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Abstract

:

Any robust classification system depends on its purpose and must refer to accepted standards, its strength relying on predictive values and a careful consideration of known factors that can affect its reliability. In this context, a molecular classification of human cancer must refer to the current gold standard (histological classification) and try to improve it with key prognosticators for metastatic potential, staging and grading. Although organ-specific examples have been published based on proteomics, transcriptomics and genomics evaluations, the most popular approach uses gene expression analysis as a direct correlate of cellular differentiation, which represents the key feature of the histological classification. RNA is a labile molecule that varies significantly according with the preservation protocol, its transcription reflect the adaptation of the tumor cells to the microenvironment, it can be passed through mechanisms of intercellular transference of genetic information (exosomes), and it is exposed to epigenetic modifications. More robust classifications should be based on stable molecules, at the genetic level represented by DNA to improve reliability, and its analysis must deal with the concept of intratumoral heterogeneity, which is at the origin of tumor progression and is the byproduct of the selection process during the clonal expansion and progression of neoplasms. The simultaneous analysis of multiple DNA targets and next generation sequencing offer the best practical approach for an analytical genomic classification of tumors.
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1. Introduction


A general definition of neoplasm like “cellular disease characterized by abnormal growth regulatory mechanisms” is descriptive and difficult to apply routinely, working definitions being required. The introduction of new markers has improved the diagnostic precision, but can potentially result in big changes in prevalence and uncertainties for particular lesions. The current WHO classifications of tumors incorporate new developments based on pathology and genetics, the leading criteria still being morphological; in this context, molecular findings complement the histological evaluation without replacing it. Additionally, any new definition should be validated against the accepted standard (specificity/sensitivity), should improve patient’s management, and should provide a biologic meaning for its application. The first requirement is typically met by the initial design, and the second condition would be expected in any successful implementation. The third criterion is harder to put into practice, but any new definition should be biologically meaningful and would incorporate core elements in tumor biology (in particular genetic and kinetic correlates) [1,2,3,4,5]. These elements need to be included in a score system. Examples include the PAX8/PPARγ fusion gene described in follicular thyroid carcinomas and adenomas or RET/PTC fusion genes reported in papillary thyroid carcinomas and Hashimoto’s thyroiditis. Molecular findings are contributing to a better understanding and classification of neoplasms [6,7,8]. The proposal, to classify neoplasms based only on the identification of one molecular abnormality, is naïve, especially considering that neoplasms require several mutations to reach the no-return point during the malignant transformation [4,5,9,10]. This approach raises fundamental issues in tumor classification and terminology that would need further considerations. Any classification is an organization in domains by hierarchical groups, according to features generalizable to the members of the groups. Classifications are important because class properties are shared among the members of a class, and because members of a class inherit the properties of their ancestors. The classification process must also be differentiated from terms like identification, discrimination, taxonomy, and ontology that cause considerable confusion among pathologists and cancer researchers. Identification is the act of placing something into its correct slot within an existing classification. Discrimination is finding features that separate members of a group according to expected variations in group behavior, the so-called prognostic factors such as grading and staging. A taxonomy is a complete listing of all the members of a classification, and an ontology is a rule-based grouping of some portion of a taxonomy.




2. General Features of Tumor Classification: Current Status


A classification has certain properties that distinguish it from other ways of organizing data. Any classification tries to encapsulate all knowledge related to a domain, but much of the current work in the molecular classification of tumors is identification, and discriminant analysis disguised as classification. It is impossible to create a molecular classification of tumors based solely on the separation of tumors by variations of molecular markers. Clustering by variation only identifies differences among tumors and is not sufficient to establish a classification. Classification is the process of showing that certain differences reliably distinguish the members of a group from the members of all other groups and that these differences apply to the group’s hierarchical descendants. In a modern classification, the elements of the classification serve as annotation keys and are capable of relating all data to the classification, incorporating molecular pathways that will be used as targets for new, non-toxic chemotherapeutic agents. There have been early successes with tumors sensitive to the inhibition of tyrosine kinases (gastrointestinal stromal tumors (GIST) and chronic myelogenous leukemia) with imatinib [11]. Both these tumors derive from non-endodermal/ectodermal embryonic layers, suggesting that molecular pathways (hence targets for chemotherapy) may be class-dependent.



Reliable classification systems require a careful use of internationally accepted nomenclature based on differentiation-developmental system that represents the current gold standard. The main criteria used in tumor classification are founded in tissue differentiation and developmental biology [4,9,10,12,13], which result in a system that gives several advantages: assign tumors to unique positions within the classification, avoiding the problem of multiple embryologic derivatives that can be present within one organ; provide a cell developmental stage that is usually reproduced by the differentiation process; give relevant behavioral information, such as the likely metastatic dissemination via lymphatics for epithelial neoplasms and by hematogenous spread of mesenchymal neoplasms; correlate closely with modern molecular analysis of tumors (sarcomas and lymphomas are frequently characterized by simple fusion genes, carcinomas and melanomas cannot be marked by a single genetic abnormality, and primitive blastomas share similar markers regardless of the organ of origin). For these reasons, the classification nomenclature used internationally is based on this terminology. However, current tumor classifications are site or organ system specific, often based on medical disciplines rather than biologic principles, appear redundant when subclassifications are merged and have problems analyzing heterogeneous biological data. Several fundamental issues in tumor classification exemplify the growing rift between morphologic and molecular approaches to tumor classification [9,10,14,15]: (1) intratumor heterogeneity and morpho-functional changes associated with tumor progression; (2) the distinction between loss of differentiation during progression and primary lack of differentiation; (3) the molecular properties shared by morphologically disparate tumors with or without a common developmental lineage; (4) the grouping of tumors based on shared cellular functions; (5) the separation of epithelial and non-epithelial tumors; (6) the distinction between germ cell tumors and pluripotent tumors of non-germ cell origin; and (7) the problem of re-classifying morphologically identical but clinically distinct subsets of tumors. If a tumor lacks a morphologic or molecular feature at one point in its development and gains it at a later point, the element cannot determine a new class of tumor. If a tumor has a good prognosis at one point (e.g., before it has metastasized) and a bad prognosis later (e.g., after it has metastasized), then prognostic features associated with metastasis cannot be used to determine a new class of tumor.



The differentiation-developmental classification of neoplasms makes basic assumptions, including: morphologic and molecular features of tumors will both fall sensibly into classes determined by tumor cell lineage; pathways with molecular alterations producing a tumor phenotype will tend to operate in all tumors of a developmental class; and morphologic properties associated with the altered pathway will be visible for all class members. It would therefore be sensible to keep the advantages of morphological classifications, complementing it with biological concepts and measurable features provided by molecular analysis, in particular those coming from genomic evaluations (multigene analysis highlights cooperative genetic interactions) [9,10]. Our understanding of embryologic lineage has changed very little over the past half century, and a classification based on differentiation and developmental biology permits tumors to be assigned to well-defined classes. Somatic DNA has lineage-specific epigenetic modifications that occur throughout development [16,17,18,19,20], opening the avenue for measurable and definable patterns of epigenetic modifications (e.g., methylation) as key informative features for the developmental lineage of tumors. Kho and coworkers [13] have developed a method that projects gene expression profiles of tumors onto a mouse developmental sequence. Human medulloblastoma most closely matched the gene expression profile of postnatal day five mouse cerebella. Although this study examined only a few tumors, it described a method that allows any human tumor to be matched against a library of gene expression profiles collected from normal tissues at different stages of development.



Because classifications are hypotheses about the fundamental nature of a knowledge domain, the foundational assumptions of any classification must be continually evaluated and challenged. In this scenario, the role of pathologists is essential as the best link to accomplish a robust, reliable and biologically founded classification of neoplasms. The pathologist prepares, describes and diagnoses the tissue samples; organizes and integrates the available information (demographic, clinical, and ancillary techniques); and identifies enriched tissue samples for more reliable molecular results by microdissection techniques. In all cases, the clinicopathologic annotations used by the molecular biologist are generated in whole or in part by surgical pathologists. It has been noted that, “the pathologist’s understanding of anatomic, physiologic, biochemical, immune, and other underlying factors that drive mechanisms of tissue responses to noxious agents turns a bewildering array of gene expression data into focused research programs” [21].




