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Part A. Introduction I. Lung cancer

Lung cancer remains the leading cause of cancer-related mortality worldwide [START_REF] Sung | GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. It is a heterogeneous disease with distinct histological and clinicopathological characteristics. The two major histological subtypes are non-small cell lung cancer (NSCLC) and small-cell lung cancer (SCLC), accounting for 85% and 15% of lung cancers respectively (Figure 1). This doctoral thesis will focus exclusively on NSCLC.

1) Global epidemiology

The most recent GLOBOCAN (Global Cancer Observatory: cancer today) report ranked lung cancer as the second most commonly diagnosed malignancy after female breast cancer and the leading cause of cancer death, with an estimated 1.8 million deaths (18%) in 2020, with two-thirds attributable to tobacco smoking [START_REF] Sung | Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries[END_REF]. Lung cancer trends reflect trends of smoking prevalence: owing to smoking cessation efforts, incidence rates have witnessed a decline in the past decade, which has been slower among women as they have taken up cigarette smoking later than men [START_REF] Siegel | Cancer statistics[END_REF][START_REF] Sung | Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries[END_REF].

2) NSCLC classifications a. Histological subtypes

NSCLC tumors are further subdivided according to WHO criteria into adenocarcinoma, squamous cell carcinoma, large cell carcinoma, adenosquamous carcinoma, sarcomatoid carcinoma and carcinomas of salivary gland type [START_REF] Davidson | The pivotal role of pathology in the management of lung cancer[END_REF].

Adenocarcinoma is the predominant pathological phenotype (50%) followed by squamous cell carcinoma (40%). Adenocarcinoma tumors are mainly issued from distal airways (alveolar, bronchial or bronchiolar epithelial cells), present glandular differentiation and express thyroid transcription factor 1 (TTF1) and cytokeratin (CK) 7.

On the other hand, squamous cell carcinomas are derived from proximal airways (bronchial cells) and are associated with smoking history. They express CK 5, CK 6 and/or the transcription factors p63 and SRY-box 2 (SOX2), but are TTF1-negative (Z. [START_REF] Chen | Non-small-cell lung cancers: A heterogeneous set of diseases[END_REF][START_REF] Davidson | The pivotal role of pathology in the management of lung cancer[END_REF][START_REF] Langer | The Evolving Role of Histology in the Management of Advanced Non-Small-Cell Lung Cancer[END_REF].

b. Molecular subtypes

A molecular-based classification of NSCLC tumors, based on genetic abnormalities detected at the time of diagnosis or at tumor progression in response to treatment, is also frequently performed. With the advent of high-throughput sequencing technologies, large-scale sequencing of tumor biopsies (TBs) in different cancer types led to the identification of a plethora of molecular alterations implicated in disease progression (e.g. chromosomal rearrangements, insertions or deletions, mutations).

NSCLC management has witnessed unprecedented improvements over the past two decades owing to the identification of multiple new oncogenic drivers (Figure 1), paving the way towards the development of novel targeted therapies. Of note, specific tyrosine kinase inhibitors (TKIs) have been developed and approved in the clinic. These include TKIs targeting mutations in epidermal growth factor receptor (EGFR) or b-raf proto-oncogene (BRAF) genes and gene rearrangements of anaplastic lymphoma kinase (ALK) or c-ros proto-oncogene 1 (ROS1) [START_REF] Thai | Lung cancer[END_REF]. Tumor molecular testing has thus become the standard of care for patients diagnosed with advanced lung adenocarcinoma, as per current guidelines [START_REF] Kalemkerian | Molecular Testing Guideline for the Selection of Patients With Lung Cancer for Treatment With Targeted Tyrosine Kinase Inhibitors: American Society of Clinical Oncology Endorsement of the College of American Pathologists/International Association for the Study of Lung Cancer/Association for Molecular Pathology Clinical Practice Guideline Update[END_REF]. 

EGFR mutations

The discovery of somatic activating mutations in the EGFR gene in 2004 has launched the field of TKI-based targeted therapy in NSCLC. EGFR exon 19 deletions or exon 21 L858R point mutations are the most common in lung adenocarcinoma, found in ~ 17% of NSCLC patients (Figure 1) [START_REF] Singal | Association of Patient Characteristics and Tumor Genomics With Clinical Outcomes Among Patients With Non-Small Cell Lung Cancer Using a Clinicogenomic Database[END_REF][START_REF] Thai | Lung cancer[END_REF].

Studies with first-generation, reversible TKIs erlotinib and gefinitib and secondgeneration, irreversible TKIs afatinib and dacomitinib have shown significantly improved progression-free survival (PFS) in patients with EGFR-mutated NSCLC compared to standard chemotherapy [START_REF] Lynch | Activating Mutations in the Epidermal Growth Factor Receptor Underlying Responsiveness of Non-Small-Cell Lung Cancer to Gefitinib[END_REF][START_REF] Mok | Gefitinib or Carboplatin-Paclitaxel in Pulmonary Adenocarcinoma[END_REF][START_REF] Rosell | Erlotinib versus standard chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): A multicentre, open-label, randomised phase 3 trial[END_REF][START_REF] Sequist | Phase III Study of Afatinib or Cisplatin Plus Pemetrexed in Patients With Metastatic Lung Adenocarcinoma With EGFR Mutations[END_REF]; Y.-L. [START_REF] Wu | Dacomitinib versus gefitinib as first-line treatment for patients with EGFR-mutation-positive non-small-cell lung cancer (ARCHER 1050): A randomised, open-label, phase 3 trial[END_REF]. Nonetheless, resistance to first-and second-generation EGFR inhibitors inevitably develops, with the T790M mutation in 20 EGFR exon 20 being the most common mechanism of acquired resistance (~ 60%) [START_REF] Sequist | Genotypic and Histological Evolution of Lung Cancers Acquiring Resistance to EGFR Inhibitors[END_REF]; H. A. Yu et al., 2013).

Osimertinib, a third-generation irreversible TKI selective for both canonical EGFRactivating and mutations, was approved for the treatment of EGFR T790M -mutated NSCLC patients who had progressed on first-or second-generation TKI [START_REF] Novello | Metastatic non-smallcell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up[END_REF]. It has shown increased PFS compared to platinum plus permetrexed therapy (median 10.1 months vs 4.4 months respectively) in patients progressing after a first line treatment with earlier-generation TKIs and harboring an EGFR T790M mutation [START_REF] Mok | Osimertinib or Platinum-Pemetrexed in EGFR T790M-Positive Lung Cancer[END_REF]. Importantly, findings from the FLAURA trial (NCT02296125) have shown that osimertinib significantly prolonged overall survival (OS) in treatment-naive EGFRpositive NSCLC compared to erlotinib or gefitinib (median 38.6 months vs 31.8 months). Osimertinib has now become the preferred first-line treatment for advancedstage EGFR-mutant NSCLC patients [START_REF] Ramalingam | Overall Survival with Osimertinib in Untreated, EGFR -Mutated Advanced NSCLC[END_REF][START_REF] Soria | Osimertinib in Untreated EGFR-Mutated Advanced Non-Small-Cell Lung Cancer[END_REF]. Despite success both in the first line setting and after failure of early-generation TKIs, acquired resistance to osimertinib remains a major clinical challenge as important heterogeneity has been identified among resistance mechanisms, which encompass both EGFRdependent (e.g. EGFR C797S , EGFR C797X ) and EGFR-independent bypass mechanisms (e.g.

MET amplification, KRAS amplification) (Figure 2) [START_REF] Cooper | Third-generation EGFR and ALK inhibitors: Mechanisms of resistance and management[END_REF][START_REF] Leonetti | Resistance mechanisms to osimertinib in EGFR-mutated non-small cell lung cancer[END_REF][START_REF] Ramalingam | Mechanisms of acquired resistance to first-line osimertinib: Preliminary data from the phase III FLAURA study[END_REF].

ALK and ROS1 gene rearrangements

ALK chromosomal rearrangements define another NSCLC molecular subset found most frequently as fusion oncogenes such as echinoderm microtubule associated protein like 4 (EML4)-ALK fusion, which leads to an aberrant activation of the ALK protein [START_REF] Soda | Identification of the transforming EML4-ALK fusion gene in non-small-cell lung cancer[END_REF]. Similarly, ROS1 rearrangements create fusion proteins that constitutively activate ROS1 kinase and cell proliferation [START_REF] Davies | Molecular Pathways: ROS1 Fusion Proteins in Cancer[END_REF]. ALK and ROS1 rearrangements account for 3-5% and 1-2% of patients with NSCLC respectively (Figure 1), most commonly presenting adenocarcinoma histological features and minimal or no smoking history. First-generation ALK TKI crizotinib was shown to improve PFS compared to standard chemotherapy (median 7.7 months vs 3 months) in previously treated NSCLC patients with ALK rearrangement [START_REF] Shaw | Crizotinib versus Chemotherapy in Advanced ALK -Positive Lung Cancer[END_REF].

Similar outcome was obtained when comparing crizotinib to a combination treatment of permetrexed and platinum salts in previously untreated patients (median PFS 10.9 months vs 7 months) [START_REF] Solomon | First-Line Crizotinib versus Chemotherapy in ALK -Positive Lung Cancer[END_REF]. These studies led to crizotinib becoming the standard treatment in the first-line setting, benefiting both ALK-and ROS1rearranged NSCLC patients [START_REF] Shaw | Crizotinib versus Chemotherapy in Advanced ALK -Positive Lung Cancer[END_REF][START_REF] Shaw | Crizotinib in ROS1-Rearranged Non-Small-Cell Lung Cancer (world[END_REF]. Nevertheless, as with early-generation EGFR TKIs, resistance typically develops within one year of treatment. Briefly, mechanisms of acquired resistance to crizotinib implicate either ontarget secondary ALK gene mutations (e.g. L1196M, G1269A), or more frequently offtarget mechanisms such as the activation of bypass tracks (e.g. EGFR) or epigenetic modifications (e.g. epithelial-mesenchymal transition) [START_REF] Gainor | Molecular Mechanisms of Resistance to First-and Second-Generation ALK Inhibitors in ALK-Rearranged Lung Cancer[END_REF].

Potent second-generation ALK TKIs were then developed against crizotinib resistance mutations, including ceritinib, alectinib, brigatinib and ensartinib. Ceritinib showed clinical activity with 56% objective response rate (ORR) and a median PFS of 7 months in patients with advanced ALK-rearranged NSCLC previously treated with crizotinib, with or without detectable resistance mutations [START_REF] Friboulet | The ALK inhibitor ceritinib overcomes crizotinib resistance in non-small cell lung cancer[END_REF][START_REF] Shaw | Ceritinib in ALK -Rearranged Non-Small-Cell Lung Cancer[END_REF]. Similarly, a study comparing second-generation alectinib to crizotinib showed that the former had a higher PFS rate (68.4%) compared to the latter (48.7%). Moreover, alectinib was more active in the central nervous system (CNS), with 12% of patients presenting a CNS progression event in the alectinib group, compared to 45% in the crizotinib-treated group [START_REF] Peters | Alectinib versus Crizotinib in Untreated ALK-Positive Non-Small-Cell Lung Cancer[END_REF]. Two subsequent interim analyses (99 vs 150 events) of the phase III ALTA-1L trial (NCT0273501) evaluating brigatinib in ALK TKI-naive ALK-positive patients showed a significantly longer PFS and superior efficacy for brigatinib compared to crizotinib. Importantly, in both analyses, brigatinib significantly improved intracranial ORR in patients with baseline brain metastases compared to crizotinib (78% vs 29% and 78% vs 26%) and delayed CNS progression [START_REF] Camidge | Brigatinib versus Crizotinib in ALK-Positive Non-Small-Cell Lung Cancer[END_REF][START_REF] Camidge | Brigatinib Versus Crizotinib in Advanced ALK Inhibitor-Naive ALK-Positive Non-Small Cell Lung Cancer: Second Interim Analysis of the Phase III ALTA-1L Trial[END_REF]. More recently, ensartinib has also proven efficacy in the first-line setting with a longer PFS (median 25.8 vs 12.7 months) and superior intracranial efficacy in patients presenting brain metastases at baseline in comparison to crizotinib [START_REF] Horn | Ensartinib vs Crizotinib for Patients With Anaplastic Lymphoma Kinase-Positive Non-Small Cell Lung Cancer: A Randomized Clinical Trial[END_REF].

Lorlatinib is a third-generation ALK/ROS1 TKI with proven efficacy in treatment-naive patients as well as in overcoming a broad spectrum of resistance mutations acquired to first-or second-generation ALK TKIs, including ALK G1202R ceritinib resistance mutation [START_REF] Solomon | Lorlatinib in patients with ALK-positive non-small-cell lung cancer: Results from a global phase 2 study[END_REF][START_REF] Zou | PF-06463922, an ALK/ROS1 Inhibitor, Overcomes Resistance to First and Second Generation ALK Inhibitors in Preclinical Models[END_REF]. Moreover, results from the phase III CROWN trial (NCT03052608) showed the superior efficacy of first-line lorlatinib in the treatment of ALK-positive patients, as well as its improved CNS penetration compared to crizotinib, supporting its use as first-line treatment in patients with advanced ALKrearranged NSCLC [START_REF] Shaw | First-Line Lorlatinib or Crizotinib in Advanced ALK-Positive Lung Cancer[END_REF][START_REF] Solomon | Post Hoc Analysis of Lorlatinib Intracranial Efficacy and Safety in Patients With ALK-Positive Advanced Non-Small-Cell Lung Cancer From the Phase III CROWN Study[END_REF]. Nevertheless, as with thirdgeneration EGFR TKI, resistance to lorlatinib remains an unresolved clinical issue (Figure 2) [START_REF] Cooper | Third-generation EGFR and ALK inhibitors: Mechanisms of resistance and management[END_REF][START_REF] Recondo | Diverse Resistance Mechanisms to the Third-Generation ALK Inhibitor Lorlatinib in ALK-Rearranged Lung Cancer[END_REF]. 

BRAF mutations

Somatic BRAF mutations have been reported in 1% to 5% of lung adenocarcinoma cases (Figure 1), with V600E being the most prevalent (50%). The dual inhibition of BRAF and MEK by association of dabrafenib with MEK inhibitor trametinib has shown improved survival when compared to monotherapy in patients with BRAF V600E -mutant NSCLC, having progressed after at least one line of treatment with chemotherapy [START_REF] Planchard | An open-label phase 2 trial of dabrafenib plus trametinib in patients with previously treated BRAF V600E-mutant metastatic non-small cell lung cancer[END_REF][START_REF] Planchard | Phase 2 Study of Dabrafenib Plus Trametinib in Patients With BRAF V600E-Mutant Metastatic NSCLC: Updated 5-Year Survival Rates and Genomic Analysis[END_REF]Planchard, Kim, et al., 2016). These findings led to the Food and Drug Administration (FDA) approval of dabrafenibtrametinib combination therapy for the treatment of BRAF V600E -mutant NSCLC regardless of previous treatment.

Other oncogenic drivers

The notion of oncogene-addicted subgroups of NSCLC is expanding. The most prevalent oncogenic driver is the KRAS mutation, which is found in 20-30% of lung adenocarcinomas (Figure 1). There has been stalling progress in targeting KRAS for many decades until a recent major breakthrough has been made with the direct targeting of mutant G12C protein. Two potent molecules, sotorasib (AMG510) and adagrasib (MRTX849), have shown clinical efficacy in KRAS G12C -mutant NSCLC and subsequently received accelerated FDA approval [START_REF] Jänne | Adagrasib in Non-Small-Cell Lung Cancer Harboring a KRASG12C Mutation[END_REF][START_REF] Skoulidis | Sotorasib for Lung Cancers with KRAS p.G12C Mutation[END_REF]. More recently, a novel CLIP1-LTK fusion has been identified in 0.4% of cases, sensitive to targeted therapy using ALK TKI lorlatinib [START_REF] Izumi | The CLIP1-LTK fusion is an oncogenic driver in non-small-cell lung cancer[END_REF]. Additionally, neuregulin 1 (NRG1) fusions issued from chromosomal rearrangements are rare oncogenic drivers that may occur at high frequencies in NSCLC. Exciting findings reported at the American Society of Clinical Oncology (ASCO) 2022 meeting showed that zenocutuzumab -a HER2/HER3 bispecific antibody -has robust clinical activity in patients with NRG1 + solid tumors, showing 34% ORR, including 35% ORR in NSCLC (NCT02912949) [START_REF] Schram | Efficacy and safety of zenocutuzumab, a HER2 x HER3 bispecific antibody, across advanced NRG1 fusion (NRG1+) cancers[END_REF].

3) Current clinical management of non-oncogene addicted NSCLC

Clinical management of NSCLC patients without actionable oncogenic driver mutations depends on the clinical staging of the disease as well as its histological classification.

The advent of immune checkpoint inhibitors (ICIs) targeting either programmed cell death 1 (PD-1) receptor, its ligand PD-L1 or cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) has revolutionized the therapeutic landscape of advanced NSCLC over the last few years (Figure 3). Indeed, immunotherapy-based treatments of advanced NSCLC in the first-line setting have significantly improved OS compared to chemotherapy alone, according to findings from multiple clinical trials (Table 1). The current cornerstone treatment regimen for stage IV NSCLC -irrespective of PD-L1 status -is either PD-1 inhibitor pembrolizumab plus permetrexed and chemotherapy in non-squamous histology (KEYNOTE-189), or dual PD-1 and CTLA-4 inhibition by nivolumab and ipilimumab (CheckMate-227) (Gadgeel et On the other hand, more therapeutic approaches are needed in early-stage resectable disease (stage IB-IIA NSCLC), as surgery with curative intent remains the standard of care but 30-55% of patients still experience disease recurrence [START_REF] Thai | Lung cancer[END_REF].

Administration of neoadjuvant (before main surgical treatment) or adjuvant (after surgery) chemotherapy has shown modest benefit over surgery alone but generated important toxicity. Benefit from ICIs observed in advanced stages led to ICI-based investigational approaches in stage I-III NSCLC. Recent findings reported from phase III CheckMate-816 study in resectable NSCLC showed that nivolumab plus chemotherapy neoadjuvant therapy had significantly improved clinical efficacy over chemotherapy alone [START_REF] Forde | Pancreatic circulating tumor cell profiling identifies LIN28B as a metastasis driver and drug target[END_REF]. While for most patients with stage IIB-IIIC inoperable NSCLC, chemoradiotherapy followed by adjuvant anti-PD-L1 durvalumab is the standard of care since 2018 (Figure 3) [START_REF] Antonia | Durvalumab after Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer[END_REF][START_REF] Antonia | Overall Survival with Durvalumab after Chemoradiotherapy in Stage III NSCLC[END_REF].

Table 1. Phase III clinical trials and results of immunotherapy-based therapeutic strategies in NSCLC.

Abbreviations: CTC, circulating tumor cell; CDX, CTC-derived xenograft; PDX, patient-derived xenograft. Pembro, pembrolizumab; PFS, progression-free survival; OS, overall survival; nivo, nivolumab; EFS, eventfree survival; carbo, carboplatin; nab, nanoparticle albumin-bound; pacli, paclitaxel. 

Study / agent

II. The metastatic process

Despite significant therapeutic advances in cancer treatment, more than 90% of cancer deaths are due to severe metastatic dissemination and acquired resistance to treatment. Research on the metastatic cascade has been long hampered by its enormous complexity and the lack of adequate experimental models of metastasis.

Nevertheless, recent progress using patient-derived mouse models and circulating tumor cell (CTC) characterization has provided significant insight into this complex multi-step process and further improved our understanding of its basic biological principles.

1) Metastatic inefficiency

The main route to metastatic spread is cancer cell dissemination from the primary tumor and/or distinct metastatic foci by invasion of blood and lymphatic capillaries.

Nevertheless, metastatic colonization is a highly inefficient process, consisting of several rate-limiting steps in which "survival of the fittest" is applied. Indeed, a key critical aspect of blood-borne metastasis is the half-life of CTCs in circulation, which is likely in the order of a few hours, based on an estimation of CTC count decline following primary tumor surgical resection [START_REF] Meng | Circulating Tumor Cells in Patients with Breast Cancer Dormancy[END_REF]Stott, Lee, et al., 2010). These clinical observations are in line with experimental findings in the mouse model. This was evaluated for the first time in 1975 in a study by Fidler et al, which demonstrated that B16 melanoma tumor cell survival and metastatic fate is directly related to tumor cell characteristics, including the degree of initial capillary arrest [START_REF] Fidler | Biological Behavior of Malignant Melanoma Cells Correlated to Their Survival in vivo[END_REF].

Following this study, Luzzi and colleagues aimed to determine the portion of B16F1 melanoma cells injected in the mouse portal vein which would successfully form distant lesions. The authors have shown that, while 82 % of injected cells had extravasated into the liver parenchyma, only 2% formed micrometastases and only 1 in 100 of these micrometastases (0.02% of injected cells) grew as tumors (Chambers et al., 2002;Luzzi et al., 1998). Another study has highlighted the early role of apoptosis in impeding metastatic growth in the lungs (Wong et al., 2001). Such observations in vivo imply that the factors regulating survival and tumor-initiating capacity of tumor cells in secondary sites are crucial determinants of metastatic outcome.

2) Stages of the metastatic cascade a. Proliferation and local invasion

The initial steps of the metastatic process requiring primary tumor cell proliferation and invasion of the parenchyma have been extensively studied (Figure 4) (Massagué & Obenauf, 2016). Tumor growth begins with the disruption of the basement membrane and is thought to be enabled by the activation of epithelial-mesenchymal (EMT) transition in tumor cells -loss of cell-cell junctions and cell polarity as well as dynamic reorganization of cytoskeletal elements, enabling cell migration (described in Introduction section II. 3) below) [START_REF] Lambert | Emerging Biological Principles of Metastasis[END_REF]Shibue & Weinberg, 2017).

These physiological and morphological changes are enabled via the secretion of extracellular matrix (ECM)-degrading matrix metalloproteinases (MMPs) as well as dynamic changes in cell-cell (e.g. cadherins) and cell-matrix adhesion molecules (e.g. integrins). After basement membrane rupture, cancer cells come into contact with stromal cells such as cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) that help sustain cancer cell proliferation and survival, thus constituting the tumor microenvironment [START_REF] Massagué | Metastasis Initiating Cells and Ecosystems[END_REF][START_REF] Quail | Microenvironmental regulation of tumor progression and metastasis[END_REF]. While normal fibroblasts are predominant in connective tissue, promote an epithelial phenotype and suppress metastasis, CAFs are present in substantial amounts in the tumor microenvironment and carry distinct pro-tumorigenic functions [START_REF] Dumont | Breast Fibroblasts Modulate Early Dissemination, Tumorigenesis, and Metastasis through Alteration of Extracellular Matrix Characteristics[END_REF]. They are activated via growth factors and cytokines secreted by neighboring cells in the stroma (e.g. transforming growth factor beta -TGFβ, fibroblast growth factor -FGF, platelet-derived growth factor -PDGF) (Y. [START_REF] Chen | Clinical and therapeutic relevance of cancerassociated fibroblasts[END_REF][START_REF] Öhlund | Fibroblast heterogeneity in the cancer wound[END_REF][START_REF] Quail | Microenvironmental regulation of tumor progression and metastasis[END_REF]. Moreover, they promote cancer cell proliferative and invasive properties by stimulating inflammation and angiogenesis, mainly through vascular endothelial growth factor (VEGF) secretion [START_REF] Erez | Cancer-Associated Fibroblasts Are Activated in Incipient Neoplasia to Orchestrate Tumor-Promoting Inflammation in an NF-κB-Dependent Manner[END_REF]. On the other hand, TAMs regulate tumorigenesis by several aspects including the mediation of 29 immune defense, as well as the secretion of large amounts of proteases that support cancer cell invasion and resistance to therapy [START_REF] Gocheva | IL-4 induces cathepsin protease activity in tumor-associated macrophages to promote cancer growth and invasion[END_REF][START_REF] Shree | Macrophages and cathepsin proteases blunt chemotherapeutic response in breast cancer[END_REF].

Importantly, a co-operation between multiple components of the tumor microenvironment is required to favor angiogenesis, a key hallmark of cancer promoting tumor vascularization [START_REF] Folkman | Tumor Angiogenesis: Therapeutic Implications[END_REF]). This will in turn enable intravasation of tumor cells in newly formed vasculature and subsequent dissemination (Figure 4).

b. Intravasation into tumor vasculature and circulation

In response to all microenvironmental cues from the stroma, tumor cells undergo EMT to enter the circulatory system [START_REF] Thiery | Epithelial-Mesenchymal Transitions in Development and Disease[END_REF]. In circulation, CTCs are subject to several physical and biological constraints such as shear stresses, pH and immune surveillance, from which only very few are able to evade (~ 0.01%). Hence, cancer cells must rapidly adapt to overcome these threats. CTCs may circulate as single cells or less frequently as clusters or "circulating tumor microemboli" (CTM) of 2 to 50 CTCs with significantly enhanced tumor-initiating capacity (Aceto et al., 2014;[START_REF] Krebs | Molecular analysis of circulating tumour cells-biology and biomarkers[END_REF].

The survival advantage they hold over single CTCs stems from their capacity to resist physical constraints and apoptosis events such as anoikis -a physiological elimination induced by the disruption of cell-matrix and cell-cell interactions. CTC clusters may also consist of other cell types such as platelets, neutrophils or fibroblasts, which in turn provide CTCs with immune protection as well as an improved capacity to disseminate 

c. Extravasation and colonization of target organs

During transit, CTCs become trapped in small capillary beds by adhering to the endothelium using organ-specific endothelial molecules, before extravasation into the organ parenchyma by crossing endothelial barriers and establishment of overt metastasis [START_REF] Massagué | Metastasis Initiating Cells and Ecosystems[END_REF]. While a vast majority perishes in circulation, successful CTC extravasation may be primed by platelet-CTC interactions, which have been shown to synergistically activate TGFβ and NF-κB signaling pathways, leading to a pro-metastatic EMT-like phenotype [START_REF] Labelle | Direct Signaling Between Platelets and Cancer Cells Induces an Epithelial-Mesenchymal-Like Transition and Promotes Metastasis[END_REF]. Alternatively, in response to chemokine secretion (i.e. CC-chemokine ligand 2 -CCL2) by tumor cells, myeloid cells such as monocytes may be recruited to stimulate extravasation by producing endothelial permeability factors such as VEGF [START_REF] Qian | CCL2 recruits inflammatory monocytes to facilitate breast tumor metastasis[END_REF][START_REF] Reymond | Crossing the endothelial barrier during metastasis[END_REF][START_REF] Wolf | Endothelial CCR2 Signaling Induced by Colon Carcinoma Cells Enables Extravasation via the JAK2-Stat5 and p38MAPK Pathway[END_REF]. Tumor cells also express specific integrins that mediate their interactions with capillaries as well as their adhesion to the new ECM.

Organ colonization is the most biologically complex step of the metastatic process. Disseminated tumor cells (DTCs) may undergo phenotypic transformation to adapt to and proliferate in distant sites, with some tumor types preferentially relapsing in specific organs (i.e. organ tropism) [START_REF] Lambert | Emerging Biological Principles of Metastasis[END_REF][START_REF] Massagué | Metastasis Initiating Cells and Ecosystems[END_REF].

Moreover, similarly to EMT during invasion, mesenchymal-epithelial transition (MET) seems to be necessary for extravasation and tissue colonization [START_REF] Craene | Regulatory networks defining EMT during cancer initiation and progression[END_REF][START_REF] Thiery | Epithelial-Mesenchymal Transitions in Development and Disease[END_REF]. MET is controlled by the overexpression of epithelium-specific transcription factors (TFs) such as grainyhead-like protein 2 homologue (GRHL2) or ETS-TFs ELF3/ELF4 in mesenchymal cells, as well as microRNAs (miRs) [START_REF] Craene | Regulatory networks defining EMT during cancer initiation and progression[END_REF]. After their infiltration into target organs, cancer cells are challenged by hosttissue defences against which they must develop barriers to be able to from micro-and macrometastases. However, as mentioned above, only very few cells possess intrinsic or acquired ability to overcome these barriers and the lack of appropriate microenvironmental cues in the distant organ may lead to the elimination of cancer cells after extravasation (Figure 4). Conversely, cells may settle in supportive niches and subsequently enter into protective quiescence, a state which will be further described in Introduction section II. 4). Figure 4. Key steps of the metastatic cascade. Metastasis proceeds through multiple steps and restrictive bottlenecks. The pre-colonization phase of metastasis comprises a series of events that occur on a timescale of minutes to hours. Local invasion of the primary tumor by cancer cells (a) is followed by intravasation into tumor vasculature (b). Cancer cells then enter the circulatory system as single cells or as a cluster (c). CTCs may be coated with platelets, which protects them from oxidative stress during transit. Circulatory patterns and the differing structure of the capillary walls in each organ influence the dissemination of CTCs. On their arrest in capillaries at distant sites, the cancer cells extravasate into the parenchyma of target organs (d) to commence colonization, which proceeds in several steps on a timescale of years. After extravasation, colonizing cancer cells settle in supportive niches that enable them to survive and retain stem cell-like tumor-initiating capacity (e). Tumor cells then enter a latency phase, which can last from months to decades, during which they must achieve long-term survival. Cells then break out of latency and overtake the local tissue microenvironment (f). 

3) EMT during cancer progression

Metastatic progression involves several key biological processes, including EMT, an essential phenomenon in embryonic development. During EMT, epithelial cells lose their polarity and cell-cell adhesion, detach from the basement membrane and acquire mesenchymal features before migrating and invading nearby tissue [START_REF] Kalluri | The basics of epithelial-mesenchymal transition[END_REF]. A plethora of molecular networks are implicated in EMT, including TGFβ, Wnt, Notch, FGF and epidermal growth factor signaling pathways [START_REF] Thiery | Epithelial-Mesenchymal Transitions in Development and Disease[END_REF]. Furthermore, EMT events are dynamically governed by major EMT-inducing TFs (EMT-TFs) including SNAI1/2, ZEB1/2 and TWIST, interacting with epigenetic regulators to transcriptionally repress cell-cell adhesion molecule E-cadherin [START_REF] Morel | EMT Inducers Catalyze Malignant Transformation of Mammary Epithelial Cells and Drive Tumorigenesis towards Claudin-Low Tumors in Transgenic Mice[END_REF]Puisieux et al., 2014;[START_REF] Thiery | Epithelial-Mesenchymal Transitions in Development and Disease[END_REF].

The implication of EMT in the metastatic process has long been a controversial topic.

Two main reports have shown that EMT-induced mesenchymal features are not required for metastatic dissemination but EMT rather contributes molecularly and phenotypically to chemoresistance (Fischer et al., 2015;X. Zheng et al., 2015). Indeed, this EMT function may be possible through EMT-TFs-mediated bypass of oncogeneinduced safeguard mechanisms, such as premature senescence and apoptosis, by abrogating p53-and RB1-dependent pathways [START_REF] Ansieau | Induction of EMT by Twist Proteins as a Collateral Effect of Tumor-Promoting Inactivation of Premature Senescence[END_REF][START_REF] Morel | EMT Inducers Catalyze Malignant Transformation of Mammary Epithelial Cells and Drive Tumorigenesis towards Claudin-Low Tumors in Transgenic Mice[END_REF][START_REF] Ohashi | Epidermal Growth Factor Receptor and Mutant p53 Expand an Esophageal Cellular Subpopulation Capable of Epithelial-to-Mesenchymal Transition through ZEB Transcription Factors[END_REF]. Despite long-standing debate, mounting evidence indicates the involvement of EMT in epithelial carcinogenesis, promoting invasion and dissemination (Figure 5). This viewpoint has been strengthened by the elucidation of transitional EMT states. Indeed, EMT may not be a dichotomous cell fate but rather a highly dynamic and reversible process, as cells could undergo partial EMT and present a "hybrid" or "intermediate" E/M phenotype, thus reflecting important cellular plasticity in tumor cells [START_REF] Kalluri | The basics of epithelial-mesenchymal transition[END_REF]Nieto et al., 2016) 

4) The pre-metastatic niche and tumor dormancy

According to the "seed and soil" theory postulated by Stephen Paget in 1889, the homing of tumor cells -termed "seed" -at specific sites depends on interactions with the organ-specific extrinsic/supportive microenvironment, termed "soil" (Paget, 1889).

This discovery was challenged a few decades later by James Ewing, who proposed that metastatic dissemination occurs solely via the dynamics of the lymphatic or haematogenous flow [START_REF] Ewing | Neoplastic Diseases: A treatise on Tumours[END_REF]). Ewing's perspective prevailed until Fidler and colleagues demonstrated the selective nature of metastasis [START_REF] Fidler | Organ Selectivity for Implantation Survival and Growth of B16 Melanoma Variant Tumor Lines2[END_REF][START_REF] Hart | Role of Organ Selectivity in the Determination of Metastatic Patterns of B16[END_REF]. A pioneer study in 2005 highlighted that cues from primary tumorsecreted factors maintain a pre-metastatic niche (PMN), which dictates site-specific tumor dissemination and is indispensable for tumor cell survival [START_REF] Kaplan | VEGFR1-positive haematopoietic bone marrow progenitors initiate the pre-metastatic niche[END_REF].

Following its discovery, dissecting the role of the PMN in metastasis and the cellular and molecular aspects that define it has attracted significant attention over the years.

It is now acknowledged that the complex interplay between tumor-specific humoral factors implicated in the PMN is crucial in defining organ-specific metastatic tropisms (Figure 6) (Y. [START_REF] Liu | Characteristics and Significance of the Pre-metastatic Niche[END_REF][START_REF] Peinado | Pre-metastatic niches: Organ-specific homes for metastases[END_REF][START_REF] Psaila | The Metastatic Niche: Adapting the Foreign Soil[END_REF]. For example, chemo-attractants S100A8 and S100A9 have been shown to promote pre-metastasis in lung tissues through inflammation via the activation of NF-ĸB signaling [START_REF] Hiratsuka | The S100A8-serum amyloid A3-TLR4 paracrine cascade establishes a pre-metastatic phase[END_REF]. In breast cancer, exosomal integrins α6β4 and αvβ5 dictated metastasis in the liver and the lung respectively [START_REF] Hoshino | Tumour exosome integrins determine organotropic metastasis[END_REF]. More recently, lung stromal fibroblasts have been shown to confer an immunosuppressive phenotype in myeloid cells via prostaglandin E2 production and support lung metastasis in breast cancer models (Z. [START_REF] Gong | Lung fibroblasts facilitate pre-metastatic niche formation by remodeling the local immune microenvironment[END_REF]. Alternatively, other tumors may create a "silent" PMN, in which tumor cells could survive in a dormant state. Dormant metastasis is a phenomenon of major importance in the clinic, as it may be in part responsible for cancer recurrence decades after the end of treatment [START_REF] Massagué | Metastasis Initiating Cells and Ecosystems[END_REF]. Although much remains to be unraveled to establish a direct causal link between cancer cell dormancy and relapse, the detection of minimal residual disease in breast cancer patients correlated with a higher risk of relapse and poor prognosis (Braun et al., 2005). Another study showed that patients with surgically-removed early-stage estrogen receptor-positive breast cancer may still experience metastatic recurrence up to 20 years after initial diagnosis [START_REF] Pan | 20-Year Risks of Breast-Cancer Recurrence after Stopping Endocrine Therapy at 5 Years[END_REF]. More recently, Baldominos and colleagues reported that quiescent cancer cells may form hypoxic clusters that evade immune infiltration and resist to immunotherapy in triple-negative breast cancer [START_REF] Baldominos | Quiescent cancer cells resist T cell attack by forming an immunosuppressive niche[END_REF]. Several growth-inhibitory cues present in the perivascular microenvironment that induce and maintain dormancy of DTCs have been elucidated, notably TGFβ2 in the bone marrow [START_REF] Bragado | TGFβ2 dictates disseminated tumour cell fate in target organs through TGFβ-RIII and p38α/β signalling[END_REF][START_REF] Risson | The current paradigm and challenges ahead for the dormancy of disseminated tumor cells[END_REF]. In addition, bone morphogenetic protein 4 (BMP4) has been shown to induce dormancy of breast cancer cells exclusively in the lung [START_REF] Gao | The BMP Inhibitor Coco Reactivates Breast Cancer Cells at Lung Metastatic Sites[END_REF], while BMP7 mediated reversible senescence of prostate cancer stem cell-like cells in bone [START_REF] Kobayashi | Bone morphogenetic protein 7 in Part E. Reference List 219 dormancy and metastasis of prostate cancer stem-like cells in bone[END_REF]. Conversely, to escape dormancy, DTCs may activate the canonical TGFβ2 pathway [START_REF] Bragado | TGFβ2 dictates disseminated tumour cell fate in target organs through TGFβ-RIII and p38α/β signalling[END_REF] 

5) Cancer stem cells

It is now widely accepted that stem cell features are rooted in the biology of several types of human malignancies. The cancer stem cell (CSC) concept posits that cancer initiation and propagation, similarly to healthy tissue homeostasis, is fueled by a minor subset of tumor cells harboring adult stem cell properties, i.e. self-renewal, pluripotency, as well as the capacity to proliferate indefinitely [START_REF] Jordan | Cancer Stem Cells[END_REF].

There are two distinct hypotheses depicting the origin of CSCs: one postulates that CSCs arise from the malignant transformation of adult stem cells, the other suggests that CSCs may originate from the re-gain of self-renewal properties in differentiated stem cells, through the accumulation of multiple genetic mutations [START_REF] Huntly | Leukaemia stem cells and the evolution of cancer-stem-cell research[END_REF][START_REF] Krivtsov | Transformation from committed progenitor to leukaemia stem cell initiated by MLL-AF9[END_REF]. Regardless of their origin, it is widely accepted that cancer stemness is a collective product of genetic alterations, epigenetic modifications and microenvironmental factors [START_REF] Kreso | Evolution of the Cancer Stem Cell Model[END_REF].

In an effort to characterize CSCs, several groups have shown that EMT confers stem cell-like properties (Mani et al., 2008;Morel et al., 2008 The Weinberg laboratory has demonstrated that EMT induction via ectopic expression of TWIST and SNAIL in immortalized mammary epithelial cells generated cells with mammosphere-forming abilities (Mani et al., 2008). These cells exhibited a CD44 high /CD24 low antigen phenotype -an expression pattern that has been shown to be enriched in tumor-initiating breast cancer cells (Al-Hajj et al., 2003). Hence, among DTCs, CSCs constitute the cell population with tumor initiation features and xenograft assays are therefore central for their characterization [START_REF] Kreso | Evolution of the Cancer Stem Cell Model[END_REF]. CSCs are also required for organ colonization at distant sites, which necessitates cues from specialized microenvironmental niches that help maintain self-renewal and tumorinitiating potential [START_REF] Malanchi | Interactions between cancer stem cells and their niche govern metastatic colonization[END_REF][START_REF] Oskarsson | Metastatic Stem Cells: Sources, Niches, and Vital Pathways[END_REF]. Several signaling pathways are key players in supporting CSC survival and fitness, including Wnt, Notch and Sonic hedgehog cascades [START_REF] Reya | Stem cells, cancer, and cancer stem cells[END_REF]. Indeed, breast cancer xenotransplantation studies have shown that in vivo activation of CSC Wnt and Notch pathways is necessary for metastatic cell outgrowth in the lungs [START_REF] Oskarsson | Breast cancer cells produce tenascin C as a metastatic niche component to colonize the lungs[END_REF]. CSC populations are present in multiple malignancies but their analysis in CTCs has been hindered by complex CTC heterogeneity and paucity in blood. Nevertheless, phenotypic, genetic and functional characterization of patient CTCs and CTC-derived models may provide further insight into the CSC properties of CTC subsets.

III. Circulating tumor cells

The existence of circulating tumor cells (CTCs) was first documented by Thomas Ashworth in 1869 (Figure 7). During an autopsy study of a patient with metastatic cancer, he discovered non-hematopoietic cells in the blood with features resembling tumor cells found in the patient's secondary tumor sites. He hypothesized that if these cells are indeed issued from existing tumors, they must have disseminated through the circulatory system, thus contributing to secondary lesions present in this patient (T.

Ashworth, 1869). CTC scarcity in peripheral blood, which is estimated at as few as one CTC per ~ 10 7 white blood cells per mL of blood, is still a key technical challenge for their detection and characterization [START_REF] Krebs | Molecular analysis of circulating tumour cells-biology and biomarkers[END_REF][START_REF] Van De Stolpe | Circulating Tumor Cell Isolation and Diagnostics: Toward Routine Clinical Use[END_REF]. Nonetheless, the tremendous technological advances of the past two decades have prompted the investigation of CTC biology and their role in metastatic dissemination. To date, CTC research has focused on two main aspects: evaluating the role of CTCs as predictive biomarkers of patient response in the clinic and investigating the underlying biology of their metastatic potential.

