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Colorectal cancer (CRC) is the third most common malignant disease and the second most frequent cause of cancer-related death. The ErbB family of transmembrane receptor tyrosine kinases has been identified as a major driver of the development and progression of CRC and one its best-known member, the epidermal growth factor receptor (EGFR /ERBB1/Her1), considered one of the most important targets in CRC treatment. Two others members of the ErbB family, the receptors Her2 and Her3, also emerge as important new targets for CRC due to the somatic mutation, gene amplification or resistance to the anti-EGFR therapies. The transmembrane protein, Fas (TNFRSF6/CD95), is a member of the tumor necrosis factor receptor superfamily (TNFRSF). It can transmit multiple signals that lead to completely different cell fates. Depending on cellular contexts, Fas either initiates cell death by apoptosis, which is essential for shutting down chronic immune responses and preventing autoimmunity and cancer, or stimulates cell survival, proliferation, and motility, which can promote autoimmunity, cancer growth, and metastasis. With increasing evidence of Fas-mediated pro-survival signaling, the cancer-promoting activities of Fas are now recognized as significant and clinically relevant. While this signaling versatility has been particularly well demonstrated in colon cancer, the molecular mechanisms underlying the survivals pathways are still largely unknown. In this context, the main aim of my Ph.D. project was to study the importance of the crosstalks between Fas and the ErbB family members and more specifically to determine whether the Fas signaling could influence the cancer-promoting signaling of EGFR. More precisely, I describe how the Fas tyrosine phosphorylation status strongly influences the signaling of the EGFR pathway in colorectal cells. My data demonstrate that Fas in its prosurvival state, phosphorylated at Y291 (pY291-Fas), indeed interacts with EGFR and that this interaction significantly intensifies EGFR signaling in anti-EGFR-resistant colorectal cancer cells via the Yes-1/STAT3-mediated pathway. The pY291-Fas accumulates in the nucleus upon EGF treatment and promotes the nuclear localization of phospho-EGFR and phospho-STAT3, the expression of cyclin D1, the activation of STAT3-mediated Akt and MAPK pathways, and finally the cell proliferation and migration. Additionally, I also uncover the potential role that Her3, may play along with Fas, in the colorectal cancer cell escape from anti-EGFR inhibition. All together my Ph.D. studies provide a better understanding of the role of the Fas survival pathways in the ErBb signaling in CRC. Importantly, by demonstrating a connection between the emergence of resistance to anti-ErbB therapies and the Fas pro-survival signal, my work provides a rationale for the development of Fas/phospho-Fas targeted therapy as a new therapeutic option for overcoming anti-EGFR, in patients with secondary anti-EGFR resistance.
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Résumé

Le cancer colorectal (CCR) est la troisième maladie maligne la plus fréquente et la deuxième cause de décès par cancer. La famille des récepteurs tyrosine kinases transmembranaires ErbB a été identifiée comme l'un des principaux moteurs du développement et de la progression du CCR et l'un de ses membres les plus connus, le récepteur du facteur de croissance épidermique (EGFR / ERBB1 / Her1), considéré comme l'une des cibles les plus importantes en traitement CRC. Deux autres membres de la famille ErbB, les récepteurs Her2 et Her3, apparaissent également comme de nouvelles cibles importantes pour le CRC en raison de la mutation somatique, de l'amplification génique ou de la résistance aux traitements anti-EGFR.

La protéine transmembranaire, Fas (TNFRSF6 / CD95), est un membre de la superfamille des récepteurs du facteur de nécrose tumorale (TNFRSF). Il peut transmettre des signaux multiples qui mènent à des destins de cellules complètement différents. Selon les contextes cellulaires, Fas initie la mort cellulaire par apoptose, essentielle pour arrêter les réponses immunitaires chroniques et prévenir l'auto-immunité et le cancer, ou pour stimuler la survie, la prolifération et la motilité des cellules, ce qui favorise l'auto-immunité, la croissance cancéreuse et les métastases. Avec des preuves de plus en plus nombreuses de la signalisation pro-survie médiée par Fas, les activités de promotion du cancer chez les patients atteints de cancer sont maintenant reconnues comme étant significatives et cliniquement pertinentes. Bien que cette polyvalence de signalisation ait été particulièrement bien démontrée dans le cancer du côlon, les mécanismes moléculaires qui sous-tendent les voies de survie sont encore largement inconnus. Dans ce contexte, l'objectif principal de mon projet doctorat visait à étudier l'importance de l'interférence entre les membres de la famille Fas et ErbB et, plus particulièrement, à déterminer si la signalisation Fas pouvait influencer la signalisation de l'EGFR favorisant le cancer.

Plus précisément, je décris comment l'état de phosphorylation de la tyrosine Fas influence fortement la signalisation de la voie EGFR dans les cellules colorectales. Mes données démontrent que Fas dans son état pro-survie, phosphorylé à Y291 (pY291-Fas), interagit en effet avec EGFR et que cette interaction intensifie significativement la signalisation de l'EGFR dans les cellules cancéreuses colorectales anti-EGFR via la voie Yes-1 / STAT3. Le pY291-Fas s'accumule dans le noyau lors du traitement par EGF et favorise la localisation nucléaire du phospho-EGFR et du phospho-STAT3, l'expression de la cycline D1, l'activation des voies Akt et MAPK médiées par STAT3 et enfin la prolifération et la migration cellulaires. De plus, je découvre également le rôle potentiel que Her3 pourrait jouer avec Fas dans la libération des cellules cancéreuses colorectales de l'inhibition anti-EGFR.

Tous ensemble de mes études doctorat permettent de mieux comprendre le rôle des voies de survie de Fas dans la signalisation ErBb dans le CRC. Fait important, en démontrant un lien entre l'émergence d'une résistance aux traitements anti-ErbB et le signal de Fas pro-survie, mon travail justifie le développement d'une thérapie ciblée Fas / phospho-Fas comme nouvelle option thérapeutique pour surmonter les anti-EGFR chez les patients présentant une résistance anti-EGFR secondaire. Table 1. Diseases caused by mutations in the TNF superfamily, receptors, and adaptors (source 5 ) ..... 3 Table 2. Members of the TNF Superfamily (source 11 
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Tumor necrosis factor (TNF) and TNF receptor (TNFR) families

TNF and TNFR superfamilies are among the largest ligand-receptor families with more than 19 receptor-ligand pairs (Figure 1). Specifically, these ligand-receptor families play pivotal roles in regulating myriad aspects of immune development and functions.

Indeed, while members of the TNF/TNFR superfamilies are primarily involved in cell death by apoptosis and inflammation they can also contribute to other cellular processes, such as proliferation, survival, and differentiation, and their expression level could vary significantly between cell types and tissues. The involvement of TNF and TNFR cytokines have been described in diverse human pathologies, including neurologic, cardiovascular, pulmonary, metabolic, autoimmune diseases, as well as cancer. Some examples of diseases caused by mutations within TNF and TNFR members are given in Table 1. This is therefore not surprising that TNFR and TNF superfamilies constitute important targets in therapies against human diseases such as autoimmune disorders 2 , osteoporosis 3 , and cancer 4 . 

Tumor necrosis factor superfamily (TNFSF)

The TNFSF comprises 19 type II transmembrane proteins (listed in Table 2) which possess an extracellular TNFR homology domain and bind to one or more members of the TNF superfamily (TNFRSF) 6 . Almost all of the TNF proteins are expressed by cells from the immune system, including B and T lymphocytes, NK cells, monocytes, and dendritic cells 5 .

