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Accumulation of genetic mutations drives the development of pancreatic ductal adenocarcinoma (PDAC). Contrary to what it is expected, however, genetic analyses, no matter how precise or detailed, do not allow the identification of patient groups with different clinical outcomes or the selection of specific treatments. In fact, clinical outcome and sensitivity to treatments are associated with a given phenotype and are therefore associated at a transcriptomic level. In practical terms, therefore, the most appropriate readout for phenotypically stratifying PDACs should be transcriptomic and not genetic analysis. Recently data indicate that studying the expression of a selected gene set could inform selection of the most appropriate treatment for patients, moving towards an individualized medicine approach for this dismal disease. We are optimizing this approach by developing a platform based on obtaining organoids directly from surgical as well as endoscopic ultrasound-guided fine needle aspiration (EUS-FNA) biopsies of tumors, which serve as a source of RNA, allowing determination of the transcription level of some informative genes. We are convinced that in the near future, the treatment of cancers will be preceded by an extensive molecular characterization of cancer cells in order to select the most appropriate treatments.

Introduction

Over recent decades, detailed genetic analysis of tumors has resulted in the identification and validation of crucial genes that are mutated and dysregulated in a tumor-specific manner, indicating a genetic dependency in the development of these tumors, and suggesting that it could be possible to take advantage of these mutations as potential therapeutic targets, where specific drugs are available. Unfortunately, after a highly enthusiastic period, we must recognize that these type of targets can be effectively utilized for only a small percentage of patients; firstly, because relevant drugs are not available, and secondly, because the mutated genes are not druggable. This is the case for pancreatic ductal adenocarcinoma (PDAC), in which the mutations are relatively conserved between tumors (KRAS, P53, SMAD4, CDKN2A, MLL3, TGFBR2, ARID1A, and SF3B1) but targetable genes remain extremely rare since some of them does not present direct enzymatic activity to be inhibited or because their protein-protein interaction-based activity remain technically unattainable for the moment. Alternative strategies must therefore be developed to treat these patients more effectively by using for example the promising genome editing CRISPR-Cas9-based strategies for targeting to the activating punctual mutations on oncogenes.

Pancreatic ductal adenocarcinoma is a highly heterogeneous disease

PDAC is one of the most lethal human malignancies and a major health problem, causing around 350,000 deaths per year worldwide [START_REF] Siegel | Cancer statistics[END_REF]. The prognosis is poor, with around 5% of patients alive at 5 years after diagnosis [START_REF] Siegel | Cancer statistics[END_REF]. Almost all recent phase II and III clinical trials implemented in unselected PDAC populations showed no robust survival benefits, probably because they were tested in unselected PDAC populations that were highly heterogeneous [START_REF] Kindler | Axitinib plus gemcitabine versus placebo plus gemcitabine in patients with advanced pancreatic adenocarcinoma: a double-blind randomised phase 3 study[END_REF][START_REF] Moore | Cancer Institute of Canada Clinical Trials, Erlotinib plus gemcitabine compared with gemcitabine alone in patients with advanced pancreatic cancer: a phase III trial of the National Cancer Institute of Canada Clinical Trials Group[END_REF][START_REF] Van Cutsem | Phase III trial of bevacizumab in combination with gemcitabine and erlotinib in patients with metastatic pancreatic cancer[END_REF]. In fact, a major impediment to the effective treatment of PDAC is the molecular heterogeneity of the disease, reflected in diverse clinical response patterns to therapy. This heterogeneity is shown by the heterogeneous evolution observed in patients with PDAC, with survival that can range from 2-3 months to more than 5 years after diagnosis, and with a strong difference in susceptibility to treatment with classical as well as novel drugs. This may be explained by the fact that each PDAC is controlled by a combination of several modifications of intracellular pathways, which will result in variable susceptibility to drugs, metastasis development, and therefore survival [START_REF] Costello | New biomarkers and targets in pancreatic cancer and their application to treatment, Nature reviews[END_REF][START_REF] Iovanna | Current knowledge on pancreatic cancer[END_REF][START_REF] Vincent | Pancreatic cancer[END_REF]. Furthermore, as the extensive inter-and intratumoral heterogeneity is further characterized, "virtual microdissection" of PDAC transcriptome data has not only allowed identification of tumor subtypes, but also two distinct stromal types [START_REF] Moffitt | Virtual microdissection identifies distinct tumor-and stroma-specific subtypes of pancreatic ductal adenocarcinoma[END_REF]. Unfortunately, until now no proposed treatments have taken into account this heterogeneity. In fact, the drugs received by patients suffering from PDAC are chosen according to their general performance status and the stage of their disease. No study of the tumor can predict its responsiveness to the treatment, nor give a prognosis to the disease progression. For example, objective response rates of 31.6% in FOLFIRINOXtreated patients and 9.4% in patients treated with gemcitabine have been reported, showing that around 70% and 90% of patients are non-responders, respectively [START_REF] Burris | Improvements in survival and clinical benefit with gemcitabine as first-line therapy for patients with advanced pancreas cancer: a randomized trial[END_REF][START_REF] Conroy | FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer[END_REF]. But who are these patients? How these patients could be identified? It appears evident that to increase treatment effectiveness, patients should be selected to receive the most appropriate drug, or combination of drugs. At present, however, the possibilities for selecting appropriate treatments remain relatively scarce.