1) CTC enrichment and detection methods

The field of research on CTCs remains an enormous technological challenge despite significant progress over the years. Indeed, owing to CTC heterogeneity, a multitude of diverse assays have been developed and most of them include two key steps: enrichment followed by detection. CTCs are either positively-or negatively-enriched based on their protein marker expression or physico-biological properties such as size, density and electric charge that distinguish them from a pool of blood cells, or the combination of the two (e.g. protein expression and cell size) (Figure 8 To broaden the scope of CTC capture beyond EpCAM expression, multiple label-free enrichment approaches based on physical properties were developed, notably methods that use a filtration system, which enriches CTCs according to their large size compared to leukocytes and/or deformability, without phenotypic a priori. These include the ISET ® (isolation by size of tumor cells) technique (Vona et al., 2000), the ScreenCell ® system (Desitter et al., 2011), the CellSieve™ microfiltration system [START_REF] Adams | Cytometric characterization of Circulating Tumor Cells Captured by microfiltration and their correlation to the cellsearch® CTC test[END_REF] and the VyCap microsieves [START_REF] Wit | The detection of EpCAM+ and EpCAM-circulating tumor cells[END_REF]. The major differences among these techniques are filter material, pore size, the need for a pre-filtration red blood cell lysis step, as well as the possibility to control the pressure against the filter. More recently, the microfluidic Parsortix ® (Angle plc, Guildford, UK) technology has been developed and allows the capture of viable CTCs by reversing flow [START_REF] Hvichia | A novel microfluidic platform for size and deformability based separation and the subsequent molecular characterization of viable circulating tumor cells[END_REF].

Another widely used method is CTC enrichment by centrifugation based on a Ficoll-PAQUE™ (GE healthcare) density gradient.

ii. Negative selection approaches

Negative selection approaches aim to discard non-cancer cells (e.g. leukocytes), using for example a bead-conjugated antibody directed against the common hematopoietic antigen CD45. An example of enrichment approach which combines protein expression features and density of CTCs is the one combining RosetteSep™ (Stem Cell) and Ficoll density gradient: the RosetteSep contains bi-specific antibodies against hematopoietic cells and erythrocytes, which allows the formation of rosettes that will be subsequently eliminated through a Ficoll density gradient.

Overall, although tremendous effort has been put into developing capture strategies adapted for further CTC characterization, none of the technologies discussed above fully respond to the phenotypic heterogeneity of CTCs. Indeed, each presents a set of advantages and limitations. To overcome technical hurdles and bias related to CTC enrichment, Epic Sciences Inc.

(San Diego, CA, USA) developed the EPIC CTC platform which detects and characterizes

CTCs without enrichment and with the added capacity of sample storage [START_REF] Werner | Analytical Validation and Capabilities of the Epic CTC Platform: Enrichment-Free Circulating Tumour Cell Detection and Characterization[END_REF].

2) Clinical interest of CTCs

Many studies have focused on determining the clinical significance of CTCs and evaluating their use as a liquid biopsy as well as a prognostic, predictive and pharmacodynamic biomarker.

a. Liquid biopsy applications

Intratumoral heterogeneity is a major mediator of poor patient outcomes and thus Overall, integrating information from several circulating biomarkers is essential to define a tumor profile, stratify patients to therapeutic strategies and monitor response.

CTCs represent a particularly interesting analyte as their phenotypic and molecular characterization may offer unique insight into metastatic subclones that are omitted from tissue biopsies (single-site) and other liquid biopsy assays.

b. CTC prognostic value

Clinical interest of CTCs posits on the assessment of their enumeration as a prognostic, predictive and pharmacodynamic biomarker. Numerous studies have explored CTC detection and enumeration using CellSearch and underlined the clinical significance of CTC levels in a 7.5 mL blood sample in informing PFS and OS in metastatic disease.

In metastatic breast cancer, Together, these studies highlight how CTC profiling at the single-cell resolution allows a comprehensive capture of tumor heterogeneity as well as a monitoring of disease evolution through minimally invasive longitudinal CTC sampling in tumors harboring oncogenic driver mutations (~20 % of patients).

3) CTC functional characterization

Functional characterization of CTCs provides a unique insight into the biology of cells that fuel metastasis through the analysis of their tumor-initiating properties. To this end, considerable efforts have been put into the establishment of clinically relevant CTC-derived systems to study CTC biology in different malignancies and identify new therapeutic targets. Nonetheless, the establishment of such models remains challenging mainly due to low CTC prevalence (Figure 9). We have recently reported a comprehensive review of existing CTC-derived models (Tayoun et al., 2019). We provide below an updated overview of established models and the main study findings. Overall, the establishment of tractable CTC-derived models such a CDX and their genomic and functional characterization may help explore CTC biology and elucidate key features of their metastatic potency. Moreover, these models provide a robust preclinical tool for pharmacological drug testing of biology-driven therapeutic strategies targeting tumorigenic CTC vulnerabilities.
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Introduction

Metastatic spread and its resistance to treatment remain the leading cause of death in cancer patients. This process is fueled by malignant cells that dissociate from the primary tumor and travel through the bloodstream to colonize distant organs. These cells are referred to as "circulating tumor cells" (CTCs) and are able to enter vasculature during the early course of disease. Nonetheless, the majority of the tumor cell population dies during transit as a result of biological and physical constraints such as shear stress and immune surveillance, and only a minor subset of the surviving CTCs (0.01%) acquires the capacity of tumor-initiating cells (TICs) [1][2][3][4]. The outcome of tumor dissemination is dependent on a selection process that favors the survival of a small proportion of cancer cells holding the self-renewal ability of stem cells along with TIC properties, which enables them to seed tumors and reconstitute tumor heterogeneity [5][6][7]. These cells are termed "cancer stem cells" (CSCs), and CTCs holding a CSC phenotype have been detected and associated with high invasiveness and tumorigenicity in many cancers including breast cancer (BC), colorectal cancer, and glioma [8][9][10][11].

An important aspect of CTC research is to study the mechanistic basis behind their TIC properties and explore new CTC-based biomarkers and targeting strategies. The generation of CTC-derived xenografts (CDXs) or CTC-derived cell lines at relevant time points during disease progression is therefore crucial to achieve a longitudinal and functional characterization of these cells, along with in vivo and in vitro pharmacological testing. Although this task remains challenging owing to CTCs scarcity in peripheral blood and technical hurdles related to their enrichment strategies, significant efforts have been made in the establishment of clinically relevant systems to study CTC biology in different cancer types. In this review, we briefly cover basic knowledge of TIC-related properties in CTCs and evaluate the existing CTC-derived models, including both in vivo CDXs and in vitro functional culture assays in different cancers. We also highlight the important findings which have helped unveil new insights into CTC biology and novel therapeutic strategies.

Brief Glimpse into TIC-Related Properties of CTCs

CTC profile evolves as the initial events of the metastatic cascade take place. Indeed, CTCs undergo reversible phenotypic alterations to achieve intravasation, survival in vasculature and extravasation, known as epithelial-to-mesenchymal transition (EMT). During EMT-a key phenomenon in embryonic development-cancer cells undergo cytoskeletal changes and typically lose their cell-cell adhesion proteins as well as their polarity to become motile cells and intravasate [12,13]. EMT signatures were detectable in CTCs of BC patients [14][15][16][17]. Increasing experimental evidence draws a potential link between EMT and acquisition of stemness [12,13,18,19]. In fact, several EMT-inducing transcription factors have been shown to confer malignancy in neoplastic cells, leading to the emergence of highly aggressive clones with combined EMT/CSC traits [20][21][22][23]. Nevertheless, this association is not universal. Indeed, it has been suggested that the loss of the EMT-inducing factor Prxx1 is required for cancer cells to colonize organs in vivo, which revert to the epithelial state and acquire CSC traits, thus uncoupling EMT and stemness [19,24,25]. Moreover, the requirement of EMT for CTC dissemination has long been subject to debate. Several studies have shown that mesenchymal features in tumor cells may indeed be dispensable for their migratory activity but could contribute molecularly and phenotypically to chemoresistance [26][27][28]. It is currently hypothesized that CTC subclones displaying an intermediate phenotype between epithelial and mesenchymal have the highest plasticity to adapt to the microenvironment and generate a more aggressive CTC population resistant to conventional chemotherapy and capable of metastatic outgrowth. Our group showed the existence of a hybrid epithelial/mesenchymal (E/M) phenotype in CTCs from patients with non-small cell lung cancer (NSCLC) [29]. Heterogeneous expression of EMT markers within SCLC and NSCLC patient cohorts was described by Hou et al., while Hofman et al. reported the presence of proportions of NSCLC CTCs which expressed the mesenchymal marker vimentin and correlated with shorter disease-free survival [30,31]. Recent data in metastatic BC patients showed the enrichment of CTC subpopulations with a CSC + /partial EMT + signature in patients post-treatment, which correlated with worse clinical outcome [32]. Indeed, the CTC population is described as a highly heterogeneous pool of tumor cells with low numbers of metastasis-initiating cells (MICs) that are sometimes prone to apoptosis [33]. The different factors influencing MIC properties of CTCs and their survival underlie the complexity and inefficiency of organ invasion and macro-metastases formation, relevant both clinically and in experimental mouse models [4,34,35]. Recent advances in single-cell technologies have unraveled CTC-specific genetic mutations and profiling of the CTC population thus points out the emergence of subclones with dynamic phenotypes that contribute to the evolution of the tumor genome during disease progression and treatment [36][37][38][39]. CTCs are less frequently found in clusters, also termed "circulating tumor microemboli" (CTM), which travel as 2-50 cells in vasculature and present extremely enhanced metastatic competency [40]. This can be explained by the survival advantage they hold over single CTCs, as CTM were shown to escape anoikis as well as stresses in circulation [30,41]. A recent report showed that these characteristics are due to CSC properties of CTM, notably a CD44-directed cell aggregation mechanism that forms these clusters, promotes their survival and favors polyclonal metastasis [42]. Another group also investigated the factors behind CTM metastatic potential: Gkountela et al. reported that CTC clusters from BC patients and CTC cell lines exhibit a DNA methylation pattern distinct from that of single CTCs and which represents targetable vulnerabilities [43]. Moreover, CTC-neutrophils clusters are occasionally formed in the bloodstream and in vivo evidence shows that this association triggers cell cycle progression and thus drives metastasis formation in BC [44].

Brief Introduction to CTC Enrichment and Detection Strategies

A plethora of technologies have been developed over the last decade to respond to specific CTC applications. CTC identification remains a technically challenging task due to the extreme phenotypic heterogeneity and rarity of these cells in the bloodstream and therefore requires methods with high sensitivity and specificity. Enrichment strategies can be based on either biological properties (i.e., cell-surface markers) or physical characteristics (i.e., size, density, electric charge) and are usually combined with detection techniques (e.g., immunofluorescence, immunohistochemistry, FISH) to identify CTCs. CTC capture relies on a positive selection among normal blood cells or a negative selection by leukocyte depletion. Among biologically-based technologies is the CellSearch system (Menarini-Silicon Biosystem, Bologna, Italy). It is the most commonly applied assay for CTC enumeration in which CTCs are captured in whole blood by EpCAM (epithelial cell adhesion molecule)-coated immunomagnetic beads followed by fluorescent detection using anti-cytokeratins (CK 8, CK 18, CK 19), anti-CD45 (leukocyte marker), and a nuclear stain (DAPI). It is the only technology cleared by the US Food and Drug Administration to aid in prognosis for patients with metastatic breast, prostate, and colorectal cancer [45][46][47][48][49]. Although standardized and reproducible, this method has a limited sensitivity most likely due to failure in recognizing cells undergoing EMT and thus inevitably misses an aggressive and clinically relevant CTC subpopulation. Platforms relying on the depletion of leukocytes (negative selection) are being investigated and used to overcome this bias. One example is the widely used RosetteSep technique which enriches CTCs without phenotypic a priori by excluding CD45 + and CD36 + cells in rosettes and eliminating them in a Ficoll-Paque PLUS density-gradient centrifugation. Physical property-based methods including filtration systems have been developed to capture CTCs based on their large size compared to leukocytes, notably the ISET ® (Isolation by Size of Tumor Cells) (RareCells Diagnostics, Paris, France) and the ScreenCell ® (Paris, France) methods, which are able to detect CTCs as well as CTM using microporous polycarbonate filters [50,51]. In line with this notion, we and others have reported an overall higher recovery rate using ISET compared to CellSearch for CTC enumeration in NSCLC and prostate cancer patients [31,52]. Our lab developed a novel CTC detection approach combining ISET filtration with a FISH assay, optimized for the detection of ALKor ROS1-rearranged pattern of NSCLC CTCs on filters [53,54]. To ensure a wider coverage of CTC heterogeneity, new devices are being developed (and some commercially) such as the CTC-iChip which relies on both biological and physical properties of CTCs: it applies size-based filtration using microfluidics processing, followed by positive selection of CTCs with EpCAM-conjugated beads or negative selection with CD45 --coated beads to deplete hematopoietic cells [55]. Different technologies have been implemented to isolate live CTCs (without a fixation step) and perform subsequent functional studies. Some strategies have integrated isolation protocols for molecular analysis of single CTCs. One example is the DEPArray TM (Silicon Biosystems S.p.A., Bologna, Italy), a microfluidic system which sorts live single CTCs based on image selection followed by entrapment of CTCs inside dielectrophoretic cages [56][57][58]. FACS has also been adapted for molecular characterization of CTCs as well as their isolation in the aim of xenograft establishment [59].

At this point, none of the technologies fully respond to the phenotypic heterogeneity of CTCs. Indeed, each method has its own advantages and limitations and researchers have based the development of capture strategies on the specific aim of further CTC characterization studies. New insights in CTC biology should be integrated into current enrichment, detection, and isolation techniques to optimize the process and improve their reliability. As shown in Table 1, RosetteSep and FACS have been used for CDX establishment. Enrichment using RosetteSep may be advantageous owing to the lack of phenotypic a priori on tumorigenic CTCs and a higher recovery rate.

CTC-Derived Xenografts

Patient-derived xenograft (PDX) technology has rapidly emerged as a standard translational research platform to improve understanding of cancer biology and test novel therapeutic strategies [60]. PDXs are generated by implantation of surgically-removed tumor tissue (primary or metastasis) into immunodeficient mice. Although these models have proven utility as a preclinical tool in many cancers, their feasibility remains challenged by limited tumor tissue availability, as single-site biopsies may be impossible or detrimental in some malignancies [61]. This limitation can be overcome by the generation of CDX models after enrichment of CTCs collected from a readily accessible blood draw and subsequent injection into immunodeficient mice [62][63][64]. Nevertheless, it is noteworthy that CDX development still presents an enormous challenge due to low CTC prevalence in several cancers. Until now, CDXs have been established in breast, melanoma, lung and prostate cancer and are discussed in this section (Table 1).

In 2013, Baccelli et al. reported the first experimental proof that primary human luminal BC CTC populations contain MICs in a xenograft assay. Injection of CTCs from 110 patients was performed. Six recipient mice developed bone, lung, and liver metastases within 6-12 months after CTC transplant (~1000 CTCs) from three patients with advanced metastatic BC. Cell sorting analysis of the MIC-containing population shared a common EpCAM + CD44 + MET + CD47 + phenotype, highlighting a CSC characteristic of CTCs. The authors also showed that the number of CTCs positive for these markers strongly correlated with decreased progression-free survival of metastatic BC patients. This study has therefore revealed a first phenotypic identification of luminal BC CTCs with MIC properties, making them an attractive tool to track and potentially target metastatic development in BC [59]. A second group derived a CDX model from a metastatic triple-negative BC (TNBC) patient for the first time. The patient selected for CDX establishment had advanced TNBC with a very high CTC count obtained with CellSearch analysis (969 CTCs and 74 CTC clusters/7.5 mL). Enriched cells were injected subcutaneously into nude mice and a palpable tumor was observed five months later. The authors carried out a longitudinal study and samples were collected at two different time points (metastasis and progression) during the course of the disease, which allowed real-time assessment of molecular changes between patient tumor, CTCs, and CDXs samples. The obtained CDX phenocopied the patient tumor. Most importantly, RNA sequencing of the CDX tumor disclosed key mechanisms relevant in TNBC biology such as the WNT pathway, which is necessary for the maintenance of CSCs and was shown to correlate with metastasis and poor clinical outcome in TNBC subtypes. CTC analysis also deciphered a panel of potential tumor biomarkers [65]. An additional TNBC CDX model of liver metastasis was established very recently by Vishnoi et al. Similar genomic profiling of metastatic tissue was obtained in four sequential CDX generations, representing the recapitulation of liver metastasis in all the models. Notably, the authors deciphered a first 597-gene CTC signature related to liver metastasis in TNBC which, despite small sample size bias, can provide insight into the mechanistic basis of TNBC disease progression in the liver [66].

In melanoma, Girotti et al. demonstrated the tumorigenicity of advanced-disease CTCs in immunocompromised mice. The authors resorted to CDX development when tumor material was inaccessible for PDX generation. They reported a success rate of 13% with six CDX established, 15 failed attempts, and 26 additional models followed at the time of publication. CDX tumor growth was detectable as of one month after CTC implantation and was sustainable in secondary hosts. Moreover, the CDXs were representative of patient tumors and mirrored therapy response. This proof-of-principle was developed along with PDX technology and circulating tumor DNA analysis as part of a platform to optimize precision medicine for melanoma patients. It explored the TIC properties of melanoma CTCs but did not achieve a biological characterization of these cells [67].

In lung cancer, Hodgkinson et al. showed that CTCs in chemosensitive or chemorefractory SCLC are tumorigenic. CTCs were isolated from six late-stage SCLC patients having never received chemotherapy and were subsequently injected into NSG mice. Each patient presented with more than 400 CTCs and four out of six CTC samples gave rise to CDX tumors detected as of 2.4 months post-implantation. CDXs recapitulated the genomic profile of CellSearch-enriched CTCs and mimicked donor patients response to standard of care chemotherapy (platinum and etoposide), proving the clinical relevance of these models [68]. CDX tumors were subsequently dissociated and expanded into short-term in vitro CDX cultures (Table 2). These cells maintained the genomic landscape of donor tumors as well as their drug sensitivity profiles. CDX-derived cells were also labeled in vitro with the GFP lentivirus and successfully implanted into mice, where they can serve as a tracking tool to study tumor dissemination patterns in vivo [69]. Additional 16 SCLC CDX models were recently generated by Drapkin et al. from CTCs collected at initial diagnosis or at progression, with 38% efficiency. Somatic mutations were maintained between patient tumors and CDX as shown by whole-exome sequencing (WES) and the genomic landscape remained stable throughout early CDX passages showing clonal homogeneity. The authors also developed serial CDX models from one patient at baseline of the combination olaparib and temozolomide and at relapse. Interestingly, the models accurately reflected the evolving drug sensitivity profiles of the patient's malignancy, which highlights the potential utility of serial CDXs to study the evolution of resistance to treatment in SCLC [70]. One CDX model was also described in NSCLC. In this study, CTC samples were retrieved at two different time points: Baseline and post-brain radiotherapy. No CDX was developed at baseline. Notably, no EpCAM + CTCs were detected during CellSearch analysis at disease progression, yet injection of post-radiotherapy CTCs gave rise to a palpable tumor 95 days after engraft. Phenotypic and molecular characterizations showed no epithelial CTCs, but revealed a sizeable population of phenotypically heterogeneous CTCs mostly expressing the mesenchymal marker vimentin. This study suggests that the absence of EpCAM + CTCs in NSCLC does not preclude the existence of CTCs with TIC potential in patients and underlines the importance of investigating CTCs undergoing EMT in this malignancy [71].

Our group generated the first CDX model of castration-resistant prostate cancer (CRPC) and derived a permanent ex vivo culture from CDX tumor cells. A total of 22 samples from metastatic CRPC patients were collected, among which seven were obtained from diagnostic leukapheresis (DLA). DLA products were generated as part of the European FP7 program CTCTrap which aimed for an increased CTC yield to perform molecular characterization of the tumor [72]. One patient with a very high CTC count (~20,000 CTCs) obtained by DLA gave rise to a palpable tumor within 5.5 months. Acquisition of key genetic drivers (i.e., TP53, PTEN, and RB1) that govern the trans-differentiation of CRPC into CRPC-neuroendocrine (CRPC-NE) malignancy was detected in CTCs, highlighting the role of tumorigenic CRPC-NE CTCs in this transformation. Moreover, the obtained in vitro CDX-derived cell line faithfully recapitulated the genetic characteristics and tumorigenicity of the CDX and mimicked patient response to standard of care treatments for CRPC (i.e., enzalutamide and docetaxel) (Table 2) [73,74]. 

CTC-Derived Ex Vivo Models

Although CDXs represent classical preclinical mouse models that are relatively easy to handle, they cannot be derived from every patient depending on tumor type and the process could take several months, a time frame that would not provide proper aid for the clinical guidance of donor patients. Expansion of viable CTCs ex vivo may offer an attractive alternative allowing both molecular analysis and high-throughput drug screening in a shorter time, but with CTC scarcity remaining, a fortiori, a significant limitation. In vitro CTC cultures were reported in colon, breast, prostate, and lung cancer and are evaluated in this section (Table 3).

The first long-term colon cancer CTC cell line was derived by Cayrefourcq et al. from a metastatic colon cancer patient who had 302 EpCAM + CTCs detected by the CellSearch platform. Importantly, the characterized CTC-MCC-41 cell line shared the main genomic features of both the donor patient primary tumor and lymph node metastasis [9]. In a second study, the authors established and characterized eight additional cell lines from the same patient with CTCs collected at different time points during his follow-up. Transcriptomics analyses in the nine cell lines revealed an intermediate epithelial/mesenchymal phenotype promoting their metastatic potential, as well as stem cell-like properties that increased in cell lines isolated at later stages of progression. This may highlight the selection mechanism of treatment-resistant clones with specific phenotypes that drive disease progression. Functional experiments showed that these cells favor angiogenesis in vitro, which was concordant with the secretion of potent angiogenesis inducers such as VEGF and FGF2 as well as the tumorigenicity of these cells in vivo [9,10].

In BC, Zhang et al. presented the characterization of EpCAM -CTCs and revealed a shared protein signature HER2 + /EGFR + /HPSE + /Notch1 + in CTCs competent for brain metastasis. Indeed, the three established CTC lines expressing this signature promoted brain and lung localization after xenotransplantation into nude mice. The authors therefore deciphered a preliminary signature which provides insight into metastatic competency of BC CTCs and pushes towards using CTC research to explore new potential biomarkers [75]. Another study reported the establishment of non-adherent CTC lines under hypoxic conditions (4% O 2 ) with CTCs issued from six patients with metastatic luminal-subtype BC. Three out of five tested cell lines were tumorigenic in vivo, giving rise to tumors with histological and immunohistochemical similarities with the primary patient tumor. This proof-of-concept study also identified targetable mutations acquired de novo in CTC cell lines, elucidating the importance of monitoring the mutational evolution of the tumor throughout the disease. To explore this, the authors performed sensitivity assays on the CTC lines with large panels of single drug and drug combinations targeting the different mutations identified [76]. In vitro phenotypic analysis of these cell lines and patient CTCs was recently performed. A CTM-specific DNA methylation status was revealed in which binding sites for stemness and proliferation transcription factors were hypomethylated, suggesting potential targets. This pattern correlated with poor prognosis in patients and targeting of clusters with Na+/K+ ATPase inhibitors shed them into single cell and enabled DNA methylation remodeling, leading to suppression of metastasis. These data therefore highlight a key connection between phenotypic properties of CTCs and DNA methylation patterns at specific stemnessand proliferation-related sites [43]. Despite successful in vitro expansion of patient CTCs in several cancer types as reported above, important limitations should be noted when handling 2D cultures, including cell morphology alterations due to adherence to plastic and lack of tumor microenvironment. Moreover, cell-cell and spatial interactions in vitro are not fully representative of the setting in the tumor mass in vivo [79]. These constraints can thus interfere with physiological functions and molecular responses of the tumor cells, making them less representative of the actual malignancy. To circumvent this problem, 3D models were proposed in prostate and lung cancer [77,78]. In prostate cancer, Gao et al. generated the first seven fully characterized organoid lines from a CRPC patient including a CTC-derived 3D organoid system from a patient who had more than 100 CTCs in 8 mL of blood. Success rate for the establishment of the CTC-derived organoid was not provided. Whole-exome sequencing (WES) analysis showed that all the 3D models recapitulated the molecular diversity of prostate cancer subtypes and were amenable to pharmacological assays. Engraftment of the CTC-derived organoid in vivo gave rise to tumors with a histological pattern similar to that of the primary cancer. This research, therefore, contributes a patient-derived model of CRPC which, with further optimization, may respond to the pressing need of in vitro models that faithfully recapitulate CRPC [77]. In lung cancer, Zhang et al. developed a novel ex vivo CTC-derived model using a 3D co-culture system which stimulated a microenvironment to sustain tumor development. CTCs were enriched and expanded for a short period of time from 14 to 19 early lung cancer patients. Next-generation sequencing detected several mutations including TP53 found in both cultured CTCs and matched patient primary tumors [78].

Discussion

During the last decade, tremendous technological progress has been made to reliably detect, quantify and characterize CTCs at phenotypic, genomic, and functional levels. The characterization of CTC-derived models has paved the way toward an improved understanding of tumor dissemination by these cells (Figure 1). As depicted in Table 1, procedures for developing CDXs can vary from one study to another. Subcutaneous (SC) injection of cells in mice is the simplest method for tumor engrafts which has been used for decades and was most recently applied for PDX establishment. It facilitates tumor growth monitoring as it does not require fluorescent labeling or imaging. Most CDX models published to date have been developed through SC injection of CTCs. SC tumors do not usually metastasize probably due to the absence of the human microenvironment and the impact of murine angiogenesis, which influence dissemination of primary human tumors. Moreover, as the time-frame needed for tumor growth extends to several months, ethical regulations may not allow waiting for metastatic spread. To this end, these studies were limited to the characterization of the CDX primary tumor. Injection in mouse bone marrow as done by Baccelli et al. may also be an appropriate way to investigate MICs as this microenvironment has been previously described as a reservoir for disseminating tumor cells [35,59]. Conversely, studies aiming to assess metastatic and not only tumorigenic competency of CTCs have resorted to intracardiac injection [66,75]. This method, similarly to tail vein (TV) injection, allows a more rapid spread of the cells as they directly enter the bloodstream and thus mimics CTCs in their original setting. Propagation of CDX models through intracardiac or TV injection is less common or completely lacking, most likely due to potential dissemination bias. Indeed, organ metastasis could be influenced by the injection site of CTCs and defined by the first capillary bed encountered by cells post-injection. TV has been observed to induce lung metastases, thus generating false-positive results [80].

Another important challenge is ensuring the CDX consistently maintains its clinical relevance and serves as a patient surrogate. To this end, stringent validation is required and several aspects must be addressed. Firstly, it is crucial to verify the human origin of the CDX, as spontaneous tumors could grow in immunocompromised mouse models. Secondly, confirming cancer type and comparing the CDX tumor to the donor patient's biopsy through histopathology, followed by genomic studies to assess CDX genomic fidelity with patient tumor. Moreover, in the context of establishing preclinical models for precision medicine, functional drug sensitivity assays are needed to evaluate recapitulation of patient response to therapy in the CDX [68]. Although PDX models serve as reliable tools for tumor modeling, CDXs offer added value for the understanding of tumor biology and metastasis. Detection and characterization of metastasis-competent CTCs using in vivo models offer a more representative molecular snapshot of the disease, as they serve as easily accessible "surrogates" of metastatic tissue, which is otherwise unobtainable in many cancer organs (e.g., bones or lungs) [81]. Indeed, CDX models could help showcase tumor heterogeneity in the metastatic setting in contrast to a localized biopsy in the case of PDX and are attainable at different time points throughout disease progression [63]. Most importantly, CDX models established to date reveal the high tumorigenic capacity of CTCs-even at a low number of cells (as low as 400 CTCs [68]). As reviewed above, CTCs with survival and MIC properties are assumed to be selected for seeding CDX tumors, similar to what has been observed in PDXs [82]. It is expected that the proportion of tumorigenic CTCs may vary between cancer types and patients as well as under selective pressure of treatment, which highlights a potential selective process for the acquisition of minor metastasis-competent CTC subclones [73]. CTC clusters and hybrid E/M CTCs have been described as the most aggressive cells with a high propensity for tumorigenesis. However, it is currently difficult to evaluate the impact each subpopulation could have on CDX tumor take rate. Indeed, as detailed before, Aceto et al. have shown an increased metastatic competency in CTM vs. single CTCs but this remains limited to murine models and is difficult to translate to human subjects [40]. It is worth noting however that, although in vivo models are sustained by the host tissue microenvironment and can faithfully recapitulate the tumor genome, the absence of immune components constitutes an important bias.

On the other hand, CTC expansion ex vivo is promising but is still very far from routine applications as culturing conditions are still under investigation and need further optimization. Therefore, CDX-derived cultures represent an attractive intermediate model to characterize this aggressive population in vitro. In the event of molecular similarities between the two models, CDX and CDX-derived cell lines offer complementary, tractable systems for CTC functional characterization and therapy testing. Re-injection of the CDX-derived cell line in immunodeficient mice could allow the identification of candidate genes in metastasis and chemoresistance mechanisms [64,69]. Additional model systems such as the chick embryo chorioallantoic membrane have also opened up new promising avenues in the in vivo studies of tumor metastasis, as the highly vascularized setting sustains tumor formation and dissemination rapidly after engraft [83]. Moreover, organoids have recently emerged as novel robust 3D models optimized to propagate in vitro and reminiscent of tumoral heterogeneity, with amenability to genetic modifications and drug screening assays [77,84]. One can hypothesize that the establishment of several CTC-derived organoid lines from the same patient could be useful in modeling metastatic disease and acquired CTC mutational profiles to monitor disease progression. However, these models lack in vivo host complexity and recent efforts have been put into the generation of 3D co-cultures in microfluidic devices to model ex vivo tumor microenvironments by the integration of different cell populations (e.g., immune cells, fibroblasts) [78,85].

Concluding Remarks

CDX models have shown unprecedented opportunities to provide insight into the complex biology of the metastatic process. However, at the present time, these functional models serve as proof-of-principle tools as their development is limited to late-stage disease settings and high CTC counts. The main goal of functional CTC studies being the identification and characterization of MICs and candidate target genes among CTCs, it is crucial to expand analyses to earlier stages of cancer [63]. Unfortunately, these rare preclinical models are derived from patients in exceptional clinical situations and we are currently unable to predict if the limitation caused by CTC scarcity could be circumvented. Nevertheless, the establishment of CTC-derived models from only a few CTCs is a major achievement today and an invaluable opportunity to decipher new biomarkers, which are urgently needed for novel therapeutic strategies in advanced cancers. 

b. Homologous recombination

HR is highly relevant in cancer risk as it involves the two breast cancer susceptibility genes 1 (BRCA1) and 2 (BRCA2). HR requires the presence of an intact sister chromatid and is thus restricted to the S and G2 phases of the cell cycle, promoting error-free repair [START_REF] Scully | DNA double-strand break repairpathway choice in somatic mammalian cells[END_REF]. When DNA end resection occurs, c-NHEJ repair pathway is blocked and three homology-based mechanisms, i.e. single-strand annealing (SSA), alternative end joining (alt-EJ) or HR compete for the repair. For the purpose of this study, this subsection will be focused exclusively on the HR repair mechanism. More recently, using targeted genome sequencing of 266 NSCLC patient tumors, Ricciuti et al have reported that a proportion of ~ 50% presented a DDR-mutated profile involved in DNA damage sensing, as well as several DNA repair pathways 81 including MMR, HR, FA and NER. Among DDR-mutated NSCLC tumors, the most common mutations were found in ATM (9.4%), ATR (4.8%), BRCA2 (4.1%), POLQ (3.7%) and RAD50 (3.0%) DDR genes [START_REF] Ricciuti | Impact of DNA Damage Response and Repair (DDR) Gene Mutations on Efficacy of PD-(L)1 Immune Checkpoint Inhibition in Non-Small Cell Lung Cancer[END_REF].

Altogether, these studies demonstrate that DDR defects foster tumorigenesis and constitute critical determinants of the tumor mutational landscape in several malignancies. Importantly, they also represent exploitable cancer cell vulnerabilities.

V. Targeting the DDR in cancer

Loss of activity in high-fidelity DDR processes during tumorigenesis, such as HRmediated DSB repair, significantly increases genome instability, leading to a greater reliance on compensatory mechanisms. Tumor cell DDR dependencies thus present an exploitable anticancer therapeutic opportunity, which has laid the groundwork for the 

4) Predictive biomarkers of response to DDR-based therapies

The therapeutic landscape of drugs targeting DDR signaling pathways has become an exciting and promising advancement in the field of cancer therapy in several malignancies. However, expanding and optimizing its use beyond BRCA-mutant 

cancers

Introduction

Circulating tumor cells (CTC), present in peripheral blood of patients with cancers, are released from spatially distinct metastatic sites and primary tumor and thus may provide a comprehensive genomic picture of tumor content. The number of CTCs consists an independent prognostic factor and can be used to monitor treatment efficacy [1,2]. Alongside technological advances, CTCs have attracted clinical interest as a liquid biopsy to detect predictive biomarkers of sensitivity and resistance for therapy selection. Moreover, recent data on single CTC genomic analysis revealed the wide heterogeneity of CTCs, emphasizing the potential clinical utility of single CTC sequencing in identifying resistant clones that are arguably an important subset of cancer cells to target and eradicate. Indeed, growing evidence shows that CTCs may represent tumor phenotypic, genomic and transcriptomic heterogeneity and hence constitute a valuable sample to investigate tumor vulnerabilities. The phenotypes associated with tumor resistance and metastases require a complex pattern of cooperating processes among which genomic instability (GI) is a major actor. Oncogenic mutations as well as large-scale genomic alterations, copy number changes, DNA damage repair deficiencies or cell cycle perturbations may serve as an origin Cells 2021, 10, 337. https://doi.org/10.3390/cells10020337 https://www.mdpi.com/journal/cells 93 Cells 2021, 10, 337 2 of 15 of GI and subsequent tumor heterogeneity. By offering real-time monitoring of a constantly evolving disease and by examining tumor GI through simple blood draws, CTCs may be of great utility to monitor patient response to treatment and precision medicine. Moreover, CTC-derived models have recently emerged as tractable platforms to explore functional capacities of CTCs.

In this review, we discuss different sources of GI and their impact on potential therapeutic solutions. We explore CTC genomic heterogeneity through fluorescence in situ hybridization (FISH) and single-cell sequencing and discuss how profiling of CTCs can be used to trace GI of tumors. We emphasize the importance of GI characterization in the context of tumor evolution and therapeutic choice. We outline the availability and utility of CDX models in functional characterization of tumor-adapted GI mechanisms. Finally, we highlight the dynamic changes of DNA-repair-related protein expression as functional biomarkers of GI and/or response to genotoxic treatment.

Genomic Instability, More Than a Hallmark of Cancer

Over the past few years, genomic studies have demonstrated the complex and heterogeneous landscape of cancer and its potential impact on treatment resistance and metastasis development. GI is a driving force promoting continuous modification of tumor genomes and leading to clonal evolution and tumor genomic heterogeneity. Alterations in the DNA damage response (DDR), endogenous and oncogene-induced replication stress or cell division deregulation promote GI in cancer (Figure 1). 

DNA Damage Defects

The DNA damage response (DDR) is a dynamic process based on the successive recruitments of different actors to DNA lesions. DNA damage occurs as a result of exogenous events such as ionizing irradiation or intercross-link agents, or as a part of perturbed physiological processes (see "Replicative stress" below). Resulting DNA double-strand breaks (DSBs) are the most cytotoxic lesions. Typically, two main repair mechanisms intervene to repair DSBs: homologous recombination (HR) and classical nonhomologous end joining. Histone H2AX (γH2AX), Nijmegen breakage syndrome 1 (nibrin/NBS1) and mediator of DNA damage checkpoint protein 1 (MDC1) create a signal amplifica-tion loop adjacent to DSBs, which engages the recruitment of DDR proteins, including the MRN (MRE11-RAD50-NBS1) complex and breast cancer 1 (BRCA1) [3,4]. In-depth investigation of functional, "real time" biomarkers of DDR is crucial for monitoring this process under therapy. Phosphorylated γH2AX has emerged as a biomarker of DSBs, allowing the monitoring of genotoxic events [5]. Its expression also correlated with sensitivity to chemotherapy, radiotherapy, treatment with poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi) and chemical genotoxicity [6,7].

Tumors deficient in one DNA repair pathway often rely on a compensatory mechanism to resolve the damage, i.e., fit their DNA-repair machinery, giving concomitantly potential opportunities for targeted therapeutic approaches. PARPi have demonstrated synthetic lethality in HR deficient BRCA1/BRCA2 mutant tumors, which led to their approval in platinum-sensitive (with/without BRCA1/2 mutation) ovarian cancer and in germline BRCA1/2 (gBRCA)-mutated metastatic breast cancer [8][9][10]. Germline gBRCA mutations remain the most common clinical biomarker for PARPi therapy response because BRCAmutant cells show clear evidence of HR deficiency. The prevalence and clinical relevance of somatic mutations in Fanconi anemia (FA) genes (23 FANC genes identified up to now) have been recently reported as "BRCAness", traits of sensitivity to PARPi treatment first identified in breast cancer and later acknowledged in other types of cancers [11]. Indeed, FA genes are commonly altered in several cancers. According to The Cancer Genome Atlas, alterations in FA genes (mutations, deletions, and amplifications) were detected in 40% of tumors [12]. The canonical function of FA proteins is to eliminate chromosome-breaking effect of intercross-linking agents and preserve genomic integrity by stabilizing replication forks, moderating RS and regulating mitotic division. Thus "BRCAness"-positive tumors are also frequently sensitive to platinum salts. However, amplifications of FA genes may be advantageous to cancer cells and contribute to resistance to chemotherapy. Deep deletions and loss-of-function mutations in DNA-repair-related genes may confer tumor sensitivity to DNA-repair-related targeted therapy. Recently, the potential utility of RAD51 protein, a surrogate marker of HR functionality, has been reported [13,14]. RAD51 assay performed in clinical practice on tumor tissue samples may improve patient selection for PARPi therapy in non-BRCA1/2-related cancers, which likewise present HR deficiency.

Replicative Stress

Any possible obstacle that disturbs DNA replication and prevents cells from finalizing their genome duplication before mitosis causes replicative stress (RS). It is a frequent phenomenon among cancer cells and is usually associated with structural chromosomal instability (CIN), which arises from prone to damage under-replicated DNA. Many cancers harbor persistent RS due to oncogene activation or compromised DNA-repair machinery in the absence or loss-of-function of essential that ensure protection or repair of stressed replication forks. Indeed, constitutive activation of oncogenes such as c-MYC, HRAS and KRAS has been shown to disturb the accurate DNA replication and has been associated with increased GI [15][16][17]. Recently, Wilhelm et al. proposed a mechanism through which RS contributed to numerical aneuploidy in both healthy and CIN + cancer cells, by driving chromosome mis-segregation via premature centriole disengagement [18]. This study was concordant with previously published observations where RS increased incidence of lagging chromosomes during cellular division [19,20]. Nonetheless, cancer cells cope with RS through different mechanisms, such as overexpression of checkpoint mediators Claspin and Timeless (members of ATR/CHK1 pathway), which may increase RS tolerance by protecting replication forks [21]. Therefore, similarly to DNA-repair-deficient tumors, RS response may also be exploited for cancer treatment.

Cell Division Abnormality

Mitotic CIN is defined as inability to faithfully segregate equal chromosome contents to two daughter cells during mitosis. Indeed, abnormal chromosome numbers or numerical aneuploidy is a common alteration in human cancer. It may be promoted by mitotic checkpoint deregulation and may lead to the loss of tumor suppressors or gain of oncogenic signals. However, the loss of key mitotic checkpoint genes is rare in clinical samples. Whole-genome doubling (WGD) induced through cytokinesis failure is a one-off event which may promote aneuploidy. Its prognostic utility has been first shown in earlystage colorectal cancer and was later proposed in other cancer types [22,23]. Tumor cells experiencing WGD have developed centrosome clustering as a mechanism to prevent lethal mitotic spindle multipolarity, by merging multiple centrosomes into two functional spindle poles. Interestingly, centrosome amplification stimulates cytoskeleton alterations, which might in turn be responsible for tumor cell invasions and thus metastatic development [24]. Inhibition of centrosome clustering may represent an anti-tumor specific strategy based on the formation of multipolar spindles and subsequent tumor cell death [25]. GI has also been associated with epithelial-mesenchymal transition (EMT) through the activation of the cytosolic DNA response pathway [26]. Indeed, altered chromosome segregation arising from GI promotes micronuclei formation whose rupture spills DNA into the cytosol. Presence of DNA in the cytosol induces the cGAS-STING (cyclic GMP-AMP synthase-stimulator of interferon genes) cytosolic DNA-sensing pathway and downstream noncanonical NF-κB signaling, thus inducing a proinflammatory response, which factors were recognized as EMT stimulators [27]. Identification of cGAS/STING activators is an area of active research, with several ongoing clinical trials evaluating such molecules [28,29].

Sequencing studies and mechanistic investigations have revealed alterations in GIrelated genes and events (e.g., TP53, BRCA1/2, RB1 loss, CDKN2A loss) relevant in cancer progression [12,30]. These have important clinical implications as they may give the possibility to better stratify the patients and help clinicians in therapy selection.

GI-Related Biomarkers in CTCs and Their Utility for Clinical Decision Making

In-depth assessment of GI in bulk biopsy sample is frequently incomplete due to limited sample availability, surrounding normal tissue contamination and tumor heterogeneity. Additionally, serial tumor tissue biopsies are not feasible in clinical practice and metastasis biopsies are limited to accessible sites. Blood-based liquid biopsies containing CTCs have emerged as a noninvasive and accessible alternative enabling serial sampling. CTC analysis is technically challenging due to their low prevalence in the bloodstream and their phenotypic heterogeneity. Nevertheless, several groups have recently illustrated the feasibility of single-cell profiling in CTCs, providing a spectrum of genomic alterations that may potentially represent tumor heterogeneity and unravel aggressive subclones. CTCs acquiring genomic alterations can initiate and drive selection of resistant clones responsible for tumor evolution and metastatic progression [31].

