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1) Epidemiology of colorectal cancer

Epidemiology of colorectal cancer (CRC) is updated every year by the World Health Organization (WHO). According to the WHO, in 2019, 1.85 millions of people has developed a CRC [1]. CRC is the third more prevalent cancer worldwide, representing ten percent of all diagnosed malignancies. This disease is responsible for 1.4 % of total death worldwide and up to 8.86 % of cancer related death only. Survival rate for colorectal cancer is dependent on the time of diagnosis. At early stage of the disease, when cancer cells have not spread yet, the 5-year relative survival rate is about ninety percent. However, a late diagnosis correlates with poor survival rate with only fourteen percent of five-year survival rate. The impact of CRC on global health is expected to be worsening in a future. So far, CRC occurrence has constantly increased from year to year and epidemiologists expect a twenty percent increase of the number of case to 2030. In short, despite recent progress on cancer detection and therapy, CRC remains a major health issue. Improving our knowledge on this matter, especially metastatic disease, is essential to improve diagnosis, treatment and disease outcome.

2) What is colorectal cancer ?

CRC is a disease that affects intestinal epithelium which is a barrier between the luminal contents such as the intestinal microbiota, and the rest of the body, while supporting active transport of nutrients. Two main structures can be described in intestinal epithelium: the crypt (bottom) and the vili (top). At the crypt, stem cells that are highly proliferative, generate more specialized cells that migrate all along the vili and undergo differentiation. To maintain tissue homeostasis, cells that reach the top of vili are expelled from the epithelium and die by anoïkis, a cell death induced by detachment. Five main cell types with specific function have been described: enterocytes, goblet cells, enteroendocrine cells, Paneth cells, tuft cells (See Figure 1). CRC arises from multiple risk factors such as genetic background, environment and lifestyle. While colorectal cancer can be caused by inherited genetic condition (Lynch disease), the vast majority of CRC cases is sporadic and slowly develops over the years in a step-wise manner termed "adenoma-carcinoma sequence". CRC progress gradually in 5 stages dependent to the alteration of the colon wall. The colon wall is made of six layers : the epithelium (mucosa), muscle fibers (muscularis mucosa), lymphatic and blood vessels (submucosa), muscle fibers (muscularis propria), fat (suberosal adipose tissue) vessels, muscle fibers and fat (See figure 2).

At stage 0, the cancer is restrained to the mucosa and affect the epithelium cells only.

At stage I, the cancer has invaded the muscularis mucosa but it hasn't spread to distant organ yet. At stage II, cancer cells may spread to neighboring tissue or organ without reaching blood or lymphatic vessels and haven't spread to distant organ. At stage III, the cancer has grown enough to reach Submucosa or the muscularis propria, but no cancer cells have spread in a distant organ yet. At stage IV, the cancer may have spread to a distant organ to form metastasis. Then, a large layer of muscle fibers is present (muscularis propria). Below there is fat and serous membrane.

3) The model of tumorigenesis of colorectal cancer

Nearly all CRC begin as a polyp, an abnormal growth of tissue projecting from the inner surface of the colon. The large majority of polyps will not give rise to cancer. However, the likeliness of malignancy degeneration is increased with polyp sizes. There are two main classes of precancerous polyps in the colon. The first class is the conventional adenomas, which is the precursor of CRC in 2 of the 3 major molecular pathways: the chromosomal instability pathway (about 70% of all CRC) and the Lynch pathway (about 3% of the CRC). The second class of of precancerous polyps is a subset of the serrated lesions, which, by contrast with the first class, does not contain any dysplasia.

Like other cancers, sporadic colorectal cancer arise upon genetic mutations called « hits » that affects cell properties and tissue homeostasis. In the case of colorectal cancer, seventy percent of sporadic tumor appears from sequential accumulation of mutations in Wnt, EGFR, P53 and TGF-β signaling pathways.

The first hit affects APC gene (See figure 3). APC is an essential component of wnt/ Bcatenin pathway that control stemness and differentiation of stem cell of the crypt. When inactive, B-catenin is constitutively degraded following phosphorylation by APC / AXIN / CK1 / GSK complex. If WNT binds to its receptor frizzled, the formation of this complex is prevented. B-catenin is not degrade and can accumulate before translocating into the nucleus where it activates target gene transcription. In colorectal cancer, APC mutation prevents the formation of the APC / AXIN / CK1 / GSK complex which result in a constitutive activation of the WNT / ß-catenin. Then, APC gene mutations in colorectal adenomas will progress to carcinoma by acquiring activating mutations in KRAS followed by inactivating mutations in TP53 and SMAD4. Yet, a small fraction of sporadic CRCs involves distinct molecular pathways such as activating BRAF mutations or inactivation of DNA mismatches repair genes. 

4) Treatment of colorectal cancer

The first clinical trial to cure colorectal cancer has been performed 40 years ago. It used a 5-Fluorouracil (5-FU), an anti-metabolite discovered in 1957 that triggers DNA damage lethal for cancer cells. The efficiency of the 5-FU was measured on the basis of the response rate (RR) and overall survival (OS) [2]. Response rate is the percentage of patient whose tumor shrinks after treatment whereas the OS is the number of months that patients survive after the initial diagnostic. RR of 5-FU alone is about 23 % leading clinicians to try other therapies to treat colorectal cancer.

In early 2000, combination of 5-FU along with folinic acid and oxaliplatin (FOLFOX) was tested in clinics. Folinic acid is an anti-metabolite whereas oxaliplatin is a platin that induces DNA damage. By comparison with the 5-FU + folic acid regimen, FOLFOX improves overall survival of patients and response rate while decreasing side effects. Replacement of oxaliplatin with irinotecan (FOLFIRI) gave similar result. Combining FOLFOX and FOLFIRI cocktails did not significantly improve OS nor response rate, though. Since then, FOLFOX and FOLFIRI treatments have prevailed as first line therapies. However, the efficiency of these cocktails is relative. The RR remains poor, ranging from 34 % to 50 % according to several studies. In other words, more than 50 % of patients does not positively respond to those treatments suggesting an important resistance of cancer cells to those chemotherapeutics.

In short, despite recent progress in treatment of colorectal cancer, resistance to treatment remains an important issue. Accumulating evidence suggest that tumor heterogeneity may be responsible for this chemoresistance. In brief, several population of cancer cells co-exist within a tumor and some of them can be resistant to chemotherapy.

Recent studies help to understand the model of cancer growth and how a tumor can acquire several sub-populations with distinct properties.

5) The model of cancer growth 5.1) Stochastic model

Tumor growth was first modelized by the stochastic model. According to this model, tumorigenesis is a consequence of the acquisition of mutations on key genes that control proliferation, cell survival and / or DNA repair. By affecting DNA repair and cell survival, mutation promotes genetic instabillity, which results in an accumulation of subsequent mutations. At this step, the tumor growth follows a darwinian model. Several clones harboring distinct mutational patterns co-exist within the tumor. However, mutations does not have the same effect on cell physiology. Cancer cells that harbor mutations conferring selective advantages become predominant within the tumor as they proliferate faster and / or survive better. In short, this model makes two postulates. First, tumor heterogeneity is acquired randomly along tumor progression. Second, at the onset of the disease every cells are tumorigenic [3] (See Figure 4.A).

5.2) Hierarchical model

More than two decades ago, the stochastic model has been challenged by the hierarchical model. This model postulates that not every tumor cells exhibits capacities to initiate tumor (See figure 4.B). The tumorigenic abilities are restrained to a minor subpopulation of cancer cells that are called Cancer Stem Cells (CSC) or Tumor Initiating Cells (TIC). This model has been first proposed in leukemia [4]. Lapidot and colleagues analyzed the ability to initiate tumor of several leukemic cell populations. They used flow cytometry to isolate cell sub-populations on the basis of their expression of CD34 and CD38 [4]. Then, they transplanted the cells into immunodeficient mice to monitor tumor growth. Transplantation of CD34+ / CD38-cells into mice led to tumor formation whereas the injection CD34-or CD34+ / CD38+ failed to generate any tumor [4]. To sum up, Lapidot and colleagues showed the tumorigenic ability is restrained to CD34+ / CD38-populations in leukemia.

On the basis of this pioneer work, several studies have extended the concept of an hierarchical organization to solid tumors including breast, colorectal, lung, pancreatic [5]For example, in breast cancer, CD44 + or CD24 -cells are able to form tumors in mice whereas the CD44 -or CD24 + cells are not [6]. CSC have also been identified in colorectal cancer.

Using similar strategy, O' Brien and colleagues compared tumorigenic abilities of CD133+ and CD133-cells. CD133 positive cells were much more efficient at generating tumor than CD133 negative [7]. Huang and colleagues analyzed the tumorigenic capacity of a cancer cell population with the highest Aldehyde deshydrogenase (ALDH) activity [8]. They discovered that ALDH positive cells initiate tumors in xenograft model whereas ALDH negative cells are unable to do so. Hence, the tumorigenic ability of cancer cells is the privilege of a subpopulation of cells that can be isolated based on their expression of specific markers.

The CSC does not only recreate tumor in mice but also recreate the original tumor heterogeneity. Al Hajj and colleagues isolated and injected CD44+ / CD24-breast CSC into immunodeficient mice and monitor CD44 / CD24 expression inside the tumor [6]. In spite of the homogeneity of injected cell, subsequent tumors harbored heterogeneous expression of CD44 and CD24. Strikingly, relative proportions of CD44 negative and CD24 positive cells were quite similar to the original cell population. Hence, CSC has recreated a tumor heterogeneity that recapitulate the population diversity of the tumor (See 

6) Feature of Cancer Stem Cells

6.1) Tumor initiation and self-renewal

The first main feature of CSC is their ability to initiate tumor formation. As explained in the previous chapter, injection of sub population of cancer cells is sufficient to form tumor in mice. This feature implies another key feature of the CSC: the self-renewal. Self-renewal is defined as the ability to divide through mitosis while maintaining the undifferentiated state.

CSC use asymetrical division to give rise to two daughter cells with distinct cellular fate: one cell with stem-like properties (phenocopy), one cell with a more "differentiated" phenotype.

Experimentally, it is demonstrated by the fact that injecting CSC into immunodeficient mice creates heterogeneous tumor consisting of both CSC and non-CSC [6]. In short, CSC performs asymetrical division to maintain themselves within tumor while they are sustaining tumor growth.

Based on this feature in vitro assays have been developed to count CSC in cultured cells. This test is based on the resistance of CSC of anoïkis which is cell death induced by detachment to matrix. Adherent cells are dissociated and put in suspension culture, at low density, without serum and preferentially without antibiotics [9]. Although cancer cells die, CSC survive, proliferate and form spheres. Hence, number of spheres reflect the number of CSC in culture. Variant methods have been developed to count CSC in culture. Extreme limiting dilution analysis adapts sphere formation assay with a serial dilution to estimate CSC frequency [10]. Also, cells can be passaged several times in suspension culture to strengthen selection of CSC that efficiently self-renew.

6.2) CSC markers

CSC expresses specific markers that distinguish them from other cancer cells. In colorectal, cell surface markers of CSC include CD133 [7], CD44 [8], CD44v6 [11] or LGR5 [12].Markers of CSC are not limited to cell surface receptors. Enzymatic activity can also be used for identifying CSC. For example, high ALDH activity was used to isolate tumorigenic population in CRC [8]. Nevertheless, while many of CSC markers were used to isolate and study this cell sub-population, many of them remain controversial. In intestinal epithelium, CD133, CD44 [8] as well as LGR5 [12] exhibit high expression (> 40%) as measured by immunohistochemistry. On the opposite ALDH, is lowly expressed in normal crypt and its expression increases in adenoma [8]. Since those proteins are present both in normal and malignant tissue, their expression is not restricted to CSC. To sum up, usage of those markers can be relevant when working from isolated cancer cells. Yet it remains insufficient to characterize CSC within tissue. Because there is not such thing as an ideal marker for CSC, this cell population remains defined by its functional properties.

6.3) Chemoresistance

The second main functional feature of colorectal CSC is their ability to resist to chemotherapy. Dallas A and colleagues monitored expression of CD44 and CD133 after long-term selection of 5-FU-and oxaliplatin-resistant CRC cells [13]. Chemoresistant cell population exhibited increased proportion of CSC as illustrated by increased expression of CD133, CD44 and their enhanced sphere-formation ability. Acute treatment with 5-FU also improves ALDH positive CSC proportion in cultured cells [14]. Altogether, those studies suggest that drug treatment favors CSC phenotype in cultured CRC cells.

CSC have plenty of means at its disposal to resist chemotherapy. First, they prevent intracellular accumulation of the drugs, therefore limiting their lethal effect. CSC overexpress drug efflux pumps that belong to ATP binding cassette (ABC) transporters family. ABC transporters are membraneous proteins that export a broad range of compounds outside the cells [15] including chemotherapeutic [16]. For example, ABCG2 exports irinotecan and its overexpression in CSC allow them to resist to this drug. Silencing of ABCG2 sensitizes colon cancer cells to chemotherapy underlying its essential function in chemoresistance [17].

To emphasize the importance of ABC transporters in CSC, ABC transporters activity was previously used to isolate CSC [18].

Second, CSC can inactivate the drugs inside the cells. ALDH1A1 enzyme is a detoxifying enzyme that oxidizes aldehydes in order to protect cells from Reactive Oxygen Species (ROS) [19]. As described previously, increased ALDH activity is a potential specific marker for CSC. ALDH positive CSC exhibit increased resistance to various drugs including 5-FU in lung cancer [20]. In leukemia, ALDH1A1 detoxify the ROS induced by chemotherapy to protect leukemic stem cells [21]? ALDHA1 can directly target the drugs and inactivate it. For example, ALDH1A1 converts cyclophosphamide to its alkylating metabolites in hematopoietic stem cells [22]. In colorectal cancer, the exact function of ALDH1A1 is unclear.

However, inhibition or silencing of the protein decreases chemoresistance in CRC cell lines implying ALDH1A1 as promoter of chemoresistance [23].

Third, CSC can cancel the consequence of the drug. Many therapeutics strategies are based on triggering DNA damage lethal for cells. Basically, radiotherapy oftenly used to treat glioblastoma as well as 5-FU and irinotecan drugs are known to generate DNA damage. To counteract the effect of those drugs, CSC over activates DNA repair pathway especially homologous recombination and non-homologous end-joining. However, increased DNA repair pathway is not a mandatory feature of CSC as many of them does not show alterations of those pathways [24].

6.4) Dissemination and metastasis

Dissemination and metastasis is a critical step for cancer progression and patient outcome. Dissemination and metastasis implies two main steps. First, cells escape from the primary tumor and reach blood circulation to disseminate. Then, some of them leave the bloodstream in a distant organ and seed a new tumor. CSC are central actors of metastatic process since they display tremendous adaptation capabilities that allow them to survive and thrive in adverse tissular environment Several studies have highlighted the role of CSC in the metastatic process. Todaro and colleagues identified a sub-population of CSC involved in metastasis [11]. On the basis of their tumorigenic abilities, they identified CD44v6 positive cells as CSC. Then, they have linked CD44v6 to metastasis formation. They silenced CD44v6 in colon cancer line, injected the cells into the spleen and monitored their ability to colonize the liver. While CD44v6 positive were able to seed metastasis into the liver, CD44v6 negative cells were not.

Accordingly, high expression of CD44v6 is associated with poor prognosis of patients.

Overall, this study describes CD44v6 as new marker of CSC with metastatic potential.

Another study has established a direct link between CSC and dissemination. Grillet and colleagues isolated CD44v6+ circulating tumor cells (CTC) from patient's blood and cultured them in vitro [25]. In line with previous study, the CTC exhibited CSC properties such as tumor initiation ability and chemoresistance. Moreover, intrasplenic injection of the CTC led to the formation of liver metastasis. In brief, Grillet al. isolated CSC that were circulating in patient's blood showing that CSC can efficiently disseminate.

In conclusion, functional properties define the CSC sub-population of cancer cells

rather than specific markers (Figure 5.A). The central feature of CSC is their remarkable adaptation capabilities that allow them to resist conventional therapy, disseminate and initiate tumor in distant organs. A such, CSC are directly responsible for patient's relapse (See Figure 5B).

Figure 5. The role of Cancer Stem Cells in cancer (A) CSC features in comparison with non-CSC (B)

Tumor initiation ability of CSC coupled with their chemoresistance are responsible for relapse. Tumor initiation combined with their capacity to disseminate promote metastasis formation.

7) Cancer Stem Cell plasticity

Essential role CSC in tumor initiation, progression and resistance to treatment make them an ideal target to cure patient. The plasticity of CSC makes it hard to efficiently target them. According to this concept, the CSC are not frozen in their phenotypical state. Instead, they can differentiate into non-CSC cancer cells whereas non-CSC cancer cells can acquire CSC properties. For example, in colorectal cancer, treatment LGR5 positive CSC convert them into LGR5 negative cells. Stopping treatment results in an increase of LGR5 positive cells suggesting that non-CSC cancer cells re-acquire CSC properties. Another evidence of CSC plasticity comes from a study showing that LGR5 negative cells that seed metastases produce LGR5 positive cells, therefore illustrating a phenotype switching from from non-CSC to CSC [26].

CSC plasticity is not restricted to CRC and appears to be a pan-cancer feature of CSC.

In breast cancer, after three passages of homogeneous CD44 negative cells (non-CSC), a subpopulation of CD44 positive cells (CSC) re-appears [27]. The same phenomenon was observed in vivo. The injection of high amount of CD44 negative cells into nude mice generates tumors that bear both non-CSC and CSC. Altogether, it suggests that a sub-pool of non-CSC can acquire CSC properties over time.

Colorectal cancer is driven by a minor sub-population of cancer cell called Cancer Stem Cells (CSC). CSC are involved in major step of cancer initiation and progression being an ideal target to treat colorectal cancer. Because of their ease to adapt, resist and their intrinsic plasticity, it is challenging to get rid of them. A better understanding of the molecular basis of CSC resistance and plasticity is essential to identify new targets of CSC. In this thesis, I was interested in how gene expression can modulate CSC properties with a specific focus on RNA modifications.

8) Gene expression

Gene expression is a multistep process that enable protein production from DNA.

Gene expression is composed of three main steps that occur successively. First, genetic information contained in DNA is transcribed into pre-messenger RNA (pre-mRNA) transcription). Then, pre-mRNA are matured into mRNA (pre-mRNA processing) that are exported to cytoplasm. Finally, cytoplasmic mRNA are translated into proteins (Figure 6)

8.1) Transcription

Transcription is the very first step of gene expression and leads to pre-RNA synthesis 

8.2) pre-mRNA processing

Pre-mRNA processing defines several steps that lead to formation of mature functional mRNA from pre-mRNA. This includes three main steps comprising mRNA capping, pre-mRNA splicing, and pre-mRNA cleavage and polyadenylation. Here, mRNA capping will be developed in details because it is one of the main topic of this thesis.

-mRNA capping

mRNA capping of the newly synthesized RNA is the first step of pre-mRNA maturation. Cap is the addition of modified nucleosides at 5' extremity of pre-mRNA. First, 7methyl-guanosine (m 7 G) is added to the 5' end of RNA along with a tri-phosphate bond [28].

The first two nucleosides of pre-mRNA are also considered as part of the cap. During capping, the two first nucleosides can be methylated which forms m 7 Gppp-Nm or m7Gppp-Nm-Nm cap. Hence, several types of cap can be synthesized. Three cap structures have been classified into cap 0, cap 1, cap 2 (See figure 7). Cap 0 concerns RNA cap where only triphosphate m 7 G is added with no modification of adjacent nucleosides (m7G-ppp-N) [28].

Logically, cap 1 is m 7 G in addition to modification of the first nucleosides (m 7 G-ppp-Nm) whereas cap 2 is the modification of the first two nucleosides (m 7 G-ppp-Nm-Nm). Cap 0 structure is mainly found in lower eukaryote while cap 1 and 2 are more predominant in higher eukaryote like Homo Sapiens. To form cap 2 strucutre the first two nucleosides has to be methylated on the ribose (N1 and N2).

In human, capping results from concerted actions of several RNA modifying enzymes.

Most of these enzymes interact with the hyperphosphorylated CTD domain of the RNA pol II to achieve co-transcriptional mRNA capping [28]. First, the RNA guanylyltransferase (RNGTT) adds three phosphate bonds and unmethylated guanosine at 5' extremity on pre-mRNA. (Gppp-N-N).Then, the RNA guanine-7 methyltransferase (RNMT) form a complex with the RNMT-activating miniprotein (RAM) to methylate the guanosine to form m7G-ppp-N-N cap thanks to S-adenosyl methionine (SAM) donor. Cap methyltransferase 1 (CMTR1) methylates the first nucleosides adjacent to m 7 G leading to cap 1 formation (m 7 G-ppp-Nm-N). Cap methyltransferase 2 methylates the nucleoside at position 2 which leads to the formation of the whole cap structure m 7 G-ppp-Nm-Nm (See figure 8). nucleoside on the ribose (in blue). CMTR2 adds a methyl group on the ribose of the second nucleoside (in green). The scheme is adapted from [29].

Alternative cap that does not involve m7G based structure have been found in human [30]. In place of m 7 G, metabolites such as Nicotamine Adenine Dinucleotide (NAD) or Flavin Adenine Dinucleotide (FAD) are added to the 5' end of mRNA. Recent screening of cap structure have detected 10 caps in human cells [30]. None of them correspond to cap 0 structure, 6 of them were part of cap 1 which account for more 99% of the cap. A minority of them (< 1%) are based on the addition of metabolites (See Table 1 

-Splicing and polyadenylation

The second step of pre-mRNA maturation is splicing. Splicing is the removal of noncoding part of pre-mRNA called introns. Splicing is performed by a ribonucleoprotein complex called spliceosome. The spliceosome is composed of ribonucleoprotein particules composed of non-coding RNA (U1, U2, U3, U4 and U6) and proteins such as Sm proteins and "Like Sm" proteins (Lsm) [31]. Coordinated actions of non-coding RNA and proteins components of spliceosome allow efficient splicing. The non-coding RNA selects splice site through RNA-RNA base pairing whereas protein stabilizes the RNA interactions [31].

The last step of pre-mRNA maturation into mRNA is the cleavage and polyadenylation (C/P). Every pre-mRNA is cleaved in their 3' part and undergoes subsequent addition of adenosine stretch called polyA tail [32]. This step is essential as it stabilizes mRNA and improves mRNA translation efficiency. The site of C/P is not random. Pre-mRNA cleavage occur at 10 -30 nt downstream of the signal sequence AAUAAA. C/P site selection involves multi-protein complex composed of Cleavage and Polyadenylation Stimulating Factor (CpsF), Cleavage Stimulation Factor (CSTF), cleavage factors and polyA polymerase. CpsF proteins recognizes the signal sequence "AAUAAA" with the help of cleavage factors [32]. Then, CSTF binds to U/GU rich elements downstream of AAUAAA to cleave the pre-mRNA. Finally, the polyA polymerase adds the polyA tail at the 3' end of the cleaved pre-mRNA. Human ribosome is composed of two sub-units: the large (60S) and the small (40S).

8.3) Translation

-Actors of translation

The 40S subunit, along with initiation factors and aminoacylated initiator tRNA, scans the mRNA from the 5' end in search for start codon. The 60S subunit contains three tRNA sites, labeled A, P, and E. The A site or "Acceptor site" hosts the incoming aminoacyl tRNA, which holds the next amino acid to be added to the nascent chain. Then, a peptide bond is catalyzed (by the PTC) between the amino group of the A site amino acid and the carboxyl group of the growing polypeptide chain attached to tRNA occupying the P (for Peptidyl-) site.

The E (exit) site serves as the final transitory step before the deacylated tRNA is released from the ribosome.

The second essential actor of translation is tRNA. tRNA is recruited by the ribosome to bring the right amino-acid in front of the right codon. To ensure their function tRNA take a specific conformation in coverleaf. From this structure, several elements are essential for mRNA decoding. First, the amino-acid acceptor site that binds to amino acid that will be brought to the ribosome. Second, the anti-codon which is part of the anti-codon loop that is 

-Steps of translation

The translation process consists of three main steps: the initiation, the elongation and the termination. The initiation is the recruitment of the ribosome on mRNA to start translation. The initiation step starts with the recruitment of eiF4E on the cap of the mRNA.

eiF4E recruits the adaptor eIF4G and the helicase eIF4a, therefore forming the eIF4F complex. Then, the 40S subunit associated with the ternary complex (eIF2-GTP-initiator tRNA) is recruited through eIF3 to form the 43 pre-initiation complex. This pre-initiation complex scans the mRNA to look for the start codon "AUG". When it reaches an AUG in a favorable sequence context, initiator tRNA pairs with AUG codon, the 60S subunit is recruited to form the 80S ribosome and start translation elongation.

Recruitment of 40S subunit can be independent of the mRNA cap through a mechanism called cap-independent translation. It is mediated by RNA secondary structures called Internal Ribosome Entry Site (IRES) which recruit the 40S subunit downstream of the cap [33]. Likewise, RNA methylation can recruit eIF3 -40S complex downstream of mRNA cap [34].

Then, during translation elongation ribosome displaces from codon to codon to decode the mRNA from AUG codon to stop codon (UAG, UGA, UAA). The RNA sequence flanked by AUG and stop codons is called Open Reading Frame "ORF" or coding sequence (CDS). At each codon position, the translating ribosome recruits a tRNA that is charged with an amino-acid (A site, see figure 10). Then, the ribosome moves onto the adjacent codon.

Along with the ribosome, the tRNA at A site moves to P site while the peptidic bond is formed between the amino-acid and the nascent chain. The uncharged tRNA moves from P site to E site to be ejected from the ribosome. Translation elongation is facilitated by eukaryotic elongated factors (eEF). eEF-1 modulates the entry of tRNA into the ribosome.

eEF-2 facilitates ribosome displacement by catalyzing tRNA and mRNA translocation.

Finally translation termination arises when ribosome encounter one of the three stop codons (UAA, UAG, UGA). When the ribosome is on the stop codon it recruits a release factor which is a protein that mimic tRNA but it is not charged with amino acid. This leads to dissociation of the ribosome and the release of newly synthesized proteins. Along with the ribosome movement it switches from A to P site where the amino-acid is added to the peptidic chain. Finally, another ribosome movement bring the uncharged tRNA to E site to be ejected from the ribosome. d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d 
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8.4) Alternative step of post-transcription

Alternative mechanism of post-transcription expands the diversity of the proteome.