The transcriptome of the PDAC correlates with the clinical outcome and could be predictive of drug response

Progressive accumulation of genetic mutations results in PDAC development, but genetic analysis of the tumors (mutations, amplifications, or deletions) does not help to select specific treatments for patients. This fact indicates that PDAC behavior is regulated at a postgenetic level. In other words, the PDAC phenotype is extremely heterogeneous even though only a small number of mutations are responsible for the heterogeneity. We should therefore assume that these differences are regulated at an epigenetic and transcriptomic level and at a translational and posttranslational level. Therefore, in practical terms, the most appropriate readouts to phenotypically classify a PDAC should be the RNA expression level, or the protein level or posttranslational modifications. To illustrate this statement, some studies that classified PDAC based on their transcriptome [2,[START_REF] Collisson | Subtypes of pancreatic ductal adenocarcinoma and their differing responses to therapy[END_REF][START_REF] Moffitt | Virtual microdissection identifies distinct tumor-and stroma-specific subtypes of pancreatic ductal adenocarcinoma[END_REF] revealed different subtypes that were clinically relevant, and in particular were associated with different clinical outcomes. These studies show that phenotyping PDAC can predict the response to the treatment by immunotherapy [2] and the sensitivity to gemcitabine and erlonitib [START_REF] Collisson | Subtypes of pancreatic ductal adenocarcinoma and their differing responses to therapy[END_REF]. In addition, overexpression of CYP3A5 protein is responsible of drug resistance [START_REF] Noll | CYP3A5 mediates basal and acquired therapy resistance in different subtypes of pancreatic ductal adenocarcinoma[END_REF] and some post-translational modifications are also associated to chemoresistance [START_REF] Bonacci | Identification of new mechanisms of cellular response to chemotherapy by tracking changes in post-translational modifications by ubiquitin and ubiquitin-like proteins[END_REF]. It was in this context our hypothesis emerged: if the transcriptome of tumors is informative about the clinical outcome, it could also be informative about the chemosensitivity of tumoral cells to different drugs. To answer this question, we developed an approach based on the molecular characterization of a significant cohort of pancreatic patients-derived xenograft (PDX) representing almost all PDAC subtypes. Using this approach, we expect to identify molecular signatures.