CIN Analysis in CTCs by FISH

FISH technique has been adopted as one of the main methods for the assessment of CIN status in tumors (reviewed by McGranahan et al. [32]). Variations in chromosome copy number across the cell population can be quantified using fluorescently labeled DNA probes that bind to the centromeres of specific chromosomes. In CTCs, FISH has been developed and optimized to detect biomarkers of sensitivity to selected treatments and better stratify the patients. However, research revealed an unforeseen aspect of chromosomal heterogeneity across CTCs. Indeed, one of the first successful applications of the FISH assay showed important CIN in prostate cancer (PCa) CTCs through the detection of heterogeneous chromosomal abnormalities among patients [33]. A study in castration-resistance prostate cancer (CRPC) showed that ERG oncogene status was maintained in CTCs, while significant genetic heterogeneity was observed in AR copy number gain and PTEN loss. This suggested that ERG rearrangements might constitute an early event in prostate tumorigenesis [34]. In the multicentric PETRUS study of biomarker assessment, we reported phenotypic and FISH genetic heterogeneity of metastatic tumor tissue and CTCs in patients with CRPC [35]. High concordance between metastatic biopsies and CTCs for ERG-rearrangement was observed in spite of higher heterogeneity in CTCs. Other groups have also performed FISH analysis in metastatic CRPC CTCs revealing amplification of the AR locus and MYC [36] as well as the presence of PCa-specific TMPRSS2-ERG fusion [37]. The comparative detection of ALK-rearranged CTCs in NSCLC patients and corresponding tumor tissue biopsies was also performed. In a cohort of 87 patients with lung adenocarcinoma, positive ALK immunostaining was reported in CTCs isolated from five patients, corresponding to the same patients presenting ALK-rearranged tumors [38]. Our group reported the detection of unique ALK rearrangement patterns in CTCs in patients with metastatic NSCLC. Notably, we noted a high concordance in ALK rearrangement patterns between CTCs and tumor biopsies in 18 ALK-positive and 14 ALK-negative patients. Additionally, the presence of a unique ALK rearrangement pattern and EMT features was observed in CTCs [39]. Utility of ALK FISH testing in CTCs in the longitudinal follow-up of crizotinib resistance profiling was also demonstrated [40]. We showed that patients monitored at the early stage of crizotinib treatment presented significant correlation between dynamic evolution of the amount of ALK copy number gained in CTCs and PFS, suggesting that increased CIN in CTCs may be associated with a worse outcome in ALK-rearranged NSCLC [41]. These reports consistently demonstrate that monitoring tumor genomic characteristics via CTCs FISH analysis may serve as a predictive biomarker of treatment efficacy in NSCLC patients.

In 2015, we reported the detection of rearrangement in the ROS1-tyrosine kinase gene (present in 1% of NSCLC) in CTCs from ROS1-rearranged NSCLC patients. High levels of aneuploidy and numerical CIN have been proposed as a mechanism of genetic diversity in CTCs of ROS1-rearranged patients. DNA content quantifications and chromosome enumeration underscored increased CIN in CTCs [42]. Further studies based on FISH analysis emphasized CTC genomic heterogeneity through assessment of their numerical CIN. Another report demonstrated the assessment of MET amplification by FISH in CTCs from EGFR-mutated NSCLC patients at progression on erlotinib. MET amplification was detected in 3 of 39 samples but interestingly all MET-amplified CTCs were identified at disease progression [43]. Similarly, MET amplification was detected using FISH technique in CTCs of patients with gastric, colorectal and renal cancers following a capture of c-MET-expressing cells [44]. This particular aberration may have prognostic importance if confirmed, as c-MET protein overexpression increases distinctly in metastasis [45].

In breast cancer, assessment of HER2 status is considered as standard practice for therapy selection [46]. Interestingly, assessment of HER2 amplification using FISH in CTCs has been reported by several groups and may be used to stratify patients eligible to HER2targeted therapy [47][48][49]. PTEN gene loss may drive tumor progression through activation of PI3K/AKT pathway and occurs frequently in CRPC. PTEN gene status was assessed in CTCs using the Epic Sciences platform, which identifies CTCs through an algorithmbased image analysis followed by FISH [50,51]. PTEN losses determined by FISH in CTCs correlated with PTEN expression loss measured by IHC in corresponding tumors biopsies. They were also associated with worse prognosis in CRPC patients [50]. These FISH studies highlight the importance of serial CTC genomic analysis for the identification of biomarkers predictive of therapeutic efficacy in different cancer types. The data also emphasize heterogeneous CIN as a characteristic feature of CTCs from different tumor types and show the importance of single-cell analysis to evaluate CNA changes as possible mechanisms of resistance and/or tumor evolution. FISH analysis of tumor samples is in most cases still manually performed and is particularly laborious given the important number of hematopoietic cells still retained in enriched CTC fractions. Nevertheless, technological advancements in the field led to the development of semi-automated microscopy method that allows the identification of filtration-enriched CTCs from NSCLC and PCa patients and the detection of ALK, ROS1 and ERG gains and rearrangements in these cells, as we reported (Figure 2) [52]. Moreover, integrated subtraction enrichment and immunostaining FISH (SE-iFISH) was used to characterize CTCs of patients with malignancies such as nasopharyngeal carcinoma or esophageal cancer. Notably, CTC karyotyping allowed the assessment of chromosome 8 aneuploidy, which strongly associated with chemotherapy efficacy and prognosis [53,54]. Aforementioned studies show that although FISH has been developed to detect biomarkers of sensitivity to different selected treatments, it constitutes a valuable tool for the assessment of CIN across CTCs.

Copy Number Alterations (CNA) Landscape to Describe CIN in CTCs

The rarity and biological heterogeneity of CTCs have imposed technical challenges for their isolation and analyses at the single-cell level and impacted the success of robust processing of complex and costly downstream methodologies. The single-nucleus next-generation sequencing relies on successful whole genome amplification (WGA) of an individual cell to generate good-quality DNA for subsequent sequencing. All WGA systems generate nonlinear amplification bias, which may decrease genome coverage and thus needs to be taken into consideration during sequence analysis [55]. Reproducible CNA patterns among single CTCs and corresponding metastatic biopsy were obtained after multiple annealing and looping-based amplification cycles of WGA of single CTCs from lung cancer patients [56]. Indeed, each CTC from an individual patient exhibited reproducible CNA patterns similar to the metastatic tumor but not the primary tumor. This report also showed that different patients with adenocarcinoma shared similar CNA patterns, whereas patients with small-cell lung cancer (SCLC) had distinctly different CNA patterns. CNA profiling studies in the context of GI suggested that certain genomic loci may confer a selective advantage for metastasis through their action on different signaling pathways. To tackle the issue of protocol speed for clinical applications, Ferrarini et al. developed a single-tube method consisting of a single step, with ligation-mediated PCR (LM-PCR) WGA for low-pass whole genome sequencing and CNA calling from single cells [57]. This was adapted to analyze CTCs from patients with lung adenocarcinoma and PCa. The Ampli1™ WGA-based low-pass workflow (Menarini Silicon Biosystems) successfully captured substantial heterogeneity across CTCs, highlighting the utility of single-cell profiling application for genome-informed therapeutic strategies [57]. Another group assessed GI through genome-wide copy number profiling of CTCs from seven metastatic CRPC patients [58]. CTCs were identified and characterized using the Epic Sciences CTC platform and subclonal tumor suppressor loss, oncogene amplification and GI were measured by the distribution of large-scale state transitions (LST) genome-wide (frequency of CNV breakpoints > 10 Mb). A broad range of copy number changes in AR and PTEN were detected in most CRPC patients accompanied by high heterogeneity in LST distribution, highlighting important GI in CTCs at the single-cell resolution [58]. Additional CNA profiling studies in CRPC highlight high levels of genomic heterogeneity among CTCs [59,60]. The compound losses of three tumor suppressors (PTEN, RB1 and TP53) in PCa CTCs and the corresponding circulating tumor DNA analysis were recently reported and linked to the aggressive trait of the tumor [61]. Moreover, gains in PTK2 and MYC together with TP53 loss were also detected in CTCs and were strongly associated with poor prognosis in PCa patients. Despite frequent copy number traces that highly resembled corresponding biopsies, unique gains in MYC were revealed in CNA profiles of CTCs captured from apheresis of PCa patients [62]. Previously, MYCN gain and simultaneous AR loss was proposed as a possible mechanism of neuroendocrine differentiation in PCa tumor samples [63] and was later confirmed in CTCs as part of highly complex profile containing additional aberrations in ERG, c-MET and PI3K genes during CRPC progression [59]. Evaluation of CNA profiles in CTCs from metastatic breast cancer patients suggested potentially targetable alterations in PTCH1 and NOTCH1 that were absent in baseline biopsies, indicating subclonal tumor evolution [64]. The predictive value of CNA profiles of CTCs has also been recently evidenced in SCLC patients. Characteristic CNA signature of subsequent chemosensitivity was reported with an 83.3% accuracy to classify SCLC CTCs as chemosensitive or chemorefractory [65]. Similarly, predictive single CTC-based CNA score in the response to first-line chemotherapy was demonstrated in SCLC patients by Su et al. CNA profiles across CTCs of individual SCLC patients were highly concordant with copy number losses in two frequently inactivated genes, TP53 and RB1, found in 64.6% and 81.3% of patients respectively [66]. Overall, single-cell heterogeneity revealed by CNA analysis clearly represents a challenge for CTC molecular biomarker studies. Nevertheless, in-depth analysis of a sufficient number of CTCs may allow the profiling of characteristic CNA burden, which may be informative for future treatment strategies.

Using CTC-Derived Models to Investigate GI Mechanisms

Over the past decade, CTC-derived models have emerged as tractable tools to explore metastatic disease by studying the tumorigenic capacity of CTCs in several malignancies [67]. Despite technical challenges due to CTC rarity in the bloodstream, significant efforts were provided in the establishment of CTC-derived xenografts (CDX). The first one was generated in 2013 from breast cancer patient CTCs [68], while other groups reported successful models in lung, melanoma and prostate cancers [69][70][71][72]. We recently reported sequential acquisition of key genetic events promoting an aggressive neuroendocrine transformation in CRPC CDX. PTEN and RB1 losses were acquired in CTCs, while TP53 loss harbored in a subclone of the primary tumor was suggested as the driver of the metastatic event leading to CDX development. Interestingly, co-occurring losses of tumor suppressor genes PTEN, RB1 and TP53 were found in single CTCs characterized by extremely high CIN. Neuroendocrine transformation was promoted by the high number of CNAs and WGD, highlighting GI acquired during metastatic development [72]. In SCLC, single-cell analysis of CDX revealed the existence of co-existing heterogeneous cell subpopulations that are contributing to multiple concurrent resistance mechanism to chemotherapy [73]. Ex vivo expansion of viable CTCs has also been described [74][75][76][77][78]. Transcriptomic analysis of a CTC cell line derived from a metastatic colon cancer patient indicated altered expression of DNA-repair-related genes compared to a primary colon cancer cell line [77,79]. Another CTC-derived breast cancer cell line was recently established from a patient with metastatic estrogen receptor-positive breast cancer. Its CNA profile was highly concordant with that of patient CTCs and WES analysis deciphered alterations in common DNA damage-related genes (e.g., ATM, CDKN1A) [78].

The current time frame required for developing CTC-derived models does not allow for real-time monitoring of cancer patients and thus may not inform clinical decisions. However, their genomic analysis may help decipher molecular events involved in CTC-mediated tumor progression and reveal potential CTC biomarkers relevant for clinical management.

DNA Repair-Related Protein Biomarkers in CTCs

Functional analysis of DNA-repair-related protein expression in CTCs has been used as a pharmacodynamic biomarker for monitoring response to chemotherapy or targeted therapy (Table 1). Expression of DSB marker γH2AX has been evaluated as a dynamic indicator of DNA damage in CTCs from patients with advanced cancers after topotecan treatment using immunofluorescent staining followed by FACS analysis [80]. Data showed feasibility of monitoring dynamic changes in CTC nuclear biomarkers at response to treatment. γH2AX foci were also evaluated in CTCs after CellSearch analysis performed during radiation therapy as well as during combination treatment of low-dose of radiotherapy combined with PARPi [81,82]. Another DSB protein, RAD50, has been sequentially monitored in CTCs and its expression was estimated after radiotherapy of single side lesions in advanced lung cancer patients. CTCs were additionally screened for the immunotherapeutic target PD-L1 after enrichment with CellSieve Microfiltration Assay [83]. Results showed that RAD50 nuclear foci formation in CTCs may serve as a noninvasive tracer in cancer patients receiving side-directed radiotherapy independently of PD-L1 screening. ERCC excision repair 1 (ERCC1) is required for the repair of cisplatin-induced DNA lesions and may play the role of a biomarker for predicting response to platinum therapy. Indeed, it has been suggested that tumor cells overexpressing ERCC1 may be characterized with an enhanced capacity to resolve DNA platinum-adducts and consequently bypassing platinum cytotoxicity [84]. ERCC1 expression in CTCs was found to negatively correlate with PFS in metastatic NSCLC patients under platinum-based chemotherapy [85] and presence of CTCs expressing ERCC1 after therapy indicated a worse outcome for breast cancer patients [86]. Another group showed that ERCC1 transcript expression in CTCs was more predictive of response to platinum-based chemotherapy than standard ERCC1 protein expression detected on primary tumor biopsy samples [87]. Additionally, ERCC1 transcript-positive CTCs were used for monitoring platinum-based chemotherapy and to assess the post-therapeutic outcome of ovarian cancer [88]. These studies suggested that CTCs may represent dynamic intra-cellular changes in response to DNA-repair-related treatments more accurately than tumor biopsy. Furthermore, overexpression of the DNA/RNA helicase Schlafen family member 11 (SLFN11) has been described as an emerging biomarker of tumor cell sensitivity to DNA-damaging agents, including platinum chemotherapy [89] and to PARPi in several cancers [90,91]. SLFN11 protein expression was evaluated by immunofluorescent staining in CTCs from CRPC patients treated with platinum chemotherapy. SLFN11 overexpression in CTCs was associated with longer PFS compared to patients with SLFN11-negative CTCs [92]. Despite accumulating data, identification of CTC subpopulations expressing DNA-repair-related markers remains complex due to the existing variations among the technologies used to this end, as well as their low prevalence in patient blood. Therefore, further research is required to determine the clinical relevance of such biomarkers, notably in patients with advanced malignancies presenting significant levels of CTCs. 

Conclusions

The study of GI-related biomarkers in CTCs is an emerging field, and their real-time monitoring may be useful in clinical decision making. The technical advances and robust CTC isolation methods may now allow us to capture phenotypic and genetic heterogeneity and, subsequently, to reconstitute tumor characteristics. The relationship between GI, prognosis and acquired resistance to treatment is very complex, and deciphering the molecular mechanisms contributing to GI in CTCs remains crucial. The advancements in FISH analysis have strongly contributed to the unveiling of increased CIN in CTCs and its potential role in resistance mechanisms. CNAs successfully assessed via single-cell sequencing of CTCs indicated various sources of GI, such as oncogene-induced replicative stress, cell-cycle-related genes alterations or WGD, suggesting a rationale for therapeutic options. Moreover, CNA events reveal common DNA-repair-related gene alterations detected across tumor types. Those DDR alterations increase GI and thus may constitute novel therapeutic targets. Single CTC sequencing may therefore provide insight into the mechanistic origins and consequences of DDR deficiency in cancer (Figure 3). Finally, CTC-based monitoring of DDR-related biomarkers was proven to inform about therapeutic progress, but it also indicates first signals of acquiring resistance. Therefore, though investigating GI mechanisms through CTC monitoring is challenging, it is becoming particularly useful for tracking tumor heterogeneity and may present a critical element for precision medicine. 

Aims and Approaches

In an effort to investigate mechanisms underpinning the tumor-initiating capacities of CTCs and unravel new potential therapeutic targets of metastasis, our laboratory sought to develop two different functional cancer models that may recapitulate CTC biology: the chick embryo chorioallantoic membrane (CAM) [START_REF] Pawlikowska | Exploitation of the chick embryo chorioallantoic membrane (CAM) as a platform for anti-metastatic drug testing[END_REF] and the CDX mouse model [START_REF] Tayoun | Targeting genome integrity dysfunctions impedes metastatic potency in non-small cell lung cancer circulating tumor cell-derived explants[END_REF].

RESEARCH ARTICLE 1. Exploitation of the chick embryo chorioallantoic membrane (CAM) as a platform for anti-metastatic drug testing. Scientific Reports 2020; 10:16876 Open access publication.

We put significant effort into optimizing the use of the CAM for modeling and targeting CTC metastatic potential in ovo. Being a naturally immunodeficient host, it is amenable to transplantations without specie-or tissue-specific restrictions [START_REF] Ribatti | The chick embryo chorioallantoic membrane (CAM). A multifaceted experimental model[END_REF].

Moreover, the CAM presents a rich vascular network, offering great advantage for the growth of grafted tumor cells, as it has already been widely demonstrated. Another key advantage of this system is the rapid tumor formation in contrast to mouse models, which significantly shortens the time frame for a standard experiment. In Pawlikowska et al, we provide a step-by-step assay for the quantitative analysis of metastatic growth from a low number of characterized tumor cells on the CAM. Our work also puts forward the feasibility of preclinical testing of anti-tumoral agents such as chemotherapy and targeted therapies on metastatic tumors established in the CAM model [START_REF] Pawlikowska | Exploitation of the chick embryo chorioallantoic membrane (CAM) as a platform for anti-metastatic drug testing[END_REF]. As discussed in the introduction, NSCLC tumors carry defects in effectors of the DDR, which may constitute targetable vulnerabilities. However, the therapeutic efficacy of DDR-based agents is still poor in this malignancy; in-depth understanding of the underlying mechanisms and identification of novel biomarkers of response are urgently needed. In this PhD project, we hypothesized that dysfunctions in DDR mechanisms and genome integrity maintenance are critical processes underlying CTC metastatic potency in NSCLC and may present potential targets for anti-metastatic therapies. To test this hypothesis, the following aims were pursued: Aim 1: Identification of genomic alterations and in-depth comparative genomic analysis using WES data.

RESEARCH ARTICLE 2. Targeting genome integrity dysfunctions impedes metastatic potency in non

To examine the molecular fidelity of our CDX vs matched patient tumors, WES was performed on CDX tumors, CDX-derived cell lines, matched patient TBs and/or isolated 110 CTCs and we compared mutational profiles following WES analysis. Multiple genetic alterations (mutations and CNAs) in driver genes implicated in genome integrity maintenance mechanisms and the DDR were revealed, notably BRCA2 mutation and FANCA promoter deletion in GR-CDXL1, suggestive of potential HRD; ARID1A loss in GR-CDXL2 and GR-CDXL3 samples; gain of MDM4 in GR-CDXL1, GR-CDXL3 and GR-CDXL4, among others.

Aim 2: Functional characterization of DDR activity and CIN events.

The identification of DDR-related genetic abnormalities by WES (aim 1) led us to the second aim, which consisted in detecting potential DDR defects in the three CDXderived cell lines. First, we evaluated and quantified DNA damage levels in the CDXderived cell lines. For this, we performed immunofluorescence (IF) staining of 53BP1 recruitment at DSBs and DNA damage marker γH2AX, as well as western blot analysis of cell cycle checkpoint activation. The activity of the main DSB repair pathways HR and NHEJ in CDX-derived cell lines was also assessed through IF foci analysis of major repair proteins RAD51, phosphorylated RPA32 (S33) (pRPA) and pDNA-PKcs (T2609). We also monitored CIN: most notably mitotic defects and clustering of extra centrosomes.

These features subsequently provided a biological rationale for the selection of drug candidates (aim 3).

Aim 3: In vitro drug assays targeting DDR defects and CIN.

To investigate new DDR-based therapeutic strategies in NSCLC, we performed in vitro pharmacological assays targeting identified cancer cell vulnerabilities (aim 2). The sensitivity of several agents was tested in CDX-derived cell lines, including platinumbased chemotherapy (cisplatin), PARPi and DDR inhibitors. In this aim, we also investigated SLFN11, a potential predictive biomarker of CDX-derived cell response to olaparib beyond BRCA1/2 mutations.

Aim 4: 3D modeling and targeting of CDX-derived cell line dissemination potency in the CAM model (in ovo) and (in vivo) in immunodeficient mice.

We then sought to assess the tumorigenic potential of GR-CDXL1, GR-CDXL3 and GR-CDXL4 CDX-derived cell lines in the chick CAM model and immunodeficient mice. To achieve this aim, CDX-derived cells were infected with mCherry-expressing plasmid or a luciferase lentivirus and stable cell lines were subsequently implanted on the CAM or in NSG mice respectively. Tumor growth and metastatic dissemination were monitored using 3D imaging. Next, we validated our therapeutic targets assessed in vitro (aim 3) by evaluating in ovo and in vivo tumor response to DDR-based therapies.

Overall, using CDX models, our work elucidated distinct DDR-related mechanisms involved in CTC tumorigenicity that provide a rationale for their therapeutic targeting in NSCLC. In cisplatin-resistant GR-CDXL1, BRCA2 mutation was detected and mechanistic findings revealed HRD and PARPi olaparib sensitivity. This previously undescribed context suggests that resistance to chemotherapy does not exclude PARPi efficacy in HR-deficient NSCLC tumors, in contrast with the current chemosensitivity prerequisite for the selection of NSCLC patients for PARPi trials. GR-CDXL3 cells carried supernumerary chromosomes and high levels of CIN, including centrosome clustering events, a targetable promoter of CIN. Finally, GR-CDXL4 cells presented HRD and were highly sensitive to olaparib but lacked BRCA1/2 mutations. Interestingly, olaparib sensitivity was concordant with high SLFN11 expression in GR-CDXL4, which we suggest as a potential predictor of sensitivity to PARPi in NSCLC independently of BRCAness. SLFN11 overexpression was also associated with neuroendocrine marker expression, which may also be a predictor of histological transformation of NSCLC adenocarcinoma into SCLC, for which biomarkers are currently lacking.

Part B. Additional Materials and Methods

All materials and methods used in this project have already been described in Tayoun 

1) Western blot analysis a. Whole-cell protein extraction

Cells were seeded in a tissue culture dish 60 (TPP™) 48 hours prior to protein extraction at a concentration of 1 000 000 cells/mL for CDX-derived cell lines and 500 000 cells/mL for NSCLC cell lines. At day 2, cells were washed twice with ice-cold phosphate buffer saline (PBS) 1X, scraped off the dish on ice and centrifuged for five minutes in a 15 mL tube (Falcon ® ) at 250 g at 4°C. After aspirating the supernatant, cells were then immediately resuspended in NETN (NaCl EDTA Tris NP40) lysis buffer [150 mM NaCl, 1 mM EDTA, 50 mM Tris pH 7.5, 0.5% NP40, H2O], supplemented with protease and phosphatase inhibitors (Roche). Lysates were transferred to 1.5 mL tubes (Eppendorf) and incubated for 30 minutes on ice, while stirring every five to 10 minutes. Whole-cell protein extracts were then sonicated for 15 seconds at 30% amplitude to fragment DNA, before centrifugation at maximum speed for 20 minutes at 4°C. Protein concentrations were estimated using the Micro BCA™ Protein Assay (Thermo Scientific) followed by bioluminescence reading at 562 nm on the spectrophotometer (Victor X4 Series Multilabel Plate Readers (PerkinElmer)). Laemmli buffer (4X) containing βmercaptoethanol was added and samples were subsequently denatured by boiling at 95°C for 10 minutes.

b. Protein separation by gel electrophoresis

25-30 µg of proteins from cell lysates were then subjected to electrophoresis on a handcast 6%, 8% or 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel (Bio-Rad), using the tris-glycine-SDS (TGS) 10X running buffer (Bio-Rad) diluted to 1X in water, with Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standards (Bio-Rad) as a molecular weight ladder. After migration, the proteins were transferred to a nitrocellulose membrane using the Trans-Blot ™ Turbo Transfer System (Bio-Rad). Nonspecific binding was blocked by incubation of the membrane in 5% non-fat dry milk in PBS 1X, 0.1% Tween ® 20 detergent, H2O (PBS-T) for one hour at room temperature, on the shaker. The membrane was subsequently probed with primary antibodies diluted in PBS-milk or PBS-bovine serum albumin (BSA) at 4°C overnight. The next day, membranes were washed with PBS-T (three five-minute washes) followed by incubation with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) diluted in PBS-milk (5%) (1:5000) for one hour at room temperature, on the shaker. Membranes were washed again three times with PBS-T before incubation with WesternBright™ ECL (Advansta). Blots were then imaged either on X-ray films or more frequently using the high-resolution ChemiDoc™ XRS+ system with the Image Lab™ software (Bio-Rad).

2) Metaphase chromosome spreads

For chromosome counting, GR-CDXL1, GR-CDXL3 and GR-CDXL4 cells were treated with 0.15 µg/mL of colcemid (Roche) for three hours before fixation, which inhibits mitotic spindle formation and arrests dividing cells in metaphase. Cells were then collected, washed with PBS 1X and subsequently incubated in a hypotonic solution (75 mM KCl) for 15 minutes in a 37°C water bath. Next, cells were fixed by adding freshly prepared ethanol/acetic acid fixative solution (3:1 ratio). Cells were then subjected to several rounds of fixation, dropped carefully onto slides and left to dry at room temperature. Slides were then stored at -20°C overnight, followed by staining and mounting before microscopy.

3) In vitro pharmacological assays

Short-term drug testings were performed in vitro on GR-CDXL1, GR-CDXL3 and GR-CDXL4 cells. NSCLC cell line A549 was used as control. At day 0, cells were seeded in quadruplicates at a concentration of 500 cells/well (for A549 and GR-CDXL1) and 1000 114 cells/well (for GR-CDXL3 and GR-CDXL4) in 25 microliters (µL) in a 384-well test microplate (Greiner Bio-One). The microplate was subsequently incubated at 37°C, 5% CO2 for a period of 24 or 48 hours. 24 or 48 hours after seeding (at day 2), drug dilutions in cell culture medium were added to make a total volume of 50 µL/well (Figure 17). [max] PBS 1X
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[max] PBS 1X concentrations were prepared by serial dilutions of the stock solution from the highest to the lowest concentration (Table 4). In column 7, the drug diluent was added to the cells as control (NT wells). Then, from column 8 to 18, 25 µL of the drug solution at the appropriate concentration was administered in each well (four wells per concentration)

as annotated in the microplate layout in Figure 17. Cells were then incubated at 37°C, 5% CO2 for 96 hours. At day 5, cell viability was estimated using CellTiter-Glo ® Luminescent Cell Viability Assay (Promega). 12.5 μL of CellTiter-Glo reagent was added per well (diluted 1:4); the microplate was shaken for 20 minutes at room temperature according to manufacturer's protocol and luminescence was subsequently measured using Victor X4 Series Multilabel Plate Readers (PerkinElmer).

In parallel, at day 0, cells from each tested cell line were seeded in quadruplicates in a second control microplate and then incubated at 37°C, 5% CO2 for 48 hours.

Luminescence was measured at day 2, i.e. the day of drug administration in the test microplate as described above. Measurements were then compared to the NT control wells in the test microplate containing the drug diluent, to make sure that cells grew at least two-fold throughout drug incubation period. If this was not the case, experimental data was considered uninterpretable. Cell viability and the half maximal inhibitory concentration (IC50) were calculated by normalizing luminescence measurement values according to NT control wells and viability curves were plotted using GraphPad Prism V7 "log(inhibitor) vs response-variable slope (4 parameters)" model.

Table 4. Drug concentrations in vitro.

Molecule Concentrations Alisertib 0.02 0.06 0.17 0.51 1.52 4.57 13.72 41.15 123.46 370.37 1111.11 3333.33 10000.00 30000.00 Cisplatin 0.02 0.06 0.18 0.56 1.67 5.00 15.00 45.00 135.00 Olaparib 0.02 0.06 0.18 0.56 1.67 5.00 15.00 45.00 135.00 405.00 1215.00 BYL719 0.02 0.06 0.18 0.56 1.67 NU7441 0.01 0.04 0.11 0.33 1.00 3.00 9.00 27.00 81.00 243.00 Metastasis is the major cause of death from cancer. Uncovering new therapeutic targets in metastatic cancer inevitably relies on suitable and functional models amenable to pharmacological assays. Different immunodeficient mouse strains allowed human cells engraftment and opened possibilities for developing models. Over the past few years, tremendous effort has been put into establishing different patient-derived xenografts (PDX) to model patient disease and decipher novel therapeutic strategies 1 . PDX are currently the most clinically relevant models but difficulty to obtain the metastatic growth from PDX tumors makes functional studies and screening approaches challenging. Depending on research purposes, diverse sites of tumor engraftment were applied, such as orthotopically or directly in the vascular system. However, both rarely reflect the real patient metastatic disease 1 . Furthermore, costs related to establishment and husbandry of mouse models and ethical issues considerably limit their use. Recently, 3D organoids have emerged as novel robust tools to model tumor heterogeneity and perform drug screening assays 2 . Great efforts have been put into generating 3D co-cultures to simulate tumor microenvironment ex vivo. However, the lack of in vivo host complexity renders modeling metastatic disease incomplete. To overcome some of these limitations and to bridge the gap between in vitro and in vivo study of metastasis, we and others attempted to use a chorioallantoic membrane The first applications of the chick embryo and CAM in oncology research were announced more than a century ago 3,4 . The chicken egg model has fundamentally contributed to the most significant discoveries and some Nobel laureates, including the discovery of the first known oncogene (c-src) 5 . The chick embryo develops for 21 days until hatching. The CAM is formed within 4 to 5 incubation days (ID) through the fusion of mesodermal layers of outgrowing allantois and the chorion. The highly vascularized nature of the CAM is a considerable advantage, it greatly stimulates the growth of grafted cells. Notably, this avian model is a naturally immunodeficient host; a feature which allows implantation of tumor cells and tissues without species-specific restrictions. The extraembryonic membranes connected to the embryo through a continuous extraembryonic vessel system are easily accessible for manipulation and observation. According to European law (Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes), the CAM model system does not raise any ethical or legal concerns, thus being an attractive alternative to other animal experiments. The CAM model is maintained in an incubator at 37 °C requiring limited space. This significantly limits animal husbandry requirements compared to immunodeficient mice breeding and reduces experimentation costs. The availability of the CAM model for screening is beneficial compared to in vitro cultures, where the role of tumor vasculature and tissue tropism cannot be accounted for.

Several previous reports show the feasibility of obtaining tumor growth in the form of nodules on the CAM, starting from different tumor cell lines or tissues 4,6,7 . These studies usually aim to evaluate the morphological and morphometric characteristics of tumor nodules. Indeed, tumor growth has been evaluated by measuring the size and weight of nodules as well as the extent of the vascular network 8,9 or by immunohistochemical studies on isolated CAM primary tumors 10,11 . Technological development, especially in the field of imaging, opened up new possibilities to quantify the primary tumor growth 11,12 and study tumor cell migration 13,14 . Up until now, metastatic tumor evolution was analyzed by quantitative Alu-PCR for the detection of human tumor cells in the isolated organs of the chick embryo 15,16 . The fluorescent tumor cells were also detected at tissue sections of isolated organs 17,18 . Here, we investigated whether the CAM model may be used to evaluate the metastatic capacity of cells and serve as a potential preclinical anti-metastatic drug test. We report a step by step technology to obtain metastatic growth starting from a limited number of well-characterized tumor cells. We show the quantitative assessment of metastasis using whole-animal 3D tomography optical imaging. Finally, we provide a proof-ofconcept for the feasibility of a preclinical assay of anti-metastatic compounds in the chick embryo model.

Results

Primary tumor nodule formation starting with limited cell quantities. Most previous studies

showed the advantages of cell implantation at ID 10 for primary tumor nodule formation 4,6,8 . We adapted a similar protocol to a panel of non-small cell lung cancer (NSCLC) and prostate cancer (PCa) cell lines (Supplementary Table 1). The general scheme followed in all experiments is presented in Fig. 1A. In contrast to previous research, we challenged the eggs with a highly limited number of H1299 cells starting from 10 6 and successively reducing cell quantities (Fig. 1B). Reproducible results were obtained by implantation of 10 3 cells per egg, resulting in up to 80% of successfully formed nodules in the case of lung cancer cell lines (Fig. 1B) and 100% for prostate cancer cell lines (data not shown). Engrafted cell lines were engineered to express fluorescent markers. Tumor growth was evaluated by fluorescence detection in vivo using MacroFluo Nikon macroscope (Fig. 1C). Hematoxylin staining together with anti-human antibodies against Ki67 and tumor marker vimentin was further performed to confirm the human origin of tumor growth on the CAM (Fig. 1D). These results demonstrate the ability of the CAM system to form tumor nodules from as low as 10 3 cells. evaluation of metastasis formation in the chick embryo. We then focused on the quantitative evaluation of metastatic seeding capacities of tumor cells. As the duration of the CAM assay is limited to 7-9 days before the chick hatches, most tumor cells cannot produce macroscopically visible tumor metastasis masses before the end of the assay. However, they form small metastatic foci detectable by fluorescence imaging. We thus aimed to adapt the imaging tomography IVIS Spectrum system-most often used for visualizing tumor growth in small rodents-to detect the metastases formed by fluorescent cell lines implanted on the chick embryo. We first engrafted the GFP-expressing LNCaP and IGR-CaP1 PCa cells (10 3 cells), for which the tumorigenic potential has been reported in mice 19-21 . LNCaP primary nodules were also reported to grow on the CAM 9 . As previously observed in mouse models 19,20 , IGR-CaP1-GFP appeared to display significantly increased disseminating capacity compared to standard androgen-dependent LNCaP-GFP cell line, as measured by fluorescence intensity obtained using 2D scans performed by IVIS Spectrum system (Fig. 2A,B). However, significant autofluorescence of the chick embryo was repeatedly observed throughout the analysis of GFP-expressing cells, which can hamper signal interpretation for less aggressive disseminating cells when using the GFP spectral range. Indeed, some of the embryos that were implanted with LNCaP-GFP cells presented fluorescence intensity equal to the one in negative control embryos, making the interpretation difficult. Since green fluorochrome is often used in in vivo research, we would like to point out that based on these results, GFP expression-although well-distinguished in the tumor nodule on the CAM-is not really suitable to evaluate the metastasis seeding inside the chick embryos using the fluorescence scan system. As much more limited autofluorescence is obtained in the red fluorescence spectra, further experiments were pursued with mCherry-expressing cells (after retroviral infection, Fig. 2C) or PKH26-stained cells (described below, Supplementary Table 2, Supplementary Figures 2 and3). The protocol of cell labeling with fluorescent cell linker PKH26 was adapted to extend the use of the model for tumor cells that were not engineered to express fluorescent markers. Engraftment of 10 3 mCherry-expressing NSCLC cells produced identifiable metastatic foci (Fig. 2C,D). The most aggressive cell line was NRAS-mutated H1299. KRAS-mutated A549, EGFR-mutated H1975 and ALK-rearranged H2228 cell lines also produced significantly higher fluorescent signals compared to negative control chick embryos (Fig. 2C,D). Notably, heterogeneity in 118 the mean fluorescence of metastatic foci from H1975 cells was observed. Average fluorescence intensity was measured in a region of interest (ROI) including the whole embryo. To further confirm metastasis foci formation, we investigated known H1975 and H1299 mutations (Supplementary Table 1) in CAM nodules and chick embryo metastases, in comparison to control cell lines. EGFR T790M , EGFR L858R and TP53 R273H homozygous mutations were detected in tested tumor nodules and metastasis samples from chick embryos engrafted with H1975 cells (Table 1). Furthermore, we detected homozygous CDKN2A E69* mutation in H1975 metastatic samples. In the case of H1299, the most aggressive cell line according to fluorescence measurements in the chick embryo, we detected the characteristic heterozygous mutation NRAS Q61K only in the organs invaded by metastasis and not in primary nodules (Table 1). This suggested that, at ID 17, all H1299 cells from the primary tumor site had migrated to embryo organs. To further evaluate whether some cell lines presented higher migration capacities than others, we implanted, in parallel, H1299-mCherry cells-the most aggressive cells according to fluorescence analysis of the chick embryo-and the less aggressive H2228-mCherry cells. Indeed, the metastatic fluorescence signal obtained from the chick embryos at ID 17 was statistically different (Fig. 2D). Moreover, dissociated primary nodules evaluated by FACS from the same eggs presented negative correlation with the fluorescent metastatic foci intensities. Less mCherry-positive cells were found in primary nodules of aggressive H1299 cells compared to H2228, which were predominantly present in nodules but displayed lower intensity of fluorescent metastatic foci in corresponding chick embryos (Fig. 2E).

Fluorescent imaging acquisitions providing 3-dimensional (3D) reconstitution of the embryo allowed us to precisely evaluate metastasis formation both in terms of localization and quantification (Fig. 3A). The acquisition of 3D computer tomography (CT) data combined to fluorescence images aids to localize the metastatic foci in the chick embryo and thus determine the organ with tumor lesions (Fig. 3A). Fluorescent signal was collected in specified wavelengths during serial acquisitions to filter specifically the fluorescence from GFP-, mCherry-or PKH26-positive cells. Here, we provided the example of PCa cell line (DU145) labeled with PKH26 and either cultured in vitro or implanted into the CAM (2 × 10 3 cells per egg). We detected the fluorescent signal from metastatic foci of the chick embryo (Fig. 3B,C; Supplementary Figure 3C) and cultured cells (Fig. 3D, Supplementary Figure 2) 7 days later. These results show that 3D reconstitution of chick embryos allows us to detect even a limited number of fluorescent cells in the whole embryo, suggesting that our system might be used as a preclinical model of metastasis.

Effect of the chemotherapeutics on metastasis formation in the chick embryo. Since we have

shown the feasibility of using chick embryo as an efficient and sensitive model for metastasis seeding for different type of cancers, we thought that it might be particularly useful to assess therapeutics targeting metastasis. We implanted LNCaP-mCherry cells into the CAM at ID 10. Docetaxel (2 µg/kg), standard-of-care for PCa patients, was topically added on the surface of the CAM 24 h later (ID 11). The eggs were analyzed 6 days later (ID 17). The dose of docetaxel has been previously estimated by serial treatments (data not shown). Both 2D and 3D imaging showed that cell migration and metastasis formation into distant organs of the chick embryo was hampered by docetaxel treatment (Fig. 3E). We quantified the effect of docetaxel on the metastasis seeding capacities of LNCaP by measuring the average fluorescence intensity from images obtained after 2D scanning of chick embryos (Fig. 3F). These data showed a significant decrease in fluorescence intensity between chick embryos engrafted with LNCaP versus LNCaP treated by docetaxel.

A similar experiment was performed with NSCLC A549 and H1299 cell lines which are known to be sensitive to cisplatin treatment in vitro 22 . Implantation of 10 3 A549 or H1299 mCherry-expressing cells resulted in the emission of fluorescence signals on 3D reconstructed images 7 days later in different organs of the chick embryo (Fig. 3G, Supplementary Figure 1B). Treatment of chick embryos with cisplatin (10 µg/kg), 24 h after cell implantation, significantly decreased the fluorescence signal from both tested NSCLC cell lines (Fig. 3H, Supplementary Figure 1C). Cisplatin dose did not affect neither viability nor development of embryos. For all evaluated drugs chick embryo mobility as well as increasing vascularization of the CAM (the two indicators of chick embryo viability) were evaluated and compared to non-treated eggs throughout experiments. The effect of the therapeutics on chick embryo development was also estimated. Distinctly smaller embryonic size, unilateral or bilateral microphthalmia, microcephaly or ancephaly, acrania, malformations of limbs, gastroschisis or other visible malformations if detected in more than 10% of treated embryos, the drug dose was decreased.

To demonstrate that the observed reduction of metastatic signal after cisplatin treatment is not simply the result of tumor cell death at the primary site, we directly injected tumor cells into the chick embryo circulation to bypass the stage of primary tumor formation. This technically-advanced manipulation evidently increases the mortality of chick embryos. However, protection of the manipulated vein by silicon ring facilitated the healing process and allowed an adequate chick embryo development, as well as metastatic growth. No primary nodules were observed on the CAM in this experiment, however fluorescent metastatic foci were found in the chick embryo injected with mCherry-expressing H1299 cells (2 × 10 3 ) and fluorescence of less intensity was detected after cisplatin treatment (Fig. 3I,J). These data showed that the CAM chick embryo system is a sensitive model capable of recapitulating the effect of standard-of-care chemotherapies frequently used against metastatic PCa and NSCLC.

Effects of targeted therapies on metastasis formation.

Then we wondered if targeted therapy efficacy could also be evaluated using the CAM system. We established first a safe dose of 2 mg/kg for tyrosine kinase inhibitors crizotinib and gefitinib (data not shown). As previously, 10 3 mCherry ALK-rearranged H2228 and EGFR-mutant H1650 NSCLC cells were implanted into the CAM at ID 10. Similarly to patients' therapy, groups of eggs were treated daily with respective therapeutics. 7 days later, the embryos treated with targeted therapies presented a significantly lower fluorescence intensity compared to non-treated ones (Fig. 4A-D), show-ing the inhibitory effects of crizotinib and gefitinib on the metastatic growth of H2228 and H1650 cell lines respectively.