Estimations expect that from 20 000 genes, 100 000 transcripts can be synthesized and between 500 000 -1 000 000 proteins are produced. This illustrate that alternative mechanism of post-transcription can diversify the synthesized proteins (Figure 11). Part of the protein diversity is due to alternative mechanism of pre-mRNA maturation such as alternative splicing and polyadenylation. Also, alternative translation of mRNA into proteins contributes to proteome complexity. 

-Alternative splicing

During splicing, pre-mRNA introns are removed to form mature mRNA composed of exons. However, exons can be removed to generate new transcripts. Inclusion or exclusion of exons that leads to different transcript isoforms from a single gene is called alternative splicing. Alternative splicing is tightly regulated by specific proteins that control the inclusion / exclusion of exons such as Serine Arginine Splicing Factors (SRSF) that belong to a family of twelve proteins involved in alternative splicing. For example, SRSF3 recognizes exonic splicing enhancer (ESE) to induce splicing of exons [35]. The opposite role is mediated by Heterogeneous nuclear ribonucleoproteins (HNRNPC or G) [35]. HNRNP binds to ESE and prevents the recruitment of the spliceosome and further exclusion of the exon (Figure 12). 

-Alternative polyadenylation

Similar to splicing, pre-mRNA possesses several patterns of polyadenylation that change the nature of the produced transcripts [36]. Alternative polyadenylation (APA)

regulates the length of 3'UTR without affecting the coding sequence (Figure 13.A). However, APA can occur on exon of the CDS which leads to formation of truncated proteins (Figure 13.B). APA site is also present inside introns to form new proteins that derive from both exonic and intronic sequences (Figure 13.C). APA in the intron 2 produces chimeric protein with sequence both from exons and the intron 2.

-Alternative translation

Alternative translation take place at every step of translation: initiation, elongation and termination. Translation can be initiated at alternative start codon [37]. These starts can be in frame of the main CDS leading to production of elongated or truncated proteins. There are Open Reading Frames that are be present upstream of the main CDS and are named upstream ORF (uORF). These uORF produce a small protein/polypeptide unrelated to the main protein product encoded by CDS. During elongation step, in addition to its movement from codon to codon while progressing from one codon to another, the ribosome can shift of one additional nucleotide or move backward. This mechanism is called ribosomal frameshifting and can lead trigger the production of new proteins [38]. Finally, stop codon can be skipped to produce elongated protein in their C-terminal, a phenomenon called "stop codon readthrough" [39]. RNA modifications occur on both base and deoxyribose part of the nucleoside. So far, more than 150 modifications have been identified across species [40]. First kind of modification that can be described are the ones that take place one the base, the ribose or both. As an example, Adenosine can undergo methylation (CH3 group addition) at position 6 (m 6 A), position 1 (m 1 A) or on hydroxyl group of the ribose (Am) (See figure 16). Adenosine is not the sole nucleoside that can be methylated. Methylation is commonly found on Uridine (m 3 U) Guanosine (m 7 G, m 1 G, Gm) or Cytosine (m 3 C, m 5 C, Cm). In order to expand diversity of modification, both base and ribose can be methylated (m 3 Um, m 6 Am) (See figure 16).

The second type of RNA modifications correspond to an alteration of the structure of the base or its complete replacement. For example, Adenosine deamination change Adenine structure to form a new nucleoside : the Inosine [41]. This process is performed by ADAR1 which first add H20 group to adenine which in turn reacts with NH2 and leads to its removal. Another remarkable example is the Queuosine modification (Q). Q derives from bacterial precursor metabolite called queuine. Queuosine is incorporated in tRNA by QTRT1 / QTRT2 transglycosylase complex (See figure 17) [42]. Uridine can also be replaced by pseudouridine whose structure is slightly different that Uridine [43]. Every RNA type are modified. To date around 50 modifications affects tRNA in eukarya whereas 23 are found in rRNAs, 11 in snRNAs and 14 in mRNA [44]. Despite RNA modifications are present in every well known species of life domain a minority are shared between them. Although 91 modifications has been described in tRNA, only 17 are common to archae prokarya and eukarya [45].

Figure 17. Guanine replacement per Queuosine The base "Guanine" of the guanosine can be replaced with Queuine thanks to QTRT1 / QTRT2 complex to form Queuosine.

9.2) Functions of RNA modifications 9.2.1 -Structure

One role of RNA modifications is to shape RNA structure especially in highly structured RNA. tRNA possess a coverleaf structure required to decode mRNA. Acquisition of the structure is permitted by RNA modifications that impair base pairing. For example, m 1 A at position prevent the pairing between A9 and U64 allowing tRNA to acquire coverleaf structure [45]. m 1 A58 is essential for tRNA. m 1 A9, m 2 G10 and Ψ27 are essential for correct folding of mitochondrial tRNA Asp [45]. Loss of one of those modifications either loosens the variable loop alters the entire tRNA structure [45].

The same function of RNA modification has been observed in ribosomal RNA.

Several modifications braces the structure of the ribosomal RNA [46]. 2'-O-methylation, as well as pseudourydilation stabilizes helix structure [46]. 3-methyluridine favor hairpin formation 7-methyl-guanosine promotes protein-rRNA interactions [46].

-Role of modifications on RNA function

Roles of RNA modifications can be more subtle than their roles on RNA structure.

One example are modifications of anti-codon loop at position 34. Position 34 is a hotspot of tRNA modifications. Five modifications of this position have been described in different tRNA. Those modifications do not impair tRNA structure. Instead, it alters base pairing between tRNA anti-codon and mRNA codon to modulates mRNA translation. For example, Queuosine facilitates translation of GAA, GAG codons. Other modifications has been described at this position and might play the same role (m 5 C, mcm5U) [45].

Modification of rRNA also affects the core functions of ribosomal RNA. rRNA modifications are found at the key region for ribosome function such as tRNA sites (A, P and E), intersubunit interface and peptidyl center. The clustering of RNA modifications on key ribosome regions suggests an essential role of RNA modification. Indeed, disruption of the 2'-O-methylation pattern promotes Internal ribosome entry site (IRES) dependent translation [47]. On the opposite, mutation of pseudouridylation writer DKC1 reduces IRES dependent translation of p27 mRNA [48]. Altogether, those study have shown that RNA modifications modulates ribosome function.

N6-methyladenosine (m 6 A) modifications is one of the best known RNA modification. This modification is a methylation of Adenosine at position 6 of the Adenine (See figure 16). It is present in every RNA type including ribosomal RNA [49][50], tRNA [40],

non-coding RNA [51] and mRNA [51], [52]. Despite its identification more than 40 years ago, the modification remained poorly studied until recently. The development of technologies to map m 6 A has shed on light the modifications and improved our understanding of its function.

10) Tools to study the modification m 6 A

RNA modifications have been discovered many years ago. Lack of tools to study them efficiently left the field of RNA modifications largely unexplored. Recent developments of new methods allowed the investigation of the functions of RNA modifications in various RNA.

10.1) Global quantification of RNA modifications

Initially m6A was quantified using semi-quantitative method such as immunoblot (dot_blot) or thin layer chromatography (2D TLC). Dot-blot analysis consist on spotting mRNA onto a nylon membrane to further perform a classical immunoblot using anti-m 6 A antibody (See figure 18) [53]. 2D TLC instead does not require antibody and is able to identify several modifications in a row. RNA are radiolabeled and then digested into nucleosides. The nucleoside are spotted in a thin layer and separated thanks to two mobile phase. However, those methods do not enable accurate quantification of modifications in RNA. Mass-spectrometry analysis of RNA modifications has been developed [54]. In this method RNA are cut into pieces of nucleosides. Then, the nucleoside mixture is separated by liquid chromatography and each nucleoside is detected using tandem mass-spectrometry. 

10.2) Mapping of m6A

Global quantification of RNA modifications fail to give insight into function of RNA modifications. Identification of transcripts that are methylated and its localization onto transcripts is essential to understand the role of RNA modifications. To achieve this goal, several methods have been developed to map RNA modifications. Using antibody based strategy followed by deep-sequencing analysis, m 6 A modification can be localized onto transcriptome (m 6 A-seq) [52] (See figure 20.A). In such method, RNA are fragmented into small pieces of 100 nucleotides. Methylated fragments are immunoprecipitated using antim 6 A antibody. From those fragments, cDNA library is generated and sequenced. Reads are then aligned onto a transcriptome of reference and the presence of peaks indicates localization of m 6 A. This approach is able to map m 6 A in a 100 nucleotides window. More recently, miCLIP has been optimized to localize m 6 A at nucleotide resolution [55]. miCLIP is also based on antibody strategy and follow the same main steps as m 6 A-seq. In miCLIP, the antibody is crosslinked to RNA after immunoprecipitation and then digested by proteinase K.

Remaining peptides will either stall retro-transcription or induce mutation at m 6 A sites during cDNA library construction. Hence, miCLIP allow a more accurate mapping of m 6 A. Both m 6 A-seq and miCLIP are limited due to bias inherent to antibody based approach. m 6 A antibody has been reported to binds to purine rich region despite no m 6 A methylation is present leading to false positive identification [56]. On the opposite, m 6 A antibody is unable to recognize m 6 A when it is embedded in stem part of stem-loop structure in vitro. Recently, a new promising approach has been developed based on nanopore sequencing.

Nanopore is a recent high-throughput sequencing strategy enabling direct sequencing of long RNA. In nanopore, RNA to be sequenced passed through a nanopore along with an electric current. Passage of nucleic acid through the nanopore disrupt current at a certain level that is specific to each nucleotide. Hence, it allows to identify Adenosine, Cytosine, Guanosine or Uridine.

Nanopore sequencing is promising for the field of RNA modifications as it could allow mapping of several modifications in a row. So far, nanopore has been set up to map m 6 A modification [57] across transcriptome. A bioinformatic algorithm has been developped to map m 6 A from nanopore sequencing data. The algorithm is based on error calling. Passage of m 6 A through nanopore leads to misidentification of Adenosine. Mismatch allowed to predict m 6 A position with an accuracy of 87% [57]. So far, study failed to identify current change that is specific to m 6 A methylation. This limits the possibility of mapping several modifications in a row at least for m 6 A methylation. 

11) Topology of m 6 A methylation

Despite it is present in every RNA types, quantity of m6A between RNA types can differ. m 6 A level was estimated in several RNA species using immunoblot assay and 2D TLC.

Quantification by 2D TLC of m 6 A in total nuclear RNA and in cytoplasmic mRNA showed increased m 6 A in cytoplasmic mRNA [58]. m 6 A level in total and mRNA were also compared with immunoblot assay. m 6 A signal is more intense in mRNA despite they represent 2 -5% of total RNA [51]. Moreover, Meyer KD and colleagues analyzed the distribution of m 6 A across RNA species using miCLIP experiment. They have observed that 94% of relevant m 6 A peaks mapped to intragenic region. On the other hand, only 1-2% of the peaks mapped to non-coding RNA. Altogether, those results demonstrate that m 6 A is more present in mRNA than other RNAs.

The number of m 6 A per mRNA was estimated many years ago [58]. They estimated the number of m 6 A as one per nine hundred nucleotides in human cells. Considering the average length of mRNA as around ~ 3 000 nucleotides, it represents 3 m 6 A per mRNA.

Deep-sequencing strategy confirmed this estimation. Depending on the study, between 1.7

[52] and 3 m 6 A sites [51] have been identified. Only a subset of mRNA is methylated.

Between 4 000 and 5 000 transcripts encoded by different genes possess at least one m 6 A in human cells [52], [51]. Hence, around between 2 and 3 m 6 A can be deposited on transcripts encoded by 4 000 -5000 genes.

The localisation of m 6 A site within mRNA is essential to understand its function.

mRNA can be divided in two domains. First, the untranslated regions can be in 5' (5'UTR) or 3' (3'UTR) and play regulatory roles. Second, the coding sequence which is translated into proteins. Because not every part of mRNA plays the same function, m 6 A localization is important to its function. The first approximate mapping of m 6 A was performed on bovin prolactin mRNA [59]. Different mRNA regions were isolated using RNAse protection assay.

Detection of m6A by 2D TLC was able to reveal m6A in 3' part of RNA only [59]. Further, m 6 A-seq was applied on purified mRNA of HepG2 cell line to map m6A methylation across transcriptome [52]. Accordingly, distribution of m 6 A across mRNA is not random. Indeed, the metagene profile shows ~ 80% of m 6 A are located in the regions surrounding the stop codon both in CDS and 3'UTR [52], [51] , [60], [61].

Consistent with its particular distribution, sequence analysis of m6A sites have revealed a motif that could specify methylation [52]. This motif is composed of RRACH. The A corresponds to the methylated adenosine. The R is mostly a Guanosine (70%) but can also be a Cytosine. The C is the cytosine. The H is a purine base. However, this motif is not solely present where m 6 A is enriched. So, other factors that are also involved in m 6 A specificity.

Despite most of m 6 A are found in last exons of mRNA, a small fraction (~10%) of m 6 A is visible at the Transcription start site (TSS) [52].This peak corresponds to the m 6 Am modification. m 6 Am can be seen as particular m 6 A modification that occurs on an adenosine methylated on the ribose (2'-O-methyl-Adenosine) (Figure 22) m 6 A / m 6 Am methylations of mRNA as well as snRNA are ubiquitous. Those methylations have been quantified in 46 human tissues and 14 mouse tissues [62]. Both modifications were detected in every tissue of human and mouse. m 6 Am is present in low abundance compared to m 6 A (1 per 10 to 1 per 50) [62]. The level of m 6 Am is more variable between tissues but it could be due to its low abundance compared to m 6 A. Global quantification of the modifications failed to cluster tissue from the same organs but it does not exclude subtle changes between organs [62].

Recent improvements of m 6 A-seq enable m 6 A mapping from low-input material and path the way for large-scale study [61]. Jun-e Li and colleagues took advantages of this method to analyze m 6 A / m 6 Am profiles in 46 human and 14 mouse tissues. Overall m 6 A profile does not exhibit tissue specificity. In every tissue, m 6 A is enriched close to stop codon and at TSS where m 6 Am occurs. Moreover, similar m 6 A motifs (GRACH) were identified between tissues [62]. Hence, there is no major disruption of m 6 A / m 6 Am distribution between tissues. 12) The writers of m 6 A / m 6 A m 12.1) The writers of m 6 A 12.1.1 -The METTL3-METTL14 writer complex m 6 A methylation in 3'UTR is carried out by a protein complex composed of several proteins thanks to the universal methyl-donor S-adenosyl methionine (SAM). The main core of the complex is composed of METTL3 -METTL14 [63], [64]. To determine the importance of each protein, in vitro enzymatic assay has been performed. Liu J and colleagues found that both METTL3 and METTL14 are essential for m 6 A methylase activity, suggesting that they act together [64]. The METTL3-METTL14 complex methylate transcripts according to the presence of canonical m 6 A motif GGAC [52]. Thus, METTL3 -METTL14 are both essential to perform m 6 A on GGAC motif in synthesized oligonucleotides.

Although no major disruption of m

The roles of METTL3 and METTL14 were studied in living cells [64]. m 6 A was quantified after silencing of both METTL3 and METTL14. m 6 A amount was reduced from 20 to 50% following METTL3 and METTL14 silencing. CLIP-seq analysis of both proteins revealed that they both bind to GGAC-like motif where m 6 A is deposited. In agreement with m 6 A sites mapping, METTL3 and METTL14 bind preferentially within the CDS region as well as 3'UTR, surrounding the stop codons. Hence, METTL3 and METTL14 are involved in m 6 A mRNA methylation in living cells.

The authors then asked whether METTL3-METTL14 could form a complex. Both proteins co-localized with each other in the nucleus. Co-IP experiments showed that METTL3 and METTL14 interact with each other in living cells. Furthermore, silencing of one of them is sufficient to decrease m 6 A. This shows that METTL3-METTL14 forms an mRNA methyltransferase complex [64].

-Regulation of METTL3-METTL14 specificiy

m 6 A methylation is carried out within last exons, either in CDS or in 3'UTR. This specific distribution cannot be explained only by the presence of the m 6 A motif. Indeed, although 73% of m 6 A occur into the last exon, 50 % of the RAC motif are present in other mRNA exons [51]. This discrepancy indicates that m 6 A specificity is not only determined by RNA motif.

Additional proteins inside the writer complex contribute to its specificity. It is the case of the Wilms' tumor 1 (WT1)-associating protein (WTAP) which is essential for METTL3-METTL14 function. WTAP co-localizes with METTL3-METTL14 protein in cell nucleus. The direct interaction between WTAP and METTL3-METTL14 in living cells was demonstrated using co-immunoprecipitation assay [64] [65] [66]. Further, transcriptome wide mapping of WTAP has uncovered its binding near GGAC motif, like METTL3-METTL14. Thus, WTAP belongs to m 6 A writer complex.

WTAP is an adaptor that mediates interaction between regulatory proteins and METTL3-METTL14 complex [64] [65]. Silencing of WTAP in living cells decreases m 6 A methylation in mRNA. Yet, purified WTAP shows no in vitro enzymatic activity towards m 6 A motifs carrying mRNA. Therefore, WTAP is an adaptor protein whose function consists of mediating interaction between regulatory proteins and METTL3-METTL14 complex [64] [65].

WTAP interacts with the protein VIRMA that brings m 6 A writer complex to 3'UTR of mRNA [67]. CLIP-seq demonstrated that VIRMA binds to the same region and recognizes the same sequence motif than METTL3/METTL14 complex. VIRMA bound transcripts exhibit increased m 6 A methylation in 3'UTR close to stop codon. More importantly, VIRMA silencing disrupts m 6 A deposition in specific a region of transcripts: m 6 A modifications close to stop codon were lost while those in 5'UTR were not affected. The authors concluded that VIRMA interaction with WTAP guides WTAP/METTL3/METTL14 complex towards 3'UTR of mRNA [67] (Figure 23.A).

Protein partners of the writer complex can specify which RNA species has to be methylated. RBM15 mediates m 6 A methylation on XIST non coding RNA (ncRNA) [68].

RBM15 interacts with METTL3-METTL14 and WTAP but the presence of WTAP is mandatory for this interaction to occur. Silencing of either WTAP or RBM15 reduces m 6 A methylation on XIST ncRNA [68] (Figure 23.B).

-The METTL16 methylase

m 6 A methylation can be carried out by other enzymes than METTL3-METTL14 complex. METTL16 is able to deposit m 6 A on both coding and noncoding RNAs: U6 snRNA [69], the long noncoding RNAs MALAT1 and XIST [70] and mRNAs such as MAT2A [71].

Warda SA and colleagues identified the transcripts that binds to METTL16 using UV-CLIP.

They discovered that METTL16 recognizes preferentially small nuclear RNAs [69]. The five main snRNAs are U1, U2, U4, U5 and U6. Seventy percent of METTL16 bound to snRNAs binds to U6 snRNAS. Detailed analysis of METTL16 binding sites in U6 snRNAs reveals that the proteins binds where m6A occurs at position 43 [69]. In vitro methylation assay of U6 demonstrates that METTL16 catalyzes m 6 A deposition on U6 at position 43 [70].

METTL16 does not only target U6 small RNA. METTL16 binds to introns and exons of mRNA [69]. Pendleton et al., applied m 6 A-seq after METTL16 silencing to investigate the transcriptome wide effect of METTL16 on m 6 A methylation [70]. METTL16 silencing affects a minority of m 6 A in exons. This implies that mRNA is not the favorite target of METTL16.

However, 80% of m 6 A sites decreased upon METTL16 silencing are located in introns. In particular, m 6 A at intronexon junctions represent half of the whole m6A sites impaired by METTL16 knockdown. Hence, METTL16 widely targets introns in addition to snRNAs.

However, METTL16 targets mat2a a precursor of the methyl donor SAM. Silencing of METTL16 impairs splicing of the precursor leading to global loss of m 6 A methylation. Hence, many of m 6 A sites affected by METTL16 depletion are indirect targets [START_REF] Koh | Atlas of quantitative single-base-resolution N6methyl-adenine methylomes[END_REF].

What distinguishes METTL16 methyltransferase from the METTL3/METTL14/WTAP complex is the importance of structure when to the binding targets [START_REF] Ruszkowska | Structural insights into the RNA methyltransferase domain of METTL16[END_REF]. METTL16 m 6 A methylation of MAT2A and U6 is reliant upon a conserved hairpin for binding (Figure 23.C).

Yet, this peculiar structure was not found in other METTL16 targets. In vitro methylation studies show that METTL16 prefers stem loop structures with the methylated adenosine being unpaired in a single stranded loop or bulge [START_REF] Ruszkowska | Structural insights into the RNA methyltransferase domain of METTL16[END_REF]. Further, METTL16 may form an homodimer [START_REF] Ruszkowska | Structural insights into the RNA methyltransferase domain of METTL16[END_REF] to bind the MALAT1 triple helix [START_REF] Ruszkowska | Structural insights into the RNA methyltransferase domain of METTL16[END_REF]. Yet, monomeric METTL16_291, which only contains the methyltransferase domain, is sufficient for methylating U6 and MAT2A RNAs.

12.

2) The m 6 Am writers

-The discovery of PCIF1

m 6 Am corresponds to the specific m 6 A that occurs on the nucleotide adjacent to the cap (m 7 G-ppp). The enzyme that carries out m 6 Am methylation is distinct from the ones involved in m 6 A methylation. PCIF1 carry out m 6 Am methylation [74] , [START_REF] Sun | Cap-specific, terminal N6-methylation by a mammalian m6Am methyltransferase[END_REF], [START_REF] Boulias | Identification of the m6Am Methyltransferase PCIF1 Reveals the Location and Functions of m6Am in the Transcriptome[END_REF], [77]. In vitro treatment of transcripts with purified PCIF1 increases m 6 Am methylation. Interestingly, absence of the cap m 7 G and subsequent Am nucleosides prevent m 6 Am methylation by PCIF1.

This suggests, that PCIF1 recognizes m 7 G-ppp-Am to add a N6-methylation on Am to form m 6 Am.

PCIF1 methylase activity toward m 6 Am has been confirmed in living cells. Akichika and colleagues, performed PCIF1 KO in HEK293T and quantified every cap dinucleotide by massspectrometry. First, they discovered that 94% cap structure are m 6 Am methylated in HEK293T cell line. Second, they found that PCIF1 KO abolished m 6 Am methylation of mRNA cap [74]. Other studies used mass-spectrometry or 2D-TLC to quantify single m 6 Am. Every study has described a decrease of global m 6 Am in mRNA in PCIF1 KO cell lines [START_REF] Sun | Cap-specific, terminal N6-methylation by a mammalian m6Am methyltransferase[END_REF], [START_REF] Boulias | Identification of the m6Am Methyltransferase PCIF1 Reveals the Location and Functions of m6Am in the Transcriptome[END_REF], [77].

Transcriptome wide analysis of m 6 A can also map m 6 Am which is located at the 5' extremity of the RNA. m 6 A peak at 5' end disappear in PCIF1 KO cell lines suggesting that m 6 Am is abolished [START_REF] Sun | Cap-specific, terminal N6-methylation by a mammalian m6Am methyltransferase[END_REF], [START_REF] Boulias | Identification of the m6Am Methyltransferase PCIF1 Reveals the Location and Functions of m6Am in the Transcriptome[END_REF], [77]. PCFI1 KO does not impair m 6 A enrichment close to stop codon.

Altogether, those studies demonstrate that PCIF1 is a specific writer of m 6 Am (Figure 23 D).

-Molecular basis of m 6 Am methylation

The molecular basis of m 6 Am methylation in mRNA have been uncovered. m 6 Am is deposited co-transcriptionnally. PCIF1 strictly localizes in the nucleus where transcription occurs [START_REF] Hirose | Human phosphorylated CTD-interacting protein, PCIF1, negatively modulates gene expression by RNA polymerase II[END_REF]. PCIF1 interacts with RNA pol II to carry out m 6 Am co-transcriptionnally. Indeed, biochemical study as identified a WW domain inside PCIF1. The WW domain of PCIF1 interacts with the C-terminal domain (CTD) of the polymerase II when it is hyperphosphorylated. Because, hyperphosphorylation of pol II CTD occur during transcription [START_REF] Harlen | The code and beyond: transcription regulation by the RNA polymerase II carboxy-terminal domain[END_REF], it suggests that PCIF1 deposits m 6 Am co-transcriptionnally.

The PCIF1 structure was solved [74]. PCIF1 was crystallized in presence of m 7 G and the methyl donor SAM. In addition of WW domain, two other domains have been identified. This gives m 6 Am methylation. 

13) Impact of m 6 A / m 6 A m on gene expression

DNA methylation modulates the binding of transcription factors to DNA. [START_REF] Héberlé | Sensitivity of transcription factors to DNA methylation[END_REF]. Through this mechanism, DNA epigenetic control transcription of genes. m 6 A methylation works the same way.

m 6 A impacts the binding of RNA binding proteins that control RNA processing, stability and translation. m 6 A recruits trans-acting proteins that recognize m 6 A directly. It also acts in cis-manner and alters base pairing.

13.1) The readers of m6A 13.1.1 -YTH proteins binds to m6A

The direct readers recognizes directly the methyl group of m 6 A nucleoside. The direct readers belong to the YTH containing domain protein family [START_REF] Huang | Structural Insights into N6-methyladenosine (m6A) Modification in the Transcriptome[END_REF] (Figure 24). The YTH protein family consist of five proteins : YTHDF1, YTHDF2, YTHDF3, YTHDC1 and YTHDC2. YTHDF proteins are really similar as they possess YTH domain at the C-terminal and their length are all about ~ 570 amino acids (Figure 24) [START_REF] Huang | Structural Insights into N6-methyladenosine (m6A) Modification in the Transcriptome[END_REF]. Both YTHDC1 and YTHDC2 are quite different despite they share the YTH domain. The YTH domain is located at the middle of the protein of YTHDC1 which is a bit longer that YTHDF proteins.

YTHDC2 is the longest member of the family with more than 1,200 amino acids. In addition to YTH domain, YTHDC2 also exhibits two helicase domains. Alignment of YTH proteins revealed that YTHDF proteins are highly similar whereas YTHDC proteins possess extended domains.

