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Pancreatic ductal adenocarcinoma (PDAC) remains a major health problem because it induces almost systematic mortality. Carcinogenesis begins with genetic aberrations which trigger epigenetic modifications. While genetic mutations initiate tumorigenesis, they are unable to explain the vast heterogeneity observed among PDAC patients. Instead, epigenetic changes drive transcriptomic alterations that can regulate the malignant phenotype. The contribution of factors from the environment and tumor microenvironment defines different epigenetic landscapes that outline two clinical subtypes: basal, with the worst prognosis, and classical. The epigenetic nature of PDAC, as a reversible phenomenon, encouraged several studies to test epidrugs. However, these drugs lack specificity and although there are epigenetic patterns shared by all PDAC tumors, there are others that are specific to each subtype. Molecular characterization of the epigenetic mechanisms underlying PDAC heterogeneity could be an invaluable tool to predict personalized therapies, stratify patients and search for novel therapies with more specific phenotype-based targets. Novel therapeutic strategies using current anticancer compounds or existing drugs used in other pathologies, alone or in combination, could be used to kill tumor cells or convert aggressive tumors into a more benign phenotype.
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INTRODUCTION

Approximately 350,000 people worldwide die every year due to pancreatic ductal adenocarcinoma (PDAC), making it the most lethal cancer (1). Despite all the efforts made in research over the last few decades, its prognosis has not significantly improved, with a variable survival time after diagnosis ranging from 2 to 3 months to more than 5 years (only in 5% of cases). One of the principal problems facing this disease is the heterogeneity observed among patients regarding symptoms, clinical evolution, predisposition to early metastasis, and sensitivity to treatments. Heterogeneity can arise at multiple stages of tumor evolution, from the first genetic mutations that gave origin to the tumor, its interaction with the microenvironment and as a result of selection pressure and clonal expansion (2). Nevertheless, two clinical subtypes of PDAC have been characterized: basal, with the worst prognosis, and classical. Less than 10% of PDAC patients respond to gemcitabine. This percentage increases three times with FOLFIRINOX, a protocol that combines four different drugs (5-FU, leucovorin, irinotecan, and oxaliplatin) (3). Hence, more than 70% of patients do not respond to the current therapies and even worse, failure of the first line chemotherapy leads to an acceleration of tumor growth conducive to a resistant and metastatic tumor. At present, there are no methods that can predict a patient's response to treatment or their prognosis, therefore clinicians choose therapy protocols based only on the patient's general condition and stage of progression. Thus, methods to predict if a patient will respond to the current chemotherapies (and which one) must be urgently developed; and it is pertinent that a treatment is found for the majority of patients for whom these therapies do not work.

Uncovering the mechanisms underlying tumoral heterogeneity has become a hallmark in cancer research (4), and we are convinced that it would be a good starting point in the selection of personalized therapeutic strategies. New insights in this field suggest that the frequent genetic aberrations present in PDAC samples, especially those in genes related to the epigenetic machinery, trigger the first epigenetic changes. However, we think that these epigenetic modifications are the driving forces that alter gene expression and define the malignant PDAC phenotypes. In fact in a recent publication Nicolle et al. (5) present a deep analysis of pancreatic cancer xenografts showing that tumor subtypes are better defined by specific epigenetic, transcriptional, and stromal landscapes than by gene mutations. They reveal also interesting potential therapeutic targets in the cross-talk between tumor and stromal cells.

THE EPIGENETIC LANDSCAPE UNDERLYING PDAC AS A TARGET FOR PATIENT TREATMENT

Epigenetics is defined as all the changes in phenotype and gene expression which are not due to alterations in the DNA sequence (6). These changes occur by a variety of mechanisms, frequently involving an effect on gene expression patterns: DNA methylation, chromatin remodeling, histone modifications and non-coding RNA molecules (lncRNAs and miRNAs). A great advantage that can be taken from the fact that the epigenome is the main factor responsible for PDAC phenotypes is that it is a reversible phenomenon, whilst genetic mutations are not. Thus, the development of epidrugs to modify aberrant epigenetic states represents a real opportunity to overcome PDAC. Adding further support for this hypothesis, an integrative analysis using ChIP-seq to characterize histone modifications, DNA methylation profiling and RNA-seq (7) showed that, as the result of activated epigenetic states produced by driver mutations, the PDAC epigenome is characterized by an upregulation of several epigenetic regulators with a clear feedback among them: DNA methyltransferases (DNMTs), histone methyltransferases and acetyltransferases, and non-coding RNAs.

Histone Modifications

Some of the epigenetic regulators found to be upregulated in PDAC are the H3K4 methyltransferases MLL2 and SETD3, and the H3K acetyltransferase KAT2A, all of which activate transcription (7). Another regulator over-expressed in all PDAC samples is enhancer of zeste homolog 2 (EZH2). This enzyme is the functional enzymatic component of the chromatin remodeling polycomb repressive complex 2 subunit (PRC2), and it catalyzes the trimethylation of H3K27. Targeting polycomb modifications with epidrugs is of particular interest, as polycomb-repressed complexes have been found to silence tumor suppressor genes and hedgehog pathway genes. A first-in-class oral selective EZH2 inhibitor, tazemetostat, has been tested in a phase 1 study. This drug showed favorable results with a good safety profile and antitumor activity in patients with refractory B-cell non-Hodgkin lymphoma and advanced solid tumors (8). However, at present there are no reports of its use in PDAC pathology. Another promising approach is the implementation of amphipathic helical peptides. For example, NUPR1 is a protein that is over-expressed during acute pancreatitis (9), it is implicated in chromatin remodeling via its interaction with polycomb-group proteins, especially the C-terminal region of ring finger protein 1 B (C-RING1B) (10). It has been proven that helical peptides designed to target the intrinsically disordered NUPR1 protein inhibited its interaction with C-RING1B (11). Other epidrugs targeting histone marks have also been tested. For example, treatment of PDAC cells with chaetocin, a pan-H3K9me inhibitor, reduced cell growth. Interestingly, when combined with MLN8237 (alisertib) which targets aurora kinase A (AURKA), a key enzyme that regulates normal mitotic progression, the cytotoxic effect increased (12).