Patient outcome and transcriptome

Our preliminary results indicate that the clinical outcome and sensitivity to treatments is associated with a phenotype and is therefore predictable by the molecular analysis of PDAC samples from patients. Our strategy of using a clustering analysis with an unsupervised approach revealed two patient groups characterized by different survival times. Impressively, around 500 transcripts were more represented in short-term survivors, whereas around 400 transcripts were downregulated in longer term survivors. In this cohort, the most differentially expressed genes associated to short-term survival are CALB2, MT1A, PTPRZ1, STC1, GSDMC, EMP3, MT1L, KLF12, MCTP1, GNG11, MYBL1, MT1M, ITGA10, FJX1, HTRA1, KRT14, OSBPL6, PTPLA, ANKRD1, VIM whereas genes associated to a longer survival are REG4, CEACAM6, SLC4A4, TM4SF4, CFTR, MUC3A, MUC13, CTSE, PIGR, MUC17, TSPAN8, HSD17B2, PROM1, TM4SF20, ANXA13 and CLDN10. Importantly, with a significant false discovery rate (> 0.001), gene ontology analysis on genes that were differentially expressed by these two groups showed a significant enrichment in biological processes associated with cancer, such as the cell cycle, mitosis, response to cellular stresses, DNA metabolism, chromosome organization, and cellular metabolism. This first analysis indicated that these pathways were preferentially modulated between the two patient groups. Analysis of clinical data from both groups of patients showed that patients with short survival had poorly differentiated tumors, whereas patients with longer term survival presented with middle-or well-differentiated tumors [START_REF] Duconseil | Transcriptomic analysis predicts survival and sensitivity to anticancer drugs of patients with a pancreatic adenocarcinoma[END_REF]. Our data were therefore not so surprising; tumors with lowgrade differentiation are expected to be associated with short-term survival compared to those with well-or middle-grade differentiation [START_REF] Geer | Prognostic indicators for survival after resection of pancreatic adenocarcinoma[END_REF][START_REF] Moon | Predicting survival after surgical resection for pancreatic ductal adenocarcinoma[END_REF][START_REF] You | Prognostic factors and adjuvant chemoradiation therapy after pancreaticoduodenectomy for pancreatic adenocarcinoma[END_REF]. Although the grade of differentiation can be determined microscopically by a pathologist after a pancreatectomy, this is only possible in around 15% of patients. However, using a set of molecular markers, this could also be estimated in the other 85% of patients who are biopsied using endoscopic ultrasound (EUS) and fine needle aspiration (FNA), even if only a few cells from the tumor are obtained using this method. In fact, our results suggest that measuring the expression level of some of these molecular indicators in small PDAC samples, as obtained using EUS-FNA, would help in predicting PDAC outcome and therefore would help in choosing the best therapeutic strategy.

Chemoresistance and the transcriptome

In a preliminary study, we analyzed the sensitivity of PDAC primary cell lines to increasing concentrations of five gold-standard chemotherapeutic drugs (gemcitabine, 5FU, oxaliplatin, docetaxel, and the irinotecan active metabolite named SN38) (from 0.001 to 1000 µM). These personalized chemograms allowed us to obtain dose-response curves that characterize tumor chemosensitivity for each patient. Our results demonstrated that each patient-derived cell line has its own chemogram profile, showing a huge heterogeneity in PDAC chemosensitivity [START_REF] Duconseil | Transcriptomic analysis predicts survival and sensitivity to anticancer drugs of patients with a pancreatic adenocarcinoma[END_REF]. This is clinically relevant, since sensitivity or resistance to one drug predicts neither sensitivity nor resistance to another. Another important point to be noted is that some cells survived, even after 72 hours of incubation with very high concentrations of some drugs, such as with 1000 µM of gemcitabine, oxaliplatin, docetaxel, or 5FU, or 100 µM of SN-38. This observation can be explained by the fact that primary cultures are representative of the different cell populations present in the tumor; PDAC tumors are known to be heterogeneous [START_REF] Penchev | Heterogeneity and targeting of pancreatic cancer stem cells, Clinical cancer research : an official[END_REF]. This could be clinically relevant, as the chemogram may detect the percentage of cells that are sensitive or resistant to a drug, and therefore may become a helpful tool to the oncologist selecting the second line of treatment for a given patient.