3. Key Cellular and Molecular Processes to Incorporate in a Robust Classification


Biologically, neoplasms develop through acquisition of capabilities that involve tumor cell aspects and microenvironment interactions [9,22,23]. The unrestricted growth observed in neoplasms is generally due to a stepwise accumulation of cooperative genetic alterations in oncogenes and tumor-suppressor genes, the number being more important than the order of changes; [24] the evidence available suggest that 5–7 genetic alterations are required for clinically detectable tumors, correlating with morphological progression in some locations. These capabilities are not equally relevant at different stages during tumorigenesis, as highlighted by careful morphological evaluations. The markers should be selected considering the ability to test and the marker role during tumor initiation and promotion. Tumor promotion markers would be more relevantly assessed during progression, which needs to be defined on clear clinical and morphological grounds. The main tumorigenesis molecular pathways must be evaluated according to the acquired capabilities: self-maintained replication (cell cycle dysregulation), extended cell survival (cell cycle arrest, apoptosis dysregulation, and replicative lifespan), genetic instability (chromosomal and microsatellite), changes in chromatin, transcription and epigenetics, mobilization of cellular resources, and modified microenvironment interactions (tumor cells, stromal cells, extracellular, endothelium) [9]. All these aspects must finally be integrated into the mechanisms of tumor initiation (including clonality) and progression. The knowledge of these pathways in each acquired capability is also essential to plan any sensible molecular evaluation of neoplasms (Figure 1): It will allow a marker selection based on biological features and it will allow a precise range of surrogate/secondary markers to validate the results. In addition, some pathways are mutually exclusive (i.e., RAS and B-RAF mutations or EGFR and RAS analyses) and have to be evaluated simultaneously.
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Figure 1. Malignant tumors are heterogeneous biological structures comprising cancer cell clones along with tumor-associated components necessary for maintaining the autonomous growth (stromal cells, extracellular matrix, inflammatory cells and endothelial cells). This heterotypic biology is self-maintained by acquired capabilities that promote both endless growth (proliferation, expanded cell survival or viability, resistance to cytostasis, and motility/invasion) and progression (evasion of genome maintenance, and appropriate cell energetics-metabolism). Cooperative genetic alterations in these pathways are common in cancer at different levels (DNA sequence, chemical modifications of DNA and gene expression), and their combinations can serve as elements of a molecular classification. However, as these combinations are not always pathognomonic and there is an additional complexity of gene expression (intercellular RNA transfer in heterotopic biology, RNA degradation), multitargeted simultaneous DNA analysis would be the most promising way to improve our current pathological neoplasm classification. 
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Molecular markers and pathways should be selected based on biological criteria comprising key features of tumorigenesis: heterotypic biology including microenvironment interactions and their role in mutagenesis (as key aspects of activation/suppression of gene function) and metastatic potential, along with the gene expression deregulations and their role in differentiation. These elements then need to be integrated with a sensible molecular test requirement and score system for practical implementation.



3.1. Heterotypic Tumor Biology: Tumor Cells-Microenvironment Interactions


Normal cells survive and grow within defined environmental niches and are subjected to microenvironmental control. Outside of their particular niche, the tissue environment is hostile to normal cells. Since they lack necessary cell autonomous survival signals, normal cells will not survive an inappropriate microenvironment [25]. Detachment-induced cell death (anoikis) has been proposed as the mechanism preventing normal cells from leaving their original environment and seeding at inappropriate locations [9]. In order to evade local tissue control and avoid anoikis during tumor development and progression, malignant cells start interacting with the surrounding ECM [26]. A bidirectional relationship is initiated by tumor cells and its surrounding stroma as a first step to invasive growth on metastatic spreading. Stromal changes sustaining tumor progression include modifications of the ECM composition, activation of fibroblasts, myoepithelial cells, and the recruitment of pericytes or smooth muscle cells and immune and inflammatory cells [27].



Human tumors arise from single cells that have accumulated the necessary number and types of heritable alterations. Each such cell leads to dysregulated growth and eventually the formation of a tumor. Despite their monoclonal origin, at the time of diagnosis most tumors show a striking amount of intratumor heterogeneity in all measurable phenotypes; the evolutionary dynamics of heterogeneity arising from exponential expansion of a tumor cell population, in which heritable alterations confer random fitness changes to cells [28]. Classical multistage modeling of tumorigenesis evolves through the processes of local proliferative lesions (tumor initiation and promotion or selection), and acquisition of invasion-metastatic potential (tumor progression). Broadly speaking, tumor development consists of the selective (clonal) expansion of altered cells to form focal lesions [3,29]. Within this definition, the process of promotion is mainly a quantitative phenomenon (many cells arising from a single cell), while no qualitative changes are necessarily implied. However, these latter properties are lost during tumor progression, which is typically characterized by increasing levels of tumor cell heterogeneity resulting in dominant qualitative changes [5,30], generating distinct cellular subclones with different phenotypes. Such a background represents the landscape for the full deployment of tumor progression.



These two distinctive processes, the mainly quantitative process of tumor promotion and the intrinsically qualitative process of tumor progression, are driven by two distinct microenvironments: the tissue and the tumor microenvironments [31,32,33]. The tissue microenvironment specifically refers to the local environment surrounding altered cells during their selective clonal expansion to form focal proliferative lesions. Conversely, the tumor microenvironment describes the unique biological milieu that emerges inside focal proliferative lesions as a consequence of their altered growth pattern [31,32,33]. Such new biological niche is characterized by a tissue architecture, which is not developmentally programmed and is bound to pose significant challenges for cell survival, due to altered/inadequate supply of oxygen and nutrients. This in turn can lead to biochemical and metabolic alterations that can profoundly impact on the fate of the cell populations inside focal lesions [34].



Given that altered cells can be selected in a tissue microenvironment which is otherwise growth-inhibitory to surrounding counterparts, a relevant question pertains to the biochemical and molecular basis of such phenotypic resistance. Blagosklonny has proposed the existence of two broad types of resistance [35]: (I) Non-oncogenic resistance relates to changes in drug metabolism and/or uptake, such that the rarely altered cell can withstand toxicity compared to the rest of the population in that tissue. Such phenotypic resistance would still translate into the clonal growth of that rare cell, but no increased risk of neoplastic disease would be implied [35]; (II) The oncogenic resistance is linked to the inability of the cell to sense or repair DNA damage and/or to activate effector mechanisms leading to cell cycle arrest and/or cell death. As a result, the affected cell is susceptible to acquire a “mutator phenotype”, i.e., the tendency to undergo a cascade of further mutations [9,36,37,38].



The mutator phenotype has been linked with a defect in mismatch repair (MMR) genes so that a cascade of mutations occurs in cancer-related genes. To justify the onset of a mutator phenotype in “sporadic cancers” (which are in fact the vast majority) we have to revisit some theories of carcinogenesis and their evidence base [1,39]. In sporadic cancers, the origin of the mutator phenotype has been attributed to chance, or to mutagens that selectively affect specific genes similar to MMR genes, or to a combination of the two. However, MMR is apparently mutated only in a minority of cases: For example, colon cancers characterized by the presence of microsatellites (MIN) are a small minority compared to cancers characterized by chromosome instability (CIN), whose onset has not yet been attributed to the failure of any particular gene repair such as MMR [37,38]. To explain the most common type of lesions that are found in nonhereditary cancers, chromosome aberrations, and CIN, we have to explain how the mutator phenotype originates. In addition, a fundamental concept emerging recently is that mutations or instability are irrelevant if there is not a microenvironmental change that selects the cells carrying such mutations.



Cell replication is the primary source of cellular stress. On one hand, continuous proliferation results in telomere attrition and reduced stability of chromosome ends, which activate the cycle of chromosomal fusion-bridge-breakage and a higher incidence of translocations such as expression of chromosomal instability (CIN). On the other hand, nucleotide mismatches are introduced by DNA polymerase and will accumulate in DNA regions with repetitive sequences, such as microsatellites; this is the primary reason for microsatellite instability (MSI), a finding more frequently detected in tissues with higher proliferation. CIN and MSI have been described as two alternative pathways to cancer [9,38]. CIN is defined as the ability of a cell to gain and lose chromosomes and is a feature of many types of cancer. Conversely, microsatellite instability is related to a defect in the DNA mismatch repair machinery (MSI cancers).



The net result of CIN is the deregulation of chromosome number (aneuploidy) and an enhanced rate of loss of heterozygosity, which is an important mechanism of inactivation of tumor suppressor genes. Cytogenetic studies of bladder, lung and colon tumors have shown that karyotype complexity, cell ploidy, and the number of structural changes found were closely associated with tumor grade and stage. It has been suggested that different environmental carcinogens can induce distinct forms of genetic instability [40]. The available data demonstrate that exposure to particular carcinogens can indeed select for tumor cells with distinct types of genetic instability and vice versa. These data offer potential clues to one of the remaining unsolved problems in cancer research, the relationship between environmental factors and the genetic abnormalities that affect the tumorigenesis.



Chronic inflammation promotes tumor onset and development through nonimmune and immune mechanisms. The nonimmune mechanisms include the following: (I) the production of reactive oxygen species (ROS) such as peroxynitrites, which cause DNA mutations that contribute to genetic instability and the proliferation of malignant cells [41]; (II) the production of proangiogenic factors such as vascular endothelial growth factor (VEGF), which promote tumor neovascularization [42]; and (III) the production of matrix metalloproteases, which facilitate invasion and metastasis [43].