These cytokines can promote cell survival, inflammatory signalling, cell death, and other pathways. They have been implicated in a wide variety of pathological processes and diseases including tumorigenesis, septic shock, viral replication, bone resorption, rheumatoid arthritis, diabetes, and other inflammatory diseases 4,7,8 .

The TNFSF proteins can be found in different forms. The membrane-bound form (mTNF) is expressed at the cell surface and can be cleaved and released as a soluble form (sTNF) 9 . The latter allows a remote ligand-receptor interaction, away from the TNF bearing cells which can, therefore, spread the apoptosis induction effect 10 . 

TNF receptor superfamily (TNFRSF)

The tumor necrosis factor receptor superfamily (TNFRSF) is a protein superfamily of cytokine receptors characterized by their ability to bind the TNFSF members via an extracellular cysteine-rich domain (CRD) 8 . Significant variation in the number of CRDs exists among the receptors, from B-cell activating factor receptor (BAFFR) which has only a partial CRD 12 to TNFR1 and TNFR2 which harbor four CRDs 13 and up to six CRDs found in CD30 14 .

According to the presence and the nature of specific domains within their cytoplasmic part, which is critical for the signal generated, TNFRSF members are classified into three groups 5 (Table 3).

The Death Receptors: The members of this group contain the cytoplasmic death domain (DD). In mammals, 8 DD-containing receptors have been identified: tumour necrosis factor receptor 1 (TNFR1, p55), Fas (CD95, APO-1), death receptor 3 (DR3, APO-3), TNF-related apoptosis-inducing ligand receptor 1 (TRAIL-R1, DR4), TNF-related apoptosisinducing ligand receptor 2 (TRAIL-R2, DR5, APO-2), DR6, ectodysplaisin A receptor (EDAR) and p75 neurotrophin receptor (p75 NTR , NGFR). The representation of the NMR structure of Fas DD is shown in Figure 2. Upon TNF ligand engagement to its DD containing TNF receptor, intracellular DD-containing adaptor proteins are recruited to the receptor via homotypic domain interaction. The DD of Fas, DR4, and DR5 interacts with the adaptor protein, Fas-Associated Death Domain (FADD), while TNFR1 and DR3 interact with the TNFR-Associated Death Domain (TRADD). These molecules act as adaptors for further recruitment of procaspases leading to the activation of the caspase cascade-induced apoptosis. Some of them are also involved in the non-apoptotic signalling pathway, although their specific roles

are not yet completely understood 15 . The TIM containing receptors: Some of the TNFRSF members do not harbor a DD but a TRAF-interacting motif (TIM) domain. The activation of TIM-containing TNF receptors leads to the recruitment of different TRAF family members and the activation of multiple signal transduction pathways such as Nuclear factor-B (NF-B) 17 , Jun N-terminal kinase (JNK) 18 , Extracellular signal-regulated kinase (ERK) 19 , and Phosphoinositide-3 kinase (PI3K) 20 .

The Decoy Receptors (DcRs): These receptors do not contain any functional intracellular signaling domains or motifs. Four proteins have been classified in this third group: DcR1 (TRID/TRAIL-R3), DcR2 (TRUNDD/TRAIL-R4), DcR3, and Opg. Although this group of receptors cannot transmit intracellular signals by themselves, they are critical as they can compete with other TNFRSF members for their corresponding ligands. These DcRs, function, therefore, by impeding the activation of signal transduction pathways by other TNFRSF receptors. The structural organization of TNF/TNFR complexes, two models of receptor aggregation have been proposed so far: the ligand-induced trimerization model and the preligand assembly model.

i). The ligand-induced trimerization model proposes that the trimeric TNF ligand recruits three individual chains of the receptor. Evidence supporting this model comes from both NMR and crystallography studies 21,22 . Both the structures of the ligand-bound TNFR1

and the TRAILR reveal a similar architecture in which the three monomeric ligand interdigitates between the three receptor chains 23 .

ii). The pre-ligand assembly model proposes that the formation of the preassembled complexes on the cell surface is mediated by the membrane distal first cysteine-rich domain (CRD1) of the receptor molecules, which later became known as the Pre-Ligand Assembly Domain (PLAD) 21 . Currently, it is widely accepted that many TNFRSF receptors predominantly exist as pre-assembled complexes 24 . The pre-ligand binding theory offers different models, depending on which form and composition of the receptor complexes can be found at the plasma membrane. For example, the pre-assembled receptor complexes of TNFR1 is trimeric whereas DR5 was found rapidly formed a dimer, followed by the recruitment of a third DR5 monomer 25 .

Fas/FasL system

Fas ligand (FasL/TNFSF6/CD95L)

FasL, a member of the TNFSF, is a cytokine of 280 amino acids. It is inducibly expressed on activated T cells NK cells, tumor cells and constitutively expressed at immuneprivileged sites such as the eye and in a number of other tissues during neonatal and adult life 26,27,28 .

FasL structure

FasL possesses several featuring domains: a binary casein kinase I (CKI) substrate motif, a proline-rich domain (PRD), a transmembrane (TM) region and an extracellular Cterminal region. The CKI consensus sequence, conserved in the cytoplasmic domain of 6 out of 15 members of the TNF family, plays a role in the reverse signalling and the regulation of expression 29 . The PRD serves as a docking site for proline-interacting Src-homology 3 (SH3)

proteins.

Two functional regions can be found in the C terminal extracellular part of FasL: (i) the self-assembly domain (SA) comprising amino acids 137 to 183 in human FasL, essential for its trimerization and presumably its biological activity. (ii) a TNF homology domain (THD) which mediates a highly specific binding to the cysteine-rich domains of the Fas receptor 30 (Figure 3). 

FasL proteolytic processing

Proteolytic processing by ectodomain shedding is a common feature for membrane proteins. FasL exists in two different forms: the transmembrane form (mFasL) and the soluble form (sFasL), which is the product of the full-length FasL cleavage by matrix metalloproteinases such as MMP3 32 , MMP7 33 , MMP9 34 , and the disintegrin and metalloproteinase 10 (ADAM10). ADAM10 was identified as the major FasL sheddase in T cells 35 . It has been reported that FasL is first processed by ADAM10, and then further shedded by the signal peptide peptidase-like 2a (SPPL2a) generating a free intracellular isoform 36 which, through its ability to translocate to the nucleus, could regulate gene expression 36 . This FasL reverse signaling has been found critical in negative fine-tuning of certain immune responses 37 . A recent study reported that murine FasL might also be cleaved at positions R144-L145 by plasmin, releasing a pro-apoptotic extracellular fragment from endothelial cells 38 .

Different forms of FasL exert different functions

The different forms of FasL seem to differ in the biological activity that they could harbor. In general, sFasL showed a significantly lower cytotoxicity than the mFasL 39 . This difference has been reported in several contexts: (i) mFasL killed both fresh and in vitroactivated human peripheral blood T cells while sFasL blocked the killing 26 ; (ii) mFasL triggered photoreceptor cell death, whereas sFasL protected the retina 40 . In addition, many studies have shown that sFasL promote tumorigenesis and trigger autoimmune reactions 27 .

Several reports suggested that sFasL blocks mFasL-mediated apoptosis via steric hindrance: sFasL can bind the Fas receptor, therefore, preventing the mFasL binding and consequently the ligand-induced oligomerization of the Fas receptor, which is critical for the transmission of an optimal cell death signalling 41,42 .

The mFasL was originally detected at the surface of activated lymphocytes and natural killer cells. It is also expressed at the surface of neurons, corneal epithelia, and intestinal epithelial cells 26,27 . The mFasL signals apoptosis in target cells through engagement of the death receptor Fas 27 . It is involved in the establishment of peripheral tolerance, the activation-induced cell death of lymphocytes 26 , and the delimitation of immuno-privileged regions such as the eye and testis 28 .