Finally, the metastatic capacity of androgen-responsive LNCaP and-unresponsive DU145 PCa cells was challenged with enzalutamide (400 µg/kg). Before implantation, cells were stained with PKH26 fluorescent tracer. The pattern and intensity of PKH26 labeling in LNCaP cell line were analyzed in vitro for 7 days, the length of chick embryo experiments (Supplementary Figure 2) and no substantial differences were observed. The characteristic punctate pattern of staining was maintained throughout the whole experiment. 2 × 10 3 cells were implanted per egg into the CAM at ID 10. Enzalutamide was topically administered daily for 6 days starting 24 h after cell implantation. LNCaP and DU145 both formed metastasis in the chick embryo bodies at ID 17 (Fig. 4E,F). As expected, the androgen-unresponsive DU145 cells remained resistant to enzalutamide treatment, while the drug statistically diminished metastatic capacities of LNCaP cells (Fig. 4E,F). Overall, these results demonstrate that the CAM system might be successfully used for efficacy evaluation of targeted therapies in NSCLC and PCa cells.

The chick embryo represents the specificity of PCa metastatic bone tropism. Difficulty to obtain a representative model of PCa bone metastasis hampers the development of new treatments for metastatic

PCa patients. To evaluate whether the chick embryo may represent a relevant model of PCa metastatic evolution, we retrospectively compared the 3D reconstitution images of metastatic foci seeded by LNCaP, IGR-CaP1, DU145 cells to metastases formed by the NSCLC cell lines (H1975, H1299, A549, H2228 and H1650). Additionally, we tested GR-CDX P1, a unique cell line established in the laboratory from circulating tumor cell-derived explant (CDX) model of castration resistant prostate cancer (CRPC) 23 . LNCaP cells were found to metastasize to the bones of the chick embryo with 50% incidence (Fig. 5A,B). The more aggressive IGR-CaP1 cells were always localized within the bones. 75% and 54% of tumor foci obtained after implantation of GR-CDX P1 and DU145 cells respectively were found co-localized with the skeleton after image reconstruction. Indeed, this evaluation is rather approximative and based on the overlapping fluorescent spot with the CT image of the chick skeleton. However, the same type of evaluation using lung cancer cell lines shows that metastatic foci disseminated in the bones never exceed 20%, for all cell lines tested. To further confirm the presence of human PCa metastatic foci in the bones of the chick embryo, we collected the long bones from chick embryos implanted with IGR-CaP1 cell line. Bones were cleaned and RNA was extracted from the flushed bone marrows and crashed bones. We detected the expression of human genes that were described as characteristics of the metastatic process of this cell line 19 . 6 bone samples out of 8 presented high expression of TNFSRFIIB, SPP1 and Vimentin evidencing the presence of human tumor cells inside the chick embryo bones. Samples marked 'bones 2′ and 'bones 6′ most probably contained very few IGR-CaP1 cells since only two genes out of three tested were found at detectable levels (Fig. 5C). Although requiring further investigation, these data suggest that the CAM chick model may potentially represent a system able to reconstitute the particular metastatic tropism of prostate tumors to the bones.

Discussion

Further development in the establishment of novel in vivo preclinical models is needed to increase knowledge about tumor seeding and offer new insights into therapeutic strategies. In this study we show that metastases in the organs of the chick embryos can be obtained following the engraftment of a number as low as 10 3 of tumor cells into the CAM. Standard 2D and 3D optical tomography imaging enabled highly sensitive detection of fluorescent metastatic foci within 7 days from cell engraftment. Metastasis formation in the chick embryo was confirmed by molecular studies. We quantified the inhibitory effects of a variety of standard-of-care treatments including chemotherapy and targeted therapies using several NSCLC and PCa cell lines. We also observed that the CAM chick embryo system may allow the reconstitution of the bone metastatic tropism of PCa cell lines. Our data show that the CAM system may provide a rapid and sensitive method to evaluate the metastatic activity of cancer cells and assess the efficacy of anti-metastatic compounds.

Until now, analysis of tumor growth on the CAM has relied on visual inspection by microscopy and quantification of nodule size or weight 8,9 . These methods have been continuously optimized. Two studies have reported the successful measurement of bioluminescence of human tumors growing in the CAM 11,12 . The dynamics of primary tumor growth using a luciferase reporter was shown for PCa and osteosarcoma 12 . In our work, the primary nodule growth was visualized, similarly to others 10,17,24 , by fluorescence. Microscopic evaluation of primary tumors on the CAM reveals extremely dynamic cellular interactions between fluorescent tumor cells and the microenvironment 13 . During the first days of incubation, the CAM contains three layers: the ectoderm attached to the shell membrane, the mesoderm which is enriched in blood vessels and the endoderm. At ID 10, when tumor cells are implanted, the ectoderm of the CAM is characterized by a highly developed capillary system, which is crucial for tumor seeding and dissemination. An improved technique of microscopic assessment of tumor angiogenesis confirmed these observations using CAM optical sectioning next to classic histological and fluorescent stainings 25 . Tumor cell motility and migration were visualized in the CAM using intravital imaging 10,13 . This methodology was particularly useful for studying the initial migration of cells on the CAM and required large numbers of implanted cells varying from 10 625 up to 8 × 10 [610 . The lower cell number implanted into the CAM to follow metastatic foci formation started at 2 × 10 4 per egg 9 . However the most frequently used concentration of engrafted tumor cells was 2 × 10 6 per egg 18,26 . Here we described a protocol which requires only 10 3 tumor cells to obtain visible nodule growth on CAM and metastasis development in the chick embryo. This result highlights the sensitivity of our method and detection technique, which may have a particular importance in applications with limited number of cells. For example, this approach may be of interest to evaluate rare subpopulations of cancer stem cells or genetically modified tumorigenic subclones.

Our protocol is both highly favorable for metastasis establishment and sensitive for their detection compared to other studies using the CAM system. We adapted the number of tumor cells able to survive the period of Table 1. Genomic analysis of tumor nodules and metastases as well as corresponding cell lines with NGS Ampli1 CHP Custom (Menarini Silicon Biosystems) and home-made NSCLC Panel. 125 implantation and healing using the growth factor-reduced matrigel medium. Importantly, we applied a microhemorrhage induction step to facilitate tumor cell migration. This procedure increases the risk of chick embryo mortality but is nonetheless crucial for stimulation of vascularization, tumor cell migration and seeding. Additionally, we noticed that a high number of rapidly proliferating cancer cells were accompanied by necrosis in the primary nodule. Evidently, the capacity to form metastatic foci is highly dependent on cell type as we showed in the case of two different lung tumor cell lines (H1299 and H2228). Although implantation conditions were

IGR-CaP1

LNCaP 126 exactly the same, the two cell lines differed in metastatic seeding capacities. Finally, the sensitivity of fluorescence detection of the imaging technique used is also an important factor. To increase our knowledge on metastatic seeding, a deeper observation into the chick embryo is required. However, due to the presence of eggshell, most visualization techniques are usually limited to the CAM and its closely attached areas. Previously reported metastasis formation in the chick embryo was evaluated by immunohistochemical analysis of organ sections 10,27-29 . Otherwise, the tumor burden was estimated by qPCR of ALU sequences from DNA of isolated organs 15,16 . Today, the chick embryo and metastatic cells may be visualized thanks to sensitive imaging modality. The first application of computer tomography (CT) was reported in 2013. CT imaging was combined with PET in order to visualize the tumor tracer uptake 30 . Another interesting report showed that tumor cells labeled with magnetic polymers might be visualized in different organs of the chick embryo using Magnetic Resonance Imaging (MRI 31 ). However, this method requires an adapted contrast agent and a high number of cells to be implanted on the CAM, due to the substantial loss of signal resulting from intensive cell proliferation. In some cases, to avoid the eggshell barrier, experiments were performed ex ovo to present dynamic tumor cells motility by videomicroscopy 14 . In the in ovo experiments reported here, since fluorescence signals are undetectable throughout the eggshell, we measured metastatic foci post mortem inside the chick embryo using 3D fluorescence imaging. Additionally, combining fluorescence acquisition to 3D CT allowed the specific localization of metastatic foci in the embryo. It is important to state that, as observed using most in ovo techniques, our method does not directly address the size of tumor lesion. Indeed, backscattered signals depend on the number of fluorescent cells, the intracellular level of fluorescent protein expression and the thickness of embryo tissues. Additional imaging modality is required to fulfill this need.

We are fully aware that the model proposed here does not fully recapitulate human disease. Indeed, the metastatic process may be stimulated by the chick embryonic environment and the very short time leading to metastasis formation most likely influences the final features of tumors. However, our results highlight the potential utility of the chick embryo CAM model as an in vivo tool to assess tumor sensitivity to therapeutic compounds. Highly sensitive 3D fluorescence and CT imaging allows the localization of metastasis in the chick embryo but also gives possibilities to quantify the metastatic foci signals in comparison to negative controls or treated chick embryos. Thus the CAM system emerges as a complementary assay for drug testing.

Recently, optimization of 3D primary cultures has provided biologically relevant information on tumor growth and response to various stimuli 32 . However, the complex interactions within the organism are hardly mimicked in 3D co-culture techniques 2 and complementary preclinical tools are needed. Up until now, many successful drug tests were performed on primary nodules of the CAM and confirm utilization of this model as a reliable preclinical model for testing novel therapeutics 17,26,33 . The effect of nanoparticle-based anticancer drugs on ovarian cancer cells in the CAM model has also been reported 18 . Here we focus on targeting metastatic capacities of tumor cells in the chick embryo. First, we demonstrate the effects of common chemotherapeutics such as docetaxel and cisplatin on prostate and lung cancer metastatic growths. Then we mimicked the response of ALK-positive NSCLC to tyrosine kinase inhibitor crizotinib. The pharmacological growth inhibition of pancreatic ductal adenocarcinoma by crizotinib was previously reported by measuring luciferase activity in primary nodules on the CAM 11 . The possibility to use a CAM model to test targeted therapies was confirmed quantitatively using two others molecules, namely gefitinib (EGFR inhibitor) and enzalutamide (androgen receptor inhibitor) to treat eggs implanted with H1650 and LNCaP cells respectively. This suggests that, with the combination of fluorescence and 3D CT whole-embryo imaging, the chick embryo assay may serve as a rapid and efficient method to perform a first screening of potential therapeutic molecules.

One of the seldom recapitulated events in metastatic models is tumor tissue tropism 34 . Indeed, specific bone tropism of advanced PCa hardly occurs in spontaneous PCa models. Up until now, the most representative models were obtained after intracardiac or intraosseous injection of tumor cells in immunodeficient mice 35 or, as recently reported, in bioengineered mouse models with humanized bones 36 . Recently CAM xenografts from PCa were successfully established 37 . Previous studies on PCa using the CAM were based on visualization of the primary tumor and intravasation process 9 . The metastatic foci of PC3 PCa cells were found in the brain of chick embryos 17 and bone evaluation was not mentioned. In this study, the most aggressive IGR-CaP1 and GR-CDX P1 PCa cell lines preferentially formed metastases in the developing bones of the chick embryo, which suggests the relevance of the CAM in modeling PCa metastatic progression and its tropism.

conclusion.

The chick embryo model is a powerful tool to improve understanding of basic principles of metastatic colonization with new possibilities for improving precision medicine approaches for metastatic cancer patients. This report shows that the CAM model, formerly used in embryogenesis and angiogenesis studies, provides a platform for functional characterization of metastatic tumors and therapeutic compound screening approaches when combined with advanced CT and spectral imaging. Indeed, evaluation of cancer spread beyond the primary lesion using sensitive imaging technologies continues to improve today. In addition to preclinical studies, future work should focus on using the CAM as a platform to graft different primary cell and tissue types, which has already been started 6,24,37 .

Methods cell cultures.

All cell lines, except IGR-CaP1-GFP, LNCaP-GFP and GR-CDX P1-GFP, were obtained from ATCC collection and maintained in RPMI medium supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum at 37 °C in 5% CO 2 . LNCaP-GFP and IGR-CaP1-GFP were a gift from A Chauchereau 19,20 and GR-CDX P1-GFP cell line was established and characterized in the laboratory 23 .

the chick embryo metastasis model. Fertilized chicken eggs were purchased from a certified hatchery and incubated for 3 days at 37 °C with 60% humidity. At ID 3, eggs were cleaned and a window of an approximate 2 cm-diameter was drilled into the eggshell to lower the CAM by creating an air pocket between the separated shell membrane and the CAM. This window allows to manipulate and implant the cells. Before closing it, 100 µL of penicillin (10 4 U/mL) and streptomycin (10 mg/mL) were added into the CAM. The whole procedure was performed under aseptic conditions. The window was then covered with parafilm and the egg was placed back in the incubator. At ID 10, 10 3 (unless stated differently) tumor cells per egg diluted in 20 µL of medium were mixed with 20 µL of matrigel. The mix was incubated as a drop for 30 min at 37 °C. The CAM was lacerated gently using a sterile cotton swab to facilitate engraftment, and the semisolid mix of matrigel and cells was subsequently implanted at the place of laceration into the CAM. Again the window was covered with parafilm and the egg was placed back in the incubator. Tumor growth and embryo viability were examined daily until the day of imaging analysis i.e. ID 17. At ID 17 (day 7 post-implantation) the complete analysis of tumor and embryo was performed.

fluorescent Macroscopy imaging. Fluorescent tumor nodules were visualized in vivo using the AZ100 fluorescent macroscope (Nikon, Tokyo, JP) equipped with the NIS software. GFP-and mCherry-expressing cells in the primary tumor nodules were imaged on the CAM using Ex 482/35 nm, DM506, Em 536/40 nm and ex543/22 nm, DM562, Em593/40 filter sets respectively.

Whole 3D-chick embryo Fluorescence imaging and quantification. Chick embryos were scanned post mortem for fluorescence detection. Fluorescence and CT scans were performed simultaneously using the IVIS Spectrum Imager (PerkinElmer, MA, USA). The system is equipped with 10 narrow band excitation filters (30 nm bandwidth) and 18 narrow band emission filters (20 nm bandwidth) and gives possibility to read fluorescence in spanning wavelengths: 430-840 nm. 2D fluorescent images were acquired in epi-illumination using the adequate filters for GFP or mCherry fluorophores and displayed as an overlay of a black/white photograph and fluorescent signals. In 3D, the chick embryo was first scanned in CT before being examined in trans-illumination through 15 spots of excitation (with GFP or mCherry excitation filters) on average and covering the entire chick embryo. For 2D and 3D images, fluorescent signals were acquired with a 12-cm field of view, a binning (resolution) factor of 8, and a 2/f stop-and-open filter. The acquisition time was automatically computed by the software in order to obtain a minimum of 600 counts/pixel. In post-treatment using the Living Image software, tumoral fluorescent foci were reconstructed on the CT images. Regions of interest (ROI) were then defined manually on images (using an adapted to embryo size area in each case), and signal intensities were calculated using the Living Image software (PerkinElmer, MA, USA) and expressed as radiant efficiency or absorbance for 2D or 3D respectively.

Histochemistry. After imaging, the CAM tumor nodules were collected and fixed in 4% PFA (Electron Microscopy Sciences, Hatfield, PA) and embedded in paraffin after tissue processing. Serial 7-µm paraffin sections were processed and routinely stained with hematoxylin-eosin-safranin (HES). Immunohistochemistry staining was performed with antibodies mouse monoclonal anti-human Ki-67 (MIB 1; Dako M724001) and anti-human Vimentin (Roche, 790-2917).

Isolation of genomic DNA from cells and tumor samples. Nodules and metastases from H1299 and H1975 cells were collected at ID 17. DNA from control cell lines, tumor nodules from the CAM and metastasis from chick embryo organs were isolated according to manufacturer protocols using DNeasy Blood and tissue Kit (Qiagen).

Targeted next-generation sequencing. The extracted DNA was subjected to sequencing on selected amplicons for representative genes; the detailed process was described previously 38 . Two targeted panels were used: the Ampli1 Cancer Hotspot Panel Custom Beta adapted from Ion Ampliseq CHP v2 by Menarini Silicon Biosystems covering 2,265 COSMIC hotspots regions across 315 amplicons of 48 cancer-related genes and an in-house panel targeting the tyrosine kinase domain in ALK and EGFR genes. Sequencing was performed using appropriate Ion chips for the IonPersonal Genome Machine or the Ion S5 System.

RNA extraction and qRT-PCR analysis. RNA was extracted from 10 6 IGR-CaP1 cells for positive control and collected at ID 17 from chick embryo bones in which in the 3D scan imaging the fluorescent signal was overlapping with the CT image of bone. Bones were purified from muscle and connected tissue, then bone marrow was flushed and empty bone was crushed and put together with the bone marrow. RNA extraction was performed according to manufacturer protocol using RNAsy MicroKit (Qiagen) and reverse-transcribed using the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, K1622). qRT-PCR was performed using TaqMan Universal Master Mix (Applied Biosystems, Roche) and a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The TaqMan primers were obtained from Applied Biosystems (TNFRSF11B/OPG, Hs00900358_ml; SPP1/ osteopontin, Hs00959010_ml; Vimentin, Hs00185584_ml) and were used as previously described 19 .

Stable cell lines expressing mcherry. The stable tumor cell lines expressing mCherry were established after infection with mCherry-expressing retroviral vectors (plasmid: IRES-mCherry #80139, Addgene Teddington, UK). Production and titration of retroviral particles were performed as described 39 . The infection was 128 performed on retronectin-coated plates (TaKaRa Bio, CA, USA) and efficiency was assayed by testing mCherry expression using flow cytometry. When efficiency was below 98%, cell sorting was performed. PKH26 staining. PKH26 linker was purchased from Sigma (St.Louis, MO) and staining was performed according to manufacturer protocol. Briefly, 10 6 cells were washed with PBS and resuspended in 500 µL of diluent buffer. 2 × Dye solution (500 nM) was prepared in 500 µL of diluent buffer. Two solutions were mixed and incubated 4 min at room temperature. Reaction was stopped by adding 1 mL of serum. Cells were subsequently washed and prepared for implantation. 2 × 10 5 stained cells were incubated in vitro in standard culture conditions in order to verify the fluorescence signal daily throughout the experiment (7 days).

treatments. For dose determination, the viability of chick embryos and morphology-altering effects were systematically investigated, as reported elsewhere (11,18,26,31). Cisplatin was tested at the doses of 50 µg/kg, 30 µg/kg and 10 µg/kg. Doses of 50 and 30 µg/kg were toxic for chick embryos (100% of embryos died at ID 15). All embryos were alive and no influence on their development was observed at the dose of 10 µg/kg which was selected for drug-assays. Docetaxel was tested at doses of 20, 10 and 2 µg/kg. Doses of 20 and 10 µg/kg were toxic for chick embryos and the 2 µg/kg dose was selected. Gefitinib and crizotinib were tested with doses of 20, 10 and 2 mg/kg. Important toxicity was observed with gefitinib doses of 20 mg/kg and 10 mg/kg (50% and 40% of embryos died respectively), and crizotinib dose of 20 mg/kg (60%). An important teratogenic effect was observed in 50% of eggs at crizotinib dose of 10 mg/kg. Dose of 2 mg/kg was selected for both gefitinib and crizotinib. Enzalutamide was toxic for chick embryos at 1 mg/kg (80%). The 400 µg/kg dose did not produce side effects and was selected. Tested eggs were monitored daily throughout the experiment. Chick embryo mobility as well as increasing vascularization of the CAM (the two indicators of chick embryo viability) were evaluated and compared to non-treated eggs.

Tumors originating from LNCaP, H1299, A549 cell lines were treated 24 h after cell implantation with vehicle, 2 µg/kg docetaxel, or 10 µg/kg cisplatin respectively. Tumors originating from H2228, H1650, DU145 and LNCaP were treated daily from ID 11 up to ID 16 with vehicle, 2 mg/kg crizotinib, 2 mg/kg gefitinib, or 400 µg/ kg enzalutamide. The drug was administered topically on the CAM, near the tumor nodule and the final doses were calculated based on the weight of the chicken egg at ID 10. 

Statistical analysis.
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Introduction

Advanced non-small cell lung cancer (NSCLC) has a poor prognosis, owing to severe metastatic spread and acquired treatment resistance, with no curative therapy (1). Over the past 2 decades, genomic profiling has become a standard diagnostic tool in NSCLC and the implementation of targeting oncogenic alterations of tyrosine kinases (e.g., epidermal growth factor receptor [EGFR], anaplastic lymphoma kinase [ALK] or c-ros oncogene 1 [ROS1] fusions) has demonstrated unprecedented clinical benefits in corresponding patient subsets (2). In the majority of advanced-stage NSCLC lacking targetable mutations, platinum-based chemotherapy remains a cornerstone in first-line treatment, with or without immunotherapy (3). DNA damage and genome instability in response to mutagenic insults in NSCLC have received considerable attention and represent an attractive therapeutic target (4). Synthetic lethality approaches to cancer therapy and the clinical development of poly(ADP-ribose) polymerase inhibitors (PARPi) have been a major breakthrough in the treatment of BRCA1/2-mutant cancers (5, 6) (ovary, DNA damage and genomic instability contribute to non-small cell lung cancer (NSCLC) etiology and progression. However, their therapeutic exploitation is disappointing. CTC-derived explants (CDX) offer systems for mechanistic investigation of CTC metastatic potency and may provide rationale for biology-driven therapeutics. Four CDX models and 3 CDX-derived cell lines were established from NSCLC CTCs and recapitulated patient tumor histology and response to platinum-based chemotherapy. CDX (GR-CDXL1, GR-CDXL2, GR-CDXL3, GR-CDXL4) demonstrated considerable mutational landscape similarity with patient tumor biopsy and/or single CTCs. Truncal alterations in key DNA damage response (DDR) and genome integrity-related genes were prevalent across models and assessed as therapeutic targets in vitro, in ovo, and in vivo. GR-CDXL1 presented homologous recombination deficiency linked to biallelic BRCA2 mutation and FANCA deletion, unrepaired DNA lesions after mitosis, and olaparib sensitivity, despite resistance to chemotherapy. SLFN11 overexpression in GR-CDXL4 led to olaparib sensitivity and was in coherence with neuroendocrine marker expression in patient tumor biopsy, suggesting a predictive value of SLFN11 in NSCLC histological transformation into small cell lung cancer (SCLC). Centrosome clustering promoted targetable chromosomal instability in GR-CDXL3 cells. These CDX unravel DDR and genome integrity-related defects as a central mechanism underpinning metastatic potency of CTCs and provide rationale for their therapeutic targeting in metastatic NSCLC.

JCI Insight 2022;7(11):e155804 https://doi.org/10.1172/jci.insight.155804 breast, pancreas, and prostate) and are highly effective in potentiating chemotherapy, based on the biological rationale that the deficiency in DNA repair machinery modulates tumor response to platinum chemotherapy (7-10). However, clinical studies assessing PARPi efficacy either in combination with chemotherapy or as maintenance treatment have failed to yield any significant benefit in chemosensitive NSCLC tumors with or without BRCA mutations (11,12). Genome integrity is constantly threatened by different types of DNA lesions, with DNA double-stranded breaks (DSBs) being the most cytotoxic and mainly repaired by homologous recombination (HR) (13). Failure to resolve DSBs owing to loss-of-function mutations in genes encoding key players in the DNA damage response (DDR) -such as BRCA1, BRCA2 -and HR deficiency (HRD) has paved the way toward DDR-directed therapeutic strategies in several cancers (6). Although BRCA mutations are not very common in NSCLC, BRCAness -a state of defect in the DNA repair machinery mimicking BRCA1/BRCA2 loss -has been reported several times in NSCLC. However, its therapeutic implications remain to be elucidated (14). To this end, in-depth mechanistic understanding of DDR mechanisms contributing to genome stability maintenance is crucial to evaluate their impact in NSCLC and offer greater DDR-based therapeutic windows.

The main route to metastatic spread is by circulating tumor cell (CTC) dissemination from the primary tumor and/or distinct metastatic foci (15). CTC count is a negative prognostic marker in several malignancies, including NSCLC (16)(17)(18)(19). The metastasis-initiating capacity of a minor subset of patient CTCs with cancer stem cell properties has been reported in immunodeficient mice and CTC-derived explant (CDX) models were established in different cancer types (20)(21)(22)(23)(24). CDX may provide relevant insight into the biology of metastasis, serve to examine mechanisms underpinning metastatic disease, and provide a platform to decipher biology-driven treatment strategies (25). Nevertheless, their development remains extremely difficult due to CTC paucity in the bloodstream and technical challenges related to their phenotypic heterogeneity (26). In NSCLC, only one CDX model has been generated to date (22).

Here, we hypothesized that genome integrity-related dysfunctions are critical processes in CTC metastatic potency and NSCLC progression. CDX models can offer a platform for the functional characterization of DDR and genome integrity maintenance mechanisms, as well as the testing of biology-driven therapeutic hypotheses. We report the development of 4 NSCLC CDX models and 3 in vitro CDX-derived cell lines, which recapitulate patient tumor pathology and chemoresponse. Genomic analysis of the CDX, cell line, their matching tumor biopsy (TB), and patient single CTCs indicated an important overlap of mutational landscapes. Phylogenetic reconstruction revealed clonal alterations in genes involved in the DDR and genome integrity across all models. Through mechanistic analysis, we detected HRD in GR-CDXL1 -concordant with biallelic somatic BRCA2 mutation and FANCA deletion -and GR-CDXL4 cell lines. Both responded to PARPi olaparib treatment, consistent with SLFN11 overexpression in GR-CDXL4 cells, which has been described as a predictor of sensitivity to PARPi in several cancers (27,28). On the other hand, mitotic defects with centrosome clustering events were prevalent in GR-CDXL3 and successfully assessed as therapeutic targets in vitro, in ovo, and in vivo. Our results open up perspectives for a therapeutic exploitation of the DDR and genome stability maintenance defects, as well as for predictive biomarker identification in metastatic NSCLC.

Results

Patient donors and establishment of NSCLC CDX models. Blood samples were collected from 55 patients with advanced NSCLC. Among them, 82% presented adenocarcinoma, and all but 10 patients were smokers (Table 1 and Supplemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.155804DS1). After hematopoietic blood cell depletion, the CTC-enriched fraction was implanted into NSG (NOD.Cg-Prkdc scid Il2rg tmlWjl /SzJ) mice. The average number of EpCAM + CTCs detected by the CellSearch system in a 7.5 mL blood sample was 163 with a median of 2 CTCs (range, 0-3903 CTCs). The average number of implanted epithelial CTCs (EpCAM + /cytokeratin + , CD45 -) estimated based on CellSearch CTC counts was 693 with a median of 9 CTCs (range, 0-17694 CTCs). CTCs from patients P8 (termed L1), P37 (termed L2), P48 (termed L3), and P50 (termed L4) (3 adenocarcinomas, 1 squamous cell carcinoma) successfully generated 4 CDX tumors in mice called GR-CDXL1, GR-CDXL2, GR-CDXL3, and GR-CDXL4, respectively (Figure 1, A andB). Patients L1, L3, and L4 had high EpCAM + /pan-cytokeratin + CTC counts (750, 177, and 243 CTCs per 7.5 mL blood, respectively) at the moment of implantation, while patient L2 presented 140 JCI Insight 2022;7(11):e155804 https://doi.org/10.1172/jci.insight.155804 only 10 CTCs (Supplemental Table 1). Indeed, 3500, 330, and 1102 CTCs were implanted in NSG mice for the establishment of GR-CDXL1, GR-CDXL3, and GR-CDXL4, respectively, while only 35 CTCs were injected in the case of GR-CDXL2 (Figure 1B). CDX were generated at a single time point, after first-line therapy (GR-CDXL3, GR-CDXL4) or second-line therapy (GR-CDXL1, GR-CDXL2). All 4 patients had unresected tumors, and their clinical history is summarized in Supplemental Figure 1. A TB was obtained at diagnosis for patients L2, L3, and L4. An additional TB at disease progression (at the time of CTC injection) was obtained for patient L4 (Figure 1A). Patient L2 had a KRAS-mutated tumor, and patient L4 had a MET-amplified tumor, while no known oncogenic driver alteration was detected for patient L3 (Supplemental Table 1 and Supplemental Figure 2A). Unfortunately, tumor cell content in patient L1 TB was not sufficient to perform routine molecular diagnosis.

At CDX passage 1, human origin of the tumor was validated by FISH testing of Alu element genetic marker (data not shown). Tumor fragments were used for CDX propagation in successive generations of NSG mice. Histopathology of the 4 CDX was assessed in comparison with available corresponding TB specimens. All TB and CDX tumors were of epithelial origin (positive for EpCAM and/or CK8/18), and none of the CDX expressed vimentin (Figure 1C and Supplemental Figure 2C). Poorly differentiated lung adenocarcinoma cells were detected in GR-CDXL1, GR-CDXL2 (Supplemental Figure 2C), and GR-CDXL4 (Figure 1C) tumors by HES stain, while in patient L3, TB 10% of tumor cells were positive for p40 and CK5/6 squamous markers (Supplemental Figure 2C). GR-CDXL1 CDX expressed neuroendocrine markers chromogranin A and synaptophysin in 10% of the cells (Supplemental Figure 2C). Foci of neuroendocrine cells expressing chromogranin A were detected in patient L4 diagnostic TB (10%), in TB at progression (20%), and in 50% and 30% of tumor cells in the CDX and the cell line, respectively. Synaptophysin was not expressed in patient L4 diagnostic TB, while it was detected in 60% of tumor cells in the TB at progression, in 40% of CDX tumor cells, and in 25% of the cell line (Figure 1C).

To evaluate whether CDX mimic patient responses to chemotherapy, in vivo drug assays were conducted in NSG mice (Supplemental Figure 3). GR-CDXL1 was resistant to cisplatin, mirroring patient L1 clinical progression at 2 months, while GR-CDXL2 showed tumor regression, recapitulating corresponding patient response to platinum salts (Supplemental Figure 1). In GR-CDXL3, the CDX tumor slowly progressed over the course of cisplatin treatment, similarly to patient L3, who progressed after 6 cycles of chemotherapy combination. In GR-CDXL4, cisplatin treatment resulted in delayed CDX tumor growth before progression after day 20, in accordance with patient L4's partial response after 4 cycles of chemotherapy (Supplemental Figure 1). Paclitaxel treatment promoted tumor stabilization in GR-CDXL1, in accordance with a stable disease in patient L1. GR-CDXL2 exhibited tumor stabilization before sudden progression, which reflects patient initial tolerance to paclitaxel over a 2-month treatment course followed by disease progression. The GR-CDXL4 tumor was a nonresponder (Supplemental Figures 1 and3). Overall, chemoresponse of the 4 CDX tumors mirrored that of corresponding patient tumors, which validated our models.

Establishment of CDX-derived cell lines and in vivo and in ovo metastatic modeling. At passage 2, CDX tumors were dissociated and human tumor cells were cultured in vitro. GR-CDXL1 and GR-CDXL4 cells grew as adherent microspheres, while GR-CDXL3 formed an adherent monolayer (Supplemental Figure 2B). Despite several attempts of cell expansion at different passages, GR-CDXL2 cells did not grow in vitro. Overall, 3 permanent CDX-derived cell lines were established with an average doubling time of 4 days. They all expressed a phenotype similar to their corresponding CDX (Figure 1C and Supplemental Figure 2C). Interestingly, CDX-derived cells expressed stem cell markers CD133 and CD166. ABCG2 and ALDH activity were detected in GR-CDXL1 cells, while CD90 was expressed by GR-CDXL1 and GR-CDXL3 2D). To assess the tumorigenicity and metastatic capacity of CDX-derived cell lines, we reinjected CDX-derived cells in the chorioallantoic membrane (CAM) of the chick embryo and NSG mice. For in ovo experiments, cells were infected with mCherry-expressing retroviral particles before engraftment on the CAM, as previously reported (29). The 3 CDX-derived cell lines formed tumor nodules, and GR-CDXL3 cells showed increased disseminating capacity compared with GR-CDXL1 and GR-CDXL4 (Figure 2A). To evaluate later stages of metastatic spread, intracardiac (IC) injection of luciferase-expressing cells was performed in NSG mice. All CDX-derived cell lines were tumorigenic. GR-CDXL1 cells formed localized single tumors, while GR-CDXL3 and GR-CDXL4 cells seeded multiple metastases (Figure 2B and Supplemental Figure 4).

Genome characterization and phylogenetic analysis of TB, CTCs, CDX, and CDX-derived cell lines. To determine the extent to which the CDX is representative of the TB and evaluate genome alterations potentially associated with tumorigenic activity, we performed whole-exome sequencing (WES) analysis of TB of patients L2 and L3 at diagnosis and patient L4 TB at progression; we analyzed single CTCs from patients L1 and L3, and we analyzed the CDX models and the CDX-derived cell lines. Due to the lower quality of collected material, patient L4 diagnostic TB was excluded from WES analysis, and material was conserved for IHC. Single CTCs with satisfactory whole genome amplification quality controls could not be obtained for patients L2 and L4. All samples submitted for sequencing are annotated in Supplemental Figure 5. All WES data are available in Supplemental Data Sets 1-6. Sequencing depth, coverage, and number of variants identified in the TB, CTCs, CDX, and CDX-derived cell lines are provided in Supplemental Table 2 and Supplemental Table 3. In total, 52.24% (303 of 580) of mutations detected in the patient L2 TB specimen were found in the CDX (Figure 3A). Amino acid sequence variation of driver genes in the different samples is listed in Figure 3C. Patient L2 TB and CDX presented a KRAS-mutant tumor with concurring mutations in genes KEAP1, STK11, and RBM10. Driver mutation in the cell cycle checkpoint kinase and DDR gene CHEK2 was also found in these samples (Figure 3, B andC). In total, 56.7% (161 of 284) of patient L3 TB alterations were conserved in GR-CDXL3 CDX, including driver TP53 and DNA repair gene DDB1 mutations (Figure 3, A, C, andD). A total of 75.8% (213 of 281) of mutations detected in patient L4 TB at progression was found in GR-CDXL4 CDX, including loss-of-function in tumor suppressor genes RB1, TP53, and NF1 (Figure 3A). Overall, the important overlap of mutations between the CDX and the corresponding TB validates the clinical relevance of the CDX models. Importantly, these data reveal aberrations in genes involved in genome integrity maintenance through DNA repair mechanisms and the DDR.

Statistics of allele drop-out and false-positive rate of patients L1 and L3 single CTCs are shown in Supplemental Figure 11. Using variant calling criteria (present in at least 1 other tumor sample), a set of 24 unique variants with high variant allele frequencies was identified in L1-CTC1. All mutations were conserved in GR-CDXL1 CDX (Supplemental Table 3). Five single CTCs from patient L3 were analyzed by WES, and TP53 driver mutation was recurrent in CTCs 1, 2, and 5; the TB; and the CDX. ASPM, a gene involved in mitotic spindle formation, was mutated in CTCs 2, 3, and 5; the TB; and the CDX, while a driver mutation in DDB1 was detected in CTC5, the TB, and the CDX.

We then focused on the mutational profiles of the CDX, as these models may not only recapitulate primary tumor molecular characteristics, but also help track metastatic disease through tumorigenic CTCs. We therefore examined the mutations exclusive to the CDX (not in the corresponding TB), which may be potentially acquired during metastatic progression. In GR-CDXL2, 33.5% (153 of 456) of the detected mutations were exclusive to the CDX. In GR-CDXL3, 29% (66 of 227) of mutations were found in the CDX and the cell line (Figure 3E), including driver mutations in ERBB2 and MED23 (Figure 3, F and G). Finally, 36% (120 of 333) of mutations found in GR-CDXL4 CDX were exclusive to the CDX and the cell line (Figure 3, E-G). Overall, in all CDX models, approximately 30% of mutations were likely acquired during metastatic progression.

To evaluate the relevance of our CDX-derived cell lines, we performed a comparative genomic analysis with the corresponding CDX. The GR-CDXL1 CDX mutational profile presented 91.4% similarity with the cell line, including driver mutations in genes involved in DNA repair such as ATRX, BRCA2, and TP53BP1, along with chromatin remodeling genes, including ARID1A and ARID1B (Supplemental Figure 6, A-C). GR-CDXL3 and GR-CDXL4 CDX had 81.9% and 72% mutational overlap, respectively, with their corresponding cell line (Supplemental Figure 6A). These results reveal important mutational landscape similarities between the CDX and the CDX-derived cell line, as identified through hierarchical clustering of all variant genes (Supplemental Figure 7), thus validating our models of study. Next, we performed copy number alteration (CNA) analysis and examined shared alterations between TB specimen, the CDX, and the CDX-derived cell line for each model. Multiple CNAs were detected across the 4 models, highlighting chromosomal instability (CIN) (Figure 4 and Supplemental Figures 8 and9). Unsupervised hierarchical clustering of all CNAs identified a single cluster in patients L1 samples, composed of the CDX and the cell line, and a single cluster in patient L2 samples, consisting of the patient TB and the CDX, with predominant copy number losses. On the other hand, 2 separate clusters were depicted among each sample from patients L3 and L4; the first was composed of the TB, and the second was composed of the CDX and the cell line, with predominant copy number gains (Figure 4). As commonly observed in lung cancer, loss of tumor suppressor genes TP53 and MAP2K4 and gain of TERT were identified in all samples; PTEN and APC losses were detected in GR-CDXL1 and GR-CDXL4 tumor samples and in GR-CDXL3 CDX and its cell line. Moreover, RB1 loss was detected in GR-CDXL3 and GR-CDXL4, while STK11 loss was detected in GR-CDXL1 and GR-CDXL2 samples. Several unstable chromosomal regions occurring across CDX models included DNA repair and DDR-related genes. Notably, the deletion of FAN-CA promoter (segment 16q24.3) in GR-CDXL1 samples (Supplemental Figure 8), FHIT loss (GR-CDXL1, GR-CDXL2, and GR-CDXL3 samples), ARID1A loss (GR-CDXL2 and GR-CDXL3 samples), and proto-oncogene MDM4 gain (GR-CDXL1 and GR-CDXL4 CDX and cell line; GR-CDXL3 TB, CDX, and cell line). Large-scale alterations including gain in 7q containing CDK6 (patient L2 TB and GR-CDXL2 CDX, GR-CDXL3, and GR-CDXL4 CDX and cell line) were also found. In addition, AKT1 gain was found in GR-CDXL3 CDX and cell line, as well as ERBB2 (chr 17) amplification (Supplemental Figure 8). Comparing WES data with significantly altered genes in adenocarcinoma and squamous cell carcinoma from 11 cBioPortal studies in NSCLC showed that our models were highly representative of these histologies (Supplemental Figure 10, A andB). These variants were also predominant in other types of metastatic malignancies (Supplemental Figure 10C) (30). In addition, key DDR-related alterations that emerge from our CDX model WES analysis are found at a low frequency in cBioPortal NSCLC studies (31)(32)(33)(34)(35).

Finally, using driver alterations, we investigated cell lineage tracing of the CDX and CDX-derived cell lines. Phylogenetic inference from somatic mutations and CNA data was used to map the clones from TB and tumorigenic CTCs that contributed to CDX tumors (Figure 5). In the 4 CDX models, loss of tumor suppressor genes such as TP53, STK11, and MAP2K4 was an early event. Subclonal mutations in TP53, ARID1B, and BRCA2 genes were detected in GR-CDXL1 CDX and cell line (Figure 5A). Subclonal loss of the 16q region harboring DNA repair-related WWOX and FANCA was also observed in this model (Figure 5A). Truncal cooccuring mutations were found in oncogenic driver genes KRAS, KEAP1, STK11, ARID1B, RBM10, and TSHR in patient L2 TB and GR-CDXL2 CDX (Figure 5B). Moreover, truncal driver alterations were detected in DDR pathway genes CHEK2 and ARID1B (Figure 5B). In GR-CDXL3, truncal TP53 mutation and early whole-genome doubling (WGD) were detected, as were clonal MDM4 and PARP10 gains (Figure 5C). Two ramifications were observed: the first one containing patient L3 single CTCs 2-5, the CDX, and the cell line -which acquired PTEN loss, BRCA1 loss, ERBB2 amplification, and AKT1 gain -and the second one carrying the TB (Figure 5C). In GR-CDXL4, TP53, RB1, NF1, ACVR1, and ATP1A1 driver mutations were clonal, while gains of DNA repair-related genes MDM2 and MDM4 were subclonal in the CDX and the cell line (Figure 5D). Overall, phylogenetic reconstruction of the 4 models reveals the clonality of mutations in DDR-and repair-related genes, suggesting their potential implication in metastatic disease progression and interest as therapeutic targets. CNAs in key DNA repair genes are also acquired in CDX and cell lines, recapitulating important CIN in our models.

DDR and DNA repair mechanisms activity in CDX-derived cell lines. The recurrence of DDR-related genomic alterations revealed by WES led us to the mechanistic characterization of DDR mechanisms in our models. To estimate DSB frequency in CDX-derived cell lines, a dual cyclin A (S/G2 phase marker)/p53-binding protein 1 (53BP1-mediator of DSB repair) staining was performed. 53BP1 localizes to lesions and forms foci during S/G2 phases (Figure 6A). The incidence of DSBs in S/G2 is significantly higher in CDX-derived cells (ranging from 38%-58% of cells) compared with control NSCLC adenocarcinoma cell lines (Figure 6A). Phosphorylation of histone H2AX was also assessed to monitor DNA damage in cancer cells undergoing mitosis. We observed important levels of damaged mitotic DNA in GR-CDXL1 and in GR-CDXL4 compared with control (Figure 6B). Notably, GR-CDXL1 G1 cells harbored a significant proportion of 53BP1 nuclear bodies, which indicates the persistence of unrepaired damage after mitosis in G1 (Figure 6C). Furthermore, persistent DNA damage in GR-CDXL1 induced constitutive activation of checkpoint kinase 1 (CHEK1) shown by increased phosphorylation at Ser-345 distinctly in GR-CDXL1 cells (Figure 6D).

