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B. Risk factors

Several genetic and environmental risk factors for breast cancer have been identified (TABLE 1).

A small proportion of breast cancers are associated with germline mutations in the BRCA1 or BRCA2 genes, which code for proteins involved in double-strand DNA break repair. BRCA1

and BRCA2 increase breast cancer risk by a factor higher than four, and are associated with high-grade breast tumors. -omics profiling of breast tumors has also prompted the identification of driver mutations such as TP53, and of contributing mutations (AKT3, ARID1B, CASP8, CDKN1B, MEP3K1, MAP3K13, NCOR1, SMARCD1 and TBX3) [START_REF] Stephens | The landscape of cancer genes and mutational processes in breast cancer[END_REF]5). However, the large number of genes and mutations thus identified are implicated in only a small percentage of tumors.

Hormonal exposure, both endogenous (late-menopause, early-onset menstruation, late first childbirth) and exogenous (use of oral contraceptives and hormone-replacement therapy), is another risk factor that can influence breast cancer development. Hormonal exposure promotes cell proliferation, thereby increasing the probability of DNA damage and the likelihood of cancer onset and progression.

Finally, lifestyle or environmental factors such as exposure to ionic radiations, alcohol and tobacco consumption, excess weight and obesity, as well as physical inactivity have been shown

to promote breast tumor occurrence (6,7).

C. Diagnosis/Screening methods

Mammography is the most effective screening method for breast cancer (1,8). Mammography screening uses low-dose radiation to detect small in-situ lesions and invasive lesions, thus allowing tumor detection up to one and a half years before a bump may be felt. For women at high risk, magnetic resonance imaging (MRI), which uses magnetic fields instead of x-rays to produce high-resolution images of the breast, may supplement mammography. The sensitivity mammography and MRI is constantly improving, but these procedures remain resource intensive and are not available in most developing countries. 

II. Breast cancer classification

A. Breast architecture

Anatomy of the breast

In order to apprehend today's classification of breast cancers, it is first necessary to address the complexity of breast architecture.

The adult female breast articulates around a network of small, milk-producing glandular structures called lobules or mammary glands (FIGURE 2) (1). Mammary glands group together to form lobes. Each breast is composed of 15 to 20 lobes, which are radially distributed around the nipple. Lobes are connected together to the nipple by ducts, whose function is to transport maternal milk during lactation, and separated by connective and adipose tissue. The adipose tissue harbors nerves, blood vessels, and the lymphatic system, which drains to the axillary, parasternal and subclavicular nodes [START_REF] Hassiotou | Anatomy of the human mammary gland: Current status of knowledge[END_REF]. 

Histology of the mammary glands

The epithelial compartment of the mammary gland is mainly composed of luminal and myoepithelial cells (FIGURE 3). Luminal cells wall the ductal lumen and the alveoli. Myoepithelial cells align behind the luminal cells to form a discontinuous, basal layer with contractile properties. It is the contraction of the myoepithelial cells that allows milk flow into the mammary ducts. Basal cells were colored using antibodies against the basal cytokeratins 5/6 (gray) and luminal cells with antibodies against the luminal cytokeratins 8/18 (dark blue). From Perou et. al [START_REF] Perou | Molecular portraits of human breast tumours[END_REF].

A small number of bi-potent progenitor cells, which differentiate into either luminal or myoepithelial cells, are found within or directly above the basal layer [START_REF] Perou | Molecular portraits of human breast tumours[END_REF][START_REF] Al-Hajj | Prospective identification of tumorigenic breast cancer cells[END_REF].

B. Morphological classification of breast tumors

Until 2003, breast tumor classification relied on anatomical and histological analyses defining tumor type, grade, and stage.

Tumor type

Tumor type discriminates two groups of tumors: in situ carcinomas and invasive carcinomas.

In situ carcinomas are well localized. They do not cross the basal membrane of the mammary duct, and do not invade the surrounding tissue. There are two main types of in situ carcinomas:

ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS) (FIGURE 4). DCIS, which refers to tumors bound to the milk duct, is the most frequent type of in situ carcinoma (around 80%) (1). High grade DCIS presents high-risk of recurrence and metastasis (5). LCIS refers to tumor cells located inside the breast lobules [START_REF] Portschy | Trends in incidence and management of lobular carcinoma in situ: a population-based analysis[END_REF]. LCIS are usually associated with low progression risk over 20-25 years (12), but are an indicator of increased risk of developing invasive breast cancer. Invasive breast carcinomas, by comparison, invade adjacent tissues and are able to metastase to distant sites. Invasive breast carcinomas form a very heterogenous group, with variable morphological and clinical characteristics. Invasive ductal carcinomas and invasive lobular carcinomas are the most frequent. Invasive ductal carcinomas stem from the uncontrolled proliferation of epithelial cells lining the mammary ducts [START_REF] Weigelt | Histological and molecular types of breast cancer: is there a unifying taxonomy?[END_REF]. They represent the majority of breast cancers (70-80%) (1). Invasive lobular carcinomas originate from epithelial cells located within the breast lobules.

Tumor grade

Histological grade is a measure of the resemblance between the tumor and its tissue of origin.

Histological grade derives from a grading system first established by Scarff, Bloom and Richardson, which takes into account three parameters: architectural differentiation (tubule formation), nuclear polymorphism and proliferation rate (mitotic count) [START_REF]Breast cancer stages, types and grades[END_REF].

Tumor stage

Tumor stage is defined using the tumor-node-metastasis (TNM) classification, and provides information on the extent of the disease [START_REF]Breast cancer stages, types and grades[END_REF]. The TNM classification takes into account the size of the tumor (T), the degree of spread to adjacent lymph nodes (N), and tumor cell spread to a different part of the body (M).

Tumor grade and stage are powerful indicators of prognosis, and provide useful information for patient management. However, this pathological assessment presents its limits in that it fails to reflect the full breadth of breast cancer heterogeneity. Indeed, patients with similar stage or grade may have a very different response to treatment due to intertumor and intratumor variation.

Recent technological progress and increased biological understanding of breast cancers have oriented clinical practice towards more precise diagnostic methods. New classifications, which take into account molecular and gene expression data, have emerged to optimize treatment choice and better assess patient prognosis.

C. Molecular classification of breast tumors

Breast cancer diagnoses now routinely call for immunohistochemical assessment of specific molecular markers. Based on very few markers, pathologists are able to rapidly stratify breast tumors and orient therapeutic decisions.

More precisely, the immunohistochemistry (IHC) classification of breast tumors largely relies on three molecular markers identified by tumor tissue staining and in-situ hybridization [START_REF] Schnitt | Classification and prognosis of invasive breast cancer: from morphology to molecular taxonomy[END_REF]:

the presence or absence of (i) estrogen (ER+/ER-) or (ii) progesterone (PR+/PR-) receptors, and

(iii) the expression status of the epidermal growth factor receptor 2 (HER2+/HER2-). In addition to these three markers, pathologists assess expression of Ki67 and a number of cytokeratins for more complete tumor profiling (FIGURE 5).

ER+/PR+ tumors are classified as luminal. Tumors that overexpress HER2 (ER+/PR+/HER2+

or ER-/PR-/HER2+) are called HER2-positive (HER2). Finally, tumors that express neither estrogen nor progesterone receptors, and do not overexpress HER2 (ER-/PR-/HER2-) are coined "triple-negative" (TN) and will be the subject of a separate chapter. Perou et al. [START_REF] Perou | Molecular portraits of human breast tumours[END_REF][START_REF] Perou | Tumor classification using gene expression patterns from DNA microarrays[END_REF] were among the first to classify breast cancers along microarray-based gene expression. Their analysis originally defined four breast cancer subtypes -Normal-breast-like, Luminal, HER2, and basal-like -distinguished by the expression of a number of "intrinsic genes". Perou's classification has since been revisited, and breast cancers are now commonly categorized as luminal A, luminal B, HER2, or basal-like [START_REF] Sørlie | Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications[END_REF]. Each subtype is distinct in terms of incidence, risk factors, and therapeutic management.

Luminal breast tumors

Both luminal A and luminal B tumors express the ER and ER-dependent transcription factors [START_REF] Perou | Molecular portraits of human breast tumours[END_REF][START_REF] Perou | Tumor classification using gene expression patterns from DNA microarrays[END_REF][START_REF] Lam | Breast cancer classification by proteomic technologies: current state of knowledge[END_REF].

Luminal A are the most common breast tumors (40-50%). Luminal A tumors are associated with low proliferation (low MKI67 expression), and the expression of genes involved in fattyacid metabolism and estrogen/progesterone-mediated signaling pathways. Luminal A cancers generally have the most favorable outcome.

Luminal B tumors represent 30-40% of breast tumors [START_REF] Prat | Clinical implications of the intrinsic molecular subtypes of breast cancer[END_REF]. They are characterized by the overexpression of proliferation and cell-cycle related genes such as MKI67 or AURKA [START_REF] Prat | Clinical implications of the intrinsic molecular subtypes of breast cancer[END_REF], and can be further stratified into two groups based on the status of the Erb-B2 gene (overexpressed/amplified vs. negative), which encodes HER2 [START_REF] Perou | Molecular portraits of human breast tumours[END_REF][START_REF] Perou | Tumor classification using gene expression patterns from DNA microarrays[END_REF]. Patients diagnosed with luminal B breast cancer present a worse 5-and 10-year prognosis than patients diagnosed with luminal A breast cancer.

HER2 breast tumors

HER2 tumors represent approximately 20-30% of breast tumors [START_REF] Morris | Personalizing therapy for metastatic breast cancer[END_REF]. They are characterized by the amplification of Erb-B2 [START_REF] Perou | Molecular portraits of human breast tumours[END_REF][START_REF] Perou | Tumor classification using gene expression patterns from DNA microarrays[END_REF]. These tumors overexpress a number of proliferationrelated genes [START_REF] Prat | Clinical implications of the intrinsic molecular subtypes of breast cancer[END_REF] and, due to their high proliferation rate, exhibit a high number of genomic mutations. As a consequence, the HER2 subtype is associated with rapid tumor progression, increased risk of metastasis, high relapse rate, and poor patient outcome [START_REF] Perou | Molecular portraits of human breast tumours[END_REF][START_REF] Lam | Breast cancer classification by proteomic technologies: current state of knowledge[END_REF].

Basal-like breast tumors

The basal-like subtype is the most distinct breast cancer subtype. It is characterized by low expression of ER, PR, and Erb-B2 (HER2), high expression of proteins associated with the myoepithelial, contractile layer of the breast (cytokeratins-5/6, cytokeratin-14), and high expression of genes involved in (i) cell proliferation (MKI67), (ii) differentiation, (iii) the p21 signaling pathway, and (iv) the G1-S cell-cycle checkpoint [START_REF] Prat | Clinical implications of the intrinsic molecular subtypes of breast cancer[END_REF]. The basal-like subtype is associated with early recurrence and high risk of metastasis.

Basal-like tumors also present defects in DNA-repair pathways, and more particularly in homologous-recombination mechanisms. These are largely caused by mutations in BRCA1/2 or methylation of the BRACA1/2 promoter region [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF], but also by DNA-repair deficiencies independent from BRCA mutations [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF]. Homologous-recombination-defective tumors are referred to as "BRCA-ness" [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF].

Endorsement

The St Gallen International Expert Consensus Panel on the Primary Therapy of Early Breast

Cancer, an international panel of experts in radiation oncology, endorses this classification since 2011 as a means to select adjuvant therapies in breast cancers [START_REF] Peart | Breast intervention and breast cancer treatment options[END_REF].

III. Breast cancer treatment

Treatment options available for breast cancers today include surgery, radiotherapy, chemotherapy, and targeted therapies. Most often, a combination of two or more of these approaches is necessary to remove tumor cells.

A. Generalities

Neoadjuvant and adjuvant therapy

Primary cancer treatment may be supplemented by neoadjuvant and/or adjuvant therapy.

Neoadjuvant therapy precedes the primary treatment. Neoadjuvant treatments usually aim to decrease tumor size prior to surgery or radiation therapy. Chemotherapy, radiotherapy, hormone-based or targeted therapy can be used in the neoadjuvant setting (1,24).

Adjuvant therapy is delivered following primary therapy, to kill potential remaining cancer cells and prevent recurrence. Surgery, chemotherapy, radiotherapy, immunotherapy, hormone-based or targeted therapy can be used as adjuvant therapy (24).

Surgery

Surgical ablation of the tumor can be done either by mastectomyremoval of the entire breast or, if tumor size and location allow, by lumpectomyremoval of the tumor and adjacent normal tissue. These interventions are regularly followed by adjuvant radiation therapy or by long-term tamoxifen treatment, to destroy any residual tumor cells and to prevent metastasis recurrence [START_REF] Peart | Breast intervention and breast cancer treatment options[END_REF].

Radiotherapy

Radiotherapy consists in exposing tumor cells to high-energy beams or particles produced by a linear accelerator to kill cancer cells [START_REF] Peart | Breast intervention and breast cancer treatment options[END_REF]. Radiotherapy is mostly prescribed as adjuvant therapy following surgery, as mentioned above, but can also be used as primary therapy.

B. Chemotherapies

Chemotherapy is another treatment strategy, which can be administered alone (primary therapy), in the neoadjuvant setting, or in the adjuvant setting [START_REF] Morris | Personalizing therapy for metastatic breast cancer[END_REF] Anti-metabolites used for cancer treatment are purine or pyrimidine base analogs that inhibit enzymes involved in DNA synthesis, causing DNA damage and apoptosis [START_REF] Parker | Enzymology of Purine and Pyrimidine Antimetabolites Used in the Treatment of Cancer[END_REF].

Fluoropyrimidines such as capecitabine and 5-fluorouracile (5-FU), and the desoxynucleoside analogue gemcitabine are the most common for treatment of breast cancers.

Microtubule-targeting agents (MTAs) impair mitotic spindle formation and chromosome attachement to microtubules during the cell cycle. This triggers mitotic arrest, inhibits cell proliferation, and causes cell death. MTAs can also exert anti-migratory and anti-angiogenic effects when used at low concentrations [START_REF] Fumoleau | New vinca alkaloids in clinical development[END_REF]. MTAs include taxanes (paclitaxel, docetaxel), alkaloids (mitotic inhibitors derived from plants), colchinoids, Eribulin, and epothilones.

Chemotherapy is a systemic cancer treatment, meaning that the administered drugs spread throughout the body via the bloodstream and affect the entire organism. For this reason, chemotherapy presents many adverse effects. Indeed, chemotherapeutic drugs target the rapidly-proliferating cells, which include some tumor cells, but also bone marrow, blood, and hair follicule cells, as well as cells from the reproductive and digestive tracts. The off-target damage of chemotherapy may be more or less pronounced depending on the nature and dosage of the drugs used, treatment duration, and may also vary from one patient to the next [START_REF] Peart | Breast intervention and breast cancer treatment options[END_REF]. More and more, clinicians turn towards drug combinations, which allow the use of lower doses of each drug, to minimize off-target effects. However, to truly palliate the adverse effects of chemotherapy, the development of alternative, more precisely targeted therapies is warranted.

C. Targeted therapies

Luminal tumors (ER+/HER2-or ER+/HER2+) can be treated using endocrine, targeted therapies, alone or in combination with surgery, radiotherapy, or chemotherapy [START_REF] Lam | Breast cancer classification by proteomic technologies: current state of knowledge[END_REF]. Endocrine therapies either block hormone-signaling pathways or decrease blood hormone levels.

Corticosteroid hormones, selective estrogen receptor modulators (SERMs) are the most common endocrine therapies currently used for breast cancer treatment. Exemestane, for example, is a steroidal aromatase inhibitor that lowers blood levels of estrogen by binding to and deactivating the aromatase enzyme essential for estrogen synthesis. Tamoxifen, the most widely used SERM in the treatment of luminal breast cancers, prevents estrogen from binding to its receptors on tumor cells, thereby slowing tumor cell proliferation and hindering disease progression [START_REF] Peart | Breast intervention and breast cancer treatment options[END_REF]. Tamoxifen is also used as adjuvant therapy, to prevent post-surgery or postchemo/radiotherapy recurrence.

HER2 tumors (ER-/HER2+ or ER+/HER2+) can be treated using HER2-targeting drugs and HER2 immunoconjugates. These include, for example, trastuzumab (Herceptin), a monoclonal antibody that targets the extracellular domain of HER2, lapatinib, a tyrosine kinase inhibitor (TKI) that prevents HER2 autophosphorylation and downstream signaling, as well as a number of HER2/neu peptide vaccines (E75, GP2, AE37) [START_REF] Ayoub | Immunotherapy for HER2-positive breast cancer: recent advances and combination therapeutic approaches[END_REF].

Targeted treatment of triple-negative tumors (ER-/PR-/HER2-) treatment is more intricate, as this breast tumor subtype does not express any of the commonly-targeted hormone receptors, nor HER2. Current developments in TNBC targeting will be reviewed next.

IV. Triple-negative breast cancers A. Definition, incidence

Triple-negative breast cancers (TNBC) represent 15-20% of diagnosed breast tumors [START_REF] Denkert | Molecular alterations in triple-negative breast cancer-the road to new treatment strategies[END_REF]. They are classified based on the expression of predictive, molecular biomarkers (ER, PR, HER2), and assessed by IHC.

TNBC are aggressive and metastatic cancers with high mitotic index and high genetic instability. Triple-negative tumors are often already large upon diagnosis and rapidly disseminate to the lymph nodes [START_REF] Foulkes | Triple-negative breast cancer[END_REF].

TNBC and basal-like breast cancers overlap, but represent two different sets of tumors. Basallike breast cancers are defined by transcriptomic analyses, as described in section II.D.3. Unlike TNBC, basal-like breast cancers have no consensual IHC profile. Basal-like tumors are triplenegative for ER, PR, and HER2, and positive for the basal markers cytokeratin 5/6, cytokeratin 14, and/or cytokeratin 17, and/or HER1, and/or c-KIT, and/or EGFR [START_REF] Seal | What is the difference between triple-negative and basal breast cancers?[END_REF]. Overall, 70-80% of TNBC are basal-like [START_REF] Prat | Clinical implications of the intrinsic molecular subtypes of breast cancer[END_REF][START_REF] Prat | Molecular characterization of basal-like and non-basal-like triple-negative breast cancer[END_REF], and 70% of basal-like tumors are triple-negative [START_REF] Seal | What is the difference between triple-negative and basal breast cancers?[END_REF].

A subset of TNBC, referred to as "claudin-low", is further distinguished based on gene expression profiling. Claudin-low tumors are characterized by high enrichment for epithelialto-mesenchymal transition (EMT)-related genes involved in tight junctions and cell-cell adhesion, including claudins 3, 4 and 7, and E-cadherin, immune response genes and genes conferring stem-like features [START_REF] Prat | Phenotypic and molecular characterization of the claudin-low intrinsic subtype of breast cancer[END_REF].

B. Lehmann et al. (2011) classification of basal-like breast tumors

One of the major characteristics of TNBC, and one of the challenges which face oncologists in search of molecular targets for TNBC treatment, is their heterogeneity.

In 2011, Lehmann et al. illustrated this heterogeneity by clustering the transcriptomic signatures of a large panel of basal-like breast tumors into six distinct molecular subtypes: basal-like 1 (BL1), basal-like 2 (BL2), mesenchymal (M), mesenchymal stem-like (MSL), immunomodulatory (IM), and luminal androgen receptor (LAR) (Figure 6, FIGURE 7) [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF].

Importantly, these distinct gene expression profiles provide valuable guidance for therapeutic management. Lehmann et al., 2016 (34).

BL1 18% BL2 11% IM 21% M 21% MSL 8%
LAR 9% UNCL 12%

Figure 7. Gene expression patterns of basal breast tumors. Relative gene expression patters (log2) of the top differentially expressed genes and top enriched pathways for each basal subtype. From Lehmann et al., 2011 (21).

Basal-like 1 and basal-like 2 tumors

Basal-like 1 is the predominant basal-like breast cancer subtype (Figure 6) [START_REF] Lehmann | Refinement of triple-negative breast cancer molecular subtypes: implications for neoadjuvant chemotherapy selection[END_REF]. BL1 tumors are enriched in genes associated with proliferation (MKI67, TTK, MYC, NRAS, PLK1, for example), and DNA damage-response pathways. For this reason, BL1 tumors respond well to DNAdamaging agents such as platinum-based chemotherapies or poly(ADP-ribose) polymerase (PARP) inhibitors [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF].

Basal-like 2 cancers differ with BL1 in that they are uniquely enriched for growth factor signaling pathways (EGF, NGF, MET, Wnt/βcatenin, IGF1R pathways), glycolysis, and gluconeogenesis [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF]. As a result, growth factor receptor and downstream signaling pathways targeting could be represent a valuable therapeutic strategy in BL2 tumors.