Interestingly, It has been reported that the level of sFasL significantly increased in the serum of patients with autoimmune diseases such as systemic lupus erythematosus 43 and Sjogren's syndrome (SS) 44 . In the case of Sjogren's syndrome, serum levels of sFasL in patients with mild disease activity were higher than in patients with severe disease activity, suggesting that sFasL may play a beneficial role in the pathogenesis of SS gland injury 45 . In chronic kidney disease, children but not adult, present a sFas/sFasL system dysfunction and an increased apoptotic activity, aggravating the renal failure progression 46 . In psoriatic patients, sFas/sFasL ratio is increased in patients with exacerbated plaque-type psoriasis as compared to healthy subjects 47 . The significantly higher sFasL level was identified in children with hypothyroidism compared with the control group 48 . In the normal testis, sFasL content increased after exposure to toxic substances and sFasL released in the interstitium can enter seminiferous tubules and induced germ cell apoptosis 49 .

In cancer, a high concentration of sFasL was detected in tumors of patients with different cancer types and localization ovarian, follicular thyroid, corpus uteri, colon, thyroid adenomas, and adrenocortical 50 . The sFasL is overexpressed in serum from patients with triple-negative breast cancer and it is mainly found on the surface of endothelial cells lining blood vessels feeding cancer tissues 51 .

Fas

Fas (CD95/APO-1/TNFRSF6) is a transmembrane protein that belongs to the TNF receptor superfamily. Fas were first described in 1989 by the groups of Krammer (Trauth et al.) and Yonehara (Yonehara et al.) as a cell surface protein expressed on human lymphocytes to induce cell apoptosis [START_REF] Trauth | Monoclonal antibody-mediated tumor regression by induction of apoptosis[END_REF][START_REF] Yonehara | A cell-killing monoclonal antibody (anti-Fas) to a cell surface antigen co-downregulated with the receptor of tumor necrosis factor[END_REF] .

Structure of Fas

The human FAS gene, mapped to chromosome 10q24.1 54 or 10q23 [START_REF] Lichter | The human APO-1 (APT) antigen maps to 10q23, a region that is syntenic with mouse chromosome 19[END_REF] , has nine exons and eight introns encoding a protein product of 335 amino acids. Exon 1 encodes the 5' untranslated region (UTR) and the DNA for the first 10 amino acids of the signal sequence.

Exons 2-5 encode for the ligand-binding N-terminal extracellular domain (ECD). Exon 6 encodes for the transmembrane (TM) region. Exons 7 and 8 encode the membrane-proximal cytoplasmic 36 amino acids of the receptor. Exon 9 encodes the remaining 109 amino acids and the 3' UTR having three putative polyadenylation signals [START_REF] Lee | Alterations of Fas (Apo-1/CD95) gene in non-small cell lung cancer[END_REF][START_REF] Peter | CD95 (APO-1/Fas)-associating signalling proteins[END_REF] (Figure 4).

The Fas extracellular region of 155 amino acids includes three cysteine-rich domains (CRD1, CRD2, and CRD3) [START_REF] Naismith | Structures of the extracellular domain of the type I tumor necrosis factor receptor[END_REF] . CRD2 and the upper part of CRD3 interact with FasL, constituting a FasL binding region [START_REF] Schneider | Characterization of Fas (Apo-1, CD95)-Fas ligand interaction[END_REF] (Figure 4). Fas is expressed at the plasma membrane as a pre-associated homotrimer through homotypic interactions occurring between the pre-ligand assembly domains (PLAD) [START_REF] Chen | Mapping the domain(s) critical for the binding of human tumor necrosis factor-alpha to its two receptors[END_REF] . The extracellular domain of Fas also contains a glycosphingolipid-binding motif (GBM) identified by our research team [START_REF] Chakrabandhu | Palmitoylation is required for efficient Fas cell death signaling[END_REF] as critical for the clathrin-mediated internalization of Fas and indispensable for the cell death signaling [START_REF] Chakrabandhu | The extracellular glycosphingolipid-binding motif of Fas defines its internalization route, mode and outcome of signals upon activation by ligand[END_REF] . The human Fas TM has an additional proline at the position 183, which is important for introducing the flexibility required to accommodate the hydrophobic core [START_REF] Fu | Structural Basis and Functional Role of Intramembrane Trimerization of the Fas/CD95 Death Receptor[END_REF] .

The Fas intracellular domain is composed of 145 amino acids. It contains a lysine-rich region (LRR) and a death domain (DD). Upon binding to FasL, which is trimeric in nature, Fas forms signaling-competent trimers, resulting in the assembly of the protein complex composed of Fas and associated intracellular proteins. As this complex is critical for the initiation of the cell death signalling, it has been named the death-inducing signalling complex (DISC). The DISC formation begins with the recruitment of the adaptor FADD to Fas via death domain homotypic interaction. Two different models of Fas DD/FADD complexes were proposed: the 4:4 model and the 5:5 model (Figure 5). According to Scott et al., the complex is formed by dimeric units of Fas-FADD complexes (two Fas-DD interacting with two FADD-DD per dimeric unit, that can further dimerize into a tetrameric structure (4 Fas + 4 FADD) [START_REF] Scott | The Fas-FADD death domain complex structure unravels signalling by receptor clustering[END_REF] . Meanwhile, Wang, L. et al. reported that the Fas DD/FADD complex is rather composed of 5 FADD units layered on a 5-member Fas DD 66 . (ii) The 5:5 model proposes that the Fas DD/FADD complex is held together by three types of interaction surfaces. The type I and III interactions are in-layer interactions while the type II interactions are present in between the layers (Figure 5B) The membrane-proximal cytoplasmic region of Fas contains a lysine-rich region (LRR) essential for Fas localization in lipid-dependent nanodomains. Fas LRR is another signal, additional to palmitoylation, that targets Fas to the raft nanodomains and modulates Fas interaction with the cytoskeleton 68 .

Post-translational modifications of Fas

Fas is an extensively post-translationally modified protein. The posttranslational modifications include phosphorylation [START_REF] Chakrabandhu | An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers[END_REF] , palmitoylation [START_REF] Chakrabandhu | Palmitoylation is required for efficient Fas cell death signaling[END_REF][START_REF] Scheel-Toellner | The death-inducing signalling complex is recruited to lipid rafts in Fas-induced apoptosis[END_REF] tyrosine nitration [START_REF] Reinehr | CD95-tyrosine Nitration Inhibits Hyperosmotic and CD95 Ligandinduced CD95 Activation in Rat Hepatocytes[END_REF] , glycosylation [START_REF] Shatnyeva | Modulation of the CD95-induced apoptosis: The role of CD95 N-glycosylation[END_REF] , S-glutathionylation [START_REF] Anathy | Redox amplification of apoptosis by caspase-dependent cleavage of glutaredoxin 1 and Sglutathionylation of Fas[END_REF] , S-nitrosylation [START_REF] Leon-Bollotte | S-Nitrosylation of the death receptor Fas promotes Fas ligandmediated apoptosis in cancer cells[END_REF] and ubiquitylation [START_REF] Kong | Endoplasmic reticulum-resident E3 ubiquitin ligase Hrd1 controls B-cell immunity through degradation of the death receptor CD95/Fas[END_REF] . These modifications have been implicated in the versatility of the Fas signaling (Figure 6). Briefly, while the phosphorylation of Fas promotes cell proliferation [START_REF] Chakrabandhu | An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers[END_REF] , other Fas modification such as palmitoylation, glycosylation, and S-glutathionylation is reported to enhance cell death signaling [START_REF] Chakrabandhu | Palmitoylation is required for efficient Fas cell death signaling[END_REF][START_REF] Scheel-Toellner | The death-inducing signalling complex is recruited to lipid rafts in Fas-induced apoptosis[END_REF] .