We then studied whether or not there is a correlation between drug response and PDAC phenotype by performing a supervised clustering analysis of the transcriptome. Surprisingly, some sets of genes were identified as being specifically overexpressed or underexpressed in resistant and sensitive cells, supporting the hypothesis that the tumor phenotype determines the response to a treatment. Importantly, a very small number of common genes associated with drug resistance or sensitivity was observed, suggesting that the phenotype of the sensitivity or resistance is specific for each drug. Lastly, another important point is the fact that genes associated with sensitivity or resistance to the drugs are not typically genes associated with survival, indicating that outcome and drug sensitivity are regulated by independent mechanisms.

Repositioning unused drugs for treating PDAC patients is possible

DNA methyltransferase (DNMT) inhibitors such as 5-AZA-dC demonstrate activity against hematologic malignancies, whereas their efficacy in solid tumors seems to be limited. The rationale for using methyltransferases inhibitors to treat tumors is that neoplastic cells exhibit global hypomethylation with localized hypermethylation of CpG islands and increased levels of methyltransferase activity [START_REF] Ehrlich | Cancer-linked DNA hypomethylation and its relationship to hypermethylation[END_REF]. Moreover, aberrant hypermethylation of CpG islands is associated with transcriptional silencing of genes, which not only plays a role in tumorigenesis, but may also influence response to anticancer agents [START_REF] Esteller | Relevance of DNA methylation in the management of cancer[END_REF][START_REF] Teodoridis | Epigenetic silencing mediated by CpG island methylation: potential as a therapeutic target and as a biomarker, Drug resistance updates : reviews and commentaries in antimicrobial and anticancer chemotherapy[END_REF]. Therefore, reversing gene methylation and epigenetic silencing has the potential to influence tumor growth, sensitivity to anticancer agents, and ultimately clinical outcome [START_REF] Egger | Epigenetics in human disease and prospects for epigenetic therapy[END_REF]. In clinical trials, although 5-AZA-dC has shown an objective response in some patients, its overall efficacy remains relatively low. For these reasons, DNMT inhibitors are not used in the treatment of pancreatic cancers. As a proof-of-concept, we intended to demonstrate that discarded drugs may present a clinical interest for a particular subgroup of patients after identifying the sensitive tumors with specific markers. To this end, we treated several primary cultures of PDAC cancer cells with increasing concentrations of 5-AZA-dC in order to study their sensitivity and to obtain a dose-response curve. Using this approach, we were able to compare these PDAC-derived primary cultures and estimate their relative chemosensitivity. Analysis of the transcriptomes of tumoral cells from sensitive patients reveal that some genes typically expressed in poorly differentiated PDAC, such as MUC3A, MUC5AC, GATA6, or HNF4A, are differentially overexpressed in sensitive PDAC-derived cells compared to resistant cells [START_REF] Gayet | A subgroup of pancreatic adenocarcinoma is sensitive to the 5-aza-dC DNA methyltransferase inhibitor[END_REF]. These data suggest that 5-AZA-dC treatment is more effective against well-and moderately differentiated tumors than against those that are poorly differentiated.

In the same way, we evaluated the putative use of the FK866 compound, a noncompetitive highly specific inhibitor of NAMPT [START_REF] Olesen | Anticancer agent CHS-828 inhibits cellular synthesis of NAD[END_REF], for treating PDAC. PDAC-derived cells were treated with increasing concentrations of FK866 to determine their sensitivity by plotting doseresponse curves. Using this approach, we were able to estimate their relative chemosensitivity by comparing their IC50s. Our data reveal that each PDAC-derived cell culture has its own sensitivity to FK866, with a huge range of IC50s. Next, we hypothesized that NAMPT expression, as a specific target of FK866, could predict drug sensitivity. Consequently, we quantified NAMPT at the transcriptional level in pancreatic PDX. We plotted the mRNA expression level and used IC50 values to reflect and compare the global sensitivity of pancreatic cancer cells; our results indicate that resistance to FK866 positively correlates with the expression level of NAMPT transcripts [START_REF] Barraud | A pancreatic ductal adenocarcinoma subpopulation is sensitive to FK866, an inhibitor of NAMPT[END_REF]. In other words, we observed that PDAC expressing lower levels of NAMPT had an increased sensitivity to FK866 treatment.