Histone deacetylase 1 (HDAC1) is another epigenetic modifier that is over-expressed in PDAC samples and may deregulate the histone acetylation pattern (7). In particular, higher expression levels of HDAC 1, 7, or 8 are associated with worse overall survival (13). Inhibiting HDACs could result in the activation of tumor suppressor genes leading to an inhibition of tumor cell proliferation. Until now, pancreatic cancer research has mostly focused on acetylation marks by studying HDAC inhibitors and proteins containing the bromodomain and extraterminal domain (BET), which recognizes or “reads” acetylation marks (14). It has been shown that the BET inhibitor JQ1 (also known as TEN-010 or thienotriazolodiazepine) suppresses the tumor growth in patient-derived xenograft models (15). Moreover, a synergistic effect on cell death and suppression of advanced PDAC was observed when JQ1 was combined with SAHA, an HDAC inhibitor also known as vorinostat that has already been approved by the United States Food and Drug Administration (FDA) (16). A recent study also demonstrated that another drug that targets HDACs, trichostatin A (TSA), increased apoptosis in MIA PaCa-2 and PANC-1 cell lines with better efficacy than SAHA, and moreover it enhanced the sensitivity of PDACs cells to gemcitabine (13). As BET bromodomains are determinants of c-MYC transcription (17), it is not surprising that cells from PDAC patients with high levels of MYC expression were more sensitive to JQ1 compared to cells with lower levels of MYC expression (18). The remarkable differences in results obtained for each tumor sample when studying cohorts of patients reveals the importance of patient stratification to select an efficient chemotherapy, and the limitations of extrapolating results obtained from only a few cell lines.

Non-coding RNAs

Non-coding RNA (ncRNA) transcripts play a role as epigenetic modifiers regulating gene expression by different mechanisms, including interacting with histone modifying complexes or with DNMTs (19). These molecules are of special interest because targeting them leads to important downstream consequences in gene expression, and they can also be exogenously restituted. Among ncRNAs, the best studied are the microRNAs (miRNAs) that act as posttranscriptional repressors. Several of them are known tumor-suppressors, and their downregulation is implicated in the initiation and progression of PDAC. For example, in precursor lesions of PDAC miR-148 is repressed by DNA hypermethylation (20), and alongside miR-217 and miR-375, its downregulation is a meta-signature of PDAC (21). Different delivery strategies can be performed to restitute miRNA expression levels. One is the use of “nanovectors” that consist of lipid nanoparticles. These have been successfully used to deliver miR-34a, from the p53 transcriptional network, and the miR-143/145 cluster, known to downregulate KRAS2 expression, into cancer cells (22). The restitution of these miRNAs increased apoptosis and decreased proliferation in MIA PaCa-2 subcutaneous xenografts. In addition, miR-145 can been restored in human pancreatic cancer cells using a magnetic nanoparticle formulation (23). Silencing upregulated miRNA-21 and miRNA-221 in PDAC cells lines with antisense oligonucleotides also led to a significant inhibition of primary tumor growth and metastasis in gemcitabine resistant cells (24). Although miRNA-based therapy has been tested in preclinical studies, at present no clinical trials have been performed to test its use against PDAC (25).

DNA Methylation

The DNA methylation is an epigenetic mark that causes gene silencing by retaining DNA in a transcriptionally quiescent state. In tumoral cells transcription of one of the five members DNMTs, the DNMT1 is increased, and higher levels of this enzyme correlate to poor clinical outcome (7, 26). Transference of a methyl group to the nucleotide cytosine converts DNA into a methylated form that is inaccessible to transcription factors (TFs) and blocks transcription. In cancer, specific DNA methylation patterns are known to silence oncogenes and tumor-suppressors (27). Interestingly, both the potent DNMT1 inhibitor, azacitidine, and its deoxy derivative, decitabine, are FDA approved epigenetic modulators, and their efficacy in the treatment of myelodysplastic syndromes has been tested in a phase III clinical trial (28). In solid tumors such as colorectal, breast, and lung cancers results from clinical trials and preclinical studies putatively suggest that these epidrugs can sensitize tumors to current chemo and immunotherapies (29–31). In PDAC cells, epigenetic reprogramming, by DNMT1 knockdown and by administration of the demethylating agent 5-azacytidine (5-AZA), inhibits tumor growth and also sensitizes resistant cell lines to gemcitabine (32). Zebularine, a known DNA methylation inhibitor, has been shown to have anticancer effects on established PDAC cell lines (33), but these results could not be reproduced on primary low-passage PDAC cultures derived from low-passage patient-derived xenograft tumors (34). However, zebularine drives PDAC stem cells to a more proliferative phenotype with increased sensitivity to current chemotherapies. A recent study (35) also showed an improvement in the response of MIA PaCa-2 and PANC-1 cell lines to irinotecan after sensitization with guadecitabine (SGI-110), a next generation epigenetic modulator with a longer half-life and better tolerability than 5-AZA (36). Nevertheless, data obtained from modifying DNA methylation patterns in cell lines may not reflect the heterogeneity present among patients and so, its extrapolation to clinics is uncertain. A study by Gayet et al. (37) aimed to identify an expression profile that could serve as a treatment response predictor in PDAC. They found a subgroup of PDAC tumors that were sensitive to the well-studied decitabine while other tumors were not. Interestingly, the sensitive tumors showed no correlation with DNMT1, DNMT3A, or DNMT3B expression, but they presented a specific transcriptomic profile.