The multi-signaling of Fas

Fas cell death signaling

Apoptosis is one of the several forms of programmed cell death that is dependent on caspase activity and that is characterized by cell shrinkage, membrane blebbing, nuclear condensation and DNA fragmentation. It could be initiated, by different stimuli, either intracellular or extracellular signals. These include uncontrolled proliferation, growth factor deprivation, cytokine deprivation, and DNA damage. Classically, two types of apoptotic Fas signalling pathway are described: the intrinsic pathway refers to the so-called mitochondrial pathway whereas the extrinsic pathway referred to the death receptor pathways, both of them being not exclusive 76 (Figure 7). Two types of cells have been described according to the amount of active caspase-8 generated at the DISC [START_REF] Eramo | CD95 death-inducing signaling complex formation and internalization occur in lipid rafts of type I and type II cells[END_REF] . In type 1 cells, a high level of active caspase-8/10 can directly activate the effector caspases, such as caspase-3 or -7 that execute the apoptotic programme, therefore, rendering the intrinsic mitochondrial pathway unnecessary for cell death. In contrast, the low level of initiator caspases activated in Type 2 cells upon FasL engagement rather make an amplification mitochondrial loop necessary for an optimal cell death signaling [START_REF] Scaffidi | Two CD95 (APO-1/Fas) signaling pathways[END_REF][START_REF] Li | Cleavage of BID by caspase 8 mediates the mitochondrial damage in the Fas pathway of apoptosis[END_REF] . In this "type 2 pathway" a caspase-8/10-mediated cleavage of the BH3only protein, Bid, is responsible for the activation of the mitochondrial pathway. The truncated Bid (tBid) translocates to the mitochondria, where it activates Bax and Bak that then oligomerize and form the so-called Bax/Bak mega channels in the outer mitochondrial membrane. Through these channels, cytochrome c is released into the cytosol, which initiates the intrinsic apoptotic pathway. Cytochrome c binds to the protein Apaf-1 inducing its oligomerization and binding of dATP and pro-caspase-9. The apoptosome activates procaspase-9 that can co-operate with the death receptor-activated caspase-8/-10 in the activation of executioner caspases 82 (Figure 8). Ligation of Fas promotes rapid recruitment of FADD and Caspase-8 to the rafts and leads to efficient DISC formation and cell death signaling [START_REF] Hueber | An essential role for membrane rafts in the initiation of Fas/CD95-triggered cell death in mouse thymocytes[END_REF] . Disruption of rafts by membrane cholesterol depletion abolishes DISC formation and Fas-induced cell death [START_REF] Hueber | Role of membrane microdomain rafts in TNFR-mediated signal transduction[END_REF] . As Fas, FasL is constitutively localized in rafts. A membrane disorganization diminishing raft partitioning leads to a decreased FasL-induced cell death [START_REF] Cahuzac | Fas ligand is localized to membrane rafts, where it displays increased cell death-inducing activity[END_REF] . Palmitoylation at a membrane proximal cysteine residue enables Fas and FasL to localize to lipid raft microdomains and to optimally induce cell apoptosis [START_REF] Chakrabandhu | Palmitoylation is required for efficient Fas cell death signaling[END_REF][START_REF] Guardiola-Serrano | Palmitoylation of human FasL modulates its cell death-inducing function[END_REF] . The palmitoylation-defective Fas C194V mutant is defective in inducing apoptosis in primary mouse T cells and, B cells while retaining the ability to enhance naive T-cell differentiation 88 .

Fas non-death signaling

In contrast to the common knowledge, the "non-death" roles of Fas have been reported quite early on in the Fas research field. As earlier as 1993, Aldeson et al found that FasL engagement promotes proliferation of TCR-stimulated T-cells and thymocytes [START_REF] Alderson | Fas transduces activation signals in normal human T lymphocytes[END_REF] . Two years later, Bharat et al reported the proliferation effect of Fas stimulation in human diploid fibroblasts [START_REF] Jelaska | Anti-Fas induces apoptosis and proliferation in human dermal fibroblasts: Differences between foreskin and adult fibroblasts[END_REF][START_REF] Ahn | Non-apoptotic signaling pathways activated by soluble Fas ligand in serum-starved human fibroblasts. Mitogen-activated protein kinases and NF-kappaB-dependent gene expression[END_REF] . In 1997, Freiberg et al demonstrated that Fas oligomerization in dermal fibroblasts may initiate dual signaling programs, either proliferation or apoptosis depending on the magnitude of Fas aggregation 92 . To date, there is a plethora of the evidence of the non-death function of Fas in many cell types and contexts including cell proliferation [START_REF] Tamm | Differential regulation of the mitochondrial and death receptor pathways in neural stem cells[END_REF][START_REF] Zuliani | Control of neuronal branching by the death receptor CD95 (Fas/Apo-1)[END_REF] , tissue regeneration [START_REF] Desbarats | Fas engagement accelerates liver regeneration after partial hepatectomy[END_REF][START_REF] Corsini | The death receptor {CD95} activates adult neural stem cells for working memory formation and brain repair[END_REF] , inflammation, and cancer [START_REF] Barnhart | CD95 ligand induces motility and invasiveness of apoptosis-resistant tumor cells[END_REF]51,[START_REF] Teodorczyk | CD95 promotes metastatic spread via Sck in pancreatic ductal adenocarcinoma[END_REF] .

The outcome of the Fas signal depends on several complex parameters and the full comprehension of the mechanisms involved remains rather elusive.

One reason resides on the dose and the forms of its ligand:

(i) Briefly, whereas triggering Fas with a low concentration of FasL results quite often in cell survival signalling, high concentrations of FasL predominantly induces cell death signaling [START_REF] Lavrik | Analysis of CD95 threshold signaling: Triggering of CD95 (FAS/APO-1) at low concentrations primarily results in survival signaling[END_REF]100 .

(ii) as explained earlier (see page 10) mFasL induce cell death whereas sFasL mediate cell survival 27 .

Meanwhile, the DISC is formed at the cell membrane upon stimulation even with low concentrations of agonistic anti-Fas monoclonal antibodies.

Several signalling pathways underlying the Fas non-death signals have been described, although their exact involvement and importance are not as well described and understood as their counterparts in cell death signalling. In tumor cells resistant to Fasinduced apoptosis, Fas triggering results in the activation of survival pathways involving NF-κB, ERK1/2, p38, c-Jun N-terminal kinase (JNK), and AKT 101,102 . The activation of NF-kB, MAPK and caspase-8 were also found to be important to the non-apoptotic activity of Fas.

Through its ability to bind directly to the Fas promoter, NF-κB could play a role in both transcription activation or repression 103 . Fas acts as an activator of PI3K and as a crucial trigger of basal invasion of glioblastoma in vivo 104 . The tumorigenic activity of Fas is also mediated by a pathway involving JNK and c-Jun in hepatocytes of mice 105 .