Identifying novel personalized targets for treating patients with PDAC

One additional strategy to discover potential markers, and therefore therapeutic targets, for patient stratification is to focus on identifying pathways that are deregulated in tumors, particularly when tumor cell activity absolutely depends on keeping these alterations. It is therefore logical to assume that blocking these pathways with specific inhibitors should lead to cell growth arrest and death, and the consequent tumor regression. Using this rationale, it would be possible to select, by means of a few markers, a particular subgroup of patients whose tumors are "dependent on" a distinct pathway, and use appropriate inhibitors for treating these patients; this is the major goal of modern individualized medicine. In this way, a frequently deregulated although insufficiently therapeutically exploited pathway in PDAC involves "dependence" on the c-Myc oncogene [START_REF] Mertz | 3rd, Targeting MYC dependence in cancer by inhibiting BET bromodomains[END_REF]. This transcription factor influences the expression of a significant number of genes involved in cell growth, proliferation, and apoptosis. Consequently, many efforts have been dedicated to identify potent MYC inhibitors as new therapeutic options [START_REF] Annibali | Myc inhibition is effective against glioma and reveals a role for Myc in proficient mitosis[END_REF][START_REF] Fletcher | Small-molecule inhibitors of the Myc oncoprotein[END_REF][START_REF] Mckeown | Therapeutic strategies to inhibit MYC[END_REF][START_REF] Soucek | Modelling Myc inhibition as a cancer therapy[END_REF]. Key to these efforts have been the discovery of the bromodomain and extraterminal family of proteins (BET), which are efficiently inhibited by BET inhibitors (BETi). Thus, identifying a subgroup of PDAC patients based on their c-MYC status and testing their response to BETi could be of paramount medical importance.

To identify patients with PDAC dependent on MYC activity, we selected a panel of RNAs known to be regulated by MYC and realized a hierarchical clustering on a set of several PDAC transcriptomes. The obtained dendrogram indicates the presence of two clear subgroups, which were defined as MYC-high and MYC-low and that corresponded to around 30% and 70% of patients, respectively. We then defined a minimal specific MYC signature of 16 genes to be used to classify tumor subtypes as MYC-high or MYC-low. An independent validation cohort confirmed the efficiency of this minimal signature. We then analyzed whether the subgroup of PDAC with the MYC-high phenotype was more sensitive to pharmacological inhibition of MYC activity, which currently cannot be targeted directly but instead is targeted indirectly through the inactivation of BET proteins. To test our hypothesis, we treated a panel of pancreatic PDX with JQ1, a well-characterized BETi. As expected, we found that cells from MYC-high patients (tested in cell culture, spheroids, organoids, and xenografts) exhibit higher sensitivity to BETi treatment than cells from MYC-low patients [START_REF] Bian | Gene expression profiling of patient-derived pancreatic cancer xenografts predicts sensitivity to the BET bromodomain inhibitor JQ1: implications for individualized medicine efforts[END_REF]. Taken together, the in vitro and in vivo results show that MYC-high tumors are more sensitive to BETi. We conclude that it is possible to develop tools to detect tumors with high MYC activity, and can therefore assume that a similar strategy could be used to stratify patients with tumors that are "dependent on" other pathways and enable selection of these patients for novel treatments.