3.2. Microenvironment and Metastasis


Cancer is a systemic disease: malignant tumors shed large numbers of cells into the blood and lymph vessels, some of them developing in distant sites into metastases. Moreover, distant metastasis is responsible for the majority of cancer-related deaths, and, therefore, understanding the underlying biological mechanisms of it is of primary importance. The invasion/metastasis capability is closely related with cell motility and requires the cytoskeleton as a critical component, which is also essential during mitoses. As malignancy criteria are mainly related to the phenotype of actively proliferating cells, it not surprising that metastatic deposits genetically match well-differentiated areas of primary neoplasms, and that invasive areas (periphery of solid organ neoplasms and deep compartment of luminal organ tumors) show lower cellular turnover and higher incidence of genetic abnormalities [38,39,44,45,46]. These factors need attention when planning the evaluation of intratumoral heterogeneity and would include: detailed specification of sampling (intratumoral location, number of samples), combined evaluation of kinetic and genetic features to assess selective process, analysis of pathways at several steps to avoid confounding factors (redundancy and pleiotropism) [5,9,47]. These biological foundations will enable a better therapeutic design, using the heterogeneity to improve patient’s management.



According to a traditional model of tumor development, tissue constraints constitute a significant evolutionary bottleneck in cancer evolution; thus, the acquisition of metastatic ability is considered to be the final step in tumor development, contingent on the acquisition of all of the other hallmarks of cancer [9,22,23]. This model implies that metastatic tumors should be genetically similar to the bulk of primary tumor cells.



Many studies that compared the genetic composition of primary tumors and secondary metastatic sites have found very close clonal relationships between the two in the majority of cases [48,49,50]. Similarly, analysis of gene expression profiles revealed very similar patterns between primary tumors and metastatic sites, a scenario highly unlikely for genetically divergent clones [51,52,53]. Another prediction from the linear model of tumor progression is that different metastases should display close clonal relationships among each other. Indeed, this prediction is supported by a recent study that compared the genetic composition of anatomically distinct metastatic lesions in 29 prostate cancer patients using SNP arrays and CGH [54]. In all cases, different metastatic lesions from the same patients demonstrated close clonal relationships, signifying monoclonal origin [54]. This demonstration of monoclonality of metastatic cancers is especially impressive given that primary prostate cancers are frequently multifocal [55], and show substantial intra-tumor genetic heterogeneity [55,56].



While the evidence of the close genetic relationship between primary and metastatic tumors is compelling, some cases display dramatic divergence, challenging the model where acquisition of metastasis is considered to be the last step of tumor progression. Radically different patterns of allelic losses, indicative of a high degree of genetic divergence, have been reported in primary tumors and lymph node metastases in prostate cancers [49], and between primary tumors and asynchronous metastases in breast cancers [50]. Highly divergent clonal evolution was also evident in a subset of cases in CGH studies of primary tumors versus lymph node metastases in breast cancers and of primary tumors versus metastatic tumors in renal cell carcinomas [48]. A recent report, comparing sequences of primary tumors and metastases in lobular breast cancers, revealed multiple mutations present only in metastases and several other mutations with increased frequency in metastatic sites [57]. Some of these genetic changes result in a higher incidence of apoptosis of tumor cells of dormant metastases (more than threefold higher) [58]. These data show that metastases remain dormant when tumor cell proliferation is balanced by an equivalent rate of cell death and suggest that angiogenesis inhibitors control metastatic growth by indirectly increasing apoptosis in tumor cells.




3.3. Gene Expression: Transfer of Genetic Material and Sequence-Independent Modifications


Gene expression analysis is becoming a useful tool for a better definition of neoplasms at diagnostic, prognostic and predictive levels. The identification of predictive markers of these features will help classifying neoplasms and stratifying patients for better management. However, the nature and biological meaning of these gene expression markers is not always clear: origin of the tested RNA, mechanism of RNA transference, utility for subclassification of neoplastic lesions. Gene expression analysis is becoming a useful tool for a better definition of neoplasms at diagnostic, prognostic and predictive levels [59,60,61,62,63]. The gene expression signature also reflects the metastatic potential in both cell lines and tumor samples [64,65,66,67,68]. First, the expression profile of low metastatic subline is distinct from that of the high metastatic subline. Metastases of the low metastatic subline closely resembled the pattern of the low metastatic primary tumor and did not “switch over” to the high metastatic gene expression profile. Thus, heterogeneity exists in this cell line/tumor, but may not be apparent as the signature reflects the majority of the tumor cells. The low metastatic subline is capable of spawning metastases, albeit at a lower rate, and its gene expression profile is therefore of significant interest. Second, the gene expression profile of the sublines as in vitro cultures is very distinct from the same sublines as primary tumors. While the primary tumors are a mixture of tumor cells and heterogeneous host cells (stromal cells, endothelial cells, among others), the contribution of these cells to the observed gene expression profiles should be minimal. Thus, the differences are thought to reflect changes in the tumor cells in response to the in vivo microenvironment. Third, comparable numbers of genes were “turned on” and “turned off” in the more highly metastatic tissues. We think about metastasis as the acquisition of traits, but the data remind us to pay equal attention to the loss of growth and differentiation-controlling genes. Many of the differentially expressed genes fall into the category of “usual suspects” for metastasis.



Cancer cells communicate with the environment through delivery of surface proteins, release of soluble factors (growth factors and cytokines), and sophisticated nano vesicles (exosomes) for the establishment of invasive tumor growth. A central question in molecular studies is to determine the cellular origin of the target mRNA. Two biological aspects are essential for this process: how the tumor mRNA gets there and the functionality of this mRNA. The answers to these questions are most relevant in locations where the tumor cells are scanty and the expression profile support higher tumor cell load [69]. Membrane vesicles derived from both tumor and host cells have recently been recognized as new candidates for critical roles in the promotion of tumor growth and metastasis [70]. The transfer of membrane components between donor and acceptor cells has been described “trogocytosis” (from Greek “trogo”, meaning “gnaw” or “bite”). Two forms of membrane transfer (trogocytosis) have been described: via nanotubes or membrane vesicles [71]. The biogenesis of membrane vesicles fundamentally distinguishes exosomes from shedding microvesicles and apoptotic blebs. The biologic heterogeneity of intraepithelial and invasive malignancies is well known at the morphologic, kinetic and genetic levels, an issue that has not been addressed in this paratumoral gene expression analysis and should warrant future studies. The gene expression markers should be evaluated in the appropriate biological context. Gene expression profiles are determined by a gene regulatory network comprising regulatory core of genes represented most prominently by transcription factors and miRNAs, which influence the expression of other genes, and a periphery of effector genes that are regulated but not regulating [72,73]. Most studies do not differentiate between these two essential groups, which can also be useful in selecting surrogate markers for a given condition [9,72]. There is a general concept to keep in mind during the analysis of gene expression: the amount of information is overwhelming, and the number of variables included in the studies significantly outnumbers the cases. In this scenario, the significant variables can be the result of a statistical selection rather than the expression of a biologically important process for a particular neoplasm. Relevant variables frequently include genes of the general metabolic activation associated with the neoplastic transformation [9,23], rather than tissue- or differentiation-specific gene variables.



Epigenetic dysregulation is central to cancer development and progression [74]. The best-known epigenetic marker is DNA methylation. This dysregulation includes hypomethylation leading to oncogene activation and chromosomal instability, hypermethylation and tumor suppressor gene silencing, and chromatin modification acting directly, and cooperatively with methylation changes, to modify gene expression [75]. The initial finding of global hypomethylation of DNA in human tumors was soon followed by the identification of hypermethylated tumor-suppressor genes, and then, more recently, the discovery of inactivation of microRNA (miRNA) genes by DNA methylation.




3.4. Molecular Test Scoring System for Practical Implementation


The application of these biologic concepts in oncologic pathology leads to consider the molecular testing requirements (Molecular Test Score System) for a reliable implementation, which cover biological effects (1–3), molecular pathway (4, 5), biological validation (6–8), and technical validation (9, 10) (Figure 2) [9].



Currently, the most efficient way to achieve this goal, is by genomic approach and multi-target analysis like that provided by next generation sequencing. This multi-target analysis also complies with the multistep process widely accepted during tumorigenesis and is further supported by the need for multiple cooperative mutations in neoplasms [3,4,5,9,10,46,76]. Although organ-specific examples have been published based on proteomics, transcriptomics and genomics evaluations, the most common approach uses gene expression analysis as a direct correlate of cellular differentiation, which represents the key feature of the histological classification. RNA is a labile molecule that varies significantly according with the preservation protocol, its transcription reflect the adaptation of the tumor cells to the microenvironment, it can be passed through mechanisms of intercellular transference of genetic information (exosomes), and it is exposed to epigenetic modifications. More robust classifications should be based on stable molecules, at the genetic level represented by DNA to improve reliability, and its analysis must deal with the concept of intratumoral heterogeneity, which is at the origin of tumor progression and is the byproduct of the selection process during the clonal expansion and progression of neoplasms.
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Figure 2. Multitarget genomic analysis of malignancies must consider the heterotypic nature of neoplasms of both cancer cells (cancer stem cells CSC, proliferating cancer cells PCC, arrested cancer cells ACC, and invasive cancer cells ICC) and tumor-associated (TA) components (fibroblasts TAF, endothelial cells TAEC, and extracellular matrix TAECM). Any comprehensive study need to address biological aspects and mechanisms of tumor genetic alterations to explain the natural history of a given neoplasm, provide essential prognostic information and predict response to therapy. The genetic alterations should be characterized at the cellular level (extracellular, plasma membrane, cytoplasm, nucleus or downstream genes) and molecular level (gene expression, methylation, microRNA, copy number aberrations and mutations). Any tests developed for this evaluation must follow a careful assessment of biological effects, pathways involved, biological validation and technical validation. In practice, the most promising approach fulfilling these criteria is the next generation sequencing. 
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4. Analytical Genomic Classification of Tumors (AGCT)


An analytical genomic classification of tumors (AGCT) must be based on multiple informative features covering general characteristics of hierarchical class and instances, epidemiologic features from the pathways highlighted by inherited cancer syndromes, and the etiopathogenic features from experimental pathology (Table 1).
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Table 1. Proposed requirements for independent classes in AGCT (Analytical Genomic Classification of Tumors).
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General Features

	
Specific Features






	
A classification is a hierarchical grouping

	
Each group is defined by the greatest number of informative features that can apply to every instance of the class.