The high proliferative capacity of BL1 and BL2 tumors suggests that they are sensitive to MTAs such as taxanes (paclitaxel, docetaxel). This is indeed the case, as BL1 and BL2 tumors show significantly higher pathologic complete response (pCR) following taxane-based chemotherapy compared to the MSL or LAR subtypes (63% vs. 31% and 14%, respectively) [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF][START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF].

Mesenchymal and mesenchymal stem-like tumors

The mesenchymal and mesenchymal stem-like tumor subtypes are characterized by high expression of EMT-related genes such as genes involved in cell motility and extracellular matrix receptor interaction. Of note, M and MSL tumors express high levels of vimentin and low levels of E-cadherin characteristic of mesenchymal cells [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF]. All MSL tumors, but only a portion of M tumors, belong to the claudin-low group of breast cancers, described in section IV.A. [START_REF] Prat | Deconstructing the molecular portraits of breast cancer[END_REF]. Both M and MSL subtypes are enriched in components of cell differentiation pathways (SMAD, NOTCH, TGFβ, DKK, CAV gene families) [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF]. As a result, TGFβ, Wnt/βcatenin, and ALK signaling pathways are potential therapeutic targets in these subtypes [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF].

In addition, MSL tumors are uniquely enriched in growth factor signaling (EGFR, FGF, IGF, PDGF, ERK1/2 pathways), angiogenic factors (VEGFR2, TEK, TIE1, EPAS1), and some immune signaling factors in common with IM tumors [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF]. For this reason, receptor tyrosine kinase (RTK)-targeting molecules (PI3K/mTOR inhibitors, VEGF blockers) are also relevant therapeutic strategies in this breast cancer subgroup [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF].

MSL tumors further exhibit low proliferation rates, accompanied by enrichment of genes involved in cancer stem-like cell regulation such as ALDHA1, BCL2, BMP2, and HOX family genes [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF][START_REF] Shao | Potential therapeutic targets of triple-negative breast cancer based on its intrinsic subtype[END_REF]. Decreased proliferation correlates with chemotherapy resistance, and is likely also linked to cancer stem-like cell maintenance. Targeting the stem-like cell subpopulation in MSL tumors is therefore considered as a potential therapy [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF].

Immunomodulatory tumors

The immunomodulatory or immune-associated breast tumor subtype is characterized by the overexpression of genes involved in immune signaling, cytokine signaling, antigen processing and presentation, and immune signal transduction pathways [START_REF] Lehmann | Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies[END_REF]. The IM immune response signature (B-cell, T-cell, and CD-8 signatures) correlates with high levels of immune infiltration, tumor infiltrating lymphocytes (TILs) [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF], and good clinical outcome. TIL presence is indicative of positive response to neoadjuvant chemotherapy, and immune system component enrichment orients IM tumor targeted therapy toward immune-checkpoint blocking agents (FIGURE 8).

Luminal androgen receptor tumors

Luminal androgen receptor tumors represent 10% of basal-like tumors. They are characterized by AR overexpression and enhanced androgen receptor signaling [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF]. LAR tumors share features with luminal A and luminal B tumors, including hormone-regulated pathway enrichment, absence of basal-cytokeratin markers, and a low proliferation rate [START_REF] Du | Is the future of personalized therapy in triple-negative breast cancer based on molecular subtype?[END_REF]. LAR tumors generally respond well to AR antagonists. Since LAR tumors are also enriched in PI3KCA activating mutations (55%), they also respond well to PI3K inhibition. LAR tumors are dependent on CDK4/6 for cell cycle progression and are therefore sensitive to CDK4/6 inhibitors like palbociclib (NCT02389842) (FIGURE 8).

C. Additional classifications of basal-like breast tumors

In 2016, Lehmann et al. revised their classification to retain only four basal-like tumor subtypes:

BL1, BL2, M, and LAR. The MSL and IM subtypes were removed due to the respective detection of tumor-associated stromal cell or TIL-belonging transcripts to the profiling which originally allowed their identification (FIGURE 8) [START_REF] Lehmann | Refinement of triple-negative breast cancer molecular subtypes: implications for neoadjuvant chemotherapy selection[END_REF].

Several groups have also suggested distinct classifications, using variable evaluation criteria. Since basal-like breast cancers show considerable overlap with IHC-defined TNBC [START_REF] Prat | Clinical implications of the intrinsic molecular subtypes of breast cancer[END_REF], and for simplification purposes, I will hence-forward refer to both groups as "TNBC".

D. Approved therapeutic strategies

Standard of care chemotherapies

Today, no targeted therapy exists for TNBC. Removal surgery, accompanied by neoadjuvant and/or adjuvant chemotherapy remains the standard of systemic care. Among neoadjuvant regimens, anthracycline and taxane-based chemotherapies are the most conventional. In clinical trials, TNBC patients were shown to achieve pCR rates of 40%, higher than that of other breast cancer subtypes [START_REF] Park | How shall we treat early triple-negative breast cancer (TNBC): From the current standard to upcoming immuno-molecular strategies[END_REF]. In the adjuvant setting, the anthracycline-taxane combination is also common. Other frequent regimens include FEC (5-FU, epirubicin, cyclophosphamide), FAC

(5-FU, Adriamycin, cyclophosphamide), and AC (Adriamycin, cyclophosphamide) [START_REF] Stover | The Role of Proliferation in Determining Response to Neoadjuvant Chemotherapy in Breast Cancer: A Gene Expression-Based Meta-Analysis[END_REF].

Platinum salts

Recent randomized clinical trials have shown that the addition of platinum drugs to anthracyclin-taxane neoadjuvant chemotherapy consistently improves pCR rates in BRCAmutant breast cancers (NC02032277, NC02125344). Results from these trials suggests that 10-20% of TNBC patients that would not experience pCR following conventional chemotherapy will do so after addition of a platinum drug. However, existing platinum drugs present uncontestable hematological and neurological toxicity and therefore cannot be incorporated into neoadjuvant treatments [START_REF] Aysola | Triple negative breast cancer-an overview[END_REF][START_REF] Székely | New Therapeutic Strategies for Triple-Negative Breast Cancer[END_REF]. Nonetheless, clinical trials testing the value of combining platinum drugs with adjuvant chemotherapy in TNBC (NCT02488967) are underway.

Capecitabine

More recent trials and meta-analyses have demonstrated a clinical benefit to the addition of DNA intercalator capecitabine to standard adjuvant or neoadjuvant therapy. Indeed, in the CREATE-X trial (NCT03756298), 69.8% of TNBC patients receiving twice-daily oral capecitabine in addition to standard of care adjuvant therapy presented disease-free survival (DFS) at five years, compared to 56.1% for patients receiving standard of care adjuvant therapy only [START_REF] Masuda | Adjuvant capecitabine for breast cancer after preoperative chemotherapy[END_REF]. Despite substantial toxicity, the U.S. National Comprehensive Cancer Network guidelines now include the use of capecitabine in the adjuvant setting for TNBC patients [START_REF] Park | How shall we treat early triple-negative breast cancer (TNBC): From the current standard to upcoming immuno-molecular strategies[END_REF].

Resistance to chemotherapy

Due to their highly proliferative profile, triple-negative tumors respond well to chemotherapy, but unfortunately, tend to acquire resistance to chemotherapeutic drugs. The proliferation of residual, resistant tumor cells is responsible for the high relapse rates that are commonly observed after 5 years. In fact, less than 30% women diagnosed with TNBC survive past the 5year benchmark, despite initially positive responses to chemotherapy [START_REF] Foulkes | Triple-negative breast cancer[END_REF][START_REF] Brouckaert | Update on triple-negative breast cancer: prognosis and management strategies[END_REF]. As a result, TNBC is responsible for 25% of breast cancer deaths and is the breast cancer subtype with the worst prognosis.

TNBC relapse and metastasis have been, in part, attributed to the presence of drug-resistant cells, referred to as "breast cancer stem cells", "stem-like cells", or "tumor-initiating cells", due to their capacity to self-renew [START_REF] Al-Hajj | Prospective identification of tumorigenic breast cancer cells[END_REF]. The exact identity of these stem-like cells is debated, but breast cancer stem-like cells are generally defined by (i) the absence of linage markers CD2, CD3, CD10, CD16, CD18, CD31, CD64, and CD140b (Lineage -), (ii) the expression level of cell surface adhesion molecules as follows: CD44 + /CD24 -/lo , (iii) high aldehyde dehydrogenase (ALDH) activity [START_REF] Al-Hajj | Prospective identification of tumorigenic breast cancer cells[END_REF]. The undifferentiated state of these cells, as well as their slow division, allows them to escape conventional therapeutic treatments targeted toward highly proliferative, differentiated or differentiating cells. Breast cancer stem-like cells possess additional properties which favor drug-resistance: they overexpress DNA damage-repair proteins, have overactivated anti-apoptotic pathways, and express transmembrane protein pumps which evacuate drugs [START_REF] Dick | Breast cancer stem cells revealed[END_REF]. All breast cancer stem-like cell properties are summarized in FIGURE 9. To bypass resistance to chemotherapies and improve TNBC patient survival, the development of alternative therapeutic strategies targeting all tumor subpopulations is warranted [START_REF] Bianchini | Triple-negative breast cancer: challenges and opportunities of a heterogeneous disease[END_REF][START_REF] Palma | Triple negative breast cancer: looking for the missing link between biology and treatments[END_REF][START_REF] Jitariu | Triple negative breast cancer: the kiss of death[END_REF][START_REF] Yao | Triple-negative breast cancer: is there a treatment on the horizon?[END_REF].

This constitutes an active field of research today.

PARP inhibitors

PARP is an enzyme that participates in the repair of double-strand DNA (dsDNA) breaks.

PARP inhibition impairs dsDNA repair mechanisms, leading to the accumulation of dsDNA breaks and to cell death. As BRCA1 BRCA2 are also required for proper function of the DNArepair machinery, BRCA-mutated breast cancers are particularly affected by PARP inhibition.

In fact, PARP-inhibition causes synthetic lethality in all homologous-recombination deficient contexts [START_REF] Shao | Potential therapeutic targets of triple-negative breast cancer based on its intrinsic subtype[END_REF]. Currently studied PARP inhibitors include iniparib, olaparib, talazoparib, veliparib, and rucaparib (PF-01367338), and so far show some promise in treating TNBC [START_REF] Morris | Personalizing therapy for metastatic breast cancer[END_REF][START_REF] Mayer | New strategies for triplenegative breast cancer-deciphering the heterogeneity[END_REF][START_REF] Santarpia | Deciphering and targeting oncogenic mutations and pathways in breast cancer[END_REF]. In a phase II clinical study, combination of iniparib with conventional chemotherapy in TNBC yielded overall response rates of 32 to 52%, and significantly prolonged progressionfree and overall survival times (NCT00540358) [START_REF] O'shaughnessy | Iniparib plus chemotherapy in metastatic triple-negative breast cancer[END_REF]. Olaparib is the object of a large adjuvant clinical trial as single-agent therapy, now recruiting for phase III (OlympiAD study, NCT02000622). Talazoparib is also clinically tested as a neoadjuvant therapy in combination with paclitaxel in the large, I-SPY2 trial (NCT01042379) or with conventional chemotherapy (NCT02282345). Also in I-SPY2, the addition of veliparib and carboplatin to neoadjuvant chemotherapy doubled patient pCR rate (NCT01042379) [START_REF] Rugo | Adaptive randomization of veliparib-carboplatin treatment in breast cancer[END_REF]. Rucaparib is tested under several different drug regimens in a number of solid tumors (39 trials, clinicaltrials.gov) (54).

Importantly, PARP inhibitors are the only FDA-approved targeted therapies for the treatment of TNBC today.

E. Targeted therapies under clinical trial

The heterogeneity of TNBC makes the definition of wide-scale therapeutic strategies that benefit a high number of patients difficult. Illustrating this complexity, Mathe et al. recently identified 83 genes that positively correlate with lymph node metastasis in TNBC and may be used as prognostic indicators and molecular targets [START_REF] Mathe | MiRNAs and other epigenetic changes as biomarkers in triple negative breast cancer[END_REF]. Accordingly, a plethora of targeted therapies potentially beneficial to TNBC treatment is currently under study (TABLE 2), with variable results.

Antiandrogens

Antiandrogens are being explored as potential treatment for LAR tumors. Two anti-androgens, Enzalutamide and orteronel, are part of ongoing clinical trials (TABLE 2) [START_REF] Székely | New Therapeutic Strategies for Triple-Negative Breast Cancer[END_REF]. However, previous anti-androgen clinical trials have shown only low objective response rates, and because LAR tumors represent only a small subset of breast cancers, the development of AR-targeting treatments for use in this context is not considered a pharmacological priority.

Receptor tyrosine kinases and downstream signaling pathways

Because of their enzymatic nature and their role as master regulators of cell proliferation, RTK constitute ideal targets for cancer therapy. Epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor (VEGFR), and fibroblast growth factor receptor (FGFR), which control the activation of the Ras/MAPK and/or PI3K/AKT/mTOR signaling pathways, are RTKs whose targeting are of particular interest in claudin-low and BL2 tumors, the basallike tumor subsets most enriched in growth factor signaling.

a. EGFR 60-80% of TNBC exhibit EGFR overexpression, and in these cancers, high EGFR copy number associates with poor prognosis, making EGFR a potential target for TNBC therapy [START_REF] Nakai | A perspective on anti-EGFR therapies targeting triple-negative breast cancer[END_REF]. Several EGFR-targeting agents have been developed. These include pharmacological agents and monoclonal antibodies.

Erlotinib is one of the best known EGFR TKIs, and has been the object of a number of clinical trials against TNBC, but with very limited benefit. As a monotherapy in phase II clinical trials against TNBC, Erlotinib yields an utmost 5% overall response rate [START_REF] Hachem | EGFR inhibition in metastatic triple negative breast cancer: a losing target[END_REF]. Combination of Erlotinib with conventional chemotherapies have also been disappointing (no more than 9% overall response rate, for Bendamustine/Erlotinib combination), despite encouraging results from pre-clinical studies [START_REF] Nakai | A perspective on anti-EGFR therapies targeting triple-negative breast cancer[END_REF]. As a result, Erlotinib is today the object of only 3 active clinical trials against TNBC (NCT03878524, NCT00600496, NCT02071862) (54).

EGFR-targeting antibodies, namely cetuximab and panitumumab, have shown more satisfactory activity than Erlotinib in the clinic. In a randomized phase II study in metastatic TNBC, weekly cetuximab/carboplatin treatment showed responses in 18% of patients [START_REF] Carey | TBCRC 001: randomized phase II study of cetuximab in combination with carboplatin in stage IV triple-negative breast cancer[END_REF].

Another phase II study conducted on 173 patients produced an overall response rate of 20% to combination of cetuximab and cisplatin (n=115), vs. 10% to cisplatin alone (n=58) [START_REF] Baselga | Randomized phase II study of the anti-epidermal growth factor receptor monoclonal antibody cetuximab with cisplatin versus cisplatin alone in patients with metastatic triple-negative breast cancer[END_REF].

Combination of cetuximab with the antineoplastic drug irinotecan has also been explored, with 2/11 TNBC patients responding favorably to treatment [START_REF] Crozier | Alliance): a phase II trial of irinotecan with cetuximab in patients with metastatic breast cancer previously exposed to anthracycline and/or taxane-containing therapy[END_REF].

Clearly, EGFR targeting seems beneficial to only a limited number of TNBC patients, perhaps due to the fact that most TN breast tumor cells are not exclusively dependent on EGFR signaling for their survival [START_REF] Baselga | Randomized phase II study of the anti-epidermal growth factor receptor monoclonal antibody cetuximab with cisplatin versus cisplatin alone in patients with metastatic triple-negative breast cancer[END_REF]. Perhaps pre-selecting TNBC with EGFR-activating mutations for EGFR-targeting clinical trials would, as was the case for non-small cell lung cancer [START_REF] Nakai | A perspective on anti-EGFR therapies targeting triple-negative breast cancer[END_REF], yield more favorable results.

b. Antiangiogenic agents TNBC, especially the M and claudin-low subtypes, exhibit enhanced angiogenesis, high intratumoral VEGF levels and activation of genes involved in angiogenesis. Anti-angiogenic drugs are therefore of high interest in claudin-low tumor treatment.

The most extensively studied antiangiogenic agent in the context of breast cancer therapy is the VEGF-targeting monoclonal antibody Bevacizumab. Bevacizumab is currently evaluated in phase III clinical trials for the treatment of metastatic breast cancers. Earlier, the BEATRICE trial (NCT00528567) investigated the therapeutic potential of bevacizumab in combination with adjuvant anthracycline-and/or taxane-based chemotherapy in TNBC. The treatment combination showed no overall survival benefit and only a 3% increase in invasive disease-free survival rates after 5 years ( 61), suggesting that VEGF is a poor target for adjuvant regimens against TNBC. In the neoadjuvant context, however, Bevacizumab treatment shows more promise. In the GerparQuinto trial, for example, the addition of bevacizumab to an anthracycline-taxane-based neoadjuvant regimen increased pCR rates from 28 to 39% in primary TNBC (GeparQuinto trial -GBG 44, NCT00567554) [START_REF] Gerber | Neoadjuvant bevacizumab and anthracycline-taxane-based chemotherapy in 678 triple-negative primary breast cancers; results from the geparquinto study (GBG 44)[END_REF]. Moreover, a recent metaanalysis comparing antitumor regimens across 8476 TNBC patients suggests that the addition of bevacizumab to paclitaxel and carboplatin neoadjuvant chemotherapy improves overall treatment response rates and progression-free survival compared to chemotherapy alone [START_REF] Tian | Effect of antitumor treatments on triplenegative breast cancer patients: A PRISMA-compliant network meta-analysis of randomized controlled trials[END_REF].

c. PI3K/AKT/mTOR pathway

The PI3K/AKT/mTOR pathway is involved in a number of cellular processes, including cell growth and survival, and is implicated in cancer onset and development. PI3K/AKT/mTOR pathway dysregulation is frequently observed in TNBC, with PI3KCA being one of the most frequently mutated genes in this breast cancer subtype (10.2%) [START_REF] Ibrahim | PI3K inhibition impairs BRCA1/2 expression and sensitizes BRCA-proficient triple-negative breast cancer to PARP inhibition[END_REF]. Moreover, PI3K/AKT/mTOR hyperactivation is associated with poor prognosis in TNBC, providing a rationale for targeting this pathway in the clinic. Everolimus, an mTOR inhibitor, is approved for clinical use in combination with an aromatase inhibitor for patients with metastatic, hormone receptor-positive breast cancer patients. For patients with TNBC, preliminary data suggests that everolimus addition to carboplatin therapies may overcome platinum-treatment resistance if related to mTOR hyperactivation. In a phase I clinical study conducted on TNBC patients with molecular alterations in the PI3K/AKT/mTOR pathway, combination of PI3K/AKT/mTORtargeting agents with standard chemotherapy delayed disease progression by an average of 3.2 months (6.4 vs. 3.2 months) [START_REF] Ganesan | Triple-negative breast cancer patients treated at MD Anderson Cancer Center in phase I trials: improved outcomes with combination chemotherapy and targeted agents[END_REF]. The combination of PI3K inhibitor buparlisib with the anti-PARP olaparib is also under clinical trial for improved treatment efficiency in BRCA-wild TNBC (NCT01623349) [START_REF] Whalen | Phase I dose escalation study of the PI3kinase pathway inhibitor BKM120 and the oral poly (ADP ribose) polymerase (PARP) inhibitor olaparib for the treatment of high-grade serous ovarian and breast cancer[END_REF].

Stem cell maintenance and differentiation pathways a. Wnt/β-catenin pathway

The Wnt/β-Catenin pathway regulates gene transcription to influence cell differentiation, proliferation, and migration during development. In metastatic TNBC, activation of the Wnt/βcatenin pathway is associated with poor prognosis, suggesting that this pathway could constitute a target for TNBC therapy. High-throughput screening recently identified Salinomycin, a potassium ionophore which impedes the phosphorylation of Wnt coreceptor LRP6, leading to LRP6 degradation and Wnt signaling inhibition, was shown to selectively kill breast cancer stem-like cells [START_REF] Gupta | Identification of selective inhibitors of cancer stem cells by high-throughput screening[END_REF]. The use of salinomycin is not currently approved in humans due to high toxicity [START_REF] Mai | Salinomycin kills cancer stem cells by sequestering iron in lysosomes[END_REF]. The generation of salinomycin derivatives with more potent activity, which would allow low-dose treatment and bypass toxicity, is of therapeutic interest. In fact, in 2017, Mai et al. [START_REF] Mai | Salinomycin kills cancer stem cells by sequestering iron in lysosomes[END_REF] 

Immunotherapy a. Definition

The immune system is a central player in cancer development and progression, and one of the hallmarks of tumor cells is their acquired capacity to evade the immune system.