The ability of Fas signaling to mediate growth signals and to play a critical role in development pathways may depend on its ability to regulate downstream caspase activation 106 . Caspase 8 is an important regulator of several non-apoptotic cellular functions, such as proliferation, differentiation, and NF-κB activation 107 . Caspase-8 tyrosine 380 phosphorylation, which inhibits procaspase-8 activation at the DISC, renders neuroblastoma cells resistant to Fas-mediated apoptosis and enhanced cell migration 108 . Cellular FLICE (FADD-like IL-1beta-converting enzyme)-inhibitory protein (c-FLIP) has also been suggested as a mediator of Fas non-death signalling. Upregulation of c-FLIP has been found in various tumor types, and its silencing has been shown to restore apoptosis triggered by cytokines and various chemotherapeutic agents 109 . Additionally, the death domain adaptor protein FADD, was also reported essential for mitogen-induced proliferation of T-lymphocytes 110,111 .

Much more recently, our lab reported that one molecular key to this signalling versatility came from the status of Fas death domain phosphorylation. Indeed, we show that the phosphorylation of Fas DD is necessary for non-apoptotic signalling of Fas. Based on the evolution-guided analysis, phosphotyrosine (pY) proxies, and site-specific pY detection, we have described the pY switch mechanism of Fas multi-signaling. Briefly, we have shown that whereas both pY232 and pY291 of Fas are dispensable for Fas-induced apoptosis, pY291 prevents the DISC formation, dominantly inhibits apoptosis and promotes cell proliferation and migration 112 (see a more detailed description in Appendix I).

Another possible regulation of Fas signalling switch may be the posttranslational modifications that regulate the ability of Fas to become internalized after being activated by FasL. Recent findings reveal a role for receptor internalization and endosomal trafficking in selectively transmitting the signals. Recruitment of DISC components to the activated receptor predominantly occurs after the receptor has moved into an endosomal compartment and blockade of Fas internalization impairs DISC formation and apoptosis [START_REF] Chakrabandhu | Palmitoylation is required for efficient Fas cell death signaling[END_REF][START_REF] Rossin | Identification of a lysine-rich region of Fas as a raft nanodomain targeting signal necessary for Fasmediated cell death[END_REF] .

Following FasL engagement, the Fas lower aggregate complex, which associates with tubulin and an active form of caspase-8, could contribute to the amplification of FasL-induced cell death 113 . In contrast, FasL stimulation of cells unable to internalize Fas results in the activation of the proliferative ERK and NF-B signaling pathways. In conclusion, the subcellular localization and internalization pathways of Fas play important roles in controlling activation of distinct signaling cascades that determine divergent cellular fates 114 . Fas mediate activation-induced cell death (AICD) in T-cell and B-cells is essential for the function of lymphocytes such as growth and differentiation 118 . While Fas expression is particularly abundant in the thymus, liver, heart, and kidney 119 . FasL is constitutively expressed in the eye, testis, lung and on several types of tumour cell 120 . In these sites of the body, the Fas/FasL system is a mediator of the immune privilege which leads to apoptosis and consequently limits an inflammatory response 120 . Fas also play a central role in maintaining liver homeostasis by contributing to the elimination of senescent cells 121 . Moreover, activation of Fas is associated with hepatocyte apoptosis in a wide variety of liver diseases such as liver failure, fibrosis, and carcinogenesis 122 . Meanwhile, Fas can mediate proliferation and regeneration in neurons 123 . Fas appears to regulate neuronal branching in hippocampal neurons 124 and Fas activation increases neural progenitor cell survival 125 .

The role of

Tumor-promoting activities of Fas

As a death receptor, Fas was for a long time considered as a tumor suppressor gene.

But the connection between Fas and cancer promotion have been demonstrated both in vitro and in vivo, presenting this receptor also as an oncogene: (i) Cancer cells become resistant to the apoptosis-inducing activity of Fas. (ii) Elevated levels of sFasL have been found in the sera of cancer patients 126 . Upregulation of FasL in patient's serum would suggest a tumor-promoting a role for Fas signalling 127 . (iii) A study in a mouse model has shown that the loss of Fas reduces the size of the tumours in ovarian cancer and liver cancer 105 . (iv) Knocking down FasL also reduced the invasive phenotype in two glioblastoma model cell lines U87-MG and U251-MG. While the invasive phenotype could be restored in these FasL knockdown cells by addition of sFasL, this restorative effect was inhibited by the FasL-sequestering agent APG101, a fusion protein consisting of the ECD of Fas fused to the Fc domain of IgG (Fas-Fc) 128 . Fas engagement caused an exacerbated mobility and invasiveness of breast, ovarian, lung, colon, renal, melanoma, or glioblastoma cancer cell lines [START_REF] Barnhart | CD95 ligand induces motility and invasiveness of apoptosis-resistant tumor cells[END_REF] . Activation of Fas in mouse colorectal cancer cells promoted local invasion and accelerated metastasis outgrowth in the hypoxic transition zone following radiofrequency ablation 129 . In human colorectal cancer cells, Fas stimulated migration and invasion by promoting tyrosine 783 phosphorylation of phospholipase C-gamma1, which led to the activation of cofilin pathway 130 . Therefore, supported by a number of reports describing marked activities of Fas on tumor growth and spread (Table 4), the concept that Fas can be a tumor promoter has now gained a wide acceptance. in fact, the pY232 and pY291 Fas switch signal from apoptotic to pro-survival pathway [START_REF] Chakrabandhu | An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers[END_REF] .

These data raise some questions about the identity of factors that impact the life or death decision of cells in the context of Fas signalling, and the role of Fas phosphorylation in the pro-survival signalling pathway.

The regulation of Fas tyrosine phosphorylation

We reported that whereas Fas non-death signaling triggered by activators such as Consistently, our studies have demonstrated that in human CRC cells, SHP-1 dephosphorylated both pY232 and pY291 of Fas DD, switching Fas from the anti-apoptotic state to the pro-apoptotic state [START_REF] Chakrabandhu | An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers[END_REF] .

Role of Fas death domain tyrosine phosphorylation

While the proof that Fas death domain tyrosines can be phosphorylated has been presented very early 164 , the role of their phosphorylation was not understood until very recently [START_REF] Chakrabandhu | An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers[END_REF] . This was due to the lack of tools for functional analysis and site-specific phosphotyrosine (pY) detection. All earlier studies that inferred to the involvement of pY-Fas in cellular functions and the attempts to describe its functions relied on the detection methods that lacked the ability to directly and site-specifically detect the Fas pY and/or on the use of phenylalanine substitution for tyrosine, with a simplistic assumption that the lack of the hydroxyl group of tyrosine directly and uniquely translates to the lack phosphorylation, which is not the case [START_REF] Reinehr | CD95-tyrosine Nitration Inhibits Hyperosmotic and CD95 Ligandinduced CD95 Activation in Rat Hepatocytes[END_REF]148,[165][166][167][168][169] . Undoubtedly, such shortcoming contributed to the fact that there were only a few conflicting reports that inferred functions of Fas phosphorylation 147,167 .

Fas tyrosine phosphorylation act as an 'on-off` switch for Fas muti-signaling. Our study has described the phosphotyrosine switch mechanism of Fas multi-signaling in human CRC cell line 112 (Figure 9). The phosphorylation at 232 and 291 tyrosine residues turn off the Fas-mediated apoptotic signal by preventing the DISC formation, while dominantly turning on the pro-survival signal leading to cell proliferation and migration. Specifically, we have

shown that a single tyrosine phosphorylation in the death domain (pY232 or pY291) is sufficient to turn the signal over to the survival mode and a double dephosphorylation at both Y232 and Y291 is needed for the Fas-mediated apoptosis to proceed. Fas phosphorylation status as a cancer biomarker: Our studies have demonstrated that Fas phosphorylation levels increase with the cancer progression, implying that Fas pY may correlate to some contexts of human cancers 112 . The elevated level of Fas pY is correlated with cancer progression from normal cells to malignant cells and from Dukes stage B (HT29, SW480 cells) to Dukes stage C (DLD1 cells) and highest in Dukes stage D (HCT116 cells). The Fas pY testing in malignant tissues of colon, breast and ovarian patients demonstrated higher levels of pY232 and/or pY291 than their corresponding normal tissues.