Dominissini et al. discovered YTHDF2 and YTHDF3

as the first m 6 A readers using both methylated and unmethylated RNA baits followed by mass-spectrometry to identify m 6 A bound proteins [52]. Both YTHDF2 and YTHDF3 require the presence of m 6 A to bind RNA. Similar methodologies were employed in other studies for identifying direct m 6 A readers. First, they described an elevated amount of m 6 A in mRNA bound to YTHDF1 [START_REF] Wang | N(6)-methyladenosine Modulates Messenger RNA Translation Efficiency[END_REF], YTHDF2 [START_REF] Wang | N6-methyladenosine-dependent regulation of messenger RNA stability[END_REF], YTHDF3 [START_REF] Shi | YTHDF3 facilitates translation and decay of N6-methyladenosine-modified RNA[END_REF] and YTHDC2 [START_REF] Hsu | Ythdc2 is an N6-methyladenosine binding protein that regulates mammalian spermatogenesis[END_REF]. Second, transcriptome-wide mapping of YTH-proteins suggested their recruitment on m 6 A modified RNA sequences. As such, the binding distribution of YTH proteins across transcripts is strongly biased toward 3'UTR and stop codon, mirroring the m 6 A pattern. For example, most of YTHDF2 binds to stop codon (46%), to CDS (36%) and then 3'UTR (14% [START_REF] Wang | N6-methyladenosine-dependent regulation of messenger RNA stability[END_REF]). Other YTHDF exhibit the same distribution along transcript length. More than 50% of YTH binding site are similar to m 6 A sites.

Also, more than 50% of the YTH proteins share common binding site with m 6 A methylation.

Consistently, the binding motifs of YTH proteins are similar to RRACH motif that characterizes m 6 A methylation. Altogether, those studies have demonstrated that YTH containing domain proteins are direct readers of m 6 A.

m 6 A recognition occurs through the YTH domain that is present in every protein of this family. YTH domain is highly conserved across species suggesting an essential role for protein function [START_REF] Zhu | Crystal structure of the YTH domain of YTHDF2 reveals mechanism for recognition of N6-methyladenosine[END_REF]. Zhu T and colleagues purified the YTH domain and analyzed its ability to bind m 6 A [START_REF] Zhu | Crystal structure of the YTH domain of YTHDF2 reveals mechanism for recognition of N6-methyladenosine[END_REF].

They submitted m 6 A carrying probes or unmethylated probes to electrophoretic mobility shift assay in presence of the YTH domain. Only the methylated probe shifted in presence of YTH. Therefore, the YTH domain binds to m 6 A .

YTH domain structure was solved to understand the molecular basis of m 6 A recognition. A hydrophobic pocket responsible for binding to m 6 A has been identified. It is composed of Y418, Y438, W486 and W491 residues. Mutation of W486 and W491 residues decreases the binding ability to bind to methylated probe in vitro [START_REF] Li | Structure of the YTH domain of human YTHDF2 in complex with an m(6)A mononucleotide reveals an aromatic cage for m(6)A recognition[END_REF]. In living cells, RNA bound to mutant YTH domain are less methylated than the ones bound to WT YTH domain. Thus, residues W486 and W491 of the aromatic cage are essential for m 6 A recognition. Y418 [START_REF] Li | Structure of the YTH domain of human YTHDF2 in complex with an m(6)A mononucleotide reveals an aromatic cage for m(6)A recognition[END_REF]. The aromatic cage is conserved between YTH proteins.

-Identification of other potent direct readers

m 6 A methylation can also be read by RNA binding proteins that does not contain the YTH motif. The m 6 A bound proteome has been analyzed to uncover other m 6 A readers [START_REF] Edupuganti | N6-methyladenosine (m6A) recruits and repels proteins to regulate mRNA homeostasis[END_REF].

The authors used a probe containing five repeats of GG(m 6 A)CU to capture m 6 A bound proteins and identify them by mass-spectrometry. Beyond YTH proteins, m 6 A impacts binding of proteins that do not possess the YTH domain (See figure 25). As much proteins were repelled or recruited by m 6 A methylation. Both recruited and repelled proteins are enriched in proteins involved in pre-mRNA processing. m 6 A recruits some members of HNRNP family involved in pre-mRNA processing whereas it repeals SRSF proteins involved in the regulation of splicing (See figure 26). 

13.2) The impact of m 6 A on RNA structure and indirect readers

The second mechanism of action of m 6 A on RNA does not involve direct interaction with proteins. m 6 A can act in a cis-manner to modulate protein-RNA interaction in neighboring regions. Indeed, m 6 A is able to shape RNA structure through its influence on base pairing (Figure 27). A to U appariement to destabilize stem structures. Interestingly, an opposite effect has been observed when m 6 A is located at the neighboring nucleoside of the duplex. In this context, it stabilizes the stem structure. This observation has been confirmed for bulge sub-structure of stem loop structure. Bulge structure are formed when one nucleoside of a stem is unapparied to any base. If the bulges is formed by m 6 A surrounding stem is more stable, than if it is an A. Hence, m 6 A shapes stability of RNA structure in a context dependent manner. Shaping RNA structure is one mechanism used by m 6 A to regulate RNA-protein interaction. It has been described for HNRNPC [START_REF] Liu | N(6)-methyladenosine-dependent RNA structural switches regulate RNA-protein interactions[END_REF] and HNRNPG. The intron of MALAT1 contains a stretch of five U recognized by HNRNPC [START_REF] Liu | N(6)-methyladenosine-dependent RNA structural switches regulate RNA-protein interactions[END_REF]. However, the stretch of U overlaps both the stem and the loop of the structure (See figure 28). The first U pairs with an A whereas the remaining four are in the loop. In this context, RNA is not accessible to HNRNPC binding. m 6 A deposition disrupts A-U base pairing in the stem. As a consequence, the whole HNRNPC motif UUUUU becomes part of the loop and is accessible for HNRNPC recognition.

Using the same mechanism m 6 A favors HNRNPG binding to MALAT1 helix [START_REF] Liu | N6-methyladenosine alters RNA structure to regulate binding of a low-complexity protein[END_REF]. To sum up, m 6 A shapes RNA structure to uncover binding sites of RNA binding proteins. This mechanism is called "m 6 A switch". 

13.3) m 6 Am readers

m 6 Am is specific to 5' end in mRNA next to the cap. A minority of YTH proteins binds to 5'UTR. According to its distribution, it is unlikely that m 6 Am shares same readers than internal m 6 A. Because of its location to 5' end it would impact cap binding proteins. Cap is a hub of RNA protein and protein-protein interactions. In particular, it recruits the translation initiation factors eIF4E [START_REF] Jackson | The mechanism of eukaryotic translation initiation and principles of its regulation[END_REF]. The mRNA cap is also recognized by decapping enzymes that mediates RNA degradation.

However, identification of m 6 Am binding proteins remains unachieved. One study has identified the decapping enzyme DCP2 as a potent reader of m 6 Am [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. DCP2 mediated decapping is reduced on in vitro transcripts carrying m 6 A methylation next to cap [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF].

Another study has failed to reproduce the same results [START_REF] Sikorski | The identity and methylation status of the first transcribed nucleotide in eukaryotic mRNA 5' cap modulates protein expression in living cells[END_REF]. Regarding, eIF4E translation two studies have found that m 6 Am does not affect its cap recognition [START_REF] Sikorski | The identity and methylation status of the first transcribed nucleotide in eukaryotic mRNA 5' cap modulates protein expression in living cells[END_REF], [74]. In silico approach has been used to identify m 6 Am readers. June Liu and colleagues compared CLIPseq data of 171 proteins with m 6 A-profile to identify proteins that binds to m 6 Am [62].

Fifteen RNA binding proteins are found to bind where m 6 Am is. Despite those proteins could be m 6 Am readers, further studies will be required to identify m 6 Am readers.

13.4) Impact of m 6 A on gene expression

13.4.1) m 6 A regulates pre-mRNA processing

Pre-mRNA processing consist on the removal of introns, 3' end cleavage and polyadenylation (cf 8.2.2). Every step of pre-mRNA processing may be influenced by m 6 A methylation. First, mapping of m 6 A revealed a correlation between [52] m 6 A deposition and splicing. Transcripts with multi-isoform are hypomethylated compared to single isoform transcripts [52]. Moreover, silencing of METTL3 impairs splicing and polyadenylation.

METTL3 KD reduces the number of last exons at transcriptome wide-scale suggesting that it also affects 3'end processing [START_REF] Bartosovic | N6methyladenosine demethylase FTO targets pre-mRNAs and regulates alternative splicing and 3'-end processing[END_REF].

Mechanistically, m 6 A may affect binding of proteins that are involved in splicing. m 6 A bound proteome revealed that m 6 A recruits or repeals splicing factors and or pre-mRNA processing related proteins such as SRSF and HNRNP protein family [START_REF] Edupuganti | N6-methyladenosine (m6A) recruits and repels proteins to regulate mRNA homeostasis[END_REF]. Direct readers such as YTHDC1 may play a role in splicing [START_REF] Xiao | Nuclear m(6)A Reader YTHDC1 Regulates mRNA Splicing[END_REF]. Binding of YTHDC1 to m 6 A in exons enhances the recruitment of the splicing factor SRFS3 while repealing the splicing factor SRSF10. This triggers YTHDC1-mediated exon exclusion. As previously reported in chapter 13.2, m 6 A regulates binding of HNRNPC and HNRNPG through m 6 A switch, which, in turn, affects splicing of pre-mRNA [START_REF] Liu | N(6)-methyladenosine-dependent RNA structural switches regulate RNA-protein interactions[END_REF] [91], [START_REF] Zhou | Regulation of Co-transcriptional Pre-mRNA Splicing by m6A through the Low-Complexity Protein hnRNPG[END_REF].

3' end processing consists on cleavage of pre-mRNA followed by polyadenylation to form mature mRNA. First studies tried to correlate presence of m 6 A with alternative polyadenylation (APA). m 6 A-seq failed to demonstrate enrichment of m 6 A around 50 nucleotide window of cleavage site [51] . Hence, m 6 A does not appear to have a global impact on APA but rather affects specific subset of transcripts. One study have found a role and mechanism of action for m 6 A in APA [67]. The authors have established a direct link between m 6 A writer complex, 3' end cleavage and polyadenylation stimulating factor (CPSF) [67]. The protein VIRMA recruits the METTL3/METTL14/WTAP complex to the 3'UTR and near the stop codon to promote region-selective methylations. VIRMA is also able to interact with the polyadenylation cleavage factor CPSF5 to regulate APA [67]. Indeed, silencing of either VIRMA or METTL3 triggers lengthening of 3'UTR of hundreds of transcripts [67].

Further, silencing of CPSF5 shortens the 3'UTR of over 2800 transcripts, 84% of which display increased m 6 A peak density in 3ʹUTR and near stop codon [67].

13.4.2) m 6 A controls mRNA stability

Inverted correlation between the number of m 6 A sites and mRNA half-life has been observed suggesting that m 6 A may destabilizes modified transcripts [START_REF] Edupuganti | N6-methyladenosine (m6A) recruits and repels proteins to regulate mRNA homeostasis[END_REF]. YTHDF2 was the first identified reader involved in mRNA stability control. Wang X and colleagues [START_REF] Wang | N6-methyladenosine-dependent regulation of messenger RNA stability[END_REF] applied ribosome profiling and transcriptomic analysis on YTHDF2 silenced cells. While YTHDF2 silencing did not impact translation, expression level of m 6 A-modified transcripts were significantly altered. Further analysis showed that YTHDF2 binding reduces mRNA halflife.

Another study has uncovered the mechanism of action of YTHDF2 in the regulation of transcript stability [START_REF] Du | YTHDF2 destabilizes m 6 A-containing RNA through direct recruitment of the CCR4-NOT deadenylase complex[END_REF]. They used an inducible reporter assay to measure polyA length after mutation of m 6 A site from A to T [START_REF] Du | YTHDF2 destabilizes m 6 A-containing RNA through direct recruitment of the CCR4-NOT deadenylase complex[END_REF]. They showed decreased deadenylation activity when the reporter is mutated and cannot be methylated. This suggests that m 6 A modification favors deadenylation. They then used another reporter system, in which a small RNA hairpin (boxB) interacts with YTHDF2 fused to arginine rich domain λN-YTHDF2. In presence of YTHDF2, the reporter displayed faster deadenylation. Finally, the authors have identified YTHDF2/CCR4-NOT complex interaction as a prerequisite for targeted mRNA deadenylation.

Likewise, the reader YTHDC2 destabilizes methylated transcripts through a distinct mechanism [START_REF] Hsu | Ythdc2 is an N6-methyladenosine binding protein that regulates mammalian spermatogenesis[END_REF]. Instead of binding to CCR4-NOT complex, YTHDC2 co-interacts with ribosomal subunits and XRN-1, a major 5' → 3' exoribonuclease. Therefore, YTHDC2 could destabilize its RNA target by recruiting XRN-1 [START_REF] Kretschmer | The m6A reader protein YTHDC2 interacts with the small ribosomal subunit and the 5'-3' exoribonuclease XRN1[END_REF].

Indirect readers and sensors of m 6 A alter mRNA stability (Figure 29). In mouse embryonic stem cells, it has been shown that m 6 A leads to indirect recruitment of micro-RNA in a HuR dependent manner to destabilize mRNA [START_REF] Wang | N6-methyladenosine modification destabilizes developmental regulators in embryonic stem cells[END_REF]. m 6 A also repeals another mRNA stabilizer : the protein G3BP1. G3BP1 binding to mRNA is repealed by m 6 A probe confirming its binding abilitiy to m 6 A [START_REF] Edupuganti | N6-methyladenosine (m6A) recruits and repels proteins to regulate mRNA homeostasis[END_REF]. m 6 A abolition following METTL3 silencing increases the halflife of G3BP1 targeted mRNA [START_REF] Edupuganti | N6-methyladenosine (m6A) recruits and repels proteins to regulate mRNA homeostasis[END_REF]. On the opposite, IGF2BP1 reads m 6 A methylation and recruits RNA stabilizers (HuR, MAT3A) to promote RNA storage [START_REF] Huang | Recognition of RNA N6-methyladenosine by IGF2BP proteins enhances mRNA stability and translation[END_REF]. Inside P-bodies, a cellular sub-structure that favors RNA degradation, IG2BP1 prevents RNA degradation of its methylated targets [START_REF] Huang | Recognition of RNA N6-methyladenosine by IGF2BP proteins enhances mRNA stability and translation[END_REF]. Under stress condition, IGF2BP1 directs m 6 A transcript to stress granule which are another cytoplasmic structure that promote RNA storage [START_REF] Huang | Recognition of RNA N6-methyladenosine by IGF2BP proteins enhances mRNA stability and translation[END_REF]. Overall, m 6 A tends to destabilize the transcripts despite existence of a specific mechanism that stabilizes m 6 A methylated transcripts. For instance, silencing of YTHDF1 decreases translational efficiency of selected transcripts, as revealed by ribosome profiling experiment in human cells [START_REF] Wang | N(6)-methyladenosine Modulates Messenger RNA Translation Efficiency[END_REF]. As expected, this YTHDF1mediated enhanced translational efficiency is impaired when m 6 A writer METTL3 is silenced, suggesting that the mechanism relies upon m 6 A deposition [START_REF] Wang | N(6)-methyladenosine Modulates Messenger RNA Translation Efficiency[END_REF]. Mechanistically, YTHDF1 is present in polysomal fractions and interacts with eIF3B to increase translation (Figure 30).

YTHDF3 is another reader capable of enhancing translation efficacy [START_REF] Shi | YTHDF3 facilitates translation and decay of N6-methyladenosine-modified RNA[END_REF]. Indeed, ribosome profiling experiments from YTHDF3 silenced cells show reduced translation of selected mRNA in comparison with wild type cells [START_REF] Shi | YTHDF3 facilitates translation and decay of N6-methyladenosine-modified RNA[END_REF]. Interestingly, YTHDF3 is at the center of an YTH network that control mRNA fate in cytoplasm [START_REF] Shi | YTHDF3 facilitates translation and decay of N6-methyladenosine-modified RNA[END_REF]. Indeed, YTHDF3 has been proposed

to recruit YTHDF1 to increase translation of its targets [START_REF] Shi | YTHDF3 facilitates translation and decay of N6-methyladenosine-modified RNA[END_REF]. Then YTHDF1 interacts with eIF3 to facilitate formation of translation initiation complex and recruitment of the 40S subunit.

Very recently, the role of YTHDF proteins on translation has been challenged [START_REF] Zaccara | A Unified Model for the Function of YTHDF Proteins in Regulating m6A-Modified mRNA[END_REF].

According to the new model, every YTHDF protein recognizes the same m 6 A sites to destabilize the targeted mRNA [START_REF] Zaccara | A Unified Model for the Function of YTHDF Proteins in Regulating m6A-Modified mRNA[END_REF]. Analysis of YTHDF proteins binding sites revealed that the three proteins have similar binding sites transcriptome wide [START_REF] Zaccara | A Unified Model for the Function of YTHDF Proteins in Regulating m6A-Modified mRNA[END_REF]. Moreover, the three proteins destabilize methylated transcripts and compensate each other functions. On the opposite, none of the YTHDF protein control translation level of methylated transcript.

Indeed, re-analysis of previously published ribosome profiling data with standardized bioinformatics pipeline failed to reproduce the impact of YTDHF1 and YTHDF3 on translation.

In short, the roles of YTHDF proteins on translation is controversial.

Cap independent translation does not require recruitment of initiation complex to the mRNA cap. The presence of m 6 A in 5'UTR has been shown to favor cap-independent translation [34]. Indeed, in vitro translation of 5'UTR-methylated transcript is maintained despite the absence of essential factors for cap-dependent translation [34]. Further, pharmacological inhibition of cap translation in living cells does not alter global protein synthesis of 5'UTR-methylated transcripts except when METTL3 is silenced [START_REF] Coots | m6A Facilitates eIF4F-Independent mRNA Translation[END_REF]. eIF3

binding site analysis combined with the mapping of m 6 A sites (m 6 A-seq) uncovered the molecular basis of this mechanism [34]. Meyer et al found an overlap between eIF3 and m 6 A in the 5'UTR of mRNA. Moreover, decrease of m 6 A level in highly methylated transcripts abrogates the binding of eIF3 suggesting that eIF3 binds to m 6 A. Thus, recognition of m 6 A by eIF3 could lead to formation of pre-initiation complex and translation downstream of mRNA cap (Figure 31). ABCF1 protein was identified as a promoter of cap-independent translation through m 6 A methylation [START_REF] Coots | m6A Facilitates eIF4F-Independent mRNA Translation[END_REF]. Silencing of ABCF1 decreases cap-dependent translation of methylated transcripts. One target of ABCF1 is METTL3 mRNA which harbors several methylation sites in its 5'UTR. Cap-dependent translation inhibition does not reduce translation of METTL3 suggesting some sort of compensation from cap independent translation pathway. Yet, cap-dependent translation of METTL3 is decreased following ABCF1 silencing. This implies that ABCF1 is also essential for cap-independent translation of METTL3.

In addition to 40S recruitment on mRNA, m 6 A can modulate start codon selection [START_REF] Zhou | N6-Methyladenosine Guides mRNA Alternative Translation during Integrated Stress Response[END_REF]. Generally, 80S ribosome forms at an AUG codon surrounded by a specific sequence context. However, ribosome can choose other start codons to initiate translation, which expand proteome diversity from single mRNA (see chapter 8.4). This phenomenon is called alternative translation and may be affected by m 6 A modification. One study in particular, focused on ATF4 mRNA, illustrates this mechanism ( [START_REF] Zhou | N6-Methyladenosine Guides mRNA Alternative Translation during Integrated Stress Response[END_REF], Figure 32). ATF4 mRNA possesses two ORF upstream of the main ORF and harbors several m6A sites in its 5'UTR. The second upstream ORF (uORF2) is methylated downstream of its start codon. The authors evaluated the impact of targeted point mutations of m 6 A modification sites on start codon selection.

They used a primer extension based approach to measure alternative translation in an in vitro translation system. Targeted point mutations of m 6 A sites promoted translation of the main ORF at the expense of uORF2 suggesting that m 6 A plays a role in start codon selection.

As shown in figure 32, m 6 A would reduce ribosome speed, which prevent skipping of the start codon of uORF2 (leaky scanning). 

13.4.3.2) Impact on translation elongation

While m 6 A is predominant in the 3'UTR, about 35% of this modification is present in the coding sequence of mRNA [52] and could impact mRNA decoding. Indeed, m 6 A can impair translation dynamics through modulation of base pairing between mRNA codon and tRNA anti-codon [START_REF] Choi | N(6)-methyladenosine in mRNA disrupts tRNA selection and translationelongation dynamics[END_REF]. This mechanism has been discovered using a biophysical approach based on tRNA-tRNA fret. In this method tRNA and small ribosomal subunit are co-stained with fluorescent dyes and a quencher is attached to the Large subunit of the ribosome [START_REF] Choi | N(6)-methyladenosine in mRNA disrupts tRNA selection and translationelongation dynamics[END_REF].

Briefly, time-lapse measure of fluorescence is used to monitor transition of tRNA from A to P and P to E site. tRNA movement reflects the dynamic of the ribosome along the transcripts.

Using this approach, authors compared the decoding rate of ribosome between methylated versus unmethylated codons. The time that tRNA spent at P site (decoding) is increased on methylated codon. This result suggests that m 6 A slows down the decoding rate of ribosome.

The reader YTHDC2 facilitates translation by binding to m 6 A sites located inside the CDS [START_REF] Mao | m6A in mRNA coding regions promotes translation via the RNA helicasecontaining YTHDC2[END_REF]. YTHDC2 binds preferentially in CDS whereas other YTH proteins binds mostly in the 3'UTR or at proximity of the stop codon [START_REF] Hsu | Ythdc2 is an N6-methyladenosine binding protein that regulates mammalian spermatogenesis[END_REF]. This penchant for internal m 6 A is tightly linked to YTHDC2 function. Indeed, YTHDC2 possesses an RNA helicase domain and a significant part of m 6 A within CDS is located within folded RNA structures [START_REF] Mao | m6A in mRNA coding regions promotes translation via the RNA helicasecontaining YTHDC2[END_REF]. The need of unwinding structured RNA regions would explain why the silencing of YTHDC2 decreases translation of mRNA that possesses m 6 A in CDS [START_REF] Mao | m6A in mRNA coding regions promotes translation via the RNA helicasecontaining YTHDC2[END_REF]. As an illustration, Mao and colleagues used translation reporter assay with MALAT structure RNA to evaluate the impact of m 6 A mediated RNA structure and YTHDC2 on translation. In this system, point mutations of methylated adenosines decreased translation. Moreover, silencing of m 6 A writers, METTL3 and METTL14, as well as the reader YTHDC2 reduced translation efficiency. Yet, reintroducing wild-type YTHDC2 -but not YTHDC2 mutant, lacking helicase activity-rescued translation. Those results suggest that YTHDC2 recognizes m 6 A modification and resolves secondary structure to facilitate translation. 

13.5) m 6 Am and gene expression

The biological function of m 6 Am and its role in regulating gene expression is currently under debate. Because of its peculiar location, next to the cap, m 6 Am was initially suggested to play a role in mRNA decapping and mRNA stability [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. Indeed, Mauer J and colleagues discovered that m 6 Am-modified transcripts harbored increased half-life [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. In their cellular model, they further demonstrated that DCP2, a decapping enzyme, is unable to bind to m 6 Am methylated transcripts in vitro. However, the debate was revived by another study that failed to reproduce this result [START_REF] Sikorski | The identity and methylation status of the first transcribed nucleotide in eukaryotic mRNA 5' cap modulates protein expression in living cells[END_REF].

Identification of the m 6 Am writer PCIF1 was supposed to help deciphering the role of m 6 Am methylation. Unfortunately, it was quite the opposite: three studies that identified PCIF1 failed to find a common ground regarding m 6 Am function. Akichika et al., [74] applied ribosome profiling on PCIF1 KO cell lines and discovered that PCIF1 KO reduces translation of m6Am marked transcripts. This implies a positive regulation of translation by m 6 Am. By opposition, Sendinc E et al., have shown that PCIF1 activity inhibits translation of m 6 Am transcripts without impairing mRNA half-life [77]. Finally, Boulias et al., argued that the main function of m 6 Am was to modulate mRNA half-life [START_REF] Boulias | Identification of the m6Am Methyltransferase PCIF1 Reveals the Location and Functions of m6Am in the Transcriptome[END_REF]. They have connected PCIF1 activity with increased half-life of m 6 Am marked mRNA. Among those studies, two of them used the same cell line so the observed discrepancies are not related to any cell type specific effect of m 6 Am. So far, m 6 Am function remains unknown. was the first reversible modification to be identified. This discovery gave birth to the controversial "epitranscriptome" concept.

14.1) The eraser enzymes : ALKBH protein family

Eraser of RNA modification belong to alpha-ketoglutarate dependent deoxygenase family (ALKBH). ALKBH consist of 9 member (ALKBH1 -9 ) [START_REF] Fedeles | The AlkB Family of Fe(II)/α-Ketoglutarate-dependent Dioxygenases: Repairing Nucleic Acid Alkylation Damage and Beyond[END_REF].They were initially discovered as DNA repair enzymes until their functions towards RNA modifications have been uncovered. Altogether, ALKBH proteins work the same way. They need alphaketoglutarate and Fe 2+ as a co-substrates to achieve their functions. However, each ALKBH protein possesses its own substrate. For example, ALKBH1 [START_REF] Liu | ALKBH1-Mediated tRNA Demethylation Regulates Translation[END_REF] and ALKBH3 targets m 1 A specifically in RNA [START_REF] Li | Transcriptome-wide mapping reveals reversible and dynamic N(1)methyladenosine methylome[END_REF]. ALKBH2 is dedicated to DNA modifications such as 3methylthymine or m 1 G [START_REF] Chen | Adaptive Response Enzyme AlkB Preferentially Repairs 1-Methylguanine and 3-Methylthymine Adducts in Double-Stranded DNA[END_REF].