	
Nomenclature should refer to differentiation/developmental terms internationally accepted.




	
Every instance of the knowledge domain must fit the classification.




	
Every instance and class must have exactly one slot in the classification.




	
Instances of one class cannot migrate to a different class but must remain in the same class or a subclass of the same class.




	
Instances and classes are separable from other instances and classes by informative features.




	
All new findings of subpopulations of tumors can be considered candidate function to characterize a class and distinguish the class from other classes.




	
Subclasses inherit the properties (shared informative features) of their ancestor classes.




	
Familial syndromes and epidemiologic features

	
Prevalence of the disease should be significantly higher in those carrying the genetic abnormalities (if familial model exists).




	
Animal models of the genetic abnormality–Etiopathogenic features

	
Marker gene should be more commonly abnormally expressed in animals with the disease than in controls without the disease when all risk factors are held constant.




	
Incidence of the disease should be significantly higher in those animals with the abnormal gene than in those not exposed.




	
A spectrum of preinvasive changes should follow the expression of the abnormal gene along a logical biologic gradient from mild to severe in the grading during neoplastic transformation (in particular for epithelial malignancies).




	
Elimination or modification of the putative gene or of the vector carrying it should decrease the incidence of the disease.









A multi-target genome-wide approach warrants the simultaneous evaluation of several pathways controlling the acquired capabilities that characterize neoplasms and cancers. It needs a detailed computational bioinformatics to distinguish the driver from passenger genetic alterations, along with a quantitative analysis to assess the proportion of mutated tumor cells and copy number variation. The aim of the study should be the evaluation of affected genes and the genetic mechanisms involved in their activation/inactivation. Once candidate molecules (i.e., genes, proteins, and other macromolecules or patterns of these molecules) are found to associate with a particular tumor variant, the pathologist gets a second chance to determine if a morphologic pattern correlates with the molecular property. Examples of both point mutations and translocations have been reported. Most GISTs have a KIT mutation that results in Kit protein overexpression [11,77]. Some GIST tumors lacking KIT mutations have a mutation in the platelet-derived growth-factor receptor alpha gene [78]. Sakurai and coworkers have examined GIST tumors that stain negatively for CD117, a marker for Kit protein overexpression. Many of these tumors have mutations in platelet-derived growth-factor receptor alpha gene and a distinctive histo-morphology characterized by myxoid epithelioid tumor cells and tumor infiltration by mast cells [79]. This newly recognized subtype of GIST involved the morphologic re-examination of the tumors following a molecular discovery. Secretory carcinoma of the breast is an uncommon variant of breast cancer that occurs most frequently in young women. It is characterized by the ETV6-NTRK3 fusion gene [80,81]. The search and discovery of this molecular marker was accomplished through asynchronous contributions from three biomedical realms: (1) pathologists, who defined the morphologic subset of breast carcinoma known as secretory carcinoma of breast; (2) oncologists who validated the clinically distinct features of the tumor; and (3) molecular biologists who discovered the translocation that characterized the tumor. This fusion gene is not unique for secretory carcinomas of the breast it has also been identified in radiation-induced carcinomas [82,83,84].



However, the molecular component should resolve several seemingly intractable problems. As the number of molecular pathways controlling cell-specific functions altered during the neoplastic transformation is limited, pathways will be shared by different classes of neoplasms and are not type-specific. Mutations in genes of the chromatin remodeling pathway have been described in various types of neoplasms such as malignant rhabdoid tumors [85], atypical teratoid/rhabdoid tumors of the brain [86,87,88] and hypercalcemic type of ovarian small cell carcinomas [6,7,8]; these mutations target closely related genes SMARCA and SMARCB that regulate this pathway, which is not particular of these neoplasms: SMARCB1 homozygous deletions have been found in epithelioid sarcoma and a subset of myoepithelial carcinomas [87]. Cytogenetic abnormalities and gene alterations in tumors co-occur with other anomalies, and the complex state of molecular abnormalities in tumors make it very difficult to assign classes of tumor to a single type of genetic abnormality. In addition, these alterations could represent the cause or the by-product of the genetic instability associated with the neoplastic progression, both driver and carrier mutations coexisting in the heterogeneous built of neoplasms. In this context, it may be impossible to reach scientific consensus on complex sets of molecular signatures that define groups of tumors. As an example, balanced translocations play biologic roles in several tumors [12]. Although certain translocations are characteristic of individual tumors, it has proven difficult to generalize that translocations occur in any particular class of tumors. Certainly, characteristic tumor translocations occur more commonly in mesenchymal tumors [12], but such translocations have also been observed in thyroid carcinomas [89,90], prostate adenocarcinoma and precursors [91,92], secretory carcinoma of breast [81], and in midline (lung) carcinoma of children and young adults [93]. Some translocations are also shared by carcinomas and sarcomas, such as the balanced and unbalanced chromosome X; 17 translocations in both Xp11.2 renal cell carcinoma and alveolar soft part sarcoma, supporting a preference but not a necessity for the translocation to be balanced in the carcinoma and unbalanced in the sarcoma [94,95,96]. The notable exception, wherein a class of tumors is characterized by a set of translocations, is the Ewing’s tumor family of tumors [97,98,99]. Translocations are tissue non-specific, occurring at a frequency related to the overall number of cytogenetic abnormalities found in tumors [100]. It can be noted that despite numerous projects aimed at classifying tumors with gene expression profiles, no comprehensive classification based on this technology has emerged.



Much of what passes for neoplasm “classification” in the bioinformatics literature is actually the algorithmic ranking of expressed genes that can discriminate one tumor variant from another [101,102,103,104,105], but without precise pathogenetic or etiologic considerations for those changes [14]. Some classifications can be challenged more easily than others. A classification built on a set of continually changing parameters is constantly evolving and challenging to evaluate. This is certainly true of a molecular classification, because our knowledge of the field changes almost daily. A few years ago, it was safe to say that all recurrent balanced translocations were a phenomenon of mesenchymal tumors. New findings of recurrent balanced translocations in non-mesenchymal tumors have nullified this class assertion [100]. Morphologists once classified clear cell sarcoma as a type of malignant melanoma, based on finding melanosomes within tumor cells. Recent molecular classification of these tumors clearly distinguishes them from cutaneous melanoma. Clear cell sarcomas have characteristic EWS-AFT1 fusion transcript not found in cutaneous melanomas [106,107]. In addition, BRAF mutations, commonly found in cutaneous melanomas, are absent from clear cell sarcomas [108,109]. The rapid accumulation of new knowledge about the molecular characteristics of tumors can quickly change classifications built on morphology or molecular biology. Pathologists seem to be putting this tumor back into the mesenchymal class of neoplasms [110].




5. Conclusions


A scientifically sound classification of neoplasms will serve as a guide to prognostic stratification of patients and to selecting a new generation of cancer medications targeted to molecular pathways specific for particular classes of tumors. Without a robust scientific foundation to the tumor classification, biological measurements on individual tumor samples cannot be generalized to other tumors, and constitutive properties common to a class of tumors cannot be distinguished from uninformative data collected from complex and chaotic biological systems (Figure 1). Morphology, even in the post-genomic era, has enormous value in the realm of discovery of informative features that eventually would be pathogenic and etiologic if possible. Careful morphologic examination has discovered previously unrecognized features that are diagnostic for new tumors or new clinical variants of known tumors that have characteristic molecular profiles. For tumor classification, lineage, morphologic, and multi-target molecular informative features must fulfill minimal criteria for the class assignment, generation of testable hypotheses and verification of etiopathogenic features (Table 1). These elements must also consider the molecular test requirements (Molecular Test Score System) for a reliable implementation, which cover biological effects, molecular pathways, biological validation, and technical validation (Figure 2).







Conflicts of Interest


The author declares no conflict of interest.