Next, we monitored nuclear foci of key actors in HR and nonhomologous end joining (NHEJ) to evaluate DSB repair in the CDX-derived cell lines. HR activity was assessed through RAD51 and phosphorylated RPA32 (pRPA) recruitment. RAD51 foci were detected in geminin-expressing S-phase cells after induction of DSBs by ionizing radiation (IR). While HR was activated upon IR in ~80% of GR-CDXL3 cells, RAD51 recruitment was negligible in GR-CDXL1 (10% of cells) and GR-CDXL4 (~20%) (Figure 6E). Similarly, pRPA32 failed to be recruited at lesion sites in GR-CDXL1 cells after aphidicolin (APH; replicative DNA polymerase inhibitor) treatment (Figure 6F). On the other hand, GR-CDXL1, GR-CDXL3, and GR-CDXL4 cells were NHEJ proficient in response to APH-induced DNA damage, as shown by pDNA-PKc nuclear foci formation (Figure 6G). These results reveal HRD in GR-CDXL1 cells, which is concordant with somatic BRCA2 mutation and FANCA loss detected by WES (Figure 5A and Supplemental Figure 6). HRD was also observed in GR-CDXL4, without any genomic rationale behind it. Interestingly, high PARP1 protein levels were detected in GR-CDXL1 and GR-CDXL4 cells, suggesting its possible targeting (Figure 6D).

Mitotic defects investigation in CDX-derived cell lines. High CIN level has been confirmed by metaphase chromosome spreads of GR-CDXL1, GR-CDXL3, and GR-CDXL4 cells, presenting 54, 110, and 59 chromosomes, respectively (Figure 7, A and B). A tetraploid DNA content was detected by WES in the GR-CDXL3 cell line only, while GR-CDXL4 exhibited a near-triploid genome (Figure 7C), recapitulating the copy number profiles of the corresponding CDX (Supplemental Figure 8 and Supplemental Figure 12A). These results, supported by the presence of centromeres into lagging DNA during mitosis (Supplemental Figure 12, B andC), highlight numerical CIN distinctly in GR-CDXL3. Furthermore, CDX-derived cells presented numerous mitotic defects including multipolar divisions, anaphase bridges and lagging chromosomes (Figure 7E). We, thus, focused next on centrosome abnormalities, which are frequent in cancer and contribute to CIN (36). Clustering of supernumerary centrosomes has been previously reported as a coping mechanism of cancer cells, enabling them to form bipolar spindles and survive (37). To investigate whether this event is a common feature in our models, dual α-tubulin/centrin IF staining was performed (Figure 7E). Interestingly, GR-CDXL3 exhibited high proportions of cells with centrosome clustering (~85%) compared with control A549, GR-CDXL1 and GR-CDXL4 cells. This phenomenon is known to protect cancer cells from otherwise lethal multipolar divisions, which is consistent with their low incidence level in GR-CDXL3 cells (Figure 7, D andE).

In vitro, in ovo, and in vivo therapeutic targeting of CDX-derived cell lines. WES-based mutation landscape and subsequent mechanistic studies highlighted CIN and genome instability propagation across all CDX models, suggesting cancer cell vulnerabilities. This, thus, provided a biological rationale for the selection of drug candidates targeting DNA repair and DDR defects (Supplemental Figure 13). First, GR-CDXL1 resistance to cisplatin and sensitivity in GR-CDXL4 observed in vivo were confirmed in vitro (Figure 8A). HRD in GR-CDXL1 and GR-CDXL4 cell lines (Figure 6, E and F) led us to assess the efficacy of PARPi olaparib. In spite of cisplatin resistance but in concordance with its HRD features, GR-CDXL1 responded to olaparib. GR-CDXL4 was also extremely sensitive to olaparib compared with A549 and GR-CDXL3 cells (Figure 8B). As no biological explanation was provided for drug response in GR-CDXL4, we explored a hypothesis based on a protein biomarker. We, therefore, assessed SLFN11 expression in our cell lines and its possible correlation with GR-CDXL4 cell sensitivity to olaparib. Interestingly, GR-CDXL4 cells overexpressed SLFN11 protein, while it was not detected in A549, GR-CDXL1, or GR-CDXL3 cells (Figure 8C). SLFN11 mRNA levels were also significantly higher in GR-CDXL4 cells (8-fold) compared with other cell lines (Figure 8D). These findings led us to further investigate SLFN11 expression in olaparib-sensitive GR-CDXL1 and GR-CDXL4 samples. To this end, we performed IHC on GR-CDXL1 CDX and cell line, patient L4 TB specimens at diagnosis and progression, and GR-CDXL4 CDX and cell line. Representative samples from NSG mice metastases (see Figure 2B) from both CDX models were also analyzed. IHC analysis revealed that 60% of tumor cells in patient L4 TB (diagnosis and progression) were positive for SLFN11. GR-CDXL4 samples also strongly expressed SLFN11 with 70%, 90%, and 90% cell positivity in the CDX, the CDX-derived cell line, and the mouse metastatic tumor, respectively. In contrast, GR-CDXL1 tumor samples were all negative for this marker (Figure 8E). Together, these data indicate that SLFN11 overexpression may be implicated in reduced HR activity in GR-CDXL4 cells, conferring olaparib sensitivity independently of BRCA1/2 mutation status.

In ovo, both GR-CDXL1 and GR-CDXL4 mCherry-expressing tumors responded to a 6-day course of olaparib monotherapy (100 μg/kg). Indeed, the metastatic fluorescence signals obtained by GR-CDXL1 and GR-CDXL4 tumors on the CAM were significantly reduced at ID17 (Figure 8G and Supplemental Figure 14B). In vivo, significantly delayed tumor growth was observed in treated groups as expected, while nontreated GR-CDXL1-Luc and GR-CDXL4-Luc tumors were unresponsive, reaching respectively twice and 4 times the initial tumor volume over the experimental course (Figure 8, H and I, and Supplemental Figure 14C).

A panel of DDR and cell cycle inhibitors including NHEJ key factor DNA-dependent protein kinase (DNAPK) inhibitor NU7441 and Aurora A inhibitor alisertib was evaluated in our CDX-derived cell lines. However, no significant effects have been noted (data not shown). GR-CDXL3 cells were highly sensitive to PI3KA inhibitor BYL719 in vitro compared with control, in accordance with AKT amplification and PTEN loss detected in CNA analysis (Figure 8F and Supplemental Figure 14A). We next tested whether centrosome clustering inhibition would impact GR-CDXL3 cell survival by targeting kinesin family member C1 (KIFC1), a critical factor in this mechanism. No significant effect of KIFC1 inhibitor AZ82 on GR-CDXL3 cells was found in vitro (data not shown). We then sought to compare GR-CDXL3 tumor response to BYL719 and AZ82 as monotherapy versus combination therapy in the CAM (Figure 8J). The effect of BYL719 was not statistically significant, while tumors were slightly more responsive to AZ82 alone. Interestingly, a notable synergistic effect of the drug combination was observed on GR-CDXL3 tumors compared with monotherapy (Figure 8J). In contrast to the in ovo assay, AZ82 monotherapy did not have a noticeable effect on tumor growth in NSG mice, while tumor response to BYL719 was statistically significant (Figure 8K). Most importantly, tumors were highly sensitive to the AZ82/BYL719 combination targeting 2 different mechanisms of tumor adaptation in GR-CDXL3, in concordance with the synergy obtained in ovo (Figure 8, K and L, and Supplemental Figure 14, D andE).

Discussion

Defective DDR and genome instability are common in NSCLC and a potential therapeutic opportunity, but clinical data have so far been disappointing (14). In this study, we report the comprehensive analysis of 4 CDX models established from advanced-stage NSCLC patient CTCs -which recapitulated patient tumor pathology and chemoresponse -and 3 CDX-derived cell lines. Genomic analysis by WES unraveled a characteristic mutational spectrum from which several DNA repair-related deleterious alterations emerged, associated with CTC-mediated metastatic progression. Mechanistic studies revealed high levels of DNA damage in our CDX-derived cell lines, notably in GR-CDXL1 where DSBs remain unrepaired after mitosis. Subsequent functional assessment evaluation of DNA repair activity showed impaired RAD51 foci formation in GR-CDXL1 and GR-CDXL4 cells, accompanied by sensitivity to PARPi in vitro, in the JCI Insight 2022;7(11):e155804 https://doi.org/10.1172/jci.insight.155804 CAM model and immunodeficient mice, thus inferring HRD. This was supported by a genomic rationale in GR-CDXL1 involving BRCA2 mutation and FANCA deletion, while SLFN11 overexpression was elucidated as a molecular rationale predictive of olaparib sensitivity in GR-CDXL4. GR-CDXL3 presented supernumerary chromosomes and centrosome clustering, leading to CIN propagation and promoting highly aggressive tumor seeding in ovo and in vivo. Moreover, GR-CDXL3 tumors were highly sensitive to the drug combination targeting centrosome clustering and AKT signaling.

One fundamental limitation is the low prevalence of CellSearch-detected epithelial CTCs in some metastatic cancers (e.g., NSCLC, pancreatic cancer). Only 1 CDX model has been previously generated in NSCLC, displaying a predominant mesenchymal phenotype (22). Here, we report the comprehensive analysis of 4 CDX models established from advanced-stage NSCLC patient EpCAM + CTCs and 3 CDX-derived cell lines. CTC counts as low as 35 were sufficient for CDX tumor growth, indicating that, even at low concentrations, CTCs may contain subpopulations with important tumorigenic potential. Overall engraftment rate was low (4 of 55, ~7%) as expected. We observed that it was higher for squamous cell carcinoma (1 of 7 patients; 14.3%) than adenocarcinoma (3 of 45 patients; 6.67%). However, it is difficult to draw a correlation between success rates and tumor histologies based on such a low number of successful attempts. In our study, all CDX tumors and established cell lines presented an epithelial phenotype, which shows that EpCAM + CTCs presented tumorigenic potential in our 4 models. In vivo drug assays recapitulated patient responses to first-line chemotherapy, thus validating our models. CDX-derived cell lines have demonstrated strong tumorigenic activity both in ovo and in vivo. Notably, GR-CDXL3 and GR-CDXL4 cells were highly metastatic, in concordance with their CIN profiles, showing their relevance as a tool to investigate mechanisms underlying metastatic progression, as was previously reported using small cell lung cancer (SCLC) CDX-derived cells (38). WES analysis showed that GR-CDXL2 and GR-CDXL3 CDX recapitulated the corresponding patient diagnostic TB, while GR-CDXL4 was representative of the TB at progression, with 52%, 57%, and 76 % mutational profile similarity. Moreover, 34%, 29%, and 36% of mutations were found exclusively in the GR-CDXL2, GR-CDXL3, and GR-CDXL4 CDX, respectively, possibly issued from metastasis. The patient L1 biopsy specimen was insufficient for molecular profiling, as biopsy material is often scarce in NSCLC. The relevance of GR-CDXL1, thus, relies on the molecular similarity with patient L1 CTC1 represented by 24 shared mutations. In accordance with NSCLC cBioPortal studies, we found that genes harboring truncal mutations in GR-CDXL1, GR-CDXL2, and GR-CDXL4 were found in 79% of genes altered in lung adenocarcinoma, while truncal mutations in GR-CDXL3 are found in 61% of genes altered in squamous cell carcinoma. Therefore, our models were found to be representative of NSCLC histologies, displaying alterations exclusive to this malignancy (e.g., TP53, KRAS, KEAP1, STK11). Key DDR-related mutations emerge from WES analysis, including TP53, BRCA2 (GR-CDXL1), CHEK2 (GR-CDXL2), and ARID1B (GR-CDXL1, GR-CDXL2), and reconstruction of phylogenetic trees infers their clonality. In addition, important subclonal CNA diversification in DDR-related genes was revealed across our models. Overall, genomic analysis supports the hypothesis that defects in genome maintenance mechanisms fuel CTC-driven tumor progression in NSCLC models.

Based on the rationale that DNA repair impairment may sensitize tumor cells to DNA-damaging chemotherapy, several clinical trials were conducted to assess PARPi efficacy in combination with chemotherapy in NSCLC patients (11). Despite encouraging phase II results in metastatic squamous NSCLC, phase III evaluation of veliparib in association with chemotherapy failed to show any survival benefits (34,35). In the maintenance setting, PIN and PIPSeN trials have shown that olaparib also failed to improve survival in platinum-sensitive NSCLC patients (39,40). However, patients were not included based on HRD status. Others are currently evaluating PARPi activity with or without chemotherapy in NSCLC patients, harboring HRD or not (12). In a recent study assessing the occurrence of HR-related mutations across several cancers, HRD was reported in 5% of NSCLC patients and 2% of BRCA1/2 variants were pathogenic in this population (41). Here, we report that GR-CDXL1 displays a somatic biallelic mutation in BRCA2 and promoter deletion of Fanconi anemia pathway gene FANCA. The 2 pathways are in crosstalk for DNA lesion repair, and BRCA2 and FANCA inactivation promote HRD, which is also evident through unrepaired damage after mitosis, constitutive activation of CHEK1, and failure in RAD51 foci formation in GR-CDXL1 cells. Interestingly, similarly to patient L1, the GR-CDXL1 model is resistant to chemotherapy but, as predicted by molecular and functional profiling, highly sensitive to olaparib in vitro, in ovo, and in mice. This previously undescribed clinical context suggests that resistance to chemotherapy does not exclude PARPi efficacy in HR-deficient NSCLC tumors. A deeper understanding of the biological basis of HRD is, thus, crucial to expand patient screening beyond chemosensitivity for a more adequate selection of patients with HRD features and optimize PARPi efficacy in NSCLC malignancies. We report a second HR-deficient CDX model GR-CDXL4, sensitive to olaparib but lacking an HRD-related mutation. SLFN11, an acknowledged DNA/RNA helicase recruited at replication forks via replication protein A (RPA) in response to genotoxic stress, has recently emerged as a candidate biomarker of sensitivity to platinum-based chemotherapies and PARPi (39)(40)(41). In SCLC, SLFN11 expression correlated with PARPi olaparib and talazoparib activity in preclinical models, while it was associated with improved survival in patients treated with PARPi/chemotherapy combination (28,42,43). To our knowledge, its significance in NSCLC has not been reported yet. Interestingly, in this study, we detected high SLFN11 mRNA levels and SLFN11 protein overexpression in GR-CDXL4 cells. IHC analysis indicated a strong expression of SLFN11 in patient L4 TB at progression and in the corresponding CDX tumor. This prompted us to evaluate SLFN11 expression in patient L4 TB at diagnosis, which revealed strong expression, as well. Basal SLFN11 expression may, thus, be predictive of tumor sensitivity to PARPi. Nevertheless, additional investigations are warranted to confirm the correlation between SLFN11 overexpression and NSCLC tumor response to olaparib. Initially, the patient L4 TB specimen at diagnosis was classified as MET-amplified adenocarcinoma, and additional analysis showed positive neuroendocrine staining in a few tumor cells, in addition to SLFN11 + cells. At progression, neuroendocrine marker levels were intensified along with strong SLFN11 expression, suggesting a potential SCLC transformation. Histological transformation of lung adenocarcinoma into SCLC is a rare event, which has been described as a key resistance mechanism to tyrosine kinase inhibitor (TKI) treatment in around 5% EGFR-mutant and few ALK-rearranged NSCLC cases (44,45). Furthermore, phylogenetic analysis by Lee et al. suggested that early divergent evolution of EGFR TKI-resistant SCLC from adenocarcinoma is predisposed by the complete inactivation of RB1 and TP53 (46). In the present case, we showed that all L4 tumor samples harbored loss-of-function RB1 and TP53 mutations. We propose that early tumor screening for SLFN11 expression can aid in the selection of NSCLC patients eligible for PARPi treatment. In addition to its predictive value of sensitivity, our data raise the hypothesis that SLFN11 expression may be a histologic biomarker to predict phenotypic transformation of adenocarcinoma into SCLC. Further investigation is needed to confirm this predictive role of SLFN11 in NSCLC malignancy.

WGD was observed as a clonal event in GR-CDXL3 model, consistent with previous work in NSCLC (47). The cell line displayed important CIN and was, thus, highly tumorigenic and seeded multiple metastases when injected in mice and chick embryo CAM. This ensued notably due to clustering of supernumerary centrosomes mediated by KIFC1, promoting bipolar divisions in cancer cells allowing their survival (48,49). Since KIFC1 inhibition alone had no significant anticancer activity, we sought to improve its efficacy by adding PI3KA inhibitor BYL719, targeting AKT1 in GR-CDXL3 tumors. Synergy was observed between the 2 molecules, showing significant tumor response in ovo and in vivo. However, we acknowledge limitations to these data, as the AZ82 molecule has been shown to have unfavorable cytotoxic effects and none of the other KIFC1 inhibitors currently available exhibit enough potency (50). Nevertheless, encouraging findings recently reported by Fan et al. elucidated a potential role of KIFC1 as a biomarker of cancer recurrence. The authors show that DNA-damaging therapies promote centrosome clustering through ATM and Rad3-related-mediated (ATR-mediated) and Ataxia-Telangiectasia mutated-mediated (ATM-mediated) phosphorylation of KIFC1, suggesting this mechanism as a therapeutic target (50).

In conclusion, in-depth characterization and functional analysis of CDX systems elucidate a biological rationale for DDR and genome instability-directed therapeutics in NSCLC (Supplemental Figure 13). All our CDX models display a characteristic mutation spectrum for genome integrity regulator genes, highlighting their implication in CTC tumorigenic potential. Mechanistic studies unravel CTC-specific DNA repair dysfunctionality in 3 CDX and their corresponding cell line, which provides insight into the importance of DNA repair management in NSCLC. Importantly, our findings shed light on the necessity to broaden screening approaches in NSCLC beyond chemosensitivity in order to expand the category of patients who may benefit from PARPi. We suggest SLFN11 as a predictive biomarker of sensitivity to PAR-Pi in NSCLC. Additionally, we put forward its potential role as a predictor of NSCLC adenocarcinoma transformation into SCLC.

Methods

Supplemental Methods are available online with this article.

Patient samples

Blood was drawn in CellSave (Menarini Silicon Biosystems) and EDTA tubes and were immediately transferred to the laboratory.

CTC enumeration

Blood samples collected in CellSave tubes were run with the CellSearch platform (Menarini) using the CTC kit (Menarini) according to manufacturer's instructions and training.

CTC enrichment before implantation into mice

In total, 50 μL of the RosetteSep cocktail (StemCell Technologies) was added per 1mL of blood and incubated 20 minutes at room temperature (RT). After incubation, the sample was diluted with an equal volume of HBSS (Invitrogen) supplemented with 2% FBS (Invitrogen). The solution was then carefully layered on top of 15 mL Ficoll-Plaque Plus (GE-Healthcare) and centrifuged for 20 minutes at 1200g at 20°C without brake. Enriched cells were collected, washed with 50 mL HBSS/2% FBS, and centrifuged for 5 minutes at 250g at 20°C. Cells were resuspended in 100 μL of cold HBSS supplemented with 100 μL cold Matrigel (Corning) and kept on ice until implantation in mice.

Growth of CDX in immunocompromised mice

Before CTC implantation, NSG 6-week-old male mice (Charles River Laboratories) were anesthetized by peritoneal injection of 10 mg/mL ketamine and 1 mg/mL xylazine at a dose of 10 mL/kg. The upper dorsal regions of mice were shorn, and the skin was aseptized with a chlorhexidine solution, incised at the level of the interscapular region, and CTCs were injected in 200 μL HBSS/Matrigel in the interscapular fat pad. Mice were monitored every day. Palpable tumors were monitored once a week, and tumor volume was determined as the following: (tumor length × tumor width 2 )/2. When it reached 1770 mm 3 or when mice presented signs of deteriorated health status, tumors were aseptically excised and dissected into fragments of approximately 20 mm 3 . Tumor fragments were passaged into NSG mice, and the remainder of the tumor was used for Alu sequence detection, IHC, molecular analysis, and cell line establishment. Mice were housed in pathogen-free animal housing at the Center for Exploration and Experimental Functional Research (CERFE; Evry, France) animal facility in individually ventilated cages of Polysulfone plastic (213 × 362 × 185 mm) with sterilized and dust-free bedding cobs; they were provided access to sterilized food and water ad libitum, under a light-dark cycle (14-hour circadian cycle of artificial light) and with controlled RT and humidity. Mice were housed in groups with a maximum of 6 animals during a 7-day acclimation period and groups of a maximum of 6 animals during the experimental phase.

Enrichment, detection and isolation of single CTCs

Individual CTC isolation was performed by combining different methods described in Supplemental Methods.

WES

Genomic DNA is captured using Agilent in-solution enrichment methodology (SureSelect XT Clinical Research Exome, Agilent) with their biotinylated oligonucleotides probes library (SureSelect XT Clinical Research Exome 54 Mb, Agilent), followed by paired-end 75 bases massively parallel sequencing on Illumina HiSeq4000. For the detailed process, see Gnirke et al. (51). Sequence capture, enrichment and 154 JCI Insight 2022;7(11):e155804 https://doi.org/10.1172/jci.insight.155804 elution are performed according to manufacturer's instruction and protocols (SureSelect, Agilent) without modification except for library preparation performed with NEBNext Ultra kit (New England Biolabs). For library preparation, 600 ng of each genomic DNA are fragmented by sonication and purified to yield fragments of 150-200 bp. Paired-end adaptor oligonucleotides from the NEB kit are ligated on repaired, A-tailed fragments and then purified and enriched by 8 PCR cycles. In total, 1200 ng of these purified libraries are then hybridized to the SureSelect oligo probe capture library for 72 hours. After hybridization, washing, and elution, the eluted fraction is PCR amplified with 9 cycles; it is then purified and quantified by quantitative PCR (qPCR) to obtain sufficient DNA template for downstream applications. Each eluted-enriched DNA sample is then loaded on an Illumina HiSeq4000 for 75b paired-end sequencing. Image analysis and base calling were performed using Illumina Real Time Analysis (2.7.6) with default parameters.

Heatmap

CNA absolute profiles were clustered using the inverse Spearman correlation coefficient as distance, and Ward's aggregation method. The heatmap was built using the complexHeatmap R package and in-house codes. All computation and figure processings were performed using R v4.0.2.

Phylogenetic inference

All nonsilent somatic mutations present in at least 2 tumor samples were considered for determining phylogenetic trees. Tree construction is detailed in Supplemental Methods.

CDX-derived cell line establishment and cell culture

CDX tumor dissociation and cultures are described in Supplemental Methods.

Immunofluorescence

Cells were seeded on coverslips in 6-well plates. After 48 hours, cells were either left untreated, irradiated (6 Gray) or treated with APH at the indicated doses. Twenty-four hours later, cells were washed with PBS 1×, fixed with 4% paraformaldehyde (15 minutes at RT), and permeabilized with 0.5 Triton X-100 (Roche; 10 minutes at RT). Nonspecific binding sites were blocked with BSA for 30 minutes. Primary antibody staining (Supplemental Table 7) was performed at 37°C for 1 hour, followed by a secondary antibody (anti-rabbit Alexa Fluor 555 [clone Poly4064, 406412, BioLegend]; anti-mouse Alexa Fluor 488 [polyclonal, A-11029, Invitrogen]) incubation of 30 minutes at 37°C. Scanning and image analysis were done on an Ariol scanning system (Leica Biosystems Richmond Inc.) including a Leica DM6000 B microscope with multibay stages (MB 8).

RNA extraction and qPCR analysis

For SLFN11 gene expression analysis, total RNA was isolated, and qPCR was performed as described in Supplemental Methods.

In vitro drug assays

CDX-derived and A549 cells were seeded in quadruplicates into 384-well plates. Twenty four or 48 hours after seeding, cells were treated with cisplatin, olaparib, BYL719, or AZ82 for 5 days. Drugs were diluted in Advanced DMEM (Invitrogen). Cell viability assays were performed using CellTiter-Glo Luminescent Cell Viability assay kit (Promega). Luminescence was measured by Victor X4 Series Multilabel Plate Readers (Perkin Elmer). Generation of drug-response curves and determination of IC 50 values were performed using Prism software.

In vivo modeling of metastasis and drug assays CAM. Fertilized chicken eggs were purchased (EARL Les Bruyères) and incubated for 3 days at 37°C with 60% humidity. Metastasis evaluation and drug assays in the CAM chick embryo model were performed as previously described (29). Briefly, 2 × 10 3 mCherry-expressing cells were implanted into the CAM at incubation day 10 (ID10). Tumor growth and embryo viability were examined daily until imaging analysis at ID17. Treatments were administered topically starting at ID11 as follows: olaparib via single administration (100 μg/kg), and AZ82 (20 μg/kg) and BYL719 (10 μg/kg) every other day. The final doses were calculated based on the weight of the chicken egg at ID11. At ID17, fluorescence and CT scans of 155 human genome build hg38/GRCh38.p7 using the Burrows-Wheeler Aligner (BWA) tool (11). Duplicated reads were removed using Sambamba (12). Variant calling of single nucleotide variants (SNVs) and small insertions/deletions (indels) was performed using the Broad Institute's GATK Haplotype Caller GVCF tool (3.7) (13,14) for germline variants and MuTect2 tool (2.0, --max_alt_alleles_in_normal_count=2; --max_alt_allele_in_normal_fraction=0.04) (15) for somatic variants. To keep only reliable somatic variants, we then applied the following post-filtering steps:

-Variants classified as "PASS" or "t_lod_fstar" by MuTect2 (and not flagged as PID).

-Coverage ≥8 in the tumor and matched normal sample.

-QSS score ≥ 20.

-Variant allele fraction in the tumor (VAFT) ≥ 0.05 with ≥ 5 mutated reads, variant allele fraction in the normal sample (VAFN) = 0.

Additional criteria were applied to generate a high-confidence set of variants from CTCs. Variants had to be present in either the primary tissue (at least ADO and false-positive rate estimation. CTC and CD45 + pool DNA were amplified before sequencing. To estimate ADO, we selected all reliable variants in germline or CD45 DNA using HaplotypeCaller with the following post-filtering: coverage ≥8 in both samples, ≥5 variant reads representing ≥5% of sequenced reads at that position, genotype quality ≥20. We then compared the proportions of normal/variant reads in the germline and CD45 DNA using Fisher's exact test. Variants with a significant difference (p < 0.05), a variant allele fraction between 0.2 and 0.8 in germline DNA and <0.1 or >0.9 in the CD45 DNA were considered to have undergone ADO. To estimate the false-positive rates in CTC samples, we divided the number of potentially false-positive events by the number of target bases covered ≥8X in the same sample. We adopted a conservative approach and considered as false-positive all events not found in the TB and the CDX.

Copy number analysis. To identify copy-number alterations (CNAs), we identified germline single-nucleotide polymorphisms (SNPs) in each sample and we calculated the coverage log-ratio (LRR) and B allele frequency (BAF) at each SNP site.

Genomic profiles were divided into homogeneous segments by applying the circular binary segmentation algorithm, as implemented in the Bioconductor package DNAcopy (18), to both LRR and BAF values. We then used the Genome Alteration Print (GAP) method (19) to determine the ploidy of each sample, the level of 166 contamination with normal cells and the allele-specific copy number of each segment.

Ploidy was estimated as the median copy-number across the genome. Chromosome aberrations were then defined using empirically determined thresholds as follows:

gain, copy number > ploidy + 0.5; loss, copy number < ploidy -0.5; high-level amplification, copy number > ploidy + 2; homozygous deletion, copy number < 0.5.

Finally, we considered a segment to have undergone LOH when the copy number of the minor allele was equal to 0. CIRCOS plots were generated using CIRCOS (20).

Characterization of known copy number changes in CTCs.

As expected, the logratio (LRR) and B allele frequency (BAF) profiles of CTC samples were too noisy to obtain reliable pangenomic copy-number profiles. However, we observed that many chromosome segments displayed allelic imbalances consistent with the presence of chromosome aberrations identified in other samples, in particular PDX and cell line samples. We used these allelic imbalances to detect chromosome aberrations identified in other samples as follows: supplemented with protease and phosphatase inhibitors (Roche) for 30min on ice.

Protein concentrations were measured using the Micro BCA TM protein assay kit (Thermo Scientific). Laemmli buffer (4X) containing β-mercaptoethanol was added and samples were subsequently denatured by boiling at 95°C. Proteins were resolved by 6, 8 or 10% SDS-polyacrylamide gels and transferred onto a nitrocellulose membrane (Bio-Rad), followed by a PBS-milk (5%)-blocking step (1h).

Signals were detected using WesternBright ECL (Advansta) on the ChemiDoc XRS+ System (Bio-Rad). The antibodies used in this study are listed in Supplementary Table 6.

RNA extraction and quantitative real-time PCR analysis.

Total RNA was isolated using the ReliaPrep RNA Cell Miniprep System (Promega) and 1 µg of RNA was used to synthesize cDNA using the High-capacity RNA-to-cDNA TM kit (Thermo Scientific) according to manufacturer's instructions. The primers used were as follows:

-SLFN11 (forward 5'-GGCCCAGACCAAGCCTTAAT-3' and reverse 5'-

CACTGAAAGCCAGGGCAAAC-3')

-GAPDH (forward 5'-CCTCAACGACCACTTTGTCA-3' and reverse 5'-TTCCTCTTGTGCTCTTGCTG-3')

Quantitative real-time PCR was carried out using Maxima SYBR Green/ROX qRT-PCR Master Mix (Thermo Scientific) on the Viia7 PCR system (Applied Biosystems). 2015). This partial DDR activation, rather than recruitment of effector repair proteins, potentiated their DNA repair efficiency and, in turn, their resistance to chemotherapy (C. [START_REF] Gong | Potentiated DNA Damage Response in Circulating Breast Tumor Cells Confers Resistance to Chemotherapy[END_REF]. GR-CDXL1 chemoresponse could therefore be possibly dictated by a similar mechanism in NSCLC. Furthermore, targeting its constitutive induction of CHK1 signaling may be an interesting approach to restore GR-CDXL1 sensitivity to cisplatin.
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In order to expand clinical use and better stratify patients that may benefit from DDRbased treatments, reliable predictive biomarkers of response to DDR inhibitors are urgently needed [START_REF] Michels | Predictive biomarkers for cancer therapy with PARP inhibitors[END_REF][START_REF] Pilié | State-of-the-art strategies for targeting the DNA damage response in cancer[END_REF]. Herein, in an effort to identify a biomarker of response to olaparib in GR-CDXL4 -which presented HRD without a genomic a priori -and in line with current knowledge on SLFN11 (as mentioned in the Introduction section V. 4)a.), we detected SLFN11 protein in GR-CDXL4 cells only. Importantly, to check whether it was also found in other patient L4 samples and in GR-CDXL1 samples, we performed IHC analysis of matched patient TB at diagnosis and progression, CDX tumor and CDX-derived cell line, which showed that an important proportion of tumor cells in all patient L4 samples highly expressed SLFN11, while immunostainings of patient L1 samples were all negative for this protein.

We therefore suggest SLFN11 expression as a potential predictive biomarker of response to olaparib in NSCLC. However, these findings are preliminary and require further functional correlation analysis between olaparib sensitivity and SLFN11 expression. For this, additional experiments must be performed: (i) SLFN11 gene knockout (KO) in GR-CDXL4 cells and establishment of a stable cell line GR-CDXL4-mCherry-KO, (ii) in vitro pharmacological testings using olaparib on GR-CDXL4-mCherry-KO and (iii) injection of the KO cells in immunodeficient mice to evaluate resistance to olaparib in vivo. Furthermore, establishing SLFN11 overexpression as a predictive biomarker in NSCLC requires investigation in additional preclinical studies, followed by clinical validation in clinical trials, as it is currently being done in SCLC (NCT04334941). In addition to its role in predicting response to PARPi, we show that SLFN11 overexpression was concordant with neuroendocrine marker expression in the matched patient TB at progression to crizotinib, which may be a potential driver of histological transformation to SCLC. Transformation from adenocarcinoma to SCLC is a recognized resistance mechanism to EGFR TKI, which has also been reported in ALK- ). This CIN-promoting event thus constitutes a potential therapeutic target in cancer [START_REF] Bakhoum | Chromosomal instability and cancer: A complex relationship with therapeutic potential[END_REF]). In our model, targeting clustering in GR-CDXL3 using kinesin motor protein KIFC1 inhibitor AZ82 did not affect tumor cell viability.

However, a synergistic antitumor effect was achieved in ovo and in vivo upon association of AZ82 and PI3Kα inhibitor BYL719 targeting AKT1 gain in GR-CDXL3 cells.

Nonetheless, it is important to note that nonspecific toxicity of AZ82 was previously observed at 4 µM, which highly limits its use beyond this study (W. Zhang et al., 2016). Finally, it is important to acknowledge here that CDX models cannot inform clinical decisions in real time, owing to the significant technical hurdles discussed above and the experimental duration. Nonetheless, the development of CDX models provides a significant asset for a more in-depth understanding of CTC biology and the mechanistic basis of metastatic development. For this and based on the comprehensive characterization of our CDX and CDX-derived cell lines, a license is currently being discussed with our collaborator XenTech to value these models and further promote their use as a tractable system in translational research. In addition, high-throughput functional studies (i.e. genomics, transcriptomics and proteomics) on these CDX models and single patient CTCs isolated from fresh blood samples is paramount, to identify CTC-specific vulnerabilities and develop anti-metastasis therapies.

Introduction

Le cancer du poumon est la première cause de décès par cancer dans le monde. La 
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Figure 1 .

 1 Figure 1. Lung cancer classifications. Lung cancers are classified into SCLC or NSCLC (A) and NSCLC is further subdivided into squamous and non-squamous histology (B). (C) Distribution of oncogenic driver mutation frequencies in NSCLC, based on a cohort of 4064 patients with metastatic NSCLC by Singal and colleagues (Singal et al., 2019). NSCLC = non-small cell lung cancer. SCLC=small-cell lung cancer. Figure and legend adapted from Thai et al., The Lancet, 2021.

Figure 2 .

 2 Figure 2. Mechanisms of acquired resistance to osimertinib and lorlatinib in EGFR-mutant and ALK-rearranged NSCLC, respectively. Mechanisms of resistance to these agents can be divided into several main categories, including alterations that prevent inhibition of the target receptor tyrosine kinase by the tyrosine kinase inhibitor (TKI) (a), activation of bypass and/or downstream signaling pathways that promote cell survival and proliferation despite adequate TKI binding (b), and changes in tumor cell lineage such as transformation from adenocarcinoma (ADC) to squamous cell carcinoma (SCC) or small-cell lung cancer (SCLC) phenotype and epithelial-mesenchymal transition (EMT) (c). Specific selected examples of these mechanisms are also provided.Figure and legend adapted from Cooper et al., Nature Reviews Clinical Oncology, 2022.

  Figure 2. Mechanisms of acquired resistance to osimertinib and lorlatinib in EGFR-mutant and ALK-rearranged NSCLC, respectively. Mechanisms of resistance to these agents can be divided into several main categories, including alterations that prevent inhibition of the target receptor tyrosine kinase by the tyrosine kinase inhibitor (TKI) (a), activation of bypass and/or downstream signaling pathways that promote cell survival and proliferation despite adequate TKI binding (b), and changes in tumor cell lineage such as transformation from adenocarcinoma (ADC) to squamous cell carcinoma (SCC) or small-cell lung cancer (SCLC) phenotype and epithelial-mesenchymal transition (EMT) (c). Specific selected examples of these mechanisms are also provided.Figure and legend adapted from Cooper et al., Nature Reviews Clinical Oncology, 2022.

Figure 3 .

 3 Figure 3. Immunotherapy treatment approaches in NSCLC. (A) Multiple regimens are approved for patients with stage IV NSCLC, based on tumor histology and PD-L1 expression. (B) For patients with unresectable stage III NSCLC, standard treatment consists of curative intent chemoradiotherapy and then 12 months of adjuvant PD-L1 inhibition. (C) It is hoped that benefit of immune checkpoint inhibitors in stage IV and stage III NSCLC can be shifted to earlier stage disease.Figure and legend adapted from Thai et al., The Lancet, 2021.

  Figure 3. Immunotherapy treatment approaches in NSCLC. (A) Multiple regimens are approved for patients with stage IV NSCLC, based on tumor histology and PD-L1 expression. (B) For patients with unresectable stage III NSCLC, standard treatment consists of curative intent chemoradiotherapy and then 12 months of adjuvant PD-L1 inhibition. (C) It is hoped that benefit of immune checkpoint inhibitors in stage IV and stage III NSCLC can be shifted to earlier stage disease.Figure and legend adapted from Thai et al., The Lancet, 2021.

  al., 2020; Gandhi et al., 2018; Hellmann et al., 2019; L. G. Paz-Ares et al., 2022). Pembrolizumab alone is indicated for the treatment of advanced NSCLC patients presenting a PD-L1 tumor score of 50% or greater (Reck et al., 2016) (Figure 3). In 2021, CheckMate-9LA study findings revealed that the addition of two cycles of chemotherapy to nivolumab plus ipilimumab combination further improved clinical benefit, thus adding an option for first-line treatment of stage IV NSCLC regardless of PD-L1 expression and histology (L. Paz-Ares et al., 2021). In patients with previously untreated, PD-L1 +/-metastatic squamous NSCLC, combination of pembrolizumab and chemotherapy (carboplatin+paclitaxel or nab-paclitaxel) has proven efficacy in the first-line setting (L. Paz-Ares et al., 2018, 2020).

(

  Haemmerle et al., 2018; Hurtado et al., 2020; Labelle & Hynes, 2012; Massagué & Ganesh, 2021; Szczerba et al., 2019). Notably, cooperative platelet-coating of CTCs protects them against natural killer (NK) cell attacks via platelet-mediated secretion of immunosuppressive factors such as TGFβ and PDGF, or through fibrinogen, a physical barrier which impedes NK cell-mediated clearance (Labelle & Hynes, 2012; Palumbo et al., 2005). Neutrophils may serve immunosuppressive functions as well as promote metastasis through MMP secretion by favoring CTC extravasation (Spiegel et al., 2016).

  Figure 4. Key steps of the metastatic cascade. Metastasis proceeds through multiple steps and restrictive bottlenecks. The pre-colonization phase of metastasis comprises a series of events that occur on a timescale of minutes to hours. Local invasion of the primary tumor by cancer cells (a) is followed by intravasation into tumor vasculature (b). Cancer cells then enter the circulatory system as single cells or as a cluster (c). CTCs may be coated with platelets, which protects them from oxidative stress during transit. Circulatory patterns and the differing structure of the capillary walls in each organ influence the dissemination of CTCs. On their arrest in capillaries at distant sites, the cancer cells extravasate into the parenchyma of target organs (d) to commence colonization, which proceeds in several steps on a timescale of years. After extravasation, colonizing cancer cells settle in supportive niches that enable them to survive and retain stem cell-like tumor-initiating capacity (e). Tumor cells then enter a latency phase, which can last from months to decades, during which they must achieve long-term survival. Cells then break out of latency and overtake the local tissue microenvironment (f). Figure and legend adapted from Massagué & Obenauf, Nature, 2016.

  . One of the first studies describing EMT in CTCs was done by Hou et al in lung cancer. The captured CTCs harbored heterogeneous expression of EMT markers (Hou et al., 2011). Our group and others have subsequently supported these observations in several malignancies including NSCLC, breast and prostate cancer (Armstrong et al., 2011; Kallergi et al., 2011; Lecharpentier et al., 2011; Lindsay et al., 2017; Papadaki et al., 2019; M. Yu et al., 2014). This led to the current hypothesis that CTC subclones displaying intermediate E/M features may generate more aggressive populations with a high seeding ability. The reverse MET process is believed to be critical in triggering tumor cell migration arrest and colonization at distant organ sites, as mentioned previously in Introduction section II. 2)c. (Figure 5) (Craene & Berx, 2013). These dynamic processes are tightly regulated by the tumor microenvironment (Shibue & Weinberg, 2017). Multiple miRs have emerged as potent regulators of EMT and MET programs by targeting EMT-TFs or other relevant actors (Lamouille et al., 2013). Moreover, miR-induced regulatory mechanisms have been described, such as the double-negative feedback ZEB1/2-miR200 loop which regulates EMT through the maintenance of stemness properties (Bracken et al., 2008). Other regulatory pathways include alternative splicing events and post-translational modifications at the protein level (Nieto et al., 2016).

Figure 5 .

 5 Figure 5. Role of epithelial-mesenchymal transition (EMT) during cancer progression. In tumor cells, EMT-inducing transcription factors may primarily redefine the epithelial status of the cell, potentially -but not necessarily -assigning stem cell (SC) characteristics to dedifferentiated tumor cells, or they may redefine resident genetically altered stem cells to be cancer stem cells (CSCs). Tumor cell dissemination from primary tumor and subsequent migration after breakdown of the basement membrane can only be achieved if the cancer cell has acquired the necessary genetic aberrations and received the appropriate signals at the tumor-host interface. At this point, the active contribution of the EMT-associated program is probably to give survival signals and to maintain the mesenchymal status of the metastasizing cell. It is likely that EMT also has a role in parallel progression, in which tumor cells escape early and metastasis progresses in parallel to the primary tumor. EMT features may further promote resistance to therapy, leading to recurrence and a poor prognosis. The degree of EMT during

Figure and legend adapted

  Figure and legend adapted from De Craene B & Berx, Nature Reviews Cancer, 2013.