The development of epidrugs faces several challenges, one of the most important being the lack of specificity: all epigenetic therapies affect the total genome (38). A deeper understanding of these epigenetic mechanisms could bring new and more specific therapeutic targets. Furthermore, heterogeneity should be taken into account because it is unlikely that one epidrug, alone or in combination with current therapies, will be efficient for all tumors. In cohort studies targeting epigenetic marks important differences were observed in the patients' response to treatments (18, 37). These results highlight the importance of implementing molecular characterization to identify biomarkers and classify tumors.

CLASSIFYING TUMORS: THE FIRST STEP TOWARD PERSONALIZED TREATMENT

Part of the heterogeneity observed among PDAC patients can be explained by the classification into two different subgroups based on clinical outcome and therapeutic responses, named basal and classical subtypes. Patients with the basal subtype have a worse prognosis, but they respond better to adjuvant therapy compared to patients with the classical subtype. We know now that these PDAC phenotypes are defined by distinct epigenetic landscapes, and particularly by DNA methylation patterns, which are transduced at the transcriptional level and alter the interaction between the tumor and its stroma (5). However, the first attempts to stratify PDAC tumors were based on genetic mutations. Waddell et al. (39) classified samples in four subtypes (stable, locally rearranged, scattered, and unstable) with potential clinical utility. They defined another group called “on-genotype,” composed by unstable and/or high BRCA mutational signature genomes associated with response to platinum-based therapy. Nevertheless, other exome sequencing studies were carried out that confirmed relatively conserved mutated genes in PDAC (KRAS, TP53, SMAD4, ARID1A, and CDKN2A) (40, 41), but no clinically valuable tumor classification has emerged from these thousands of mutations and rearrangements. In addition, other genomic properties such as the chromosomal instability index and copy number aberrations show no association with any PDAC subtype (5). The lack of genetic support for the major clinical phenotypes of PDAC means that the search for the origin of PDAC heterogeneity must focus on other mechanisms regulated at a post-genetic level.

The Epigenetic Landscape Can Define PDAC Phenotypes

As described above, the origin of PDAC subtypes cannot be explained by the common genetic aberrations observed in this pathology. Nicolle et al. (5) demonstrated using a multi-omic approach (RNA-Seq, miRNA-Seq, Exome-Seq, methylation analysis, and SNP chips) in patient-derived xenografts, that both basal and classical PDAC subtypes could be classified by specific alterations in their DNA methylation patterns. These results indicate that the main phenotypic outcomes in PDAC are epigenetically rather than genetically established. For example, key players in PDAC heterogeneity are the super-enhancers (7). These are clusters of enhancers located in the same region of the genome that mediates cell identity and function (42). The nucleosome remodeling SWI/SNF complex can regulate these super-enhancers and interestingly, genetic alterations in members of this complex are frequent among PDAC tumors. When the SWI/SNF complex is unable to assemble correctly it cannot oppose the polycomb repressive complex localized to the promoters and typical enhancers of differentiation genes. However, residual functional SWI/SNF complexes remain as super-enhancers of genes involved in the maintenance of cell identity, and this disequilibrium promotes tumorigenesis (43). In concordance with Nicolle et al. (5), Lomberk et al. (7) identified that in the classical subtype of PDAC TFs such as GATA6, FOS, FOXP1, FOXP4, KLF4, ELF3, NFIX, CUX1, and SSBP3 seem to be implicated in the upstream transcriptional regulation of other TFs with functions in pancreatic morphogenesis and lipid metabolism pathways, but were also found to regulate gene expression at the super-enhancer level (Figure 1). GATA6 has a proposed oncogenic function, as its overexpression was found as a consequence of frequent genomic copy number gain in some pancreatic cancer cells (44). However, it was recently reported that in fact, GATA6 inhibits de-differentiation and the epithelial to mesenchymal transition, while GATA6 silencing increases the metastatic capacity of PDAC cells by regulating different TFs including FOXA1/2 (45). Moreover, loss of GATA6 in primary PDAC samples was linked to shorter overall patient survival. On the other hand, in the basal phenotype the hepatocyte growth factor receptor (MET) acts to upregulate super-enhancers. In the networks located downstream of MET there are several TFs involved in proliferation (MYC, MYBL1 and E2F1) and in the epithelial to mesenchymal transition (SNAI2) which could play a key role in the development of basal tumors.
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FIGURE 1. Developmental model for PDAC phenotypes. Carcinogenesis is initiated by a combination of certain mutations, frequently in genes such as KRAS, TP53, SMAD4, ARID1A, and CDKN2A. These mutations trigger epigenetic alterations by different mechanisms (DNA methylation, nc-RNAs, and histone modifications) and, combined with factors from the environment and tumor microenvironment, they establish subtype-specific epigenetic landscapes. These epigenetic landscapes drive transcriptomic alterations and so, they determine the basal and classical phenotypes. In the classical subtype several TFs including GATA6, FOS, FOXP1, and FOXP4 act at the super-enhancer level to regulate gene expression, they also regulate the expression of other TFs (HFFs, PDX1, MNX1, PPARs) with functions in pancreatic morphogenesis and lipid metabolism. In the basal subtype, which has a worse prognosis, MET was found to regulate basal-specific super-enhancers, gene networks downstream of MET include TFs such as MYC, MYBL1, E2F1, and SNAI2 known to play a role in proliferation and the epithelial to mesenchymal transition. As the nature of PDAC subtypes is not genetic, it could be possible to interconvert both subtypes just by inactivation of MET in basal or GATA6 in classical samples.