References


	



Blanes, A.; Sanchez-Carrillo, J.J.; Diaz-Cano, S.J. Topographic molecular profile of pheochromocytomas: Role of somatic down-regulation of mismatch repair. J. Clin. Endocrinol. Metab. 2006, 91, 1150–1158. [Google Scholar] [CrossRef] [PubMed]

	



Arif, S.; Blanes, A.; Diaz-Cano, S.J. Hashimoto’s thyroiditis shares features with early papillary thyroid carcinoma. Histopathology 2002, 41, 357–362. [Google Scholar] [CrossRef] [PubMed]

	



Baithun, S.I.; Naase, M.; Blanes, A.; Diaz-Cano, S.J. Molecular and kinetic features of transitional cell carcinomas of the bladder: Biological and clinical implications. Virchows Arch. Int. J. Pathol. 2001, 438, 289–297. [Google Scholar] [CrossRef]

	



Diaz-Cano, S.J. Designing a molecular analysis of clonality in tumours. J. Pathol. 2000, 191, 343–344. [Google Scholar] [CrossRef] [PubMed]

	



Pozo-Garcia, L.; Diaz-Cano, S.J. Clonal origin and expansions in neoplasms: Biologic and technical aspects must be considered together. Am. J. Pathol. 2003, 162, 353–355. [Google Scholar] [CrossRef] [PubMed]

	



Foulkes, W.D.; Clarke, B.A.; Hasselblatt, M.; Majewski, J.; Albrecht, S.; McCluggage, W.G. No small surprise–small cell carcinoma of the ovary, hypercalcaemic type, is a malignant rhabdoid tumour. J. Pathol. 2014, 233, 209–214. [Google Scholar] [CrossRef] [PubMed]

	



Jelinic, P.; Mueller, J.J.; Olvera, N.; Dao, F.; Scott, S.N.; Shah, R.; Gao, J.; Schultz, N.; Gonen, M.; Soslow, R.A.; et al. Recurrent SMARCA4 mutations in small cell carcinoma of the ovary. Nat. Genet. 2014, 46, 424–426. [Google Scholar] [CrossRef] [PubMed]

	



Witkowski, L.; Carrot-Zhang, J.; Albrecht, S.; Fahiminiya, S.; Hamel, N.; Tomiak, E.; Grynspan, D.; Saloustros, E.; Nadaf, J.; Rivera, B.; et al. Germline and somatic SMARCA4 mutations characterize small cell carcinoma of the ovary, hypercalcemic type. Nat. Genet. 2014, 46, 438–443. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Cano, S.J. General morphological and biological features of neoplasms: Integration of molecular findings. Histopathology 2008, 53, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Cano, S.J. Tumor heterogeneity: Mechanisms and bases for a reliable application of molecular marker design. Int. J. Mol. Sci. 2012, 13, 1951–2011. [Google Scholar] [CrossRef] [PubMed]

	



Blay, J.-Y.; Bonvalot, S.; Casali, P.; Choi, H.; Debiec-Richter, M.; Dei Tos, A.P.; Emile, J.-F.; Gronchi, A.; Hogendoorn, P.C.W.; Joensuu, H.; et al. Consensus meeting for the management of gastrointestinal stromal tumors. Report of the GIST consensus conference of 20–21 march 2004, under the auspices of ESMO. Ann. Oncol. 2005, 16, 566–578. [Google Scholar] [CrossRef] [PubMed]

	



Futreal, P.A.; Coin, L.; Marshall, M.; Down, T.; Hubbard, T.; Wooster, R.; Rahman, N.; Stratton, M.R. A census of human cancer genes. Nat. Rev. Cancer 2004, 4, 177–183. [Google Scholar] [CrossRef] [PubMed]

	



Kho, A.T.; Zhao, Q.; Cai, Z.; Butte, A.J.; Kim, J.Y.H.; Pomeroy, S.L.; Rowitch, D.H.; Kohane, I.S. Conserved mechanisms across development and tumorigenesis revealed by a mouse development perspective of human cancers. Genes Dev. 2004, 18, 629–640. [Google Scholar] [CrossRef] [PubMed]

	



Evans, A.S. Causation and disease: The henle-koch postulates revisited. Yale J. Biol. Med. 1976, 49, 175–195. [Google Scholar] [PubMed]

	



Berman, J.J. Tumor classification: Molecular analysis meets aristotle. BMC Cancer 2004, 4, 10. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Morgan, H.D.; Santos, F.; Green, K.; Dean, W.; Reik, W. Epigenetic reprogramming in mammals. Hum. Mol. Genet. 2005, 14, R47–R58. [Google Scholar] [CrossRef] [PubMed]

	



Shiota, K.; Kogo, Y.; Ohgane, J.; Imamura, T.; Urano, A.; Nishino, K.; Tanaka, S.; Hattori, N. Epigenetic marks by DNA methylation specific to stem, germ and somatic cells in mice. Genes Cells 2002, 7, 961–969. [Google Scholar] [CrossRef] [PubMed]

	



Allegrucci, C.; Thurston, A.; Lucas, E.; Young, L. Epigenetics and the germline. Reproduction 2005, 129, 137–149. [Google Scholar] [CrossRef] [PubMed]

	



Esteller, M. Epigenetics provides a new generation of oncogenes and tumour-suppressor genes. Br. J. Cancer 2007, 96, R26–R30. [Google Scholar] [PubMed]

	



Ooi, S.L.; Henikoff, S. Germline histone dynamics and epigenetics. Curr. Opin. Cell Biol. 2007, 19, 257–265. [Google Scholar] [CrossRef] [PubMed]

	



Boorman, G.A.; Anderson, S.P.; Casey, W.M.; Brown, R.H.; Crosby, L.M.; Gottschalk, K.; Easton, M.; Ni, H.; Morgan, K.T. Toxicogenomics, drug discovery, and the pathologist. Toxicol. Pathol. 2002, 30, 15–27. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Kinzler, K.W.; Vogelstein, B. Lessons from hereditary colorectal cancer. Cell 1996, 87, 159–170. [Google Scholar] [CrossRef] [PubMed]

	



Morrison, S.J.; Spradling, A.C. Stem cells and niches: Mechanisms that promote stem cell maintenance throughout life. Cell 2008, 132, 598–611. [Google Scholar] [CrossRef] [PubMed]

	



Reddig, P.J.; Juliano, R.L. Clinging to life: Cell to matrix adhesion and cell survival. Cancer Metastasis Rev. 2005, 24, 425–439. [Google Scholar] [CrossRef] [PubMed]

	



Tlsty, T.D.; Coussens, L.M. Tumor stroma and regulation of cancer development. Annu. Rev. Pathol. 2006, 1, 119–150. [Google Scholar] [CrossRef] [PubMed]

	



Durrett, R.; Foo, J.; Leder, K.; Mayberry, J.; Michor, F. Intratumor heterogeneity in evolutionary models of tumor progression. Genetics 2011, 188, 461–477. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Cano, S.J. Clonality studies in the analysis of adrenal medullary proliferations: Application principles and limitations. Endocr. Pathol. 1998, 9, 301–316. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Cano, S.J.; Blanes, A.; Wolfe, H.J. Pcr techniques for clonality assays. Diagn. Mol. Pathol. 2001, 10, 24–33. [Google Scholar] [CrossRef] [PubMed]

	



Laconi, E. The evolving concept of tumor microenvironments. BioEssays News Rev. Mol. Cell. Dev. Biol. 2007, 29, 738–744. [Google Scholar] [CrossRef]

	



Laconi, E.; Doratiotto, S.; Vineis, P. The microenvironments of multistage carcinogenesis. Semin. Cancer Biol. 2008, 18, 322–329. [Google Scholar] [CrossRef] [PubMed]

	



Laconi, E.; Sonnenschein, C. Cancer development at tissue level. Semin. Cancer Biol. 2008, 18, 303–304. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.E.; Bindra, R.S.; Glazer, P.M.; Harris, A.L. Hypoxia-induced genetic instability—A calculated mechanism underlying tumor progression. J. Mol. Med. 2007, 85, 139–148. [Google Scholar] [CrossRef] [PubMed]

	



Blagosklonny, M.V. Oncogenic resistance to growth-limiting conditions. Nat. Rev. 2002, 2, 221–225. [Google Scholar] [CrossRef]

	



Breivik, J. The evolutionary origin of genetic instability in cancer development. Semin. Cancer Biol. 2005, 15, 51–60. [Google Scholar] [CrossRef] [PubMed]

	



Bielas, J.H.; Loeb, L.A. Mutator phenotype in cancer: Timing and perspectives. Environ. Mol. Mutagen. 2005, 45, 206–213. [Google Scholar] [CrossRef] [PubMed]

	



Blanes, A.; Diaz-Cano, S.J. Complementary analysis of microsatellite tumor profile and mismatch repair defects in colorectal carcinomas. World J. Gastroenterol. WJG 2006, 12, 5932–5940. [Google Scholar]

	



Rubio, J.; Blanes, A.; Sanchez-Carrillo, J.J.; Diaz-Cano, S.J. Microsatellite abnormalities and somatic down-regulation of mismatch repair characterize nodular-trabecular muscle-invasive urothelial carcinoma of the bladder. Histopathology 2007, 51, 458–467. [Google Scholar] [CrossRef] [PubMed]