Immunotherapy, or the stimulation of the immune system as a means of treatment, is therefore an attractive therapeutic strategy against tumors in general, and against TNBC. Unlike other breast cancer subtypes, 70% of TNBC present high numbers of TILs within the tumor or in the adjacent stroma [START_REF] Székely | New Therapeutic Strategies for Triple-Negative Breast Cancer[END_REF]. Elevated TILs at diagnosis is associated with better prognosis and response to chemotherapy, but also represents a predictive marker for response to immunotherapy [START_REF] Vikas | The clinical promise of immunotherapy in triplenegative breast cancer[END_REF].

b. Immune-checkpoint inhibition

The most thoroughly explored immunotherapeutic strategy in the context of TNBC, and in TNBC presenting elevated immune signatures more specifically, is immune checkpoint inhibition. The majority of ongoing clinical trials using immune checkpoint blockade for TNBC treatment use antibodies that target cytotoxic T lymphocyte-associated antigen 4 (CTLA4) or the programmed cell death 1 (PD-1) pathway (PD-1/PDL-1).

PD-1 is an antigen present at the surface of lymphocytes and antigen presenting cells. During antitumor immune activation, PD-1 binding to the PDL-1 or PDL-2 ligands inhibits the T-cell response. Antibodies targeting PD-1 or PDL-1 prevent PD-1/PDL-1 interaction and restore a comprehensive anti-tumor immune response. Anti-PD-1/PDL-1 agents are approved for the treatment of melanoma, non-small cell lung cancer, Hodgkin's lymphoma, bladder, cervical, renal, and head and neck cancers [START_REF] Vikas | The clinical promise of immunotherapy in triplenegative breast cancer[END_REF]. As 20% of TNBC express high levels of PDL-1 ( 22), the use of anti-PD-1/PDL-1 agents may also improve pCR in TNBC.

Pembrolizumab is one of the most extensively used anti-PDL-1 agents. Pembrolizumab is on clinical trial both as single-agent (KEYNOTE-012; KEYNOTE-018 NCT02447003) in advanced and metastatic TNBC, and as combinatorial therapy [START_REF] Vikas | The clinical promise of immunotherapy in triplenegative breast cancer[END_REF] in locally advanced breast cancers. Preliminary results show a 40% objective response rate to first-line pembrolizumab treatment in metastatic TNBC with PDL-1+ tumors. Moreover, the addition of pembrolizumab to conventional chemotherapy increases pCR from 20% to 60% [START_REF] Barker | I-SPY 2: an adaptive breast cancer trial design in the setting of neoadjuvant chemotherapy[END_REF]. Anti-PDL-1 treatments also exist as monoclonal antibodies, a couple of which (atezolizumab, avelumab) are currently under clinical examination in TNBC (TABLE 2) [START_REF] Vikas | The clinical promise of immunotherapy in triplenegative breast cancer[END_REF]. Preliminary response rates are modest, varying between 10% for all TNBC confounded and 20-30% for TNBC with PDL-1+ tumors [START_REF] Vikas | The clinical promise of immunotherapy in triplenegative breast cancer[END_REF].

Another major immune-checkpoint target is CTLA4. CTLA4 is a cell-surface receptor constitutively expressed in regulatory T cells. Upon T cell activation, CTLA4 is upregulated, leading to an increased proportion of ligand-activated CTLA4 at the cell surface, and to inhibitory signal transmission. Anti-CTLA4 therapy therefore functions by blocking this inhibitory signal and maintaining active immunity toward tumor cells. In 2011, the combination of an anti-CTLA4 antagonistic antibody, ipilimumab, and an anti-PD-1, nivolumab, was approved by the FDA as treatment against melanoma. Today, several combinations of anti-CTLA4 and anti-PD-1/PD-L1 are under phase I/II clinical trials (NCT02983045, NCT03241173, NCT02536794) in advanced TNBC [START_REF] Vikas | The clinical promise of immunotherapy in triplenegative breast cancer[END_REF].

Epigenetic agents a. Histone deacetylase inhibitors

Histone deacetylase inhibitors have also emerged as a promising class of anticancer agents.

Histone deacetylases (HDACs) are ubiquitously expressed enzymes that deposit acetyl moieties on histones, thereby repressing gene transcription. HDACs are aberrantly expressed in various types of cancers, including breast cancers, where they help maintain the growth and survival of tumor cells, and drive angiogenic development. HDACs have therefore been identified as therapeutic targets in cancer, and a large number of HDAC inhibitors now exist [START_REF] Fedele | Targeting triple negative breast cancer with histone deacetylase inhibitors[END_REF]. Since 2006, five HDAC inhibitors have received FDA approval for the treatment of lymphoma or multiple myeloma [START_REF] Fedele | Targeting triple negative breast cancer with histone deacetylase inhibitors[END_REF].

Observations drawn from a number of recent studies demonstrate that in breast cancers, HDAC inhibitors slow cell proliferation, interfere with apoptotic, migratory, and angiogenic pathways, but also directly damage DNA through a combination of oxidative stress and downregulation of DNA-repair proteins [START_REF] Fedele | Targeting triple negative breast cancer with histone deacetylase inhibitors[END_REF]. More specifically, Rhodes et al. showed that the pan-deacetylase inhibitor panobinostat (LBH589) inhibits migration and invasiveness of two TNBC cell lines, accompanied by a downregulation of EMT-related genes, and that panobinostat treatment reduced metastasis in a TNBC xenograft model [START_REF] Rhodes | Suppression of triple-negative breast cancer metastasis by pan-DAC inhibitor panobinostat via inhibition of ZEB family of EMT master regulators[END_REF]. The combination of panobinostat with salinomycin had a synergistic, inhibitory effect on TNBC cell proliferation, cancer stem-like cell maintenance, and mammosphere formation, and reduced tumor growth to a greater extent than panobinostat alone [START_REF] Kai | Targeting breast cancer stem cells in triple-negative breast cancer using a combination of LBH589 and salinomycin[END_REF]. Panobinostat was further tested in patients with metastatic breast cancer, as single agent (NCT00777049) or in combination (NCT01105312), but low recruitment and response rates caused these clinical trials to abort [START_REF] Fedele | Targeting triple negative breast cancer with histone deacetylase inhibitors[END_REF].

Vorinostat, another HDAC inhibitor, was also shown to significantly limit TNBC proliferation and metastasis [START_REF] Palmieri | Vorinostat inhibits brain metastatic colonization in a model of triple-negative breast cancer and induces DNA double-strand breaks[END_REF][START_REF] Wawruszak | Assessment of interactions between cisplatin and two histone deacetylase inhibitors in MCF7, T47D and MDA-MB-231 human breast cancer cell lines-An isobolographic analysis[END_REF], and to exert additive anti-proliferative and pro-apoptotic effects on the TNBC cell line MDA-MB-231 when used in combination with cisplatin [START_REF] Wawruszak | Assessment of interactions between cisplatin and two histone deacetylase inhibitors in MCF7, T47D and MDA-MB-231 human breast cancer cell lines-An isobolographic analysis[END_REF]. Interestingly, the combination of vorinostat with the PARP inhibitor olaparib synergistically inhibits the growth of PTEN-expressing TNBC, suggesting that PTEN expression may be a biomarker of response to the inhibitor combination [START_REF] Min | Histone deacetylase inhibitor, suberoylanilide hydroxamic acid (SAHA), enhances anti-tumor effects of the poly (ADP-ribose) polymerase (PARP) inhibitor olaparib in triple-negative breast cancer cells[END_REF]. In a clinical study combining vorinostat with paclitaxel, 4/15 TNBC patients experienced pCR, with little-to-no vorinostat-associated adverse effects [START_REF] Tu | A phase I-II study of the histone deacetylase inhibitor vorinostat plus sequential weekly paclitaxel and doxorubicin-cyclophosphamide in locally advanced breast cancer[END_REF].

However encouraging, these results were insufficient for the trial to move forward.

b. DNA methyltransferase inhibitors

Approximately 60-80% of BL-TNBC present DNA hypermethylation, associated with aberrant gene expression and decreased resistance-free survival [START_REF] Garrido-Castro | Insights into Molecular Classifications of Triple-Negative Breast Cancer: Improving Patient Selection for Treatment[END_REF]. DNA methyltransferase (DNMT)

inhibition is predicted as a therapeutic strategy in hypermethylated TNBC, but so far, clinical applications have been deceiving. Combination of DNMT inhibitor 5-azacitidine with entonostat showed no response in TNBC patients (NCT01349959) and clinical trial of decitabine (NCT01194908), another DNMT inhibitor approved for the treatment of hematological neoplasms, in TNBC was terminated due to high toxicity and slow accrual.

Yu et al. [START_REF] Yu | DNA methyltransferase expression in triple-negative breast cancer predicts sensitivity to decitabine[END_REF] showed that protein levels of DNMTs correlated with response to decitabine in PDX organoids originating from chemotherapy-sensitive and -resistant TNBCs. New clinical trials involving decitabine chemotherapy combinations in metastatic TNBC (NCT03295552, NCT02957968) are underway.

c. Protein arginine methyltransferase inhibitors

A third family of epigenetic agents has recently attracted attention as potential targets in a variety of cancers: protein arginine methyltransferases (PRMTs). As a result, PRMT inhibitors have been developed, and some are currently under clinical trial (NCT02783300, NCT03614728, NCT03573310, NCT03854227, NCT03666988) (80,[START_REF] Wu | JNJ-64619178, a selective and pseudo-irreversible PRMT5 inhibitor with potent in vitro and in vivo activity, demonstrated in several lung cancer models abstract[END_REF]. PRMTs will be described in the next chapter of this introduction. 

Conclusion

Overall, there has been little success for targeted therapies in the context of TNBC. PARP inhibitors are the only approved targeted therapy against triple-negative breast tumors, especially BRCA-mutated tumors, and patients are still dependent on invasive chemotherapeutic treatments.
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The objective of our laboratory is to identify and validate therapeutic targets to offer new ways to treat TNBC. To achieve this goal, the team performed DNA, RNA, microRNA, and protein microarrays on a cohort of almost 200 samples, including biopsies of the different breast cancer subgroups, healthy breast tissues, and TNBC cell lines [START_REF] Maire | Pololike kinase 1: a potential therapeutic option in combination with conventional chemotherapy for the management of patients with triple-negative breast cancer[END_REF][START_REF] Maire | TTK/hMPS1 is an attractive therapeutic target for triple-negative breast cancer[END_REF][START_REF] Marty | Frequent PTEN genomic alterations and activated phosphatidylinositol 3-kinase pathway in basallike breast cancer cells[END_REF]. The analyzed data provided the team with a list of candidate targets, 100 of which were tested in a TNBC cell line soft agar assay using siRNA to confirm their therapeutic potential prior to more extensive study. This approach allowed the laboratory to validate several therapeutic targets on TNBC cell lines and PDX models. Notably, our study of the TTK kinase led to a phase I clinical trial orchestrated by the Servier pharmaceutical group [START_REF] Maire | TTK/hMPS1 is an attractive therapeutic target for triple-negative breast cancer[END_REF]. After spending a number of years exploring the therapeutic potential of protein kinases, the laboratory has now chosen to focus on another enzymatic family identified using our screening approach: PRMTs.

I. Protein arginine methyltransferases

A. Expression

In mammalian cells, PRMTs form a family of 9 conserved enzymesnumbered 1 through 9that catalyze the methylation of proteins on arginine residues (FIGURE 10). PRMT9 is also annotated as an F-box protein, FBXO11 [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF]. Plant cells express two additional PRMTs, PRMT10 and PRMT11, for which no mammalian homologs have yet been described [START_REF] Wolf | The protein arginine methyltransferase family: an update about function, new perspectives and the physiological role in humans[END_REF], despite high conservation between all other mammalian PRMTs [START_REF] Bedford | Protein arginine methylation in mammals: who, what, and why[END_REF]. PRMTs are ubiquitously expressed in human tissues, with the exception of PRMT8, whose expression is restricted to neurons [START_REF] Bedford | Protein arginine methylation in mammals: who, what, and why[END_REF]. PRMT expression level and subcellular localization generally vary depending on cell type and tissue origin, but all PRMTs show higher expression in fetal tissues than in adult tissues [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF], suggesting a role for PRMTs in differentiation processes. 

B. Activity

Arginine methylation is a post-translational modification (PTM) that results from the transfer of a methyl group (CH 3 ) from donor S-adenosylmethionine (SAM or AdoMet), the active methionine derivative synthesized by all living cells [START_REF] Cantoni | a new intermediate formed enzymatically from Lmethionine and adenosinetriphosphate[END_REF], to the guanidine (CH5N3) side-chain of a protein arginine residue (FIGURE 11). This reaction results in the production of methylarginine and S-adenosylhomocysteine (SAH) [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF]. Arginine methylation does not alter the initial positive charge of the guanidine (CH5N3) moiety, but suppresses one of its two potential hydrogen-bond donors, thereby influencing interactions with negatively-charged hydrogen-bond acceptors such as DNA or RNA sequences, or proteins.

There exist three methylation states: ω-N G -monomethylarginine (MMA), ω-N G -N Gasymmetric dimethylarginine (ADMA): the addition of two methyl groups on a single guanidine nitrogen atom, and ω-N G -N G -symmetric dimethylarginine (SDMA): the addition of two methyl groups to two nitrogen atoms. ADMA is the predominant type of arginine methylation.

C. Classification

PRMTs are classified according to the type of methylation they catalyze. 11). PRMT2 has no inherent enzymatic activity but may act as a co-activator of hormone receptors [START_REF] Meyer | PRMT2, a member of the protein arginine methyltransferase family, is a coactivator of the androgen receptor[END_REF]. A fourth type of PRMT, which catalyzes δ-N G -monomethylarginine, also been identified, but is currently limited to the yeast Rmt2 [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF].

No enzyme that catalyzes both ADMA and SDMA has been found ( 89), but the methylation of a single substrate can be carried out by more than one enzyme. Both PRMT1 and PRMT5, for example can methylate ASH2 and E2F transcription factor 1, with different outcomes [START_REF] Biggar | Non-histone protein methylation as a regulator of cellular signalling and function[END_REF][START_REF] Zheng | Arginine methylation-dependent reader-writer interplay governs growth control by E2F-1[END_REF].

Hence, PRMTs may compete against one another for substrate binding, and may show some redundancy.

D. Target motifs

PRMTs generally demonstrate high affinity for arginine residues within glycine-arginine rich (GAR) motifs (RG/RGG motifs). The proximity of glycine to arginine in GAR motifs is predicted to enhance protein conformational flexibility and facilitate PRMT access to the target arginine residue for methylation. Some PRMTs preferably methylate arginines neighboring proline, glycine, methionine-rich regions (PRMT4) or RxR motifs located within a lysine-rich environment (PRMT7) [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF].

E. Function

All proteins can undergo arginine methylation. Arginine methylation of histones directly regulates gene transcription via activating (H4R3me2a, H3R2me2s, H3R17me2a, H3R26me2a)

or repressing (H3R2me2a, H3R8me2a, H3R8me2s, H4R3me2s) methylation marks, which respectively loosen or condense chromatin [START_REF] Blanc | Arginine methylation: the coming of age[END_REF].

Arginine methylation of non-histone proteins modifies protein folding and may influence their stability, binding capacity, and/or enzymatic activity. Arginine methylation thus influences a variety of cellular processes including transcription, translation, mRNA splicing, signal transduction, and DNA repair [START_REF] Yang | Protein arginine methyltransferases and cancer[END_REF].

For this reason, arginine methylation has become a blooming area of research. Today, the PhosphoSitePlus database registers more than 2,000 arginine methylation sites in 896 human proteins [START_REF] Biggar | Non-histone protein methylation as a regulator of cellular signalling and function[END_REF][START_REF] Hornbeck | 2014: mutations, PTMs and recalibrations[END_REF], mostly identified using mass spectrometry.

F. Demethylation

Arginine methylation is a reversible process. Arginine demethylation occurs via oxidation of the methylated guanidine moiety and the release of formadehyde, in a reaction similar to lysine demethylation [START_REF] Walport | Arginine demethylation is catalysed by a subset of JmjC histone lysine demethylases[END_REF]. Certain lysine demethylases (KDM3a, KDM4E, KDM5C) possess arginine demethylase activity, as do JmjC-domain containing enzymes. The existence of bona fine arginine demethylating enzymes was heavily debated until 2013, when the enzymatic activity of Jumonji domain-containing 6 (JMJD6) was recognized [START_REF] Poulard | Protein arginine methylation/demethylation and cancer[END_REF]. JMJD6, initially described as a putative phosphatidylserine receptor expressed by macrophages and dendritic cells, removes methylation marks from both nuclear and cytoplasmic proteins, including H3R2, H4R3, ERα, heat-shock protein 70, TNF receptor associated factor 6, and DExH-box helicase 9 [START_REF] Liu | Brd4 and JMJD6-associated antipause enhancers in regulation of transcriptional pause release[END_REF][START_REF] Kwok | Jmjd6, a JmjC Dioxygenase with Many Interaction Partners and Pleiotropic Functions[END_REF].

II. PRMT5

A. Generalities PRMT5 is the main Type II PRMT expressed in mammalian cells. PRMT5 was initially discovered in yeast as a Janus kinase 2 binding protein and was later recognized as an arginine methylating enzyme that can deposit symmetric methylation marks on histones H2AR3, H3R2, H3R8, and H4R3, as well as on a number of non-histone proteins [START_REF] Shailesh | Protein arginine methyltransferase 5 (PRMT5) dysregulation in cancer[END_REF].

The PRMT5 gene is located on human chromosome 14 (14q11.2) and possesses five N-terminal domain splice variants, only the longest of which exists as a translated protein [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF]. Human PRMT5 is 637aa in length, weighs around 72kDa, and is ubiquitously expressed (100).

B. Structure

The PRMT5 protein sequence harbors three functional nuclear export signals (NES), one of which is located between aa1-90 at the N-terminal, and two of which are located at the Cterminal (aa500-560 and aa576-637) (FIGURE 12). PRMT5 can therefore be found in both the nucleus and the cytoplasm of mammalian cells. The crystal structure of PRMT5, first solved by Sun et al. in C. elegans (101), reveals four distinct domains: a TIM-barrel domain at the N-terminal, a SAM-binding Rossmann-fold domain, an oligomerization domain, and a long C-terminal β-barrel domain (FIGURE 13). The TIM-barrel domain allows interaction with protein partners. The active site of PRMT5 is labeled by the presence of the two essential and invariate glutamate residues common to all PRMTs: Glu435 and Glu444 (FIGURE 12, FIGURE 13). These residues are located in the "double-E loop", which connects β4 and αF of the Rossman-fold domain (101). Proper PRMT5 folding is facilitated by interaction with heat-shock protein 90 (102). Antonysamy et al., 2012 (103). In the cell, PRMT5 is mostly found as part of multimeric complexes, mainly identified by mass spectrometry (104,105). These complexes control and orient PRMT5 activity, by determining substrate selection.

C-terminal N-terminal

MEP50

PRMT5 multimeric complexes invariably contain methylosome protein 50 (MEP50). MEP50, also known as WDR77 or androgen receptor coactivator p44, is the main protein partner and coactivator of PRMT5. MEP50 was discovered independently as (i) a WD repeat(WD40)containing protein that associates with PRMT5 as an essential component of the methylosome complex and (ii) an AR coactivator (p44) overexpressed in prostate and ovarian cancer cells (103,106). MEP50 is encoded by the Wdr77 gene on human chromosome 1 (1p13.2) (FIGURE 14). MEP50 is 342aa long, weighs 50kDa, and possesses two NES and three nuclear localization sequences (NLS) that control its subcellular localization and its transcription-related activity as AR, but also ER, coactivator (106,107). MEP50 adopts a seven-bladed β-propeller structure, with the six first blades containing four β-strands each, and the last β-sheet harboring three ordered strands. 

Other binding partners

Additional PRMT5 binding partners include coordinator of PRMT5 and differentiation stimulator (COPR5), methylosome subunit pICln (CLNS1A gene), serine/threonine-protein kinase RIO1 (RIOK1), Menin/Men1, liver kinase B1 (LKB1), and the SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complex. These proteins control PRMT5 activity by influencing PRMT5 localization, stability, and/or substrate affinity.

