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Malignant pleural mesothelioma (MPM) is an aggressive asbestos related disease that is generally considered to be difficult to diagnose, stage and treat. The diagnostic process is continuing to evolve and requires highly skilled pathology input, and generally an extensive list of biomarkers for definitive diagnosis. Diagnosis of MPM requires histological evidence of invasion by malignant mesothelial cells often confirmed by various immunohistochemical biomarkers in order to separate it from pleural metastatic carcinoma. Often when invasion of neoplastic mesothelial cells into adjacent tissue is not apparent, further immunohistochemical testing - namely BAP1 and MTAP, as well as FISH testing for loss of p16 (CDKN2A) are used to separate reactive mesothelial proliferation due to benign processes, from MPM. Various combinations of these markers, such as BAP1 and/or MTAP immunohistochemistry alongside FISH testing for loss of p16, have shown excellent sensitivity and specificity in the diagnosis of MPM. Additionally, over the recent years, research into epigenetic marker use in the diagnosis of MPM has gained momentum. Although still in their research stages, various markers in DNA methylation, long non-coding RNA, micro RNA, circular RNA, and histone modifications have all been found to support diagnosis of MPM with generally good sensitivity and specificity. Many of these studies are however, limited by small sample sizes or other study limitations and further research into the area would be beneficial. Epigenetic markers show promise for use in the future to facilitate the diagnosis of MPM.
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INTRODUCTION

Malignant pleural mesothelioma (MPM) is an aggressive malignancy which arises from the serosal lining of the pleural surface and is primarily caused by the prior inhalation of asbestos particles (1). A peritoneal form, also referred to as peritoneal mesothelioma is considered to be caused by the ingestion of asbestos particles. Diagnosis of MPM continues to evolve and grow as novel molecular and antibody testing options become available. Whilst histology with immunohistochemistry (IHC) remains the cornerstone and gold standard technique for the clinical diagnosis of MPM, emerging molecular techniques have led to the discovery of novel MPM-specific biomarkers, which are becoming increasingly utilized in conjunction with IHC to obtain a definitive diagnosis (2).

MPM, and all its subtypes, is generally considered to be an occupational disease, with more than 80% of cases being due environmental exposure to asbestos particles (3). The diagnosis of suspected MPM aside from a thorough occupational history, physical examination, relevant general laboratory blood work, computer tomography of the chest and abdomen; should also include at least a cytology specimen, but in most cases, histopathological diagnosis is required via thoracoscopic biopsy (3). Approximately 80–90% of mesotheliomas arise from the pleura, with the remainder being from the peritoneum (4). The separation of MPM from reactive mesothelial hyperplasia (RMH) has been a particularly challenging area.

Advances in both immunohistochemical markers as well as fluorescence in situ hybridization and epigenetic markers have proven helpful. These ancillary tests can help separate florid RMH from MPM in equivocal cases (5). Immunohistochemistry (IHC), fluorescence in situ hybridization (FISH), and various other molecular markers (including epigenetic markers) have sufficient evidence behind their use however, some are still in their research stages, or yet to be used widely in clinical diagnosis. Recent studies showing homozygous loss of p16 (CDKN2A) by FISH, losses of BRCA-1 associated protein-1 (BAP1) and methylthioadenosine phosphorylase (MTAP) by IHC as being very specific for MPM (6–14). MTAP gene loss is usually co-deleted with p16 gene (8), and MTAP IHC loss is a good surrogate for p16 gene deletion, which is an additional useful option in current histopathological diagnosis (12). Conversely, epigenetic markers such as DNA methylation profiles and micro RNA and circular RNA dysregulation, although supported by promising literature, are not used in clinical practice currently (2, 6). Lastly, epigenetic markers such as methylation markers, long non-coding RNAs, miRNAs, and circular RNAs have emerged in the literature over the years and although not yet incorporated into clinical practice, trials have shown promise in their potential use in MPM diagnosis. MPM is a devastating disease once identified, and the need for reliable, efficient, and cost-effective diagnostics is essential. The above mentioned diagnostic principles and molecular markers will be explored in more detail throughout this paper.


Aspects of Diagnosis


Cytology of Malignant Pleural Mesothelioma

MPM is classically difficult to diagnose on a cytological basis. Because mesotheliomas classically present with serous pleural effusion, these specimens are often submitted for evaluation. Sensitivity for cytological diagnosis is thought to range from 30 to 75%, with a higher false negative rate likely being due to sampling error rather than interpretation (15). Many cytologic features of MPM are shared with reactive mesothelial proliferation, such as high nucleus-to-cytoplasm ratio and scalloped cell clump borders. Cytological examination also often precludes the pathologist from examining pre-existing surrounding tissue which is often one of the crucial diagnostic features of MPM. Another hindrance of cytology in the diagnosis of sarcomatoid MPM is that malignant cells are generally not shed into the effusion, which may hamper diagnostic value of the cytology specimen (16). Therefore, sarcomatoid mesothelioma is rarely diagnosed on effusion cytology. Literature continues to emerge favoring the notion that positive stains for p53, epithelial membrane antigen, IMP-3, glucose transporter-1 and CD146 can differentiate between malignant and benign reactive mesothelial cells, however, it is accepted now that these markers should not be used to differentiate individual cases (2). The difficulty in diagnosing MPM in cytology specimens have been a major issue particularly for pathologist until recently with the advent of BAP-1 and MTAP IHC, and loss of p16 by FISH (11).