	



Bardelli, A.; Cahill, D.P.; Lederer, G.; Speicher, M.R.; Kinzler, K.W.; Vogelstein, B.; Lengauer, C. Carcinogen-specific induction of genetic instability. Proc. Natl. Acad. Sci. USA 2001, 98, 5770–5775. [Google Scholar] [CrossRef] [PubMed]

	



Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, L.M.; Hicklin, D.J. Vegf-targeted therapy: Mechanisms of anti-tumour activity. Nat. Rev. 2008, 8, 579–591. [Google Scholar] [CrossRef]

	



Yang, L.; Huang, J.; Ren, X.; Gorska, A.E.; Chytil, A.; Aakre, M.; Carbone, D.P.; Matrisian, L.M.; Richmond, A.; Lin, P.C.; et al. Abrogation of TGFβ signaling in mammary carcinomas recruits Gr-1+CD11b+ myeloid cells that promote metastasis. Cancer Cell 2008, 13, 23–35. [Google Scholar] [CrossRef] [PubMed]

	



Blanes, A.; Diaz-Cano, S.J. DNA and kinetic heterogeneity during the clonal evolution of adrenocortical proliferative lesions. Hum. Pathol. 2006, 37, 1295–1303. [Google Scholar] [CrossRef] [PubMed]

	



Blanes, A.; Rubio, J.; Martinez, A.; Wolfe, H.J.; Diaz-Cano, S.J. Kinetic profiles by topographic compartments in muscle-invasive transitional cell carcinomas of the bladder: Role of TP53 and NF1 genes. Am. J. Clin. Pathol. 2002, 118, 93–100. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Cano, S.J.; Blanes, A.; Rubio, J.; Matilla, A.; Wolfe, H.J. Molecular evolution and intratumor heterogeneity by topographic compartments in muscle-invasive transitional cell carcinoma of the urinary bladder. Lab. Investig. J. Tech. Methods Pathol. 2000, 80, 279–289. [Google Scholar] [CrossRef]

	



Jimenez, J.J.; Blanes, A.; Diaz-Cano, S.J. Microsatellite instability in colon cancer. N. Engl. J. Med. 2003, 349, 1774–1776. [Google Scholar] [CrossRef] [PubMed]

	



Bissig, H.; Richter, J.; Desper, R.; Meier, V.; Schraml, P.; Schaffer, A.A.; Sauter, G.; Mihatsch, M.J.; Moch, H. Evaluation of the clonal relationship between primary and metastatic renal cell carcinoma by comparative genomic hybridization. Am. J. Pathol. 1999, 155, 267–274. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, L.; Bostwick, D.G.; Li, G.; Wang, Q.; Hu, N.; Vortmeyer, A.O.; Zhuang, Z. Allelic imbalance in the clonal evolution of prostate carcinoma. Cancer 1999, 85, 2017–2022. [Google Scholar] [CrossRef] [PubMed]

	



Kuukasjarvi, T.; Karhu, R.; Tanner, M.; Kahkonen, M.; Schaffer, A.; Nupponen, N.; Pennanen, S.; Kallioniemi, A.; Kallioniemi, O.P.; Isola, J. Genetic heterogeneity and clonal evolution underlying development of asynchronous metastasis in human breast cancer. Cancer Res. 1997, 57, 1597–1604. [Google Scholar] [PubMed]

	



Ramaswamy, S.; Ross, K.N.; Lander, E.S.; Golub, T.R. A molecular signature of metastasis in primary solid tumors. Nat. Genet. 2003, 33, 49–54. [Google Scholar] [CrossRef] [PubMed]

	



Weigelt, B.; Glas, A.M.; Wessels, L.F.; Witteveen, A.T.; Peterse, J.L.; van’t Veer, L.J. Gene expression profiles of primary breast tumors maintained in distant metastases. Proc. Natl. Acad. Sci. USA 2003, 100, 15901–15905. [Google Scholar] [CrossRef] [PubMed]

	



Weigelt, B.; Hu, Z.; He, X.; Livasy, C.; Carey, L.A.; Ewend, M.G.; Glas, A.M.; Perou, C.M.; van’t Veer, L.J. Molecular portraits and 70-gene prognosis signature are preserved throughout the metastatic process of breast cancer. Cancer Res. 2005, 65, 9155–9158. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Laitinen, S.; Khan, S.; Vihinen, M.; Kowalski, J.; Yu, G.; Chen, L.; Ewing, C.M.; Eisenberger, M.A.; Carducci, M.A.; et al. Copy number analysis indicates monoclonal origin of lethal metastatic prostate cancer. Nat. Med. 2009, 15, 559–565. [Google Scholar] [CrossRef] [PubMed]

	



Ruijter, E.T.; van de Kaa, C.A.; Schalken, J.A.; Debruyne, F.M.; Ruiter, D.J. Histological grade heterogeneity in multifocal prostate cancer. Biological and clinical implications. J. Pathol. 1996, 180, 295–299. [Google Scholar] [CrossRef] [PubMed]

	



Alvarado, C.; Beitel, L.K.; Sircar, K.; Aprikian, A.; Trifiro, M.; Gottlieb, B. Somatic mosaicism and cancer: A micro-genetic examination into the role of the androgen receptor gene in prostate cancer. Cancer Res. 2005, 65, 8514–8518. [Google Scholar] [CrossRef] [PubMed]

	



Shah, S.P.; Morin, R.D.; Khattra, J.; Prentice, L.; Pugh, T.; Burleigh, A.; Delaney, A.; Gelmon, K.; Guliany, R.; Senz, J.; et al. Mutational evolution in a lobular breast tumour profiled at single nucleotide resolution. Nature 2009, 461, 809–813. [Google Scholar] [CrossRef] [PubMed]

	



Holmgren, L.; O’Reilly, M.S.; Folkman, J. Dormancy of micrometastases: Balanced proliferation and apoptosis in the presence of angiogenesis suppression. Nat. Med. 1995, 1, 149–153. [Google Scholar] [CrossRef] [PubMed]

	



Bornstein, S.R.; Hornsby, P.J. What can we learn from gene expression profiling for adrenal tumor management? J. Clin. Endocrinol. Metab. 2005, 90, 1900–1902. [Google Scholar] [CrossRef] [PubMed]

	



Garber, M.E.; Troyanskaya, O.G.; Schluens, K.; Petersen, S.; Thaesler, Z.; Pacyna-Gengelbach, M.; van de Rijn, M.; Rosen, G.D.; Perou, C.M.; Whyte, R.I.; et al. Diversity of gene expression in adenocarcinoma of the lung. Proc. Natl. Acad. Sci. USA 2001, 98, 13784–13789. [Google Scholar] [CrossRef] [PubMed]

	



Steeg, P.S. New insights into the tumor metastatic process revealed by gene expression profiling. Am. J. Pathol. 2005, 166, 1291–1294. [Google Scholar] [CrossRef] [PubMed]

	



Van de Rijn, M.; Rubin, B.P. Gene expression studies on soft tissue tumors. Am. J. Pathol. 2002, 161, 1531–1534. [Google Scholar]

	



Van’t Veer, L.J.; Paik, S.; Hayes, D.F. Gene expression profiling of breast cancer: A new tumor marker. J. Clin. Oncol. 2005, 23, 1631–1635. [Google Scholar]

	



Ouatas, T.; Salerno, M.; Palmieri, D.; Steeg, P.S. Basic and translational advances in cancer metastasis: Nm23. J. Bioenerg. Biomembr. 2003, 35, 73–79. [Google Scholar] [CrossRef] [PubMed]

	



Salerno, M.; Ouatas, T.; Palmieri, D.; Steeg, P.S. Inhibition of signal transduction by the nm23 metastasis suppressor: Possible mechanisms. Clin. Exp. Metastasis 2003, 20, 3–10. [Google Scholar] [CrossRef] [PubMed]

	



Steeg, P.S. Metastasis suppressors alter the signal transduction of cancer cells. Nat. Rev. 2003, 3, 55–63. [Google Scholar] [CrossRef]

	



Steeg, P.S.; Ouatas, T.; Halverson, D.; Palmieri, D.; Salerno, M. Metastasis suppressor genes: Basic biology and potential clinical use. Clin. Breast Cancer 2003, 4, 51–62. [Google Scholar] [CrossRef] [PubMed]

	



Wulfkuhle, J.D.; Paweletz, C.P.; Steeg, P.S.; Petricoin, E.F., III; Liotta, L. Proteomic approaches to the diagnosis, treatment, and monitoring of cancer. Adv. Exp. Med. Biol. 2003, 532, 59–68. [Google Scholar] [PubMed]

	



Diaz-Cano, S.J. Paratumoral gene expression profiles: Promising markers of malignancy in melanocytic lesions. Br. J. Dermatol. 2011, 165, 702–703. [Google Scholar] [CrossRef] [PubMed]

	



Peinado, H.; Lavotshkin, S.; Lyden, D. The secreted factors responsible for pre-metastatic niche formation: Old sayings and new thoughts. Semin. Cancer Biol. 2011, 21, 139–146. [Google Scholar] [CrossRef] [PubMed]