PRMT5 association with COPR5 is required for PRMT5 nuclear activity. COPR5 orients PRMT5 towards the nucleosomes for histone methylation and regulation of proliferation and myogenic differentiation pathways (108,109). In the nucleus, PRMT5 also associates with the hSWI/SNF chromatin remodeling complex to methylate histones H3 and H4 and repress a number of genes [START_REF] Shailesh | Protein arginine methyltransferase 5 (PRMT5) dysregulation in cancer[END_REF]. Menin/Men1 recruits PRMT5 to its target DNA sequences for H4R3 dimethylation and gene inhibition.

pICln and RIOK1 competitively bind cytoplasmic PRMT5 and regulate PRMT5 substrate specificity. pICln serves as an adaptor protein for Sm protein recruitment to the PRMT5/MEP50 octamer for spliceosome assembly. RIOK1 also acts as an adaptor protein that recruits nucleolin to the methylosome for PTM (110) and activation of nucleolin-dependent ribosomal maturation and translational elongation. Recently, LKB1 was also recognized as a PRMT5 binding partner (111).

D. Regulation of PRMT5 activity

Post-translational modifications

In addition to partner binding, several PTMs regulate PRMT5 activity (FIGURE 12). Direct phosphorylation of PRMT5 and/or MEP50 is one such PTM. PRMT5 can be phosphorylated on three N-terminal tyrosine residues -Y297, Y304, and Y307 [START_REF] Hornbeck | 2014: mutations, PTMs and recalibrations[END_REF]. Y304 and Y307 phosphorylation modifies the special conformation of the PRMT5 substrate binding pocket and greatly reduces PRMT5 activity (103). Phosphorylation of T132, T139, and T144 by LKB1 also decreases PRMT5 activity (111). On the contrary, T80 phosphorylation by RhoAassociated protein kinase and myosin phosphatase increases PRMT5 methyltransferase activity toward H2AR3 and H4R3 (112). Likewise, MEP50 phosphorylation on T5 by CDK4 (113) increases PRMT5/MEP50 methyltransferase activity toward H4 (FIGURE 14) [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF].

PTM crosstalk

Pre-existing acetylation marks also influence PRMT5 activity. PRMT5 has higher methylation activity toward hypoacetylated than hyperacetylated H3 (114). 

E. Known roles of PRMT5

1. Development PRMT5 is required for normal development and cell differentiation.

PRMT5 loss in mouse models causes early embryonic lethality due to failure to maintain cell pluripotency (117). By using an inducible, germline-specific PRMT5 knockout mouse model, Li et al. (122) showed that PRMT5 is specifically required for primordial germ cell survival and development between E10.5 and E13.5. In mouse embryonic stem cells, PRMT5 depletion is associated with the downregulation of pluripotency genes Oct4, Nanog, and Rex1,and associated reduction in Oct4 and Nanog protein levelsand, on the contrary, with the upregulation of key differentiation genes, including Fgf5, Gata6, Lhx1, and FoxA2, and Hoxfamily members HoxA3, HoxA7, and HoxD9 (117). However, PRMT5 does not seem to take part in maintaining the pluripotency of human embryonic stem cells, but to control proliferation via regulation of the cell cycle (123).

Selective knockout of PRMT5 in neural stem/progenitor cells results in postnatal cell death in mice (124). In this context, schwann cell factor 1, a transcriptional regulator of developmental signaling pathways, recruits PRMT5 for H4R3 dimethylation of target DNA sequences to maintain the proliferative capacity of neural stem/progenitor cells prior to the onset of neurogenesis (125).

PRMT5 regulates the activity of BLIMP1, a transcriptional repressor known to play a critical role in germ cell development. In mouse embryos, PRMT5 binds BLIMP1 for access to BLIMP1 consensus sequences and subsequent H2AR3 and H4R3 methylation. The resulting changes in chromatin structure repress somatic gene expression and promote primordial germ cell development (126).

Stem cell maintenance and differentiation

PRMT5 is essential for maintaining stem cell homeostasis and differentiation processes. Crosstalk between PRMT5 and ATP-dependent chromatin-remodeling enzymes is also necessary in myogenic lineages, where it allows the recruitment of myogenic differentiation transcription factor MyoD to target DNA sequences and resultant onset of myogenic differentiation (131).

RNA splicing

PRMT5 plays a crucial role in RNA processing, and more particularly in pre-mRNA splicing.

Proper mRNA splicing requires concerted collaboration between multiple actors (FIGURE 16). Sm proteins first assemble in the cell cytoplasm to form the core of small ribonuclearprotein (snRNP) complexes. Core snRNPs further assemble with a single, non-coding, uridine(U)-rich short nuclear RNA (snRNA) to complete snRNP complex formation before nuclear translocation (132). There exists a number of distinct snRNP complexes, distinguished by their particular snRNA component. Five different snRNP complexesnamed U1, U2, U4, U5, U5, and U6sequentially associate with pre-mRNA and a number of nuclear protein partnersincluding far upstream binding protein 1 (FUBP1), whose role will be discussed laterto form a spliceosome, a large molecular machine responsible for splicing reactions.

PRMT5 plays an important role in spliceosome assembly. In complex with MEP50 and pICln, PRMT5 methylates Sm proteins D1, D3, and B/B' (104,132) (FIGURE 16), increasing their affinity for survival motor neuron (SMN) (133) whose cooperation is required for Sm protein loading onto snRNAs. PRMT5/pICln-dependent SDMA of Sm proteins thus facilitates snRNP complex formation and ensuing spliceosome assembly (104).

Accordingly, a number of studies have reported splicing defects following PRMT5 depletion.

In mouse neural stem and progenitor cells, PRMT5 depletion led to alternative splicing of more than 300 genes, with a majority of intron retention and exon skipping events (124).

Alternatively spliced genes were predominantly involved in post-transcriptional RNA processing, membrane organization, and negative regulation of cell cycle processes. In particular, alternative splicing of Mdm4, a p53 inhibitor, resulted in short, unstable Mdm4 transcripts, reduced MDM4 protein expression, and in the activation of the p53 signaling pathway (124). Alternative splicing of MDM4 and subsequent up-regulation of p53 target genes following PRMT5 deletion was recapitulated in lung, liver, kidney, and stomach tissues of mouse embryos (124), emphasizing the essential role of PRMT5 as a splicing regulator.

In the triple-negative breast cancer cell line MDA-MB-453 (LAR subtype), shRNA depletion of PRMT5 and MEP50 caused alternative splicing of 256 genes, again, mainly through exon skipping (SE) mechanisms, and by the inclusion of A-T rich exons normally refractory to transcription (134). Here also, the majority of alternatively spliced genes following PRMT5/MEP50 loss are involved in RNA processing. More specifically these genes participate in mRNA cleavage and polyadenylation (CPSF1, CPSF7, CPSF3L), splicing (U2AF1, RBM23, RBM5, HNRNPC, HNRNPH1, BM39), mRNA structure and stability (DDX23), and mRNA degradation (EXOSC9). Interestingly, more than 11% of these alternatively spliced genes are downregulated, suggesting that alternative splicing destabilizes mRNA transcripts.

The importance of PRMT5 in mRNA processing is further endorsed by the biological function 

DNA repair

PRMT5 methylates a number of proteins involved in DNA-repair mechanisms, allowing their proper function and thus participating in the maintenance of genome integrity. For example, PRMT5-dependent methylation of flap endonuclease 1 (FEN1) promotes FEN1 binding to proliferating cell nuclear antigen (PCNA), and concomitant recruitment of the FEN1/PCNA complex to damaged DNA for base-excision repair (140). PRMT5 also methylates the DNA repair protein RAD9, within an RG-rich motif (aa172-175), allowing RAD9 to associate with RAD1 and checkpoint protein HUS1 in a ring-shaped complex which recognizes damaged chromatin and stimulates DNA-repair (141).

In addition, PRMT5 was recently implicated in well-described homologous-recombinationbased DNA repair processes (FIGURE 17). Using a mass spectrometry approach, Clarke et al.

(142) identified the ATPase and DNA-repair complex component RUVBL1 as a PRMT5 partner, and further demonstrated that PRMT5 catalyzes the symmetric demethylation of RUVBL1 on R205, a PTM which allows the proper assembly and activity of the RUVBL1/L2-TIP60 DNA-repair complex. In parallel, PRMT5 mediates the splicing of exon 5 of the TIP60 gene (143), necessary to the generation of the TIP60 isoform with histone lysine acetyltransferase activity. Following dsDNA break, TIP60-mediated H4K16 acetylation displaces 53BP1 from damaged DNA, enabling the recruitment of homologous-recombination enzymes for DNA repair.

Translational regulation

PRMT5-dependent methylation influences various translational processes.

PRMT5 participates in ribosomal biogenesis. PRMT5 dimethylates ribosomal protein s10 (RPS10), member of the 40S ribosomal subunit, on residues R158 and R160. This PTM enhances RPS10 stability and ensures proper ribosomal assembly for protein synthesis (144).

In addition, PRMT5 facilitates internal ribosome entry site(IRES)-dependent translation.

PRMT5 catalyzes the methylation of heterogeneous nuclear ribonucleaoprotein 1 (hnRNPA1), an IRES transacting factor, at R218 and R225 to facilitate hnRNPA1/IRES interaction and IRES-dependent translation (145). PRMT5 was shown to be essential for the interaction between eIF4E and 5′-UTRs of HIF-1α, c-Myc and cyclin D1 mRNAs, thus enabling the translation of proteins with major influence on cell proliferation and survival (146). 

III. PRMT5 in cancer

The role of PRMT5 in cancer is by far the most extensively documented association between PRMT5 and human disease, and has been explored most particularly in lymphoma and glioblastoma (122,(151)(152)(153)(154).

A large number of studies report PRMT5 overexpression in various types of cancers including B and T-cell lymphoma, melanoma, multiple myeloma, neuroblastoma, glioblastoma, lung, gastric, colorectal, prostate, ovarian, and breast cancers, and high expression of PRMT5 often correlates with poor patient prognosis [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF].

Results from several studies suggest that PRMT5 dysregulation in cancers is linked to the downregulation of micro RNAs miR92b and miR96 (155,156). This downregulation may be 

B. Sustained proliferative signaling and evasion of growth suppressors

A number of studies clearly show that PRMT5 sustains cancer cell proliferation through transcriptional silencing of target tumor suppressor genes and activation of oncogenes. PRMT5

directly inhibits the transcription of ST7, NM23, p53, and retinoblastoma-like protein 2 (RBL2)

tumor suppressors via symmetric methylation of histones in their promoter region (105,156).

In gastric cancer cells, PRMT5 was shown to contribute to the recruitment of DNMT3A to promoter regions of tumor suppressor gene for transcriptional repression [START_REF] Shailesh | Protein arginine methyltransferase 5 (PRMT5) dysregulation in cancer[END_REF].

In colorectal cancers, PRMT5 activates the transcription of oncogenes FGFR-3 and eIF4E

(128). Increased expression of eIF4E was shown to encourage eIF4E recruitment to the 5'binding cap of c-MYC and CYCLIN D1 mRNA (128,146), thus enhancing the expression of these two oncogenic drivers and of downstream target genes. Likewise, in leukemia and lymphoma cells, PRMT5 enhances the oncogenic activity of c-MYC, as well as that of NOTCH1 and MLL-AF9, thus contributing to neoplastic outgrowth (122).

PRMT5-induced upregulation of G1 phase CYCLINS D1, D2, and/or E1 and CDK-4/6 expression has also been reported (151,161,162). In lymphoma cell lines, more specifically, enhanced CYCLIN D-CDK4/6 expression was shown to promote the hyperphosphorylation and concomitant inactivation of tumor suppressors RB1 and RBL2, leading to uncontrolled cell proliferation (151). PRMT5 also encourages prostate cancer proliferation via methylation of the androgen receptor gene promoter and ensuing AR and AR target gene overexpression (136).

In addition to directly controlling transcription through histone methylation, PRMT5 indirectly influences cell transcriptional programs by methylating a number of cancer-associated transcription factors. These include p53, E2F1, KLF4, NF-ΚB, sterol regulatory elementbinding protein 1a (SREBP1a), N-Myc and PDCD4 [START_REF] Zheng | Arginine methylation-dependent reader-writer interplay governs growth control by E2F-1[END_REF]162,163).

In prostate cancer cells, PRMT5 methylates p53 on multiple arginine residues (R333, R335, R337), modifying its DNA-binding specificity and the expression of target genes (164). These modifications influence the outcome of DNA damage-response and promote tumor cell proliferation. Methylation of E2F1 by PRMT5 inhibits E2F1 growth-limiting and pro-apoptotic activities [START_REF] Zheng | Arginine methylation-dependent reader-writer interplay governs growth control by E2F-1[END_REF]. KLF4 methylation at R374, R376, and R377 prevents KLF4 degradation, leading 

C. Regulation of cancer stem cell function

The role of PRMT5 in embryonic and adult stem cell maintenance has long been established. 

D. Evasion of cell death

PRMT5 represses or inhibits several key players of pro-apoptotic pathways and thus contributes to increased cell survival of cancer cells. As aforementioned, PRMT5 inactivates the Rb family of tumor suppressors, leading to the downregulation of Rb-dependent pro-apoptotic genes including CASP10, DAP1, HOXA5, and HRK (151).

In addition, PRMT5 activates the PI3K/AKT cell-survival signaling cascade by promoting PI3K hyperphosphorylation as well as by controlling the activity of PI3K/AKT negative regulator PTEN (161). PRMT5 directly represses PTEN transcription by binding to and hypermethylating its promoter region (152).

PRMT5 also methylates R89 of apoptosis signal-regulating kinase 1 (ASK1), thereby potentiating its interaction with AKT and AKT-mediated ASK1 phosphorylation. This phosphorylation inhibits ASK1 pro-apoptotic activity and promotes cell survival ( 167).

E. Metabolic dysregulation

Another hallmark of cancer cells is their ability to adapt to oxidative stress by using aerobic glycolysis instead of oxidative phosphorylation to generate ATP. PRMT5 participates in the regulation of glycolysis-related metabolic pathways, thus supporting cancer cell survival and proliferation.

In lung adenocarcinoma, fibrosarcoma, and mammary carcinoma cell lines, PRMT5 was shown to promote hypoxia-inducible factor 1α (HIF1α) transcription and translation in response to oxidative stress. HIF1α overexpression triggers the expression of key glycolytic enzymes to support rapid cancer cell proliferation and accelerated biosynthesis (168).

Under low glucose conditions, PRMT5 methylation of H3R2 at c-AMP response element binding (CREB) target DNA sequences loosens chromatin structure and hence enhances chromatin accessibility to protein kinase A (PKA). PKA phosphorylates chromatin-bound CREB to enable the recruitment of CREB co-activators, resulting in the expression of gluconeogenic genes (169).

In tumor cells, lipids mainly derive from de novo synthesis rather than from extracellular uptake. In hepatocellular carcinoma cell line HepG2, PRMT5 stimulates de novo lipogenesis by interacting with a key transcription factor involved in fatty acid, triglyceride, and phospholipid biosynthesis: SREBP1a (165). As mentioned previously, PRMT5 symmetrically methylates SREBP1a at R321. SREBP1a methylation increases its transcriptional activity and prevents its degradation, thereby doubly promoting the upregulation of target lipogenic enzymes (165).

F. PRMT5 inhibitors 1. Development

A number of research laboratories have recently directed their attention toward PRMTs as candidate targets against a variety of cancer types. But developing specific, small molecule inhibitors for individual PRMTs is a difficult task, and initial studies had to rely on naturaloccurring compounds such as Methylthioadenosine and sinefugin, SAM analogs that inhibit all SAM-dependent enzymes in a non-specific manner (170).

The first PRMT for which specific inhibitors were a success is PRMT5. Several pharmacological molecules targeting PRMT1, PRMT3, CARM1, and PRMT6 were also developed, but always with limited specificity (171). Today, only three PRMT inhibitors are ongoing clinical trial: PRMT5 inhibitors GSK3326595 (EPZ015938; NCT02783300, NCT03614728), JNJ-64619178 (NCT03573310), and PF-06939999 (NCT03854227), and a new PRMT1 inhibitor GSK3368715 (NCT03666988) (54).

Specific PRMT5 inhibitors

Since the initial discovery of PRMT5 association with lymphoma and glioblastoma, a plethora of PRMT5-targeting small molecule inhibitors have been developed. These inhibitors' mechanism of action vary from substrate competitive to SAM-competitive, and their potential for clinical trial is growing (54,80,[START_REF] Wu | JNJ-64619178, a selective and pseudo-irreversible PRMT5 inhibitor with potent in vitro and in vivo activity, demonstrated in several lung cancer models abstract[END_REF].

a. Substrate-competitive inhibitors

The most widely utilized PRMT5 inhibitor is the GSK-developed EPZ015666 (GSK3235025), whose structure was made public in 2015 (FIGURE 20). EPZ015666 is a selective, substrate competitive PRMT5 inhibitor that binds PRMT5 in the substrate peptide binding site, and interacts with the PRMT5 catalytic residues G435 and G444 (FIGURE 19) (172). EPZ015666 inhibits PRMT5 with a biochemical IC50 of 22nM against an H4 substrate peptide and has an in vitro half-life of 94 to 130 minutes, depending on the measurement method used (172).

In vitro, EPZ015666 was shown to inhibit growth and survival of multiple cancer-derived cell lines, including breast (173,174), bladder, brain, colon, lung, and pancreatic cancer cells (175), From Duncan et al. 2015 (173). No published work has yet explored the effect of these additional inhibitors on breast cancer cells.

Response predictors

Despite the multiplication of PRMT5-specific inhibitors, response biomarkers are still lacking, limiting the reproducibility of PRMT5 inhibition and its incorporation into the clinic. Last year, using a panel of 240 cancer cell lines, Gerhart et al. found p53 status be determinant to EPZ015938 sensitivity (175). Specifically, Gerhart et al. suggest that cell lines harboring TP53 mutations are less sensitive to PRMT5 inhibition. This finding is a first, and encourages further research to identify TNBC patients who would most benefit from PRMT5 inhibition-based treatments.

L'objectif de cette étude était double :

(1) PRMT5 représente une cible thérapeutique certaine dans plusieurs types de cancers. (2) De par son activité enzymatique, PRMT5 influence de nombreux processus biologiques. Afin de mieux comprendre la fonction de PRMT5 dans les TNBC, nous avons cherché à identifier de nouveaux partenaires protéiques de PRMT5 dans les TNBC, par spectrométrie de masse. Nous avons ensuite plus particulièrement approfondi notre étude de l'interaction entre PRMT5 et un nouveau partenaire protéique ainsi identifié, et discuté de la potentielle influence de cette interaction dans le contexte des TNBC.

that high PRMT5 expression correlates with poor prognosis. We find that PRMT5 inhibition using EPZ015666 impairs the viability of a subset of TNBC cell lines, triggers apoptosis, impedes colony and mammosphere formation, and regulates cell cycle progression. In addition, EPZ015666 administration in a PDX model of TNBC significantly slows tumor progression, upholding PRMT5 targeting as a relevant treatment strategy for a subset of TNBC. Finally, we reveal potentiation between EGFR and PRMT5 targeting, suggesting a benefit of PRMT5 targeting in a combination therapy.

L'efficacité de prise en charge des cancers du sein s'est nettement améliorée durant les deux dernières décennies. Cependant, les patients atteints de cancers du sein triple-négatifs conservent un mauvais pronostic, dû à la résistance de certaines cellules aux chimiothérapies conventionnelles, et à l'absence de thérapies ciblées.

Notre laboratoire travaille depuis plusieurs années sur l'identification de nouvelles cibles 

II. Additional results and discussion

Since PRMT5 inhibition decreases the viability of a subset of TNBC cells and slows tumor growth in vivo, we found it appropriate to further explore the role of the most important PRMT5 partner, its coactivator MEP50. We thus examined MEP50 mRNA and protein expression, and its localization in breast tumors from the Curie cohort, in order to better understand its relationship to PRMT5 in the context of breast cancer, and its potential implication in breast cancer onset and development. 

High MEP50 expression in TNBC correlates with favorable prognosis

KmPlot analyses of MEP50 expression and survival outcomes in TNBC, in contrast to PRMT5

(184), strongly associate high levels of MEP50 mRNA with more favorable prognosis (distantmetastasis free survival (DMFS), p=0.0022; overall survival (OS), p=0.0075) (FIGURE 21 b), introducing MEP50 as a prognosis biomarker in TNBC. This is not the case in any other breast cancer subtype (data not shown). As a result, in breast cancers of all subtypes confounded, high MEP50 expression does not improve prognosis (DMFS, p=0.26; OS, p=0.14) (data not shown). 189) (http://kmplot.com). Because the breast cancer subtypes are associated with different prognoses, the analysis was restricted to TNBC patients: the group "basal" (ER-/HER2-) was selected from the intrinsic subtypes. TNBC samples were split into high and low groups according to the expression level of the selected probe (cutoff at the median). Hazard ratio with 95% confidence interval and log rank P value were calculated and significance threshold was set at P < 0.05.