14.2) FTO and ALKBH5 as m6A erasers

Two erasers of m 6 A have been identified: ALKBH5 and FTO (also named ALKBH9) (Figure 35). FTO was the first discovered RNA eraser. Treatment of m 6 A modified in vitro transcripts with this enzyme leads to reduction of m6A [START_REF] Jia | N6-methyladenosine in nuclear RNA is a major substrate of the obesityassociated FTO[END_REF]. In living cells, silencing of FTO triggers increase of m 6 A methylation in mRNA. Those results suggested that FTO targets m 6 A methylation. Later, ALKBH5 has been identified as an additional m 6 A demethylase in mammals. Similarly to FTO, ALKBH5 treatment of methylated in vitro transcripts eliminates m 6 A modifications [START_REF] Zheng | ALKBH5 is a mammalian RNA demethylase that impacts RNA metabolism and mouse fertility[END_REF]. Further, in cellulo silencing of ALKBH5 increases m 6 A in mRNA whereas its overexpression reduces m 6 A in mRNA altogether suggesting that ALKBH5 is an m 6 A eraser. Nowadays, the scientific community admits the reversible nature of certain RNA modifications. In sight of the discovery of m 6 A erasers, it has been proposed that m 6 A is a reversible modification of mRNA. This gave birth to "epitranscriptome" field with reference to DNA epigenetic regulation. However, the reversibility of m 6 A in mRNA remains controversial.

A striking illustration comes from from Ke S and colleagues who applied miCLIP to map m 6 A in RNA from three cellular compartments [START_REF] Ke | m6A mRNA modifications are deposited in nascent pre-mRNA and are not required for splicing but do specify cytoplasmic turnover[END_REF]. They compared m 6 A profiles on nascent RNA associated to chromatin (CA-RNA), mRNA in the nucleoplasm and mRNA in the cytoplasm [START_REF] Ke | m6A mRNA modifications are deposited in nascent pre-mRNA and are not required for splicing but do specify cytoplasmic turnover[END_REF]. They have discovered that more than 90% of m 6 A sites are found in every compartments [START_REF] Ke | m6A mRNA modifications are deposited in nascent pre-mRNA and are not required for splicing but do specify cytoplasmic turnover[END_REF]. Those sites specific to one compartment are mostly limited to chromatin associated RNA. Over 36,000 peaks, 3,683 m 6 A peaks are increased in CA-RNA whereas only 20 sites are more abundant in nucleoplasmic RNA. Difference is even slighter between nucleoplasmic mRNA and cytoplasmic RNA. Only 300 sites over 37,000 are specific to one compartment.

The authors proposed that m 6 A is deposited on nascent pre-mRNA, while it is associated to chromatin. The modification could be erased during transcript synthesis explaining why most specific m 6 A sites are found in CA-RNA. According to this model, m 6 A would not undergo dynamic changes at pre-mRNA and mRNA stages. The main function of erasers would be to select the m 6 A sites that will further modulate RNA fate. This would explain why m 6 A erasers are mainly located in the nucleus [START_REF] Jia | N6-methyladenosine in nuclear RNA is a major substrate of the obesityassociated FTO[END_REF], [START_REF] Zheng | ALKBH5 is a mammalian RNA demethylase that impacts RNA metabolism and mouse fertility[END_REF]. Along the same lines, Koh and colleagues [START_REF] Koh | Atlas of quantitative single-base-resolution N6methyl-adenine methylomes[END_REF], found that both ALKBH5 and FTO constitutively remove their m 6 A target sites in the nucleus.

On the basis of the study form Ke S and colleagues, "RNA epigenetic" has been described as a "fallacy" [START_REF] Darnell | Pre-mRNA processing includes N6 methylation of adenosine residues that are retained in mRNA exons and the fallacy of "RNA epigenetics[END_REF] .Zhao BS et al argued that despite most of m 6 A are not reversible in mRNA, a small subset of them could nevertheless be reversible [START_REF] Zhao | Our views of dynamic N6methyladenosine RNA methylation[END_REF]. According to Ke S data, around 100 m 6 A sites are specific to nuclear mRNA over cytoplasmic mRNA suggesting a potent dynamic regulation of m 6 A in mRNA [START_REF] Ke | m6A mRNA modifications are deposited in nascent pre-mRNA and are not required for splicing but do specify cytoplasmic turnover[END_REF]. According to Zhao BS and colleagues, reversibility of m 6 A in mRNA can be acquired in leukemic cells [START_REF] Zhao | Our views of dynamic N6methyladenosine RNA methylation[END_REF]. Although it is not the main function of m 6 A erasers, dysregulation of their activity in pathology would allow them to targets mRNA.

14.3.2) FTO functions

While m 6 A reversibility in mRNA remains controversial, special cases exist. For instance, the m 6 A adjacent to cap (m 6 Am) have been shown to be demethylated by FTO in mature mRNA [94] [116]. Since this discovery, FTO function is controversial and the subject of debates. In vitro, FTO targets preferentially m 6 Am rather than m 6 A [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. In living cells, the results are contradictory from one study to another. While most studies agree on the fact that FTO can target m 6 A [START_REF] Jia | N6-methyladenosine in nuclear RNA is a major substrate of the obesityassociated FTO[END_REF] [116] , Mauer J et al failed to identify changes of m 6 A in mRNA following silencing of FTO. In a recent review, they defended their view about FTO functions and argued that m 6 A was not accurately and specifically quantified by m 6 A antibody or mass-spectrometry. Also changes of m 6 A observed following FTO silencing could be due to a loop regulation toward m 6 A writers. In short, FTO has been described to demethylate m 6 A and m 6 Am but its favorite substrate remains controversial.

FTO is the main topic of the thesis. In this context, I am writing a review to sum up current knowledges about FTO functions and regulation in cancer. In order to introduce FTO in detail, the core text of the review is presented in the next chapter.

15) FTO regulation and functions: an overview 15.1) Introduction

The discovery of FTO originates from a fused-toe (Ft) mouse mutation which is characterized by deletion of several hundred kb of genomic sequences of chromosome 8 [START_REF] Peters | Cloning of Fatso (Fto), a novel gene deleted by the Fused toes (Ft) mouse mutation[END_REF]. The Fatso (FTO) gene was cloned and, based on its expression throughout embryonic development and Ft mouse phenotype, its function was assumed to be linked to programmed cell death and craniofacial development. Almost a decade later, genome-wide association studies discovered a strong correlation between single-nucleotide polymorphisms of FTO gene and human obesity [START_REF] Frayling | A common variant in the FTO gene is associated with body mass index and predisposes to childhood and adult obesity[END_REF], [START_REF] Dina | Variation in FTO contributes to childhood obesity and severe adult obesity[END_REF]. It was then renamed the "Fat mass and Obesityassociated" (FTO) gene. This connection was strengthened by a study on Fto KO mice in which the loss of Fto triggers postnatal growth retardation and a decreased body mass [START_REF] Fischer | Inactivation of the Fto gene protects from obesity[END_REF].

By opposition, overexpression of Fto promotes food intake and results in increased body and fat mass [START_REF] Church | Overexpression of Fto leads to increased food intake and results in obesity[END_REF]. Genetic variants in the FTO gene were also associated with several pathologies such as metabolic disorders [START_REF] Fawcett | The genetics of obesity: FTO leads the way[END_REF]; [START_REF] Kim | Association of Metabolites with Obesity and Type 2 Diabetes Based on FTO Genotype[END_REF], neurological diseases [START_REF] Keller | The obesity related gene, FTO, interacts with APOE, and is associated with Alzheimer's disease risk: a prospective cohort study[END_REF]and cancers [START_REF] Kaklamani | The role of the fat mass and obesity associated gene (FTO) in breast cancer risk[END_REF], [START_REF] Hernández-Caballero | Single nucleotide polymorphisms of the FTO gene and cancer risk: an overview[END_REF]. Altogether, these phenotypic observations drew attention of research community and led to substantial investment in identifying the physiological substrate(s) of Fto as well as the downstream molecular mechanisms.

The first substrates of Fto to be identified were the modification of single stranded DNA (ssDNA) and single stranded RNA (ssRNA) in vitro [START_REF] Jia | Oxidative demethylation of 3-methylthymine and 3-methyluracil in singlestranded DNA and RNA by mouse and human FTO[END_REF]. At that time, Fto was known to erase the 3-methyl Thymine of synthetic ssDNA and 3-methyl Uracil of synthetic ssRNA.

Fto function gained even more interest when it was first shown to demethylate N6methyladenosine (m 6 A) of messenger RNA (mRNA). m 6 A is a modification mostly present in mRNA where it modulate splicing, stability and translation. The discovery of reversible modification in mRNA was a major advance in the field of RNA modification as it gave birth to the "epitranscriptome" concept. However, since the publication of the initial study, the function of FTO in living cells has been challenged.

Yet, five modifications are supposedly erased by FTO in various RNA species and DNA. FTO targets were identified in several models suggesting a context-dependent specificty of FTO toward its substrates. The aim of the review is to sum up our current knowledge about FTO substrates and the underlying mechanism of regulation. Hence, we will discuss about the mechanisms of regulation supporting FTO target specificity. Finally, we

will detail what could be the implication of such specificity in cancer.

15.2) Targets of FTO

FTO is a homolog of the AlkB Family of Fe(II)/α-Ketoglutarate (α-KG)-dependent

Dioxygenases. This class of ubiquitous DNA repair enzymes remove alkyl adducts from nucleobases through oxidative dealkylation [START_REF] Fedeles | The AlkB Family of Fe(II)/α-Ketoglutarate-dependent Dioxygenases: Repairing Nucleic Acid Alkylation Damage and Beyond[END_REF]. FTO consists of an amino-terminal AlkBlike domain and a carboxy-terminal domain which interact with each other as well as an extra loop that distinguish it from other AlkB members [START_REF] Han | Crystal structure of the FTO protein reveals basis for its substrate specificity[END_REF]. FTO was originally reported to catalyze the demethylation of various substrates [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF], [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF], [START_REF] Jia | Oxidative demethylation of 3-methylthymine and 3-methyluracil in singlestranded DNA and RNA by mouse and human FTO[END_REF]. Yet, recent studies points toward N 6 -Methyladenosine (m6A) modification in mRNA as its most relevant biological substrate. These discoveries were made possible through recent progress in detection techniques such as high throughput sequencing and mass spectrometry.

-FTO targets 3-methy thymine and 3 methylUracile in vitro

The first two targets of FTO were identified more than a decade ago as the 3-meThymine (3-meT) and the 3-meUracile (3meU) [START_REF] Jia | Oxidative demethylation of 3-methylthymine and 3-methyluracil in singlestranded DNA and RNA by mouse and human FTO[END_REF]. The authors synthesized in vitro methylated single strand DNA (ssDNA) and RNA (ssRNA) and incubated them in the presence of either purified mouse or human FTO. High performance liquid chromatography (HPLC) chromatograms of the modifications showed reduction of ssDNA 3-meT and ssRNA 3meU but not ssDNA 3-meC nor 5mdc [START_REF] Zhu | LC-MS-MS quantitative analysis reveals the association between FTO and DNA methylation[END_REF]. While FTO can demethylate 3-meT in ssDNA in vitro, it displays negligible activity in the context of double-stranded DNA [START_REF] Jia | Oxidative demethylation of 3-methylthymine and 3-methyluracil in singlestranded DNA and RNA by mouse and human FTO[END_REF]. So far, no evidence of active 3meT demethylation in DNA of living cells has been observed.

-FTO targets N6-methyladenosine in various RNA species.

More recently, m6A modification has been described to be the major substrate of FTO.

Jia G et al used HPLC to evaluate the effect of FTO on m6A-modifided synthetic oligonucleotides: ssRNA and ssDNA [START_REF] Jia | N6-methyladenosine in nuclear RNA is a major substrate of the obesityassociated FTO[END_REF]. FTO treatment decreased m6A level in ssRNA but not in ssDNA. These observations were substantiated by in cellulo experiments performed in HeLa and 293T cells where silencing of FTO increased m6A in mRNA while FTO overexpression decreased it [START_REF] Jia | N6-methyladenosine in nuclear RNA is a major substrate of the obesityassociated FTO[END_REF]. In addition to mass spectrometry, methylated RNA immunoprecipitation and sequencing (m 6 A-seq) was also employed to identify FTO targets at the genome scale. In various system, FTO activity has been shown to regulate m6A level in hundreds of mRNA [START_REF] Mathiyalagan | FTO-Dependent N6-Methyladenosine Regulates Cardiac Function During Remodeling and Repair[END_REF], [START_REF] Su | Targeting FTO Suppresses Cancer Stem Cell Maintenance and Immune Evasion[END_REF], [START_REF] Li | FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-Methyladenosine RNA Demethylase[END_REF], [START_REF] Huang | Small-Molecule Targeting of Oncogenic FTO Demethylase in Acute Myeloid Leukemia[END_REF], [START_REF] Niu | RNA N6-methyladenosine demethylase FTO promotes breast tumor progression through inhibiting BNIP3[END_REF].

Transcriptome wide analysis of FTO binding sites revealed its ability to bind a wide range of m6A-containg RNAs, such as pre-mRNA, mature mRNA, tRNA, rRNAs as well as various other non-coding RNA, suggesting potent activity toward those species [START_REF] Bartosovic | N6methyladenosine demethylase FTO targets pre-mRNAs and regulates alternative splicing and 3'-end processing[END_REF] [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF] This initial analysis was not flawless and was refined by experiments combining FTO silencing with purification of chosen RNAs followed by quantification of m 6 A by massspectrometry. This approach confirmed that FTO efficiently targets m6A in U6 snRNAs [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF],

16 -28 nucleotides long small RNAs [START_REF] Lan | Existence of Diverse Modifications in Small-RNA Species Composed of 16-28 Nucleotides[END_REF]. Yet, quantification of global m6A in 18S rRNA and 28S rRNAs was not impaired by FTO silencing suggesting that rRNA is not a substrate of FTO [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF].

No clear evidence directly links FTO to m6A demethylation in introns. However, most of FTO binds to introns (75%) whereassole 7% [START_REF] Ke | m6A mRNA modifications are deposited in nascent pre-mRNA and are not required for splicing but do specify cytoplasmic turnover[END_REF] of m 6 A are found in introns of steady state pre-mRNA. This discrepancy suggests that FTO binding is not biased by the global high proportion of introns over exons [START_REF] Sakharkar | Distributions of exons and introns in the human genome[END_REF]. Moreover, m6A is elevated in introns of nascent pre-mRNA compared to steady state pre-mRNA [START_REF] Louloupi | Transient N-6-Methyladenosine Transcriptome Sequencing Reveals a Regulatory Role of m6A in Splicing Efficiency[END_REF]. Hence, the low proportion of m6A in introns is probably due to an active demethylation during transcription. Because most FTO binds to introns we can speculate that FTO demethylates intronic m 6 A. [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. Interestingly, m 6 Am demethylation by FTO is higher on capped RNA than uncapped RNA implying that cap is required for FTO activity [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. In some cell lines, studies have quantified global m6Am level by 2D-TLC or massspectrometry and revealed that m6Am is increased in FTO KO cell lines and decreased in FTO overexpressing cell lines [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF], [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF], [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF], [START_REF] Relier | FTO-mediated cytoplasmic m6Am demethylation adjusts stem-like properties in colorectal cancer cell[END_REF]. m 6 Am was also mapped transcriptome-wide using miCLIP technology in FTO KO cell lines. miCLIP is based on m6A immunoprecipitation and further sequencing of methylated RNA fragments to map m6A at nucleotide resolution. Because m 6 Am is adjacent to mRNA cap whereas m 6 A is prevalent in 3'UTR, m6Am can be distinguished from m6A sites. FTO KO strongly enriches m 6 A sites at 5' end of mRNA which are likely m 6 Am [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. Consistently, CLIP-seq revealed an enrichement of FTO binding at the 5' end of mRNA [START_REF] Bartosovic | N6methyladenosine demethylase FTO targets pre-mRNAs and regulates alternative splicing and 3'-end processing[END_REF], suggesting that m 6 Am changes upon FTO KO is not biased by indirect effect of the knock-out.

Similar to mRNA, small RNAs possess m6Am methylation. By applying miCLIP on FTO KO cell lines. Mauer J et al., revealed enrichment of m6Am at the 5' end of several small RNAs including U1, U2, U4, and U5 small RNAs [START_REF] Mauer | FTO controls reversible m6Am RNA methylation during snRNA biogenesis[END_REF]. Further validation by 2D TLC and mass-spectrometry demonstrated that FTO targets m 6 Am of U1 and U2 small RNAs.

Interestingly U2 snRNAs possess internal m 6 Am in addition to cap-m6Am. Jiangbo Wei applied mass-spectrometry analysis of RNA modifications without RNA decapping step in order to discriminate cap-m6am from internal m 6 Am. Using this approach, they discovered that FTO targets cap-m 6 Am in U1 snRNA whereas it targets internal m 6 Am in U2 snRNAs.

-FTO targets m1A in tRNA

In a recent study, CLIP-seq analysis revealed that a small fraction of FTO binds to tRNA. Fuether in vitro analysis were performed in order to identify the type of methylation targeted by FTO in tRNA. FTO incubation with tRNA does not affect m 1 G, m 7 G, m 5 C,m 2 G or m 2, 2G methylations. However, it decreases m1A methylation suggesting that FTO could catalyze m1A demethylation in tRNA. This observation was confirmed in both living cells and mouse brain, confirming its biological relevance: FTO overexpression reduces tRNA m 1 A of HEK293T cells [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF] and FTO KO increases tRNA m1A in mouse brain [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF].

Eukaryotic mRNA can undergo three m 1 A modifications at position A9, A22 and A58 [START_REF] Oerum | m1A Post-Transcriptional Modification in tRNAs[END_REF]. In vitro assays underscore the importance of structural context: FTO fails to target m 1 A in linear transcripts whereas it efficiently demethylates m1A when the latter is present in a loop structure [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF]. As m1A58 is the only m 1 A modification in large stem loop of tRNA, this implies that FTO targets m1A58 rather than m 1 A9, m 1 A22. However primer extension experiments will be required to confirm the activity of FTO toward m 1 A58 in living cells [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF].

Despite the presence of m 1 A58 in every tRNAs, FTO targets only a subset of them.

FTO CLIP analysis revealed that it binds to ten tRNAs species. Most of FTO binds to tRNAGLU(CUC) (45%) and tRNA His(RUG) (32% 

15.2.5-Compartment specific activity of FTO

Methylases and demethylases can target different RNA species and / or modifications according to their subcellular localization. For instance, the m 1 A methylase TRM61 target tRNA in nucleus [START_REF] Macari | TRM6/61 connects PKCα with translational control through tRNAi(Met) stabilization: impact on tumorigenesis[END_REF] but mRNA in cytoplasm [START_REF] Safra | The m1A landscape on cytosolic and mitochondrial mRNA at single-base resolution[END_REF]. The eraser ALKBH1 also provides striking example of compartment-specific activity: it demethylates m 6 A residues of DNA in the nucleus, removes m 1 A of tRNA in the cytoplasm and targets m 5 C of tRNA in mitochondria. Like many other enzymes of its kind, FTO displays substrate preferences depending on sub-cellular context.

Different approaches were employed to uncover localization dependent activity of FTO. Mauer J and colleagues fused FTO with a Nuclear Export Signal to promote its cytoplasmic addressing [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. Then, they quantified m6Am in total mRNA. Increased expression of cytoplasmic FTO reduces m 6 Am in mRNA demonstrating that FTO targets m6Am of mRNA in the cytoplasm. In another study, Jiangbo Wei and colleagues employed a biochemical procedure to isolate cell's compartment, nucleus and cytoplasm, following FTO silencing [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF]. From each compartments they purified tRNA, small RNA and mRNA and analyzed RNA modifications by mass-spectrometry. They confirmed that FTO silencing increases cytoplasmic -but not nuclear-m 6 Am in mRNA. By contrast, sole the nuclear fraction of mRNA displays increased m 6 A level following FTO depletion. This observation is consistent with compartment-specific m 6 A-seq experiments that shows no differences in m 6 A profile between nucleus and cytoplasm [START_REF] Ke | m6A mRNA modifications are deposited in nascent pre-mRNA and are not required for splicing but do specify cytoplasmic turnover[END_REF]. 

15.2.6-Toward tissue specific function?

The favorite targets of FTO have been under debate since a few years. Discrepancies between in vitro and in vivo data have left this question unanswered. In vitro demethylation assay showed that FTO is 100 more efficient to demethylate m 6 Am than m 6 A [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF]. Yet, a mere buffer solution cannot recapitulate the tremendous compositional complexity of the natural environment of cellular enzymes. Further, changes of molecular environment from one subcellular compartment to another could easily alter enzyme behavior. In cellulo, studies on FTO illustrate remarkably this matter. In living cells, FTO appears to have more impact on m 6 A than m 6 Am, especially in leukemic cells [START_REF] Li | FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-Methyladenosine RNA Demethylase[END_REF] , [START_REF] Su | Targeting FTO Suppresses Cancer Stem Cell Maintenance and Immune Evasion[END_REF] , [START_REF] Huang | Small-Molecule Targeting of Oncogenic FTO Demethylase in Acute Myeloid Leukemia[END_REF]. In HEK293T cells, quantification of m6Am after mRNA cap pull down revealed that 94% of mRNA cap are m6Am methylated [74]. At first sight, these observations imply that FTO does not efficiently target m 6 Am in living cells. However, FTO localization in HEK cells is restricted to the nucleus, where m 6 Am demethylation does not occur [START_REF] Koh | Atlas of quantitative single-base-resolution N6methyl-adenine methylomes[END_REF]. In colon cancer cells, where FTO is both cytoplasmic and nuclear, FTO silencing increases significantly m6Am level [START_REF] Relier | FTO-mediated cytoplasmic m6Am demethylation adjusts stem-like properties in colorectal cancer cell[END_REF].

Hence, regulation of FTO localization would allow him to acquire or loss targets.

In mice tissue, targets of FTO can be distinct from the ones identified in cell lines.

Mapping of m 6 A at nucleotide resolution in FTO KO mouse brain revealed a strong enrichment of m 6 Am over m 6 A methylation [START_REF] Engel | The Role of m6A/m-RNA Methylation in Stress Response Regulation[END_REF]. Moreover, the relative impact on each target might differ from the one established based on cell line data. In living cells the impact of FTO silencing on m 1 A level is marginal with regards to m 6 A [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF] while the brain tissue of FTO KO mouse displays predominant m 1 A increase with regards to other FTO targets such as m 6 A or m 6 Am. While a compensation mechanism of m 6 A / m 6 Am methylation cannot be ruled out, this prima facie evidence suggests that FTO preferentially targets m1A in mouse brain.

Those discrepancies between cell lines raises the question of tissue specificity of FTO.

Jun Li Et al ., have compared the level of m 6 A / m 6 Am writers and erasers with m6A and m6Am level across 54 human tissues and 16 mouse tissues [62]. The m 6 A writers METTL3-METTL14, the eraser ALKBH5 and the m 6 Am writer PCIF1 are correlated with m 6 A and m 6 Am respectively in both human and mouse. However, FTO is correlated neither with m 6 A level, nor with m 6 Am level. This result strengthens the emerging concept that FTO displays tissue-specific preferential targets.

15.2) Determinants of FTO multi-substrate specificity 15.2.1) Structural basis for the FTO catalytic activity

Structure solving of FTO was a crucial step towards a better understanding of its interaction with methylated RNA substrates. Several groups have taken on the challenging task of crystallizing FTO in a complex with nucleic acids [START_REF] Han | Crystal structure of the FTO protein reveals basis for its substrate specificity[END_REF] , [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF]. FTO structure is composed of two main domain: the N-terminal domain from residues 32 to 326, and the Cterminal from residues 327 to 498. The thirty-two first N-terminal residues encode nuclear localization signal that addresses FTO to the nucleus [START_REF] Aas | Nucleocytoplasmic Shuttling of FTO Does Not Affect Starvation-Induced Autophagy[END_REF].

Inside the N-terminal domain several residues are important for substrate recognition.

Two pincers composed of residues K216, K88 and K316 allow FTO to interact with RNA [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF]. The residue S229 could be involved in FTO specificity. Indeed, mutation of S229 decreases FTO demethylation activity toward m 6 A while it does not affect m 6 Am demethylation. The C-terminal domain of FTO does not contain essential residue for RNA interaction or FTO activity. Noteworthy, comparative studies have shown that FTO C-terminal domain is unique compared to other ALKBH family members. In fact, the versatile activity of FTO may involve this domain through its ability to associate with molecular partners.

15.2.2) Regulation by protein partners

Through its C-terminal part, FTO interacts with protein partners that regulates its subcellular as well as its functions. In living cells, the use of RNA probes containing four repeats of the m6A consensus sequence GGACU failed to recruit FTO suggesting the involvement of a third party [START_REF] Edupuganti | N6-methyladenosine (m6A) recruits and repels proteins to regulate mRNA homeostasis[END_REF].Recently, a protein partner of FTO has been described as well as its role in promoting m 6 A demethylation [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF]. SFPQ is a splicing factor that co-localizes with FTO in nuclear speckles [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF]. Co-immunprecipitation assay showed that SFPQ interacts with the Cterminal domain of FTO [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF]. Transcriptome-wide analysis of FTO and SFPQ binding sites revealed that FTO and SFPQ binds RNA in a close proximity [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF]. SFPQ overexpression mostly decreases m6A in FTO targeted mRNA, including MYC, in various cellular model.

SFPQ overexpression favors the binding of FTO to myc mRNA and promotes subsequent m6A demethylation as shown by both FTO and m 6 A-IP-qPCR.

Interestingly sole twenty percent of FTO binds close to SFPQ suggesting that the remaining FTO pool could binds to other targets [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF]. Protein partners that would promote FTO interaction with either m 6 Am or m 1 A sites have not been identified yet. While m6Am location is specific to mRNA cap, FTO recruitment on this modification does not seem to involve the translation initiation machinery. Indeed, FTO does not co-localize with stress granules, cytoplasmic aggregates mostly composed of stalled translation initiation complexes [START_REF] Anders | Dynamic m6A methylation facilitates mRNA triaging to stress granules[END_REF]. To date, SFPQ is the only FTO partners that plays an active role in steering FTO specificity toward specific m 6 A sites [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF].

15.2.3) Regulation of FTO by PTM

According to phosphosite plus (https://www.phosphosite.org), FTO sequence harbors several potential PTM: phosphorylation, sumoylation, ubiquitination, and acetylation (See Table 2). Post-translational modifications (PTM) can affect protein activity, protein-protein interaction as well as sub-cellular localization. The latter represents a critical parameter since FTO activity is strongly affected by its sub-cellular environment, nuclear or cytoplasmic.

