application of sample (ll volume) from, for example, cancer and control patients to an 8-spot array with a chromatographic surface (e.g. hydrophilic, hydrophobic, cationic, anionic, or immobilised metal affinity capture moiety) in appropriate binding buffer, 2. on-chip sample clean-up using various wash-buffers, 3. application of energy absorbing matrix (e.g. sinapinic acid) for desorption/ionisation of proteins by laser irradiation in a laser desorption/ionisation time-of-flight analyser (c).

  3 kDa ITIH4 fragment was one of the several ITIH4 fragments found increased in breast cancer by Song et al. [46]. Similar ITIH4 fragments, observed by Villanueva et al. [47] and Fung et al.

Table 1

 1 Protein profiling studies performed in breast cancer by MALDI-and SELDI-TOF MS

	Matrix	Training			Samples (n)		Validation	Samples (n)		ID	Ref.
		Platform Pretreatment	Condition	BC BD HC	Platform	BC	BD HC	
	Diagnostic studies										
	Tissue	MALDI LCM, IMS	-	5	-	3 a	n.p.				No	[24]
		MALDI LCM, IMS	-	62	-	84	MALDI	60	0	83	Yes [23]
		SELDI	LCM lysate	IMAC Cu	65	-	-	n.p.				No	[20]
		SELDI	Lysis	IMAC, WCX, SAX	20	-	-	n.p.				No	[21]
	Serum	MALDI C8 fractionation	-	78	-	29	n.p.				No	[32]
		MALDI C18 fractionation	-	21	-	33	n.p.				Yes [47]
		MALDI WCX fractionation -	46 46	-	n.p.				No	[36]
		MALDI IMAC fractionation -	48	-	28	n.p.				No	[31]
		MALDI WCX fractionation -	76	-	77	n.p.				No	[51]
		SELDI	Albumin depletion	H4	49	-	33	n.p.				No	[33]
		SELDI	-	IMAC Cu, SAX	45 42	47	n.p.				No	[39]
		SELDI	-	IMAC Cu, SAX	16	-	15	n.p.				No	[34]
		SELDI	-	IMAC Cu, SAX	-	-	-	SELDI	47	0	48	No	[38]
		SELDI	-	IMAC Cu	15	-	15	n.p.				No	[37]
		SELDI	-	IMAC Ni	155	-	155	SELDI				No	[40]
		SELDI	-	IMAC Ni	103 25	41	n.p.				No	[41]
		SELDI	-	IMAC Ni	-	-	-	SELDI	93 37	46	Yes [42]
		SELDI	-	IMAC Ni	-	-	-	SELDI	49 13	27	No	[43]
		SELDI	-	IMAC Ni	-	-	-	SELDI	48	0	48	No	[44]
		SELDI	-	Immunoassay	20	-	41	n.p.				Yes [48]
		SELDI	-	Immunoassay	19	-	40	n.p.				Yes [46]
	Plasma	SELDI	SAX fractionation	IMAC Cu	61	-	61	SELDI	28	0	0	Yes [50]
		SELDI	-	IMAC Cu	29	-	15	n.p.				No	[35]
	NAF	SELDI	-	H4	12	-	15	n.p.				No	[65]
		SELDI	-	NP20, H4, SAX	20	-	13	n.p.				Yes [66]
		SELDI	-	NP20, H4, SAX	25 83	-	n.p.				No	[67]
		SELDI	-	IMAC Cu, WCX	23	-	23 b	n.p.				No	[68]
		SELDI	-	IMAC Cu, WCX	23	-	23 b ,5	n.p.				No	[70]
		SELDI	-	IMAC Cu	5	-	5	SELDI	9	0	7 b	Yes [64]
		SELDI	-	NP20	38	-	63	n.p.				No	[62]
		SELDI	-	IMAC Cu, WCX	21	-	21 b ,44 n.p.				No	[69]
	DLF	SELDI	-	SAX	16	-	16 b	n.p.				No	[63]
	Saliva	SELDI	-	WCX	3	-	3	n.p.				No	[71]
	Prognostic studies										
	Cell line SELDI	Lysis	IMAC Cu, WCX	27	-	-	IHC on TMA 547 a	0	0	Yes [74]
	Tissue	SELDI	Lysis	IMAC Cu	105	-	-	n.p.				Yes [80]
		SELDI	Lysis	IMAC Cu	60	-	-	n.p.				Yes [73]
	Serum	SELDI	SAX fractionation	IMAC Cu, SAX	81	-	-	n.p.				Yes [45]
		SELDI		SAX	63	-	-	1D GE	371	0	0	Yes [72]
	CSF	MALDI Tryptic digestion	-	87	-	-	n.p.				Yes [75, 76]
	Predictive studies										
	Cell line SELDI	Lysis	H4	3	-	-	n.p.				No	[82]
		SELDI	(Medium)	IMAC Cu	2	-	-	n.p.				Yes [83]
		SELDI	Lysis	WCX	3	-	-	n.p.				Yes [25]
	Serum	SELDI		WCX	6	-	-	n.p.				