Histologic Overview of Malignant Pleural Mesothelioma

There are three subtypes of MPM and the histologic features are summarized in Table 1. In terms of histological examination, the definitive diagnosis of MPM is characterized by underlying tissue invasion by malignant mesothelial cells of which can be highlighted by the mesothelial markers discussed in Table 2. Whereas this feature of tissue invasion is absent in RMH (3). As previously noted, it is important for the pathologist to beware of fibrotic entrapment of mesothelial cells. MPM features a dense cellularity whereas in mesothelial hyperplasia, although cellularity is often prominent, the cells are confined to mesothelial surface or pleural space (2, 3). Reactive mesothelium may display simple papillae but they are lined by a single cell layer of mesothelium. Necrosis may be present in MPM, however, empyema may also display such a feature and thus this feature is not diagnostic of MPM. MPM often tends to feature a disorganized growth pattern (especially on cytokeratin staining) but uniform growth is usually seen in the reactive mesothelial proliferations. Degree of mitotic activity and cytologic atypia are not helpful in the differentiation of these two entities (2, 12). The epithelioid form is the most common with the best prognosis, and sarcomatoid subtype being the least common and with it carries the least favorable prognosis (2).


TABLE 1. Malignant pleural mesothelioma subtype and the associated histologic features (2).
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TABLE 2. Initial limited panel to differentiate cells of mesothelial origin from adenocarcinoma (epithelial)* (2, 18, 19).
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Differentiating Mesothelioma From Metastatic Carcinomas

There exists a wide variety of immunohistochemical markers which can be used to separate metastatic carcinomas from reactive mesothelial cells and from primary pleural neoplasms. Light microscopy is an essential primary modality in assessing tissue morphological changes and is generally used alongside various immunohistochemical marker panels to differentiate between these entities (2). In regard to immunohistochemical diagnosis, the general consensus is that at least two carcinoma and two mesothelial markers should be used for the diagnosis of MPM. This has been recommended by The International Mesothelioma Interest Group (2).

Primary pleural neoplasms, such as MPM, are relatively rare entities when compared with the much higher frequency of metastatic carcinomas to the pleura. Carcinoma diagnoses vastly outnumber MPM diagnoses. Fortunately there are a number of highly applicable and effective immunohistochemical (IHC) markers which serve to differentiate between these two malignancies (2). These IHC markers often serve to complement tumor morphology which is appreciated on histopathological examination.

Primary pleural masses include benign tumors, tumors with low malignant potential, and malignant tumors. Differentiation between these forms often relies heavily on morphology, where the malignant tumors often feature deep stromal invasion, complex growth patterns, and dense cellularity (17). The latter two features can also be present in benign pleural growths, however, it is the stromal invasion which is generally the indicator of malignancy. Benign pleural tumors are beyond the scope of this paper and will not be discussed here.

Epithelioid MPM needs to be differentiated from RMH and metastatic carcinomas to the pleura. Representative Haemotoxylin and Eosin staining of three mesothelioma subtypes are shown in Figures 1A–C. Calretinin, cytokeratin 5 or 5/6, WT1, and podoplanin (D2-40), are generally positive in mesothelial cells, and are the best markers for epithelioid mesothelioma (2, 18). Metastatic carcinomas are diagnosed from their clinical presentation and their characteristic histological appearance. They retain their own characteristic immunophenotype. Pulmonary adenocarcinoma generally stains positive for claudin-4, TTF-1, MOC31, CEA, B72.3, BG8, and BER-EP4 markers, with TTF-1 and napsin-A having the highest specificity lung adenocarcinoma (19). When differentiating between epithelioid MPM and squamous cell carcinoma, the latter tends to stain positive for p40, p63 (less useful as it cross reacts with adenocarcinoma). Table 2 outlines the primary IHC markers which can be initially used in the differentiation between mesothelial cells and carcinoma (epithelial) cells.
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FIGURE 1. (A–C) Subtypes of mesothelioma. (A) Epithelioid, (B) sarcomatoid, (C) biphasic. Epithelioid subtype with BAP-1 (D), MTAP (E) immunohistochemistry (loss of nuclear and cytoplasmic staining respectively); and FISH (F) of MTAP/CDKN2A/CEP9 tricolor probes (MTAP – Aqua, CDKN2A – Red, CEP9 – Green) showing loss of MTAP and CDKN2A (inset normal signals for comparison). Images (A–E) were taken by Olympus microscope with 20× objective, image (F) was taken by ZEISS Axio.M2 microscope with 63× objective.


The important differentials of sarcomatoid MPM include other malignant spindle cell neoplasms such as synovial sarcoma (SS), malignant solitary fibrous tumur (SFT), sarcomatoid carcinoma, malignant peripheral nerve sheath tumour (MPNST), and metastatic spindle cell melanoma. To support the diagnosis of sarcomatoid MPM, immunohistochemical markers such podoplanin (D2-40) and pancytokeratin may be used as they can be expressed in sarcomatoid mesotheliomas, but more specific mesothelial markers such as calretinin may only be expressed in up to 30% of sarcomatoid MPM (2). The distinction between sarcomatoid MPM and pulmonary sarcomatoid carcinoma may be extremely difficult histopathologically at times, and in such instances requires close clinical and radiological correlation.

In regards to breast cancer, metastatic infiltrating carcinoma of the breast tends to be CK7, ER, PR, GCDFP positive, but negative for TTF-1, and calretinin. GATA3 is often positive in breast cancers as well, but a proportion of epithelioid mesotheliomas also express it (20).

In regard to metastatic renal cell carcinoma and ovarian carcinoma, PAX8 tends to be positive for these two malignancies (21). However, it should be noted that PAX8 may also sometimes be positive for benign peritoneal mesothelium and peritoneal mesotheliomas, and caution should be exercised when using this marker to differentiate ovarian serous tumors from peritoneal mesothelial proliferations, both benign and malignant (22).

Some of the immunohistochemical markers which can be used to differentiate between various metastatic carcinomas are outlined in Table 3. Finally, Figure 2 is a schematic diagram indicating protein localization for IHC staining as well as other epigenetic biomarkers in mesothelioma cell.