Along these lines, mutation of FTO lysine 216 disrupt its nuclear localization and causes its accumulation in the cytoplasm [START_REF] Zhu | Ubiquitination Regulates the Proteasomal Degradation and Nuclear Translocation of the Fat Mass and Obesity-Associated (FTO) Protein[END_REF]. Three potential PTM could be present at this position: ubiquitylation, sumoylation and acetylation. Interestingly, ubiquitination inhibition through PYR-416 does not disrupt nuclear localization but leads to the accumulation of a sub-pool of FTO in perinuclear region [START_REF] Russell | Conditional expression of the FTO gene product in rat INS-1 cells reveals its rapid turnover and a role in the profile of glucose-induced insulin secretion[END_REF]. Sumoylation of K216 also affects FTO localization and regulates its nuclear translocation as well as its turnover [START_REF] Zhu | Ubiquitination Regulates the Proteasomal Degradation and Nuclear Translocation of the Fat Mass and Obesity-Associated (FTO) Protein[END_REF]. This modification involves a direct interaction with RNBP2, a component of the cytoplasmic side of nuclear pore that plays a role in promoting protein import and export as well as sumoylation of protein cargoes [START_REF] Liu | SIRT1 regulates N6 -methyladenosine RNA modification in hepatocarcinogenesis by inducing RANBP2-dependent FTO SUMOylation[END_REF].

Collectively, these studies indicate that ubiquitination regulate the nucleocytoplasmic shuttling of FTO.

PTM have also been identified inside the predicted NLS. For instance, threonine 4 and threonine 6 can be phosphorylated. However, neither T4A nor T6A mutation impairs nuclear localization in overexpressing system suggesting that they do not have impact on FTO localization [START_REF] Hirayama | FTO Demethylates Cyclin D1 mRNA and Controls Cell-Cycle Progression[END_REF]. By contrast, phosphorylation of T150, located inside the catalytic domain of FTO, regulates its localization. Indeed, overexpression of FTO T150A strongly induces nuclear localization whereas T150E decreases nuclear localization Beyond localization, it is still unclear whether FTO PTM alters its activity. While K216R mutation promotes the shuttling of FTO towards the cytoplasm, it decreases m 6 A mRNA level [START_REF] Zhu | Ubiquitination Regulates the Proteasomal Degradation and Nuclear Translocation of the Fat Mass and Obesity-Associated (FTO) Protein[END_REF]. This observation is not consistent with the previously reported m6A demethylase activity of FTO in the nucleus [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF], [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF]. Considering that K216 directly interacts with the RNA base [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF], we cannot exclude that PTM or mutation at this position would alter FTO affinity towards its substrate.

Other residues that play key role on FTO function can be modified. For instance, Y106 is part of the catalytic pocket and its mutation impairs FTO binding to ssDNA. Y106 can be phosphorylated in leukemic cell lines (phosphosite), but its function remains elusive. Serine 229 is involved in FTO specificity towards RNA substrates. A such, S229A FTO mutation slightly decreases demethylation activity toward m6A without impairing m 6 Am demethylation [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF]. Phosphorylation of this residue has been reported in various cancer cell lines while its function has not been studied yet. To sum up, various PTM have been reported to occur on several residues along FTO protein sequence. Yet, their impact at the molecular level as well as their exact function in a physiopathological context remain to be uncovered. 

Modification

15.2.4) The RNA context

Activity of FTO is also dependent of RNA context. A striking example comes from m1A targeting as previously discussed. In vitro, FTO demethylates m 1 A on loop RNA probes while it does not target m 1 A on linear RNA probes [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF]. Besides secondary structure, sequence context is also important for m6A demethylation to occur. In vitro demethylation assay on m6A probes of 5 nucleotides long revealed that FTO activity can vary up to 2 fold depending on the sequence context [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF]. Further, as for m1A, FTO is more efficient at targeting m6A in a large loop. In vitro probes containing methylated GGACU motif embedded in either a large or a close loop were incubated in the presence of FTO [START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF]. m6A

demethylation FTO was higher when m 6 A was localized in large loop in comparison with close loop or linear RNA. This predilection for targeting methylated sites in structured region has not been demonstrated in vivo yet. By contrast, m6A is preferentially localized in poorly structured region [START_REF] Mao | m6A in mRNA coding regions promotes translation via the RNA helicasecontaining YTHDC2[END_REF]. How to reconcile these observation that seem, at first sight, contradictory ? First, it has been proposed that m6A could unfold RNA structure through the recruitment of RNA helicase-containing m 6 A reader YTHDC2 [START_REF] Mao | m6A in mRNA coding regions promotes translation via the RNA helicasecontaining YTHDC2[END_REF]. Second, m6A deposition can also disrupts A-U interactions and trigger a loosening of RNA structure [START_REF] Roost | Structure and thermodynamics of N6-methyladenosine in RNA: a spring-loaded base modification[END_REF]. Third, the connection between m 6 A and RNA structure might also result from FTO activity. Preferential targeting of m 6 A in loop structures could trigger an enrichment of m 6 A in unfolded regions. 

15.3) "Context-dependent" function of FTO in cancer

-Pro-oncogenic role in cancer

Based on current literature, FTO expression can be either pro-oncogenic or antioncogenic depending on cancer type. The pro-oncogenic role of FTO has been well described in acute myeloid leukemia (AML) [START_REF] Li | FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-Methyladenosine RNA Demethylase[END_REF], [START_REF] Su | Targeting FTO Suppresses Cancer Stem Cell Maintenance and Immune Evasion[END_REF], [START_REF] Huang | Small-Molecule Targeting of Oncogenic FTO Demethylase in Acute Myeloid Leukemia[END_REF] and melanoma [START_REF] Yang | m6A mRNA demethylase FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade[END_REF]. FTO expression is higher in AML with rearrangement of the mixed-lineage leukemia (MLL) gene [START_REF] Li | FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-Methyladenosine RNA Demethylase[END_REF]. In these cancer cells, ectopic expression of FTO promotes proliferation and clonogenic capacities while it reduces apoptosis [START_REF] Li | FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-Methyladenosine RNA Demethylase[END_REF]. Silencing of FTO triggers the opposite effect, which concurs with a pro-oncogenic function of FTO in AML. Based on this conclusion, a therapeutic strategy based on FTO targeting has been elaborated in order to kill leukemic cells [START_REF] Su | R-2HG Exhibits Anti-tumor Activity by Targeting FTO/m6A/MYC/CEBPA Signaling[END_REF]. The authors employed R-2-hydroxyglutarate (R-2HG), a metabolite produced by isocitrate dehydrogenase 1/2 (IDH1/2) enzymes and capable of inhibiting various alphaketoglutarate dependent enzymes. As expected, 2-HG treatment triggered reduced proliferation and leukemogenesis in a FTO dependent manner [START_REF] Su | R-2HG Exhibits Anti-tumor Activity by Targeting FTO/m6A/MYC/CEBPA Signaling[END_REF]. R-2HG being a broad inhibitor of alpha-ketoglutarate enzymes, subsequent studies explored the possibility to develop specific inhibitors of FTO. Huang et al. have identified meclofenamic acid (MA) as a highly specific inhibitor of FTO [START_REF] Huang | Meclofenamic acid selectively inhibits FTO demethylation of m6A over ALKBH5[END_REF]. MA is a non-steroidal, anti-inflammatory drug that competes with FTO for binding m6A sites. More recently, the same group has developed and functionally screened several MA derivatives and identified one of them, named FB23, as 140-fold more potent than MA in inhibiting FTO-mediated demethylation [START_REF] Huang | Small-Molecule Targeting of Oncogenic FTO Demethylase in Acute Myeloid Leukemia[END_REF]. A derivative of FB23, FB23-2, abrogates in vivo leukemia progression and prolongs survival of leukemic mice. On the same trend, Rui Su [START_REF] Su | Targeting FTO Suppresses Cancer Stem Cell Maintenance and Immune Evasion[END_REF] [START_REF] Begik | Integrative analyses of the RNA modification machinery reveal tissue-and cancer-specific signatures[END_REF].

Hence, further studies will be required to evaluate the relevance of targeting FTO for treating AML cancer.

The oncogenic effect of FTO has also been described in melanoma, breast cancer and glioblastoma. In melanoma, FTO silencing reduces cell proliferation in vitro and in vivo [START_REF] Yang | m6A mRNA demethylase FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade[END_REF]. On the opposite, ectopic expression of FTO favor melanoma cell proliferation and reduces the efficiency of immunotherapy [START_REF] Yang | m6A mRNA demethylase FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade[END_REF]. Pharmacological inhibition of FTO reduces tumor growth in mice and stem-like properties of glioblastoma cells lines [START_REF] Cui | m6A RNA Methylation Regulates the Self-Renewal and Tumorigenesis of Glioblastoma Stem Cells[END_REF]. In breast cancer, FTO transcript is increased in tumor compared to healthy tissue [START_REF] Niu | RNA N6-methyladenosine demethylase FTO promotes breast tumor progression through inhibiting BNIP3[END_REF]. FTO silencing block cell proliferation clonogenic abilites and induces apoptosis of breast cancer cells.

Altogether, those studies demonstrate a pro-oncogenic rôle of FTO in various cancer.

15.3.2) Anti-oncogenic function of FTO

On the other hands, FTO exhibit anti-oncogenic functions. In colon cancer cells, FTO silencing promotes the acquisition of stem-like features : sphere formation ability in suspension culture, tumor initiation and chemoresistance in xenografted nude mice [START_REF] Relier | FTO-mediated cytoplasmic m6Am demethylation adjusts stem-like properties in colorectal cancer cell[END_REF].

Remarkably, analysis of tumor microarrays from colorectal cancer patients shows that FTO expression is affected neither following tumor onset nor throughout tumor progression [START_REF] Relier | FTO-mediated cytoplasmic m6Am demethylation adjusts stem-like properties in colorectal cancer cell[END_REF].

Yet, its cellular distribution vary significantly. While FTO is strictly nuclear in healthy tissue, a large fraction is relocated to the cytoplasm during the early step of tumor progression.

Considering the compartment-specific activity of FTO, any alteration of its sub-cellular distribution may trigger significant functional changes and impact tumor evolution. From that point of view, FTO expression and localization may represent equally important parameters for understanding its role in cancer.

Another striking example come from hepatocellular carcinoma, where SIRT1 acetylase promotes tumor growth by downregulating FTO expression [START_REF] Liu | SIRT1 regulates N6 -methyladenosine RNA modification in hepatocarcinogenesis by inducing RANBP2-dependent FTO SUMOylation[END_REF]. At the molecular level, SIRT1 acetylates RANBP2 which subsequently sumoylates FTO and triggers its degradation [START_REF] Liu | SIRT1 regulates N6 -methyladenosine RNA modification in hepatocarcinogenesis by inducing RANBP2-dependent FTO SUMOylation[END_REF]. Low FTO expression is also associated with poor patient outcome in renal clear cell carcinoma [START_REF] Wen | FTO mRNA expression in the lower quartile is associated with bad prognosis in clear cell renal cell carcinoma based on TCGA data mining[END_REF]. In this study, the authors demonstrate that the m6A demethylase activity of FTO suppresses tumor growth by promoting PGC-1α expression, a transcriptional coactivator and central inducer of mitochondrial metabolism [START_REF] Zhuang | N6-methyladenosine demethylase FTO suppresses clear cell renal cell carcinoma through a novel FTO-PGC-1α signalling axis[END_REF]. Last, downregulation of FTO is associated with poor prognosis in intra hepatic cholangiocarcinoma [START_REF] Rong | Downregulation of Fat Mass and Obesity Associated (FTO) Promotes the Progression of Intrahepatic Cholangiocarcinoma[END_REF]. In this cancer type, FTO overexpression suppresses anchorage-independent growth in vitro as well as tumor growth in vivo [START_REF] Rong | Downregulation of Fat Mass and Obesity Associated (FTO) Promotes the Progression of Intrahepatic Cholangiocarcinoma[END_REF]. In gastric cancer reduction of FTO protein is associated with poor prognosis suggesting an anti-oncogenic role of FTO in this cancer [START_REF] Li | Expression of Demethylase Genes, FTO and ALKBH1, Is Associated with Prognosis of Gastric Cancer[END_REF]. 

15.4) Discussion

Discrepancies regarding the role of Fto from one cancer type to another may arise from the diversity of its targets. So far, pro-oncogenic of FTO have always been linked to m 6 A demethylation. In leukemia FTO target m 6 A of myc to promotes cell proliferation, survival and clonogenic abilities [START_REF] Su | R-2HG Exhibits Anti-tumor Activity by Targeting FTO/m6A/MYC/CEBPA Signaling[END_REF], [START_REF] Li | FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-Methyladenosine RNA Demethylase[END_REF], [START_REF] Huang | Small-Molecule Targeting of Oncogenic FTO Demethylase in Acute Myeloid Leukemia[END_REF],. In breast cancer, FTO removes m 6 A of BNIP 3'UTR which favors cell survival [START_REF] Niu | RNA N6-methyladenosine demethylase FTO promotes breast tumor progression through inhibiting BNIP3[END_REF]. In melanoma, FTO targets m 6 A of SOX10, CXCR4 and PCDC1 mRNA to modulate response to immunotherapy [START_REF] Yang | m6A mRNA demethylase FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade[END_REF]. In glioblastoma, Fto pharmacological inhibition triggers opposite effect than METTL3, METTL14 m 6 A writers [START_REF] Cui | m6A RNA Methylation Regulates the Self-Renewal and Tumorigenesis of Glioblastoma Stem Cells[END_REF]. This supports a function of FTO toward m 6 A despite no evidence for such have been published yet.

Anti-oncogenic functions of Fto do not only involved its role on m 6 A demethylation.

In colorectal cancer, FTO targets neither pre-mRNA m 6 A, tRNA m 1 A nor m 6 Am and m 6 A in snRNAs [START_REF] Relier | FTO-mediated cytoplasmic m6Am demethylation adjusts stem-like properties in colorectal cancer cell[END_REF]. Instead, FTO silencing triggers increase of global m 6 Am methylation of mRNAs. This suggest that anti-oncogenic function of FTO can be through m 6 Am demethylation. On the opposite, anti-oncogenic function of FTO was linked to m 6 A demethylation in other cancers. In hepatocellular carcinoma, FTO removes m 6 A of the tumor suppressor GNAO1 [START_REF] Liu | SIRT1 regulates N6 -methyladenosine RNA modification in hepatocarcinogenesis by inducing RANBP2-dependent FTO SUMOylation[END_REF]. In renal clear cell, mutation motif cancels stabilization of PGC-1ɑ mRNA by Fto overexpression [START_REF] Zhuang | N6-methyladenosine demethylase FTO suppresses clear cell renal cell carcinoma through a novel FTO-PGC-1α signalling axis[END_REF]. However, no direct evidence of the presence of m6A at those site has been reported yet. In ovarian cancer, FTO act as tumor suppressor through m 6 A [START_REF] Huang | FTO-Dependent N6-Methyladenosine Modifications Inhibit Ovarian Cancer Stem Cell Self-Renewal by Blocking cAMP Signaling[END_REF]. Indeed, m 6 A-seq identifies hundreds of transcripts with m 6 A changes upon Fto silencing including PDE1C and PDE4B both key actors of cAMP signaling [START_REF] Huang | FTO-Dependent N6-Methyladenosine Modifications Inhibit Ovarian Cancer Stem Cell Self-Renewal by Blocking cAMP Signaling[END_REF].

15.5) Perspectives

FTO can erase various modifications in several RNA types. The molecular basis of FTO recognition and substrate selectivity remains largely unknown despite evidences suggesting tissue or cancer specific function of FTO. Although, in most cancer FTO seems to target pre-mRNA / mRNA m 6 A methylation, it preferentially targets mRNA m 6 Am in colorectal cancer at least. However, most of the study focused on m 6 A methylation only so we cannot rule out a function of FTO/m 6 Am, FTO/m 1 A axis in those cancers. In the future, it will be essential to test every target of FTO in various cancer. It is now crucial to identify the mechanism of FTO substrate specificity to understand the contribution of every FTO target for FTO related phenotype.

These mechanisms can include existence of FTO partners that steer the protein to reach its targets, change of localization, and PTM of FTO that modulate its activity. So far, SFPQ is the only FTO partner known that steers FTO to pre-mRNA m 6 A methylation.

Identification of other partners that steer FTO to tRNA m 1 A, mRNA m 6 Am or snRNA m 6 A and m 6 Am is essential. Indeed, if FTO has a different partner for every modification, it would be easy to silence them to determine the contribution of every FTO targets for a given phenotype.

Difference of localization can impact FTO function. Indeed, FTO targets m 6 A in pre-mRNA and snRNAs whereas it targets m 6 Am in mRNA in the cytoplasm. Disruption of the balance between nuclear and cytoplasmic localization can shape its target specificity. For example, nuclear localization of FTO associated with m 6 A targeting have been reported in HEK293T cells [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF]. On the opposite, FTO is partly cytoplasmic in colorectal cancer cells and preferentially target m 6 Am [START_REF] Relier | FTO-mediated cytoplasmic m6Am demethylation adjusts stem-like properties in colorectal cancer cell[END_REF]. Pan-cancer analysis of FTO localization coupled with the identification of FTO targets would solve the impact of FTO localization on its target specificity. Overall, pan-cancer analysis of FTO targets coupled with localization, partner expression analyses, and PTM modification.

The main focus of the lab is to decipher the link between RNA modifications and cancer especially the Cancer Stem Cells. CSC constitute a sub-population of cancer cells responsible for relapse and metastasis. Therefore, CSC is an essential target to efficiently cure colorectal cancer. However, they are difficult to eliminate as an important plasticity has of cancer cells has been observed. Indeed, loss of CSC population can be compensated by non-CSC that dedifferentiate to acquire CSC properties.

The lab aims to decipher the mechanism of regulation of CSC plasticity with a specific focus on dynamic gene expression. The m 6 A / m 6 Am RNA modifications tandem can be reversible and modulate every step of post-transcription. Hence, we have hypothesized that m 6 A / m 6 Am could be two key regulators of CSC properties in colorectal cancer. During my master thesis, I have performed a first si-RNA screening of m 6 A / m 6 Am regulators to determine their impact on CSC. At the time, we uncovered a specific role of the m 6 A and m 6 Am eraser "FTO" on CSC.

During this PhD, I was focus on the function of FTO in CSC. The research project can be split on two main axes :

1 -On the axis 1, I studied the impact of FTO on colorectal CSC. First, we confirmed the phenotypical effect of FTO on CSC population in vitro and in vivo. Then, we determined the RNA modification targets of FTO in colorectal cancer. Finally, using deep-sequencing technologies, we tried to decipher the mechanism of action of FTO in CRC. and multi-lineage differentiation capacity [2]. The most clinically relevant trait of CSCs is their ability to metastasize and escape from standard chemotherapy [3]. Understanding the molecular mechanisms that participate to the CSC phenotype is critical to designing improved cancer therapeutics.

Among more than 100 post-transcriptional modifications reported to occur on RNA [4], N6methyladenosine (m 6 A) is the most frequent epigenetic modification of mammalian messenger RNAs (mRNAs) [5]. m 6 A is involved in all post-transcriptional steps of gene expression (mRNA splicing, transport, stability and translation) and plays a role in pleiotropic biological processes including development, immunology, and stem cell biology [5]. Therefore, it comes at no surprise that m 6 A dysregulation is intricately involved in the progression of several solid and non-solid tumors while the underlying functional mechanism differs from one malignancy to another [6][7][8][9][10][11].

Discovered several decades ago [12][13][14][15][16], the function of m 6 A remained obscure until the identification of the first m 6 A demethylase, the fat mass and obesity-associated protein (FTO) [17].

The marriage of immunochemical approaches with next-generation sequencing (NGS) technologies revealed the unique topology of m 6 A distribution along mRNA. m 6 A is a dynamic reversible chemical modification catalyzed by a protein complex consisting of the methyltransferase-like 3 and 14 (METTL3 and METTL14), and several auxiliary proteins such as the Wilms' tumor 1-associating protein (WTAP) [18][19][20][21]. Effects of m 6 A involve recruitment of reader proteins, e.g. YTHDF1 [22] or YTHDF2 [23], that lodge the modified adenosine in the hydrophobic pocket of their YTH domain. Finally, m 6 A is removed by the AlkB homolog 5 (ALKBH5) [24] and FTO [17] (Figure 1a). m 6 A modification generally occurs in a subset of RRA*CH consensus sites (R, purine; A*, methylable A; C, cytosine; H, non-guanine base), at the beginning of the 3ʹ-UTR near the translation termination codon [25,26] with one exception. Indeed, besides internal adenosine, 2ʹ-O-methyladenosine (Am) residue adjacent to the N7-methylguanosine (m 7 G) cap, can be further methylated at the N6 position and become the N6,2ʹ-O-dimethyladenosine (m 6 Am) [27]. m 6 Am can be deposited by the recently identified PCIF1/CAPAM [28] and removed by FTO [29]. Unlike m 6 A, the biological function of m 6 Am mRNA modification is poorly understood and its potential involvement in cancer onset or evolution has never been addressed.

Here, we uncover the importance of cytoplasmic FTO-mediated m 6 Am level adjustment to colorectal CSC. Using patient-derived cell lines, we establish that FTO activity hampers CSC abilities through a novel, unconventional process that does not involve transcriptional reprogramming but, most likely, fine-tuning translation of m 6 Am marked transcripts.

RESULTS

FTO inhibition promotes stem-like traits in colorectal cancer cell lines

We initially evaluated the involvement of m 6 A modification in generating the CSC phenotype. Due to their inherent plasticity, CSCs are best identified via their functional abilities, such as tumorigenic potential and chemoresistance, rather than surface biomarkers. We examined the ability of short interfering RNAs (siRNA) targeting known m 6 A mediators -writers, readers and erasers-to alter sphere-forming potential (SFP) (Figure 1b). SFP is the ability of cancer cells -from either conventional cell lines or patient exeresis-to form microtumor-like spheroids (colonospheres) from a single cancer progenitor cell [30]. This model is often used as a surrogate to evaluate the tumorigenic potential of solid tumors (5). We used CRC1 cells, a colorectal cancer cell line established in the lab from colorectal cancer exeresis [31]. The various siRNAs significantly silenced expression of individual target genes: METTL3, METTL14, WTAP, YTHDF1, YTHDF2, ALKBH5 and FTO (Figure S1a). Only FTO knockdown affected SFP, nearly doubling colonospheres numbers (Figure 1c). We confirmed the importance of FTO using a different targeting siRNA (Figure 1d, S1b) and three other cell lines, derived from primary (HCT-116) and metastatic (CPP19, SW620) tumors (Figure 1d).

Next, we generated stable CRC1 cell lines expressing GFP with either a short hairpin RNA targeting FTO (sh-FTO) or an irrelevant scrambled short hairpin control (sh-CTL), and selected transfected clones by cell sorting for GFP expression (Figure S1c). Sh-FTO expressing cell lines established from individual cells exhibited a three to ten-fold decrease of FTO expression as shown by immunoblot analysis (Figure S1d) and displayed increased SFP, confirming the siRNA findings (Figure S1e).

Importantly, FTO knockdown does not influence cell growth (Figure S1f), which differs from the AML (acute myeloid leukemia) model [8]. Then, we evaluated the level of several stemness-related markers associated with CSC features. FTO knockdown cells displayed enhanced aldehyde dehydrogenase (ALDH) activity, a hallmark of CSC [32] (Figure 1e), and increased expression of CD44 and CD44v6 (Figure 1e), membrane receptors associated with tumor progression [33] and indispensable for CSC tumor initiation, chemoresistance, and epithelial to mesenchymal transition.

CRC1 sh-FTO cells demonstrated a ten-fold increase in the number of CD44+ cells (from 2.1% to 21%) (Figure 1e) and CD44v6 isoform expression was doubled (Figure 1e). FTO knockdown in SW620 cells phenocopied the CRC1 cells (Figure S1c-h).

To connect FTO levels with in vivo tumor initiation potential we inoculated immunodeficient mice (athymic nude) with increasing numbers of sh-FTO or sh-CTL cells (Figure 1f). Seven weeks later, tumor xenografts (diameter > 100mm 3 ) were counted and harvested. Remarkably, as few as hundred sh-FTO cells were capable of initiating tumor formation in 4/5 mice vs. 1/5 for sh-CTL cells (Figure 1g). Extreme limiting dilution software analysis (ELDA) shows that the frequency of tumor-initiating cells is seven-fold higher in sh-FTO cells, with a highly significant p-value (p=0.00035) (Figure 1g).

Based on these findings, we conclude that diminished FTO expression promotes the CSC phenotype.

FTO silencing confers resistance to chemotherapy in colorectal cancer cell lines

We extended these findings to chemoresistance, another hallmark of CSC. We employed FIRI treatment, a combination of 5-fluorouracil and irinotecan, used to treat metastatic colorectal cancer [34]. We followed a standard protocol for treating colorectal cancer cell lines based on 3 days treatment with FIRI (50μM 5-flurouracil (5-FU) + 500nM SN38, active metabolite of irinotecan) (Figure 2a). siRNA mediated FTO targeting conferred significant chemoprotective effects on CRC1 cells (2 to 3-fold) in comparison with control cells (si-CTL)(Figure 2a). As above, we obtained a similar effect in SW620 (Figure 2a), as well as in stable sh-FTO models (Figure 2b).

Importantly, chemoprotection bestowed by FTO silencing extended to FOX treatment (50μM 5flurouracil (5-FU) + 1 µM oxaliplatine), another advanced stage colorectal cancer therapy [35,36] (Figure S2a). To evaluate the effect of FTO knockdown in vivo we injected sh-CTL or sh-FTO cells (50,000 cells) into nude mice (6 mice per group). When the tumors reached about 100 mm 3 (day 21), we treated mice with FIRI (50mg/kg 5-FU + 30mg/kg irinotecan) and measured tumors twice a week for four and a half weeks (Figure 2c). While FIRI treatment stabilized tumor size in sh-CTL mice, sh-FTO tumors displayed substantial chemoresistance maintaining consistent growth (Figure 2c).

Do chemoresistant cells display low FTO levels?