MEP50 is differentially localized in TNBC compared to other breast cancer subtypes and to normal mammary tissues

After validating an anti-MEP50 antibody for IHC staining (FIGURE 22), we assessed MEP50 protein expression and localization in the Curie cohort. In contrast to mRNA (FIGURE 21 a), we find that TNBC express similar levels of MEP50 protein compared to healthy breast tissues and to other breast cancer subtypes (FIGURE 23), suggesting a post-transcriptional regulation of MEP50 expression. MEP50 mRNA transcripts could be unstable in TNBC, due to mechanisms such as incomplete transcript maturation or miRNA targeting, leading to premature degradation. All in all, both MEP50 and PRMT5 proteins are comparably expressed between all breast cancer subtypes and normal breast tissues.

Figure 22. Validation of MEP50 antibody for IHC staining. MDA-MB-468 cells were transfected with 20nM siRNA targeted against MEP50, or with a control siRNA (siCTRL), or left untreated (NT). 72 hours later, part of the cells were collected, pelleted, frozen and fixed for IHC staining, as previously described [START_REF] Gupta | Identification of selective inhibitors of cancer stem cells by high-throughput screening[END_REF][START_REF] Mai | Salinomycin kills cancer stem cells by sequestering iron in lysosomes[END_REF]. MEP50 silencing was confirmed by western blotting. GAPDH was used as loading control.

Since MEP50 availability determines PRMT5 activity, we scored nuclear, cytoplasmic, and membrane expression of MEP50 in the different breast cancer subtypes and in healthy breast tissues from the Curie cohort, as done for PRMT5 (FIGURE 23). Overall, the subcellular localization of MEP50 is highly variable. Breast cancers present significantly low levels of MEP50 at the cell plasma membrane compared to healthy breast tissues. On the contrary, breast cancer tissues exhibit significantly high levels of cytoplasmic MEP50 compared to healthy breast tissues. Finally, TNBC present significantly lower nuclear MEP50 than HER2+, LA and

siCTRL siMEP50 GAPDH MEP50
LB subtypes, and lower nuclear MEP50 than healthy breast tissues, although not significantly so. Together with our published observations regarding PRMT5 subcellular localization, these results show that, in breast cancers, the PRMT5/MEP50 complex favors a cytoplasmic localization, whereas in normal breast tissues, it is notably present at the plasma membrane.

Importantly, TNBC show particularly low levels of nuclear PRMT5/MEP50 compared to all other breast cancer subtypes and to healthy breast tissues.

Likewise, Lattouf et al. (111) 

Symmetric H4R3 dimethylation is associated to breast cancer prognosis

Next, we sought to determine whether the low nuclear expression of PRMT5/MEP50 observed in TNBC from the Curie cohort correlates with low nuclear PRMT5 activity. We used the symmetric dimethylation of Histone 4 on Arginine 3 (H4R3me2s) as a marker of PRMT5 nuclear activity and performed IHC analyses of our TMA after validation of the antibody (FIGURE 24).

Figure 24. H4R3me2s antibody validation. MDA-MB-453 cells were treated with the indicated concentrations of EPZ015666, with vehicle (DMSO), or were left untreated (NT). After 48 hours, part of the cells were collected, pelleted, frozen and fixed for IHC staining, as previously described [START_REF] Maire | Pololike kinase 1: a potential therapeutic option in combination with conventional chemotherapy for the management of patients with triple-negative breast cancer[END_REF][START_REF] Maire | TTK/hMPS1 is an attractive therapeutic target for triple-negative breast cancer[END_REF]. PRMT5 inhibition was confirmed by western-blot analysis using antibodies that recognize symmetric dimethyl-arginine on histones H4 (H4R3me2s) and H2 (H2AR3me2s). PRMT5 expression was verified and actin used as a loading control.

As expected from the PRMT5 and MEP50 expression profiles described previously, normal breast tissues score higher for H4R3me2s than do breast cancer tissues (FIGURE 25). Interestingly, the comparative H4R3me2s stain scores of breast cancer subtypes follow the same pattern as prognosis, with subtypes with worse prognosis (TNBC and HER2+) scoring significantly lower than subtypes with better prognosis (LA and LB). Together, these results suggest that low PRMT5-mediated symmetric dimethylation of H4R3 associates with poor prognosis. We thus posit that PRMT5 activity, and symmetric dimethylation of H4R3 specifically, could be of importance in defining the clinical behavior of breast tumors. Using the same line of thought and a TMA of 880 breast tumors, Elsheikh et al. (191) previously demonstrated that low H4R3 asymmetric dimethylation (H4R3me2a) levels are highly represented in the poor prognosis-associated basal (95% low H4R3me2a detection) and HER2

(92%) breast cancer subtypes compared to the luminal subtype (12%). Elsheikh et al. (191) demonstrated that low H4R3me2a associates with large tumor size, shorter disease-free survival and breast cancer specific survival, independently from subtype. High H4R3me2a, on the other hand, associated to low lymph node stage. Similarly, we explored the relationship between H4R3me2s and tumor size in the Curie cohortsubtype-independently and with each subtype -, but did not find any significant correlation (data not shown). Unfortunately, we do not possess sufficient progression or survival events to conduct robust protein expression-DMFS/OS correlation analyses in this cohort. expression. This observation suggests that expression of these well-known tumor-suppressor genes is protective in the context of B-cell lymphoma. This is unsurprising in the case of RB1 and RBL2, but a similar approach may identify other proteins with unsuspected protective activity in TNBC, especially if taken wide-scale.

Also using a ChIP-seq approach, this time in WT and histone demethylase JMJD1B knock-out HSPCs, Li et al. (194) showed that H4R3me2s regulates the expression of almost 200 genes, both directly and indirectly, by influencing transcription factor expression, in HSPCs.

Differentially expressed genes included NOTCH1, SOX4, as well as target genes of CTNNB1, ERG, SOX2, FOS, GATA3, and PML signaling pathways for hematopoiesis. In compliance, as discussed in this thesis' introductory section and with the Girardot et al. study (192) mentioned above, PRMT5-induced H4R3me2s inhibits the expression of Menin target genes including Hox genes, involved in development and differentiation (195). In TNBC, high H4R3me2s could therefore serve to maintain tumor cells in an undifferentiated state and promote clonal expansion of resistant cells following therapy.

Moreover, symmetric dimethylation of H4R3 was shown to inhibit BLIMP1 target gene expression in primary germ cells (126). As BLIMP1 targets are involved in invasion and metastasis of cancer cells, low H4R3me2s, as observed in TNBC from the Curie cohort, could drive tumor spread.

In a similar line of research, examining additional PRMT5-dependent histone modifications, such as H3R8me2s (another repressive PTM), could also be instructive. This would allow us to understand whether specific histone methylation patterns can be drawn from the different breast cancer subtypes, or can be linked to disease stage, progression, or recurrence. This could, in turn, help identify the most efficient epigenetic drugs for a given malignancy, and the patients whom would most benefit these drugs.

Note: The MEP50 and H4R3me2s IHC analyses will be submitted for publication in a journal of pathology. par EPZ015666 résulte en une diminution dose-dépendante de l'expression de c-myc, l'une des cibles transcriptionnelles de FUBP1, sans toutefois sensiblement impacter l'expression de FUBP1 (FIGURE 34). Des études plus poussées seront nécessaires afin de confirmer ces observations préliminaires, de comprendre par quel(s) processus elles opèrent, et, plus pro

Salt-inducible kinase 2 (SIK2) is a potential novel MEP50 interactor

Among the 25 proteins consistently identified by LC-MS/MS using MEP50 antibody A301-561A, we identified a potential novel interaction partner: SIK2 (FIGURE 26, TABLE 3). 34-0 0-0 0-0 SIK2 is a serine/threonine-protein kinase known to regulate cell cycle progression and cell survival. Large scale siRNA screening identified SIK2 as essential for TNBC cell line survival and for tumor growth in vivo (196). In this context, SIK2 silencing increased autophagic flux and selectively killed TNBC cells, notably the mesenchymal, claudin-low subtype.

Pharmacological inhibition of SIK2 using the ATP-competitive SIK2 inhibitor ARN-3236 also decreased TNBC viability and tumorigenicity, particularly in the claudin-low subtype, and reduced TNBC tumor growth. For this reason, we chose to further investigate the relationship between SIK2 and MEP50.

First, we confirmed MEP50-SIK2 interaction by immunoprecipitation in two TNBC cell lines:

HCC38 and MDA-MB-468 (FIGURE 27). We did not, however, visualize the interaction when, inversely, immunoprecipitating endogenous SIK2 and blotting for MEP50 (FIGURE 27). To increase the sensitivity of our analysis, we examined SIK2 immunoprecipitates from the HCC38 cell line by LC-MS/MS. Using this method, we identified peptides from both MEP50 and PRMT5 in our samples, confirming that SIK2 interacts with the MEP50/PRMT5 complex (TABLE 4). The absence of SIK2 peptides in MEP50 immunoprecipitates analyzed by LC-MS/MS using antibodies A301-562A or CST_2019 may be explained by differences in antibody recognition sites compared to the initial, A301-561A antibody. Indeed, while, A301-561A recognizes sites from the MEP50 N-terminal (aa1-50), A301-562A and CST_2019 recognize sites from the MEP50 C-terminal (aa surrounding S225, and aa292-342, respectively). It is possible that antibody fixation in the MEP50 C-terminal prevent SIK2 interaction. Importantly, other known interactants of the PRMT5/MEP50 complex were also identified using the A301-561A antibody only, and not the other two. This is the case of ZNF326, RIOK1, and COPR5 for example.

FUBP1 is a novel MEP50 interactor

a. MEP50/FUBP1 interaction Among the 10 interaction partners identified in all five MEP50 immunoprecipitate LC/MS-MS analyses regardless of the MEP50 antibody used (FIGURE 26 a), we find PRMT5, and seven known partners (snRNP proteins and pICln) involved in pre-mRNA splicing (FIGURE 28). We also find two previously unreported MEP50/PRMT5 putative interaction partners: Microfibril-associated glycoprotein 4 (MFAP4), an extracellular matrix protein involved in cell adhesion or intercellular interactions (198), and FUSE element binding protein 1 (FUBP1) (FIGURE 28). Because LC-MS/MS analyses consistently found high numbers of FUBP1 peptides (TABLE 5), we focused on this protein. We confirmed the interaction between endogenous MEP50 and FUBP1 suggested by LC-MS/MS by immunoprecipitation using two MEP50 antibodies in our possession (FIGURE 29). We also confirmed the MEP50/FUBP1 interaction inversely, by immunoprecipitation of endogenous FUBP1 followed by MEP50 immunoblotting (FIGURE 29). Interestingly, FUBP1 also plays a role in pre-mRNA splicing (see FIGURE 14 from introduction), as cofactor of the spliceosome core component U2 auxiliary factor 2 (U2AF2) (199). In this context, FUBP1 preferentially binds A-T rich exons to prevent exon skipping (201).

Transcriptome comparison of FUBP1 loss-of-function and WT LGG patients as well as of FUBP1-silenced and wild-type U87MG cells, and identified a number of alternative splicing eventsmainly exon retention and exclusion eventsassociated to FUBP1 loss (202). As the PRMT5/MEP50 complex also regulates mRNA splicing, this line of evidence prompted us to further investigate the relationship between MEP50 and FUBP1.

FUBP1 is upregulated in TNBC compared to normal breast tissue

To characterize FUBP1 expression in breast cancers, we examined FUBP1 RNA expression in the Curie cohort. We found elevated FUBP1 expression in TNBC, HER2, and luminal breast cancers compared to normal breast tissues (FIGURE 30, LEFT PANEL). We find that TNBC, in particular, express significantly higher FUBP1 mRNA than all other breast cancer subtypes (TNBC vs. HER2: p= 0.007; TNBC vs. LB: p=1.23e-05; TNBC vs. LA: p=8.40e-05) (FIGURE Taken together, these observations show significant FUBP1 upregulation in TNBC compared to normal breast tissue, and importantly, also agree with a previously published study by Jacob et al. (203), which shows high expression of FUBP1 in breast cancers compared to adjacent, non-tumorigenic tissues. FUBP1 overexpression has been observed across multiple cancer types, including HCC, glioma, leukemia, breast, ovarian, prostate, colorectal, gastric, and bladder cancers, osteosarcoma, nasopharyngeal carcinoma, esophageal squamous cell carcinoma, and renal cell carcinoma (199).

FUBP1 protein expression is not associated to breast cell line subtype

To uncover potential differences in FUBP1 protein expression between the different breast cancer subtypes and normal breast tissue, we examined FUBP1 expression in our panel of 13 breast cell lines. We found no expression trend common to breast cancer cell lines from a single subtype nor to the two non-tumorigenic cell lines (FIGURE 31). Rather, FUBP1 expression level in our breast cancer cell line panel is heterogeneous and cannot be linked to breast cancer subtype. 

FUBP1 expression is not associated to breast cell line sensitivity to PRMT5 inhibition

We observe no association between FUBP1 expression and sensitivity to the PRMT5 inhibitor EPZ015666 in our panel of breast cell lines (FIGURE 31). Indeed, cell lines sensitive to EPZ015666 may express comparatively low or high levels of FUBP1, as for EPZ015666resistant cell lines. For example, despite an equal IC50 of 2.2µM for EPZ015666, HCC38 cells express low levels of FUBP1, whereas MDA-MB-468 cells express high levels of FUBP1 (FIGURE 31).

Do MEP50 or PRMT5 regulate FUBP1 expression? Does FUBP1 regulate MEP50 or PRMT5 expression?

To explore the biological function of PRMT5/MEP50 in TNBC in relation to FUBP1 interaction, we examined whether MEP50 or PRMT5 affect FUBP1 expression or stability. We silenced MEP50 or PRMT5 expression using siRNA and examined FUBP1 expression. Neither MEP50 nor PRMT5 silencing affects FUBP1 expression level (FIGURE 32 a). Inversely, we silenced FUBP1 and examined PRMT5 and MEP50 expression by Western Blotting (FIGURE 32 b, LEFT PANEL). FUBP1 abrogation did not modify MEP50 or PRMT5 expression levels. Interestingly, however, we observed a decrease in PRMT5-specific histone methylation marks H3R8me2s and H4R3me2s following FUBP1 silencing (FIGURE 32 b, LEFT AND RIGHT PANELS). This decrease ranges from 50 to 80% for H3R8me2s and from 60 to 70% for H4R3me2s. This observation was made in two experiments and requires further confirmation.

Yet, it suggests that FUBP1 enhances PRMT5-dependent histone-methylation, potentially by facilitating PRMT5 recognition of histone substrates, or by directly potentiating PRMT5 methyltransferase activity. Similar analyses could also be conducted using H3R8me2s and/or pan-SDMA as markers of PRMT5 activity, provided additional IHC staining and quantification be possible. The hypothesis underlining these experimental procedures is that FUBP1 orients PRMT5 methyltransferase activity toward the nucleus of TNBC cells (and perhaps specifically toward H3R8 or H4R3 methylation).

Is FUBP1 a PRMT5 substrate?

Protein sequence examination reveals one, highly conserved RG-rich PRMT5 preferential target sequence within FUBP1 (FIGURE 33). Furthermore, six FUBP1 arginine residues (R321, R331, R359, R361, R363, R430) have been reported [START_REF] Hornbeck | 2014: mutations, PTMs and recalibrations[END_REF] to carry mono-methylation marks, and three to carry dimethylation marks (R359, R361, R363), suggesting that FUBP1 may be a protein target of PRMT5.

Last year, after our study began, FUBP1 was formally identified as a PRMT5 substrate in the breast cancer cell line Z-138 using MethylScan technology: methylated peptide immunoaffinity purification with a pan-SDMA antibody, followed by LC-MS/MS for identification of enriched peptides (175). FUBP1 is methylated by PRMT5 on arginines R539, R361, and R363, situated in a conserved RG-rich region (FIGURE 33). Investigating the biological impact of PRMT5-dependent methylation of FUBP1 could be an interesting point of focus for future studies.

What is the biological impact of PRM5-mediated FUBP1 methylation?

Preliminary data suggests that PRMT5 inhibition decreases c-myc expression. Indeed, treatment with EPZ015666 results in a dose-dependent decrease in c-myc expression after 72h, with FUBP1 expression remaining constant (FIGURE 34). Since c-myc is a well-known FUBP1 target gene, it would be interesting to investigate whether or not PRMT5/MEP50 cooperate with FUBP1 to regulate c-myc expression. To pursue this line of research, c-myc downregulation following PRMT5 inhibition must first be confirmed, preferably with several inhibitors, as well as with an enzyme-dead PRMT5. Then, confronting c-myc RNArather than proteinlevels following PRMT5 inhibition to those following FUBP1 depletion by classic qPCR would allow to understand whether PRMT5/MEP50 exert a transcriptional influence on c-myc, as is the case for FUBP1.

If so, many hypotheses can be formulated: (i) the PRMT5/MEP50 complex methylates histones in the c-myc-promoter region or in the c-myc genetic sequence; (ii) the PRMT5/MEP50 complex methylates histones at the FUBP1-target, FUSE sequence upstream of the myc promoter; (iii) FUBP1 methylation by PRMT5/MEP50 decreases FUBP1 stability, indirectly leading to c-myc downregulation (in Figure 34 FUBP1 expression also seems to decrease) (iv) FUBP1 methylation by PRMT5/MEP50 hinders FUBP1 binding to FUSE. PRMT5, H4R3me2s, H3R8me2s ChIP analyses may be conducted to test these hypotheses. In addition, FUBP1 ChIP analyses in cells treated with a PRMT5 inhibitor vs. vehicle-treated cells will determine whether PRMT5-dependent FUBP1 methylation controls FUBP1 binding to FUSE.

The same can be done in cells transfected with FUBP1 mutated for the PRMT5-methylated residues (herein referred to as FUBP1 PRMT5-Rmut , for simplification purposes).

This line of investigation can also be pursued using FUBP1-null cells transfected with 

GENERAL CONCLUSION

TNBC, which represent 15-20% of diagnosed breast tumors, are aggressive and metastatic cancers with high genetic instability and heterogeneity. Today, only one targeted therapy directed against PARP has been approved for the treatment of a subset of TNBC presenting a BRCAness phenotype. The high majority of patients diagnosed with TNBC are directed toward removal surgery, in conjunction with neoadjuvant and/or adjuvant chemotherapy regimens, an invasive therapeutic strategy with many side-effects and high risk of relapse. The identification of new molecular targets for the treatment of TNBC thus represents an urgent medical need.

Using -omics screening approaches in a cohort of 150 breast tumor samples spanning all breast cancer subtypes, our laboratory has identified PRMTs, enzymes responsible for the posttranslational methylation of arginines on histone and non-histone proteins, as candidate therapeutic targets in TNBC. This thesis focused on PRMT5, the PRMT responsible for the majority of symmetric dimethylation marks in eukaryotic cells. Using a number of cellular assays, we tested the therapeutic potential of PRMT5 targeting in TNBC using siRNA and a specific and potent pharmacological inhibitor. We found PRMT5 to be a relevant therapeutic target, alone or as part of a combination therapy with the EGFR inhibitor Erlotinib, for a subset of TNBC.

We examined the expression of PRMT5 and its partner, MEP50, in breast from our cohort, and found that TNBC express similar levels of PRMT5 and MEP50 proteins compared to healthy breast tissues and to other breast cancer subtypes. However, the subcellular localization of both PRMT5 and MEP50 is variable. We highlight a distinctively low levels of nuclear PRMT5, MEP50, and associated H4R3 symmetric methylation in TNBC, suggestive of a prognostic value of PRMT5/MEP50 subcellular localization in breast cancers. Future studies aimed at identifying compartment-specific PRMT5/MEP50 partners and substrates, as well as the genes whose expression is affected by symmetric methylation of H4R3 in TNBC, would help define the potential link between the subcellular localization of PRMT5/MEP50 and TNBC development.