The opposite result was found in tumors from lung cancer patients. These results suggest that the prosurvival signal of Fas may dominantly operate in colon, breast and ovarian cancers but not in lung cancer. Moreover, pY291 Fas levels decreased while pY232 Fas levels increased in the majority of rectal tumors in response to radiotherapy. The reduction of pY291 following the treatment may suggest a decrease in the FasL-induced proproliferative/ anti-apoptotic signal of Fas conferred by pY291, whereas the increase in pY232 may suggest an increase in other signaling events that involve the function of pY232 which remains to be investigated. All data proposed the ability to use pY Fas as a biomarker for cancer progression and therapeutic responses.

Fas targeted therapy

The dual role of Fas in death and non-death signalling is now well accepted. Indeed, in some cases Fas can act as a protector of tissues rather than as their dismantler. In many types of cancer, Fas and FasL act also as oncogenes that promote cell proliferation, invasion, and migration of cancer cells (as explained earlier see page 20 and as shown in table 3). Fas or FasL could be targeted for therapeutic purposes as data have shown that cancer cells die after removal of either Fas or FasL 133 . Therapies are based on targeting Fas/FasL signaling in one of the following strategies: i) activating Fas death signaling by ligating Fas using multimeric form of FasL such as APO010 171 or anti-human Fas mouse/human chimeric monoclonal antibody such as ARG098 172 and Novotarg 173 ; ii) inhibiting the Fas signalling by targeting FasL using drugs consisting of the extracellular domain of the Fas receptor such as BMT101 174 and APG101 128 . Understanding the apoptotic/non-apoptotic regulation of Fas, which helps explain its pathological roles can help identify appropriate therapeutic choices.

Several drugs have been designed and demonstrated significant preclinical efficacy (Table 5). Some of them are currently in different stages of development and clinical trials (Table 6). 10) 180,135,182 . Except for Her3, the cytoplasmic domain is highly conserved among the different members of the family.

With the exception of Her2, for which no ligand has been identified, the ErbB receptors bound to members belonging to epidermal growth factor (EGF) 136 . These agonists exhibit differences in receptor affinity, specificity, and functional effects. EGF family members are characterized by the presence of an EGF-like domain composed of three disulfide-bonded intramolecular groups and additional structural motifs such as immunoglobulin-like domains, heparin-binding sites, and glycosylation sites 185 . List of ligands and their binding affinity to ErbB receptors are shown in Table 7. 

EGFR/ErbB1/HER1 Yes X X X X X X X X ErbB2/Neu/HER2 Yes ErbB3/HER3 Minimal X ErbB4/HER4 Yes X X X X X
The ErbB ligands are all produced as membrane-bound precursor proteins. They are all consecutively cleaved at the plasma membrane by cell-surface proteases, therefore increasing their functional abilities as active growth factors. Their binding to the extracellular domain of the EGFR receptor leads to receptor dimerization and/or stabilization of preexisting inactive dimers inducing two modification at the level of the receptor: its conformational change and its C-terminal tyrosine residues phosphorylation. 

Her2

Most of the studies on Her2 have been carried out in the breast cancer context since the description of its involvement in mammary carcinogenesis both in vitro 211 and in vivo 212 .

Amplification or overexpression of the Her2 gene occurs in approximately 15-30% of breast cancers 213 . With increasing understanding of Her2 biology, it has now been recognized that Her2 overexpression occurs in other forms of cancers such as gastric 214 , esophagus 215 , and brain 216 cancers. In breast cancer, HER2 gene amplification is associated with shorter disease-free and overall survival 217,218 . Her2 overexpression in patients with gastric cancer has been reported from 10 to 30% and correlates with poor outcome and a more aggressive disease 219,220 . Her2 amplification was similar between intraductal and invasive components of the same tumour 221 .

Her2 amplification has been linked to important tumor cell proliferation and survival pathways through a signal transduction cascade mediated by the activation of the PI3K/Akt and the Ras/Raf/MEK/MAPK pathways 222 . Her2 amplified-breast cancers have increased sensitivity to certain cytotoxic chemotherapeutic agents, favor resistance to certain hormonal agents and increased the propensity to metastasize to the brain 216 .

In clinic, the Her2 detection has become a routine prognostic and predictive factor in breast cancer 223 . Her2 has been successfully targeted in breast cancer and gastric/gastroesophageal cancers 224 . Several drugs have been developed to target the Her2 sinalling pathway. Currently, FDA approved-Her2 targeted agents include trastuzumab, lapatinib, pertuzumab, and T-DM1 225 .

Her 3

Her3 binds to its ligands, NRG-1 and NRG-2, with high-affinity 226 . While it is generally suggested that the phosphorylation of Her3 depends on the kinase activity of the other ErbB receptors 227 , it has been recently shown that Her3 also exhibits a kinase activity 228 Coexpression of Her2 and Her3 is common in breast cancer cells 229 and Her3 has been reported playing a critical role in Her2-mediated tumorigenesis 230 . Her3 can also heterodimerize with Her2 in a ligand-independent manner in Her2-amplified cells 231 . The inhibition of Her2 activity results in upregulation of Her3 transcription and phosphorylation 232 .

Her3 heterodimers activate oncogenic signaling via the PI3K/AKT pathway 233 .

Elevated expression of Her3 in castration-resistant prostate cancer (CRPC) leads to the activation of PI3K/AKT signalling 234 .

Enhanced expression of Her3 is associated with malignancies of several cancers including the cancers of ovary, breast, prostate, stomach, bladder, lung, skin and colon 235 .

Several studies indicate that activation of Her3 signaling is a major cause of treatment failure to EGFR-or anti-estrogen-based therapies 236,237 .

Recent clinical strategies focus on direct targeting of Her3 using monoclonal antibodies (mAbs). Several therapies have been developed based on the inactivation of Her3 following different molecular approaches: i) by locking Her3 in a tethered confirmation; ii) by trapping its ligand, NRG; iii) by blocking its ligand binding sites; ; iv) by triggering its internalization; v) by abrogating its dimerization with other EGFR family members; or vi) by using immune cells specifically adapted for killing Her3 positive-cancer cells 238 . As a consequence, many Her3 mAbs have been designed and demonstrate significant preclinical efficacy. However, none of the Her3 targeted treatments have yet received approval for clinical trials.

Interactions between ErbB members

Among the multiple possible receptors heterodimers, two of them, EGFR-Her2 and Her2-Her3, are particularly described in cancer. Her2 is the favored dimerization partner for all of the other ErbB family members. EGFR-Her2 was preferentially found in many tumor 239 . 

Shankaran

Epidermal Growth Factor Receptor

EGFR structure

The EGFR consists of an extracellular ligand binding region, a transmembrane domain and a tyrosine kinase domain containing cytoplasmic region (Figure 12) 250 .

The extracellular region

The extracellular region of the EGFR is composed of 621 amino acids and is subdivided into four domains, I to IV 251 . Domains I and III are leucine-rich-region containing parts that participate in ligand binding. Domain II allows the homo-or hetero-dimers formation with the other ErbB receptors. Domain IV can form disulfide bonds with the domain II. Domains II and IV are cysteine-rich regions 252 . Both oligomerization and tyrosine phosphorylation defects have been reported for oncogenic mutants lacking either some parts or most of the extracellular region, suggesting its crucial function in these liganddependent process 253 .