The Epigenetic Landscape Drives Distinctive Gene Expression Profiles

Remarkably, aberrant DNA methylation patterns and/or deregulation of miRNA epigenetic modifications correlate with alterations in subtype-specific pathways, further supporting the hypothesis that epigenetics drives the PDAC phenotypes (5, 46). An integrative analysis performed by Nicolle et al. (5) concerning gene expression and genome methylation data from different studies (5, 47–50), showed a clear parallelism between the methylome and transcriptome. On one hand, cells from basal tumors are characterized by high expression levels of genes related to cell cycle and glycolysis pathways, and both tumoral and stromal cells have an overrepresentation of pathways involved in the interaction with nearby tissues. Moreover, in both tumoral and stromal cells from basal samples the WNT signaling pathway is also highly deregulated by overexpression of its ligands and downregulation of inhibitors. On the other hand, pathways upregulated in the classical phenotype are also active in normal pancreatic cells or other types of gastrointestinal cells. Thus, characterization of the epigenetic landscape and gene expression is a powerful tool not only as a marker of clinical evolution, but also to understand the functional mechanisms in tumoral cells and find new therapeutic targets.

These observations are in agreement with several previous studies which have successfully classified PDAC tumors into specific subtypes based on tumoral gene expression profiles, indicating that unlike genetic aberrations, the transcriptome as a reflection of the methylome, correlates to therapeutic response and clinical outcome. Collisson et al. (47) described three intrinsic subtypes: classical, quasi-mesenchymal, and exocrine-like. More recent studies with a larger sample size have extended the subtypes already described. The classification described by Moffitt et al. (48), that used only PDAC samples, was able to classify tumors independently of sample purity (46) into two subtypes with prognostic and biological relevance: classical-like and basal-like. Another stratification by Bailey et al. (49) proposed four subtypes: squamous, immunogenic, pancreatic progenitor, or aberrantly differentiated exocrine. Another tumoral classifier expression signature which correlates with clinical outcome was proposed based on the expression of MYC gene: MYC-low and MYC-high subtypes with higher and lower overall survival, respectively (17). The MYC-high subtype has higher levels of proliferation, a lower state of differentiation and shorter survival time compared to the MYC-low subtype. The basal/classical stratification of Moffitt et al. (48) has gained consensus in the last few years, as it has been validated by several independent cohorts studies.

Recent data from multi-omic approaches (5, 7) highlight that epigenetic modifications play a key role not only in carcinogenesis but also in PDAC heterogeneity. Thus, the evolution of PDAC could be thought of as a phenomenon that begins with several alterations at the genetic level, which combined with factors from the environment and tumor microenvironment defines an epigenetic landscape outlining the PDAC phenotypes. Characterization of both the epigenetic landscape and its resulting transcriptome allow the classification of PDAC samples into the less aggressive classical subtype or the more aggressive basal subtype. Therefore, the different chromatin states could serve as potential phenotypic, diagnostic, and prognostic markers; and moreover they could be a useful tool to identify new therapeutic targets.

Possible Sources of Samples for the Identification of Epigenetic Biomarkers of Response to Chemotherapy

A great advantage of stratifying patients according to epigenetic marks instead of RNA expression is that DNA is much more stable. It is known that solid tumors release cell-free DNA into the circulation and its DNA methylation pattern mirrors the tumoral profile. Aberrant circulating methylated DNA has already been studied for most types of cancers because of its clinical implications: it can be analyzed directly from plasma or serum samples without the need for any surgical or invasive procedures (51). In addition, as DNA methylation is often an early event in carcinogenesis, methylated DNA could be a sensitive marker for the early stage of disease (52). Several studies have focused on utilizing this strategy for the early detection of PDAC (53–55). With the same objective, other epigenetic modifications have also been studied in PDAC blood-based samples, for example histone modifications, by analyzing circulating nucleosomes (56) and miRNAs (57). These non-invasive techniques could be used to molecularly characterize subtype-specific epigenetic signatures, leading to early stratification and treatment selection. However, further studies should be performed to test their efficacy.

Immunodeficient mice xenografts established from patient biopsies can be useful for the molecular characterization of tumor samples; however, graft growth can take many months which is not a clinically compatible timeframe. An alternative method to the xenograft is the culture of organoids, and in the last few years this has become a helpful technique for translational medicine in cancer research. This 3D system recapitulates different aspects of tumoral cells such as tissue architecture, cell-cell interactions, polarity, and cellular heterogeneity by conserving the mutational profile, while 2D models do not. Another advantage is that they can be produced not only from resectable PDAC macro-biopsies but also from fine-needle aspiration (FNA) micro-biopsies (58). Moreover, organoid culture could be performed in a clinically compatible timeframe, as their preparation directly from PDAC biopsies could take only 2 to 3 weeks (59). The pure material that is obtained after growth in selective media can be used for subsequent molecular characterization, including transcriptomics and epigenomics. Moreover, to generate a complete 3D model of the tumoral environment, pancreatic cancer organoids can be co-cultivated with stromal fibroblasts and/or immune system cells (cancer-associated fibroblasts and T-cells) (60). As this approach takes into account the whole complexity of the tumor it is very useful for accurate drug testing.

A recent study found that analysis of the gene expression profile of PDAC organoids is a powerful tool for molecular pharmacotyping (61). Gene expression signatures for sensitivity to the current drugs used in PDAC treatment were defined, especially to gemcitabine, oxaliplatin, and paclitaxel, as adjuvant therapies and to treat advanced disease. Tumors resistant to one drug could be sensitive to another; therefore these signatures may allow the development of a more adapted treatment for each patient. Although oxaliplatin resistance was more common in the basal subtype, pharmacotyping signatures did not overlap with the phenotypic signatures, suggesting that different pathways are involved in clinical outcome and response to therapy. This pioneering study showed that using organoids to predict the response to chemotherapy is a feasible approach and, most importantly that it is possible to identify molecular signatures which allow a rapid evaluation of phenotypic markers that can then be utilized to select the best chemotherapy based on patient stratification. These results encourage more studies, not only at the transcriptomic but also at the epigenomic level, to search for biomarkers of response to chemotherapy.