Figure 6 .

 6 Figure 6. Induction and formation of the pre-metastatic niche. Tumor-derived secreted factors (TDSFs) and extracellular vesicles (EVs) induce the mobilization and recruitment of several cell populations to secondary organ sites, including bone marrow-derived cells (BMDCs) such as VEGFR1 + hematopoietic progenitor cells (HPCs) and CD11b + myeloid cells as well as regulatory/suppressive immune cells, including myeloid-derived suppressive cells (MDSCs), Treg cells, TAMs, and tumor-associated neutrophils (TANs). The interaction among these TDSFs, tumorrecruited cells, and local stroma may create a suitable niche microenvironment for metastatic tumor cell colonization. Hypoxia and ECM remodeling also promote the formation of pre-metastatic niche.Figure

  Figure 6. Induction and formation of the pre-metastatic niche. Tumor-derived secreted factors (TDSFs) and extracellular vesicles (EVs) induce the mobilization and recruitment of several cell populations to secondary organ sites, including bone marrow-derived cells (BMDCs) such as VEGFR1 + hematopoietic progenitor cells (HPCs) and CD11b + myeloid cells as well as regulatory/suppressive immune cells, including myeloid-derived suppressive cells (MDSCs), Treg cells, TAMs, and tumor-associated neutrophils (TANs). The interaction among these TDSFs, tumorrecruited cells, and local stroma may create a suitable niche microenvironment for metastatic tumor cell colonization. Hypoxia and ECM remodeling also promote the formation of pre-metastatic niche.Figure and legend adapted from Liu & Cao, Cancer Cell, 2016.

  or express BMP inhibitors such as Coco (H. Gao et al., 2012). Furthermore, fibronectin and type I collagen-enriched microenvironments have been shown to generate proliferationpermissive signals (Aguirre-Ghiso et al., 2001; Barkan et al., 2010; Risson et al., 2020).

Figure 7 .

 7 Figure 7. Historical medical journal article by Thomas Ashworth in 1869 describing circulating tumor cells for the first time (T. Ashworth, 1869). Figure adapted from Nieva & Kuhn, Future Oncology, 2012.

  ) (Alix-Panabières & Pantel, 2014; Ross et al., 2015). Positive CTC selection captures tumor cells using bead-conjugated antibodies directed against cell-surface antigens. Epithelial cell adhesion molecule (EpCAM) tumor cell surface marker is the most commonly used marker for positive enrichment of epithelial CTCs using the CellSearch ® System (Menarini-Silicon Biosystem, Bologna, Italy). In 2004, the CellSearch was the first semi-automated platform validated for the detection and enumeration of CTCs in a blood sample. It is the only technology cleared by the FDA to aid in predicting prognosis for patients with metastatic breast, prostate or colorectal cancer (Allard et al., 2004). The CellSearch platform uses ferromagnetic beads coupled to EpCAM, followed by fluorescent detection of CK 8, 18 and/or 19, CD45 and the nucleus (4',6-diamidino-2-phenylindole -DAPI). The detected CTCs must present a DAPI + /CD45 -

Figure 8 .

 8 Figure 8. Circulating tumor cell enrichment technologies. CTCs can be positively (a) or negatively (b) enriched based on expression of protein markers: (a) using an anti-epithelial (E) antibody, an antimesenchymal (M) antibody or an anti-E and anti-M antibody, or (b) using antibodies against CD45 to deplete the unwanted leukocytes. CTCs can also be positively or negatively enriched based on properties such as size, density, deformability or electric charges through a membrane and filtration-based system based on CTC size (c); through posts in a microchip based on CTC size plus deformability (large and stiff CTCs are trapped on a basket of three posts) (d); through a centrifugation on a Ficoll density gradient based on CTC density (e), through dielectrophoresis (DEP) based on CTC electric charges (f); through a spiral CTC chip based on CTC size (g). Positive or negative enrichment of CTCs can also be achieved based on both physical and biological properties (CTC-iChip).Figure and legend adapted from Panabières & Pantel, Nature Reviews Cancer, 2014.

  constitutes a pivotal limiting factor for personalized medicine (McGranahan & Swanton, 2017). Large-scale collaborative human cancer omics studies of primary and metastatic tumor samples, such as The Cancer Genome Atlas (TCGA) and the Pan-Cancer Analysis of Whole Genomes Consortium of the International Cancer Genome Consortium (ICGC), have elucidated extensive intra-and intertumoral heterogeneity across multiple cancer types (P. J. Campbell et al., 2020; Hoadley et al., 2018). This has been further evidenced with the advent of single-cell sequencing analyses (Gawad et al., 2016). Over the past few years, technological developments in the detection and analyses of liquid biopsy specimens from blood samples have enabled real-time monitoring of the evolving tumor landscape and resistance (Alix-Panabières & Pantel, 2021). Indeed, these assays constitute a minimally invasive alternative to tissue biopsy, feasible throughout the course of the disease. Liquid biopsy analytes in peripheral blood include CTCs, circulating tumor-derived factors such as circulating cell-free tumor DNA (ctDNA), extracellular vesicles (e.g. exosomes), tumor-educated platelets and metabolites (Alix-Panabières & Pantel, 2021; Ignatiadis et al., 2021). Integration of liquid biopsy assays into the routine clinical workflow is still slow, mainly due to challenges in the standardization of preanalytical and analytical procedures. Nonetheless, we have recently been witnessing rapid progress in liquid biopsy assays. The use of ctDNA has proven to be a powerful tool for guiding treatment decisions and the new European Society for Medical Oncology (ESMO) recommendations on ctDNA use for advanced cancers genotyping and to guide targeted therapy for selected patients were just published (Chaudhuri et al., 2017; Pascual et al., 2022; Tie et al., 2022).

  to be on a landscape page
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 8171 Figure 1. CTC-derived models as tractable systems to explore tumor-initiating cells (TICs) and new therapeutic strategies. CTCs isolated from late-stage cancer patients are used to generate CTC-derived xenografts (CDXs) to perform functional characterizations and pharmacology studies. CDX tumors can be isolated and dissociated into ex vivo cultures for drug screening and genome-wide analyses. CDX-derived cultures are amenable to lentiviral infection and can be re-injected into mice and used as tools to track tumor dissemination. In parallel, CTCs can be expanded in vitro and used as readouts of drug sensitivity. CTC = circulating tumor cell. CDX = CTC-derived xenograft. Funding: Our CDX project was supported by ANR-15-CE17-0006-01, CTCTrap FP7 HEALTH #305341 and the Innovative Medicines Joint Undertaking CANCER ID (IMI-JU-11-2013, grant no. 115749. TT is supported by La Ligue Nationale Contre le Cancer.
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 1 Figure 1. CTC-derived models as tractable systems to explore tumor-initiating cells (TICs) and new therapeutic strategies. CTCs isolated from late-stage cancer patients are used to generate CTC-derived xenografts (CDXs) to perform functional characterizations and pharmacology studies. CDX tumors can be isolated and dissociated into ex vivo cultures for drug screening and genome-wide analyses. CDX-derived cultures are amenable to lentiviral infection and can be re-injected into mice and used as tools to track tumor dissemination. In parallel, CTCs can be expanded in vitro and used as readouts of drug sensitivity. CTC = circulating tumor cell. CDX = CTC-derived xenograft.

Funding:

  Our CDX project was supported by ANR-15-CE17-0006-01, CTCTrap FP7 HEALTH #305341 and the Innovative Medicines Joint Undertaking CANCER ID (IMI-JU-11-2013, grant no. 115749. TT is supported by La Ligue Nationale Contre le Cancer.IV. Genomic instability and the DNA damage response in cancerGenome instability is an important hallmark of cancer development, fueling tumor evolution throughout disease progression[START_REF] Hanahan | Hallmarks of Cancer: New Dimensions[END_REF][START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. It is determined by accumulated DNA damage, which may be caused by tumor exposure to exogenous insults such as ionizing-or ultraviolet (UV) radiation-inducing DNA damage, as well as endogenous stress resulting from tumor-specific DNA repair dysfunctions. To counteract threats to genome integrity, cells have evolved a complex network of cellular mechanisms collectively called the DNA damage response (DDR), which recognizes DNA damage through "damage sensors" such as ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related (ATR), checkpoint kinase 1 and 2 (CHK1 and CHK2) or p53 and halts the cell cycle to promote repair[START_REF] Abraham | Cell cycle checkpoint signaling through the ATM and ATR kinases[END_REF] Maréchal & Zou, 2013). 1) DNA repair pathways Different types of DNA damage (modified bases, abasic sites, DNA single-strand breaks -SSBs, DNA double-strand breaks -DSBs) may elicit response from a variety of DNA repair mechanisms, including mismatch repair (MMR), base-excision repair (BER), nucleotide excision repair (NER), classical non-homologous end joining (c-NHEJ) and homologous recombination (HR). DSBs are considered the most cytotoxic form of DNA lesions and their repair is dominated by c-NHEJ and HR pathways in healthy somatic mammalian cells. DSB mode of repair is determined by several factors such as DSB complexity, chromatin state and cell cycle phase. Indeed, a critical determinant in the c-NHEJ/HR interplay is DNA 5'-end resection, which is promoted by cyclin-dependent kinase phosphorylation (Ceccaldi, Rondinelli, et al., 2016; Symington & Gautier, 2011). While chromatin recruitment of 53BP1 suppresses end resection and favors c-NHEJ, breast cancer susceptibility gene 1 (BRCA1) antagonizes 53BP1, promoting DSB repair by HR (Bunting et al., 2010; Ceccaldi, Rondinelli, et al., 2016). Herein, we discuss the major DSB repair pathways (Figure 10). a. Classical non-homologous end joining c-NHEJ is a major DSB repair mechanism active throughout the cell cycle. However, it does not use a complementary template, making it an error-prone process. Ku70-Ku80 first recognizes DSB ends, engaging the recruitment of additional NHEJ factors, including the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), DNA nucleases and the DNA ligase complex composed of ligase IV, XRCC4, XRCC4-like factor (XLF) and XRCC4 and XLF paralogue PAXX. Ku70-Ku80 and DNA-PKcs form the DNA-PKcs holoenzyme, implicated in DNA broken end synapsis. This in turn activates additional repair proteins (e.g. Artemis exonuclease) implicated in end-processing, before the final rejoining step by the DNA ligase IV (LigIV)-XRCC4-XLF-PAXX complex. DNA end resection intereferes with c-NHEJ engagement by removing Ku from DNA ends; a crucial step for HR initiation (Burma et al., 2006; Scully et al., 2019; Trenner & Sartori, 2019).

  HR repairs DSBs through homologous DNA sequence alignment. DSBs are first sensed by the MRE11-RAD50-NBS1 (MRN) complex, which enables a short-range resection of the 5' strand with the help of BRCA1 and CtBP-interacting protein (CtIP), thus displacing Ku70-80 from the DNA end. Exonuclease 1 (EXO1) or DNA2-Bloom's syndrome helicase (BLM) heterodimer then perform further 5'-3' resection, generating long 3' singlestranded DNA (ssDNA) overhangs. The resulting ssDNA becomes subsequently coated with the heterotrimeric replication protein A (RPA) complex. During canonical HR, tumor suppressor BRCA2 BRC domains form a complex along with PALB2 and RAD51 paralogs, which positively mediates RAD51 loading onto RPA-coated ssDNA through RPA displacement, promoting RAD51 nucleofilament formation. The RAD51-ssDNA nucleoprotein filament in turn stimulates homology search and strand invasion of a homologous DNA template (collectively called synapsis), generating the D-loop intermediate. The 3′-invading strand template-dependent extension is followed by its re-annealing to the complementary strand of the second-end tail, which is known as "synthesis-dependent strand annealing" and results in a non-crossover gene conversion. Alternatively, a double Holliday junction may be formed, which can be resolved either as a non-crossover or as a crossover (Li & Heyer, 2008; Scully et al., 2019; Trenner & Sartori, 2019).

Figure 10 .

 10 Figure 10. Double-strand break repair pathways in mammalian cells. Two major competing pathways repair two-ended DSBs: classical non-homologous end joining (c-NHEJ) (i) and homologous recombination (HR) (ii) (described in detail in Introduction section IV.1)a. and b.). DSBs can also be subjected to single-strand annealing (SSA) (iii) or alternative end joining (a-EJ) (iv). (iii) SSA requires at least 20-25 base pairs (bp) of DNA sequence homology, typically found between repetitive elements (green boxes) in the genome. Subsequently, RAD52 promotes annealing of complementary ssDNA and leftover non-homologous flaps of the 3′ overhangs are cleaved by XPF-ERCC1. The factors that promote gap filling and ligation during SSA remain largely elusive. (iv) a-EJ (or TMEJ) utilizes short

  Figure and legend adapted from Trenner & Sartori, Frontiers in Oncology, 2019.c. Fanconi anemia pathwayDNA interstrand crosslinks (ICLs) are highly deleterious lesions for the cell as they inhibit essential processes such as replication fork progression and transcription. Their toxicity is exploited in the clinic and ICL-inducing agents are widely used in chemotherapeutic treatments of cancer patients. These include nitrogen mustards (cyclophosphamide, melphalan), mitomycin C and platinum compounds (cisplatin, carboplatin, etc.). DNA repair of ICLs is initiated by the Fanconi anemia (FA) pathway (also known as Fanconi anemia/BRCA pathway) (Figure11).

  FA pathway-mediated ICL repair occurs in several coordinated steps, starting with the unloading of the CMG helicase from the stalled forks by BRCA1. ICL recognition by FANCM and associated proteins triggers the assembly and recruitment of the nuclear E3 ubiquitin ligase (FA core complex) consisting of FA protein subunits A, B, C, E, F, G, L and M. The FA core complex subsequently catalyzes the monoubiquitylation (Ub) and phosphorylation of FANCD2-FANCI -a critical event of the FA repair pathway -leading to its recruitment to chromatin. Activated FANCD2-FANCI then interacts with several downstream effector proteins at the ICL site including endonucleases and polymerases, to orchestrate ICL nucleolytic incision and subsequently release the ICL via "unhooking". Next, lesion bypass is carried out by translesion synthesis polymerases such as REV1 or DNA polymerase ζ. The intact ligated strand generated by translesion synthesis then acts as a template to complete repair via HR and re-establish the replication fork. Upon completion of ICL repair, FANCD2 is deubiquitylated by USP1-UAF1, promoting its release from chromatin[START_REF] Ceccaldi | The Fanconi anaemia pathway: New players and new functions[END_REF][START_REF] Deans | DNA interstrand crosslink repair and cancer[END_REF].
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 11 Figure 11. Cooperation of Fanconi anemia, nucleotide excision repair, translesion synthesis and homologous recombination proteins in a common interstrand crosslink repair pathway. UHRF1, ubiquitin-like with PHD and RING finger domains; ATR, ataxia telangiectasia and RAD3-related; UBE2T, ubiquitin-conjugating enzyme E2 T; BRCA1, breast cancer type 1 susceptibility protein; FAN1, Fanconiassociated nuclease 1; DNA polymerase ζ, REV3-REV7; CtIP, CtBP-interacting protein; MRN, MRE11-RAD50-NBS1; EXO1, exonuclease 1; BLM-DNA2, Bloom syndrome protein-DNA replication ATPdependent helicase/nuclease 2; ssDNA, single-stranded DNA; RPA, replication protein A; USP1-UAF1, ubiquitin carboxyl-terminal hydrolase 1-USP1-associated factor 1.Figure and legend adapted from Ceccaldi et al., Nature Reviews Molecular Cell Biology, 2016.
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 12 Figure 12. DNA damage response gene somatic alterations across 9,125 PanCanAtlas samples. The top 50 most frequently mutated genes among 276 DDR genes are listed in order of frequency of nonsynonymous mutations (y axis left, blue rectangles), together with the fraction of concurrent mutations and LOH events (y axis right, red bars).Figure and legend adapted from Knijnenburg et al., Cell Reports, 2018.
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  use of DNA-damaging agents (e.g. radiation, chemotherapy), as well as the development of selective DDR-targeted therapies (O'Connor, 2015; Pilié, Tang, et al., 2019). For example, platinum chemotherapy is efficient in part by inducing DNA ICLs that are unresolvable in cancers with HR defects such as ovarian and breast cancers, or in NER-deficient lung cancers (Dann et al., 2012; Olaussen et al., 2006; Tutt et al., 2018). More recently, selective DDR enzyme inhibitors have been developed to target a specific DDR defect through synthetic lethal mechanisms (Figure 13) (A. Ashworth & Lord, 2018; De Vos et al., 2012).

Figure 13 .

 13 Figure 13. Synthetic lethality. Loss of either gene A or gene B in normal cells is compensated by the action of the remaining gene. In tumor cells, however, a mutation in one of these genes leaves the cell vulnerable to loss of the other gene by drug inhibition. This approach is the basis of drugs that target synthetic lethal relationships but spare normal cells.Figure and legend adapted from Rehman et al., Nature Reviews Clinical Oncology, 2010.

  Figure 13. Synthetic lethality. Loss of either gene A or gene B in normal cells is compensated by the action of the remaining gene. In tumor cells, however, a mutation in one of these genes leaves the cell vulnerable to loss of the other gene by drug inhibition. This approach is the basis of drugs that target synthetic lethal relationships but spare normal cells.Figure and legend adapted from Rehman et al., Nature Reviews Clinical Oncology, 2010.
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 14 Figure 14. A schematic model of the PARP1 catalytic cycle. (i)In its non-DNA bound state, PARP1 exists in a relatively disordered conformation. The domain structure of PARP1 includes three zinc finger-related domains (ZnF 1, 2, and 3): the BRCA1 C-terminus domain (BRCT); the tryptophan-, glycine-, arginine-rich domain (WGR); and the catalytic domain, which encompasses two subdomains; a helical domain (HD) and an ADP-ribosyltransferase (ART) catalytic domain. In this non-DNA bound state, HD acts as an autoinhibitory domain preventing binding of the PARPsuperfamily cofactor, β-NAD + , to its ART binding site. (ii) Damage of the DNA double helix often causes the formation of SSBs, inducing a change in the normal orientation of the double helix, which, in turn, (iii) provides a binding site for DNA-binding PARP1 ZnF domains. (iv) Interaction of ZnF 1, 2, and 3 with DNA initiates a stepwise assembly of the remaining PARP1 protein domains onto the PARP1/DNA nucleoprotein structure, leading to a change in HD conformation, and the resulting loss of its autoinhibitory function, thus an allosteric activation of PARP1 catalytic activity. (v) ART catalytic activity drives the PARylation of PARP1 substrate proteins, mediating the recruitment of DNA repair effectors, chromatin remodeling, and eventually DNA repair. (vi) PARP1 autoPARylation finally causes the release of PARP1 from DNA and the restoration of a catalytically inactive state (as shown in i). (vii) Clinical PARPi bind the catalytic site and prevent the release of PARP1 from DNA. This PARP1 "trapping" at the site of damage removes PARP1 from its normal catalytic cycle. Figure and legend adapted from Lord & Ashworth, Science, 2017.
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 15 Figure 15. Clinical PARP inhibitors (PARPis). Four PARPis are FDA-approved for ovarian and/or breast cancers. All present a nicotinamide moiety (shown in red) which competes with the β-NAD + site of PARP-1 and PARP-2. The ability of each inhibitor to trap PARP1 on DNA varies, with talazoparib being the most potent PARPi and veliparib being the least potent.Figure and legend adapted from Thomas A et al., Journal of Clinical Investigation, 2018.
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  associated with poor response to platinum treatment and shorter PFS in both NSCLC and ovarian cancer[START_REF] Nogales | Epigenetic inactivation of the putative DNA/RNA helicase SLFN11 in human cancer confers resistance to platinum drugs[END_REF]. The evaluation of SLFN11 role as an exploratory predictive biomarker has also integrated clinical trials, where its expression is assessed via tumor immunohistochemical screening. Most recently, in a study assessing the addition of veliparib to temozolomide treatment in patients with relapsed SCLC, SLFN11 expression was found to be associated with improved PFS and OS in patients treated with the combination[START_REF] Pietanza | Randomized, Double-Blind, Phase II Study of Temozolomide in Combination With Either Veliparib or Placebo in Patients With Relapsed-Sensitive or Refractory Small-Cell Lung Cancer[END_REF]. Another phase II trial is currently investigating the efficacy of atezolizumab in combination with talazoparib compared to atezolizumab alone, as maintenance therapy in SLFN11-positive advanced SCLC (NCT04334941). SLFN11 is therefore a very promising predictive biomarker of response to PARPi independently of BRCA1/2-related HRD, but its implementation in the clinic warrants further investigation in large cohorts.
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 162 Figure 16. Multiple paths to PARP inhibitor vulnerability. HRR-intact tumors that express high levels of SLFN11 experience irreversible replication block and cell death in response to unrepaired SSBs and PARP entrapment after PARP inhibitor addition (top right). HRR-intact tumors lacking SLFN11 instead undergo only temporary replication pause, mediated by ATR, in response to same DNA damage, which allows for eventual fork repair and replication restart (middle right). In HRR-deficient tumors, regardless of SLFN11 status, PARP trapping leads to DSBs that cannot be resolved accurately due to absence of HRR and result in genome instability and cell death (bottom right). HRR, homologous recombination repair; PARP inh, PARP inhibitor.Figure and legend adapted from Pilié et al., Clinical Cancer Research, 2019.

Figure 1 .

 1 Figure 1. Concept diagram representing mechanisms of genome instability implicated in tumor evolution, including CTC contribution and their potential exploitation as biomarkers.

Figure 2 .

 2 Figure 2. Detection of CTCs harboring ALK and ROS-1 gene aberrations in NSCLC patients and ERG gene alterations in metastatic CRPC patients by combined immunofluorescent staining and filter-adapted FISH (FA-FISH). (A). (a) Example of FISH patterns in NSCLC CTCs with ALK-copy number gain (ALK-CNG) and ALK-rearrangement. Red and green arrows correspond to ALK 3 and ALK 5 probes (Vysis ALK Break Apart rearrangement Probe Kit from Abbott Molecular Inc., Chicago, IL, USA) respectively. (b) Example of FISH patterns in NSCLC CTCs bearing ROS1-CNG and ROS1rearrangement. Green and red arrows correspond to 3 and 5 ROS1-rearrangement extremities (Vysis 6q22 ROS1 Break Apart FISH probe RUO Kit from Abbott Molecular Inc.) respectively. (c) Example of FISH patterns in CRPC CTCs with ERG-CNG and ERG-rearrangement. Green and red arrows correspond to 3 and 5 ERG gene ends (Kreatech ERG Break Apart Rearrangement Probes kit) respectively. (B). Example of hybridized CTC using the AneuVysion Multicolor DNA Probe Kit (Abbott Molecular Inc.). Green spots indicate hybridization of locus-specific identification (LSI) 13 probe and centromere-specific enumeration probe (CEP) X. Red spots indicate hybridization of LSI 21 probe and CEP Y. Blue spots indicate hybridization of CEP 18. (C). Example of FISH patterns in CTCs with ALK-CNG detected by combined immunofluorescent staining and three-color FA-FISH for ALK gene and chromosome 2 centromere detection (XCyting Centromere Enumeration Probe XCE2 from MetaSystems GmbH), showing the existence of true gains of ALK gene in CTCs. Scale: white bars = 10µm.

Figure 3 .

 3 Figure 3. Schematic model of state-of-the-art strategies for the investigation of genome instability in CTCs.

  -small cell lung cancer circulating tumor cell-derived explants. JCI Insight 2022; 7(11):155804 Open access publication. In parallel to this development, we performed functional studies to investigate CTC tumorigenicity and characterize its driving force, by developing CDX mouse models from NSCLC CTCs (Tayoun et al., 2022). Only one CDX was established previously in this highly metastatic malignancy (as mentioned in Introduction section III. 3)a. (Morrow et al., 2016)), where CellSearch-detectable epithelial CTC counts are considerably low. For this project, blood samples were collected from a cohort of 55 patients with advanced NSCLC, at clinical progression time point -i.e. either at a change or at the end of a treatment course -to increase the probability of CTC detection. CTCs were enriched by RosetteSep-Ficoll gradient and subsequently implanted into immunodeficient Nod/Scid-IL2Rγ -/-(NSG) mice. Four NSCLC CDX models GR-CDXL1, GR-CDXL2, GR-CDXL3 and GR-CDXL4 were established, presenting a low tumor take rate of 4/55; ~ 7.3%. Additionally, three cell lines were expanded in vitro from dissociated GR-CDXL1, GR-CDXL3 and GR-CDXL4 CDX tumors. To ensure clinical relevance of our models, preliminary work using IHC analysis was performed and has shown an epithelial phenotype in the four CDX, similarly to matched patient tumor histology. Moreover, in vivo drug assays demonstrated that CDX tumors recapitulated patient clinical response to chemotherapeutic treatment. An extensive molecular and functional characterization of the four CDX models and the three CDXderived cell lines was then achieved to elucidate the mechanistic basis of CTC tumorigenic potential and is presented in Part C. Results.

&

  Faugeroux et al (Part C. Results, pages 139-196). Herein, I provide additional detailed experimental protocols.

Figure 17 .

 17 Figure 17. Example of a 384-well microplate layout for in vitro pharmacological assays. Different colors are used for different cell lines. NT, non-treated; min, minimum concentration; max, maximum concentration; PBS, phosphate buffer saline.

  1,2 , T. Tayoun 1,2 , M. Oulhen 2 , V. Faugeroux 1,2 , V. Rouffiac 3 , A. Aberlenc 2 , A. L. pommier 2 , A. Honore 4 , V. Marty 5 , O. Bawa 5 , L. Lacroix 4 , J. Y. Scoazec 5 , A. Chauchereau 1 , C. Laplace-Builhe 3 & f. farace 1,2*the establishment of clinically relevant models for tumor metastasis and drug testing is a major challenge in cancer research. Here we report a physiologically relevant assay enabling quantitative analysis of metastatic capacity of tumor cells following implantation into the chorioallantoic membrane (CAM). Engraftment of as few as 10 3 non-small cell lung cancer (nScLc) and prostate cancer (PCa) cell lines was sufficient for both primary tumor and metastasis formation. Standard 2D-imaging as well as 3D optical tomography imaging were used for the detection of fluorescent metastatic foci in the chick embryo. H2228-and H1975-initiated metastases were confirmed by genomic analysis. We quantified the inhibitory effect of docetaxel on LNCaP, and that of cisplatin on A549-and H1299-initiated metastatic growths. The CAM assay also mimicked the sensitivity of ALK-rearranged H2228 and EGFR-mutated H1975 NSCLC cells to tyrosine kinase inhibitors crizotinib and gefitinib respectively, as well as sensitivity of LNCaP cells to androgen-dependent enzalutamide therapy. the assay was suggested to reconstitute the bone metastatic tropism of pca cells. We show that the cAM chick embryo model may be a powerful preclinical platform for testing and targeting of the metastatic capacity of cancer cells.

Figure 1 .

 1 Figure 1. Chorioallantoic membrane (CAM) chick embryo model and primary tumor detection. (A) Schematic model embedding our timeline of standard experiment, supplemented by the images representing incubation day (ID) 3, 10 and 17. (B) Graph displaying percentage of eggs presenting fluorescence-positive nodules at ID 17 after implantation of indicated number of cells. Data are represented as mean ± SEM obtained from 14 experiments with 10 3 cells, 4 experiments with 5 × 10 4 , 10 5 and 5 × 10 5 cells, and 8 experiments with 10 6 cells. In each experiment, a minimum of 8 eggs were evaluated. (C) Representative images of the fluorescent tumor nodules of H1299-GFP obtained at ID 17. (D) Tumor nodules obtained at ID 17 after implantation of 10 3 H1299-GFP cells, FFPE sections stained with HES, anti-human Ki67 and anti-human Vimentin antibodies.

Figure 2 .

 2 Figure 2. Metastatic capacities of prostate and lung cancer cell lines. (A) 2D representative images of chick embryo expressing GFP originating from eggs implanted at ID 10 with medium only (without cells, left), IGR-CaP1-GFP (middle), LNCaP-GFP (right). (B) Quantitative analysis of average fluorescence intensity of chick embryos presenting PCa metastases measured after 2D scan. Each point represents a single embryo. Two separate experiments were performed. (C) 2D representative images of chick embryos expressing mCherry originating from eggs implanted at ID 10 with NSCLC cell lines. (D) Quantitative analysis of average fluorescence intensity obtained after 3D scans of chick embryos presenting metastases formed after implantation of lung cancer cell lines. At least two separate experiments were performed for each cell line. Each point represents a single embryo. Numbers of analyzed embryos were for Negative Controls: 6, H1299: 21, H1975: 8, A549: 6, H2228: 14. (E) Representative FACS plots obtained after mCherry expression analysis in control in vitro cell lines and tumor nodules obtained at ID 17 from CAM implanted with H1299-mCherry and H2228-mCherry respectively. Right panel represents graphical quantification of H1299 and H2228 mCherry-expressing cells obtained from nodules at ID 17 after mechanistic and enzymatic dissociations. Two separate experiments were performed for each cell line. Each point represents a single embryo.

Figure 3 .

 3 Figure 3. Effect of chemotherapeutics on metastasis formation. (A) Representation of the methodology adapted to fluorescence intensity measurement on 3D reconstructed images. Region of interest was defined manually, using an adapted embryo size area in each case (blue box). (B) 3D representative images of chick embryos expressing PKH26 (bottom) 7 days after implantation with DU145 PKH26-positive cells. (C) Quantitative analysis of PKH26 positive and negative chick embryos. Each point represents a single embryo. (D) Representative images of DU145 cells 7 days after induction with PKH26 fluorescent tracer. Bar = 10 µm. (E) Representative images of 2D (left) and 3D (right) reconstructions of chick embryos obtained from eggs implanted with LNCaP-mCherry cells with or without docetaxel treatment. (F) Quantitative analysis of mean fluorescence intensity on 3D reconstructed images. Each point represents a single embryo. (G) Representative images of fluorescent metastatic foci seeded by H1299 cells with or without cisplatin treatment. (H) Quantitative analysis of mCherry-positive embryos obtained from implantation of H1299 mCherry-expressing cells, with or without cisplatin treatment. At least two separate experiments were performed for each therapeutic treatment and the graph presents the most representative one. (I) Representative images of metastatic foci obtained after injection of H1299-mCherry cells directly into the chick embryo circulation and treatment with or without cisplatin. (J) Quantitative analysis of mean fluorescence of chick embryos obtained from two separate experiments after injection of H1299-mCherry cells directly into the chick embryo circulation and treatment with or without cisplatin.▸

Figure 4 .

 4 Figure 4. Effect of targeted therapies on metastasis formation. (A) Representative images of 3D views of chick embryos originating from eggs implanted with H2228 mCherry-expressing cells with or without crizotinib treatment. (B) Analysis of chick embryos coming from eggs implanted with H2228-mCherry with or without crizotinib. (C) Representative images of 3D views of chick embryos from eggs implanted with H1650 cells with or without gefitinib treatment. (D) Analysis of metastasis from eggs implanted with H1650 cells with or without gefitinib treatment. At least two separate experiments were performed for each therapeutic treatment and the graph presents the most representative one. (E) 3D representative images of chick embryos expressing PKH26 and originating from eggs implanted at ID 10 with LNCaP or DU145 PKH26-positive cells; with or without enzalutamide treatment. (F) Quantitative analysis of average fluorescence intensity from eggs implanted with PCa cells, with or without enzalutamide treatment. Each point represents a single embryo. Graph represents results obtained from two separate experiments.

Figure 5 .

 5 Figure 5. Prostate cancer tropism in chick embryo. (A) Representative examples of 3D reconstructions of chick embryos presenting bone-localized metastatic foci. (B) Proportions of metastatic sites recovered in bones of the chick embryo. Number of evaluated embryos for LNCaP: 10; IGR-CaP1: 13, GR-CDX P1: 8; DU145: 11; lung cancer: 28. The analysis was performed retrospectively from the images collected during different experiments using PCa cells. (C) qRT-PCR analysis of bones isolated from chick embryos after implantation of IGR-CaP1-GFP cells, expression of human TNFRSFIIB, SPP1 and Vimentin was normalized to negative control of bones from non-implanted chick embryos. The positive control was an in vitro collected IGR-CaP1 cell line. Experiment was performed twice with two different negative and positive controls and 4 bones tested in each.

  Data are shown as means and standard error of the mean (SEM), and P values are reported as follows: *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis was performed using the GraphPad Prism software, version 6.0 (GraphPad Software, San Diego, CA). Data were analyzed using nonparametric Mann-Whitney test.

Fig. 1 .Fig. 2 .

 12 Fig. 1. a. Tumor nodules of H1299-GFP, FFPE sections stained with HES. Areas with tumor cells were framed. b. Representative images of fluorescent metastatic foci formed by A549 mCherry cells with or without cisplatin treatment. c. Quantitative analysis of mean fluorescence from 3D analysis of chick embryos after implantation of A549 mCherry cells. Experiment was performed twice and the representative one is shown. Each point represents a single embryo.

Fig. 3 .

 3 Fig. 3. Representative images showing a. tumor nodules obtained from LNCaP stained with PKH26 and collected at different time-points; examined in vivo by a fluorescence macroscope. Images were captured using NIS Elements software Version 3.2; BR Ver for 64bit edition (Nikon Instruments Inc., https://www.microscope.healthcare.nikon.com/products/software/nis-elements). b. PKH26 fluorescent cells presented in tumor nodules using fluorescent microscope (20x) with the corresponding bright field images. c. Example of metastatic foci in esophagus inner membrane of chick embryo 7 days after implantation of LNCaP cells stained with PKH26. Images obtained using fluorescent microscope (20x) with the corresponding bright field images. Images were captured using NIS Elements software Version 4.0; AR Ver4.00.05 for 64bit edition (Nikon Instruments Inc., https://www.microscope.healthcare.nikon.com/products/software/nis-elements).

Fig. 4 .

 4 Fig. 4. In vitro analysis of LNCaP cells stained at D0 with PKH26 and treated or not with enzalutamide (500 nM) during 7 days. PKH26 fluorescence intensity was measured by FACS. a. FACS histograms showing PKH26 fluorescence at different days of the experiment and negative control presenting non-stained cells. b. Graph representing mean of PKH26 fluorescence at each day of experiment. c. Graph representing median of PKH26 fluorescence at each day of experiment.

Figure 1 .

 1 Figure 1. Establishment and characterization of CDX and CDX-derived cell lines. (A) Schematic of available patient samples and established CDX and CDX-derived cell lines (red cross = not available). (B) CDX tumor growth curves. Indicated number of CTCs was injected in NSG mice. Palpable CDX tumors were obtained after 100, 200, 116, and 100 days in GR-CDXL1, GR-CDXL2, GR-CDXL3, and GR-CDXL4, respectively. (C) IHC characterization of patient L4 TB at baseline and disease progression, GR-CDXL4 CDX tumor and CDX-derived cell line. Representative images of HES, CK8/18, EpCAM, Ki67, Vimentin, TTF1, Chromogranin A, and Synaptophysin stainings are shown at a total magnification of ×200. Scale bar: 10 μm.
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Figure 2 .

 2 Figure 2. Evaluation of CDX-derived cell line metastatic potency in ovo and in vivo. (A) Metastatic capacity of CDX-derived cell lines in the CAM. mCherry-expressing CDX-derived cells were implanted into the CAM, and metastatic fluorescent signal was analyzed at day 7. Representative fluorescence/CT images of GR-CDXL1-, GR-CDXL3-, and GR-CDXL4-generated tumors are shown (top). Quantitative analysis of average fluorescence intensity (bottom); each point represents a single embryo. (B) Metastatic capacity of CDX-derived cell lines in NSG mice. Luciferase-expressing CDX-derived cells were grafted into NSG mice by IC to generate metastases. Representative BLI images of GR-CDXL1-, GR-CDXL3-, and GR-CDXL4-generated tumors are shown (top). Quantitative analysis of average BLI intensity (bottom); each point represents a single mouse. Data are mean ± SEM; **P ˂ 0.01, ***P < 0.001 by Kruskall Wallis and post hoc Dunn's test.

Figure 3 .

 3 Figure 3. Comparative genomic analysis of biopsies and the CDX. (A) Fraction of TB mutations detected and undetected in the CDX. (B) Fraction of TB driver mutations detected and undetected in the CDX. (C) Mutated driver genes and their amino acid sequence variation in the biopsy and the CDX. (D) Mutated driver genes and amino acid sequence variation in the TB only. (E) Fraction of CDX mutations issued or not from the TB. (F) Fraction of CDX driver mutations issued or not from the TB. (G) Mutated driver genes and amino acid sequence variation in the CDX only.

Figure 4 .

 4 Figure 4. Heatmap of the CNA analysis of the TB, the CDX, and the CDX-derived cell lines. Unsupervised hierarchical clustering of CNA profiles was performed. Copy gains are shown in red, and copy losses are shown in blue. CN, copy number.

Figure 5 .

 5 Figure 5. Phylogeny of CDX and CDX-derived cell lines. (A-D) Branches are unscaled, and their length is not proportional to the number of alterations occurring in the branch. The number of mutations (in dark) and the CNAs (gain in red and loss in blue) are mentioned on the branches of the tree. Only genes bearing driver truncal or acquired alterations (mutations or CNAs) are indicated.

Figure 6 .

 6 Figure 6. DNA damage response activation in CDX-derived cell lines. (A) Representative images of 53BP1 foci (red) in A549 and GR-CDXL3 cells (top).Proportion of S/G2 (cyclinA + ) cells with more than 5 53BP1 foci (bottom). (B) Representative images of GH2AX + (green) mitotic cells in GR-CDXL1 and A549 (top). Proportion of H2AX + mitoses (bottom). (C) Representative images of 53BP1 NB (red) in A549 and GR-CDXL1 cells (top). Proportion of G1 (cyclinA -) cells with more than 3 53BP1 NB (bottom). (D) Western blot analysis of the levels of p-CHK1, CHK1, FANCA, and PARP1 in CDX-derived and NSCLC cell lines. (E) Representative images of IR-induced RAD51 foci (red) in S phase (geminin + ) GR-CDXL1 and GR-CDXL3 cells (top). Proportion of RAD51 + /geminin + NT and IR cells (bottom). (F) Representative images of APH-induced pRPA32 foci (green) in GR-CDXL1 and GR-CDXL3 cells (top). Level of pRPA32 foci per cell in NT and APH-treated (bottom). (G) Representative images of APH-induced pDNA-PK foci (red) in A549 and GR-CDXL1 cells (top). Level of pDNAPK foci per cell in NT and APH-treated (bottom). For E-G, we kept only A549 NSCLC cell line as a comparator, as the other control had equivalent levels of DNA damage. Data are shown as mean ± SD from at least 3 independent experiments; *P ˂ 0.05, **P ˂ 0.01, ***P ˂ 0.001, ****P < 0.0001 by Kruskall Wallis and post hoc Dunn's test. NB, nuclear body; NT, nontreated, IR, irradiated; APH, aphidicolin. Scale bar: 10 μm.
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 75 Figure 7. Mitotic defects in CDX-derived cell lines. (A) Metaphase spreads of GR-CDXL1, GR-CDXL3, and GR-CDXL4 chromosomes, shown at a total magnification of ×150. (B) Chromosome numbers. (C) Absolute copy number profiles showing whole-genome duplication of GR-CDXL3 (top) and GR-CDXL4 (bottom) cell lines. (D) IF analyses of mitotic defects in NSCLC and CDX-derived cells; yellow arrow indicates anaphasic bridge, and red arrow indicates lagging chromosome (left). Fraction of mitotic cells presenting defects (right). (E) Representative images of dual α-tubulin/centrin immunostaining revealing clustering of extra centrosomes in GR-CDXL3 cells (white arrows) (left). Proportion of cells presenting centrosome clusters (right). Statistical significance was assessed using Kruskall Wallis and post hoc Dunn's test for B and E. Data are shown as mean ± SEM; *P ˂ 0.05, ***P < 0.0001 from n = 3 experiments.

Figure 8 .