The intracellular region

The intracellular region contains 542 amino acids and includes three differents specific parts: a juxtamembrane segment, a tyrosine kinase domain, and the C-terminal tail.

The tyrosine kinase domain can be divided into an N-lobe (mainly a β-sheet structure) and a C-lobe (a mainly α-helical structure), with an ATP-binding site located between the two lobes. A trans-autophosphorylation can occurs thanks to the interaction of the N-lobe of one receptor to the C-lobe of the other. The C-terminal tail includes various tyrosine residues. Once autophosphorylated, the activated tyrosine kinase domain phosphorylates others residues that then serve as docking sites for diverse signaling proteins such as Shc, Grb2, Grb7, SRC, PI3K, protein phosphatases-SHP1, and SHP2, and the E3 ubiquitin ligase Cbl 254,255,256,257 . Besides the tyrosine residues, the kinase domain contains also lysine residues that are the primary sites of the receptor ubiquitination. 

The EGFR signal transduction

The EGFR signalling can be triggered by its ligands such as the epidermal growth factor (EGF). EGF binding to the extracellular region of EGFR induces receptor dimerization, which brings the two cytoplasmic tyrosine kinase domains of the receptors close enough for their autophosphorylation and the further activation of the intrinsic tyrosine kinase domain.

In the asymmetric dimer formation 259 , one molecule is activated through the interaction of its N-lobe with the C-lobe of another EGFR. In the dimeric complexes formed when EGF binds to the first three domains of EGFR, the growth factor binding sites are distant from the dimer interface and do not contribute directly to dimer contacts 260 . Two EGF molecules form a complex with two EGFR molecules 261 . In the 2:2 model, proposed based on crystal structure study, each EGF molecule is bound to only one of the two EGFR molecules and the two receptors bind each other directly 188 (Figure 13). It is proposed that the roles of the two receptors switch, such that both intracellular domains can become transautophosphorylated 262 . Interestingly, besides ligand-induced dimer formation, the EGFR has also been found to dimerize in the absence of a ligand 263 . Moreover, even the autophosphorylation activity has even been described to occur without bound ligand 264 . The crystal structures from EGFR are placed so as to provide a framework to consider the mechanism of activation of EGFR at the cell membrane. The TM domain is shown as an α-helix (gray), also to this same scale. Regions that have not been crystallographically defined are shown with dashed or solid lines. The missing stretches of the inactive kinase are shown in brown, while those of the active kinase are in black EGF could induce EGFR autophosphorylation of tyrosine residues at position 703, 920, 992, 1045, 1068, 1086, 1148, and 1173 265 . These residues could be also phosphorylated by other kinases such as Src, PKC 266,267 . Consequently, the newly phosphorylated tyrosine residues serve as docking sites for others proteins harboring phospho-tyrosine-binding motifs, such as those with Src homology 2 (SH2), phosphotyrosine binding (PTB) domains, proline-rich binding domain (SH3) and pleckstrin homology (PH) domains.

The interaction between EGFR and these signaling proteins results in well-described downstream signals transmitted though different pathways such as Ras/Raf cascade, PKC pathway, the PI3K/Akt pathway, and the STAT pathway (Figure 14). Yes-1 plays an important role in the induction of EGFR/RAS/MAPK signaling in CRC cells. Fanny et al showed that Yes-1 inactivation reduced EGF-induced MAPK activation in HT29 cells 293 . Yes-1 has also been found to play a role in the nuclear translocation of EGFR 294 , which promotes resistance to the EGFR therapy. Hyperosmotic exposure, which results in a rapid activation of Yes-1, is followed by JNK and EGFR activation 155 . Interestingly, Fan et al recently observed that Yes-1 activation is a mechanism of resistance to EGFR inhibition in EGFR-mutant lung cancers 295 .

The Protein tyrosine phosphatases

EGFR signaling is known to be regulated by protein tyrosine phosphatases (PTPs) 296 . Several PTPs have been described in this context, including receptor tyrosine phosphatase (RPTP) family (RPTP, RPTPk) 297 , LAR 298 , density enhanced phosphatase-1 (DEP-1) 299 , SHP-1 300 , SHP-2 301 , and protein tyrosine phosphatase 1B (PTP1B) 302 . 

RPTPκ is a key regulator of EGFR tyrosine phosphorylation and functions by directly

The ubiquitin-protein ligase Cbl

Cbl is an E3 ubiquitin-protein ligase involved in cell signalling and protein ubiquitination which plays important roles in the down-regulation of EGFR. c-Cbl by directly binding to phosphotyrosine 1045 of the EGFR, is involved in the receptor lysosomal sorting 307 . However c-Cbl-mediated ubiquitination is not required for the EGF-induced EGFR endocytosis 308 . Another Cbl family member, Cbl-b, is bound to EGFR at the C-terminal residue 1044. Cbl-b association with EGFR rises markedly following a decrease in the c-Cbl association, corresponding to the second peak of EGFR ubiquitination occurring later in EGFR trafficking 308 .

EGFR endocytosis and trafficking

The EGF-induced EGFR dimerization and kinase activation leads to its signaling as well as to its localization to invaginating clathrin-coated pits (CCP) at the plasma membrane 309 . The CCPs lead to the formation of intracellular vesicles following scission from the plasma membrane and fusing with early endosomes. Sequential sorting to several vesicular transport systems includes early endosomes, late endosomes, multivesicular bodies and recycling endosomes. The fate of the receptor has important consequences for biological cell outputs, with the recycling pathway favoring cell proliferation, whereas the degradative pathway rather correlates with "normal" cellular homeostasis. Atypical trafficking pathways to the nucleus and the mitochondria have also been described and involved in survival functions. Stress exposure leads to the removal of the receptor from the cell surface, a process in coherence with an exacerbated cell death. Conversely, the stress-activated receptor might also be recycled, thereby promoting cell survival and/or proliferation 310 (Figure 15). 

Nuclear EGFR signalling

In addition to the cell surface and the cytosol, EGFR can be localized within the nucleoplasm 315 . Nuclear expression of EGFR was detected in many cell types and tissues, such as mouse uterus, mouse embryos, rat liver, placentas, thyroids and immortalized epithelial cells of ovary and kidney origins 316,317 . Importantly, high levels of EGFR were also found in the nuclei of many types of tumors, including skin, breast, bladder, cervix, adrenocortical carcinoma, thyroid, and oral cavity 318 . In addition to recycling back to the plasma membrane or undergoing lysosome-mediated degradation (see above), a subset of EGFR molecules is transported into the nucleus 319 . EGF could induce EGFR nuclear localization rapidly and transiently within 2 h of treatment in HeLa and MDA-MB-468 cells 320 . Karyopherins (importin) beta, a nuclear transport receptor, is involved in the translocation of EGFR into the nucleus through the nuclear port complex 321 . It has been showed that ionizing radiation also can prompt the EGFR to form a complex with karyopherin alpha 322 . This event is essential for the formation of a nuclear localization sequence (NLS)-dependent nuclear import complex 322 .

The first identified function of nuclear EGFR is the regulation of gene transcription 323 . Since EGFR does not contain a DNA binding domain, it is suggested that nuclear EGFR targets promoters through binding to various transcriptional factors with DNA-binding domains, therefore functioning as a transcriptional cofactor. EGFR has now been identified as a transcriptional co-activator for several cancer-promoting genes: cyclin D1 324 , nitric oxide synthase (iNOS) 278 , B-Myb 325 , c-Myc 326 . By stimulating the expression of cyclin D1, c-Myc, and b-Myc, nuclear EGFR promotes cell proliferation, metastasis, and survival 324 .