EPIGENETICS AS A TOOL TO SEARCH FOR NEW THERAPEUTIC TARGETS

Understanding heterogeneity in PDAC and the epigenetic mechanisms underlying it, brings with it the possibility to search for new potential therapies with more specific targets based on tumor phenotype. However, due to their particular microenvironment, pancreatic tumor cells adapted to survive under intense metabolic pressure (62). The extensive PDAC stroma exhibits low vascularization conducive to hypoxia and nutrient deprivation with subtype-specific characteristics. In the classical subtype, small molecula transporters such as the glutamine SLC1A1 transporter and cholesterol transporters like NPC1L1, are over-expressed as a consequence of DNA hypomethylation. Nicolle et al. (5) proposed an interesting approach: to target the highly epigenetically deregulated NPC1L1 using its well-known inhibitor ezetimibe, a drug that is safely and effectively used to treat hypercholesterolemia (63). Interestingly, no previous studies suggest a role for this cholesterol transporter in pancreatic cancer, thus NPC1L1 emerges as a novel target from epigenetic characterization. However, cholesterol metabolism is already known to play an important role in PDAC. It has been reported that a high intake of cholesterol might increase the risk of pancreatic cancer (64). Moreover, cholesterol uptake is a key metabolic pathway for the maintenance of tumoral cholesterol distribution, which is essential for PDAC progression (65). The results obtained by Nicolle et al. (5) in organoids and xenografts after treatment with ezetimibe indicated the efficacy of this drug alone and in combination with gemcitabine. As ezetimibe is a cholesterol competitor, classical tumors that express higher levels of NPC1L1 showed lower sensitivity compared to basal tumors, suggesting different subtype responses. This is a proof of concept that using epigenetic characterization to identify pathways that are aberrantly regulated, especially those that are indispensable for cell survival, is a good strategy to find target candidates against PDAC. Other epigenetically deregulated pathways are also potentially druggable. For example, the DNA methylation of several effectors and inhibitors from the WNT signaling network is known to be altered in the basal subtype of PDAC. In basal tumors, inhibition of the WNT pathway is promising, as several therapeutics targeting WNT signaling are in preclinical phases or clinical trials for the treatment of cancers associated with WNT alterations (e.g., vantictumab, cirmtuzumab, and rosmantuzumab) (66).

In addition, new strategies could focus not only on the difficult mission of eliminating all cancer cells, but also on converting the phenotypes with the worst outcomes to another phenotype with a better prognosis. With this aim Lomberk et al. (7) inactivated MET using small interfering RNA (siRNA) in tumors classified as the basal subtype. The authors showed that this inactivation had an effect at the super-enhancer level of regulation and consequently caused a progression from an aggressive to a more benign tumor. The strength of this strategy is that MET is an intermediate between the epigenome and transcriptome so, the target is not a specific pathway but neither a non-specific modification of the epigenetic marks of the whole genome. Interestingly, in other cancers such as non-small cell lung cancer and hepatocellular carcinoma, anti-MET therapy with monoclonal antibodies, and small-molecule inhibitors has already been used in clinical trials with a significant efficacy and low toxicity profile (67). This study encourages the development of future therapies targeting the MET pathway, alone or in combination with standard therapies (Figure 1). Finally, these results are the first evidence that it is possible to modify the tumor phenotype; thus, we can hypothesize that it is also possible to alter the pharmacotype and turn a resistant cell into a sensitive one.

CONCLUSIONS AND PERSPECTIVES

One of the most important problems facing the treatment of PDAC is its great heterogeneity. This heterogeneity has an epigenetic origin; it is not the result of genetic aberrations as had previously been thought. We can continue trying to develop new and more efficient drugs that save all PDAC patients, but this is a utopia. Instead, according to the tumor phenotype we can select the most suitable treatment for each patient or group of patients, using drugs already available. Epigenetic characterization of the tumor using circulating DNA or primary culture organoids could allow us to predict clinical outcome and select a therapeutic strategy: current anticancer drugs or existing drugs used in other pathologies, alone or in combination, could be used to eliminate the tumor, convert it to a less aggressive phenotype or increase its sensitivity to chemotherapy.

AUTHOR CONTRIBUTIONS

NJ, JI, and ND conceived, wrote the manuscript, and create the figure.

FUNDING

This work was supported by Amidex Foundation, Foundation de France, Canceropole PACA, La Ligue Contre le Cancer, INCa, DGOS (labellisation SIRIC) and INSERM.

REFERENCES

 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. (2016) 66:7–30. doi: 10.3322/caac.21332

 2. Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D, et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N Engl J Med. (2012) 8:883–92. doi: 10.1056/NEJMoa1113205

 3. Conroy T, Desseigne F, Ychou M, Bouché O, Guimbaud R, Bécouarn Y, et al. Groupe Tumeurs Digestives of Unicancer; PRODIGE Intergroup. FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N Engl J Med. (2011) 12:1817–25. doi: 10.1056/NEJMoa1011923

 4. McGranahan N, Swanton C. Clonal heterogeneity and tumor evolution: past, present, and the future. Review Cell. (2017) 9:613–28. doi: 10.1016/j.cell.2017.01.018

 5. Nicolle R, Blum Y, Marisa L, Loncle C, Gayet O, Moutardier V, et al. pancreatic adenocarcinoma therapeutic targets revealed by tumor-stroma cross-talk analyses in patient-derived xenografts. Cell Rep. (2017) 21:2458–70. doi: 10.1016/j.celrep.2017.11.003

 6. Kanwal R, Gupta K, Gupta S. Cancer epigenetics: an introduction. Methods Mol Biol. (2015) 1238:3–25. doi: 10.1007/978-1-4939-1804-1_1

 7. Lomberk G, Blum Y, Nicolle R, Nair A, Gaonkar KS, Marisa L, et al. Distinct epigenetic landscapes underlie the pathobiology of pancreatic cancer subtypes. Nat Commun. (2018) 9:1978. doi: 10.1038/s41467-018-04383-6