 8 Figure 8. In vitro, in ovo, and in vivo drug assays. (A) Mean in vitro IC 50 values of cisplatin for control and CDX-derived cell lines. (B) Mean in vitro IC 50 values of olaparib. (C) Western blot showing SLFN11 expression levels in GR-CDXL1, GR-CDXL3, GR-CDXL4, and NSCLC cell lines. (D) qPCR for SLFN11 gene expression in A549 and CDX-derived cell lines normalized to GAPDH expression level. Data are fold change and are shown as mean ± SEM. n = 3 experiments; **P ˂ 0.01 by Kruskall-Wallis and Dunn's test. (E) IHC staining of SLFN11 in patients L1 (CDX, cell line, and metastatic mouse tumor) and L4 (TB, CDX, cell line, metastatic mouse tumor) samples. Scale bar: 30 μm. (F) Mean in vitro IC 50 values of BYL719 for control and GR-CDXL3 cell line. For A, B, and F, data are shown as mean ± SD. n = 3 experiments; *P < 0.05, **P < 0.01, Kruskall-Wallis and Dunn's test (A and B), 2-tailed unpaired t test with Welch's correction (F). (G) Three-dimensional representative images at ID17 (left) and quantitative analysis of average fluorescent tumor foci (right) of GR-CDXL1 or GR-CDXL4 mCherry-expressing CAM tumors, treated or not with olaparib. (H) Luciferase-expressing GR-CDXL1 (left, upper panel) or GR-CDXL4 (left, lower panel) tumors treated with olaparib. Representative BLI images (left) and tumor volumes (right) obtained at indicated days of treatment are shown. (I) Tumors at day 32 (GR-CDXL1-Luc) and day 25 (GR-CDXL4-Luc). (J) Three-dimensional representative images obtained at ID17 (left) and quantitative analysis of average fluorescent tumor foci (right) of GR-CDXL3 mCherry-expressing CAM tumors treated or not with AZ82 and/or BYL719. For G and J, data are shown as mean ± SEM. n = 3 experiments; *P ˂ 0.05, **P ˂ 0.01, ***P ˂ 0.001, ****P < 0.0001 by Kruskall-Wallis and Dunn's test. Each point represents a single embryo. (K) Representative BLI images of GR-CDXL3 luciferase-expressing mouse tumors treated or not with AZ82 and/or BYL719. Tumor volume is shown (lower panel). For H and K, data are shown as mean ± SEM. n = 5; *P ˂ 0.05, ***P ˂ 0.001, ****P ˂ 0.0001 by 2-way ANOVA. (L) GR-CDXL3 luciferase-expressing tumors obtained at day 28.

  in short time frames. This technique enabled in ovo monitoring of CDX-derived cell metastatic spread through the detection of fluorescent metastatic foci within seven to nine days using spectral imaging. Less aggressive cell lines remained in primary nodules and failed to migrate, thus generating higher fluorescence intensity compared to highly disseminating tumor cells, which were found at lower levels in primary nodules[START_REF] Pawlikowska | Exploitation of the chick embryo chorioallantoic membrane (CAM) as a platform for anti-metastatic drug testing[END_REF]. Furthermore, we use the CAM model for pharmacological targeting of metastatic tumors, by testing and validating biologydriven therapeutic strategies in NSCLC[START_REF] Tayoun | Targeting genome integrity dysfunctions impedes metastatic potency in non-small cell lung cancer circulating tumor cell-derived explants[END_REF]. DDR dysfunctions are an important hallmark of cancer contributing to tumor development. Over the years, targeting the DDR has emerged as an unprecedented therapeutic opportunity in several malignancies, but its exploitation in NSCLC is still particularly poor (Passiglia et al., 2021; Pearl et al., 2015; Pilié, Tang, et al., 2019; Remon et al., 2020). Clinical studies evaluating PARPi as maintenance treatment did not have proven efficacy in chemosensitive NSCLC tumors, even in the HRD tumor setting (Owonikoko et al., 2019; Postel-Vinay et al., 2021). A deeper understanding of DDR pathways and their implication in NSCLC tumor progression using functional models is thus required. For this purpose, our group developed novel CDX platforms to help provide relevant insight into mechanisms underlying metastatic progression and identify DDR-related vulnerabilities. 199 Our CDX tumors and CDX-derived cell lines faithfully recapitulated corresponding patient response to platinum-based chemotherapy. Comparative WES analysis unraveled important mutational profile similarities (52-76%) between the CDX, the CDX-derived cell line and the matched patient TB when available or patient single CTC (in the case of GR-CDXL1). These findings thus validated the clinical relevance of our models. Importantly, phylogenetic inference from genomic WES data depicted clonal driver mutations in key DDR-related genes, including TP53, BRCA2, PARP1, CHK2, ARID1A and ARID1B, as well as acquired CNAs; loss of FANCA and WWOX and gain of MDM2 and MDM4 DDR genes and AKT1. This is in line with previous findings in NSCLC tumors showing deleterious mutations in DDR pathways (Knijnenburg et al., 2018; Ricciuti et al., 2020), which led us to further investigate DDR activity in our CDX-derived cell lines. GR-CDXL1 cells were resistant to cisplatin -mimicking patient clinical progression at two months in response to chemotherapy -and presented a somatic, bi-allelic BRCA2 mutation as well as the deletion of the FA effector FANCA promoter. Additionally, these cells harbored high levels of DSBs which remained unrepaired post-mitosis, constitutively activating CHK1 signaling and the DDR. IF analysis of irradiated tumor cells showed impaired RAD51 nuclear foci formation -a surrogate marker of HR function (Graeser et al., 2010) -in both GR-CDXL1 and GR-CDXL4 proliferative (geminin + ) cells. These findings provided an HRD profile in both GR-CDXL1 and GR-CDXL4 tumor cells, leading to their sensitivity to olaparib in vitro, in ovo and in vivo. We acknowledge that the platinum-resistant/olaparib-sensitive profile of GR-CDXL1 contradicts the currently accepted predictive value of chemosensitivity for PARPi response in solid cancers (Cleary et al., 2020; Sonnenblick et al., 2015). However, in the SAFIR02-Lung cohort, pathogenic BRCA1/2 mutations found in NSCLC tumors (~ 2.1%) were not indicative of higher platinum sensitivity (Remon et al., 2020). Evidence also shows that CTCs may have differential therapeutic responses (C. Gong et al., 2015; M. Yu et al., 2014). In breast cancer, it has been elucidated that increased reactive oxygen species production triggered by CTC detachment from the ECM promoted a partial 200 pre-activation of cell cycle checkpoints in CTCs, prior to chemotherapy (C. Gong et al.,

  mutated patients at resistance to TKI[START_REF] Cha | A Case of ALK-Rearranged Adenocarcinoma with Small Cell Carcinoma-Like Transformation and Resistance to Crizotinib[END_REF][START_REF] Cooper | Third-generation EGFR and ALK inhibitors: Mechanisms of resistance and management[END_REF]. The biological mechanisms behind it remain unclear, but it has been demonstrated that baseline RB1 and TP53 inactivation increased its risk of occurrence (J.-K.Lee et al., 2017); a genomic profile that was deciphered by WES analysis in all patient L4 tumor samples. We therefore suggest another predictive role of SLFN11 overexpression in promoting NSCLC-SCLC transformation, but further investigation is warranted.GR-CDXL3 and GR-CDXL4 presented increased CIN levels including early wholegenome doubling, a known feature of NSCLC tumors predictive of unfavorable prognosis (Jamal-Hanjani et al., 2017). Moreover, GR-CDXL3 cells harbored supernumerary chromosomes. Interestingly, we also elucidated a tumor survival mechanism of centrosome clustering in GR-CDXL3 cells, which is frequently adopted by cancer cells harboring amplified centrosomes and helps them maintain their survival via bipolar spindle formation[START_REF] Ganem | A Mechanism Linking Extra Centrosomes to Chromosomal Instability[END_REF][START_REF] Krämer | Centrosome clustering and chromosomal (in)stability: A matter of life and death[END_REF][START_REF] Sansregret | Determinants and clinical implications of chromosomal instability in cancer[END_REF]

A

  recent report by Fan et al has demonstrated that ATM/ATR kinases induce KIFC1 phosphorylation and subsequent centrosome clustering in tumor cells in response to DNA-damaging agents, leading to high CIN as well as a risk of tumor resistance to treatment and recurrence. The authors thus highlight the therapeutic potential of blocking KIFC1 phosphorylation using, for example, ATR or ATM inhibitors (Fan et al., 202 2021). Overall, our data highlights tumor adaptation mechanisms of CIN in GR-CDXL3, which are implicated in tumor propagation and aggressiveness and are targetable in ovo and in vivo. Preliminary IF analyses in CDX-derived cell lines GR-CDXL1, GR-CDXL3 and GR-CDXL4 have shown the presence of micronuclei; extra-nuclear chromatin fragments surrounded with a nuclear envelope, arising during mitosis from unresolved genome instability. Cyclic GMP-AMP synthase (cGAS), a key cytosolic DNA sensor, localizes to micronuclei in response to nuclear envelope rupture-mediated DNA release, leading to downstream immune response activation through cGAS-stimulator of interferon genes (STING) signaling (Kwon & Bakhoum, 2020; Mackenzie et al., 2017). In the context of accumulating evidence unraveling the role of DDR deficiency in determining tumor immunogenicity (Chabanon et al., 2021), we plan to explore the activation of the cGAS-STING pathway in our CDX-derived cell lines through the evaluation of: (i) protein expression of cGAS and STING by western blot, (ii) transcriptional and secretion levels of inflammatory cytokines including CCL5 and CXCL10 -which are normally upregulated in this immune response (Parkes et al., 2016) -by qRT-PCR and Enzyme-Linked Immunosorbent Assay (ELISA) respectively. Several reports elucidated the immunomodulatory effect of PARPis and other DDR inhibitors in different DDR-deficient contexts including NSCLC, through the activation of the cGAS-STING cascade, thus providing a preclinical rationale for the therapeutic association of DDR inhibitors and ICIs (Chabanon et al., 2019; Ding et al., 2018; Pantelidou et al., 2019; Parkes et al., 2016; Sen et al., 2019). The dynamic interplay between the DDR and the tumor immune system is being extensively exploited in the clinic (Wanderley et al., 2022). Numerous trials exploring the combination of DDR inhibitors (e.g. PARPi, ATRi) and immune checkpoint blockade are currently ongoing in several cancer types including NSCLC, where a proof-of-concept phase I/II study is evaluating the efficacy of durvalumab in combination with olaparib (NCT02484404) (Desmond et al., 2022). Therefore, the investigation of micronuclei-induced cGAS-203 STING pathway activation in our DDR-deficient models may help uncover new immuno-oncology therapeutic targets in NSCLC CTCs. Overall, this work provides for the first time to our knowledge an in-depth molecular and functional characterization of novel CTC-derived systems in NSCLC. Genomic and mechanistic analyses elucidated distinct DDR dysfunctions underpinning CTC metastatic potency in each of our CDX-derived cell lines. Importantly, our findings suggest biology-driven targeting strategies as well as SLFN11 as a predictive biomarker of response, which may help inform patient selection for an expanded use of DDRbased therapies in NSCLC.

  majorité des cancers bronchiques sont diagnostiqués à des stades avancés et nonopérables et le décès est généralement dû au développement de métastases. Il existe deux formes histologiques : le cancer bronchique non à petites cellules (CBNPC) et le cancer bronchique à petites cellules (CBPC), qui représentent respectivement environ 85% et 15% des cas. Ce manuscrit est consacré exclusivement au CBNPC. Les défauts de la réponse aux dommages à l'ADN (DDR) génèrent des altérations (mutations, altérations du nombre de copies de gènes (CNA), anomalies chromosomiques) et une instabilité du génome qui favorise la progression tumorale. De nouvelles stratégies thérapeutiques ciblant la DDR comme les inhibiteurs de PARP (PARPi) ont montré une efficacité dans plusieurs cancers, notamment les cancers de l'ovaire et du sein. Cependant, ces molécules se sont révélées peu efficaces dans le CBNPC. Les cellules tumorales circulantes (CTC) sont très rares dans la circulation sanguine. Issues de tumeurs primaires ou de métastases, elles possèdent des propriétés biologiques particulières leur permettant de transiter dans le sang et de former une nouvelle tumeur. Initiatrices de la progression métastatique, ces cellules constituent une cible thérapeutique particulièrement intéressante. Cependant, leur caractérisation moléculaire et fonctionnelle est limitée par leur rareté, ainsi que leur grande hétérogénéité phénotypique et génomique. Notre laboratoire a établi quatre modèles de xénogreffes de CTC (CTC-derived xenografts -CDX) GR-CDXL1, GR-CDXL2, GR-CDXL3 et GR-CDXL4 à partir d'une cohorte de 55 patients atteints de CBNPC avancé, ainsi que trois lignées cellulaires dérivées de ces CDX. À ce jour, un seul modèle CDX dans le CBNPC a été rapporté dans la littérature. Des travaux préliminaires ont montré que ces CDX présentent un phénotype épithélial concordant avec l'histologie des biopsies tumorales correspondantes et reproduisent la réponse des patients aux 242 chimiothérapies. Ces premières données ont montré la pertinence clinique de nos modèles. Objectifs Nous avons émis l'hypothèse que des déficiences des voies de réparation et des mécanismes de la DDR ont un rôle clé dans le potentiel métastatique des CTC de CBNPC et pourraient constituer des vulnérabilités et potentiellement des cibles thérapeutiques. Notre objectif principal a été de mener une analyse moléculaire et fonctionnelle approfondie de nos modèles et d'explorer les mécanismes qui soustendent le potentiel métastatique des CTC. Notre étude a reposé sur quatre axes principaux : (i) réaliser un séquençage total de l'exome (whole-exome sequencing -WES) des CDX, des lignées dérivées, des biopsies correspondantes et des CTC de patients collectées chez les patients au moment de la xénogreffe, et identifier les anomalies moléculaires présentes dans ces différents échantillons afin de reconstruire leur organisation phylogénétique, (ii) réaliser une étude mécanistique de l'activité de la DDR et de l'instabilité chromosomique (CIN) dans nos trois lignées cellulaires, (iii) réaliser des tests pharmacologiques in vitro ciblant les déficiences de la DDR et de la CIN identifiées dans notre étude génomique et fonctionnelle, (iv) évaluer l'activité métastatique des lignées dérivées de CDX chez la souris immunodéficiente (NSG) et dans le modèle de membrane chorioallantoique du poulet (CAM) et finalement valider les cibles thérapeutiques précedemment sélectionnées in vitro, in ovo et in vivo. Résultats Caractérisation génomique et analyse phylogénétique L'analyse génomique comparative des données de WES a révélé une similarité de 52-76% entre les profils mutationnels des CDX, les lignées, les biopsies correspondantes et les CTC isolées en cellules uniques. Les arbres phylogénétiques ont montré la présence de mutations clonales dans plusieurs gènes « drivers » de la DDR et de l'intégrité du génome, notamment TP53, BRCA1, BRCA2, PARP1, CHK2, ARID1A et ARID1B, ainsi que des CNA sous-clonales, tels que des pertes de FANCA et WWOX et des gains du nombre de copies des gènes de la DDR MDM2 et MDM4 et du gène AKT1. Ces résultats montrent un dysfonctionnement des mécanismes de la DDR, ce qui nous a orienté vers l'étude fonctionnelle de la DDR dans nos modèles. Étude de la DDR dans les lignées dérivées de CDX Afin d'estimer le taux de cassures double-brin (double-strand breaks -DSB) présents dans nos trois lignées, nous avons réalisé des co-marquages par immunofluorescence (IF) des protéines cycline A (marqueur de phase S/G2 du cycle cellulaire) et 53BP1. 53BP1 est spécifique des DSB et se présente en forme de foci dans les cellules en S/G2 et en foyers nucléaires (nuclear body -NB) dans les cellules en phase G1. Les trois modèles présentent des taux élevés de DSB en phase S (plus de cinq foci 53BP1) en comparaison de ceux observés dans la lignée de CBNPC A549. Plus de 50% des cellules GR-CDXL1 présentent plus de trois NB, ce qui témoigne de la persistance de dommages non-réparés en post-mitose dans ces cellules. Ceci a été confirmé par des taux élevés de cellules mitotiques GR-CDXL1 γH2AX + , conférant une activation constitutive du point de contrôle du cycle cellulaire CHK1. Afin d'évaluer l'activité de réparation des DSB par la voie de homologous recombination (HR) de nos lignées, nous avons étudié le recrutement de la protéine clé RAD51 en phase S (double-marquage anti-RAD51/anti-géminine) après irradiation des cellules. Les cellules GR-CDXL1 et GR-CDXL4 montrent un défaut de formation de foci nucléaires RAD51 en comparaison du modèle GR-CDXL3 et de la lignée contrôle A549, indiquant une déficience HR (HRD) dans GR-CDXL1 et GR-CDXL4. La voie non-homologous end joining (NHEJ), quant à elle, est normalement activée dans les trois lignées. Évaluation de la CIN et des défauts mitotiques dans les lignées dérivées de CDX L'étalement des chromosomes métaphasiques a mis en évidence une aneuploidie dans les lignées GR-CDXL1, GR-CDXL3 et GR-CDXL4 avec respectivement 54, 110 et 59 chromosomes. Des défauts mitotiques ont été détectés par IF dans les trois lignées dérivées de CDX. Nous mettons aussi en évidence un « regroupement de 244 centrosomes » (centrosome clustering), notamment dans les cellules GR-CDXL3, qui constitue un mécanisme d'adaptation des cellules tumorales comportant des centrosomes surnuméraires, leur permettant de former un fuseau mitotique bipolaire et ainsi de survivre. Ce mécanisme génère une CIN et constitue une cible thérapeutique potentielle. La CIN est aussi alimentée dans GR-CDXL3 par une duplication du génome. Évaluation du potentiel métastatique des lignées dérivées de CDX et tests pharmacologiques in vitro, in ovo et in vivo Cet axe consiste tout d'abord à évaluer l'activité métastatique de nos lignées dérivées de CDX dans le modèle de la CAM et chez la souris NSG. Dans les expériences in ovo, les cellules ont été infectées par des particules rétrovirales exprimant mCherry et cellesci ont ensuite été implantées sur la CAM. D'autre part, les cellules ont été infectées avec un lentivirus porteur du gène GFP-luciférase, avant leur injection par voie intracardiaque dans des souris NSG. Les trois lignées sont tumorigéniques dans les deux modèles : GR-CDXL1 a formé des tumeurs locales, tandis que les cellules GR-CDXL3 et GR-CDXL4 ont formé plusieurs métastases, concordant avec leur profil de CIN. Les profils mutationnels générés par WES et l'étude fonctionnelle ont fourni un rationnel biologique pour identifier de potentielles cibles thérapeutiques de la DDR et des mécanismes de réparation des dommages à l'ADN. Les cellules GR-CDXL1, présentant une HRD résultant d'une mutation biallélique BRCA2 et de la perte du promoteur de FANCA, sont sensibles au PARPi olaparib in vitro, in ovo et in vivo, malgré leur résistance à la chimiothérapie. Les cellules GR-CDXL4 présentent aussi un profil HRD engendrant une sensibilité à l'olaparib in vitro, in ovo et in vivo, mais ne présentent pas de mutation BRCAness. Afin de comprendre la sensibilité des cellules GR-CDXL4, nous avons étudié le gène SLFN11, dont l'expression a été associée à une réponse à la chimiothérapie ainsi qu'aux PARPi et inhibiteurs de topoisomérase dans certains cancers, et notamment le CBPC. Nous avons observé une surexpression de la protéine SLFN11 dans les cellules GR-CDXL4 exclusivement. Puis, par immunohistochimie, nous avons montré que les cellules tumorales des biopsies du patient L4 (au diagnostic et à progression de la maladie), de la lignée cellulaire et la tumeur du CDX expriment aussi fortement SLFN11. Ce résultat suggère donc que SLFN11 pourrait être un biomarqueur prédictif de sensibilité à l'olaparib dans le CBNPC, indépendamment d'une mutation BRCA1/2, et nécessite des investigations plus approfondies. De plus, la surexpression de SLFN11 coïncide avec l'expression de marqueurs neuroendocrines dans la biopsie du patient à progression sous crizotinib (inhibiteur de tyrosine kinase -TKI), ce qui pourrait témoigner d'une transformation du CBNPC en CBPC. En effet, cette transformation a été décrite comme mécanisme de résistance aux TKI dans le CBNPC porteur de la mutation EGFR ou du réarrangement ALK. Ces résultats suggèrent un rôle de SLFN11 dans la prédiction de la transformation histologique CBNPC en CBPC. Enfin, nous avons obtenu un effet synergique de la combinaison de l'inhibiteur de PI3Kα (ciblant le gain d'AKT) et AZ82 (inhibiteur de centrosome clustering) dans le traitement de tumeurs GR-CDXL3 in ovo et in vivo, ciblant ainsi deux mécanismes d'adaptation tumorale du modèle.ConclusionNous rapportons pour la première fois une caractérisation approfondie moléculaire et fonctionnelle de quatre modèles de CDX et de trois lignées dérivées de CDX dans le CBNPC. Ce travail met en évidence des déficiences de la DDR, dont le ciblage par différents agents pharmacologiques inhibe l'activité métastatique de nos CDX. Il montre donc que les déficiences de la DDR et des mécanismes de CIN ont un rôle important dans le potentiel métastatique des CTC de CBNPC et constituent un rationnel biologique pour des approches thérapeutiques prometteuses dans cette maladie. De plus, l'identification de biomarqueurs prédictifs de réponse à des thérapies ciblant la DDR, tels que le gène SLFN11, permettra, si nos résultats sont confirmés par de plus vastes études, d'élargir leur intérêt clinique à de nouvelles catégories de patients.Title : Genomic instability of non-small cell lung cancer circulating tumor cells as a driving force for their metastatic potential.Keywords : circulating tumor cells, circulating tumor cell-derived xenografts, non-small cell lung cancer, DNA damage response, genomic instability, therapeutic targets Abstract : Lung cancer is the leading cause of cancer-related death worldwide. The majority of patients are diagnosed at advanced and currently incurable stages. Non-small cell lung cancer (NSCLC) represents around 85% of cases. Alterations in the DNA damage response (DDR) and resulting genomic instability (GI) contribute to NSCLC etiology and progression. However, their therapeutic exploitation is disappointing. Circulating tumor cells (CTCs) that dissociate from the primary tumor or its metastases harbor distinct biological properties that allow them to travel through circulation and colonize distant organs. Further insight into CTC biology and identification of their vulnerabilities would provide a rationale for the targeting of the most aggressive tumor clones that fuel metastatic progression. We hypothesized that the DDR and genome integrity maintenance dysfunctions are critical processes in CTC metastatic potency and NSCLC progression. The main aim of my PhD project was to perform a molecular and functional characterization of NSCLC CTCs to elucidate the mechanistic basis of their tumorigenic potential and identify novel therapeutic targets. Using CTCs from 55 patients with advanced-stage NSCLC, our laboratory has established four CTC-derived xenografts (CDX) (GR-CDXL1, GR-CDXL2, GR-CDXL3 and GR-CDXL4) and three CDX-derived cell lines. Preliminary analyses have shown that the four CDX recapitulated patient tumor histology and response to platinum-based chemotherapy, which validated the clinical relevance of our models. To determine the extent to which the CDX was representative of the corresponding patient tumor biopsy, wholeexome sequencing (WES) was performed on the CDX (GR-CDXL1, GR-CDXL2, GR-CDXL3, GR-CDXL4), CDXderived cell lines, corresponding patient tumor biopsy and single CTCs. The four major goals of my thesis were as follows: (i) identification of genomic alterations and in-depth comparative genomic analysis of the CDX, CDX-derived cell lines, corresponding patient tumor biopsy and CTCs using WES analysis data, (ii) functional characterization of DDR activity and chromosomal instability (CIN) events in the CDX-derived cell lines, (iii) in vitro drug assays targeting DDR defects, (iv) 3D modeling of the metastatic potency of our CDX-derived cell lines in ovo in the chick embryo chorioallantoic membrane (CAM) and in vivo in immunodeficient mice and pharmacological targeting of metastasis. Genomic analysis by WES has shown considerable mutational landscape similarity between the CDX, the cell lines, the patient biopsies and single CTCs. WES and reconstruction of phylogenetic trees of the CDX and the CDX-derived cell lines revealed truncal alterations in key DDR and genome integrity-related genes prevalent across models and assessed as therapeutic targets in vitro, in ovo and in vivo. GR-CDXL1 presented homologous recombination deficiency linked to bi-allelic BRCA2 mutation and FANCA deletion and unrepaired DNA lesions post-mitosis. GR-CDXL1 cells were sensitive to PARP inhibitor (PARPi) olaparib, despite chemoresistance, which challenges the current clinical rationale claiming that chemosensitive NSCLC patients should respond to PARPi. Targeting CIN through centrosome clustering inhibition in GR-CDXL3 impeded tumor growth in ovo and in vivo. In GR-CDXL4, olaparib sensitivity was dictated by SLFN11 overexpression, which also corresponded with increased neuroendocrine marker expression at patient disease progression, suggesting a predictive value of SLFN11 in histological transformation of NSCLC into SCLC. This study unravels distinct DDR profiles as a central mechanism underpinning CTC metastatic potency. It also suggests SLFN11 overexpression as a potential biomarker of sensitivity to PARPi in NSCLC independently of BRCAness. Overall, our models provide a robust platform for drug testing of DDR-targeted strategies to expand patient categories that may benefit from precision medicine in metastatic NSCLC. Titre : Rôle de l'instabilité génomique dans le potentiel métastatique des cellules tumorales circulantes dans le cancer bronchique non à petites cellules. Mots clés : cellules tumorales circulantes, xénogreffes de cellules tumorales circulantes, cancer bronchique non à petites cellules, réponse des dommages à l'ADN, instabilité génomique, cibles thérapeutiques Résumé : Le cancer du poumon est la 1 ère cause de décès par cancer dans le monde. La majorité des patients sont diagnostiqués à un stade avancé pour lequel il n'existe actuellement pas de traitement curatif. Le cancer bronchique non à petites cellules (CBNPC) représente 85% des cas. Les altérations de la réponse aux dommages à l'ADN (DDR) et l'instabilité génomique (GI) sont impliqués dans l'étiologie et la progression du CBNPC. Cependant, leur ciblage thérapeutique est peu exploité. Les cellules tumorales circulantes (CTC) issues de tumeurs primitives ou métastatiques ont des caractéristiques biologiques très particulières leur permettant de transiter dans le sang et de former des métastases dans des organes secondaires. Une meilleure connaissance de la biologie des CTC pourrait permettre d'identifier des « vulnérabilités » dans ces cellules et de cibler les clones tumoraux les plus agressifs, moteurs de la progression métastatique. Nous avons émis l'hypothèse que des déficiences de la DDR et les mécanismes de GI ont un rôle clé dans le potentiel métastatique des CTC. L'objectif de ma thèse a été de réaliser une étude moléculaire et fonctionnelle des CTC de CBNPC afin de caractériser les mécanismes qui sous-tendent leur potentiel tumorigénique et d'identifier de nouvelles cibles thérapeutiques. À partir des CTC de 55 patients atteints de CBNPC avancé, nous avons développé 4 modèles de xénogreffes (CTC-derived xenografts -CDX) GR-CDXL1, GR-CDXL2, GR-CDXL3, GR-CDXL4 et établi 3 lignées in vitro issues des CDX GR-CDXL1, GR-CDXL3 et GR-CDXL4. Des analyses préliminaires ont montré que les CDX présentent un phénotype concordant avec l'histologie des tumeurs des patients et reflètent leur réponse à la chimiothérapie, validant la pertinence clinique de nos modèles. Un séquençage de l'exome a été réalisé sur les CDX, les lignées dérivées, les biopsies et les CTC collectées au moment de la xénogreffe. Mon projet de thèse s'articule en 4 axes majeurs : (i) identifier les altérations génétiques dans nos différents échantillons séquencés et réaliser une analyse comparative des données, (ii) réaliser une étude fonctionnelle de la DDR et des mécanismes d'instabilité chromosomique de nos lignées, (iii) réaliser des tests pharmacologiques in vitro ciblant les déficiences de la DDR, (iv) étudier et cibler le potentiel métastatique in ovo dans le modèle de membrane chorioallantoique du poulet et in vivo chez la souris immunodéficiente.Notre analyse génomique a révélé des profils mutationnels similaires entre les CDX, les lignées dérivées, les biopsies correspondantes et les CTC. La reconstruction des arbres phylogénétiques a montré la présence d'altérations du nombre de copies de plusieurs gènes « drivers » impliqués dans la GI et la DDR. GR-CDXL1 présente une déficience de la réparation par recombinaison homologue du fait d'une mutation du gène BRCA2, une délétion du promoteur de FANCA, ainsi qu'un taux élevé de cellules post-mitotiques non-réparées. Les cellules GR-CDXL1 sont sensibles à l'inhibiteur de PARP-1 (PARPi) olaparib, malgré une résistance à la chimiothérapie. Dans GR-CDXL3, un « clustering » des centrosomes ciblable in ovo et in vivo a été détecté. GR-CDXL4 présente une sensibilité à l'olaparib qui résulte de la surexpression de SLFN11. Celle-ci coïncide avec l'expression de marqueurs neuroendocrines par la tumeur du patient à progression, suggérant une valeur prédictive de SLFN11 dans la transformation histologique d'un CBNPC en CBPC. Notre travail met en évidence des altérations de la DDR impliquées dans le potentiel métastatique des CTC de CBNPC. Il suggère la surexpression de SLFN11 comme potentiel biomarqueur prédictif de sensibilité aux PARPi dans les CBNPC indépendant du profil BRCAness. Nos modèles sont des outils pour tester de nouvelles thérapies ciblant la DDR dans la progression métastatique du CBNPC, qui pourraient élargir la catégorie des patients bénéficiant de la médecine personnalisée.

  

  

  

  

  

  

Table 1 .

 1 Phase III clinical trials and results of immunotherapy-based therapeutic strategies in NSCLC ………………………………………………………………………………………………….. 26

	Parts A & B

Table 2 .

 2 Pros and cons of CDX models as compared to PDX models in their use as a preclinical research tool …………………………………………………………………………………………… 50

Table 3 .

 3 Main DDR inhibitors currently in the clinical pipelines ……………………………….. 87

Table 4 .

 4 Drug concentrations in vitro ..…………….……………………………………………………....115

  the gold standard reference of CTC technologies today. The development of a number of techniques based on EpCAM enrichment has followed, notably microfluidic devices such as the CTC-chip[START_REF] Nagrath | Isolation of rare circulating tumour cells in cancer patients by microchip technology[END_REF] and the herringbone chip[START_REF] Stott | Isolation of circulating tumor cells using a microvortex-generating herringbone-chip[END_REF], as well as the immunomagnetic MagSweeper device, which isolates viable EpCAM + CTCs[START_REF] Talasaz | Isolating highly enriched populations of circulating epithelial cells and other rare cells from blood using a magnetic sweeper device[END_REF]. The novel GILUPI CellCollector ® allows a wire-based in vivo capture and isolation of EpCAM + CTCs directly from the patient's arm vein[START_REF] Gorges | Enumeration and Molecular Characterization of Tumor Cells in Lung Cancer Patients Using a Novel In Vivo Device for Capturing Circulating Tumor Cells[END_REF].

/CK + profile. This system is adapted solely for the capture of CTCs expressing moderate or high EpCAM expression and excludes non-epithelial cells, thereby missing CTCs that may have undergone EMT. Although limited by substantial CTC heterogeneity, the CellSearch system is a highly robust, standardized, reproducible technology which remains

  an independent prognostic factor (de[START_REF] Bono | Circulating tumor cells predict survival benefit from treatment in metastatic castration-resistant prostate cancer[END_REF][START_REF] Olmos | Circulating tumour cell (CTC) counts as intermediate end points in castration-resistant prostate cancer (CRPC): A single-centre experience[END_REF]. Furthermore, our group showed that the detection of vimentin-and Ki-67expressing CTCs was associated with poorer outcomes in metastatic CRPC(Lindsay et al., 2016). In colorectal cancer, patients presenting at least three CTCs per 7.5 mL blood had worse PFS and OS compared to patients with less than three CTCs(Cohen et al., 2008). Pierga et al showed that CTC detection before/after neoadjuvant chemotherapy is associated with a higher risk of early relapse at the low cut-off level of one CTC per 7.5 mL[START_REF] Pierga | Circulating Tumor Cell Detection Predicts Early Metastatic Relapse After Neoadjuvant Chemotherapy in Large Operable and Locally Advanced Breast Cancer in a Phase II Randomized Trial[END_REF]. More recently, prognostic significance of flow cytometrydetected CTCs was depicted in multiple myeloma for the first time[START_REF] Garcés | Heterogeneity of Epidermal Growth Factor Receptor Status and Mutations of KRAS/PIK3CA in Circulating Tumor Cells of Patients with Colorectal Cancer[END_REF].

	c. CTC molecular profiling phenotype (detection of vimentin expression) (Pailler et al., 2013). We also provide the CTC fractions do not account for true heterogeneity as their sensitivity is very limited sequencing (WES) (Faugeroux, Lefebvre, et al., 2020; Faugeroux, Pailler, et al., 2020; Lohr (Franses et al., 2020; Hong et al., 2021; Miyamoto et al., 2015; Stewart et al., 2020; Sun
	i. first proof-of-concept for the detection of ROS1 chromosomal rearrangements in CTCs Enriched CTC populations due to wild-type DNA contaminations. et al., 2014; Ni et al., 2013; Su et al., 2019). Our group reported the first WES analysis of et al., 2021; G. X. Y. Zheng et al., 2017).
	from ROS1-rearranged NSCLC patients treated with crizotinib. Interestingly, CTCs both epithelial and non-epithelial single CTCs isolated from metastatic CRPC patients. ii. Single CTCs A wide range of molecular profiling assays can be applied to CTCs. At first, most studies harbored high aneuploidy and numerical CIN, highlighting a potential therapy escape This study revealed significant mutational profile similarities between a small number
	Single-cell studies are thus required to overcome this contamination bias and assess were performed on DNA or RNA extracted from a CTC-enriched fraction or whole-mechanism (Pailler et al., 2015). Similarly, assessment of HER2 amplification in CTCs of CTCs or pools and matched metastasis biopsy, as well as CTC-exclusive mutations
	tumor heterogeneity though CTC characterization. Molecular profiling of CTCs at the blood. However, these methods present limited sensitivity and are not representative using FISH has been reported by several groups and may be useful for stratification of recapitulating metastasis-seeding clones (Faugeroux, Lefebvre, et al., 2020).
	single-cell level requires an additional isolation step after enrichment and detection (as of the true tumor profile, mainly due to contamination of the sample by DNA from patients eligible to HER2-targeted therapy (Frithiof et al., 2016; Mayer et al., 2011; Low-pass WGS studies were also adopted to investigate chromosomal instability (CIN)
	described previously in Introduction section III. 1)). Multiple CTC isolation techniques leukocytes (Krebs et al., 2014). One example is a study by Punnoose et al which Munzone et al., 2010). In a longitudinal study of a cohort of ALK-rearranged NSCLC in CTCs from different malignancies such as lung, breast and prostate cancer through
	The role of CTC count as a pharmacodynamic biomarker has also been demonstrated. exist including physical micromanipulation, laser microdissection of filters, explored the possibility to analyze the expression of EGFR mutation among others in patients monitored at early stage of crizotinib treatment, our group reported copy number alteration (CNA) analysis (Carter et al., 2017; Hodara et al., 2019; Malihi fluorescence-activated cell sorting (FACS), the CellCelector ™ (Automated Lab Solutions CellSearch-enriched NSCLC patient CTC populations. Only one out of eight EGFR significant association between a decrease in the number of CTCs presenting ALK-copy et al., 2020; Ni et al., 2013; Oulhen et al., 2021; Pailler et al., 2019). Carter et al identified
	In metastatic breast cancer, a longitudinal study has shown that a decrease in CTC level GmbH, Jena, Germany) and the automated DEPArray (Silicon Biosystems, Bologna, mutations identified in matched patient TBs was detected in enriched fractions, which number gain and longer PFS. This study suggests that monitoring the dynamic change distinct chemoresistance CNA profiles in CTCs from relapsed SCLC patients (Carter et
	below the five CTC/7.5 mL cut-off was associated with better prognosis (Hayes et al., Italy) technology (Fabbri et al., 2013; Neumann et al., 2017; Ross et al., 2015). Next, as highlights the limitations of this method (Punnoose et al., 2012). in CTC count may serve as a predictive biomarker of treatment efficacy in ALK-al., 2017). Similarly, the predictive value of CTC CNA scores for SCLC patient outcomes
	2006). A large multicenter study reported that dynamic changes in CTC counts in a single cell contains very small amounts of DNA (~ 6.6 picograms), a single-cell DNA Fluorescence in situ hybridization (FISH) has been adopted for the detection of gene rearranged NSCLC patients (Pailler et al., 2017). in response to first-line chemotherapy was also demonstrated (Su et al., 2019). To
	response to treatment correlated with clinical benefit and thus PFS and OS in this whole-genome amplification (WGA) step is essential before molecular analysis, but is amplifications and alterations in tumor specimens (McGranahan et al., 2012). To overcome the particularly laborious task of manual FISH analysis of CTC samples optimize the method of genome-wide copy number profiling for clinical applications,
	malignancy (Bidard et al., 2014). Furthermore, in SCLC, a decrease in CTC levels after Chromosome copy number variations may be assessed using centromere-binding due to the retainment of a substantial number of hematopoietic cells in the filters, prone to amplification bias, polymerase errors and allelic dropout (Adalsteinsson & Ferrarini et al established a single-tube single-step Ampli1 ™ WGA-based low-pass
	one cycle of chemotherapy was favorably associated with a significant increase in PFS Love, 2014; Gasch et al., 2013). The first studies aimed to assess technical feasibility by fluorescence-labelled DNA probes. FISH method has been subsequently optimized for technological advancements in the field led to the development of a semi-automated workflow for CNA detection in single CTCs from prostate and lung cancer patients
	and OS (Hou et al., 2012). On the other hand, without using CellSearch CTC comparing single CTC mutational profiles to corresponding primary tumors (Gasch et use in CTCs for the detection of aneuploidy, gene rearrangements and/or microscopy method. CTCs from NSCLC and CRPC patients were analyzed using a (Ferrarini et al., 2018; Hodara et al., 2019; Oulhen et al., 2021; Pailler et al., 2019). In
	enumeration, Scher et al showed the clinical relevance of the quantification of CTC al., 2013; Heitzer et al., 2013; Maheswaran et al., 2008). In brief, after performing WGA amplifications, which has revealed unforeseen chromosomal heterogeneity across combined assay of phenotypic analysis by immunofluorescence (DAPI/CD45) followed NSCLC, our group investigated resistance mutations in CTCs from crizotinib-and
	phenotypic heterogeneity in informing treatment decision for CRPC and metastatic from isolated colorectal cancer patient single CTCs, hotspot mutations in PIK3CA, KRAS CTCs in different malignancies. One of the first successful applications of the FISH assay by the detection of molecular biomarkers (e.g. ALK, ROS1 and ERG gains and lorlatinib-resistant ALK-rearranged patients. Using combined workflow of
	prostate cancer patients (Scher et al., 2017). More recently, transcriptomic profiling of was done in prostate cancer and allowed the detection of ERG rearrangement, AR copy rearrangements) by FA-FISH on selected CD45 -cells (Pailler et al., 2016). Another group and BRAF genes were identified using Sanger sequencing, which may be predictive of Ampli1 ™ WGA-based low-pass followed by targeted NGS of single CTCs, our study
	CTCs by multiplex gene expression revealed key molecular changes related to de novo resistance to EGFR inhibition. Importantly, two distinct PIK3CA mutations were number gain and/or PTEN loss in CRPC patient CTCs (Attard et al., 2009; Leversha et has reported the use of integrated subtraction enrichment and immunostaining FISH elucidated an array of CNAs and mutations in different bypass resistance mechanisms
	resistance mechanisms in metastatic prostate cancer, which could potentially help identified in two different CTCs, underlining the benefit of using single-cell profiling to al., 2009). In the multicentric PETRUS study of biomarker assessment, we reported high for enumeration and karyotyping of CTCs of patients with malignancies such as (Pailler et al., 2019). More recently, a complementary CTC comprehensive CNA analysis
	guide treatment decisions if detected early (Sperger et al., 2021). decipher tumor mutational heterogeneity (Gasch et al., 2013). Another study in concordance between biopsies from metastatic CRPC tumors and corresponding nasopharyngeal carcinoma or esophageal cancer. Notably, CTC karyotyping revealed was performed, which revealed significant intra-and interpatient heterogeneity of CNA
	Importantly, exciting findings were recently reported from the STIC CTC randomized colorectal cancer reported the first comprehensive genotyping of single CTCs using patient CTCs for ERG-rearrangement, with additional alteration patterns in CTCs chromosome 8 aneuploidy, which strongly associated with chemotherapy-related profiles in several pathways including TKI resistance bypass mechanisms (Oulhen et al.,
	open-label phase III trial conducted in patients diagnosed with hormone receptor-array-comparative genomic hybridization and next-generation sequencing (NGS), in highlighting their heterogeneity (Massard et al., 2016). FISH detection of ALK-efficacy and prognosis (Y. Chen et al., 2019; J. Zhang et al., 2018). 2021). Linking genetic and epigenetic modifications to phenotypic differences through
	positive HER2-negative metastatic breast cancer, which suggested CTC count as a comparison to matched patient primary tumor and metastases. Multiple copy number rearrangement in NSCLC patient CTCs and corresponding tumor tissue biopsies was Overall, aforementioned studies mainly evaluated the clinical interest of CTCs as a transcriptomic analysis of single CTCs is also of importance but remains challenging,
	reliable biomarker in guiding first-line treatment choice for these patients changes were detected in CTCs, as well as private CTC mutations that were also found also performed (Ilie et al., 2012; Pailler et al., 2013; Tan et al., 2016). In 2013, our group predictive biomarker and the FISH technique in CTCs as a valuable tool for the as preserving RNA quality is difficult. Nonetheless, several studies have explored this,
	(chemotherapy if count is ≥5 CTCs/7.5 ml; endocrine therapy if <5 CTCs/7.5 ml) (Bidard at the subclonal level in the primary tumor (Heitzer et al., 2013). Significant progress in reported using filter-adapted (FA)-FISH technique the presence of a unique split ALK-detection of tumor biomarkers. However, as mentioned above, analyses of enriched including the development of the single-cell mRNA sequencing protocol Smart Seq
	et al., 2021). sequencing technologies followed, notably whole-genome sequencing (WGS) rearrangement pattern in patient CTCs, which also harbored a mesenchymal (Ramsköld et al., 2012), as well as single-cell RNA sequencing (RNA-seq) of CTCs
	(Gulbahce et al., 2017; Gupta et al., 2017; Jiang et al., 2015) and whole-exome

Cristofanilli et al demonstrated that patients presenting at least five CTCs before the start of a new systemic therapy had worse prognosis, with significantly shorter PFS and OS than patients with fewer than five CTCs. CTC count measured at baseline is thus an independent predictive biomarker of PFS and OS in this malignancy

(Cristofanilli et al., 2004)

. Similar results were reported in newlydiagnosed patients and further confirmed in a pooled analysis a decade later

(Bidard et al., 2014; Cristofanilli et al., 2005)

. The prognostic value of CTCs was also reported in lung cancer, with a cut-off of five CTCs per 7.5 mL blood in NSCLC and 50 CTCs per 7.5 mL blood in SCLC (Hou et al., 2012; Krebs et al., 2011; Lindsay et al., 2017). A more recent multicenter study by Lindsay et al confirmed the prognostic value of an additional threshold of ≥2 CTCs in NSCLC (Lindsay et al., 2019). In castration-resistant prostate cancer (CRPC), CTC counts at baseline and after treatment predicted OS and 44 thus also present

Figure 9. Functional studies on circulating tumor cells. CTCs

  . CDX tumors can be dissociated into ex vivo cultures for drug screening and genome-wide analyses. These CDX-derived cultures are amenable to genetic modification such as lentiviral infection and can be re-injected into mice to be used as tools to track tumor dissemination.

	a. CTC-derived xenografts
	Patient-derived xenograft (PDX) models have rapidly become a core component of
	translational research, as they improve our biological understanding of cancer and
	provide a drug screening platform to test novel treatment approaches (Bousquet &
	Janin, 2016; Hidalgo et al., 2014). PDX are generated by implantation of surgically
	removed primary or metastatic tumor tissue into immunodeficient mice. Although they
	are considered robust preclinical tools for cancer research, PDX feasibility remains
	challenged by limited tumor tissue availability, as biopsy sampling may be detrimental
	or even impossible in some patient cases (Byrne et al., 2017). CDX models established
	from a readily accessible CTC-enriched blood sample have emerged as an attractive,
	minimally-invasive alternative to PDX models, albeit with significantly lower take rates
	(Table 2) (Blackhall et al., 2018; Lallo et al., 2017; Pantel & Alix-Panabières, 2015;
	Tayoun et al., 2019).

enriched and isolated from advancedstage cancer patients may be used to generate tractable CTC-derived xenografts (CDX) or may be expanded in vitro to explore biological properties of tumor-initiating cells and perform pharmacological 50 testings

Table 2 . Pros and cons of CDX models as compared to PDX models in their use as a preclinical research tool.