TABLE 3. Additional immunohistochemical markers to aid in determining origin of metastatic adenocarcinoma or metastatic squamous cell carcinoma (2, 18, 19).
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FIGURE 2. A schematic diagram indicating protein localization for immunohistochemistry staining and epigenetic biomarkers in mesothelioma cell.


Biphasic tumors often comprise elements of both epithelioid and sarcomatoid tumors (2). The mesothelial markers discussed as above applies to this subtype as well (23).



Differentiating Malignant Pleural Mesothelioma (MPM) From Reactive Mesothelial Hyperplasia (RMH)

RMH is well known for mimicking MPM because the former entity can often demonstrate typical classic signs associated with malignancy (2). Separating MPM from reactive mesothelium is obviously an important differentiation to make as the former carries a poor prognosis while the latter generally requires no further treatment. Tissue invasion, although being a classic sign of MPM, can also be imitated by a reactive mesothelial proliferation in that mesothelial cells can be entrapped within areas of fibrosis which can often be seen as consistent with an invasive process. This is not helped by the fact that invasion in MPM is often subtle, can lack a desmoplastic reaction, and malignant cells may only extend from the mesothelial space into just a few layers of collagenous tissue. Invasion can be highlighted by the use of stains such as pancytokeratin and calretinin to highlight the presence of mesothelial cells in the underlying stroma, fat or skeletal muscle. If a cellular proliferation has been established as mesothelial in origin, the presence of true invasion is considered to support a definite diagnosis of MPM (2). With regard to the separation of reactive mesothelium from true MPM, traditional immunohistochemical markers used in the past have proven to not very useful. Markers such as p53, EMA, desmin, insulin-like growth factor 2, IMP-3, GLUT-1 have not classically been beneficial, whereas loss of nuclear and cytoplasmic BAP1 and MTAP staining on IHC (Figures 1D,E) respectively, and p16 deletion by FISH (Figure 1F) generally have a higher specificity in addition to good sensitivity (6, 13, 24). Both of these will be discussed in further detail below. The sensitivities and specificities of the currently researched IHC markers and p16 FISH when used in the diagnosis of MPM are detailed in Table 4.


TABLE 4. Sensitivity and specificity of individual and combined immunohistochemical markers and p16 loss by FISH.

[image: Table 4]


Loss of BAP1, p16, MTAP and NF2


Immunohistochemical Diagnosis – Loss of BAP-1

Some of the main molecular alterations in the development of MPM have been known for many years, however, their implication in diagnosis continues to evolve (13). The most commonly referred to markers in malignant mesothelioma are loss of BAP1 by IHC, and the deletion of p16 by FISH.

BAP1 is considered the most common acquired and germline mutation in MPM. It has a role in cellular proliferation and growth inhibition, and decreased levels leads to genomic instability which subsequently increases the risk of neoplastic transformation (6). The BAP-1 gene is located on the short arm of chromosome 3 (3p21) (25). When BAP-1 IHC is used to differentiate between MPM and reactive mesothelium, the sensitivity has been found to range from 61 to 67% with a specificity of 100%. Therefore, BAP1 is considered to be highly specific for discriminating MPM from RMH (13, 24). One drawback of the use of BAP1 IHC is that BAP1 mutation and thus BAP1 protein loss may occur in other metastatic pleural malignancies, such as lung, breast, melanoma, and kidney tumors (25, 26).

One of the complicating factors of use BAP-1 IHC is that not all MPM and reactive mesothelial proliferation cases have homogenous staining. Thus, it can occasionally be difficult to determine a positive or negative result. Cut-off values for what contributes a positive stain have also not yet been established (13). The involvement of, and relationships between, groups of cells showing p16 and BAP-1 expression in the diagnosis of MPM have not yet been defined (27). This is however, unfortunately complicated by the fact that the loss of BAP1 is uncommon in the sarcomatoid and desmoplastic forms of mesothelioma (24, 28). Another issue is that most mesotheliomas of peritoneal origin do show a loss of BAP1 by IHC but do not show loss of p16 by FISH. Nevertheless, BAP-1 IHC is currently being used as part of the diagnostic armamentarium for MPM.

Combined use of BAP-1 IHC and p16 FISH (the latter of which will discussed in more detail in a later section) is highly useful. In several studies, the loss of BAP1 by IHC and the homozygous deletion of p16 by FISH is very specific for mesothelioma but still may lack sensitivity to a certain extent. Specificity was 100% in three recent studies, with their associated sensitivities 58% (29), 93% (13), and 100% (27). One limitation of most of these studies is that they tend to examine nuclear expression of the BAP1 protein rather than assessing actual BAP1 gene alteration. Although studies have found excellent concordance between BAP1 gene dysfunction and protein expression, a measured loss of BAP1 nuclear staining may not always be due to a BAP1 genetic alteration in every case (6, 30).



The FISH Assay – Loss of p16, MTAP, and NF2 Markers

The advantage of the FISH assay when compared to conventional PCR is its ability to identify homozygous and hemizygous deletions in areas of tumor tissue which can be visualized and examined at the same time. The FISH assay can be performed using a typical dual-color FISH probe on paraffin-embedded tissue and is relatively less expensive than other molecular assays. Molecular techniques are generally slower, more expensive, and have a longer turnaround time when compared to the FISH assay. The homozygous deletion of the 9p21 locus involves a cluster of genes such as p16, CDKN2B, and MTAP (8, 31). In particular for 9p21 deletions, FISH has been shown by multiple studies to be a highly useful technique (9, 10, 19). Some of the major sensitivities and specificities of various combinations of IHC and FISH markers are outlined in Table 4.