 8. Italiano A, Soria JC, Toulmonde M, Michot JM, Lucchesi C, Varga A, et al. Tazemetostat, an EZH2 inhibitor, in relapsed or refractory B-cell non-Hodgkin lymphoma and advanced solid tumours: a first-in-human, open-label, phase 1 study. Lancet Oncol. (2018) 19:649–59. doi: 10.1016/S1470-2045(18)30145-1

 9. Mallo GV, Fiedler F, Calvo EL, Ortiz EM, Vasseur S, Keim V, et al. Cloning and expression of the rat p8 cDNA, a new gene activated in pancreas during the acute phase of pancreatitis, pancreatic development, and regeneration, and which promotes cellular growth. J Biol Chem. (1997) 272:32360–9 doi: 10.1074/jbc.272.51.32360

 10. Santofimia-Castaño P, Rizzuti B, Pey ÁL, Soubeyran P, Vidal M, Urrutia R, et al. Intrinsically disordered chromatin protein NUPR1 binds to the C-terminal region of Polycomb RING1B. Proc Natl Acad Sci USA. (2017) 114:E6332–41. doi: 10.1073/pnas.1619932114

 11. Santofimia-Castaño P, Rizzuti B, Abián O, Velázquez-Campoy A, Iovanna JL, Neira JL. Amphipathic helical peptides hamper protein-protein interactions of the intrinsically disordered chromatin nuclear protein 1 (NUPR1). Biochim Biophys Acta. (2018) 1862:1283–95. doi: 10.1016/j.bbagen.2018.03.009

 12. Mathison A, Salmonson A, Missfeldt M, Bintz J, Williams M, Kossak S, et al. Combined AURKA and H3K9 methyltransferase targeting inhibits cell growth by inducing mitotic catastrophe. Mol Cancer Res. (2017) 15:984–97. doi: 10.1158/1541-7786.MCR-17-0063

 13. Cai MH, Xu XG, Yan SL, Sun Z, Ying Y, Wang BK, et al. Depletion of HDAC1, 7 and 8 by histone deacetylase inhibition confers elimination of pancreatic cancer stem cells in combination with gemcitabine. Sci Rep. (2018) 8:1621. doi: 10.1038/s41598-018-20004-0

 14. Hamdan FH, Johnsen SA. Epigenetic targeting of aberrant transcriptional modulation in pancreatic cancer. Epigenomes. (2018) 2:8. doi: 10.3390/epigenomes2020008

 15. Garcia PL, Miller AL, Kreitzburg KM, Council LN, Gamblin TL, Christein JD, et al. The BET bromodomain inhibitor JQ1 suppresses growth of pancreatic ductal adenocarcinoma in patient-derived xenograft models. Oncogene. (2016) 35:833–45. doi: 10.1038/onc.2015.126

 16. Mazur PK, Herner A, Mello SS, Wirth M, Hausmann S, Sánchez-Rivera FJ, et al. Combined inhibition of BET family proteins and histone deacetylases as a potential epigenetics-based therapy for pancreatic ductal adenocarcinoma. Nat Med. (2015) 21:1163–71. doi: 10.1038/nm.3952

 17. Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell. (2011) 146:904–17. doi: 10.1016/j.cell.2011.08.017

 18. Bian B, Bigonnet M, Gayet O, Loncle C, Maignan A, Gilabert M, et al. Gene expression profiling of patient-derived pancreatic cancer xenografts predicts sensitivity to the BET bromodomain inhibitor JQ1: implications for individualized medicine efforts. EMBO Mol Med. (2017) 9:482–97. doi: 10.15252/emmm.201606975

 19. Peschansky VJ, Wahlestedt C. Non-coding RNAs as direct and indirect modulators of epigenetic regulation. Epigenetics. (2014) 9:3–12. doi: 10.4161/epi.27473

 20. Hanoun N, Delpu Y, Suriawinata AA, Bournet B, Bureau C, Selves J, et al. The silencing of microRNA 148a production by DNA hypermethylation is an early event in pancreatic carcinogenesis. Clin Chem. (2010) 56:1107–18. doi: 10.1373/clinchem.2010.144709

 21. Frampton AE, Giovannetti E, Jamieson NB, Krell J, Gall TM, Stebbing J, et al. A microRNA meta-signature for pancreatic ductal adenocarcinoma. Expert Rev Mol Diagn. (2014) 14:267–71. doi: 10.1586/14737159.2014.893192

 22. Pramanik D, Campbell NR, Karikari C, Chivukula R, Kent OA, Mendell JT, et al. Restitution of tumor suppressor microRNAs using a systemic nanovector inhibits pancreatic cancer growth in mice. Mol Cancer Ther. (2011) 10:1470–80. doi: 10.1158/1535-7163.MCT-11-0152

 23. Setua S, Khan S, Yallapu MM, Behrman SW, Sikander M, Khan SS, et al. Restitution of tumor suppressor microRNA-145 using magnetic nanoformulation for pancreatic cancer therapy. J Gastrointest Surg. (2017) 21:94–105. doi: 10.1007/s11605-016-3222-z

 24. Zhao Y, Zhao L, Ischenko I, Bao Q, Schwarz B, Nieß H, et al. Antisense inhibition of microRNA-21 and microRNA-221 in tumor-initiating stem-like cells modulates tumorigenesis, metastasis, and chemotherapy resistance in pancreatic cancer. Target Oncol. (2015) 10:535–48. doi: 10.1007/s11523-015-0360-2

 25. Sato-Dahlman M, Wirth K, Yamamoto M. Role of gene therapy in pancreatic cancer—a review. Cancers. (2018) 10:103. doi: 10.3390/cancers10040103