To produce CSC-enriched chemoresistant cells, we treated CRC1 and SW620 cells for three days with sub-lethal doses of FIRI (0.2 X FIRI = 10 µM 5-FU + 0.1µM SN38). As expected, 0.2 X FIRI treatment triggered cell cycle arrest at G2/M phase and increased subG1 cells (Figure S2b). Surviving cells demonstrated increased ALDH activity (Figure S2c)

and enhanced resistance to chemotherapy (Figure S2d). While variations of METTL3 and ALKBH5 levels could be noticed following chemoresistance acquisition, they were not consistent between cell lines (Figure 2d). By contrast, FTO level was decreased by half in both cell lines (Figure 2d).

Noteworthy, the correlation between FTO mRNA expression levels and protein abundance varies from one cell line to another (Figure S2e). Together, these findings demonstrate that FTO expression is tightly linked to the CSC chemoresistant phenotype.

FTO expression regulates CSC phenotype in circulating tumor cells

Circulating tumor cells (CTCs) are often detected in the bloodstream of colorectal cancer patients, sometimes even at early stages of the disease [37]. CTC are responsible for metastasis and high mortality. We previously established CTC lines from chemotherapy-naïve stage IV (metastatic) CRC patients that display a strong CSC phenotype [31]. Immunoblotting revealed that FTO protein levels are reduced by ~50% in CTC lines in comparison with primary and metastatic patient derived lines (Figure 3a). Decreased expression is achieved post transcriptionally, since quantitative PCR (qPCR) analysis of FTO mRNA levels showed no significant differences between CTC lines and primary/metastatic patient derived lines (Figure 3b). A similar disconnect in FTO mRNA/protein was reported in gastric tumors [38].

Despite this, we could increase FTO protein by transfecting cells with a plasmid containing a FTO cDNA under a strong promoter. Increasing FTO in CTC lines (CTC44 and CTC45) did not affect cell proliferation in monolayer culture but decreased SFP (Figure 3c), chemoresistance to FIRI treatment (Figure 3d) and ALDH activity (Figure 3e) in both cell lines. Thus, multiple lines of evidence point to the conclusion that FTO is a key factor in maintaining the CSC phenotype.

FTO functions via its m 6 Am demethylase activity

How does FTO modulate CSC functions? First, we evaluated whether its catalytic activity was essential to achieve this phenotypic outcome. As FTO can demethylate m 6 A and m 6 Am [39-41], we measured their levels in RNAse digested polyadenylated mRNA from both sh-CTL and sh-FTO cells using high-performance liquid chromatography-coupled to tandem mass spectrometry (LC-MS/MS) analysis. At first, we isolated mRNA from cell pellets and verified the purity of our sample preparation by LC-MS/MS (Figure S3a) and qPCR (Figure S3b). To detect m 6 Am proximal to m 7 G-Cap, we used a previously published method based on including a decapping step (RNA 5'

Pyrophosphohydrolase, RppH treatment) prior to Nuclease P1 treatment [41]. We calibrated the assay using standard curves created with synthetic nucleoside standards (Figure S3c).

In both CRC1 and SW620 lines, FTO knockdown did not impact internal m 6 A / A level (Figure 4a).

However, we clearly observed a significant increase of m 6 Am / A ratio (Figure 4a). We performed controls to strengthen our observation: first, FTO silencing affected neither m 6 A / A nor m 6 Am / A ratio in small RNA species, another potential target of FTO (Figure S3d); second, to ensure our ability to detect m 6 A variation, we silenced METTL14, an m 6 A writer. As anticipated, METTL14 targeting triggered a significant decrease of m 6 A level (but not m 6 Am) by LC-MS/MS (Figure S4a). Next, we performed a similar analysis with mRNA extracted from our panel of patients derived cell lines (Figure 3b). We observed an increased level of m 6 Am / A ratio in CTC lines (Figure 4b) which was concomitant with low FTO levels (Figure 3a). By contrast, m 6 A / A ratio was rather decreased (Figure 4b). Importantly, FTO overexpression in two CTC lines triggered the opposite effect and decreased tremendously m 6 Am / A ratio while m 6 A / A ratio remained unchanged (Figure 4c). In order to ascertain whether FTO does not affect specific m6A sites, we employed methylated RNA immunoprecipitation sequencing (MeRIP-seq or m6A-seq) ( [25,26]) from sh-CTL and sh-FTO cells.

The enrichment of methylated RNA fragments was validated by RT-qPCR of target genes (Figure S5a)

as well as bioinformatics analysis (Figure S5b, c &d, Table S7). As seen in Figure S5d, Enriched peaks were mainly found in CDS regions until 42 %, followed by intronic and 3'-UTR regions (around 27 % and 24 % respectively). However, comparison of the RNA methylome between the two cell lines did not reveal any significant change following FTO depletion, using p-value < 0.05 and fold change of 1 (Table S7). Altogether, these observations established a first connecting thread between FTOmediated m 6 Am dynamic and the acquisition of cancer stem ability in colorectal cancer.

Recent reports identified PCIF1/CAPAM as the m 6 Am methyltransferase ("writer") [28,42] (Figure 4d)

and proposed that PCIF1/CAPAM activity is involved in cellular resistance to oxidative stress response induction [28]. It is well known that elevated reactive oxygen species (ROS) production impairs selfrenewal and promote cell differentiation in stem cells and their malignant counterpart [43]. To examine the contribution of PCIF1/CAPAM to CSC phenotype, we silenced PCIF1 in two CTC lines (Figure S4b) and tested both SFP and resistance to chemotherapy. As expected, PCIF1/CAPAM knockdown reduced sphere number by 30% (Figure 4e, S4c) as well as m 6 Am / A ratio while m 6 A level remained unaffected (Figure S4d &e). Along the same vein, PCIF1 depletion in sh-FTO cells rescued the phenotype: sphere-forming ability (Figure 4f, S5f) as well as chemosensitivity (Figure 4g). PCIF1 is also expressed at lower level in metastatic cell lines (Figure S4g & h), concomitantly with reduced FTO expression (Figure 3a). Balanced decrease of m 6 Am writer and eraser (Figure S4i) would explain the lack of change of m 6 Am level with respect to cell lines originating from primary tumor (Figure 4b).

Yet, PCIF1/CAPAM level did not affect CTC resistance to FIRI treatment (Figure S6a). Likewise sublethal doses of FIRI which promote CSC phenotype (Figure 2d) did not modify PCIF1 expression (Figure S5b). Nevertheless, these cells displayed reduced FTO expression (Figure S6b) as well as increased m 6 Am level (Figure S6c). This suggests that FTO and PCIF1 do not exhibit mere antagonistic activities but rather share partially overlapping enzyme substrate specificity. Distinct cellular distribution of these two effectors may explain such functional difference.

FTO mediated m 6 Am demethylation takes place in the cytoplasm

While FTO sequence carries a Nuclear Localization Signal (NLS), its cellular localization varies among several mammalian cell lines [39,40]. This spatial regulation may result in distinct substrate preference: a recent report shows that FTO catalyzes both m 6 A and m 6 Am demethylation of mRNA in cytoplasm but targets preferentially m 6 A in cell nucleus [41]. In our cell lines (CRC1 and SW620), FTO is present in nuclear speckles [17] as well as in cell cytoplasm (Figure 5a). We employed detergentbased cell fractionation procedure to separate nuclei from cytoplasm from sh-CTL and sh-FTO cells.

The efficacy of this protocol was evaluated by immunoblot using cytoplasm-and nucleus-specific markers, respectively GAPDH and Histone H1 (Figure 5b). Then, we extracted mRNA from both compartment and quantified m 6 Am and m 6 A by LC-MS/MS (Figure 5c). We observed a significant increase (almost 3 fold) of m 6 Am / A ratio in sh-FTO cytoplasm (in comparison with sh-CTL) while this ratio remained steady in the nucleus. By opposition, neither of these two cell compartments displays alteration of m 6 A / A ratio (Figure 5c). This suggests that FTO-mediated m 6 Am demethylation takes place in the cytoplasm in colorectal cancer cell lines.

Next, we evaluated FTO expression and localization in tumor microarrays (TMA) from different colorectal stages: adenoma, 1, 2, 3, 4 and metastases (n=52). Global FTO expression did not show any significant change over the course of tumor evolution (Figure 5d). Yet, subcellular distribution analysis unveiled interesting features. FTO expression is strictly nuclear in healthy adjacent tissue as well as in precursor lesions of CRC (adenoma, Figure 5d). Then, following submucosal invasion (stage 1), FTO was also found in the cytoplasm (Figure 5d). These observations suggest that the tumorigenic process alters sub-cellular FTO distribution.

FTO activity does not affect transcription process but rather translational control

FTO activity is associated with regulating post-transcriptional processes including mRNA splicing [44],

stability [29] and translation [41]. To investigate the molecular mechanism of FTO regulation of colorectal CSCs we performed whole transcriptome sequencing (RNA-seq, 125 bp, paired-end, n=3) of sh-FTO and sh-CTL cells. The volcano plot of the transcriptomic variation between sh-CTL and sh-FTO cells (Figure 6a) reveals that only few mRNAs exhibit a fourfold change, and among those only 5 reach the standard log10(p -value) threshold of 1.5 (with n=3 replicates) for statistical significance: PUF60, GFOD1, PAK6, COL13A1 and BMP2K (Table S4).

Such minor differences in mRNA levels suggest that FTO may act in CSCs by modulating translation efficiency of individual mRNAs. This scenario is consistent with the proximity of m 6 Am adjacent to the m 7 G-Cap, as well as a recent study on PCIF1 suggesting a role of m 6 Am modification in translational control of certain mRNAs [28]. Consistent with the lack of effect of FTO modulation on proliferation (Figure S1e), polysome fractionation profile did not reveal significant changes in global translation activity, which would be expected to modify the ratio between unassembled ribosome subunits, monosome and polysome size and numbers (Figure 6b).

We therefore performed RNA-seq on mRNA co-sedimenting with heavy polysomes (4+ ribosomes /mRNA) or light polysomes/monosomes (1-3 ribosomes per mRNA). We mapped reads to the human reference transcriptome to determine mRNAs that were differentially translated between sh-CTL and sh-FTO cell lines. The volcano plots of the light and heavy analyses (Figure 6c) show stronger changes in translation than in transcription (Figure 6a). Globally, 23 mRNAs were differentially translated in the heavy fraction, and 26 in the light fraction (|log2(FC)|>2 and (-log10(p-value)> 1.5), including ribosome related proteins (RPL13A, RPS7, FXR1, UTP4, or NOP10) (Table S5 andS6). We confirmed this selective translation engagement for several genes by qRT-PCR (Figure S7) Gene set enrichment analyses of differentially translated genes indicate their involvement in mRNA/macromolecule catabolic process (and regulation), in apoptotic process, and molecular functions such as mRNA 3'UTR binding (Figure 6d). Analysis with gProfiler indicated three altered pathways, all related to translation: rRNA processing in the nucleus and cytosol and SRP-dependent co-translational protein targeting to membrane (Reactome ids: R-HSA-72312, R-HSA-8868773, R-HSA-1799339). Taken together, these results point to an impact of FTO activity on the fine-tuning of translation process in colorectal cancer cells. m 6 Am-modified transcripts are enriched in translationally up-regulated genes Next, we examined whether the FTO effect on translational control could be mediated by m 6 Am modification. We used data from Wei et al. [41] to identify m 6 Am modified transcripts among either transcriptionally or translationally regulated genes. We could not see any enrichment of m 6 Am genes in the shortlist of transcriptionally regulated mRNAs (Figure 7a). However, m 6 Am marked genes were significantly enriched in the regulated mRNA populations of mRNA from light and heavy fractions (Figure 7b). The cumulative distribution of transcripts correlated m 6 Am, but not m 6 A marking, with enhanced translation (Figure 7c) as previously suggested by Akichika et al. [28]. Accordingly, FTO silencing triggers enrichment of m 6 Am-modified transcripts in upregulated genes but not in downregulated ones (Figure 7d).

DISCUSSION

Our study is the first to address the specific function of FTO in recently established colorectal cancer cell lines with a focus on CSC phenotype. We show that decreased FTO activity plays a critical role in colorectal cancer by enhancing CSC properties including sphere forming, in vivo tumorigenesis and chemoresistance. The underlying mechanism takes place in the cytoplasm and appears to involve demethylating m 6 Am residues adjacent to the m 7 G-cap in highly selected transcripts, most likely to adjust their translation efficiency.

As the initially characterized m 6 A demethylase, FTO has been studied in various types of cancers, often reported as a pro-oncogenic factor [45]. Inhibiting FTO in glioblastoma impairs self-renewal and cancer progression [46]. Targeting FTO decreases leukemic CSC self-renewal and sensitizes leukemia cells to T cell cytotoxicity [47]. FTO is highly expressed in some AML types where it suppresses alltrans retinoic acid-induced cell differentiation and promotes oncogene-mediated cell transformation and leukemogenesis [45]. High levels of FTO are characteristic in cervical squamous cell carcinomas where it promotes resistance to chemo/radiotherapy and increases DNA damage responses [48].

More recently, high FTO expression was associated with lower survival rates in patients with breast cancer [49]. Finally, FTO promotes breast cancer cell proliferation, colony formation and metastasis in vitro and in vivo [49]. By contrast, a recent study uncovered a tumor suppressor function of FTO in ovarian CSC [50]. On the same trend, our data support an anti-oncogenic role of FTO in colorectal cancer, emphasizing the importance of tissular context. This observation is also consistent with previous studies showing cancer-specific effects of m 6 A regulators. METLL3 activity promotes tumorigenesis in AML by enhancing BCL2 and PTEN translation [51], whereas in glioblastoma stem cells, it suppresses growth and self-renewal by reducing expression of ADAM19 [52].

Interestingly, Kaplan-Meier survival analysis from cancer database shows that overall survival of colorectal cancer is higher with lower FTO. This is contradictory with our data that connects reduced FTO expression with enhanced chemoresistance and tumor initiation, as emphasized by our results from cell lines derived from CTCs, the source of lethal metastases. At least two parameters can account this inconsistency. First, we show that FTO expression in colon cancer cells is finely regulated at the post-transcriptional level, though the precise underlying mechanism remains to be determined. This observation is in agreement with a recent report in gastric tissue [38] and stresses the importance of quantifying gene expression at the protein level for diagnostic purpose. Second, as will be discussed below, FTO activity and substrate specificity may vary with its subcellular distribution. This parameter is even more critical in the context of colorectal cancer where a fraction of FTO relocate from the nucleus to the cytoplasm at early stage of the disease. Whether the cause may be due to neoplastic transformation process remains to be determined.

Despite being ubiquitously expressed, FTO activity and function vary widely among tissues, as illustrated by transcriptome-wide mapping of m 6 A modifications [25,26]. To better comprehend the biological function of FTO, extensive efforts have been made to identify relevant RNA substrate(s).

No clear consensus emerges from recently published studies [29,41,53,54]. Following the identification of FTO as the first m 6 A mRNA demethylase [17], several reports connected demethylation of internal m 6 A nucleotides with a wide range of biological processes such as viral infection, stress-and DNA UV damage-responses [55][56][57]. More recently, Mauer et al. threw a stone into the pond by suggesting that FTO preferentially demethylates m 6 Am residues closely adjacent to the cap [29]. The higher in vitro demethylation efficiency reported was confirmed by Wei et al.,

although the conclusion was moderated in the cellular context, since the level of internal m 6 A marking is ten-fold higher than m 6 Am marking [41]. Discrepancies between studies on FTO may arise from several known biological parameters. A recent review addresses this ambiguity and emphasizes the context-dependent functions of RNA methylation effectors [58]. First, FTO displays a wide substrate spectrum: besides mRNA (and tRNA for m 1 A [41]), FTO can demethylate m 6 A and m 6 Am in snRNAs [53]. Second, its spatial distribution dictates substrate preferences: cytoplasmic FTO catalyzes demethylation of both m 6 A and cap-m 6 Am whereas nuclear FTO demethylates preferentially m 6 A [41], most likely owing to accessibility constraints to the cap-moiety. In colorectal cancer cell lines, FTO activity displays a remarkable selectivity for cap-m 6 Am, which concurs with its presence in the cytoplasm. LC-MS/MS analysis of small RNA species did not reveal any change of m 6 A and m 6 Am levels following FTO silencing. Also, our bioinformatics analysis of sh-FTO vs sh-CTL RNA-seq data failed to identify significant alterations of mRNA splicing that might result from altered snRNA methylation. While we cannot exclude subtle alteration of internal m 6 A marks that would have been missed out due to the limit of detection of m 6 A changes by MeRIP-seq [59], our data clearly establishes cap-m 6 Am residues of mRNA as the main substrate of cytoplasmic FTO in colorectal cancer cells. Extending this observation, targeting either the m 6 A writer complex or ALKBH5 does not significantly affect CSC phenotype. By contrast, inhibiting PCIF1/CAPAM offsets the inhibiting effect of FTO overexpression on the CSC phenotypes. PCIF1/CAPAM catalyzes cap-Am methylation in the nucleus while FTO demethylates m 6 Am in the cytoplasm. Compartment-specific enzymatic activity implies partially overlapping mRNA substrates and explains why m 6 Am writer and eraser do not display mere antagonistic activities.

In this study, we clearly identify m 6 Am as a critical epitranscriptomic mark for controlling the stem cell phenotype of human colon cancer cells. While m 6 Am was first identified in mRNA from mammalian cells and viruses in the 70s [27], the enzymes catalyzing m 6 Am modifications, PCIF1/CAPAM and FTO, were only recently identified, and the study of m 6 Am role in mRNA metabolism and cellular function is still in its infancy. Due to its abundance and its strategical location in the cap structure [60], this chemical modification holds an inherent potential in gene expression control. Mauer et al. reported that FTO-catalyzed m 6 Am demethylation reduced mRNA stability by rendering it more vulnerable to DCP2-mediated decapping process [29]. While our study supports the function of FTO as m 6 Am demethylase, we noticed minor changes at the transcriptome level following FTO knockdown. Yet, FTO depletion enhanced translation of known m 6 Am marked transcripts, which concurs with the study from Akichika et al. that connected loss of m 6 Am modification in PCIF1/CAPAM knockout cells with decreased translation of mRNA [28]. Several deregulated genes relate to translation machinery (e.g. RPL13A, RPS7, FXR1, UTP4, or NOP10) which underscores the role of FTO/m 6 Am axis in finetuning the translation process. Whether this involves subtle change in the composition of the translation machinery, that would alter its ability to filter mRNA [61], remains to be assessed.

Nevertheless, none of the key regulatory genes generally associated with CSC traits, such as the octamer-binding transcription factor 4 (OCT4), SOX2 and NANOG [62,63], were altered in sh-FTO cells. This suggests that, in colorectal cancer cell, FTO-mediated m 6 Am demethylation restrains CSC abilities through reversible, unconventional mechanism that may involve reprogramming of gene expression. Nevertheless, while we see modest but significant differences at the translation level, we cannot exclude the involvement of other mechanism(s).

In summary, we have shown that cytoplasmic FTO activity regulates m 6 Am modification of selected mRNAs and, subtly but surely, is necessary for maintaining the CSC phenotype in vitro and in vivo for human colon cancers. The extent to which this applies to other cancers remains to be determined:

given the complexity of cancer, there will likely be a great variability between cancer types. Even if limited to colon cancer, however, our findings point the way to deeper understanding of the CSC phenotype and have exciting implications for developing therapies that decrease m 6 Am modification to cripple CSC-based metastases and resistance.

HCT-116 (ATCC® CCL-247™) and SW620 (ATCC® CCL-227™) are commercially available colon cancer cell lines derived respectively from primary and metastatic human tumors. Transfections. Transfection of 100 nM of si-RNA duplex was performed using Lipofectamine RNAimax (Invitrogen) according to the manufacturer's instructions. The sequences of siRNA are provided in Table S3. 300,000 cells in 6-well plate were transfected for 48 h with 2 µg of plasmid DNA using Lipofectamine 2 000 (Invitrogen) according to the manufacturer's instructions. RNA extraction and RT-qPCR. Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer instructions. For RT-qPCR analyses, 1 µg of RNA was reverse-transcribed into cDNA using random hexamer (Invitrogen) and 1 U of MML-V reverse transcriptase (Invitrogen).

Cell

Quantitative gene expression was performed using SYBR Green master mix (Roche) on LightCycler 480 Instrument (Roche). Results were normalized to actin expression and analyzed using the ΔΔCt method. Primer sequences are provided in Table S1. S2). Membranes were incubated with secondary antibody for 1 h and proteins were revealed by ECL Prime (Amersham) using ChemiDoc Touch imager (Biorad).

Proliferation assay. 1,000 cells were seeded in triplicate in 96-well plate for 24, 48, 72 and 96 h. Cells

were fixed for at least 2 h at 4 °C in 10% TCA. After three washes in miliQ water, cells were incubated in 0.4% Sulforhodamine B solution for 30 min at room temperature followed by three washes with miliQ water. 562nm absorbance was measured after resuspension in 10 mM Tris-Base.

Sphere formation assay. This test was performed as previously described [64]. Number of sphere forming cells were determined after plating of 100 cells / 100 µL of M11 medium (DMEM/F12 (1:1)

Glutamax medium, N2 Supplement, Glucose 0.3 %, insulin 20 µg/ml, hBasic-FGF 10 ng/ml, hEGF 20 ng/ml) in ultra-low attachment 96 well-plates. Spheres > 50 µm were counted after 5 -7 days.

Cytotoxicity assay. 2,000 cells were seeded in a 96-well plate. After 24 h, cells were treated with decreasing doses of 5-Fluorouracile (5-Fu) coupled with SN38 (FIRI) for 72 h (1/3 dilution from 3.3 X to 0 X ; 1 X = 50 µM 5-FU + 0.5 µM SN38). FOX toxicity was assessed with decreasing doses of 5-Fluorouracile coupled with oxaliplatin for 72 h (1/3 dilution from 3.3 X to 0 X ; 1 X = 50 µM 5-FU + 1µM oxaliplatin). Cell viability was measured using Sulforhodamine B assay as previously described and IC50 was determined graphically.

Flow cytometry. The ALDH activity of adherent cells was measured using the ALDEFLUOR kit (Stem Cell Technologies), according to the manufacturer's instructions. CD44 and CD44v6 were stained using anti-CD44 antibody and anti-CD44v6 antibody for 15 min at 4 °C (Table S2). As a reference control, anti-IgG2a and REA-S control Isotype was used under identical conditions. The brightly fluorescent ALDH, CD44 or CD44v6 positive cells were detected using a MACSQuant Analyzer (Miltenyi Biotec). To exclude nonviable cells, Sytox blue was added at a concentration of 0.1 µg/ml.

Immunofluorescence. Cells were fixed in PBS containing 4% paraformaldehyde at room temperature for 15 min, wash twice in PBS, permeablized with 0.1% NP-40 in PBS for 10 min, wash twice in PBS and blocked with 5% FCS for 30 min. Coverslips were incubated 1h with primary antibody (Phosphosolution, 597-FTO) at RT. After washing three times with PBS, coverslips were incubated for 1 h with Alexa Fluor®-conjugated secondary antibody (Alexa Fluor® 488 Goat Anti-Mouse (IgG), Invitrogen) at RT. For nuclei staining, coverslips were washed twice and incubated with 1 µg/ml Hoechst 3358 for 5 min at RT. After two washes with distilled water, coverslips were mounted on slides with Fluoromount-G (Invitrogen). Fluorescent pictures were acquired at room temperature on an AxioImager Z1 microscope (Carl Zeiss, Inc.) equipped with a camera (AxioCam MRm; Carl Zeiss, Inc.) and Plan Apochromat (63×, NA 1.4) objective, the Apotome Slider system equipped with an H1 transmission grid (Carl Zeiss, Inc.), and Zen 2 imaging software (Carl Zeiss, Inc.).

mRNA purification. mRNA was purified from total RNA with 2 rounds of GeneElute mRNA purification kit (Sigma). rRNA was removed using Ribominus kit (Invitrogen) according to the manufacturer's instructions.

Nucleoside mass-spectrometry analysis. This part was performed as previously described [41].

Briefly, 400 ng of RNA was digested by 5 U of RppH (New England Biolabs) for 2 h at 37 °C. Decapped FTO detection by immunohistochemistry. Three-µm thin sections of formalin-fixed paraffinembedded tissues were mounted on Flex microscope slides (Dako) and allowed to dry overnight at room temperature before immunohistochemistry processing, as previously described [66].Briefly, PT-Link® system (Dako) was used for pre-treatment. Then, heat-induced antigen retrieval was executed for 15 minutes in High pH Buffer (Dako) at 95°C. Immunohistochemistry procedure was performed using the Dako Autostainer Link48 platform. Endogeneous peroxidase was quenched using Flex Peroxidase Block (Dako) for 5 min at room temperature. Slides were then incubated with the anti-FTO rabbit monoclonal antibody (AbCam, Clone EPR6895; 1/1000) for 20 min at room temperature. After two rinses in buffer, the slides were incubated with a horseradish peroxidaselabeled polymer coupled to secondary anti-mouse and anti-rabbit antibodies for 20 min, followed by appliance of 3,3'-Diaminobenzidine for 10 min as substrate. Counterstaining was performed using Flex Hematoxylin (Dako) followed by washing the slides under tap water for 5 min. Finally, slides were mounted with a coverslip after dehydratation.

Two independent observers analyzed the TMA slide in a blinded manner. The semi quantitative Hscore method [67] was used to convert the expression of FTO to continuous values, based on both the staining intensity and the percentage of cells at that intensity. Nuclear and cytoplasmic signals were taken into account separately. Staining intensity was scored as no staining (0), weak staining

(1), moderate staining (2), or intense staining (3). The percentage of cells stained at certain intensity was determined and multiplied by the intensity score to generate an intensity percentage score. The final staining score of each tissue sample was the sum of the four intensity percentage scores, and these scores ranged from 0 (no staining) to 300 (100% of cells with intense staining). In all cases with discrepant results, a consensus was reached between both investigators. Averaged FTO H-score was given when both cores from a single sample were assessable.

Transcriptome Analysis. Total RNA was extracted using TRIzol method. RNA samples were send to Eurofins Genomics /GATC to perform next generation sequencing on Illumina platform.

Polysome fractionation. This procedure was performed as previously described [68]. nm UV spectrometer and collected with an ISCO (Lincoln, NE) density gradient fractionation system.