 2 

		CDX	PDX
	Tumor origin	issued from enriched patient CTCs	issued from patient tissue biopsy
	Relevance	representative of distinct metastatic clones and aggressive disease	single-site, may underestimate heterogeneity
	Feasibility	readily accessible, repetitive blood draw	biopsy sampling may be unavailable/invasive
	Success rate	extremely low CTC prevalence in blood low take rate, limited number of models available	millions of tumor cells available in tissue biopsy relatively high take rate, PDX biobanks
	Abbreviations: CTC, circulating tumor cell; CDX, CTC-derived xenograft; PDX, patient-derived xenograft.
	To date, CDX have been generated in breast, melanoma, lung and prostate cancers and
	are discussed in this section.	

CTC-derived ex vivo models

  

	causing extremely low CTC culture success rate. Ex vivo CTC cultures -mostly short-estrogen receptor-positive breast cancer CTC line was established from a patient a high success rate (87.8%) and showed, for the first time, that organoids drug
	term -were reported in colon, breast, melanoma, prostate and lung cancers and are presenting 1547 CellSearch CTCs. High concordance of CNA profiles was detected sensitivity profiles correlated with corresponding patient clinical response (Y.-H. Wu et
	discussed in this section. between the CTC cell line and isolated CTCs collected at the time of the blood draw, al., 2022).
	-Colon cancer which suggests that the cell line may have derived from CTCs shed from metastasis
	Cayrefourcq et al derived the first permanent colon cancer CTC cell line from EpCAM + (Koch et al., 2020).
	metastatic colon cancer patient CTCs. Genomic, transcriptomic, proteomic and -Melanoma
	secretome studies were performed on the cell line, which resembled donor patient More recently, in an effort to investigate resistance mechanisms in melanoma, Hong et
	tumor features and was tumorigenic in vivo (Cayrefourcq et al., 2015). In a follow-up al established a culture from melanoma CTCs and performed RNA-seq single-cell
	study, eight additional cell lines were established from the same patient with CTCs analysis in primary and cultured CTCs (Hong et al., 2021). Another CTC-derived cell line
	collected at different time points during the treatment course. Transcriptomics analyses was established from metastatic melanoma patient CTCs detected by the DEPArray
	in the nine cell lines revealed stem cell-like properties, as well as an intermediate E/M system. The cells presented an intermediate E/M phenotype and stem cell features as
	phenotype. CTC-derived cultures also promoted angiogenesis in vitro and well as metastatic potency in vivo (Felici et al., 2022).
	tumorigenesis in vivo, through the secretion of potent angiogenesis inducers Despite some successful attempts at in vitro expansion of patient CTCs in several cancer
	(Cayrefourcq et al., 2015; Soler et al., 2018). types, important limitations in two-dimensional (2D) cultures should be taken into
	-Breast cancer account, including: (a) cell morphology alterations due to adherence to plastic and (b)
	Zhang et al reported the culture and characterization of three cell lines from EpCAM -lack of tumor microenvironment and spatial interactions in vitro, which are available in
	CTCs isolated from brain metastatic breast cancer patients. The study revealed a brain vivo (Tayoun et al., 2019; Tellez-Gabriel et al., 2018). These constraints may interfere
	metastasis protein signature HER2 + /EGFR + /HPSE + /Notch1 + in CTC lines, which is with tumor cell physiology and biological response, making the model less relevant. To
	suggestive of breast cancer CTC metastatic competency to the brain (L. Zhang et al., overcome this challenge, the establishment of 3D organoids and co-culture systems
	2013). Another report demonstrated the establishment of non-adherent CTC cultures was reported in prostate and lung cancer respectively (D. Gao et al., 2014; Z. Zhang et
	(over six months) under hypoxic conditions from patients with estrogen receptor-al., 2014). In prostate cancer, Gao et al generated seven 3D organoid lines from CRPC
	positive breast cancer. Three out of five were tumorigenic in vivo, with tumors patient tumor samples, including one from patient CTCs. The models harbored prostate
	recapitulating primary patient tumor features. Furthermore, this study identified cancer-specific genetic alterations including PTEN loss and TMPRSS2-ERG fusion and
	targetable mutations acquired de novo in CTC cell lines, which were explored via were tumorigenic in vivo (D. Gao et al., 2014). In early-stage lung cancer, a novel short-
	CDX feasibility is tumor type-dependent and the process could take several months, a pharmacological assays (M. Yu et al., 2014). A follow-up characterization study was term ex vivo CTC-derived model was developed using a microenvironment-simulating
	time frame that would not provide proper aid for the clinical guidance of donor recently performed and revealed a CTM-specific DNA hypomethylation status at 3D co-culture system. NGS detected several matching mutations (e.g. TP53) found in
	patients. Expansion of viable CTCs ex vivo may be possible, sometimes in a relatively binding sites for stemness-and proliferation-associated TFs, which correlated with cultured CTCs and patient primary tumors (Z. Zhang et al., 2014). More recently,
	shorter time, but CTC low prevalence in patient blood remains an important hurdle poor prognosis in patients (Gkountela et al., 2019). More recently, a novel permanent organoids were derived from pancreatic ductal carcinoma CTCs: the authors reported
	56

Table 1 .

 1 Overview of in vivo circulating tumor cell (CTC)-derived models established to date.

	CTC-Derived Xenografts								
	Type of Cancer	Stage	Live CTC Isolation Technique	# of CTCs	Injection Procedure	Take Rate	Passaging	Main Findings	Ref
		Metastatic luminal	FACS isolation (PI -CD45 -EpCAM + ) or RosetteSep	≥1109 CTCs EpCAM + (CellSearch)	--	Dilution in matrigel Injection in femoral medullar cavity	5%	N/A	--	Specific CTC MIC signature EpCAM + CD44 + MET + CD47 + Recapitulation of patient metastases phenotype in CDX metastases	[59]
									-	No drug sensitivity study
									-	RT-qPCR for genomic profiling of
										CTC/CDX samples before and
	Breast cancer	Metastatic triple-negative	Density gradient centrifugation: Histopaque ®	969 CTCs EpCAM + (CellSearch)	--	Dilution in matrigel Subcutaneous injection 3%	Piece of tumor explant or injection of explant culture	-	after injection identified by RNAseq WNT pathway upregulation as a potential therapeutic target in TNBC	[65]
									-	No drug sensitivity study
		Metastatic triple-negative	FACS (CD45 -/CD34 -/CD105 -/CD90 -CD73 -) N/A	Intracardiac injection	33%	Minced metastatic liver tissue	-	Identification of a TNBC liver analyses for signature transcripts metastasis CTC-specific signature (whole-transcriptome)-Survival	[66]
									-	recapitulation of patient response to
	Melanoma	Stage IV	RosetteSep	N/A	--	Dilution in matrigel Subcutaneous injection 13%	Tumor fragments	-	dabrafetinib in the CDX concordance in SNV profiles	[67]
										(WES/RNAseq)
		Metastatic	RosetteSep	>400 CTCs EpCAM + (CellSearch)	Dilution in matrigel/subcutaneous	67%	Tumor fragments	--	Recapitulation of CTC genomic profile to chemotherapy by CDX tumors CDX mimicked donor's response	[68]
	SCLC								-	Faithful recapitulation of the
		Limited or extensive stage	CTC-iChip + RosetteSep Ficoll	N/A	Dilution in matrigel/subcutaneous	38%	Tumor fragments	-	tumor genome Reflection of evolving treatment	[70]
										sensitivities of patient tumor

Table 1 .

 1 Cont. 

	CTC-Derived Xenografts								
	Type of Cancer	Stage	Live CTC Isolation Technique	# of CTCs	Injection Procedure	Take Rate	Passaging	Main Findings	Ref
	NSCLC	Metastatic	RosetteSep	>150 CTCs by FACS (CD45/CD144/ vimentin/CK)	Dilution in matrigel/subcutaneous	100%	Disaggregation of tumor	-	Importance of mesenchymal CTCs with tumorigenic capacity	[71]
								-	Recapitulation of genome	
	CRPC	Metastatic	DLA/RosetteSep	~20,000 CTCs EpCAM + (CellSearch)	Dilution in matrigel/subcutaneous	14%	Tumor fragments	-	characteristics in CTC, patient tumor Tumorigenic CTCs with acquired and CDX (WES)	[73]
									CRPC-NE features	

* N/A: not available; FACS: Fluorescent-activated cell sorting; CDX: CTC-derived xenograft; MIC: Metastasis-initiating cell; TIC: Tumor-initiating cell; TNBC: Triple-negative breast cancer; SCLC: Small-cell lung cancer; SNV: Single nucleotide variant; NSCLC: Non-small cell lung cancer; CRPC: Castration-resistant prostate cancer; NE: Neuroendocrine; WES: Whole-exome sequencing.

Table 2 .

 2 Overview of CDX-derived ex vivo cultures established to date.

	Type of Cancer	Stage	Culturing Conditions	Main Findings	Ref
	SCLC	Metastatic	HITES medium with ROCK inhibitor-non-adherent cell clusters-short-term	Recapitulate genomic landscape and in vivo drug response Tumorigenic in vivo Lentiviral transduction of one cell line	[69]
	CRPC	Metastatic	DMEM/F12 medium-adherent conditions-permanent	Recapitulation of genomic characteristics and standard of care drug response	[73]

CDX-Derived Ex Vivo Cultures

Table 3 .

 3 Overview of ex vivo CTC-derived models established to date.

CTC-

Derived Ex Vivo Models

  

	Cells 2019, 8, 1145					10 of 17				
	Type of Cancer	Stage	Live CTC Isolation Technique	# of CTCs (CellSearch)	Culturing Conditions	Success Rate Main Findings	Ref
	Colon cancer	Nonresectable metastatic	RosetteSep	≥300	--	Hypoxic in medium 1 DMEM/F12 to normoxic conditions in medium 2D, sustained for >6months 2 RPMI1640	1%	---	Recapitulation of main genomic features Intermediate EMT + stem cell properties Tumorigenic in vivo	[9,10]
	Breast cancer	Metastatic	FACS	0	--	Normoxic stem cell culture medium 2D	8%	-	Tumorigenic in vivo, brain metastasis signature (EpCAM -HER2 + /EGFR + /HPSE + /Notch1 + )	[75]
		Metastatic luminal CTC-iChip	3-3000	--	Hypoxic, nonadherent 2D, Sustained for >6 months	83%	--	Tumorigenic in vivo CTM-specific methylation profile Drug sensitivity panels and	[43,76]
					-	Growth factors reduced				
	CRPC	Metastatic	RosetteSep-Ficoll	>100	-	Matrigel/Advanced DMEM/F12 3D, sustained for >6 months	6%	-	Tumorigenic in vivo	[77]
	NSCLC	Early stage	Microfluidic CTC-capture device	1-11	--	Matrigel + collagen 3D, sustained for ~1 month	73%	-	Common mutations between cultured CTCs and primary tumor	[78]

  [START_REF] Mu | SLFN11 inhibits checkpoint maintenance and homologous recombination repair[END_REF][START_REF] Murai | Resistance to PARP inhibitors by SLFN11 inactivation can be overcome by ATR inhibition[END_REF][START_REF] Murai | SLFN11 Blocks Stressed Replication Forks Independently of ATR[END_REF][START_REF] Pilié | PARP Inhibitors: Extending Benefit Beyond BRCA-Mutant Cancers[END_REF].Conversely, in SLFN11-negative cells, ATR orchestrates response to replication stress and preclinical models have shown that targeting these cells with a combination of ATR inhibitor plus PARPi or another DNA-targeting agent may be beneficial[START_REF] Murai | Resistance to PARP inhibitors by SLFN11 inactivation can be overcome by ATR inhibition[END_REF][START_REF] Murai | SLFN11 Blocks Stressed Replication Forks Independently of ATR[END_REF][START_REF] Winkler | SLFN11 informs on standard of care and novel treatments in a wide range of cancer models[END_REF]. Additional data showed that SLFN11 inhibits checkpoint maintenance and HR via RPA removal from ssDNA[START_REF] Mu | SLFN11 inhibits checkpoint maintenance and homologous recombination repair[END_REF].Moreover, SLFN11 expression is dynamic and has been shown to be regulated epigenetically, transcriptionally and via viral infection[START_REF] Murai | Schlafen 11 (SLFN11), a restriction factor for replicative stress induced by DNA-targeting anti-cancer therapies[END_REF]. Interestingly, epigenetic silencing of SLFN11 gene expression through hypermethylation was

	rendered possible owing to recent advances in tumor sequencing technologies, a
	development which further extends the cancer population that may benefit from PARPi
	therapy (Lord & Ashworth, 2016). Importantly, the clinical validity of HRD testing
	through HR gene level tests (BRCA and non-BRCA genes) genomic scars or functional
	assays (e.g. RAD51) is now well-established in ovarian cancer and helps predict PARPi
	benefit (Miller et al., 2020). Additionally, a pattern of single-base substitution mutations
	labeled "signature 3" is strongly concordant with defective HR repair of DSBs through
	the pathogenic loss of BRCA1 or BRCA2 (Alexandrov et al., 2013; Nik-Zainal et al., 2012).
	In lung cancer, ERCC1 expression has been identified as a potent predictive biomarker
	For example, in SCLC, Lok et al demonstrated that SLFN11 expression strongly
	correlated with sensitivity to talazoparib in vitro, while its loss conferred PARPi
	resistance. Furthermore, its immunohistochemical expression was associated with PDX
	tumor response to talazoparib, thus suggesting SLFN11 as a potential predictor of
	PARPi monotherapy efficacy in SCLC (Lok et al., 2017). In parallel, mechanistic studies
	have elucidated SLFN11 mode of action. When expressed, SLFN11 is recruited at

of treatment remains limited due to the lack of accurate, validated biomarkers predictive of response to DDR-based strategies. The development and validation of DDR predictive biomarkers is therefore critical for better patient stratification and implementation of DDR-based precision medicine strategies to a wider population (Cleary et al., 2020; Pilié, Gay, et al., 2019). a. Beyond BRCA In the absence of germline BRCA1 or BRCA2 mutations, some cancers may display a "BRCAness" phenotype, i.e. an HR defect phenocopying a BRCA-mutant (Lord & Ashworth, 2016). Indeed, since the initial reports describing the PARP/BRCA synthetic lethality, other synthetic lethal relationships involving PARP inhibition have been unraveled in tumors harboring alterations in DDR genes such as RAD51, ATM, ATR, PALB2 and FANCA, which may confer tumor sensitivity to PARPi activity (McCabe et al., 2006). The identification of BRCAness phenotypes across human cancers has now been of response to platinum-based regimens, with low levels of ERCC1 being associated with better response to chemotherapy in multiple reports (Olaussen et al., 2006; Postel-Vinay et al., 2012). Nevertheless, ERCC1 status assessment in the clinic in a phase III biomarker trial was not prognostic in NSCLC (S. M. Lee et al., 2017). A top biomarker candidate of therapeutic response which has emerged recently and is under extensive investigation in several malignancies is schlafen family member 11 (SLFN11). Findings from in vitro analyses and patient-derived models have highlighted this DNA/RNA helicase as a strong determinant of sensitivity to alkylating agents (e.g. cisplatin), topoisomerase I and II and DNA synthesis inhibitors (Barretina et al., 2012; Conteduca et al., 2020; Coussy et al., 2020; Murai et al., 2019; Zoppoli et al., 2012).

SLFN11 overexpression has also been associated with sensitivity to PARPis, while its inactivation dictated resistance

(Lok et al., 2017;[START_REF] Murai | Resistance to PARP inhibitors by SLFN11 inactivation can be overcome by ATR inhibition[END_REF][START_REF] Stewart | Dynamic variations in epithelial-tomesenchymal transition (EMT), ATM, and SLFN11 govern response to PARP inhibitors and cisplatin in small cell lung cancer[END_REF]

. replication forks in an RPA-dependent manner in response to induced replication stress, opens chromatin and irreversibly blocks replication fork progression leading to 90 cell death (Figure

16

)

Table 1 .

 1 DNA damage repair-related biomarkers in CTCs.

	DNA Repair-Related Protein Markers in CTCs	Tumor Type	Treatment	Key Findings	Ref.
				-A dose-dependent increase of	
		Various advanced cancers	Topotecan	ΥH2AX-positive patient CTCs -Monitoring of pharmacodynamics effects with topotecan	[80]
				of chemotherapy via nuclear ΥH2AX levels	
	ΥH2AX (phosphorylated Ser 139 H2AX	NSCLC	Radiotherapy	Elevated ΥH2AX signal in CTCs post-radiotherapy	[81]
	variant histone)			-Exploratory study showing the use of	
		Peritoneal cancers and advanced solid malignancies	Radiotherapy and PARPi (veliparib)	ΥH2AX in CTCs presented a decrease, suggestive of -Increase in ΥH2AX + CTC levels after treatment in few patients while one patient	[82]
				treatment failure	
				-RAD50 foci formation used to label and	
	RAD50 (double strand break repair protein)	NSCLC	Radiotherapy	track CTCs subjected to radiation at primary site	[83]
				-Monitoring of tumor dynamics	
				Correlation between low ERCC1	
		NSCLC	Platinum chemotherapy	expression in CTCs and progression-free	[85]
				survival after platinum-based therapies	
	ERCC1 (Excision repair group 1) cross-complementation	Breast cancer	Neoadjuvant chemotherapy	-72% of ERCC1-positive CTCs and clinical parameters after therapy -No significant correlation between CTCs	[86]
				ERCC1-positive CTC at diagnosis	
		Ovarian cancer	Platinum chemotherapy	predictive of resistance to platinum-based	[87]
				therapy	
	SLFN11 (DNA/RNA helicase member 11) Schlafen family	CRPC	Platinum chemotherapy	Potential use of SLFN11 expression in response to platinum therapy CTCs for selection of patients with better	[92]
	RAD23B (RAD23 homolog B)	Rectal cancer	Radiation and 5-FU Or radiation and capecitabine	Expression of thymidylate synthase chemoradiation (TYMS) and RAD23B has predictive value of nonresponse to neoadjuvant	[93]

  (CAM) chick embryo model.

open 1 U981 "Identification of Molecular Predictors and New Targets for Cancer Treatment", INSERM, 94805 Villejuif, France. 2 "Circulating Tumor Cells" Translational Platform, UMS AMMICa CNRS 3655-INSERM US23, Gustave Roussy, Université Paris-Saclay, 94805 Villejuif, France. 3 Flow Cytometry and Imaging Platform, UMS AMMICa CNRS 3655-INSERM US23, Gustave Roussy, Université Paris-Saclay, 94805 Villejuif, France. 4 Genomic Platform, CNRS UMS3655 -INSERM US23 AMMICA, Gustave Roussy, Université Paris-Saclay, 94805 Villejuif, France. 5 Experimental and Translational Pathology Platform, CNRS UMS3655 -INSERM US23 AMMICA, Gustave Roussy, Université Paris-Saclay, 94805 Villejuif, France. * email: francoise.farace@gustaveroussy.fr

Table 1 .

 1 List of used cell lines with their short characteristics.

			type		alteration	origin
	NCI-H1299	Large cell carcinoma	NRAS Q61K	ATCC
	NCI-H1975	Non-small cell lung carcinoma	EGFR T790M	ATCC
					EGFR L858R
					TP53 R273H
					CDKN2A E69*
	A549	Non-small cell lung carcinoma	KRAS G12S	ATCC
	NCI-H2228	Non-small cell lung carcinoma	EML4-ALK fusion	ATCC
	NCI-H1650	Non-small cell lung carcinoma	EGFR delE746-A750	ATCC
	LNCaP	Prostate carcinoma Androgen	PTEN loss	ATCC
		receptor positive		
	DU145	Prostate carcinoma Androgen-	8q gain	ATCC
			independent		
	IGR-CaP1	Prostate carcinoma	TP53 Y126C	19 Al Nakouzi et al. 2012
	GR-CDX P1	Prostate carcinoma	TP53, RB1, PTEN loss	23 Faugeroux et al. 2020
	Supplementary Fluorescent	Excitation	Emission	Advantages in context of	Disadvantages in context of
	protein/dye	(nm)	(nm)	CAM model	CAM model
	GFP	465	520	Very stable and non-toxic	Sensitivity of fluorescent
						imaging is limited by strong
						and heterogeneous auto-
						fluorescence signal
						of the chick embryo
	mCherry	570	620	Compatible with deep	Possibly less stable than GFP
				imaging,	
				low auto-fluorescent
				background,
				resistant to photo-
				bleaching	
	PKH26	535	580	Compatible with deep,	Toxicity, required dose
				imaging,		adaptation to cell/tissue
				low auto-fluorescent	types,
				background,	Localized in lipid regions of
				useful for in vivo long-	the intracellular membranes
				lasting studies (here 7
				days), compatible with
				3D IVIS Spectrum Imaging
	Supplementary				

Table 2 .

 2 Advantages and disadvantages of used fluorescent markers in the contexts of the CAM model.

Table 1 . Patient demographics

 1 

	Clinical parameters	Patients	Patients with CDX
	Age A	59 (37-81)	51 (39-66)
	Sex (%)		
	Female	21 (38)	2 (50)
	Male	34 (62)	2 (50)
	Smoking status (%)		
	Nonsmoker	10 (18)	0
	Smoker <15 PY	10 (18)	0
	Smoker ≥ 15 PY	37 (67)	4 (100)
	Histology (%)		
	Adenocarcinoma	45 (82)	3 (75)
	Squamous cell carcinoma	7 (13)	1 (25)
	Large cell carcinoma	3 (5)	0
	Number of metastatic sites (%)		
	0	4 (7)	0
	1	17 (31)	0
	≥ 2	34 (62)	4 (100)
	Number of lines of therapy A		
	0	6 (11)	0
	1	20 (36)	2 (50)
	≥ 2	29 (53)	2 (50)

CDX, circulating tumor cell-derived explant; PY, pack per year. A Results obtained at blood collection. 141 JCI Insight 2022;7(11):e155804 https://doi.org/10.1172/jci.insight.155804

  SNV mutations were aggregated as a binary score (1 if a nonsynonymous or frameshifting, exonic or on a splice-site was observed, else 0) at the gene level. Resulting profiles were clusterized using the binary distance and Ward's

	aggregation method. All computation and figure processings were performed using R
	v4.0.2.
	1 TB
	specimen) or the CDX.
	Bam-readcount (https://github.com/genome/bam-readcount) was used to rescue
	reliable variants that were present in at least two tumor samples and were not
	detected by Mutect2 because of their low VAF. Ensembl's Variant Effect Predictor
	(VEP, release 87) (16) was used to annotate variants with respect to functional
	consequences (type of mutation and prediction of the functional impact on the protein
	by SIFT.2.2 and PolyPhen 2.2.2) and frequencies in public (dbSNP147, 1000

Genomes phase 3, ExAC r3.0, COSMIC v79) and in-house databases. We used the Cancer Genome Interpreter

(17) 

to predict driver and passenger mutations.
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Dendrogram.

  Fortessa cytometer (BD Biosciences) equipped with BD FACS Diva software. Data were analyzed using the Kaluza software (Beckman Coulter).

	phangorn v2.3.1 (21) was used to perform the parsimony ratchet method (22),
	generating unrooted trees. The number of mutations and driver mutations on each
	branch were then determined by selecting mutations present in all samples
	Protein extraction and western blot analysis. Cells were lysed in 1% NP40 lysis
	downstream the branch.
	buffer [150 mM NaCl, 1 mM EDTA, 50 mM Tris pH7.5, 0.5% NP40, H2O]
	CDX-derived cell line establishment and cell culture. After resection, tumor
	fragments were conserved in RPMI 1640 medium (Life Technologies, Carlsbad, CA,
	USA) and immediately transferred to the laboratory. After two washes in 1X PBS (Life
	Technologies) and incubation for 10min in a 10 mL 1X PBS solution containing 1:10
	penicillin/streptomycin (penicillin 10,000 units/mL, streptomycin 10,000 μg/mL,
	Life Technologies), tumor fragments were first mechanically dissociated using a
	scalpel before enzymatic dissociation with the Tumor Dissociation Human Kit
	(Miltenyi Biotech, Köln, Germany) according to manufacturer's protocol. Cell
	suspension was then successively filtered on 100-μm and 40-μm cell strainer and
	washed with PBS 1X before counting. Depletion of mouse cells was performed with
	1) For each CTC and each chromosome aberration, we counted the number of the Mouse Cell Depletion Kit according to manufacturer's protocol using an
	SNPs with consistent (e.g. BAF > 0.5 in the CTC and tumor samples) and discordant AutoMacs Pro Separator (Miltenyi Biotec). Tumor cells were then centrifuged and
	allelic imbalance resuspended in Advanced DMEM/F12 medium (Life Technologies) supplemented
	with 10% FBS, 1% antibiotics (penicillin-streptomycin) and 1% ultraglutamine (Lonza,
	2) We used Fisher's exact test to identify chromosome segments with a Basel, Switzerland). After counting, cells were plated in six-well plates (TPP,
	significant enrichment in consistent SNPs Trasadingen, Switzerland) coated with poly-L-lysine (Merck, Sigma-Aldrich LLC.,
	3) We considered an aberration to be present in a CTC sample if the Fisher Saint-Louis, MO, USA). For GR-CDXL3 and GR-CDXL4 cells, culture medium is
	test was significant (p-value < 0.05) with ≥80% consistent SNPs. supplemented with ROCK1 inhibitor 10nM (Y-27632; Selleckchem, Houston, TX,
	USA). Cells were observed three times a week and passaged in tissue culture flasks
	for cell expansion, freezing or characterization; cells were detached using 0.005%
	trypsin-EDTA (Life Technologies) before centrifugation and counting. The same
	167 168

Phylogenetic inference. Trees were built using a binary presence/absence matrix built from the VAF of each sample (present = VAF > 0). The R Bioconductor package

  Using the CellSearch system, multiple studies including our own have reported the low prevalence of NSCLC CTCs even at advanced stages of the disease, due to the loss of EpCAM expression (or to a CK-low phenotype), mainly through EMT(Hou et al., 2011; Lecharpentier et al., 2011;[START_REF] Lindsay | A prospective examination of circulating tumor cell profiles in non-small-cell lung cancer molecular subgroups[END_REF]. Our group has highlighted a mesenchymal vimentin + phenotype in ALKrearranged NSCLC CTCs in response to ALK TKI, which may define the tumorigenic clones seeding metastasis in ALK-positive NSCLC(Pailler et al., 2013). This was further confirmed in a subsequent study elucidating a highly altered CNA profile in ALK + /CK - NSCLC CTCs[START_REF] Oulhen | Circulating tumor cell copy-number heterogeneity in ALK-rearranged non-smallcell lung cancer resistant to ALK inhibitors[END_REF]. Improvements in different aspects such as CTC enrichment approaches (e.g. non-EpCAM-based methods) or CTC implantation techniques are thus needed to enhance tumor take rate in NSCLC CDX models.The establishment of permanent in vitro CDX-derived cell lines facilitated characterization studies, as these were more easily amenable to mechanistic and pharmacological assays in a shorter time frame compared to CDX, as well as to genetic modifications for in vivo metastatic monitoring. Similar tools were previously developed from SCLC CDX models, albeit as short-term ex vivo cultures(Lallo et al., 2019). Throughout this project, we developed and optimized the chick embryo CAM assay as a preclinical platform for the functional characterization of metastatic tumors

	Patient P1 Model		Age 45 Sample Mean Depth Coverage above 25X Gender Histology Smoking status (PY) F Adenocarcinoma nonsmoker SNVs	# lines of therapy 6 INDELs SNVs+INDELs # metastatic sites 4	Oncogenic drivers -	# CTCs by CS /7.5 mL blood 9	# CTCs injected 23	Model
	P2 P3 P4 P5 GR-CDXL2 L2-TB 52 64 53 40 GR-CDXL1 L1-CDX L1-CellLine	M F M M	148 158 154	Adenocarcinoma Adenocarcinoma Adenocarcinoma Adenocarcinoma 91 97 97	25 nonsmoker 40 20 Part D. Discussion and Perspectives 4 1 BRAF 1 3 4 3 EGFR 22 62 1 1 KRAS 5 0 2 -ND ND 363 217 580 17 450 17 467 436 14 450
	AKT1 436 287 The present work is part of a larger project undertaken by our group over the past few P6 62 F Adenocarcinoma nonsmoker 1 3 EGFR 0 0 P7 72 M Adenocarcinoma 1 7 0 KRAS 0 0 P8 (termed L1) 39 M Adenocarcinoma 50 2 2 -750 3500 L2-CDX 110 81 20 456 GR-CDXL3 L3-TB 73 92 7 294 P9 37 M Large cell carcinoma 4-5 1 2 ROS1 1 L3-CDX 97 84 232 10 242 5 P10 61 F Adenocarcinoma 35 7 1 KRAS 0 0 L3-CellLine 96 84 221 6 227 years, to develop functional cancer models (CAM and CDX) and provide insight into FANCA P11 55 M Adenocarcinoma 20 1 2 -0 0 P12 51 M Large cell carcinoma 50 1 0 -0 GR-CDXL4 L4-TB 110 96 282 13 295 0 P13 64 M Adenocarcinoma 45 1 3 KRAS 0 0 L4-CDX 114 88 332 11 343 the biology of CTCs in both CRPC and NSCLC malignancies (Faugeroux, Pailler, et al.,	GR-CDXL1
	P14	55 L4-CellLine	M	112	Adenocarcinoma 87	10	263	2	11	1 274	ALK	9	38
	P15 P16 2020; Pawlikowska et al., 2020; Tayoun et al., 2022). My doctoral research focused on 56 M Adenocarcinoma * 1 3 BRAF 0 0 62 F Adenocarcinoma 25 6 2 KRAS 0 0
	P17 P18 the comprehensive genomic and functional characterization of four novel CDX models 66 F Adenocarcinoma nonsmoker 2 2 EGFR 2 9 46 F Adenocarcinoma nonsmoker 1 1 EGFR 32 137
	P19		42	F		Adenocarcinoma	20		2		2	c-MET	1	4
	P20 P21 (GR-CDXL1, GR-CDXL2, GR-CDXL3 and GR-CDXL4) and three CDX-derived cell lines 61 F Adenocarcinoma 35 3 2 -3 13 74 M Adenocarcinoma 80 2 4 -0 0
	P22		61	M		Adenocarcinoma	60		4		3	ALK	5	19
	P23 established in our laboratory in collaboration with XenTech (ANR project grant ANR-69 M Squamous cell carcinoma 50 2 0 -0 0
	P24 P25 15-CE17-0006-01), from advanced-stage NSCLC patient CTCs. Only one other NSCLC 68 M Adenocarcinoma 100 0 3 -2 8 52 F Adenocarcinoma 32 3 3 KRAS 15 62
	P26		56	F		Adenocarcinoma	35		1		2	KRAS	76	253
	P27 CDX model has been previously reported in the litterature, harboring a mesenchymal 56 F Squamous cell carcinoma 40 5 1 -1 4
	P28		65	M		Adenocarcinoma	30		2		1	-	6	22
	P29		58	M		Adenocarcinoma	50		4		1	ALK	1	4
	P30		65	M		Adenocarcinoma	15		1		3	KRAS	12	42
	P31		55	F		Adenocarcinoma	7		5		0	ALK, MET	1	4
	P32		66	M		Adenocarcinoma	8		1		1	EGFR	13	49
	P33		64	M		Adenocarcinoma	5		0		2	EGFR	4	17
	P34		65	M		Adenocarcinoma	70		1		1	-	0	0
	P35		59	M		Squamous cell carcinoma	15		1		3	-	19	86
	P36		56	M		Squamous cell carcinoma	40		3		4	-	6	19
	P37 (termed L2)	45	F		Adenocarcinoma	25		2		3	KRAS	10	35	GR-CDXL2
	P38		53	M		Adenocarcinoma	40		1		2	KRAS	16	66
	P39		81	F		Adenocarcinoma	nonsmoker		2		3	EGFR	3903	17694
	P40		63	M		Squamous cell carcinoma	40		0		3	-	0	0
	P41		59	M		Adenocarcinoma	unknown		1		3	-	0	0
	P42		71	F		Adenocarcinoma	2		6		1	EGFR	1	4
	P43		51	M		Adenocarcinoma	18		1		3	EGFR	13	54
	P44		59	F		Adenocarcinoma	nonsmoker		0		1	-	1	4
	P45		40	F		Adenocarcinoma	15		0		1	KRAS	9	47
	P46		67	M		Squamous cell carcinoma	1		2		2	-	0	0
	P47		54	M		Adenocarcinoma	30		1		1	HER2	0	0
	P48 (termed L3)	55	M		Squamous cell carcinoma	34		1		3	-	117	330	GR-CDXL3
	P49		69	F		Adenocarcinoma	nonsmoker		2		1	ALK	3	16
	P50 (termed L4)	66	F		Adenocarcinoma	80		1		3	MET	243	1102	GR-CDXL4
	P51		58	M		Adenocarcinoma	35		1		2	BRAF	19	86
	P52		71	F		Adenocarcinoma	nonsmoker		3		1	EGFR	2	8
	P53		53	M		Adenocarcinoma	40		2		3	KRAS	0	0
	P54		64	M		Adenocarcinoma	40		2		1	KRAS	0	0
	P55		73	M		Large cell carcinoma	60		2		4	-	0	0

phenotype as no CTCs were detected by CellSearch

(Morrow et al., 2016)

. Despite the relatively high take rate observed in aggressive malignancies such as SCLC or melanoma, CDX model establishment from NSCLC patients remains particularly difficult. Low success rate in NSCLC is mostly attributed to the low counts of CellSearchdetectable CTCs, defined by EpCAM and CK positivity (5 CTCs/7.5 mL vs prognostic cutoff of 50 CTCs in SCLC)

[START_REF] Krebs | Analysis of Circulating Tumor Cells in Patients with Non-small Cell Lung Cancer Using Epithelial Marker-Dependent and -Independent Approaches[END_REF] Lallo et al., 2017; Tayoun et al., 2019)

. Herein, we noted that the implantation of a substantial number of epithelial CTCs may not be the sole factor required for CDX tumor growth. Indeed, mesenchymal CTCs can also give rise to a CDX in NSCLC

(Morrow et al., 2016)

.
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SUPPLEMENTARY METHODS

Enrichment, detection and isolation of single CTCs. Individual CTC isolation was

performed by combining different methods. Either: (i) isolation by size of epithelial tumor cells (ISET) filtration, immunofluorescence staining and scanning of filters, followed by laser microdissection CD45 + cells, or (ii) enrichment via RosetteSep, immunofluorescence staining followed by FACS isolation, or (iii) CTC detection using CellSearch followed by CTC isolation using self-seeding microwell chips. The methods are described in detail in previous reports (6,7).

WGA, quality control, dsDNA. Whole genome amplification (WGA) of CTCs and CD45-positive cells was performed using the Ampli1 WGA kit (Menarini) according to manufacturer's instructions. The quality of Ampli1 WGA products was checked by multiplex PCR as described by Polzer et al. (8). To increase total dsDNA content in Ampli1 WGA products, ssDNA molecules were converted into dsDNA molecules using the Ampli1 ReAmp/ds kit (Menarini).

Isolation of genomic DNA from blood, TB, CDX and CDX-derived cell line. DNA

from formalin-fixed paraffin-embedded tumor biopsies was purified with QIAamp DNA FFPE Tissue kit (Qiagen, Hilden, Germany) according to manufacturer's protocol. DNA from the CDX was extracted with AllPrep DNA/RNA kit (Qiagen) and germline DNA and cell line DNA was purified with QIAamp DNA blood kit (Qiagen).

Sequence alignment and variant calling. Base calling was performed using the

Real-Time Analysis software sequence pipeline (2.7.7) from Illumina with default parameters. Sequence reads from amplified DNA (circulating T cells and CD45 pools) were trimmed for Ampli1 adapters with Cutadapt (1.14) (9). Human reads from xenograft samples were extracted by bamcmp (10). Reads were then aligned to the normal-serum culture medium was used for cell expansion and permanent culture.

Human adenocarcinoma NSCLC cell lines A549 (derived from primary lung tumor) and H441 (derived from pericardial fluid) were obtained through the CANCER-ID consortium and grown in RPMI 1640 medium. Lung A427 cell line (derived from primary lung tumor) was obtained from the American Type culture Collection (ATCC) and grown in MEM medium (Sigma Aldrich) supplemented with 10% FBS, 1% antibiotics, 1% ultraglutamine and 1% sodium pyruvate (Thermo Scientific). All cell lines were regularly verified for mycoplasma contamination using MycoAlert (Lonza).

Immunohistochemistry. IHC staining was performed on formalin-fixed, paraffinembedded (FFPE) tissue from patient biopsy specimens, CDX and CDX-derived cell lines with antibodies to CK8/18, EpCAM, Ki67 antigen, Vimentin, CD44, TTF1, p40, CK5/6, Chromogranin A, Synaptophysin and SLFN11 (Supplementary Table 4). All primary antibody incubations were carried out at RT for 1h except incubation with CK5/6 and SLFN11, which was performed at 37°C. IHC stains were examined by an experienced pathologist (JYS).

FACS analysis. Aldehyde dehydrogenase (ALDH) activity was performed using the

Aldefluor kit (StemCell Technologies) according to manufacturer's instructions.

EpCAM, CD133, CD166, pan-cytokeratins and E-cadherin antibodies were used according to manufacturer's protocol. Fixation and permeabilization steps were performed for pan-cytokeratins and E-cadherin antibodies using the Fix&Perm kit (ThermoFisher) according to the manufacturer's instructions. 2x10 5 cells were incubated with each antibody or corresponding negative control isotype antibodies (Supplementary Table 5) at RT for 20 min. Acquisition was performed with LSR Relative gene expression was calculated according to the ΔΔCq method and normalized to GAPDH expression. 

Drugs and chemicals. Aphidicolin (CAS

Stable cell lines expressing mCherry-Luc or GFP-Luc. Stable tumor cell lines

were established after infection with retroviral/lentiviral vectors (plasmids: MI-Luc-IRES-mCherry #75020, Addgene Teddington, UK; lentivirus: RediFect TM Red-FLuc-GFP, PerkinElmer). Production and titration of retroviral particles were performed as previously described (23). Infection was performed on retronectin-coated plates (TaKaRa Bio, CA, USA) and efficiency was assayed by testing mCherry expression using flow cytometry. When efficiency was below 98%, cell sorting was performed. Supplementary Figure 2 Supplementary Figure 3 178 Supplementary Figure 4 GR-CDXL1 

GR-CDXL3