 26. Gao J, Wang L, Xu J, Zheng J, Man X, Wu H, et al. Aberrant DNA methyltransferase expression in pancreatic ductal adenocarcinoma development and progression. J Exp Clin Cancer Res. (2013) 32:86. doi: 10.1186/1756-9966-32-86

 27. Esteller M. Epigenetics in cancer. N Engl J Med. (2008) 358:1148–59. doi: 10.1056/NEJMra072067

 28. Fenaux P, Mufti GJ, Hellstrom-Lindberg E, Santini V, Finelli C, Giagounidis A, et al. Efficacy of azacitidine compared with that of conventional care regimens in the treatment of higher-risk myelodysplastic syndromes: a randomised, open-label, phase III study. Lancet Oncol. (2009) 10:223–32. doi: 10.1016/S1470-2045(09)70003-8

 29. Matei DE, Nephew KP. Epigenetic therapies for chemoresensitization of epithelial ovarian cancer. Gynecol Oncol. (2010) 116:195–201. doi: 10.1016/j.ygyno.2009.09.043

 30. Matei D, Fang F, Shen C, Schilder J, Arnold A, Zeng Y, et al. Epigenetic resensitization to platinum in ovarian cancer. Cancer Res. (2012) 72:2197–205. doi: 10.1158/0008-5472.CAN-11-3909

 31. Sharma A, Vatapalli R, Abdelfatah E, Wyatt McMahon K, Kerner Z, A Guzzetta A, et al. Hypomethylating agents synergize with irinotecan to improve response to chemotherapy in colorectal cancer cells. PLoS ONE. (2017) 12:e0176139. doi: 10.1371/journal.pone.0176139

 32. Gailhouste L, Liew LC, Hatada I, Nakagama H, Ochiya T. Epigenetic reprogramming using 5-azacytidine promotes an anti-cancer response in pancreatic adenocarcinoma cells. Cell Death Dis. (2018) 9:468. doi: 10.1038/s41419-018-0487-z

 33. Neureiter D, Zopf S, Leu T, Dietze O, Hauser-Kronberger C, Hahn EG, et al. Apoptosis, proliferation and differentiation patterns are influenced by Zebularine and SAHA in pancreatic cancer models. Scand J Gastroenterol. (2007) 42:103–16. doi: 10.1080/00365520600874198

 34. Zagorac S, Alcala S, Fernandez Bayon G, Bou Kheir T, Schoenhals M, González-Neira A, et al. DNMT1 inhibition reprograms pancreatic cancer stem cells via upregulation of the miR-17-92 cluster. Cancer Res. (2016) 76:4546–58. doi: 10.1158/0008-5472.CAN-15-3268

 35. Thakar M, Hu Y, Morreale M, Lerner L, Ying Lin W, Sen R, et al. A novel epigenetic modulating agent sensitizes pancreatic cells to a chemotherapy agent. PLoS ONE. (2018) 13:e0199130. doi: 10.1371/journal.pone.0199130

 36. Issa JP, Roboz G, Rizzieri D, Faderl S, O'Connell C, Stock W, et al. Abstract LB-214: Interim results from a randomized Phase 1-2 first-in-human (FIH) study of PK/PD guided escalating doses of SGI-110, a novel subcutaneous (SQ) second generation hypomethylating agent (HMA) in relapsed/refractory MDS and AML. Cancer Res. (2012) 72:LB-214. doi: 10.1158/1538-7445.AM2012-LB-214

 37. Gayet O, Loncle C, Duconseil P, Gilabert M, Lopez MB, Moutardier V, et al. A subgroup of pancreatic adenocarcinoma is sensitive to the 5-aza-dC DNA methyltransferase inhibitor. Oncotarget. (2015) 6:746–54. doi: 10.18632/oncotarget.2685

 38. Nebbioso A, Tambaro FP, Dell'Aversana C, Altucci L. Cancer epigenetics: moving forward. PLoS Genetics. (2018) 14:e1007362. doi: 10.1371/journal.pgen.1007362

 39. Waddell N, Pajic M, Patch AM, Chang DK, Kassahn KS, Bailey P, et al. Whole genomes redefine the mutational landscape of pancreatic cancer. Nature. (2015) 518:495–501. doi: 10.1038/nature14169

 40. Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, et al. Core signaling pathways in human pancreatic cancers revealed by global genomic analyses. Science. (2008) 321:1801–6. doi: 10.1126/science.1164368

 41. Witkiewicz AK, McMillan EA, Balaji U, Baek G, Lin WC, Mansour J, et al. Whole-exome sequencing of pancreatic cancer defines genetic diversity and therapeutic targets. Nat Commun. (2015) 6:6744. doi: 10.1038/ncomms7744

 42. Heinz S, Romanoski CE, Benner C, Glass CK. The selection and function of cell type-specific enhancers. Nat Rev Mol Cell Biol. (2015) 16:144–54. doi: 10.1038/nrm3949

 43. Lu C, Allis CD. SWI/SNF complex in cancer: “Remodeling” mechanisms uncovered. Nat Genet. (2017) 49:178–9. doi: 10.1038/ng.3779

 44. Fu B, Luo M, Lakkur S, Lucito R, Iacobuzio-Donahue CA. Frequent genomic copy number gain and overexpression of GATA-6 in pancreatic carcinoma. Cancer Biol Ther. (2008) 7:1593–601. doi: 10.4161/cbt.7.10.6565

 45. Martinelli P, Carrillo-de Santa Pau E, Cox T, Sainz B Jr., Dusetti N, Greenhalf W, et al. GATA6 regulates EMT and tumour dissemination, and is a marker of response to adjuvant chemotherapy in pancreatic cancer. Gut. (2017) 66:1665–76. doi: 10.1136/gutjnl-2015-311256

 46. Cancer Genome Atlas Research Network. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. Cancer Cell. (2017) 32:185–203.e13. doi: 10.1016/j.ccell.2017.07.007