Following this line of thought, we identified protein partners of MEP50 using LC-MS/MS techniques. One of these partners, FUBP1, whose expression is significantly elevated in TNBC compared to normal breast tissues, is a transcriptional regulator known to promote cell proliferation, inhibit apoptosis, and enhance cell migration, and is also involved, as are PRMT5 and MEP50, in pre-mRNA splicing. Since our study began, FUBP1 has been recognized as a PRMT5 substrate, confirming the interaction visualized in our LC-MS/MS analyses. Future En suivant cette ligne conductrice, nous avons identifié de nouveaux partenaires protéiques de MEP50 dans des lignées cellulaires TNBC, par une approche de spectrométrie de masse. Un de ces partenaires, l'hélicase FUBP1, est significativement surexprimée dans les TNBC comparé aux tissus mammaires sains, favorise la transcription de gènes impliqués dans la prolifération et la migration cellulaire, inhibe celle de gènes apoptotiques, et participe à l'épissage alternatif de l'ARN. Depuis, FUBP1 a formellement été identifiée comme substrat de PRMT5 par un autre groupe de recherche. Comprendre l'effet de la diméthylation symétrique de FUBP1 par PRMT5 sur la fonction de FUBP1 dans le contexte des TNBC représenterait donc une prochaine étape d'étude.

allowed two missed cleavage sites and the mass tolerances in MS and MS/MS was set to 10 ppm and 0.6 Da (Fusion) or 0.02 Da (HF-X), respectively.

The resulting files were further processed by using myProMS (v 3.5, (204) 
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 1 Figure 1. Cancer incidence and mortality rates among women worldwide. Global Cancer Observatory 2018
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 2 Figure 2. Breast anatomy. adapted from cancer.org (8) © Sam and Amy Collins

Figure 3 .

 3 Figure 3. Breast histology. Adjacent tissue sections from normal human mammary duct showing basal/myoepithelial (a) or luminal (b) cells.Basal cells were colored using antibodies against the basal cytokeratins 5/6 (gray) and luminal cells with antibodies against the luminal cytokeratins 8/18 (dark blue). From Perou et. al[START_REF] Perou | Molecular portraits of human breast tumours[END_REF].

Figure 4 .

 4 Figure 4. Schematic representation of ductal carcinoma in situ and lobular carcinoma in situ. From Cancer Research UK (13).

Figure 5 .

 5 Figure 5. Breast cancer classification. Simplified scheme of breast cancer classification along molecular criteria. The main molecular markers used for breast cancer classificationestrogen receptor (ER), epidermal growth factor 2 receptor (HER2), and Ki67are shown against a white background. Breast cancer subtypes defined by IHC prior to gene expression profiling studies are indicated against a blue background, and those discovered following gene expression profiling against a green background.

Figure 6 .

 6 Figure 6. Basal-like tumor subtype distribution, according to Lehmann et al.'s 2011 classification. BL1: basallike 1; BL2: basal-like 2; IM: immunomodulatory; M: mesenchymal; MSL: mesenchymal stem-like; LAR: luminal androgen receptor; UNCL: unclassified.. FromLehmann et al., 2016 (34).

Figure 8 .

 8 Figure 8. Subclassification of basal-like breast cancers and suggested therapy selection. Basal breast cancer subtypes defined by Lehmann et al. (21) are indicated in black, with corresponding gene enrichment (red) and potential therapy. Poorly-expressed genes are indicated in blue. IM and MSL subtypes removed in Lehmann et al.'s 2016 classification (34) are shown against a red background. Overlap with the claudin-low group of basal breast cancers is also represented. BL1: basal-like 1; BL2: basal-like 2; M: mesenchymal; MSL: mesenchymal stem-like; IM: immunomodulatory; LAR: luminal androgen receptor.

Figure 9 .

 9 Figure 9. Stem-like cancer cells and resistance to chemotherapy.

Figure 10 .

 10 Figure 10. Mammalian protein arginine methyltransferase family. The mammalian PRMT family comprises nine conserved proteins, which all possess a number of signature motifs (black bars)or putative signature motifs (grey bars)and a THW loop (blue bars). Distinct domains that may assist substrate recognition are illustrated in blue. SH3: SRC Homology 3 ; ZNF : Zinc-finger ; TRP2 : TPR repeat. Adapted fromBedford & Clarke, 2009 (87).

Figure 11 .

 11 Figure 11. Types of arginine methylation. Arginine methylation is generated by transfer of a methyl group from SAM to the guanidine moiety of an arginine residue side-chain. Type I, II, and II PRMTs catalyze MMA. Subsequent generation of ADMA is carried out by Type I PRMTs, and generation of SDMA is catalyzed by Type II PRMTs. Type III PRMTs only generate MMA. Adapted fromYang & Bedford, 2013 (89).

Figure 12 .

 12 Figure 12. Protein arginine methyltransferase 5 (PRMT5). PRMT5 domains are illustrated in blue. The two conserved, catalytic glutamate residues G435 and G444 are indicated in orange. Post-translationally phosphorylated residues reported to regulate PRMT5 activity are annotated, and the three NES located within the PRMT5 sequence are depicted below.

Figure 13 .

 13 Figure 13. (a) Crystal structure of a PRMT5:MEP50 heterodimer. Highlighted in orange is the PRMT5 β-barrel linker between the N-terminal TIM barrel and C-terminal methyltransferase catalytic domain. MEP50 is shown in red. The bound SAM analog is in black, and the substrate peptide in magenta with substrate residue Arg3 in sticks. (b) Close-up of the PRMT5:SAM analog interaction. PRMT5 peptides participating in the interaction are highlighted in green and salt bridges are illustrated by dotted lines. The two PRMT5 catalytic glutamate residues Glu345 and Glu444 are underlined in red. The SAM analog is depicted in black sticks with omit map contoured in blue. (c) Close-up of the PRMT5 active site. PRMT5 peptides participating in the interaction are indicated in green sticks with corresponding salt bridges in dotted lines, and the PRMT5 catalytic glutamate residues are underlined in red. Substrate peptide Arg3 is shown in magenta, with omit map contoured in blue. Represented in black is the SAM analog. Adapted fromAntonysamy et al., 2012 (103).

Figure 14 .

 14 Figure 14. Methylosome protein 50 (MEP50). The MEP50 WD-repeat domain is shown in blue, and the assembly domain which interacts with PRMT5 is indicated above. T5 residue, post-translationally phosphorylated by CDK4, is annotated. The two NES and the three NLS located within the MEP50 sequence are depicted below, in blue and red, respectively.

Figure 15 .

 15 Figure 15. PRMT5:MEP50 hetero-octameric complex. MEP50 monomers (red) interact with PRMT5 TIM-barrel domains.Antonysamy et al., 2012 (103).

  H4K5 acetylation facilitates PRMT5 recruitment for H4R3 dimethylation. In contrast, H4K16 acetylation weakens H4-PRMT5 interactions and impedes H4 methylation (115). More generally, acetylation was shown by Feng et al. to influence H4 binding affinity toward PRMT5 or PRMT1, determining the type of arginine methylation mark subsequently deposited (115). Histone phosphorylation also regulates PRMT5 activity. H2AS1 and H4S1 phosphorylation were shown to hinder and/or sterically repress PRMT5 interaction with H2A and H4 tail-region arginine moieties (116).

  another determinant of its activity, by controlling both partner and substrate availability.The chromatin-remodeling activity and direct transcriptional influence of PRMT5 is of course contingent upon PRMT5 nuclear localization. Of importance, association with COPR5 is required for the nuclear function of PRMT5 (108). Methylation of strictly cytoplasmic proteins requires PRMT5 presence in the cytoplasm.During development, the translocation of PRMT5 from cytoplasm to nucleus controls cell fate(107,117,118). This process was first described byTee et al. (117) in the mouse embryo, where cytoplasmic expression of PRMT5 maintains the high proliferative and self-renewal capacities of embryonic stem cells. Relocation of PRMT5 to the nucleus triggers cell cycle arrest and marks the onset of cell differentiation. MEP50 was found to adopt a similar behavior during mouse prostate development (107). Indeed, during the early stages of prostate development, MEP50 is localized in the cytoplasm and promotes rapid cell proliferation. At the time of differentiation, MEP50 translocates to the nucleus. PRMT5/MEP50 localization also differs between normal and tumor tissues, and may contribute to carcinogenesis. This particularity has predominantly been described in the context of prostate cancer. Immunohistochemistry staining of PRMT5 and MEP50 in benign and cancerous prostate tissues has shown that, in benign epithelial prostate cells, both proteins preferentially localize to the nucleus, whereas in malignant cells, PRMT5 and MEP50 are mostly cytoplasmic (119). In prostate cancers, but also in melanoma (120), non-small cell lung cancer (121), and pulmonary endocrine tumors (121), high levels of cytoplasmic PRMT5/MEP50 associate with poor prognosis, with rapid tumor cell proliferation, poor differentiation state, and metastasis.On the contrary, nuclear PRMT5/MEP50 seemingly play a protective role in prostate cancer and in luminal breast cancer(111). Indeed, forced nuclear localization of PRMT5 in prostate cancer cells, by fusion of a strong NLS at the PRMT5 N-terminal and cell transfection, was shown to significantly inhibit cell growth. This biological effect is independent from PRMT5 methyltransferase activity, as transfection with an enzyme-dead NLS-PRMT5 equally decreased cell proliferation (119). Likewise, forced nuclear localization of MEP50 in LNCaP cells, which carry loss of function mutations in MEP50 NLS and accordingly express cytoplasmic MEP50 only (107), significantly inhibited proliferation.Overall, nuclear and cytoplasmic PRMT5/MEP50 seem to play opposite roles in regulating cell differentiation and proliferation, likely due to compartment-specific partner/substrate availability. The mechanisms governing PRMT5/MEP50 subcellular localization are currently unknown, but must be tightly regulated to ensure proper development and maintain cell homeostasis.

  PRMT5 deletion in blood-marrow cells of adult mice causes severe cytopenia, and loss of hematopoietic progenitor and stem cells (HSPC) (127). Enzymatically-dead PRMT5 is unable to rescue deficient HSPCs, showing that PRMT5 enzymatic activity, not only PRMT5 presence, is required for normal hematopoiesis (127). In addition, RNA-seq analyses of PRMT5 knockout vs. wild-type HSPCs showed activation of several hematopoietic differentiation pathways following PRMT5 deletion (127), suggesting that PRMT5 plays a role in maintaining the undifferentiated state of HSPC.Using an inducible muscle stem cell-specific PRMT5 knockout mouse model,Zhang et al. (128) observed that PRMT5 deletion causes important muscle stem cell decline during physiological aging, and prevents muscle regeneration following injury, indicating that PRMT5 is required for muscle stem cell self-renewal.In oligodendrocyte progenitor cells and C6 glioma cells, PRMT5 symmetrically dimethylates H4R3 in the CpG-rich islands within the genomic sequences of two key repressors of glial cell differentiation, Id2 and Id4. H4R3me2s in these regions attracts DNMT3A for DNA methylation, which silences Id2/Id4 expression and enables glial cell differentiation (129).PRMT5 is essential for adipose tissue homeostasis. Using several in vitro adipogenesis models,LeBlanc et al. (130) showed that PRMT5 (i) binds to and dimethylates histones at adipogenic promoters to enhance adipogenic gene expression, and (ii) PRMT5 presence attracts ATPdependent chromatin-remodeling enzymes to peroxisome proliferative-activated receptor γ2 (PPARγ2)-regulated promoters to allow PPARγ2-dependent transcription of adipogenic differentiation genes.

  of a number of interaction partners. Rengasamy et al. were the first to establish a comprehensive repertoire of PRMT5/MEP50 partners (134). Using liquid chromatography-mass spectrometry (LC-MS) of nuclear and cytoplasmic MEP50 immunoprecipitates from the TNBC cell line MDA-MB-231, Rengasamy et al. identified 97 nuclear and 90 cytoplasmic MEP50 partners, including previously identified PRMT5/MEP50 partners such as pICln (CLNS1A), RIOK1, and Sm proteins. The majority of these partners were common between the two cellular compartments, and were enriched for biological pathways involved in mRNA splicing (HNRP H1 and H2, ZNF326), stability (SREBP1), and translation (RPS27A, RPL26, RPS3, RPS10L). Rengasamy et al. further investigated the role of PRMT5/MEP50 association with ZNF326, and showed that ZNF326 facilitates the alternate inclusion of A-T rich exons in alternative splicing processes.

Figure 16 .

 16 Figure 16. Role of PRMT5 in splicing. Schematic representation of snRNP complex formation and spliceosome assembly. (left panel) Sm proteins B/B', D1, and D3 are symmetrically demethylated by PRMT5, in complex with MEP50, PICln, and other members of the methylosome, prior to loading onto snRNA by SMN for snRNP complex formation. (right panel) Six different snRNP complexes -U1, U2, U4, U5, and U6assemble with pre-mRNA and additional protein factors in a series of steps to form the spliceosome, a complex machinery which removes introns from pre-mRNA prior to translation.
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 17 Figure[START_REF] Sørlie | Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications[END_REF]. Role of PRMT5 in homologous recombination dsDNA break repair. PRMT5 regulates homologous recombination processes both by: (A) methylating R205 of RUVBL1, allowing the assembly of a functional RUVBL1/L2-TIP60 complex, and (B) controlling TIP60 exon 5 splicing, generating a TIP60 isoform with histone lysine acetyltransferase activity toward H4K16, a PTM necessary to the removal of 53BP1 from damaged DNA for DNA repair. Adapted fromClarke et al. (141) 

  in Epstein-Barr infectious disease. PRMT5 expression is upregulated in Epstein-Barr virus (EBV)-infected germinal center B cells (147). PRMT5 overexpression results in increased dimethylation of the Epstein-Barr nuclear antigen 2 (EBNA2) (148), associated with EBNA2 enrichment at target promoter sequences, activation of EBNA2dependent transcription, and potentiation of EBV transforming activity (148).PRMT5 was also reported to regulate cardiomyocyte excitability. PRMT5-induced methylation of the cardiac voltage-gated sodium channel (NaV1.5) enhances its cell surface expression, and influences electric impulse propagation through the heart (149). Moreover, PRMT5-dependent methylation of GATA4 at R229, R265, and R317 in cardiomyocytes inhibits the transcription of GATA-dependent genes. Loss of PRMT5 function leads to GATA4 activation and cardiac hypertrophy (150).

  orchestrated by PRMT5 itself, in a negative-feedback loop involving transcription factors NF-ΚB and HDAC3 (157). Indeed, in malignant B-cells, concerted PRMT5/NF-ΚB/HDAC3 binding to the promoter of miR96 decreases miR96 transcription, and leads to increased PRMT5 expression. PRMT5 knockdown or inhibition restores miR96 levels and inhibits PRMT5 mRNA translation (157). How PRMT5 influences cancer progression is an ongoing research topic, but it is now clear that via arginine methylation of histone and non-histone proteins, PRMT5 orchestrates the transcriptional, translational, and post-translational regulation of key players in cancer onset and progression. In 2011, Hanahan and Weinberg organized the acquired biological capabilities of tumor cells into ten hallmarks (FIGURE 18): sustained proliferative signaling, evasion of growth suppressors, replicative immortality, resistance to cell death, genome instability and mutation, invasion and metastasis, induction of angiogenesis, deregulation of cellular energetics, immune escape, and induction of tumor-promoting inflammation. PRMT5 influences several of these hallmarks to promote tumor development (158).

  to KLF4 accumulation and to the overexpression of a number of KLF4-dependent oncogenes and cell cycle activators (162). Of note, elevation of KLF4 expression in breast cancer cell lines MCF10A and MCF7 increases the transcription of MAPK, EGF/EGFR, IGF1, CYCLIN D2, CDK1, and CYCLIN E1. In addition, PRMT5-induced SREBP1a methylation on R321 prevents S430 phosphorylation by GSK3βb and ensuing proteasomal degradation. Methylationstabilized SREBP1a promotes lipogenic gene expression, proliferation of hepatocellular carcinoma (HCC) cell line HepG2, and HCC progression in vivo (165). Finally, in neuroblastoma, PRMT5-induced methylation also prevents N-Myc degradation and hence contributes to increased activation of N-Myc-dependent oncogenic pathways (163).

  More recently, PRMT5 was also shown to influence cancer stem-like cell function and selfrenewal. Indeed, after noting elevated expression of PRMT5 in breast cancer stem-like cells (BCSC), Chiang et al. found that PRMT5 knockdown leads to more differentiated tumors and to a less aggressive pathology in vivo. Chiang et al. attribute this finding to PRMT5-driven upregulation of forkhead box protein 1 (FOXP1), a transcription factor involved in stem cell maintenance (166). Moreover, gene microarray profiling of breast cancer cell lines MCF10A and MCF7 showed elevated transcription of stem cell-related transcription factors c-MYC, SOX9, BMI1, Z1B1, SLUG, TWIST, and N-CADHERIN, resulting from PRMT5-induced KLF4 accumulation (162).

Figure 19 .

 19 Figure 19. EPZ015666 binding mode. EPZ015666 is represented in cyan, PRMT5 in green, and SAM in yellow.
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 20 Figure 20. Chemical structure of PRMT5 inhibitors EPZ015666 and EPZ015938.

  Nous avons cherché à établir PRMT5 comme cible thérapeutique, spécifiquement dans les cancers du sein triple-négatifs. Pour ce-faire, nous avons, dans un premier temps, analysé l'expression de PRMT5 et de MEP50, ainsi que l'activité de PRMT5, dans notre cohorte de cancers du sein, et recherché de potentielles corrélations entre ces facteurs et des données cliniques. Dans un second temps, nous avons, à l'aide de molécules pharmacologiques nouvellement développées, étudié l'effet de l'inhibition de PRMT5 sur la survie et la prolifération de lignées cellulaires TNBC, ainsi que sur la croissance tumorale dans un modèle de PDX-TNBC. De plus, les combinaisons de traitement étant de plus en plus source d'intérêt clinique, nous avons, dans un troisième temps, cherché à savoir si l'inhibition de PRMT5 pourrait présenter un effet additif ou synergique avec des chimiothérapies conventionnelles, ou avec d'autres drogues approuvées par la FDA.

  thérapeutiques pour les TNBC, et particulièrement sur l'identification d'enzymes dont l'activité pourrait être modulée par des molécules pharmacologiques, à des fins thérapeutiques. Après s'être focalisé sur les protéines kinases, notre laboratoire s'intéresse à une autre famille enzymatique : les protéines arginine méthyltransférases (PRMT). Les PRMT ont récemment été identifiées comme de bonnes cibles thérapeutiques dans plusieurs types de cancersen particulier PRMT5 dans le lymphome et le glioblastome. A ce jour, cependant, la littérature publiée ne fait pas cas des PRMT comme cibles thérapeutiques attractives dans les TNBC spécifiquement. Mais en interne, nous avons démontré que tel est le cas de PRMT1, seule ou en combinaison avec un anti-EGFR. Durant les quatre dernières années, plusieurs inhibiteurs pharmacologiques spécifiques de PRMT5 ont été développés, et aujourd'hui, trois d'entre eux sont en essai clinique. Notre article intitulé "PRMT5 is a therapeutic target in triple-negative breast cancers" évalue le potentiel thérapeutique de l'inhibition de PRMT5 par l'un de ces inhibiteurs, EPZ015666, dans les TNBC in vitro et in vivo, et étudie l'expression et la localisation de PRMT5 dans une cohorte de cancers du sein. Notre étude met en évidence une localisation distinctive de PRMT5 dans les TNBC, à savoir fortement cytoplasmique et faiblement nucléaire. Nous trouvons également que le niveau d'expression de PRMT5 dans les TNBC est hétérogène, et qu'une forte expression de PRMT5 est liée à un mauvais pronostic. De plus, nous montrons que l'inhibition de PRMT5 par EPZ015666 diminue la viabilité d'un sous-ensemble de lignées cellulaires TNBC, provoque de l'apoptose, entrave la formation de colonies et de mammosphères, et régule la progression du cycle cellulaire. L'administration d'EPZ015666 par voie orale à un modèle de PDX-TNBC ralentit de façon significative la croissance tumorale, soutenant PRMT5 comme cible thérapeutique pertinente pour un sous-ensemble de TNBC. Finalement, nous révélons que l'inhibition de PRMT5 potentialise l'effet de l'inhibition de l'EGFR, suggérant un bénéfice à l'utilisation d'inhibiteurs de PRMT5 dans le cadre de thérapies combinées.