Using FISH to identify a p16 deletion is currently used in clinical practice and is considered a highly useful adjunct to IHC (8). A homozygous deletion is diagnostic of malignancy in a mesothelial proliferation, however, p16 deletion is not considered useful in differentiating mesothelioma from other malignancies, but rather is useful when the cellular infiltrate has been confirmed as being mesothelial in origin in the first instance (8, 14, 27). Due to the greater expense and longer turnaround time of p16 FISH, an immunohistochemical alternative has been attempted. However, IHC loss of p16 is not specific for CDKN2A homozygous deletion and there is limited concordance between the loss of p16 IHC and homozygous deletion of CDKN2A (7, 32).

Homozygous deletions of p16 are considered to be relatively specific for MPM, however, point mutations and DNA methylation may occur in benign mesothelial cells. p16 is present in all cells and is involved in a normally functioning cellular cycle. Studies have reported a p16 deletion in approximately 80% of MPM cases, with 90–100% in sarcomatoid types, and approximately 70% of epithelioid and mixed type mesotheliomas (2, 33).

As touched on previously, one pitfall of using the presence of a p16 deletion in the diagnosis of MPM is that there exists the occasional case where p16 protein expression is maintained despite the presence of a p16 gene deletion, and vice versa. This is although multiple studies showing a statistically good association between p16 deletion and lack of p16 protein expression. Numerous factors could potentially explain this such as assay conditions, interpretation of results, and other variables. A homozygous deletion of p16 has strongly been associated with a shorter survival time in MPM patients (31).

The MTAP gene exists in close proximity to the p16 locus at 9p21. The protein produced by the MTAP gene is important for AMP and methionine salvage pathways. MTAP FISH has not been adopted into routine clinical practice yet. Using FISH analysis, both of these genes have been reported in many cases to be deleted together (8). MTAP has been reported by one study to have a loss rate of 23% in reactive mesothelial cases, indicating a lower than ideal specificity. The same study indicated MTAP may be useful only for separating benign from malignant mesothelial tumors (34). However, more recent studies have found much higher specificities and sensitivities. One study (7) which used a lower threshold for positive staining (60% of cells) found that MTAP loss had a specificity of 100% in addition to a reasonable sensitivity. This study reported a retention of MTAP in up to 32% of tumor cells in 21 of 23 of their confirmed mesothelioma cases. The other cases had loss rates greater than 80%.

Berg et al. (14) found a sensitivity of 90% and specificity of 100% for MPM when a combination of MTAP and BAP1 IHC was used to separate benign from malignant mesothelial proliferations. This study, as well as Chapel et al. (12), also found a good concordance (84%) between MTAP loss by IHC and p16 deletion by FISH. Churg et al. (5) and Kinoshita et al. (11) also found MTAP IHC could be used in cyotology cell-block preparations reliably. However, further research into the reproducibility of MTAP IHC is required to further validate its use into clinical practice.

Neurofibromatosis type 2 gene (NF2), located on chromosome 22q12, can also be analyzed by FISH. It has been found that hemizygous loss of NF2 is associated with invasiveness, proliferation of tumor tissue, and migration. NF2 has been shown to be a useful prognostic marker in mesothelioma of peritoneal origin in Singhi et al. (35), however, there was no deletion in cases of MPM seen in Berg et al. (14). Thurneysen et al. (36) found NF2 to be mutated in only 50% of pleural mesotheliomas. Therefore, although useful in theory, a loss of the NF2 gene by FISH is not advantageous in the diagnosis malignant pleural mesothelioma (MPM).



Epigenetic Changes in MPM

One of the most emerging areas in the diagnosis of malignant mesothelioma is the use of epigenetic markers (39). It has long been suggested that epigenetic change play a pivotal role in the development of malignant pleural mesothelioma from chronic pleural inflammatory processes (40). Epigenetic modifications such as methylation, acetylation, ubiquination, phosphorylation, and SUMOylation, can either activate or repress gene expression (41). DNA methylation is considered to be an important epigenetic modification in the development of MPM (41). It involves the addition of a methyl group to the 5′ position of the cytosine usually next to a guanine base (CpG methylation). Methylation of CpG dinucleotide subsequently lead to the suppression of tumor suppressor genes that is thought to have a major role not only MPM, but many cancers (40, 42). Histone acetylation/deacetylation and methylation/demethylation are also well-researched areas of epigenetic medicine (43). These modifications are highly dynamic in response to environmental stimuli, and are also thought to play a major role in MPM in which a decrease in acetylation of certain histones has been reported (44). It has also been found that there is a significant upregulation of another entity, long-coding RNAs (lncRNAs), in mesothelioma. They are a more recently discovered class of RNAs of >200 nucleotides in length which act as decoys and scaffolds, and have been found to control every level of gene expression (39). Micro RNA (miRNAs) are another form of non-coding RNAs which have a post-transcriptional role in gene expression. Various oncogene miRNAs have been found to be upregulated, while at the same there is active and existing research into tumor suppressor miRNAs which have been downregulated, both associated with MPM (45, 46). Circular RNAs (circRNA) are considered to be the newest area within the realm of MPM epigenetic research. They act as miRNA sponges, thus also regulating gene expression, and in studies have been detected in human plasma samples, making future use in diagnosis feasible (47, 48).