The absorbance at 254 nm was measured continuously as a function of gradient depth.

Translatome Analysis. mRNA associated with 1 to 3 ribosomes "Light polysomes" and mRNA associated with more than 3 ribosomes "Heavy polysomes" were extracted using TRIzol LS (Invitrogen) according to manufacturer's instructions. Library preparation was performed using TruSeq Stranded mRNA Sample Preparation kit (Illumina) according to the manufacturer's protocol.

cDNA libraries were sequenced using the sequencer HiSeq 2500 (Illumina). 

2) Regulation of FTO in colorectal cancer

2.1) Introduction

The second axis of my thesis focused on the mechanism of regulation of FTO in colorectal cancer. A first screening of FTO level in various cancer cell lines revealed a downregulation of FTO in CTC. Interestingly both CTC lines harbor BRAFV600E mutation suggesting a link between BRAFV600E mutation and FTO expression.

BRAF is part of the MAPk kinase pathway that promotes proliferation and cell survival. Canonical MAPk pathway start with the binding of epidermal growth factor (EGF) to EGF receptor (EGFR) (Figure 36). This activates a phosphorylation cascade involving EGFR phosphorylating RAS (KRAS, NRAS, HRAS) which targets RAF (BRAF, CRAF) which in turn phosphorylates MEK which targets ERK. Phosphorylated ERK translocates to nucleus to activate transcription of target genes.

Mutation of BRAF (V600E) constitutively activates the pathway. It does not require previous activation of EGFR by EGF to be activated. The result is that mutated BRAF always targets MEK and over activates the pathway. Mutation of BRAF is found in 70 % of melanoma cancer and plays a key role in this cancer [START_REF] Davies | Mutations of the BRAF gene in human cancer[END_REF]. In colorectal cancer, only 5 % of tumor bear BRAFV600E mutation [START_REF] Davies | Mutations of the BRAF gene in human cancer[END_REF]. Despite this mutation is scarce, it is associated with poor prognosis [START_REF] Sinicrope | Molecular Markers Identify Subtypes of Stage III Colon Cancer Associated with Patient Outcomes[END_REF]. FTO is downregulated in BRAF mutated cell lines, we hypothesized that the MAP kinase pathway downregulates FTO. 

2.2) Results

-BRAFV600E decreases FTO protein level

To investigate the link between BRAFV600E and FTO we compared FTO protein level in patient derived cell lines that carry BRAF / KRAS (BRAF-mut / KRAS-mut) mutation or not (WT). In comparison with WT cell lines, FTO level is not altered in KRAS mutated cell lines (Figure 40). Around fifty percent reduction of FTO level is observed in every of the four BRAF mutated cell lines. Considering BRAF mutated cells together, the average reduction is of 50% +/-. This result confirms a link between BRAF mutation and FTO downregulation in CRC lines. Next, we evaluated the impact of FTO inhibition on mRNA modifications to ensure FTO is still functional. We used mass-spectrometry assay to quantify modifications on mRNA purified with two rounds of polyA hybridization. No major impact of Vemurafenib (VEMU)

and dabrafenib (DABRA) on most mRNA modifications has been found. On the opposite, BRAFV600E inhibition sharply reduces m 6 Am level of mRNA which anti-correlates with Fto increase (Figure 42). Also, 2'-O-methylUridine (Um) is reduced upon vemurafenib and dabrafenib treatment suggesting that other RNA modification linked enzymes can be regulated by BRAF. Altogether, those results show that BRAF regulates FTO and this regulation seems relevant as FTO is still functional. 

-MEK1/2 controls FTO translation and degradation

At this step we know that MEK1/2 silencing impact FTO expression but not through its conventional target ERK1/2. In order to prospect pathways, we have decided to solve how Despite global translation reduction, amount of FTO mRNA engaged that in translation is increased upon MEK1/2 silencing (Fold Change 1.4 ± 0.9 n = 3). In agreement with previous results, MEK1/2 silencing does not affect FTO mRNA in Free fractions. (Fold Change 1.00 ± 0.033 ; n = 3). To control accuracy of the quantification, we measured level of MEK1/2 and ERK1/2 in polysomal fraction upon MEK1/2 depletion. Consistently with western blot results, MEK1/2 is decreased of about 50 % (FC = 0.42 ± 0.17, n = 3) whereas ERK1/2 in polysomal fractions is not impaired (FC = 1.12 ± 0.13, n = 3). Hence, MEK1/2 silencing seems to induce selective translation of FTO mRNA. The aim of the thesis was to investigate the functions of m 6 A/m 6 Am methylation enzymes in colorectal CSC. Si-RNA screening of m 6 A writer, reader and eraser identified the eraser FTO as a unique negative regulator of CSC. Despite we failed to understand the exact mechanism of action of FTO, we started to solve some part of the puzzle. Among its large range of target, FTO specifically remove m 6 Am in mRNA. Furthermore, FTO impact translation of a small subset of m 6 Am methylated transcripts. To sum up, FTO reduces CSC features by targeting m6Am and influencing translation of the target.

During the thesis, many studies have been published about the role of FTO in various cancers except colorectal cancer. Interestingly, the mechanism of action of FTO in colorectal cancer appears to be distinct from the ones reported from other cancer tissues: breast [START_REF] Niu | RNA N6-methyladenosine demethylase FTO promotes breast tumor progression through inhibiting BNIP3[END_REF],

leukemia [START_REF] Su | Targeting FTO Suppresses Cancer Stem Cell Maintenance and Immune Evasion[END_REF]- [START_REF] Huang | Small-Molecule Targeting of Oncogenic FTO Demethylase in Acute Myeloid Leukemia[END_REF], [START_REF] Su | R-2HG Exhibits Anti-tumor Activity by Targeting FTO/m6A/MYC/CEBPA Signaling[END_REF], melanoma [START_REF] Yang | m6A mRNA demethylase FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade[END_REF]. Unlike colorectal cancer, FTO were reported to target m6A methylation in other cancers [START_REF] Niu | RNA N6-methyladenosine demethylase FTO promotes breast tumor progression through inhibiting BNIP3[END_REF], [START_REF] Yang | m6A mRNA demethylase FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade[END_REF], [START_REF] Li | FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-Methyladenosine RNA Demethylase[END_REF], [START_REF] Huang | FTO-Dependent N6-Methyladenosine Modifications Inhibit Ovarian Cancer Stem Cell Self-Renewal by Blocking cAMP Signaling[END_REF], [START_REF] Liu | SIRT1 regulates N6 -methyladenosine RNA modification in hepatocarcinogenesis by inducing RANBP2-dependent FTO SUMOylation[END_REF], [START_REF] Rong | Downregulation of Fat Mass and Obesity Associated (FTO) Promotes the Progression of Intrahepatic Cholangiocarcinoma[END_REF] HEK293T [START_REF] Koh | Atlas of quantitative single-base-resolution N6methyl-adenine methylomes[END_REF], [START_REF] Jia | N6-methyladenosine in nuclear RNA is a major substrate of the obesityassociated FTO[END_REF]. Hence, the absence of m6A targeting by FTO in colorectal cancer is not linked to an absence of FTO in the nucleus.

The impact of FTO on m6A could be hidden by technical bias specific to the model we used. We performed a stable silencing of FTO through sh-RNA strategy. This strategy reduces only 50 % of FTO protein level which is unsufficient to discern every targets of FTO in CRC line. In addition, we cannot exclude compartment specific loss of FTO. Although cytoplasmic FTO could be efficiently depleted, most of nuclear FTO could remain, therefore preventing the sh-RNA to influence m6A level. Hence, sh-RNA targeting FTO could select cells whose FTO depletion is specific to the cytoplasm. Despite our efforts, we could not completely rule out this possibility. Indeed, biochemistry purification is irrelevant as important leak of FTO from nucleus to cytoplasm were observed (data not shown). On the opposite, immunofluorescence is not quantitative enough to draw clear conclusions.

So far, two observations invalidate this hypothesis. First, silencing of the m6A eraser ALKBH5 does not impact cell viability suggesting that (data not shown) sole m6A writers are essential. Accordingly, FTO depletion would not induce any kind of selection. Second, while FTO overexpression led to the sole detection of FTO in the nucleus (data not shown), it did not affect m6A level in mRNA. Saturation of FTO level was not sufficient to reduce m6A level so FTO does not act alone to target m6A in CRC. In short, quantification of RNA modification following complete FTO KO is essential to identify every target of FTO in CRC.

FTO mediated demethylation of m6A does not solely rely on FTO activity and localization. FTO needs a protein partner to reach m6A and performs subsequent demethylation [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF]. Consequently, the availability of this partner might impact FTO function. So far, the only identified partner of FTO is SFPQa splicing factorthat drive FTO to m6A [START_REF] Song | SFPQ Is an FTO-Binding Protein that Facilitates the Demethylation Substrate Preference[END_REF]. In short, lack of SFPQ in CRC line would explain why FTO does not target m6A in this cancer. To address this hypothesis, pan-cancer comparison of SFPQ level can be performed as we expect a reduction of SFPQ in colorectal cancer. Then functional analyses with SFPQ rescue would be required to fully demonstrate the role of SFPQ in FTO target determination in CRC. Another possible mechanism involve post-translational modification (PTM) of either FTO or SFPQ. In CRC line, gain or loss of PTM could disrupt the interaction between FTO and SFPQ, therefore preventing FTO to reach m6A.

FTO targets m6Am methylation in mRNA in a wide range of cellular model [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF], [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF]. However, relevance of m6Am demethylation by FTO has been questioned. In HEK cells, 94 % of cap were found m6Am methylated suggesting a poor impact of FTO [74].

However, FTO was detected exclusively in the nucleus, where FTO cannot access cap-m6Am [START_REF] Koh | Atlas of quantitative single-base-resolution N6methyl-adenine methylomes[END_REF]. In CRC line, we have detected FTO in both the nucleus and the cytoplasm. Considering that cytoplasmic FTO preferentially targets m6Am, CRC lines constitute better model to study m6Am demethylation by FTO.

The mechanistic basis of m6Am recognition by FTO remains unknown. As previously explained, m6A demethylation by FTO requires the FTO partner SFPQ (ref). Likewise, FTO could need another partner to reach cap-m6Am and achieve demethylation. Identification of protein(s) that would bind to m6Am is essential to solve this problem. So far, fifteen m6Am binding proteins have been predicted from CLIP-seq dataset [62]. Whether those proteins might be FTO partner requires further investigations. m6Am is located at the cap of mRNA.

Cap is hub of protein-protein interactions that involve many translation factors. Another possibility is that FTO binds to translation initiation factors or 40S ribosomal subunit and demethylates m6Am during translation process. Using polysomal fractionation, we were unable to detect FTO in the fractions containing 40S subunit suggesting that FTO does not interact with ribosome (figure 47). To identify partners of FTO that allow m6Am demethylation, we plan to immunoprecipitate cytoplasmic FTO and analyse FTO interactome by mass-spectrometry. m 6 Am targeting by FTO seems complex. Indeed, we discovered that FTO target only a subset of m6Am methylated transcripts. Although, four thousands of m 6 Am methylated transcripts were previously identified, only a small subset is dysregulated upon FTO silencing. How does FTO select m 6 Am transcripts? FTO binding to m6Am could be mediated by downstream sequence motif and structure that recruits either FTO or its molecular partner. Before analyzing the motif, we need to improve our model. As we reduce FTO by 50 %, every targets are not identified and the subset of targeted transcript might be larger than expected. Complete KO of FTO would eliminate this bias. Also, identification of m6Ammarked mRNA targets was done on HEK cells whereas we work on CRC line. Those models are quite different and m6A mapping exhibits high variability from one cell line to another.

Therefore, it is essential to use state-of-the-art method to map m6Am in CRC lines and to identify direct target of FTO.

FTO function remains ambiguous as it can target tRNA m1A, snRNA m6A / m6Am and mRNA m6A / m6Am [START_REF] Mauer | Reversible methylation of m6Am in the 5' cap controls mRNA stability[END_REF], [START_REF] Wei | Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm[END_REF], [START_REF] Mauer | FTO controls reversible m6Am RNA methylation during snRNA biogenesis[END_REF]. We observed potent additional target at mRNA cap.

Quantification of mRNA modification shows correlation between cap m7G and cap m6Am upon FTO silencing and overexpression (figure 48). This result is very interesting as it would precise the function of FTO on cap modification. If confirmed, FTO would not only target m6Am but would trigger the demethylation of the entire cap structure. Using massspectrometry method to quantify whole cap structure [30], we will be able to decipher the impact of FTO on cap 0, cap 1 and cap 2 modifications. This also raises the question of dynamic RNA capping in the cytoplasm where mRNA recapping has already been described [START_REF] Trotman | RNA guanine-7 methyltransferase catalyzes the methylation of cytoplasmically recapped RNAs[END_REF]. Mechanistically, m6Am is part of the cap so it could promote the recruitment of 40S subunit and translation initiation factors in CRC line. Silencing of PCIF1 or FTO and subsequent sequencing of transcript associated with 40S subunit will be essential to determine a potent function on translation initiation. So far, no evidence of m6Am impact on translation initiation has been published [74], [START_REF] Sikorski | The identity and methylation status of the first transcribed nucleotide in eukaryotic mRNA 5' cap modulates protein expression in living cells[END_REF]. Finally, identification of m6Am readers is critical to understand the function of this modification in living cells. As previously done for m6A [START_REF] Edupuganti | N6-methyladenosine (m6A) recruits and repels proteins to regulate mRNA homeostasis[END_REF], identification of mRNA bound proteome in presence of m6Am bait could be a good strategy to identify m6Am readers and sensors.

This thesis does not only open question about FTO mechanism of action but also ont its role on colorectal cancer. In comparison with normal tissue, cytoplasmic FTO is specific to CRC tissue, which highlights a potent translocation of FTO during tumorigenesis.

Understanding the mechanism of FTO translocation in CRC can be a promising study as it could identify new therapeutic target of colorectal cancer. FTO translocation can be regulated by adaptor protein Exportin-2 (XPO2) [START_REF] Gulati | Fat mass and obesity-related (FTO) shuttles between the nucleus and cytoplasm[END_REF] or phosphorylation [START_REF] Hirayama | FTO Demethylates Cyclin D1 mRNA and Controls Cell-Cycle Progression[END_REF]. According to TCGA data, XPO2 is increased on colorectal cancer in comparison with healthy tissue. Thus, an increase of XPO2 expression in colorectal cancer might mediate FTO translocation from nucleus to cytoplasm.

FTO plays an anti-oncogenic role whereas PCIF1 exhibits pro-oncogenic role in CRC.

The therapeutic potential of PCIF1 inhibition or FTO activation has to be explored in a near future. However, FTO is not a simple counterpart of PCIF1 and targeting one of them won't lead to same phenotypical effect. Stress does not seems to impact PCIF1 level in CRC line. It is not dysregulated in CSC after chemotherapy. Along the same line, PCIF1 silencing does not affect chemoresistance. It is decreased in metastatic cell line compared to primary lines, but this seems compensated by decreased FTO level as m6Am level remains unchanged. Despite the weakness of our data on PCIF1 in comparison with FTO, the therapeutic potential of PCIF1 seems limited. On the opposite, FTO is a more suitable target to modulate chemoresistance.

Targeting either PCIF1 or FTO does not necessarily result in opposite cell phenotype.

Indeed, these two enzymes are not mere antagonists in CRC. PCIF1 is present in the nucleus and seems to be constitutively active as PCIF1 overexpression failed to increase (data not shown) m6Am level in mRNA. In line with this result, 94 % of cap are found methylated in HEK cells [74]. On the opposite, FTO seems to adjust m 6 Am level in the cytoplasm. FTO would adjust the level m 6 Am on specific to respond to various stimuli. This might play an important role in response to stress as we observed negative correlation between FTO and m 6 Am levels following chemotherapy. As explained previously, FTO could have different targets than PCIF1 in CRC. Further, based on our preliminary data, we cannot exclude the possibility that FTO could target the whole cap structure whereas PCIF1 solely perform m 6 Am methylation.

Targeting of FTO for therapeutic purpose might be tricky as we need to activate it because of its anti-oncogenic role. Increasing FTO activity might not be sufficient though, as FTO needs to reach its target. However, FTO overexpression is sufficient to reduce CSC phenotype in vitro. Hence, finding a way to rescue FTO level in CSC might be a good strategy to eliminate them.

The second part of the thesis focused on the mechanism of regulation of FTO in colorectal CSC. We discovered an association between the mutation of BRAFV600E and FTO This observation was also made in another study that analyzed the global impact of BRAFV600E inhibition on proteome and pathway activation [START_REF] Ressa | A System-wide Approach to Monitor Responses to Synergistic BRAF and EGFR Inhibition in Colorectal Cancer Cells[END_REF].

Second, we cannot rule out a direct phosphorylation of FTO. Indeed, FTO possesses several phosphorylation sites that mediate its degradation. Further, FTO protein sequence exhibit MAPK binding motif rendering this hypothesis plausible. A direct phosphorylation of FTO would trigger selective autophagy. This hypothesis is particularly interesting to study as it would open up new opportunities to increase FTO through inhibition of MEK/FTO interaction.

BRAF mutation is not restricted to colorectal cancer. It can be present in ovarian cancer, melanoma. While only 5 % of colorectal exhibit BRAF mutation, the percentage rise up to 70 % for melanoma [START_REF] Davies | Mutations of the BRAF gene in human cancer[END_REF]. It would be interesting to see whether the impact of BRAF mutation on FTO is restricted to colorectal cancer or observed in others.

The aim of my thesis was to investigate the impact of m 6 A / m 6 Am RNA modifications on colorectal CSC. In term of scientific production, my work is published as a pre-print and is currently under evaluation at Nature Communication (3rd round) with minor revisions. I have been able to lay the foundation of another study about the regulation of FTO in colorectal cancer. We expect to be able to wrap up this other story in the coming months. In order to automatize the analysis mass-spectrometry data we combined opensource software and home-made python scripts. First, peak integration is made with skyline [START_REF] Maclean | Skyline: an open source document editor for creating and analyzing targeted proteomics experiments[END_REF] software to quantify area under detected peak for each transition. Then a report is printed out containing essential information such as retention time, area under peak and transition. Then, raw data processing are automatically performed using python scripts.

Transition with homogeneous retention time are selected as they are considered (threshold < 5 % of coefficient of variation) accurately quantified. Then, the mean of technical replicates is calculated and the ratio between each modification level and the sum of total modification level is evaluated (See figure 49). Data are visualized with heatmap, boxplot, correlation and pca analyses. Using this workflow, we analyzed the level of modification in seventy-seven samples (healty tissue + glioma patients). We used a cohort of total RNA extracted from healthy tissue of glioma tissues (Grade II, III or IV). First, we plotted a heatmap of RNA modifications level normalized to one condition (See figure 50). Major differences are between Grade III/IV versus Healthy/Grade II patients. Thanks to this tool, we were able to observe increase of some modifications (m 6 Am, mcm5s2U) whereas others were either decreased (oxo8G, m 1 G)

or unchanged (m 3 C, m 5 C) modifications in Grade III/IV patients. Then, we determined whether modifications were correlated. We plotted a correlation matrix (See figure 51) where positive correlation are represented in red whereas negative correlation are represented in green. We can distinguish four cluster of modifications that are correlated to each other. Interestingly, the pseudourydilation (Psi), m2,2,7G, m6,6Am, Inosine (I) and mcm5s2U are not correlated to any other modifications. Cell treatments. Three hundred thousand cells were seeded in 6-well plate. After 24 hours, cells were treated with fresh medium supplemented by 1 µM of vemurafenib () or 1µM of Dabrafenib (MedChemExpress) for 72 h at 37 °C under 5% CO2. As a control, cells were also treated with DMSO.

To block autophagy or proteasomal degradation, cells were treated with 10 µM of hydroxychloroquine (Sigma) or MG132 (Sigma) for 24 h.

Polysome fractionation. This procedure was performed as previously described [68]. Briefly, 6 plates RNA extraction and RT-qPCR. Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer instructions. For RT-qPCR analyses, 1 µg of RNA was reverse-transcribed into cDNA using random hexamer (Invitrogen) and 1 U of MML-V reverse transcriptase (Invitrogen).

Quantitative gene expression was performed using SYBR Green master mix (Roche) on LightCycler 480 Instrument (Roche). Results were normalized to actin expression and analyzed using the ΔΔCt 

Résumé

Le cancer colorectal demeure un problème de santé majeur avec près de deux millions de nouveaux cas en 2019 à travers le monde. Le cancer colorectal est associé à un fort taux de récidive et son taux de mortalité est important après le développement métastatique. Ces propriétés de résistance et de dissémination dans l'organisme sont restreintes à une sous-population de cellules tumorales appelées Cellules Souches Cancéreuses (CSC). Bien qu'elles constituent une cible idéale pour le traitement du cancer colorectal, il demeure difficile de les cibler. En effet, ces cellules sont capables de s'adapter à différents stress grâce à des mécanismes de différentiation / dé-différentiation qui lui attribuent une plasticité phénotypique. Une meilleure compréhension des mécanismes moléculaires régulant la plasticité de CSC est essentielle pour identifier de nouvelles cibles thérapeutiques.La plasticité des CSC fait intervenir une modification de la synthèse protéique qui leur permet de s'adapter au stress. Récemment les modifications d'ARN ont émergé comme des régulateurs clés de ce processus. En particulier, les modifications N6-méthyladénosine (m 6 A) et N6-2'O-diméthyladénosine (m 6 Am) ont été impliquées dans l'ensemble des étapes de la synthèse protéique. De plus, comme les propriétés CSC, ces modifications sont dynamiques et réversibles. C'est-à-dire qu'elles sont déposées par des enzymes « writers » et supprimée par des « erasers » pour moduler la fonction de l'ARN cible. Ainsi, la plasticité des CSC pourrait être directement corrélée avec la dynamique de méthylation des ARN.Nous avons émis l'hypothèse que les « writers » et « erasers » des modifications m6A et m6Am sont des acteurs majeurs de l'acquisition ou de la perte de propriétés CSC. Au cours de cette thèse, j'ai pu montrer que l'enzyme de déméthylation FTO inhibe les propriétés associées aux CSC incluant la chimiorésistance. D'un point de vue mécanistique, nous avons montré que FTO cible spécifiquement la modification m 6 Am dans le cancer colorectal. De plus, l'inhibition de FTO affecte la synthèse protéique au niveau de la traduction des ARN méthylés. Cette étude est la première associant la modification m 6 Am avec l'acquisition de propriétés fonctionnelles dans le cancer. De plus, nous avons identifié une nouvelle cible thérapeutique potentielle pour traiter le cancer colorectal : l'enzyme FTO. In fine, cette étude pourrait contribuer à long terme à améliorer le traitement du cancer colorectal en ciblant spécifiquement les CSC.

Abstract

The colorectal cancer remains a major health issue with around two millions of new cases in 2019 worldwide. The colorectal cancer is associated with high rate of relapse and the mortality rate remains important especially after metastatic development. Dissemination and chemoresistance properties of cancer cells are restrained to a sub-population of cancer cells called Cancer Stem Cells (CSC). Despite they constitute an ideal target to cure colorectal cancers, it is still difficult to get rid of them because of their ability to adapt easily which is called "plasticity". A better understanding of the mechanism supporting this plasticity is essential to improve the treatment of colorectal cancer. Our current knowledge emphasize the involvement of protein synthesis alterations for CSC plasticity. Recently, RNA modifications have emerged as key regulators of protein synthesis and alterations of RNA modifications promote human diseases including cancer. In particular, N6-methyladenosine (m 6 A) and N6-2'O-dimethyladenosine (m 6 Am) are involved in every step of protein synthesis. Like CSC phenotype, RNA modifications are reversible. They are deposited by writers while erased by erasers to modulate RNA fate and protein synthesis. Thus, CSC plasticity might be directly correlated to the dynamic of RNA modifications.We have hypothesized that writers and erasers of m 6 A and m 6 Am modifications are essential for the acquisition or the loss of CSC properties. During this thesis, I have shown that the eraser "FTO" inhibits CSC properties including chemoresistance. Regarding the mechanism, we have demonstrated that FTO preferentially targets m 6 Am in colorectal cancer. Moreover, FTO inhibition affects protein synthesis through mRNA translation. This study is innovative as it establishes the first link between m 6 Am and functional properties of cancer cells. Furthermore, we have identified a new therapeutic target to cure colorectal cancer. In fine, this study could contribute to improve the treatment of colorectal cancer.
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 1 Figure 1. Structure of the intestinal epithelium
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 1 Figure 1: Structure of the intestinal epithelium
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 2 Figure 2. Layers of colon wall. Epithelial cells (mucosa) are located above a thin layer of muscle fibers

Figure 3 .

 3 Figure 3. The genetic model of colorectal cancer. APC mutation constitutes the first hit that
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 4 Figure 4. The models of tumor growth. (A) In stochastic model, every clone that compose the

  from a DNA unit called gene. The transcription process involves several factors/complexes among which RNA polymerases play a central role. RNA polymerases are multi-subunit protein complexes that ensure the synthesis of RNA from DNA matrix. With the help of additional proteins called transcription factors, RNA polymerase recognizes DNA sequence upstream of the gene (promoter) and initiate RNA synthesis from transcription start sites (TSS). Three main RNA polymerases are known. While RNA polymerase II (RNA pol II) transcribes genes encoding mRNA, RNA pol I and III are responsible for the transcription of ribosomal RNA (rRNA) and transfer RNA (tRNA).

Figure 6 .

 6 Figure 6. The steps of gene expression. Genes are transcribed into pre-mRNA which are then

Figure 7 .

 7 Figure 7. The structures of the most common mRNA caps. Cap 0 is the association of m 7 G with

Figure 8 .