Table 1 continued

 1 Abbreviations. 1D GE: 1 dimensional gel electrophoresis, BC: breast cancer, BD: benign breast disease patient, CSF: cerebrospinal fluid, DLF: ductal lavage fluid, H4: reversed phase array, HC: healthy control, ID: structural identification of candidate biomarkers, IHC: immunohistochemistry, IMAC: immobilised metal affinity capture (fractionation or array), IMS: imaging mass spectrometry, LCM: laser capture microdissection, NAF: nipple aspirate fluid, n.p.: not performed, NP20: normal phase array, SAX: strong anion exchange (fractionation or array), TMA: tissue microarray, WCX: weak cation exchange (fractionation or array) a Tissue sample obtained from tissue adjacent to tumourous tissue, b NAF/DLF sample obtained from non-cancerous contralateral breast

	Matrix	Training		Samples (n)		Validation	Samples (n)	ID	Ref.
		Platform Pretreatment	Condition	BC BD HC	Platform	BC	BD HC
	Plasma	SELDI	IMAC Cu	24	-	-	n.p.			No	[35]

Table 2

 2 Candidate biomarkers in breast cancer identified by MALDI-and SELDI-TOF MS protein profiling studies

	Biomarker identity	Platform (m/z)	Matrix Expression	Function	Ref.
		MALDI	SELDI		±	in	
	a-1-antichymotrypsin	t.p.		CSF	?	Metastasis	Acute phase protein, serine	[75, 76]
							protease inhibitor
	Annexin V		33327	Tissue ?	Luminal subtype Tumour proliferation/	[80]
							metastasis?, anticoagulant
							protein
	Apolipoprotein A-I		28284	Serum -	Relapse	Lipid metabolism	[45]
		t.p.		CSF	?	Metastasis		[75, 76]
	Apolipoprotein A-II		9285	Serum -	Shock	Lipid metabolism	[84]
	Apolipoprotein A-IV	2508		Serum ?	Cancer	Lipid metabolism	[47]
	Apolipoprotein C-I		6647	Serum -	Relapse	Acute phase protein, lipid	[45]
							metabolism
	Apolipoprotein E	t.p.		CSF	-	Metastasis	Lipid metabolism	[75, 76]
	Bradykinin (fragments)		904, 1061	Serum ?	Cancer	Inflammation mediator	[47]
	C3a C-terminal fragment		8100	Serum ?	Cancer	Complement activation	[41]
	(C3a desArgD8 )		8116	Serum ?	Cancer		[42]
			8129	Serum n.s. Cancer		[43]
			8129	Serum n.s. Cancer		[44]
	C3a des-R anaphylatoxin		8900	Serum ?	Cancer	Complement activation	[41]
	(C3a desArg )		8926	Serum ?	Cancer		[42]
			8919	Serum ?	Cancer		[43]
			8941	Serum -	Cancer		[44]
			8936	Serum -	Relapse		[45]
	C3f (fragments)	942-1865		Serum -	Cancer	Complement activation	[47]
	C4a (fragments)	1627-2704		Serum ?	Cancer	Complement activation	[47]
	Factor XIII	2602		Serum ?	Cancer	Blood coagulation	[47]
	Ferritin light chain		19809	Tissue ?	Relapse	Acute phase protein, iron	[73]
							homeostasis
	Fibrinogen alpha (fragments)	2379, 2659		Serum ?	Cancer	Blood coagulation	[47]
			2661	Plasma -	Cancer		[50]
	Fibrinopeptide A (fragments)	905-1537		Serum ±* Cancer	Blood coagulation	[47]
	Haptoglobin (alpha 1)	t.p.		CSF	?	Metastasis	Acute phase protein,	[75, 76]
							haemoglobin binding
			9192	Serum ?	Relapse		[45]
			9192	Serum -	Relapse		[72]
	Heat shock protein 27		27152	Tissue ?	Luminal subtype Stress resistance, actin	[80]
							organisation
	Hemoglobin beta chain (isoforms)		15940	NAF	?	Cancer	Oxygen transport	[66]
	Hemopexin	t.p.		CSF	?	Metastasis	Haeme binding and transport,	[75, 76]
							acute phase protein
	Human neutrophil peptide 1-3		3375-3490 NAF	?	Cancer	Antibiotic, fungicide and	[64]
							antiviral
	ITIH4		4300	Serum -	Cancer	Acute phase reactant?	[41]
			4300	Serum ?	Cancer		[42]
			4286	Serum -	Cancer		[43]
			4276	Serum -	Cancer		[44]
			2271-3272 Serum n.s. Cancer		[48]
			2271-4293 Serum ?	Cancer		[46]
		998-2358		Serum ?	Cancer		[47]

Table 2 continued

 2 

	Biomarker identity	Platform (m/z)	Matrix	Expression	Function	Ref.
		MALDI	SELDI		±	in	
	Kininogen HMW		7790	Serum	-	Shock	Blood coagulation, bradykinin	[84]
							release
	Prostaglandin D2 synthase	t.p.		CSF	-	Metastasis	Catalyses prostaglandin	[75, 76]
							conversion
	S100-A6 (isoforms)		10900	Cell line	-	Apoptosis	Ca 2? -binding protein, growth	[25]
							factor
		10094		Tissue	-	Cancer		[23]
	S100-A8	10842		Tissue	?	Cancer	Ca 2? -binding protein,	[23]
							inflammation (dimer with
							S100-A9)
	S100-A9		13300	Cell line	-	Basal-like subtype	Ca 2? -binding protein,	[74]
							inflammation (dimer with
							S100-A8)
	Transferrin (human)		81763	Serum	?	Relapse	Acute phase reactant, iron	[45]
							binding and transport, cell
							proliferation
		t.p.		CSF	?	Metastasis		[75, 76]
	Transferrin (bovine)		7600	Medium	?	Resistance	Iron binding and transport, cell	[83]
							proliferation
	Transthyretin (fragment)	2451		Serum	?	Cancer	Thyroid hormone-binding	[47]
							protein, acute phase reactant
		t.p.		CSF	-	Metastasis		[75, 76]
	Ubiquitin		8445	Cell line	?	Basal-like subtype	Protein modifier	[74]
			8507	Tissue	-	Metastasis		[73]
			8560	Cell line	-	Apoptosis		[25]
		8568		Tissue	?	Cancer		[23]
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