  Puisque nous avons montré que l'inhibition de PRMT5 diminue la viabilité d'un sous-ensemble de lignées cellulaires TNBC et ralentit la croissance tumorale in vivo, nous avons également souhaité explorer le rôle du partenaire principal et coactivateur de PRMT5, MEP50. Nous avons analysé l'expression de MEP50 au niveau ARN et protéique dans notre cohorte, pour tenter de mieux comprendre sa relation à PRMT5 dans le contexte des cancers du sein, ainsi que son implication potentielle dans la survenue et le développement de ces cancers. Nous avons observé que, tout comme PRMT5, les TNBC de notre cohorte présentent une localisation distinctive de MEP50 (FIGURE 23): de nouveau, fortement cytoplasmique et faiblement nucléaire. Nous montrons également que les faibles expressions nucléaire de PRMT5 et MEP50 dans les TNBC se traduisent par un faible niveau de diméthylation symétrique de l'histone H4 sur l'arginine 3 (H4R3me2s) (FIGURE 25), un des marqueur d'activité nucléaire de PRMT5. Nous remarquons également que (1) le niveau de H4R3me2s est plus faible dans les cancers du sein que dans les tissus mammaires normaux, et, (2) lorsque l'on compare les différents sous-types de cancers du sein entre eux, est négativement associé au pronostic : les sous-types associés à un mauvais pronostic (TNBC et HER2+) présentent, en moyenne, un plus faible niveau de H4R3me2s que les sous-type associés à un meilleur pronostic (LA et LB) (FIGURE 25). L'ensemble de ces résultats suggère que l'activité de PRMT5, et plus spécifiquement la diméthylation symétrique de H4R3, pourrait jouer un rôle dans l'évolution clinique des cancers du sein. TNBC express high levels of MEP50 mRNA compared to the other breast cancer subtypes and to normal breast tissues We find higher RNA levels of the PRMT5 cofactor MEP50 in TNBC compared to other breast cancer subtypes and to normal breast tissues (FIGURE 21 a, LEFT PANEL). Analysis of The Cancer Genome Atlas (TCGA) cohort shows that MEP50 is overexpressed in breast cancersall subtypescompared to normal breast tissues (FIGURE 21 a, RIGHT PANEL), as previously reported by other teams (134,186). TNBC from the TCGA cohort (187) express significantly higher levels of MEP50 mRNA than all other breast cancer subtypes (FIGURE 21 a, RIGHT PANEL), validating the observations made in the Curie cohort. Moreover, As MEP50 potentiates PRMT5 enzymatic activity (113,188), MEP50 overexpression suggests that PRMT5 could be more active in TNBC compared to the other breast cancer subtypes.

Figure 21 .

 21 Figure 21. ( a ) TNBC express high levels of MEP50 mRNA. MEP50 RNA expression in the different breast cancer subtypes and in normal breast tissues in the Curie (82) (left panels) and TCGA (187) (right panels) cohorts. The breast cancers subtypes rank from the most to the less proliferative tumors: TN (red), ER-/HER2+ (HER2, blue), luminal B (LB, green), luminal A (LA, orange). Normal breast tissues (N) are in grey. RNA relative quantifications are logarithmic (log2) transformed and illustrated by boxplots. Outliers are shown within each studied population (open circles). *P<0.05, **P<0.01, ***P<0.001. ( b ) High MEP50 expression in TNBC correlates with favorable prognosis. Distant metastasis free survival (DMFS, left panels) and overall survival (OS, right panels) according the RNA expression of MEP50 (Affy probe ID: 201421_s_at) were analyzed by Kaplan Meier (KM) Plotter (189) (http://kmplot.com). Because the breast cancer subtypes are associated with different prognoses, the analysis was restricted to TNBC patients: the group "basal" (ER-/HER2-) was selected from the intrinsic subtypes. TNBC samples were split into high and low groups according to the expression level of the selected probe (cutoff at the median). Hazard ratio with 95% confidence interval and log rank P value were calculated and significance threshold was set at P < 0.05.

Figure 23 .

 23 Figure 23. MEP50 protein is differentially localized in TNBC compared to other breast cancer subtypes and to normal mammary tissues. MEP50 expression was analyzed by immunohistochemistry (IHC) in the samples from the Curie cohort (82): TN (red), HER2 (blue), LB (green), LA (orange) and normal breast tissues (N, grey). ( a ) A representative image is shown for the different breast cancer subtypes and the normal breast tissues (x40). ( b ) Quantification of the staining (0: no staining, 3: the strongest staining) observed globally, and in each separate cell compartment. Boxplots show median, upper and lower quartiles of each studied population. Outliers are represented as open circles. P values were calculated using Student t-test and are indicated as follows: *P<0.05, **P<0.01, ***P<0.001.

Figure 25 .

 25 Figure 25. Low H4R3me2s is associated to breast cancer subtypes with worse prognosis. PRMT5 activity was analyzed by immunohistochemistry (IHC) in the samples from the Curie cohort (82): TN (red), HER2 (blue), LB (green), LA (orange) and normal breast tissues (N, grey). (left panel) A representative image is shown for the different breast cancer subtypes and the normal breast tissues (x40). (right panel) Quantification of the staining (0: no staining, 3: the strongest staining) observed in the nucleus for PRMT5 activity. Boxplots show median, upper and lower quartiles of each studied population. Outliers are represented as open circles. P values were calculated using Student t-test and are indicated as follows: *P<0.05, **P<0.01, ***P<0.001.

  Gaining a better understanding of the biological significance of symmetric dimethylation of H4R3 in the context of breast cancers may shed light on protective processes and on strategies for TNBC prevention. Chomatin IP(ChIP)-seq analysis of H3R4me2s in the different breast cancer subtypes and in adjacent, healthy breast tissues and the identification of differentially regulated genes as a consequence of this PTM is one way to evaluate H4R3me2s involvement in subtype determination and in prognosis. H4R3me2s ChIP-seq analysis in wild-type (WT), PRMT5 and/or MEP50 knock-out, and PRMT5 inhibited breast cancer cells could constitute a first step toward this goal.H4R3me2s ChIP-seq analyses have already been performed in ES cells(192). These analyses have revealed that the majority of annotated gene promoters carry H4R3 symmetric demethylation marks. H4R3me2s was specifically mentioned to be enriched in promoter regions of a number of genes including pluripotency genes Oct4 and Nanog, DNMT3a, DNMT3L, Col1a1, and ACTB. In this study conducted byGirardot et al., H4R3me2s enrichment did not necessarily correlate with transcriptional activity, suggesting that the identification of histone symmetric dimethylation marks is insufficient to draw conclusions on gene expression and on the biological roles of PRMT5.H4R3me2s ChIP analyses in normal and transformed B cells, however, have previously revealed increased PRMT5-dependent symmetric dimethylation in the RB1 and RBL2 promoters of the transformed cells(193), with concurrent downregulation of RB1 and RBL2

Figure 26 .

 26 Figure 26. LC-MS/MS analysis of the MEP50 interactome. (a) Five independent MEP50 immunoprecipitation experiments (A, B, C, D, and E), one of which (C) in triplicates, were conducted on TNBC cell line HCC38 lysates using the following MEP50 antibodies: A301-561A (A, B, C); A301-562A (D); CST_2019 (E). Immunoprecipitates were analyzed by LC-MS/MS. The scheme represents the number of proteins identified via peptide analysis in each independent experiment, and the number of proteins common to two or more experiments. The respective positions of SIK2 and FUBP1 in the analysis are highlighted. (b) Gene ontology analysis of the 25 proteins common to A, B, and C.

Figure 27 .

 27 Figure 27. Validation of MEP50-SIK2 interaction in HCC38 and MDA-MB-468 cells. Normal IgG was used as control.

Figure 28 .

 28 Figure 28. Interaction network of the 10 MEP50 interaction partners identified in all LC-MS/MS experiments. Line thickness indicates the strength of data support (197).

Figure 29 .

 29 Figure 29. Validation of the MEP50-FUBP1 interaction. MEP50, FUBP1, or normal IgG (control) were immunoprecipitated from HCC38 cell lysates using 3µg (MEP50) or 6µg (FUBP1, IgG) of the indicated antibody.

Figure 30 .

 30 Figure 30. FUBP1 is overexpressed in breast cancers compared to normal breast tissues. FUBP1 mRNA expression was evaluated in the different breast cancer subtypes and in normal breast tissues in the Curie (82) and in the TCGA (187) cohorts. The breast cancers subtypes rank from the most to the less proliferative tumors: TN (red), ER-/HER2+ (HER2, blue), luminal B (LB, green), luminal A (LA, orange). Normal breast tissues (N) are in grey. RNA relative quantifications are logarithmic (log2) transformed and illustrated by boxplots. Outliers are shown within each studied population (open circles). *P<0.05, **P<0.01, ***P<0.001.

Figure 31 .

 31 Figure 31. Relationship between FUBP1 expression, TNBC cell subtype, and sensitivity to EPZ015666 in breast cancer cell lines. FUBP1 expression was quantified using Multi Gauge software (FUJIFILM) and normalized to GAPDH. Sensitive cell lines are represented against a green background. Cell line hormonal receptor status is indicated in color.

Figure 32 .

 32 Figure 32. ( a ) MEP50 or PRMT5 silencing does not affect FUBP1 expression -FUBP1 silencing does not affect PRMT5 nor MEP50 expression. (a and b) Hs578T ( a ) or HCC38 ( b ) cells were transfected with 40nm siRNA targeted against PRMT5, MEP50, or FUBP1, or with control siRNA. PRMT5, MEP50, and FUBP1 expression were assessed 72 hours later by Western-Blot analysis. Actin was used as loading control. Pictures are from a single experiment representative of two ( b ) or more ( a ) independent experiments. ( b ) FUBP1 silencing decreases PRMT5 activity. PRMT5 activity was assessed using antibodies that recognize symmetric dimethylarginine on histones H3 (H3R8me2s) and H4 (H4R3me2s) (left panel) and quantified (right panel).

  If the preliminary observations described above are confirmed, several further questions may be asked: (i) Does FUBP1 potentiate PRMT5 methyltransferase activity toward histones only, or is this potentiation effect independent from substrate identity? Comparison of pan-SDMA levels in FUBP1-silenced cells vs. WT cells, in an experimental design similar to the above, could yield a first element of response. (ii) Does FUBP1 enhance PRMT5 activity in all breast cancer subtypes? In normal breast tissues? This could first be examined by comparing H3R8me2s, H4R3me2s, and pan-SDMA levels in FUBP1-silenced vs. WT cells from the different breast cancer subtypes and from non-tumorigenic cell lines. A more biologically relevant answer to this question calls on the quantification of FUBP1 expression in TMA from the Curie cohort using IHC staining, allowing correlation analyses between FUBP1 expression and H4R3me2s levels in the different breast cancer subtypes, as well as in individual tumors.

Figure 33 .

 33 Figure 33. Far upstream binding protein 1 (FUBP1). FUBP1 KH domains and domains of unknown function (DUF) are highlighted in blue. Methylated arginines are shown in green, with the conserved, RG-rich, PRMT5 target region detailed above.

Figure 34 .

 34 Figure 34. PRMT5 inhibition decreases c-myc expression. Hs578T cells were treated with the indicated concentrations of PRMT5 inhibitor EPZ015666 or with vehicle (DMSO). PRMT5 activity was assessed 72 hours later by Western-Blot analysis using antibodies that recognize symmetric dimethyl-arginine on histones H3 (H3R8me2s) and H4 (H4R3me2s), and a pan-symmetric dimethyl-arginine antibody (pan-SDMA). PRMT5, MEP50, FUBP1, and c-myc expression were verified. Actin was used as loading control. Pictures are from a single experiment representative of two independent experiments.

FUBP1

  PRMT5-Rmut . In these cells, is FUBP1 still capable of FUSE-binding and c-myc regulation?What of other target genes p21 and BIK?And what of splicing regulation? Is unmethylated FUBP1 still capable of interaction with spliceosomal U2AF2? This question can be answered by immunoprecipitation and WB or LC-MS/MS, both in PRMT5-inhibited and in FUBP1 PRMT5-Rmut cells. Do these FUBP1 PRMT5-Rmut cells present splicing defects, detectable by RNA-sequencing analyses?One interesting splice target to investigate is MDM2. Indeed, FUBP1 is required for proper MDM2 pre-mRNA splicing (203), as is PRMT5, since aberrant MDM2 splicing was observed in PRMT5-KO hematopoietic cells (143). Alternative MDM2 splicing is a characteristic of many cancer types, including breast cancers, and is associated with p53 overactivation and tumor development. Study of the interplay between PRMT5 and FUBP1 in MDM2 pre-mRNA splicing and of its functional consequences on the MDM2-p53 signaling pathway in the context of breast cancers is therefore of biological interest.Combined FUBP1 and PRMT5 targeting may be a relevant therapeutic strategy in TNBCFUBP1 overexpression in cancer, and its association with tumor cell proliferation has endorsed FUBP1 as a potential therapeutic target in cancers, prompting the search for FUBP1 inhibiting compounds (200). Using a bead-based proximity assay (Amplified luminescent proximity homogeneous assay),Hosseini et al. (200) screened a Prestwick Chemical Library containing 1280 mostly FDA-approved drugs identified camptothecin and its derivative, as inhibitors of FUBP1-FUSE interaction. FUBP1 inhibition using either camptothecin or SN-38 in HCC cells resulted in increased expression of p21 and BIK, as did siRNA-mediated FUBP1 silencing. FUBP1 inhibition using camptothecin also arrested Hep3b cell expansion after 48 hours. Interestingly, in our drug combination (184), camptothecin was among the 10 top hits for additive/synergistic interaction with the PRMT5 inhibitor EPZ015666 in the TNBC cell line MDA-. This result must be validated in separate viability assays, as were performed for the EPZ015666/Erlotinib combination, and could uncover an interesting line of research and new therapeutic perspectives.

  studies linked to this interaction should investigate the effect of this PTM on FUBP1 function in the context of TNBC.Les TNBC, qui représentent 15-20% des cancers du sein, sont des cancers agressifs et hétérogènes, qui présentent généralement une haute instabilité génétique. Le standard thérapeutique pour les patients souffrant d'un TNBC est l'ablation chirurgicale couplée à des régimes de chimiothérapie, une stratégie thérapeutique invasive, et qui présente un risque nonnégligeable d'effets indésirables et/ou de rechute. Il n'existe aujourd'hui qu'une seule alternative de thérapie ciblée approuvée pour le traitement de ces cancersles anti-PARPet celle-ci ne s'adresse qu'à un sous-ensemble de TNBC qui présente un phénotype BRCAness. Afin d'élargir l'arsenal thérapeutique contre les TNBC et d'améliorer leur prise en charge, il est donc important d'identifier de nouvelles cibles moléculaires pouvant faire l'objet de développements thérapeutiques. A l'aide de criblages réalisés sur une cohorte de 150 tumeurs du sein comprenant des échantillons des différents sous-types, notre laboratoire a identifié la famille enzymatique des PRMT, famille d'enzymes catalysant la méthyation des arginines, comme cible thérapeutique potentielle dans les TNBC. Ce travail de thèse s'est focalisé sur l'un des membres de cette famille, PRMT5. Nous avons testé le potentiel thérapeutique de l'inhibition de PRMT5 dans les TNBC, en utilisant des approches siARN, ainsi que des inhibiteurs pharmacologiques de PRMT5. Nous avons montré que PRMT5 constitue une cible thérapeutique pertinente, seule ou en combinaison avec l'inhibiteur de l'EGFR Erlotinib, pour un sous-ensemble de TNBC. Nous avons examiné l'expression de PRMT5 et de son partenaire, MEP50, dans les tumeurs mammaires de notre cohorte, et avons montré que les TNBC expriment PRMT5 et de MEP50 à des niveaux comparables à ceux des tissus mammaires sains et des autres sous-types de cancers du sein. Cependant, la localisation subcellulaire de PRMT5 et de MEP50 varie : notre analyse met en évidence une faible localisation nucléaire de PRMT5 et de MEP50 dans les TNBC, associée à une faible présence de marques de méthylation symétrique de H4R3 dans ces tumeurs. Ces résultats sont suggestifs d'une valeur pronostique de la localisation subcellulaire de PRMT5/MEP50 dans les cancers du sein. Des études visant à identifier des partenaires et/ou substrats de PRMT5/MEP50 spécifiquement nucléaires ou cytoplasmiques, ainsi que le pool de gènes dont l'expression est affectée par la méthylation symétrique de H4R3 dans les TNBC seront importantes pour définir le lien fonctionnel entre la localisation subcellulaire de PRMT5/MEP50 et le développement/la progression des TNBC.

  

  

  

  

  

  

  Breast cancer is by far the most prevalent cancer among women worldwide. With more than 2,000,000 new cases in 2018, breast cancer alone represents almost 25% of female cancers and

	GAR HCC PDL-1 PDX WT ZNF	glycine-arginine rich hepatocellular carcinoma programmed cell death ligand 1 patient-derived xenograft wild-type zinc-finger PART 1: INTRODUCTION
	5-FU HDAC PKA	5-fluorouracile Histone deacetylase protein kinase A
	aa HER2 PPARγ3 CHAPTER 1: BREAST CANCERS amino acid epidermal growth factor 2 receptor Peroxisome Proliferative-Activated Receptor γ2
	AC HIF1α PR	Adriamycin, cyclophosphamide hypoxia-inducible factor 1α progesterone receptor
	ADMA hnRNPA1 PRMT	ω-N G -N G -asymmetric dimethylarginine heterogeneous nuclear ribonucleaoprotein 1 protein arginine methyltransferase I. Breast cancer generalities
	ALDH HSPC PTM	aldehyde dehydrogenase hematopoietic progenitor and stem cells post-translational modification
	ASK1 IHC RB	apoptosis signal-regulating kinase 1 immunohistochemistry retinoblastoma A. Incidence and mortality
	BL IM RBL2	basal-like immunomodulatory retinoblastoma-like protein 2
	BLIA IRES RIOK1	basal-like immune-activated internal ribosome entry site serine/threonine-protein kinase RIO1
	BLIS JMJD6 RPS10	basal-like immune-suppressed Jumonji domain-containing 6 ribosomal protein S10
	ChIP LA RTK	chromatin immunoprecipitation luminal A receptor tyrosine kinase
	CLNS1A LAR SAH	methylosome subunit pICln gene luminal androgen receptor S-adenosylhomocysteine
	COPR5 LB SAM	coordinator of PRMT5 and differentiation stimulator luminal B S-adenosylmethionine
	CREB LCIS SDMA	c-AMP response element binding lobular carcinoma in situ ω-NG-NG-symmetric dimethylarginine
	CTLA4 LC-MS SERM	cytotoxic T lymphocyte-associated antigen 4 liquid chromatography-mass spectrometry selective estrogen receptor modulators
	DCIS LKB1 SIK2	ductal carcinoma in situ liver kinase B1 salt inducible kinase 2
	DFS M SMN	disease-free survival mesenchymal survival motor neuron
	DMFS MCL SN-38	distant-metastasis free survival mantle cell lymphoma derivative 7-ethyl-10-hydroxycamptothecin
	DNMT MEP50 snRNA	DNA methyltransferase methylosome protein 50 short nuclear RNA
	EBV MMA snRNP	Epstein-Barr virus ω-N G -monomethylarginine small ribonuclearprotein
	EGFR MRI SREBP	epidermal growth factor receptor magnetic resonance imaging sterol regulatory element-binding protein
	eIF4E MSL ST7	eukaryotic elongation initiation factor 4E mesenchymal stem-like suppressor of tumorigenicity
	EMT MTA SWI/SNF	epithelial-to-mesenchymal transition microtubule-targeting agent SWItch/Sucrose Non-Fermentable
	ER NES TCGA	estrogen receptor nuclear export signal The Cancer Genome Atlas
	FAC NLS TIL	5-FU, Adriamycin, cyclophosphamide nuclear localization sequence tumor infiltrating lymphocytes
	FDA NM23 TKI	Food and Drug Administration nonmetastatic 23 tyrosine kinase inhibitor
	FEC OS TMA	5-FU, epirubicin, cyclophosphamide overall survival tumor microarray
	FEN1 PARP TN	flap endonuclease 1 poly(ADP-ribose) polymérase triple-negative
	FGFR PCNA TNBC	fibroblast growth factor receptor proliferating cell nuclear antigen triple-negative breast cancer
	FOXP1 pCR TNM	forkhead box protein 1 pathologic complete response tumor node metastasis
	FUBP1 PD-1 VEGFR	FUSE element binding protein 1 programmed cell death 1 vascular endothelial growth factor receptor

  Alternatives to mammography and MRI include breast self-examinationalthough this technique constitutes more of a raising-awareness method than an efficient screening methodand clinical breast examination. Clinical breast examination has not yet been scientifically evaluated, but is a low-cost approach which may prove a viable detection technique in low-

	income countries. The American Cancer Society, however, no longer recommends clinical
	breast examination for lack of clear benefits and for increased probability of false positives
	compared to mammography.

Once a breast tumor is detected, it is sampled via biopsy or aspiration. Pathologists analyze the sample to determine tumor type, grade, and stage. This first diagnosis defines patient prognosis and treatment options (2).