 47. Collisson EA, Sadanandam A, Olson P, Gibb WJ, Truitt M, Gu S, et al. Subtypes of pancreatic ductal adenocarcinoma and their differing responses to therapy. Nat Med. (2011) 17:500–3. doi: 10.1038/nm.2344

 48. Moffitt RA, Marayati R, Flate EL, Volmar KE, Loeza SG, Hoadley KA, et al. Virtual microdissection identifies distinct tumor- and stroma-specific subtypes of pancreatic ductal adenocarcinoma. Nat Genet. (2015) 47:1168–78. doi: 10.1038/ng.3398

 49. Bailey P, Chang DK, Nones K, Johns AL, Patch AM, Gingras MC, et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature. (2016) 531:47–52. doi: 10.1038/nature16965

 50. Nones K, Waddell N, Song S, Patch AM, Miller D, Johns A, et al. Genome-wide DNA methylation patterns in pancreatic ductal adenocarcinoma reveal epigenetic deregulation of SLIT-ROBO, ITGA2 and MET signaling. Int J Cancer. (2014) 135:1110–8. doi: 10.1002/ijc.28765

 51. Warton K, Samimi G. Methylation of cell-free circulating DNA in the diagnosis of cancer. Front Mol Biosci. (2015) 2:13. doi: 10.3389/fmolb.2015.00013

 52. Diaz LA Jr., Bardelli A. Liquid biopsies: genotyping circulating tumor DNA. J Clin Oncol. (2014) 32:579–86. doi: 10.1200/JCO.2012.45.2011

 53. Melnikov AA, Scholtens D, Talamonti MS, Bentrem DJ, Levenson VV. Methylation profile of circulating plasma DNA in patients with pancreatic cancer. J Surg Oncol. (2009) 99:119–22. doi: 10.1002/jso.21208

 54. Yi JM, Guzzetta AA, Bailey VJ, Downing SR, Van Neste L, Chiappinelli KB, et al. Novel methylation biomarker panel for the early detection of pancreatic cancer. Clin Cancer Res. (2013) 19:6544–55. doi: 10.1158/1078-0432.CCR-12-3224

 55. Maggi EC, Gravina S, Cheng H, Piperdi B, Yuan Z, Dong X, et al. Development of a method to implement whole-genome bisulfite sequencing of cfDNA from cancer patients and a mouse tumor model. Front Genet. (2018) 9:6. doi: 10.3389/fgene.2018.00006

 56. Bauden M, Pamart D, Ansari D, Herzog M, Eccleston M, Micallef J, et al. Circulating nucleosomes as epigenetic biomarkers in pancreatic cancer. Clin Epigenet. (2015) 7:106. doi: 10.1186/s13148-015-0139-4

 57. Abue M, Yokoyama M, Shibuya R, Tamai K, Yamaguchi K, Sato I, et al. Circulating miR-483-3p and miR-21 is highly expressed in plasma of pancreatic cancer. Int J Oncol. (2015) 46:539–47. doi: 10.3892/ijo.2014.2743

 58. Buscail L, Bournet B, Vernejoul F, Cambois G, Lulka H, Hanoun N, et al. First-in-man phase 1 clinical trial of gene therapy for advanced pancreatic cancer: safety, biodistribution, and preliminary clinical findings. Mol Ther. (2015) 23:779–89. doi: 10.1038/mt.2015.1

 59. Iovanna J, Dusetti N. Speeding towards individualized treatment for pancreatic cancer by taking an alternative road. Cancer Lett. (2017) 410:63–7. doi: 10.1016/j.canlet.2017.09.016

 60. Tsai S, McOlash L, Palen K, Johnson B, Duris C, Yang Q, et al. Development of primary human pancreatic cancer organoids, matched stromal and immune cells and 3D tumor microenvironment models. BMC Cancer. (2018) 18:335. doi: 10.1186/s12885-018-4238-4

 61. Tiriac H, Belleau P, Engle DD, Plenker D, Deschênes A, Somerville T, et al. Organoid profiling identifies common responders to chemotherapy in pancreatic cancer. Cancer Discov. (2018). 8:1112–29. doi: 10.1158/2159-8290.CD-18-0349

 62. Gouirand V, Vasseur S. Fountain of youth of pancreatic cancer cells: the extracellular matrix. Cell Death Discov. (2018) 4:1. doi: 10.1038/s41420-017-0004-7

 63. Savarese G, De Ferrari GM, Rosano GM, Perrone-Filardi P. Safety and efficacy of ezetimibe: a meta-analysis. Int J Cardiol. (2015) 201:247–52. doi: 10.1016/j.ijcard.2015.08.103

 64. Chen H, Qin S, Wang M, Zhang T, Zhang S. Association between cholesterol intake and pancreatic cancer risk: evidence from a meta-analysis. Sci Rep. (2015) 5:8243. doi: 10.1038/srep08243

 65. Guillaumond F, Bidaut G, Ouaissi M, Servais S, Gouirand V, Olivares O, et al. Cholesterol uptake disruption, in association with chemotherapy, is a promising combined metabolic therapy for pancreatic adenocarcinoma. Proc Natl Acad Sci USA. (2015) 112:2473–8. doi: 10.1073/pnas.1421601112

 66. Katoh M. Canonical and non-canonical WNT signaling in cancer stem cells and their niches: Cellular heterogeneity, omics reprogramming, targeted therapy and tumor plasticity. Rev Int J Oncol. (2017) 51:1357–69. doi: 10.3892/ijo.2017.4129

 67. Mo HN, Liu P. Targeting MET in cancer therapy. Chronic Dis Transl Med. (2017) 3:148–53. doi: 10.1016/j.cdtm.2017.06.002

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Juiz, Iovanna and Dusetti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Oncology

Pancreatic Cancer Heterogeneity
Can Be Explained Beyond the
Genome









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





OPS/images/fonc-09-00246-g001.gif