These epigenetic markers discussed hold great promise with regard to MPM diagnosis and prognosis (49). Kristensen et al. (48) found a very large number of loci to be epigenetically altered in MPM and that the degree of asbestos exposure is proportional to the degree of epigenetic alteration. It is known that chronic inflammation and increased reactive oxygen species (ROS) production associated with lung asbestosis drives tumorigenesis. Tumor necrosis factor-alpha (TNF-α) and high-mobility group box 1 protein (HMBG-1), being released from macrophages and from the mesothelium respectively, are some of the drivers of the chronic inflammatory process (50) and induction of tumour suppressor gene (TSG) silencing (51). Many human malignancies are known to feature dysregulation of epigenetic control, and can have anomalous promoter methylation and histone modifications (52). It has been hypothesized that asbestos particles can become coated in iron-containing proteins, which is considered to be the main driver of inactivation of TSGs and the appearance of epigenetic alterations. An increased DNA methylation status has previously been found to be implicated with a shorter survival, and a greater number of methylated genes has been found in late-stage MPM and the sarcomatoid variant of MPM (38). Epigenetic markers are not currently utilized in the diagnosis of MPM. However, further research into the area (from a clinical perspective) is likely to, in the future, complement histological morphology, IHC, and FISH when diagnosing MPM in a clinical setting.


DNA Methylation

From an epigenetic point of view, DNA promoter methylation is considered to be a factor in many cancers, including MPM (49). DNA methylation is currently the most researched area of epigenetics, and recent research has highlighted examples of important tumour suppressor gene (TSG) methylation, or silencing, which contributes to the development of MPM (40, 52). Furthermore, such markers can be detected in patient plasma samples, which holds promise for future use in MPM diagnosis, treatment monitoring, and prognostication (40). Methylation is considered to be a major mechanism through which dynamic changes in gene expression are mediated during normal cellular differentiation and homeostasis, as well being involved in other functions such as repression of imprinted alleles, and expression of germ cell restricted genes, retroviral sequences, and repetitive DNA. CpG dinucleotides (CpG islands) exist in clusters in promoters in over half of all genes, and these generally exist in an unmethylated state. This state equates to a relaxed (euchromatic) structure which is transcriptionally active (38, 41). CpG islands can also exist elsewhere in the genome, which are typically hypermethylated in normal cells. In general during malignant transformation, epigenetic silencing (methylation) of certain genes occurs most commonly due to aberrant functioning of the elements of the DNA methylation machinery. Many of these genes are tumour suppressors (TSGs), which contributes to cancer transformation (40, 52).

Asbestos exposure is thought to trigger the methylation process in MPM via various mechanisms. Numerous studies of human cancers showing dysfunctional DNA have revealed high rates of aberrant promoter methylation in specific cancers (53). It has been found that the degree of DNA methylation is proportional to the degree of asbestos exposure, and links have been made between high amounts of methylation and increasing severity of disease (44). A family of proteins known as secreted frizzled-related proteins (SFRPs) are an example of proteins that have become epigenetically silenced, or methylated, in a range of cancers, including MPM (54). Methylation of various SFRP genes (SFRP1, SFRP2, SFRP4 and SFRP5) have been shown to contribute to MPM via gene silencing. These genes have tumor suppressive ability through their antagonism of the Wnt pathway. Wnt signaling is known to be upregulated in many cancers including colon and MPM, perhaps being activated by the chronic inflammatory processes associated with these diseases (40, 55). Cheng et al. (40) found that exposure of non-malignant cells to asbestos caused increased DNA methylation of the promoter of SFRP1/2 genes as well as a downregulation of mRNA expression of those genes. The same study also found SFRP2/5 genes may have tumor suppressor potential as their promoters tend to be hypermethylated in MPM which leads to downregulation. Also, it has been well-known that various biomarkers can be detected via non-invasive tests such as sputum, urine, plasma, and stool samples, with cancers including lung, bladder, breast, and colon being detected respectively (56–59). With regard to MPM, Cheng et al. (40) found that methylated SFRPs can indeed be detected in patient plasma samples, however, this finding was hindered by a relatively small sample size in this particular study. Therefore, further research into this area would be advantageous to further elucidate the validity of this result.

One recent study of a relatively large cohort of patients investigated DNA methylation markers in the peripheral blood as a tool in the diagnosis of MPM (60). When compared to the control group, the study found more than 800 differentially methylated CpG sites in the MPM group of patients. It identified three major hypomethylated CpGs (FOXK1, MYB, and TAF4), and four major hypermethylated CpGs (CXCR6/FYC01, TAP1, MORC2, and LIME1). It was found that these seven differentially methylated CpGs had diagnostic value, and univariate regression analysis showed these results were consistent across the different MPM histotypes (60).

ZIC1 is an example of a gene which is often silenced via DNA hypermethylation. This gene is involved in the process of apoptosis and encodes a group of zinc-finger transcription proteins. These proteins play a critical role in neural tube development and other embryological processes (61). Cheng et al. (42) found that ZIC1 was frequently absent in MPM cell lines, while present in normal mesothelial cell lines. The study used decitabine to demethylate samples or a plasmid expression construct to restore ZIC1 expression, and found that doing this had a similar role in the way of inhibition of the Wnt signaling pathway (62). This suggests ZIC1 functions as a TSG in malignant mesothelioma. ZIC1 has also been found to be silenced in gastrointestinal cancers such as gastric and colorectal cancers (42). Cheng et al. (42) found promoter methylation of ZIC1 in the majority of MPM tumor samples. This study also provides evidence that ZIC1 can control and target the expression of certain miRNAs. Some miRNAs, such as the miR-200 cluster, are downregulated which leads to increased Wnt signaling (63). Other miRNAs have been found to be upregulated in MPM, such as those of the miR-17-92 cluster, which are associated with increased cell proliferation and migration (22, 41). Cheng et al. (42) found that certain miRNAs namely miR23a and miR27a, which are normally negatively regulated by ZIC1, were found to be expressed at higher levels in MPM patients and were associated with a shorter survival time. miRNA alterations will be discussed in further detail a later section.