	



Gyorgy, B.; Szabo, T.G.; Pasztoi, M.; Pal, Z.; Misjak, P.; Aradi, B.; Laszlo, V.; Pallinger, E.; Pap, E.; Kittel, A.; et al. Membrane vesicles, current state-of-the-art: Emerging role of extracellular vesicles. Cell Mol. Life Sci. 2011, 68, 2667–2688. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Feng, Y.; Trivedi, N.S.; Huang, S. Medusa structure of the gene regulatory network: Dominance of transcription factors in cancer subtype classification. Exp. Biol. Med. 2011, 236, 628–636. [Google Scholar] [CrossRef]

	



Guo, Z.; Wu, F.; Asplund, A.; Hu, X.; Mazurenko, N.; Kisseljov, F.; Ponten, J.; Wilander, E. Analysis of intratumoral heterogeneity of chromosome 3p deletions and genetic evidence of polyclonal origin of cervical squamous carcinoma. Mod. Pathol. 2001, 14, 54–61. [Google Scholar] [CrossRef] [PubMed]

	



Esteller, M. Epigenetics in cancer. N. Engl. J. Med. 2008, 358, 1148–1159. [Google Scholar] [CrossRef] [PubMed]

	



Feinberg, A.P. The epigenetics of cancer etiology. Semin. Cancer Biol. 2004, 14, 427–432. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Cano, S.J. Molecular mechanisms in melanoma. N. Engl. J. Med. 2006, 355, 1395–1396. [Google Scholar] [CrossRef] [PubMed]

	



Fletcher, C.D.M.; Berman, J.J.; Corless, C.; Gorstein, F.; Lasota, J.; Longley, B.J.; Miettinen, M.; O’Leary, T.J.; Remotti, H.; Rubin, B.P.; et al. Diagnosis of gastrointestinal stromal tumors: A consensus approach. Hum. Pathol. 2002, 33, 459–465. [Google Scholar] [CrossRef] [PubMed]

	



Medeiros, F.; Corless, C.L.; Duensing, A.; Hornick, J.L.; Oliveira, A.M.; Heinrich, M.C.; Fletcher, J.A.; Fletcher, C.D.M. Kit-negative gastrointestinal stromal tumors: Proof of concept and therapeutic implications. Am. J. Surg. Pathol. 2004, 28, 889–894. [Google Scholar] [CrossRef] [PubMed]

	



Sakurai, S.; Hasegawa, T.; Sakuma, Y.; Takazawa, Y.; Motegi, A.; Nakajima, T.; Saito, K.; Fukayama, M.; Shimoda, T. Myxoid epithelioid gastrointestinal stromal tumor (gist) with mast cell infiltrations: A subtype of gist with mutations of platelet-derived growth factor receptor alpha gene. Hum. Pathol. 2004, 35, 1223–1230. [Google Scholar] [CrossRef] [PubMed]

	



Laé, M.; Fréneaux, P.; Sastre-Garau, X.; Chouchane, O.; Sigal-Zafrani, B.; Vincent-Salomon, A. Secretory breast carcinomas with ETV6-NTRK3 fusion gene belong to the basal-like carcinoma spectrum. Mod. Pathol. 2009, 22, 291–298. [Google Scholar] [CrossRef] [PubMed]

	



Makretsov, N.; He, M.; Hayes, M.; Chia, S.; Horsman, D.E.; Sorensen, P.H.B.; Huntsman, D.G. A fluorescence in situ hybridization study of ETV6-NTRK3 fusion gene in secretory breast carcinoma. Genes Chromosomes Cancer 2004, 40, 152–157. [Google Scholar] [CrossRef] [PubMed]

	



Leeman-Neill, R.J.; Kelly, L.M.; Liu, P.; Brenner, A.V.; Little, M.P.; Bogdanova, T.I.; Evdokimova, V.N.; Hatch, M.; Zurnadzy, L.Y.; Nikiforova, M.N.; et al. ETV6-NTRK3 is a common chromosomal rearrangement in radiation-associated thyroid cancer. Cancer 2014, 120, 799–807. [Google Scholar] [CrossRef] [PubMed]

	



Qi, M.; Li, Y.; Liu, J.; Yang, X.; Wang, L.; Zhou, Z.; Han, B. Morphologic features of carcinomas with recurrent gene fusions. Adv. Anat. Pathol. 2012, 19, 417–424. [Google Scholar] [CrossRef] [PubMed]

	



Skálová, A.; Vanecek, T.; Majewska, H.; Laco, J.; Grossmann, P.; Simpson, R.H.W.; Hauer, L.; Andrle, P.; Hosticka, L.; Branžovský, J.; et al. Mammary analogue secretory carcinoma of salivary glands with high-grade transformation: Report of 3 cases with the ETV6-NTRK3 gene fusion and analysis of TP53, β-catenin, EGFR, and CCND1 genes. Am. J. Surg. Pathol. 2014, 38, 23–33. [Google Scholar] [CrossRef] [PubMed]

	



Versteege, I.; Sévenet, N.; Lange, J.; Rousseau-Merck, M.F.; Ambros, P.; Handgretinger, R.; Aurias, A.; Delattre, O. Truncating mutations of hSNF5/INI1 in aggressive paediatric cancer. Nature 1998, 394, 203–206. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.; Becker, A.J.; LoTurco, J.J. Contribution of tumor heterogeneity in a new animal model of cns tumors. Mol. Cancer Res. 2014, 12, 742–753. [Google Scholar] [CrossRef] [PubMed]

	



Le Loarer, F.; Zhang, L.; Fletcher, C.D.; Ribeiro, A.; Singer, S.; Italiano, A.; Neuville, A.; Houlier, A.; Chibon, F.; Coindre, J.-M.; et al. Consistent smarcb1 homozygous deletions in epithelioid sarcoma and in a subset of myoepithelial carcinomas can be reliably detected by fish in archival material. Genes Chromosomes Cancer 2014, 53, 475–486. [Google Scholar]

	



Vu-Han, T.-L.; Frühwald, M.C.; Hasselblatt, M.; Kerl, K.; Nagel, I.; Obser, T.; Oyen, F.; Siebert, R.; Schneppenheim, R. Identifying molecular markers for the sensitive detection of residual atypical teratoid rhabdoid tumor cells. Cancer Genet. 2014, 207, 390–397. [Google Scholar] [CrossRef] [PubMed]

	



Vu-Phan, D.; Grachtchouk, V.; Yu, J.; Colby, L.A.; Wicha, M.S.; Koenig, R.J. The thyroid cancer PAX8-PPARG fusion protein activates Wnt/TCF-responsive cells that have a transformed phenotype. Endocr. Relat. Cancer 2013, 20, 725–739. [Google Scholar] [CrossRef] [PubMed]

	



Ricarte-Filho, J.C.; Li, S.; Garcia-Rendueles, M.E.R.; Montero-Conde, C.; Voza, F.; Knauf, J.A.; Heguy, A.; Viale, A.; Bogdanova, T.; Thomas, G.A.; et al. Identification of kinase fusion oncogenes in post-chernobyl radiation-induced thyroid cancers. J. Clin. Investig. 2013, 123, 4935–4944. [Google Scholar] [CrossRef] [PubMed]

	



Mackinnon, A.C.; Yan, B.C.; Joseph, L.J.; Al-Ahmadie, H.A. Molecular biology underlying the clinical heterogeneity of prostate cancer: An update. Arch. Pathol. Lab. Med. 2009, 133, 1033–1040. [Google Scholar] [PubMed]

	



Mehra, R.; Han, B.; Tomlins, S.A.; Wang, L.; Menon, A.; Wasco, M.J.; Shen, R.; Montie, J.E.; Chinnaiyan, A.M.; Shah, R.B. Heterogeneity of TMPRSS2 gene rearrangements in multifocal prostate adenocarcinoma: Molecular evidence for an independent group of diseases. Cancer Res. 2007, 67, 7991–7995. [Google Scholar] [CrossRef] [PubMed]

	



Fournier, G.; Valeri, A.; Mangin, P.; Cussenot, O. Prostate cancer. Epidemiology. Risk factors. Pathology. Ann. Urol. 2004, 38, 187–206. [Google Scholar] [CrossRef]

	



Hodge, J.C.; Pearce, K.E.; Wang, X.; Wiktor, A.E.; Oliveira, A.M.; Greipp, P.T. Molecular cytogenetic analysis for TFE3 rearrangement in Xp11.2 renal cell carcinoma and alveolar soft part sarcoma: Validation and clinical experience with 75 cases. Mod. Pathol. 2014, 27, 113–127. [Google Scholar] [CrossRef] [PubMed]

	



Kobos, R.; Nagai, M.; Tsuda, M.; Merl, M.Y.; Saito, T.; Laé, M.; Mo, Q.; Olshen, A.; Lianoglou, S.; Leslie, C.; et al. Combining integrated genomics and functional genomics to dissect the biology of a cancer-associated, aberrant transcription factor, the ASPSCR1-TFE3 fusion oncoprotein. J. Pathol. 2013, 229, 743–754. [Google Scholar] [CrossRef] [PubMed]