 8 Figure 8. The capping enzymes. Capping enzymes interact with hyperphosphorylated CTD of RNA

  Translation is the mechanism by which the information encoded in mRNA is converted into protein. It results from coordinated action of three key actors : ribosome, tRNA and translation factors. During translation, mRNA is deciphered by the ribosome, which selects tRNA in accordance with mRNA sequence based on codon-anticodon base pairing. The central actor of translation process is the ribosome, a sophisticated macromolecular complex made of 4 ribosomal RNA and about 80 ribosomal proteins. The ribosomal proteins mostly shape the structure of the ribosome whereas the ribosomal RNA catalyzes peptidyl transferase activity. The catalytic core that promotes covalent bond formation between nascent polypeptide and incoming aminoacid is named peptidyltransferase center (PTC).

  complementary to the mRNA codon. During translation anti-codon pair with mRNA codon to add the right amino acid in front of the right triplet. This ensure appropriate decoding of mRNA. Two additional loops, named D and T loops, stabilize tRNA structure. The last actors of translation are translation factors. Translation factors are a family of proteins whose function is to coordinate and catalyze the synthesis of polypeptides. Two kind of factors can be distinguished depending on which step they are involved in: the eukaryotic Initiation Factors (eIF) that help translation initiation and the eukaryotic elongation Factors (eeF) that facilitate translation elongation.
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 9 Figure 9. Schematic representation of tRNA structure. tRNA contains T-loop and D-loop
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 10 Figure 10. The elongation step of translation. Amino-acyl tRNA enters into the ribosome at A site.
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 11 Figure 11. The proteome diversity. Homo Sapiens possess ~ 20 genes that produce around ~
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 12 Figure 12. Examples of alternative splicing. HNRNPC binds to exonic splicing enhance of exon 2

Figure 13 .

 13 Figure 13. The alternative polyadenylation. (A) APA can arise in 3'UTR which does not change
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 14 Figure 14. Example of alternative translation events. mRNA can contain several ORF that leads

Figure 15 .

 15 Figure 15. The Chemical structures of RNA nucleosides. The structure of a nucleoside is shown
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 16 Figure 16. Examples of methylation of the adenosine. Addition of CH3 group (in blue) can

Figure 18 .

 18 Figure 18. Total m 6 A quantification through dot blot assay. RNA are tethered to nylon

Figure 19 .

 19 Figure 19. Quantification of m 6 A by mass-spectrometry. RNA are degraded and nucleosides are

Figure 20 . m 6 A

 206 Figure 20. m 6 A mapping by m 6 A-seq or miCLIP. (A) In m6A-seq retro-transcription goes through

Figure 21 . m 6 A

 216 Figure 21. m 6 A mapping by nanopore sequence. Long RNA goes through a nanopore along with an

Figure 22 .

 22 Figure 22. The metagene profile of m 6 A. Schematic representation of classical metagene profile

6 A / m 6

 66 Am has been observed, subtle changes can be tissue specific. Brain tissues cluster together on the basis of their m 6 A profiles and are separated from other tissues in tSNE analysis. This separation occurs in both human and mouse tissues. Brain tissues can also be distinguished from others tissues on the basis of m 6 Am profile both in mouse and human species. Hence, this suggests that m 6 A / m 6 Am have specific functions in brain tissues and those functions have been conserved during evolution.

First, the methyltransferase

  domain possess the catalytic activity. Residues N558 to F561, form a pocket essential for PCIF1 functions. Mutation of N558 or F561 reduced PCIF1 activity to 20%. A domain of m 7 G recognition has been identified at the interface between MTAse domain and the helical domain. The Residues Arg269, Arg239, Glu 563 are essential for its recognition. Indeed, mutation of those prevent m 7 G recognition and decreases PCIF1 activity to 20%. Finally, a methyl donor pocket has also been identified. Asn522/Glu 515/Glu556/Asn558 and Pro559/Pro560/Phe517/Phe545 constitute this pocket. Hence, PCIF1 possess three domains. A WW domain interacts with pol II during transcription, an Helical domain that stabilizes the Mtase domain. The Mtase domain contain three pockets : a pocket that recognizes m 7 G, another that binds to the methyl donor SAM and the last pocket is essential to carry out methylation. To sum up, several methylases are responsible for m 6 A / m 6 Am methylation in various RNA species. m 6 A writer complex METTL3-METTL14-WTAP can binds to VIRMA to recognize DRACH m 6 A motif and modifies 3'UTR of mRNA when it is still at pre-mRNA stages (Figure 23.A). The same complex can bind to RBM15 instead of VIRMA to target XIST non-coding RNA (Figure 23.B). METTL16 is another m 6 A writer that preferentially targets stem-loop structure to methylate them (Figure 23.C). PCIF1 is the writer of m6Am at mRNA cap. During transcription, co-binds with the RNA poly II and the mRNA cap to achieve m 6 A methylation on the first 2'-O-methyladenosine (Am) of the cap (Figure 23.D).

Figure 23 .

 23 Figure 23. The writers of m 6 A / m 6 Am. (A) METTL3-METTL14-WTAP binds to VIRMA that direct

Figure 24 .

 24 Figure 24. YTH readers of m 6 A. Five YTH proteins recognizes m 6 A in its RRACH sequence context.
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 25 Figure 25. The structure of the aromatic cage of YTHDF2. The Crystal structure of YTHDF2 was
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 26 Figure 26. The readers and sensors of m 6 A. Direct readers other than YTH proteins. Readers

m 6 A

 6 shapes stem structure. Stem structure is formed when several complementary basis are close enough to hybridize with each other. m 6 A has been described to impact stem structure depending on its location. Roost and colleagues used NMR to analyze strength of RNA duplexes in presence of m 6 A [89]. m 6 A that are embedded inside the duplex, weakened
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 27 Figure 27. Impact of m 6 A on RNA structure. Several RNA structures are represented on the left. Stem

Figure 28 .

 28 Figure 28. HNRNPC is an indirect reader of m 6 A. m 6 A weakens A-U base pairing to loosen loop

Figure 29 . m 6 A

 296 Figure 29. m 6 A can degrade or stabilize transcripts. (A) m 6 A is read by YTHDF2 which recruits

Figure 30 . 3 '

 303 Figure 30. 3'UTR m 6 A promotes cap dependent translation. YTHDF1 binds to m 6 A in 3'UTR.
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 315 Figure 31. 5'UTR m 6 A promotes cap-independent translation. eIF3 recognizes m 6 A inside

Figure 32 . m 6 A

 326 Figure 32. m 6 A in 5'UTR promotes start site selection. Presence of m 6 A slows down the

Figure 33 .

 33 Figure 33. m 6 A/YTHDC2 mediated unfolding promotes translation. Unmethylated loop structure

m 6 A

 6 RNA methylation are involved in every step of post-transcription through direct, indirect readers or m6A sensors. On pre-mRNA, it impacts the splicing of target transcripts through the direct reader YTHDC1 or indirect readers HNRNPC, HNRNPG (Figure 34 .A). In the cytoplasm, m 6 A has variety of functions depending on its location on mRNA. 5'UTR m 6 A promotes cap-independent translation through eIF3 reader (Figure 34.B). CDS m 6 A promotes translation elongation through YTHDC2 that solves secondary structure (Figure 34.C). On the opposite, m 6 A can slow translational elongation by disrupting codon anti-codon pairing (Figure 34.C). Despite exceptions exist, 3'UTR m 6 A mainly promotes RNA degradation through YTHDF2 mediated deadenylation or YTHDC2 mediated decapping (Figure 34.D). m 6 A in 3'UTR was reported to favor cap-dependent translation through YTHDF1-3 but this is now debated (Figure 34.E). Despite internal m6A function has been described in detail, the function of the cap specific m 6 A (m 6 Am) remains completely unknown. Noteworthy, m 6 A is involved in every step of post-transcription but can have opposite functions depending on its context.

Figure 34 . m 6 A

 346 Figure 34. m 6 A controls steps of post-transcription. m 6 A regulates pre-mRNA processing (A)
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 35 Figure 35. The erasers of m 6 A methylation. FTO / ALKBH5 use ion Fe 2+ and alpha-
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 36 Figure 36. Compartment specific targets of FTO. In the nucleus, FTO targets m 6 Am in U1 and

Figure 37 .

 37 Figure 37. Potent mechanisms of regulation of FTO substrate specificity (A) Target Specific partners could determine FTO specificity. (B) Change in FTO localization could modulate its efficiency to target compartment specific modifications. (C) RNA structure can shape the efficiency of demethylation by FTO.

Figure 38 .

 38 Figure 38. Functions of FTO in cancers. The top panel represents the target of Fto that have
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 2 The axis 2 focuses on the mechanisms of regulation of FTO in CRC. While working on the axis 1, we observed that FTO is downregulated in BRAFV600E CRC lines implying a link between the MAP kinase pathway and FTO expression. So the aim of the project was to decipher how FTO is regulated by the MAP kinase pathway in BRAFV600E cell lines. process, the role of messenger RNA (mRNA) modifications dynamic in the regulation of CSC properties remains poorly understood. Here, we show that the cytoplasmic pool of fat mass and obesity-associated protein (FTO) impedes CSC abilities in colorectal cancer through its m 6 Am (N 6 ,2'-O-dimethyladenosine) demethylase activity. While m 6 Am is strategically located next to the m 7 G-mRNA cap, its biological function is not well understood and has not been addressed in cancer. Low FTO expression in patient-derived cell lines elevates m 6 Am level in mRNA which results in enhanced in vivo tumorigenicity and chemoresistance. Inhibition of the nuclear m 6 Am methyltransferase, PCIF1/CAPAM, fully reverses this phenotype, stressing the role of m 6 Am modification in stem-like properties acquisition. FTO-mediated regulation of m 6 Am marking constitutes a novel, reversible pathway controlling CSC abilities that does not involve transcriptome remodeling, but could fine-tune translation efficiency of selected m 6 Am marked transcripts. Altogether, our findings bring to light the first biological function of the m 6 Am modification and its potential adverse consequences for colorectal cancer management. Despite significant advances in diagnosis and therapy, colorectal cancer (CRC) remains a major cause of mortality and morbidity worldwide. CRC survival is highly dependent upon early diagnosis. Patients with localized cancer exhibit 70 to 90% 5-year survival. Survival from metastatic cancer plummets to 10%. Metastasis is a multistep process encompassing local infiltration of tumor cells into adjacent tissues, transendothelial migration into vessels, survival in the circulatory system, extravasation, and colonization of secondary organs [1]. This process entails constant reprogramming of gene expression to enable tumor adaptation in different environments, a peculiar trait of cancer stem cells (CSCs). CSC constitute a minor subpopulation of tumor cells endowed with self-renewal

  culture and generation of stable cell lines. Cells were maintained at 37 °C under humidified 5% CO2 in DMEM medium supplemented with 10% FCS (Invitrogen) and 2 mM glutamine. Stable knockdown of FTO was achieved by lentiviral delivery (5 D.O.I) of anti-FTO sh-RNA (Origene, #TL308064, sh-FTO#B). Isolation of infected cells was performed by GFP positive cells sorting on FACSAria. Plasmid constructions. FTO coding sequence was amplified from pDONOR plasmid (Montpellier Genomic Collection MGC Facility) and inserted into pCDNA3-Flag Cter plasmid into HindIII and XbaI restriction sites.

FIRI treatment.

  Cells were treated for 72 h at 37 °C under humidified 5% CO2 with 10 µM of 5-Fluorouracile coupled with 0.1 µM of SN38.

mRNA were then digested by 1 U

 1 of Nuclease P1 (Sigma) for 2 h at 42 °C in NH4OAc buffer (10 mM, pH 5.3). Nucleotides were dephosphorylated for 2 h at 37 °C by 1 U of Alkaline phosphatase in 100 mM of NH4OAc. The sample was then filtered (0.22 μm pore size, 4 mm diameter, Millipore), and 10 μL of the solution was injected into LC-MS/MS. The nucleosides were separated by reverse phase ultra-performance liquid chromatography on a C18 column with online mass spectrometry detection using Agilent 6490 triple-quadrupole LC mass spectrometer in multiple reactions monitoring (MRM) positive electrospray ionization (ESI) mode. The nucleosides were quantified by using the nucleosideto-base ion mass transitions of 282.1 to 150.1 (m 6 A), 268 to 136 (A), 296 to 150 (m 6 Am) and 282 to 136 (Am).Tumor initiation assay. Decreasing amount of cells (1,000 , 500 , 100) were subcutaneously injected into nude mice (Hsd:Athymic Nude-Foxn1nu nu/nu, 6 weeks, females, 5 mice per group) in Matrigel -DMEM (v : v). Tumor sizes were measured twice a week for 50 days. After 50 days, the mice were sacrificed and tumors were taken out. The number of mice bearing growing tumor (size > 100 mm 3 ) was counted. Tumor apparition frequency was determined using online ELDA (extreme limiting dilution analysis) software (https://bioinf.wehi.edu.au/elda/software).Chemoresistance in vivo. 50,000 cells were subcutaneously injected into nude mice in Matrigel -DMEM (v : v). 50mg/kg 5-FU + 30mg/kg Irinotecan treatment (two i.p injection a week), was initiated once tumor reached 100 mm 3[65]. These studies were approved by the ethics committee of the Languedoc Roussillon Region and carried out in compliance with the CNRS and INSERM ethical guidelines of animal experimentation (CEEA-LR-12051).Purification of nucleus and cytoplasm. Cells were washed twice in ice-cold PBS. Cells were resuspended in fractionation buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCl pH 7.4) and left on ice for 3 min. Cytoplasms were then extracted and nuclei were washed twice in wash buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4). Nuclei were resuspended in fractionation buffer and left on ice for 2 h. Cell debris were removed by centrifugation at 13 200 rpm for 10 min at 4 °C. Tissue Microarray (TMA). Tissue microarray was constructed with FFPE tumor samples collected in the frame of the Clinical and Biological Database BCBCOLON (registered at ClinicalTrials.gov as NCT03976960). Adenomas, primary adenocarcinomas and metastatic lesions were sampled as two cores of 1mm diameter. All samples were chemo-naive. Tumor samples were collected following French laws under the supervision of an investigator and declared to the French Ministry of Higher Education and Research (declaration number DC-2008-695). The study was approved by the local translational research committee (ICM-CORT-2018-28).

Bioinformatic pipeline.

  Transcriptome and translatome libraries read quality were assessed using FastQC v0.11.5 (Babraham Institute, Cambridge, UK). Ribosomal RNAs were discarded using SortMeRNA v2.1b [66]. High quality reads were then aligned on the Homo sapiens reference transcriptome, version GRCh38.cdna, and quantified using pseudocounts with Kallisto v0.45.0 [67]. Kallisto quantification parameters were fixed at 25 for k-mer size for the index, 20 for standard deviation and 100 for bootstraps. Statistical differential analyses were performed on each dataset using Wald test from DESeq2 R package [68]. Each count dataset was filtered at 1 count per millions per biological sample after size factors estimation, then dispersion was estimated. Primary risk of probabilities to false discovery fold change was corrected by Benjamini and Hochberg multiple test adjustment. Corrected p-values < at 0.05 % were kept. Volcano plots were realized with ggplot2 R package [69]. Gene identifications were performed with biomaRt R package [70]. Functional annotations were performed with online gProfileR [71] using a g:SCS threshold < at 0.05.
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 39 Figure 39. The MAP kinase pathway. EGF binds to EGFR which triggers a phosphorylation cascade
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 40 Figure 40. Quantification of FTO in KRAS-mut and BRAF-mut cell lines. Western blot picture of

Figure 41 .

 41 Figure 41. BRAF silencing or inhibition increase FTO protein expression. (a) CTC45 cell line
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 42222 Figure 42. Quantification of mRNA modifications by mass-spectrometry. mRNA modifications from CTC45 line treat with BRAF inhibitors were quantified by mass-spectrometry. To eliminate bias due to discrepancy of RNA amount used between samples, each modification were normalized to Guanosine (G) as a loading control. Result are expressed as mean of the log2 of the fold change to DMSO from three independent experiments.

Figure 43 .

 43 Figure 43. Silencing of MEK1/2 increases FTO level. (a) Si-RNA based strategy to decipher the

Figure 44 .

 44 Figure 44. Silencing of MEK1/2 increase FTO level in four BRAF mutated colorectal cell lines.

FTO

  is regulated following MEK1/2 silencing. We measured transcript level to determine the implication of transcriptional regulation of FTO. Silencing of MEK1/2 tends to reduce the level of FTO mRNA which rule out the possibility of transcriptional regulation (Fold change 0.85 ± 0.04 ; n = 3) (Figure 45.a). As a control MEK transcript level is efficiently reduced upon si-RNA treatment (Fold change of 0.17 ± 0.09 ; n = 3) (Figure 45.a) suggesting that RT-PCR quantification is accurate. Then, we analyzed translational level of FTO. Using sucrose gradient, we separated mRNA engaged in translation that associates with polysomes (Figure 45.b) from nontranslated mRNA. («Free»). First, MEK1/2 silencing triggers global loss of translation as shown by quantification of the ratio polysome / monosome peaks area (Figure 45.b right).

Figure 45 .

 45 Figure 45. MEK1/2 silencing induces Fto translation instead of transcription. (a) FTO and MEK/12

Figure 46 .

 46 Figure 46. MEK1/2 impacts Fto degradation through autophagy instead of proteasome. (a).

Figure 47 .

 47 Figure 47. FTO is not present in ribosomal fractions. (top), Polysome profile of CRC1 cell

Figure 48 .

 48 Figure 48. Correlation between m 7 G and m 6 Am upon FTO overexpression and silencing.

  level in colorectal cancer cell lines. Silencing of downstream actors of MAPK pathway revealed that MEK1/2 is responsible for FTO regulation in BRAF mutated cells. Interestingly, the final actor of MAPK pathway ERK1/2 does not impair FTO level suggesting a branched pathway aside MEK1/2. While MEK1/2 activity is almost completely dedicated to ERK phosphorylation, additional substrates of MEK1/2 have been described. In particular, MEK1/2 is known to interacts and phosphorylate Heat Shock Factor 1 (HSF1)[START_REF] Tang | MEK guards proteome stability and inhibits tumor-suppressive amyloidogenesis via HSF1[END_REF], a modulator of protein degradation and translation. Modulation of HSF1 function by MEK1/2 could affect FTO translation and/or degradation. So far, two others hypothesis could explain the regulation of FTO by MEK1/2. Inhibition of MAPK pathway is compensated by over-activation of EGRF-PI3k-AKT axis which reactivate ERK1/2. Because AKT positively regulates translation and negatively regulates autophagy through mTOR, activation of this pathway following MAPK pathway inhibition could increase FTO protein level. In support to this hypothesis, inhibiting BRAF activity for 72 h increases FTO protein level while ERK1/2 inhibition is compensated by PI3K AKT pathway.

  Also, my work served as a basis for a grant application (INCA) and a funding has been allowed for three additional years.During the PhD, I was able to introduce my work at various national and international congresses. Overall, I have been selected to introduce my work four times for oral communications and five times for poster presentations. I have been awarded with three best poster prizes at one national congress (GSO 2018) and two international congresses (SunRise 2019, Translation in Cancer 2019).Working on a collaborative project, I have been able to learn various methods of biological sciences mass-spectrometry and computational biology. Acquisition of computational biology skills was one of the goal of my thesis. During the second year, I have performed transcriptomic analysis using STAR -HTSEQ count and DESeq2 R package to decipher FTO impact on transcript level. During the last year, I have been involved in designing a python program to automatize quantification of multiple RNA modifications by mass-spectrometry.
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 49 Figure 49. Workflow for the analysis of MS data. First, peak are automatically integrated and
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 50 Figure 50. Heatmap of RNA modification among Glioma patients. Level of each modification was
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 51 Figure 51. Matrix of correlation of the RNA modifications. Positive correlation are represented in
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 52 Figure 52. PCA analysis of glioma patients. Healthy patient (Grade-0 ; green) cluster with slowly

(150 cm 2 )

 2 were seeded with 2 x 10 6 cells. After 72 h, cells were treated with 20 µg / ml emetine for 5 min at 37°C, washed twice with ice-cold PBS, and scraped in ice cold PBS. Cells were centrifuged, resuspended into 1mL of polysome lysis buffer, homogenized by hard shaking with 1,4mm ceramix spheres (Lysing matrix D MPBio) in FastPrep machine (MPBio), centrifuges 10 min at full speed at 4°C.Lysates were loaded on 15-50% sucrose gradient and centrifuged at 35,000 rpm for 2.5 h at 4°C in a SW41 rotor (Beckman Coulter). Polysomes were separated through a live optical density (OD) 254 nm UV spectrometer and collected with an ISCO (Lincoln, NE) density gradient fractionation system.The absorbance at 254 nm was measured continuously as a function of gradient depth.Protein extraction and western blot. Cells were washed twice with ice cold phosphate-buffered saline (PBS) and lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 2 mM sodium orthovanadate, 50 mM Sodium fluoride, 50 mM β-glycerophosphate, 2 mM EGTA; pH 7.5). Samples were separated on a 12% SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, blocked for 1 h in 5% (w/v) non-fat dry milk in PBS and probed overnight at 4 °C with primary antibodies, anti-FTO (phosphosolution, 1 : 2000) anti-MEK1/2 ( Cell Signaling, 1 : 2000), anti-ERK1/2 (Cell Signaling, 1 : 2000). Membranes were incubated with secondary antibody (anti-mouse, Santa-cruz, 1 : 20 000 / anti-rabbit, Cell Signaling, 1 : 1000) for 1 h and proteins were revealed by ECL Prime (Amersham) using ChemiDoc Touch imager (Biorad).

  

  

  

  

Table 1 .

 1 ). Whole

	Cap structure	Abundance (%)	Methylation position	Classification
	m7G-ppp-Cm	27	ribose	Cap 1
	m7G-ppp-Um	1.1	ribose	Cap 1
	m7G-ppp-Gm	28	ribose	Cap 1
	m7G-ppp-Am	14	ribose	Cap 1
	m7G-ppp-m6A	12	base	Cap 1
	m7G-ppp-m6Am	17	Ribose +base	Cap 1
	NAD	0.09	None	metabolite
	FAD	0.02	None	metabolite
	UDP-Glc	0.02	None	metabolite
	UDP-GlcNAc	0.14	None	metabolite

detected cap in Homo Sapiens. Ten caps have been detected in human cells. These caps were either cap 1 or metabolite derived cap structures. The table is adapted from

[30] 

15.2.3 -FTO targets m6Am in mRNA and small RNAs

  To sum up, FTO can demethylate m6A in mRNA, U6 small RNAs, probably in micro-RNAs but does not target rRNA. Its activity toward introns need to be confirmed

m

6 

Am modification is a specific m 6 A methylation that occurs on the 2'-O methylAdenosine (Am) residue adjacent to the mRNA cap. A first study from Mauer et al have shown that m6Am, and not m 6 A, is the preferred cellular substrate for FTO that convert it to Am both in vitro and in vivo

[START_REF] Zhang | Structural insights into FTO's catalytic mechanism for the demethylation of multiple RNA substrates[END_REF] 

Table 2 : Targets of FTO

 2 

	). Silencing of FTO in living cells

Table 3 . Post-translational modifications of FTO

 3 

		Position	Domain	Function
	Phosphorylation	Y106	NTD	Binding to ssDNA in vitro
	Phosphorylation	T150	NTD	Localization
	Phosphorylation	K216	NTD	Localization
	Ubiquitylation	K216	NTD	Localization / Turnover
	Sumoylation	K216	NTD	Localization / Turnover
	Phosphorylation	S229	NTD	Substrate specificity in vitro
	Phosphorylation	T4, T6, T32	NLS	Unknown
	Phosphorylation	S55, Y108, S173, S184, Y185,	NTD	Unknown
		Y199, Y220, S248, P252,		
		S256, S260		
	Phosphorylation	S355, S458	CTD	Unknown
	Acetylation	K216	NTD	Unknown
	Ubiquitylation	K45, K48, K88, K107	NTD	Unknown

  developed two inhibitors to targets Leukemic Stem Cells through FTO. Those inhibitors slow down AML and improve survival in patient-derived xenograft mouse model. Interestingly, two last developed FTO inhibitors are able to kill leukemic cells without significantly affecting normal cells. While FTO is a promising targets in mouse model, FTO expression in human does not correlate with patient survival

  Briefly, 6 plates (150 cm 2 ) were seeded with 2 x 10 6 cells. After 72 h, cells were treated with 20 µg / ml emetine for 5 min at 37°C, washed twice with ice-cold PBS, and scraped in ice cold PBS. Cells were centrifuged, resuspended into 1mL of polysome lysis buffer, homogenized by hard shaking with 1,4mm ceramix spheres (Lysing matrix D MPBio) in FastPrep machine (MPBio), centrifuges 10 min at full speed at 4°C.

	Lysates were loaded on 15-50% sucrose gradient and centrifuged at 35,000 rpm for 2.5 h at 4°C in a
	SW41 rotor (Beckman Coulter). Polysomes were separated through a live optical density (OD) 254

  During the thesis, many studies have been published about the role of FTO in various cancers except colorectal cancer. Interestingly, mechanism of action of FTO were reported different in breast, leukemia melanoma than in colorectal cancer. In colorectal cancer, global quantification of m6A in mRNA showed no difference upon FTO silencing. Moreover, mapping of m6A across transcriptome revealed that FTO knockdown does not significantly change any m6A site in colorectal cancer. Why we failed to see any impact of FTO on m6A in colorectal cancer ? In head and neck cancer cells, silencing of FTO increases the level of the m6A eraser ALKBH5 which could cancel m6A increase in response to FTO silencing[START_REF] Pilžys | ALKBH overexpression in head and neck cancer: potential target for novel anticancer therapy[END_REF].However, in colorectal cancer cells, we failed to detect any impairment of the expression of m6A writers and ALKBH5 following FTO silencing. Hence, m6 A writer and eraser do not compensate loss of FTO and absence of m6A changes is directly linked to the specific function of FTO. Another dismissed hypothesis is a difference of FTO localization in colorectal cancer. In CRC line FTO is detected in the nucleus as in other cell lines such as

	suggesting
	cancer specific function of FTO. In colorectal cancer, global quantification of m 6 A in mRNA
	showed no difference upon FTO silencing. Moreover, mapping of m 6 A across transcriptome
	revealed that FTO knockdown does not significantly change any m6A site in colorectal
	cancer. Why did we fail to see any impact of FTO on m 6 A in colorectal cancer? In head and
	neck cancer cells, silencing of FTO increases the level of the m6A eraser ALKBH5 [164] which
	could offset FTO silencing-mediated m6A increase.
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ABSTRACT Cancer stem cells (CSCs) are a small but critical cell population for cancer biology since they display inherent resistance to standard therapies and give rise to metastases. Despite accruing evidence establishing a link between deregulation of epitranscriptome-related players and tumorigenic
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