Conclusion and perspectives

The identification of genetic alterations in PDAC is clearly ineffective to guide a therapeutic approach. To overcome this obstacle, we evaluated the capacity of transcriptomic molecular signatures to identify patients having a particular clinical outcome or a particular pattern of sensitivity to a given treatment (as presented in Figure 1). Whole or partial transcriptomic analysis of PDAC seems to be a promising strategy to reveal the molecular phenotype of this disease. Importantly, testing RNA signatures is easily applicable and of low cost. This is particularly beneficial in non-operable tumors, which represent around 85% of PDAC. Currently, a EUS-FNA biopsy is taken from these patients to confirm the diagnosis before starting treatment. These biopsies represent a valuable source of cancer cells, which serve as the source of tumor macromolecules such as RNA. In turn, this RNA can be used to measure the expression of particular RNA sets of interest (expression signatures) to define a particular phenotype. Unfortunately, one of the main difficulties with biopsies is that they are typically contaminated by blood, stroma and, in some cases, normal pancreatic or gastrointestinal cells, which may make molecular analyses difficult. The preparation of PDX from biopsies, in order to obtain sufficient clean material, is technically feasible, but it could take up to six months. This time frame is incompatible with a clinical application. The alternative we propose is to prepare organoids directly from these PDAC biopsies, in a time frame of as few as 2-3 weeks. Organoid culturing has been involved in cancer research for the last few years, and has enabled an array of new experimental techniques. This 3D system models the physiology, shape, and dynamics of tumoral cells, producing a relevant and highly adaptable model system. The increased functional relevance of this model compared to the use of 2D cancer cell lines makes it an invaluable tool for translational research. As the limitations of this system are being overcome to make high-throughput assays possible, it is clear that organoids are becoming a mainstay of cancer research. Pancreatic cancer organoids can be produced from microbiopsies for non-resectable tumors and from macrobiopsies for resectable PDAC. After a few days of growth, this material becomes almost free of stromal, fibrotic, or other contaminants, and can be amplified by culturing. This amplification by cell replication also increases purity, because only epithelial cancerous cells will grow in the selective culture media. In practical terms, it is possible to obtain suitable material within 2-3 weeks of culture. It is then easy to purify RNA from organoids and measure the expression of several informative transcripts using an RNA expression platform such as nanoString (Figure 2). This transcriptional level quantification approach has the great advantage of not requiring previous amplification, which can introduce unwanted technical bias. Importantly, all these manipulations take only three additional days. It is very likely that in the near future, the treatment of cancer will be preceded by a precise and extensive molecular characterization of the cancer cells in order to select the most appropriate treatments, creating the long-expected individualized medicine approach for treating patients with PDAC. PDAC is undoubtedly one of the malignant diseases that most urgently needs this type of approach, since treatment with standard drugs is largely ineffective. Although this review has focused on PDAC, a similar strategy could also be applied to other cancer types.

Figures legend

Strategy to selecting specific markers of sensitivity to a cytotoxic treatment. A cohort of PDAC-derived cells are treated with a given cytotoxic compound to determine their sensitivity. Expression of these PDAC was determined by RNA-seq and the bioinformatics analysis identifies differentially expressed genes between PDAC sensitive and PDAC resistant as candidate markers to be used as indicators. These markers are confirmed in an independent (validation) cohort of PDAC before their utilization in clinical trials.

Figure 2

Molecular signatures will be obtained for individualized treatment of patients with PDAC in the near future. Molecular signatures should be obtained for patients with operable PDAC (15% of cases), but will be of particular interest for patients with non-operable PDAC (85% of cases). These samples represent a valuable source of cancer cells that serve as the source of RNA. The material obtained is largely contaminated by blood and tumor stroma or neighboring tissues. The alternative strategy is to prepare organoids directly from surgical samples or biopsies. This allows amplification by cell replication, and purity, since only epithelial cancerous cells grow in the selective culture media. Sufficient organoids can be obtained within 2-3 weeks of culture. RNA from organoids can easily be purified, and the expression of several informative transcripts can be measured by a nanoString platform in 2-3 additional days.
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