	



Ross, H.; Argani, P. Xp11 translocation renal cell carcinoma. Pathology 2010, 42, 369–373. [Google Scholar] [CrossRef] [PubMed]

	



Gulley, M.L.; Kaiser-Rogers, K.A. A rational approach to genetic testing for sarcoma. Diagn. Mol. Pathol. 2009, 18, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Machado, I.; Traves, V.; Cruz, J.; Llombart, B.; Navarro, S.; Llombart-Bosch, A. Superficial small round-cell tumors with special reference to the ewing’s sarcoma family of tumors and the spectrum of differential diagnosis. Semin. Diagn. Pathol. 2013, 30, 85–94. [Google Scholar] [CrossRef] [PubMed]

	



Riley, R.D.; Burchill, S.A.; Abrams, K.R.; Heney, D.; Sutton, A.J.; Jones, D.R.; Lambert, P.C.; Young, B.; Wailoo, A.J.; Lewis, I.J. A systematic review of molecular and biological markers in tumours of the ewing’s sarcoma family. Eur. J. Cancer 2003, 39, 19–30. [Google Scholar] [CrossRef] [PubMed]

	



Mitelman, F.; Johansson, B.; Mertens, F. Fusion genes and rearranged genes as a linear function of chromosome aberrations in cancer. Nat. Genet. 2004, 36, 331–334. [Google Scholar] [CrossRef] [PubMed]

	



Ramaswamy, S.; Tamayo, P.; Rifkin, R.; Mukherjee, S.; Yeang, C.H.; Angelo, M.; Ladd, C.; Reich, M.; Latulippe, E.; Mesirov, J.P.; et al. Multiclass cancer diagnosis using tumor gene expression signatures. Proc. Natl. Acad. Sci. USA 2001, 98, 15149–15154. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, Y.-S.; Lin, C.-T.; Tseng, G.C.; Chung, I.-F.; Pal, N.R. Discovery of dominant and dormant genes from expression data using a novel generalization of snr for multi-class problems. BMC Bioinform. 2008, 9, 425. [Google Scholar] [CrossRef]

	



Golub, T.R.; Slonim, D.K.; Tamayo, P.; Huard, C.; Gaasenbeek, M.; Mesirov, J.P.; Coller, H.; Loh, M.L.; Downing, J.R.; Caligiuri, M.A.; et al. Molecular classification of cancer: Class discovery and class prediction by gene expression monitoring. Science 1999, 286, 531–537. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Diez, A.; Morgun, A.; Shulzhenko, N. Microarrays for cancer diagnosis and classification. Adv. Exp. Med. Biol. 2007, 593, 74–85. [Google Scholar] [PubMed]

	



Statnikov, A.; Aliferis, C.F. Are random forests better than support vector machines for microarray-based cancer classification? AMIA Annu. Symp. Proc. 2007, 686–690. [Google Scholar]

	



Brownlee, N.A.; Perkins, L.A.; Stewart, W.; Jackle, B.; Pettenati, M.J.; Koty, P.P.; Iskandar, S.S.; Garvin, A.J. Recurring translocation (10;17) and deletion (14q) in clear cell sarcoma of the kidney. Arch. Pathol. Lab. Med. 2007, 131, 446–451. [Google Scholar] [PubMed]

	



Rakheja, D.; Weinberg, A.G.; Tomlinson, G.E.; Partridge, K.; Schneider, N.R. Translocation (10;17)(q22;p13): A recurring translocation in clear cell sarcoma of kidney. Cancer Genet. Cytogenet. 2004, 154, 175–179. [Google Scholar] [CrossRef] [PubMed]

	



Meis-Kindblom, J.M. Clear cell sarcoma of tendons and aponeuroses: A historical perspective and tribute to the man behind the entity. Adv. Anat. Pathol. 2006, 13, 286–292. [Google Scholar] [CrossRef] [PubMed]

	



Panagopoulos, I.; Mertens, F.; Isaksson, M.; Mandahl, N. Absence of mutations of the braf gene in malignant melanoma of soft parts (clear cell sarcoma of tendons and aponeuroses). Cancer Genet. Cytogenet. 2005, 156, 74–76. [Google Scholar] [CrossRef] [PubMed]

	



Covinsky, M.; Gong, S.; Rajaram, V.; Perry, A.; Pfeifer, J. EWS-ATF1 fusion transcripts in gastrointestinal tumors previously diagnosed as malignant melanoma. Hum. Pathol. 2005, 36, 74–81. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-16-08655


  
    		
      ijms-16-08655
    


  




  





media/file3.png
T P A
HSPSOAAZ ‘\HSPQOBI
LN —

Extracellular

Plasma membrane

Comp\em'em.";\.-

protein 547
L

oo ILZ‘
o

UBE2M TCMZ (g —

e
Cytoskeletal

e protein s REV3L

PPP5C KRT15

) Vollage XOHL, i s 10007 7,
gated . [ N\ En‘“— gl W
% % zZyme:
\ ; hannel\*o /Carboxynase SEPON
ER3, W\, Pase = L1265 \[J
W “WpNA /‘ﬂ\L Y\q\ \ 7.

\—/__«coupled-

!

“CEBPB MEN
Serlne/lhreonlnex &' \g"‘lﬂ
nase i /4 ERTHICH NQOl S
a ~leaxiia b/
)

i o
< Enzyme
Dehydrogenasef

binding .‘CSFZ

) proteln S Peptide. 1 AN lFHBl |
X hnrmune \ iy
NN

Anchor Structural f
protein~_Protein - /7l Lsurface
recepmﬁ ~—Enzyme: [AVl ABINZ lre‘epwr
Lpase — 3 .

~~ DNA
e — repair

Enzyme: e ~ protein
—leosidassrz CCND

° GCLM STE e

B Gene expression

= DNA methylation
MicroRNA expression

= Somatic copy number aberration

m Somatic mutation

Biology and
Mechanisms

Cytoplasm

- '\ o
8 F’EF;I HCFI,
P | )

Yo EREEN T 2 " AN Nucleus
-;:“Q 4’.‘7, y b
\ g .. 3O RF MSKlu W[ ATALZ o2 » o BCL3H®

A TBF“ =S Hp ><,AF u /‘ I/ RS TAT6 ik ®

- PEG3-—5MARCE1———-—DPF2-W—

3,9}"5 /som /HSPBI ‘,‘

Downstream genes

*Cooperative genetic
abnormalities and
acquired capabilities

BIOLOGICAL *Genetic targets in >1

FFECT capability

*Targets test both
initiation/promotion
and progression

*Molecular redundancy
and selection of most
MOLECULAR informative markers
PATHWAY *Molecular pleiotropism
and biological
consequences

*Surrogate markers for
validation
*Mutually exclusive

BIOLOGICAL

NIl Pathways

*Multitarget analysis of
sensibly selected
markers

«Careful and consistent
sample selection to test
TECHNICAL heterogeneity
VALIDATION Appropriate controls
(positive, negative,
sensitivity)

Molecular Test
Development





media/file0.png
Essential Markers and Capabilities for
a Molecular Tumor Classification -

Cytostasis-
Differentiation

A——

N ’RA'S —_
Proliferation ™. )
Cell Energetics-
Cancer Cell Me!ab‘olis\n{‘

Clones )

wnt Motility-Invasion
Tumor-Promoting TA Endothelial
Inflammatory Cells Cells

integrins E-cadh
Tumor-Associated (TA)
Stromal Cells Tumor E0M






media/file1.png
Essential Markers and Capabilities for
a Molecular Tumor Classification

I
+*

Cvtostasis-
Differentiation

| \ VAW ssRNAj

Viability

_a—
anti-growth »
factors cytokine factors ( ﬂ S‘R"A)
. m,mm( ALY AN dsRNAj.M

‘---—A.‘..‘,.,.

- - - - - -

Unmethylated )
CpGDNA

Genome =
Maintenance |

h ‘ sensoi TP53 ifector

_______ Cell Energetics- |

growth
factors

Preluferatlon \

-
-
- T o o i

Cancer Cell
Clones

mtegrlns E-cadh

Tumor-Associated (TA)
Stromal Cells Tumor ECM

“wnt Motility-Invasion”
Tumor-Promoting TA Endothelial
Inflammatory Cells Cells






media/file2.png
ac
TV - Genetic targets in >1
e capablli

mlllatvon/promotvon
progression

dundancy
n of most

)
33

d slactio
[TV informat

ESEITIA olecuar plololmplsm
and biological
consequenc

+Surrogate markers for
validation
TSl pathways
“Mulitarget analysis of
sensmly
= Gene expresslon may
= DNA methylati
MlcroRNA expres
copy number aberration
mutation

«Careful and consistent
Sl seloston o out
TECHNICAL heterog tY
VALIDATION [N
(positive, noganvo,
sensitivity)

Biology and

Molecular Test
Mechanisms

Development