lncRNA Alterations

There is also evidence suggestive that aberrant expression of long non-coding RNAs (lncRNAs) have a significant influence on the development of cancers such as malignant mesothelioma (39). These more recently discovered group of non-coding RNAs are generally >200 nucleotides in length and play a role in gene transcription. They tend to have multiple roles including the control of post-transcriptional gene regulation, RNA maturation, regulation of chromatin structure, and regulation the activity of transcriptional factors (39). lncRNAs are important signaling molecules in that have the ability to respond to specific stimuli at specific times and therefore often act as markers for biologically important cellular events. It has also been suggested that lncRNAs act as decoys which have the ability to negatively regulated effector proteins, thus regulating transcription this way. The advent of next generation sequencing has provided useful information regarding lncRNAs and their important role in cancer development. lncRNAs tend to have high tissue specificity when used in the diagnosis of numerous other cancers. For example, the non-coding RNA, prostate cancer antigen 3 (PCA3), has been shown to have a higher sensitivity and specificity than PSA in the diagnosis of prostate cancer, and is even detectable in the urine of these patients. Other examples include the lncRNA highly upregulated in liver cancer (HULC) has been detected in hepatocellular carcinoma (HCC), and MALAT1 which has been shown to be prognostic in early stage lung adenocarcinoma. Although these markers are still in their research stages, they will likely have important diagnostic roles in the future (64).

Wright et al. (39) found there was consistent upregulation of lncRNAs in MPM, with significant potential to separate benign from malignant pleural disease. This study found that MPM lncRNA expression was dysregulated when compared to normal mesothelium, with lncRNAs known as AK130275, AK129685, EF177379, BX648695, NR003584 and AF268386 all being upregulated in the former entity when compared to the latter. The study also managed to establish a panel of lncRNAs with the ability to distinguish between reactive mesothelium and MPM with a relatively high sensitivity of 71.1% and a specificity of 100%. Markers were detectable in the tissue samples of patients, in FFPE as well as fresh frozen forms, indicating that lncRNAs potentially have future diagnostic and prognostic utility (39).



miRNA Alterations

Mi-RNAs are relatively small, non-coding segments of RNA which have an important post-transcriptional role in expression of genes. miRNAs are encoded by their own set of genes and they have the potential to affect many cellular processes such as apoptosis and cellular proliferation (65). miRNAs suppress translation and downregulate the targets of mRNA and thus have the ability to alter the levels of transcriptional and post-transcriptional mRNA (46). It has been found that miRNAs can function as tumor suppressors as well as oncogenes. miRNAs can also function as oncogenes by negatively regulating TSGs or genes that control cell differentiation or apoptosis (45).

Data has found that in patients with both mesothelioma and asbestosis, there is a downregulation of the expression of cell-free miRNAs circulating in the plasma, again indicating feasible use in the future in the diagnosis and prognostication of MPM. miRNAs also have been found to be very stable within the body and in stored samples making them attractive biomarkers for analysis (45, 66). Further studies with larger patient cohorts to further assess clinical relevance are needed as available data is still limited and results often vary. Various miRNA markers which have been covered in the literature are outlined below. Table 5 outlines some of the circulating miRNAs which have been covered in the literature whereas Table 6 outlines some of the miRNAs which have been studied on a FFPE or frozen tissue basis.


TABLE 5. Examples of circulating miRNAs in MPM.
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TABLE 6. Examples of miRNAs in MPM – from studies involving FFPE/frozen tissue samples.

[image: Table 6]

miRNA-16

miRNA-16 is considered to be a major tumor suppressor gene. It is located at chromosome 13q14 and has been shown to be involved in the cell cycle. It is implicated in various cancers such as gastric, breast, and lung cancer, and has been found to act as a tumor suppressor via suppressive effects on the cell cycle (67–69). miRNA-16 has recently emerged as a G1 cell cycle checkpoint, and it has been implicated in the regulation of cyclin D1 and E proteins through their 3′UTR. Reid et al. suggested that there was a consistent downregulation of the miRNA-15/16 family in all MPM tumors, when compared with normal mesothelial tissue samples (64). It also found that restoring normal levels of miRNA-16 in vitro had an inhibitory effect on malignant mesothelial cell types (45, 64). These studies highlight the potential usefulness of miRNA-16 as both a diagnostic, treatment, and prognostic marker for MPM.



miRNA-17

One study found that miRNA-17 is downregulated in MPM patients when compared to controls, supporting the theory that miRNA-17 has tumor suppressor function (45). It has been found in other studies to have both tumor suppressor and oncogenic function, depending on the cellular context. miRNA-17 is also downregulated in other fibrotic diseases such as idiopathic pulmonary fibrosis and hepatic fibrosis, which supports the concept that this gene is implicated in the control of the fibrotic component of MPM.



miRNA-126

miRNA-126 is downregulated in many cancer types such as pancreatic, lung, and kidney cancers (45, 70, 71). It appears to be the most frequently studied miRNA in the literature. It is generally considered to be a tumor suppressor, with some oncogenic roles also identified. miRNA-126 has been implicated in the process of angiogenesis, with downregulation of this protein leading to increased production of VEGF, which in turn promotes vascularization (72). Increased expression of VEGF and its markers is correlated with the degree of vascularization in tumorigenesis and is implicated in increased metastatic risk. Mozzoni et al. (45) demonstrated a downregulation of miRNA-126 in the plasma samples of MPM patients, as well as this inverse relationship with VEGF expression, implying amplified tumor growth and higher risk of metastasis.



mi-RNA-486

mi-RNA-486 is strongly downregulated in patients with asbestosis and MPM. It has been demonstrated that mi-RNA486 has strong antifibrotic activity and decreased expression is associated with fibrotic lung diseases. Since the development of mesothelioma is generally associated with the development of a fibrotic process, it can be expected that miRNA-486 could be used as a novel marker in asbestosis diagnosis or as a treatment of MPM (73).

MPM is still considered to be extraordinarily resistant to therapy, and further research into the realm of epigenetic markers would potentially yield highly useful diagnostic tests and treatments for this disease.