  Mai et al. further demonstrated that AM5 treatment triggers ferroptosis via iron sequestration in lysosomes, concomitant upregulation of ferretin degradation, and resultant ROS accumulation[START_REF] Mai | Salinomycin kills cancer stem cells by sequestering iron in lysosomes[END_REF].

	Many efforts aimed at developing additional inhibitors of the Wnt/β-catenin pathway are been
	made, but so far, only one, LGK974 (NCT01351103), a Wnt secretion inhibitor, has succeeded
	to stage I clinical trial against solid tumors, including TNBC (54).

showed that one such derivative, AM5, delays tumor growth and significantly decreased cancer stem-like cell numbers in vivo, with no generic toxicity, in two docetaxel-resistant, primary breast tumor patient-derived xenograft (PDX) models, encouraging further research in this direction.

b. Notch

Notch receptor mutations and focal amplifications are enriched in an estimated 13% of TNBC.

The Notch signaling pathway is involved in resistance of stem-like tumor cells to chemotherapy. In a clinical trial conducted on 29 breast cancer patients (26 with TNBC), combined Notch inhibitor PF-03084014 and docetaxel yielded a moderate overall response rate of 16%, with an evaluated progression-free survival of 4.1 months (NCT01876251)

[START_REF] Garrido-Castro | Insights into Molecular Classifications of Triple-Negative Breast Cancer: Improving Patient Selection for Treatment[END_REF]

.

Table 2 .

 2 Targeted therapies currently under clinical trial against TNBC(54).

	NCT number	Drug name	Target
	NCT01990209, NCT01889238, NCT02750358, NCT02689427, NCT02457910, NCT03170960	Enzalutamide	androgen receptor
	NCT02457910, NCT01990209	Orteronel	CYP17A1 (androgen signaling)
	NCT03878524, NCT00600496, NCT02071862	Erlotinib	EGFR
	NCT00528567, NCT00567554, NCT02456857, NCT03424005, NCT03387085, NCT00861705	Bevacizumab	VEGF
	NCT01623349, NCT02000882	Buparlisib	PI3K
	NCT01351103	LGK974	Wnt signaling
	49 clinical trials (including KEYNOTE-012; KEYNOTE-018 NCT02447003)	Pembrolizumab	PD-1
	24 clinical trials	Atezolizumab	PDL-1
	NCT02926196, NCT03387085, NCT03861403, NCT02554812, NCT02222922	Avelumab	PDL-1
	NCT02983045, NCT02536794, NCT03241173	Ipilimumab, Nivolumab	CTLA4 + PD-1
	NCT03295552, NCT02957968	Decitabine	DNMT
	NCT02783300	GSK3326595 (EPZ015938)	PRMT5

  recently revealed high nuclear expression of PRMT5 in luminal tumors compared to HER2 overexpressing tumors. Lattouf et al. further associated high levels of nuclear PRMT5 with longer DFS and OS. Taken together, both Lattouf et al.'s observations and ours suggest that in breast cancers, nuclear localization of PRMT5/MEP50 is protective, while cytoplasmic localization is deleterious. Similar expression patterns were previously observed in prostate cancer vs. benign prostate epithelium(119,190), combined with opposing biological functions. As mentioned earlier, PRMT5 and MEP50 colocalize in the cytoplasm of prostate cancer cells, where they promote cell proliferation. In contrast, in normal prostate epithelium, PRMT5 and MEP50 are mainly nuclear, and inhibit cell growth. Whether similar mechanisms operate in breast cancer cells vs. adjacent breast tissue will have to be investigated. Could such interactions, if proved accurate, or others, be linked to breast cancer onset and development? Can interaction be restored as a means of therapy? These questions outline an additional line of research for future studies.

	reflect the PRMT5/MEP50 localization patterns observed in patient tumor microarrays (TMA)
	and normal breast tissues, could yield further information so as to PRMT5/MEP50 signaling in
	relation to biological function and to cancer prognosis.
	Since we also observe significantly high PRMT5/MEP50 expression at the membrane of normal
	breast tissues compared to TNBC and other breast cancer subtypes, identifying membrane-
	specific PRMT5 and/or MEP50 partners could be of value to further decipher the biological
	role of the PRMT5/MEP50 complex. Transmembrane hormonal and/or growth factor receptors
	such as EGFR could constitute preferential PRMT5/MEP50 partners at the plasma membrane
	of normal breast epithelium, with a protective impact on receptor activity or downstream
	signaling pathways.
	In addition, the contrasting subcellular distribution of PRMT5 and MEP50 observed between
	breast cancers and normal breast tissues suggests that the identification of subcellular
	compartment specific PRMT5/MEP50 partners is paramount. Indeed, these could help outline
	the involvement of PRMT5/MEP50 in oncogenic vs. protective processes. As discussed in the
	introductory chapter 2 of this thesis, Rengasamy et al. identified nuclear and cytoplasmic
	partners of MEP50 in the TNBC cell line MDA-MB-231 (134), but did not outline particular
	differences between these compartments, perhaps due to incomplete fractionation prior to
	LC/MS-MS analysis. Repeating the experiment in cell lines representing the different TNBC
	subtypes, as well as in ER+/PR+/HER2+, HER2+, and normal breast cell lines, provided they

CHAPTER II: Identification of PRMT5/MEP50 binding partners

  

	Afin de mieux comprendre la fonction de PRMT5 dans les TNBC, nous avons cherché à
	identifier de nouveaux partenaires protéiques de PRMT5 dans des lignées cellulaires TNBC,
	par spectrométrie de masse. Cette technique nous a permis de retrouver des partenaires connus
	du complexe PRMT5/MEP50 (COPR5, pICln (CLNS1A), RIOK1, ZNF326, SmD1, D2, and
	D3, and SNRP proteins B/B' and N) (134) (FIGURE 26 a), mais aussi d'identifier un certain
	nombre de nouveaux partenaires potentiels. Parmi ceux-ci, salt-inducible kinase 2 (SIK2)
	(FIGURE 26 a,

TABLE 3 )

 3 , une serine/thréonine kinase dont l'activité participe à la régulation du cycle et de la survie cellulaires , et FUSE-element binding protein 1 (FUBP1)(FIGURE 26 a, FIGURE 28, 

TABLE 5 )

 5 , une hélicase ADN ATP-dépendante favorisant la transcription de gènes impliqués dans

	la prolifération et la migration cellulaire (myc, p21, CCND2), et inhibant celle de gènes
	apoptotiques (BIK). SIK2 et FUBP1 participent également toutes deux, tout comme PRMT5 et
	MEP50, à l'épissage de l'ARN. A l'aide d'analyses de spectrométrie de masse additionnelles
	et d'expériences d'immunoprécipitation, nous avons confirmé l'interaction entre
	PRMT5/MEP50 et ces deux nouveaux partenaires (FIGURE 27, TABLE 4, FIGURE 29).
	Entre temps, le groupe de Gerhart et al. (175) formalisait la relation entre FUBP1 et PRMT5,
	en démontrant que PRMT5 diméthyle FUBP1 sur ses résidus R539, R361, et R363. Quelle est
	la fonction biologique de cette diméthylation ? Dans le but de répondre à cette question, nous
	avons mené quelques expériences préliminaires. Celles-ci montrent que l'inhibition de PRMT5

Table 3

 3 

	. SIK2 peptide distribution in the five independent LC-MS/MS experiments (A, B, C, D, and E). MEP50
	was immunoprecipitated from HCC38 cell lysates, first using antibody A301-561A (A, B, and C), and later using
	antibody A301-562A (D) or antibody CST_2019 (E). Normal IgG was used as control, and the number of SIK2
	peptides found in IgG immunoprecipitates is italicized in the last line of the table. Peptide count in each replicate
	of experiment C (conducted in triplicates) is indicated in parentheses.			
	experiment	A	B	C	D	E
	MEP50 antibody		A301-561A		A301-562A	CST_2019
	MEP50 peptides	24	84(27+29+28)	30	29	12
	SIK2 peptides MEP50-IgG	20-0	51(19+17+15)-			
			45(13+18+14)			

Table 4

 4 

	. LC-MS/MS validation of MEP50-SIK2 interaction. SIK2 peptide counts confirm successful
	immunoprecipitation in each independent experiment (n=1 and n=2 (in triplicates)). Peptide counts for MEP50
	and PRMT5 in SIK2 and IgG (control, italicized) immunoprecipitates are shown.
	experiment	N=1	N=2
	SIK2 peptides	52	192(59+70+63)
	MEP50 peptides SIK2-IgG	1-0	84(27+29+28)-2(0+1+1)
	PRMT5 peptides SIK2-IgG	6-0	54(38+5+9)-2(2+0+0)
	For additional validation purposes, we attempted to recapitulate our initial findings using two
	other MEP50 antibodies (A301-562A, CST_2019; experiments D and E, respectively). Using
	these antibodies, we were unable to visualize the MEP50/SIK2, neither by Western Blotting
	(data not shown) nor by LC-MS/MS (TABLE 3).	

Table 5 .

 5 FUBP1 interacts with MEP50. FUBP1 peptide distribution in the five independent LC-MS/MS experiments(A, B, C, D, and E). MEP50 was immunoprecipitated from HCC38 cell lysates using the indicated antibodies. Normal IgG was used as control, and the number of FUBP1 peptides found in IgG immunoprecipitates is italicized in the last line of the table. Peptide count in each replicate of experiment C (conducted in triplicates) is indicated in parentheses.

	experiment	A	B	C	D	E
	MEP50 antibody		A301-561A		A301-562A	CST_2019
	MEP50 peptides	24	84(27+29+28)	30	29	12
	FUBP1 peptides MEP50-IgG	17-0	52(16+14+22)-5(2+2+1)	18-1	18-1	3-1

  30, LEFT PANEL). Data from the TCGA cohort confirms high FUBP1 expression in breast cancers compared to normal breast tissues (FIGURE30, RIGHT PANEL). However, unlike in the Curie cohort,

	TNBC from the TCGA cohort express similar levels of FUBP1 compared to other breast cancer
	subtypes. We also looked at FUBP1 expression in the different TNBC subtypes, classified
	according to Lehmann et al.'s (21) clustering, but found no significant difference between
	subtypes (data not shown).

  ). The Sequest target and decoy search result were validated at 1% false discovery rate (FDR) with Percolator.Label free quantification from bead samples was performed by peptide Extracted Ion Chromatograms (XICs) computed with MassChroQ version 2 (205). For protein quantification, XICs from proteotypic peptides shared between compared conditions (TopN matching) were used. Scale normalization was applied on the total signal to correct the XICs for each biological replicate. To estimate the significance of the change in protein abundance, a two-tailed t-test was performed and p-values were adjusted with a Benjamini-Hochberg FDR procedure with a control threshold set to 0.05.

	APPENDIX 2: LIST OF ANTIBODIES USED IN THIS
	STUDY			
	Target	Catalog #	Manufacturer Use
	PRMT5	2252	CST	WB
	PRMT5	ab109451	Abcam	IHC, IP, MS
	c-casp7 (Asp198)	9491	CST	WB
	c-casp8 (Asp391)	9496 (18C8)	CST	WB
	c-PARP (Asp214) p89	ab32561	Abcam	WB
	PARP/c-PARP (Asp214) p89	9546	CST	WB
	pan-SDMA	13222	CST	WB
	H3R8me2s	23613-0018	Epicypher	WB
	H4R3me2s	ab5823	Abcam	WB
	WDR77/MEP50	2018	CST	WB, IHC
	WDR77/MEP50	A301-561A	Bethyl	MS, IP
	WDR77/MEP50	A301-562A	Bethyl	MS, IP
	SIK2	6919	CST	WB
	SIK2	A302-677A	Bethyl	IP, MS
	FUBP1	ab192867	Abcam	WB, IP
	Actin Beta (Clone AC-15)	A5441	Sigma	WB
	GAPDH	2118	CST	WB
	KU-80 (C48E7)	2180	CST	WB
	anti-Rabbit IgG	13270	Millipore	IP
	anti-Rabbit IgG (H+L) HRP	111-035-045	Interchim	WB
	anti-Mouse IgG (H+L) HRP	115-035-062	Interchim	WB
	IgG R light chain HRP	MAB201P	Upstate	WB
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 Hanahan & Weinberg, 2011 (158).

A. Activation of invasion and metastasis

PRMT5 promotes invasion and metastasis of tumor cells through a variety of processes. In 2008, Hou et al. (159) showed that PRMT5 interacts with the transcription factor SNAIL to form a complex that methylates histones in the proximal promoter region of E-cadherin.

Concomitant downregulation of E-cadherin expression contributes to EMT and metastasis (158).

In 2004, Pal et al. found that overexpression of PRMT5 in mouse embryo fibroblasts encourages anchorage-independent growth and facilitates metastatic processes (105). Powers et al. recapitulated this finding in the breast cancer cell line MCF7, and further showed that the promotion of anchorage-independent growth stemmed from PRMT5 methylation of PDCD4 at R110 and contingent loss of PDCD4 tumor suppressor activity (160).

PART 2: RESULTS

The object of the present study was twofold:

(1) Evidence suggesting that PRMT5 constitutes a therapeutic target in various cancer types is indisputable. We sought to reinforce PRMT5 as a therapeutic target specifically in TNBC. To this effect, we analyzed the expression of PRMT5 and MEP50, as well as PRMT5 activity, in our cohort of human breast cancer samples, and examined whether any of these factors correlate with particular clinical data.

Using several recently developed pharmacological molecules, we examined the effect of PRMT5 inhibition on the survival and proliferation of TNBC cell lines as well as on tumor growth in a TNBC PDX model. As drug combinations are raising increased interest in the clinic, we also analyzed whether PRMT5 inhibition could act in additivity or synergy with FDA-approved drugs, or with chemotherapies conventionally used to treat TNBC patients.

(2) As described in this study's introductory chapter, PRMT5 influences a number of biological processes. In order to better understand the function of PRMT5 in TNBC, we sought to identify novel PRMT5 protein partners in TNBC using mass spectrometry analyses. We then began further characterizing one PRMT5-partner interaction, and discuss its potential relevance in the context of TNBC. The efficacy of breast cancer therapeutic management has considerably improved in recent years, however, the subgroup of patients with TNBC maintains a poor prognosis, due to the expansion of residual, treatment-resistant tumor cells following conventional chemotherapy, and to the lack of less invasive, targeted therapies.

Our group has been working for several years on the identification of new therapeutic targets in TNBC, and more specifically on enzymes that could be targeted with small-molecule approaches. After exploring protein kinases, our group has recently focused on the analysis of protein arginine methyltransferases (PRMTs) (185). PRMTs have emerged recently as attractive therapeutic targets in several cancers, in particular PRMT5 in lymphoma and glioblastoma. Whether PRMTs are potential targets in TNBC has not been reported yet, but we have shown that it is the case for PRMT1, alone and in combination with anti-EGFR.

Several selective and potent PRMT5 small-molecule inhibitors have been developed very recently and three are already examined in clinical trials (54). Our published article entitled "PRMT5 is a therapeutic target in triple-negative breast cancers" (184) investigates the therapeutic potential of PRMT5 inhibition in TNBC in vitro and in vivo using a specific and potent inhibitor, EPZ015666 (172,176), and analyzes the expression and localization of PRMT5 in a cohort of human breast cancers.

We highlight a distinctive, highly cytoplasmic and poorly nuclear subcellular localization of PRMT5 in TNBC. We further show that PRMT5 expression in TNBC is heterogeneous, and Supporting Information généralement, de décrire de façon plus complète le lien entre PRMT5 et FUBP1 dans le contexte des cancers du sein.

Characterization of the MEP50 interactome

As previously mentioned, PRMT5 activity has a wide range of biological consequences. In order to better understand the functional role PRMT5 in TNBC, we sought to identify novel PRMT5 binding partners in breast cancer cell lines using LC-MS/MS.

Because we were unable to satisfactorily immunoprecipitate PRMT5 from our cell lines using available commercial antibodies, we articulated our investigation around its principal partner, MEP50, with which PRMT5 forms a stable, heterodimeric complex (103), and whose immunoprecipitation posed no problem. Using LC-MS/MS, we characterizes the MEP50 interactome in the TNBC cell line HCC38 (FIGURE 26). We immunoprecipitated PRMT5 cofactor MEP50 from TNBC cell line extracts and analyzed the immunoprecipitates by LC-MS/MS using three different MEP50 antibodies (A301-561A, A301-562A, CST_2019). First, we conducted this experiment three times (including once in triplicates) using our first validated MEP50 antibody (A301-561A; experiments A, B, and C). Later, to confirm our results, we used two additional MEP50 antibodies (A301-562A, CST_2019; experiments D and E, respectively)

We found 25 proteins common to the first three experiments (A301-561A antibody) (FIGURE 26 a), including MEP50 and PRMT5, as well as a number of previously identified binding partners of the PRMT5/MEP50 complex (COPR5, pICln (CLNS1A), RIOK1, ZNF326, SmD1, D2, and D3, and SNRP proteins B/B' and N) also identified by Rengasamy et al. who conducted a similar study (134), validating our approach. Gene ontology analysis of these top 25 binding partners revealed significant enrichment for pathways involved in spliceosome assembly, mRNA splicing, processing, and metabolism (FIGURE 26 b), as previously described (134).

APPENDICES APPENDIX 1: SUPPLEMENTARY MATERIALS &

METHODS

Protein Immunoprecipitation

Cells were washed with ice-cold PBS 1X and lysed in buffer containing 50mM Tris pH 7.4, 10% glycerol, 100mM NaCl, 1% NP40, 1mM EGTA, 1mM EDTA, 1mM DTT, and protease inhibitor cocktail (Roche) for 30 min at 4°C with rotation. Lysates were centrifuged for 10 min at 4°C, maximum speed, to remove non-soluble material. Total protein was quantified and 0.5-1 mg protein was incubated with antibody for 2 hours to overnight with rotation in 1mL total volume. 40µl protein G agarose beads (Thermo Scientific) were added to each lysate-antibody solution and solutions left incubating for an additional 1-2 hours at 4°C with rotation. Following incubation, beads were washed three times using lysis buffer, and immunoprecipitated antigenantibody complexes were released from the beads by 10-minute heating at 95°C in 1X Laemmli buffer with agitation. For input samples, total protein extracts were lysed with 4X Laemmli buffer and denatured by 10-minute heating at 95°C with agitation. Immunoprecipitated proteins and input samples were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western Blotting or digestion for mass spectrometry analysis.

Mass Spectrometry

For Mass Spectrometry analysis, immunoprecipitation was conducted as described above.

Following incubation, however, beads were rinsed twice using lysis buffer, and once 0.1% NP-40 lysis buffer. Samples were then given to the Institut Curie Mass Spectrometry platform.

Interacting proteins on magnetic beads were washed twice with 100 μL of 25 mM NH4HCO3 and on-beads digestion with 0.2 μg of trypsine/LysC (Promega) aimed at 1 hour in 100 μL of 25 mM NH 4 HCO 3 was performed. Sample were then loaded onto a homemade C18 StageTips for desalting. Peptides were eluted using 40/60 MeCN/H2O + 0.1% formic acid and vacuum concentrated to dryness. Peptides were resuspended in solvent A (2% MeCN, 0.1 % formic acid) (on beads digestion) or A' (5% MeCN, 0.1% TFA) (in gel digestion), separated and analyzed by nanoLC-MS/MS using an UltiMate 3000 RSLCnano system (Thermo Scientific) coupled to a Q Exactive HF-X (Thermo Scientific).

Peptides were trapped on a 2 cm x 75 μm C18 column (nanoViper Acclaim PepMapTM 100, 3 μm, 100 Å, Thermo Scientific), with buffer A at a flow rate of 2.5 µL/min over 4 min.

Separation was performed on a 50 cm x 75 μm C18 column (nanoViper Acclaim PepMapTM RSLC, 2 μm, 100Å, Thermo Scientific) regulated to a temperature of 50 °C with a linear gradient of 2% to 35% or 2% to 30% buffer B' (100% MeCN in 0.1% formic acid) at a flow rate of 300 nL/min over 91 min. MS full scans were performed in the ultrahigh-field Orbitrap mass analyzer in ranges m/z 375-1500 with a resolution of 120 000 at m/z 200, the maximum injection time (MIT) was 50 ms and the automatic gain control (AGC) was set to 3 × 10 6 . The top 20 intense ions were subjected to Orbitrap for further fragmentation via high energy collision dissociation (HCD) activation and a resolution of 15 000 with the intensity threshold kept at 3.2 × 10 5 . We selected ions with charge state from 2+ to 6+ for screening. Normalized collision energy (NCE) was set at 27. For each scan, the AGC was set at 1 × 10 5 , the MIT was 25 ms and the dynamic exclusion of 40s.

The resulting spectra were then analyzed with SequestTM through Proteome Discoverer