Histone Modifications

Much of the current research into histone modifications in MPM is within the realm of treatment, rather than diagnostics. Histones are a group of basic proteins that provide structure and regulatory function to chromatin. The role of chromatin is to pack DNA efficiently within the nucleus inside each cell, and comprises DNA, RNA, and both histone and non-histone elements. Proteins called nucleosomes make up chromatin which comprise 147 base pairs of DNA and are “wound” around histone subunits (77). A process called histone acetylation increases the amount of negative charge via the addition of an acetyl group. This leads to relaxation of chromatin via repulsion of DNA, and subsequent activation of gene expression. Studies have shown that chromatin alteration resulting from histone acetylation is an important factor in the neoplastic process. Histone deacetylation of tumor suppressors is considered a major cause of tumorigenesis. Acetylation is mediated by a range of histone acetyltransferases (HATs) whereas histone decacetylation is considered to be mediated by four main classes of histone deacetylases (HDACs). There are also non-histone protein targets of HATs and HDACs such as Hsp90, p53, SP1, and HDAC1 (78). Histone deacetylation causing and thus transcriptional silencing and inactivation of tumor suppressors is considered a major cause of cancer growth. For example, the retinoblastoma gene (Rb) is one such TSG which has been found to be suppressed by deacetylated histones at promoter regions, leading to cancer growth. Specifically in MPM, a decrease of acetylation of histones H3 and H4 has been reported (79). HDAC inhibitor therapy in the literature has shown an increase in acetylation of H3 and H4 histones, which may show promise as a future treatment for MPM (77, 79, 80).

As alluded to earlier, research in this area has centered mostly on emerging treatment modalities for MPM, namely HDAC inhibition therapy. In vitro biologic effects of HDAC inhibitors have included cell cycle arrest, angiogenic inhibition, immunomodulation, and direct acetylation of signaling intermediates and transcription factors (81). Shao et al. (82) first brought to light the significance of histone acetylation in MPM through research into the regulation of tumor suppressor Wilms tumor-1 (WT-1). The study found overexpression of HDAC4 and HDAC5 and a decrease in WT-1 activity and associated mRNA expression in 293T cells. This decrease was reversed by cotransfection of the HAT P300, which also increased H3 acetylation at the WT-1 intronic enhancer.



Circular RNA

Circular RNAs (circRNAs) are another member of the non-coding genome and were first discovered just over 40 years ago. These differ from linear mRNA, being that they are covalently closed single-stranded RNAs lacking 5′ caps or 3′ poly(A) tails, which are generated from pre-mRNAs by a process known as backsplicing (83, 84). Research into this area is still in its infancy and its role in tumorigenesis is only just starting to be understood. Because circRNAs in general have other functions independent of their host genes, and there is as of yet no agreed standard of researching and naming circRNAs, research into the area has been challenging (48). circRNA research is one of the most emerging areas in epigenetics, especially within the realm of mesothelioma diagnosis. This particular type of RNA is considered to be endogenous RNA involved in normal cellular differentiation and tissue homeostasis. circRNA molecules are stable entities and have gene-regulatory function through their action as miRNA “sponges” (48). To date, there have been numerous circRNAs identified in the literature which have been shown to be dysregulated in numerous human cancers. Malignancies of the liver, lung (including MPM), breast, prostate, bladder, colorectal, ovarian, central nervous system, and stomach, as well as several hematological malignancies have been shown to have aberrancy of expression of various circRNA markers (85). circRNA markers can be detected in human blood and saliva samples, highlighting their potential to be exploited as biomarker candidates for the development of novel non-invasive cancer diagnostic techniques. Furthermore, circRNAs are desirable candidates for use as blood-based biomarkers as they have a longer associated half-life and are resistant to exonuclease-mediated degradation compared to their linear counterparts (86–88).

There are many proposed mechanisms relating to the effect of circular RNA on tumorigenesis. Firstly, as previously alluded to, they are likely to function as miRNA “sponges” (decoys). When miRNAs bind to circRNAs, target mRNAs may be released from degraded miRNA which may result in more efficient translation (89). Normally miRNAs primarily bind to the 3′ untranslated regions (UTR’s) of specific mRNA targets, whereby they function as post-transcriptional regulators of gene expression for cellular events such as cell proliferation, migration, differentiation, and apoptosis (90, 91). In the recent circRNA profiling study, a majority of circRNAs are now known to harbor complementary binding sites of “tumor suppressor” miRNAs, implying that they are capable of binding to and inactivating the miRNA; thus impeding their interaction with their mRNA targets (92). This is supported by growing evidence that have identified a clear trend in over- and under-expression of circRNAs and miRNAs, respectively. in many cancer types, including lung adenocarcinoma, colorectal, gastric, breast cancer (93) and mesothelioma. Additionally, circRNAs harbor binding sites for various enzymes, with their substrates acting as scaffolds between two or more proteins (94). Most circRNA exists in the cytosol of cells, with some being retained within the nucleus, which brings to light a third mechanism in tumorigenesis. Here in the nucleus circRNA can interfere with transcription or foster alternate splicing. These exon-intron circRNAs have been shown to have a relationship to RNA polymerase II thus promoting, via interaction with U1 snRNP, the transcription of associated genes (95). This latter mechanism is still in very early research stages and it is still not entirely known whether intron-exon circRNAs become dysregulated in cancer (96).

The involvement of aberrant circRNA expression in the development of lung cancer has been a relatively well and recently researched area. A well-characterized circRNA in this form of cancer, named circITCH, is considered to negatively affect cellular proliferation and inhibit components of the cell cycle. Inhibition of the Wnt/beta-Catenin pathway is an example of one of these mechanisms. Wan et al. (47) performed a study of 78 patients and found circITCH to be downregulated in lung cancer tissues. Another example is the involvement of a circRNA named ciRS-7 (also known as CDR1as) in colorectal cancer. It is among one of the first and also one of the most studied circRNAs (47). It is present in many human tissues and directly targets many oncogenes, and is thus involved in many human cancers (89). It has been found that in colorectal cancer, upregulation of ciRS-7 is present, which is in contrast to most circRNAs which are downregulated (89, 97).

The involvement of aberrant circular RNA expression in malignant pleural mesothelioma (MPM) is a scarcely researched area in medicine. One study (98) found several circRNAs with associated tumor-suppressor microRNA targets to be upregulated in MPM. It involved the isolation of RNA from a series of 9 MPM patients, as well as 2 patients with normal mesothelium. In our preliminary study, we found upregulation of 290 circRNAs in the MPM samples, with the functionally relevant ones being PHKB, SLC45A4, ARHGEF28, FBXW4, TAF15, PLEKHM1, RALGPS1, STIL, L3MBTL4, ANKRD27, NHS, ILKAP, and PTK2. These circRNAs harbored predicted tumor suppressor binding sites for miRNAs miR-16, miR-15a, miR-15b, miR-34a, miR-34b, miR-34c and miR-137 (manuscript in preparation). Further research is necessary to better detection method within patient plasma samples which could establish clinical relevance in the realm of MPM with regard to diagnosis, prognosis, and treatment.

Circular RNA research in the realm of cancer diagnosis has been rather limited relative to other areas of epigenetics, mostly due to practical matters that hamper their detection by standard molecular biology techniques. For example, when conventional reverse transcriptase-quantitative PCR assays are used, a linear RNA genome is generally used as a template for primer design; these PCR assays unfortunately do not distinguish between circular and linear RNA (48). Also, specific circRNAs need to be actively searched for in order to be identified. Another problem is that most protocols for RNA sequencing need to remove ribosomal RNA from the sample via a poly(A) purification step. circRNAs lack a poly(A) tail, making refinement of the sample more complicated.

Due to growing interest in circRNA cancer biology and the advent of innovative bioinformatic technology, there are a range of emerging web-based circRNA databases that provide a comprehensive characterization of more than one hundred thousand circRNAs (99); including detailed sequence profiles, their different isoforms, predicted miRNA binding sites, and associated diseases. The circRNA database, CircInteractome, not only provides detailed circRNA information, but is currently the only database that provides an innovative web-based tool for designing highly specific divergent primers for the detection and quantification of circRNA candidates (100, 101). The divergent primers are able to be uniquely designed to span and target the known sequence of the circRNA backsplice exonic junction region, which upon their application to quantitative PCR, specifically amplify the circRNAs and not the counterpart linear RNA. Hence, in contrast to conventional quantitative PCR methods, divergent primer-based PCR is capable of distinguishing between circRNA and linear RNA. This has therefore led to the emergence of novel divergent primer-based quantitative PCR techniques that have proven to be effective at detecting, validating and quantitating circRNAs in a range of recent studies (102–104). As mentioned previously, circRNA expression in MPM remains a relatively uncharted area of research, and given the growing evidence indicating an upregulation of circRNA candidates in MPM, the novel circRNA PCR technique represents a useful means for the detection and quantification of the upregulated circRNA targets in MPM patient biospecimens. More specifically, such a technique is desirable for the detection and quantification of circRNA candidates in MPM patient blood samples for their potential development into non-invasive blood-based biomarkers, which in the case of MPM, would constitute a significant advance compared to the current limitations of invasive biopsy-based diagnostic techniques.



CONCLUSION

Malignant pleural mesothelioma (MPM) is an aggressive tumor which arises from the mesothelial cells lining the pleural cavity. It is associated with a relatively poor life expectancy and definitive diagnosis is still considered to be difficult to attain. Diagnosis of MPM based on histopathological features can be difficult as it often can resemble other tumors, and typical indicators of malignancy such as cellular atypia and mitotic bodies are generally not useful. Immunohistochemical markers are essential to the diagnosis, with an initial mesothelial cell panel which may include calretinin, CK 5/6, WT-1 and D2-40 being used to differentiate mesothelial cell origin from metastatic carcinomas. The latter generally stain positive for the markers such as CEA monoclonal, BerEP4, MOC-31, Claudin-4, and B72.3. Another important step in MPM diagnosis is differentiating it from reactive mesothelial proliferation. BAP1 IHC and MTAP IHC now have sufficient evidence behind their use in diagnosis and are being widely utilized in clinical practice today to differentiate between reactive mesothelial proliferation and MPM. While individually their sensitivity for MPM has shown mixed results, both have excellent specificity. When used together their sensitivity rises considerably and a similar effect is observed when each is used in conjunction with FISH testing for p16 loss. The sensitivity rises above 90% for MPM over reactive mesothelial cells. FISH testing for p16 loss is another diagnostic modality which has successfully been incorporated into clinical practice. Research into the use of epigenetic markers in the diagnosis of MPM has shown very promising results in the literature. DNA methylation markers are currently the most researched area in MPM epigenetic diagnosis. Certain hyper- and hypomethylated CpG sites have been found to carry diagnostic value in MPM, with markers being detected in patient plasma. Other epigenetic markers such as certain long non-coding RNAs, micro RNAs, histone acetylation markers, and circular RNA markers similarly have shown promise in MPM diagnosis. Many studies currently exist strongly supporting the clinical relevance of incorporating epigenetic markers into the diagnosis of other cancers, however, in the case of MPM this evidence is still in its early stages. Although evidence so far is encouraging, larger studies with larger cohorts of patients are needed to assess the use of these epigenetic markers in MPM diagnosis to clarify clinical relevance.
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