Another important role of nuclear EGFR is the regulation of DNA stability. Nuclear EGFR increases PCNA stability by phosphorylating the tyrosine residues of chromatin-bound PCNA. EGFR expression also correlates with Histone H4-Y72 phosphorylation, leading to cell proliferation and DNA repair 327 . EGFR was also found to enhance DNA repair by regulating DNA-dependent protein kinase (DNA-PK) 328 . The inhibition of EGFR signaling was accompanied by a reduction in the level and activity of DNA-PK in the nucleus 329 . The interactions between EGFR and the DNA-PK pathway also contribute towards cellular sensitization to cisplatin following gefitinib treatment of the MCF-7 and AR42J cell lines 330 .

Moreover, the activation of PKCε triggers the nuclear EGFR accumulation, which is involved in the phosphorylation of DNA-PK at Thr2609, which has a significant impact upon DNA repair 331 .

EGFR in cancer

As EGFR signalling is involved in the regulation of several metabolic processes that are critical for cancer cell proliferation, it is not surprising that EGFR and some of its family members have emerged as useful biomarkers and therapeutic targets for cancer therapy.

EGFR is frequently overexpressed or hyperactivated of in many tumor types, including colorectal cancer (CRC) 332 , head and neck cancer 333 , and lung cancer 334 . Its overexpression correlates with poor outcome and affects all aspects of carcinogenesis, including cell growth and invasion, angiogenesis, and metastasis 335 .

Generally observed percentages of EGFR-overexpressing tumors in various cancer types are listed in Table 8. However, evidence supporting the use of EGFR amplification/overexpression in tissues as a biomarker for anti-EGFR efficacy is weak. A recent study shows that 6.0% of patients (86/1,435) had EGFR amplification on initial cellfree circulating tumor DNA (cfDNA) evaluation 336 . EGFR amplification was most frequent among small cell lung (30.0% [3/10]), breast (11.9% [13/109]) and colorectal cancer (11.0% [14/127]) 336 . In head and neck squamous cell carcinoma, EGFR commonly expressed and activated in cell lines. However, EGFR overexpression is not common in patients with head and neck cancer. Cell lines are not representative of the clinical situation in this indication 337 . 10 ). This leads to a change in configuration that prevents dimerization and downstream signaling of the EGFR receptor 355 . Portrazza™ was approved for the first-line treatment of patients with metastatic squamous non-small cell lung cancer in combination with gemcitabine and cisplatin 356 .

Combination therapy

Combination strategy has been evaluated as a promising method not only to overcome resistance but also to reduce the dosages of both agents, therefore, minimizing adverse effects and enhancing the anti-cancer effect of individual strategies. The combination of different targets of the EGFR downstream pathways showed promising results 357 . To date, several clinical trials are in progress (Table 11). 

Resistance to anti-EGFR therapies

Anti-EGFR therapies have been developed for the treatment of multiple cancer types. A small percentage of cancer patients are sensitive to anti-EGFR therapy and then become refractory to this therapy. Several pathways leading to anti-EGFR therapy resistance have been reported in recent years, including RAS mutant, EGFR mutant, nuclear EGFR signalling, activation of Her2, Her3, Stat3, and MET 359,360 . Other non-genetic mechanisms such as high expression of the ligands amphiregulin, transforming growth factor alpha heregulin, and hepatocyte growth factor was also reported involved in the resistance process 361 .

The Ras mutation: Ras family genes (including KRAS, NRAS, and HRAS) that encode guanosine-5′-triphosphate (GTP)-binding proteins play important roles in EGFR-activated signaling pathways. RAS mutations are detected in more than 50% of CRC patients 362 .

Mutations in RAS genes often lead to constitutive activation of Ras proteins and Ras downstream effector pathways 363 . In contrast to patients with wild-type Kras, patients with mutated KRAS do not benefit to cetuximab treatment 364 . However, even for those who appear to have the KRAS wild-type gene and benefit initially from these drugs, resistance inevitably arises and results in the median progression-free of only less than 1 year 365 . NRAS amplification is also an acquired resistance mechanism to the third-generation EGFR inhibitor naquotinib 366 .

The EGFR mutations: Many EGFR mutations have been reported in the cancer cell.

The most common mutations are the exon 19 deletion, L858R, and T790M (Figure 16). Mutations in EGFR lead to resistance to most of the clinically available EGFR TKIs.

The T790M-EGFR mutation was reported to cause the resistance of first-generation EGFR- 

Fas and EGFR crosstalks

Data from bioreactome -FI database suggest that EGFR and Fas signalling crosstalk though many mediators such as MAPK, AKT, STAT3, SFKs, and MET (Figure 17) Studies of Häussinger's group in rat hepatocytes showed that FasL stimulated EGFR activation and suggested that, based on immunoprecipitation technique, Fas might be a substrate for the EGFR tyrosine kinase activity 387 . Using Fluorescence resonance energy transfer (FRET)-analysis in Huh7 hepatoma cells, they concluded that FasL triggering led to EGFR/Fas association, Fas tyrosine phosphorylation, and Fas membrane targeting 388,389 .

They suggested that activation of EGFR by FasL depended on the phosphorylation of the Fas tyrosine residues within the death domain 155 . FasL-induced EGFR activation is coupled to an Erk-mediated proliferation in hepatic stellate cells (HSCs), which are fairly resistant toward FasL-induced cell death 390 . They also reported that Yes-mediated transactivated EGFR associates with Fas in a JNK-dependent way 387,157 .

Colon cancer

Colorectal cancer (CRC) is any cancer that starts in the colon or in the rectum. It is the third most common form of cancer and the second leading cause of death among cancers in the Western world. Around the world there are approximately one million new cases per year, affecting 550,000 men and 470,000 women 391 . Approximately 50% of recently diagnosed patients will progress to metastatic cancer, and 50-60% of patients have five years average survival. The American Cancer Society's estimates for the number of colorectal cancer cases in the United States for 2018 are 97,000 new cases. It's expected to cause about 50,000 deaths during 2018 393,394 . The death rate from CRC in the US has declined steadily over the past 2 decades. There were an estimated 500,000 new cases of CRC and cause 243,000 deaths in Europe in 2018. In Europe, colorectal cancer predicted rates are 15.8/100 000 men (-6.7%) and 9.2 in women (-7.5%) in 2018 and showed the greatest declines between 2012 and 2018 (14%) 392 (Figure 18). The drop in CRC mortality is mostly due to steady reductions in smoking and advances in early detection and treatment.

In Vietnam, colorectal cancer is the fifth common cause of cancer-related incidence.

In 2005-2006, 542 cases (268 male and 274 female) gave mortality rates from 4.0 to 11.3 per 100,000 in males and from 3.0 to 7.8 per 100,000 in females 395 .

CRC staging

CRC is a complex and heterogenous disease. This cancer constitutes a good example of how tumours can progressively provoke the disease. Most colorectal cancers start as noncancerous growths (commonly called polyps) on the inner lining of the colon or rectum 396 . Briefly, the accumulation of mutations in key genes affecting cell death, proliferation or differentiation provides a survival advantage in neoplastic cells when compared to cells surrounding normal intestinal epithelium. The mutated genes cause uncontrolled expansion of premalignant tissues into adenomas, which upon additional genetic aberrations will be eventually transformed into invasive carcinomas. Adenomas arise from glandular cells, which produce mucus to lubricate the colorectum. About onethird to one-half of all individuals will eventually develop one or more adenomas. Although all adenomas have the potential to become cancerous, it is estimated that fewer than 10% will progress to invasive cancer. Cancer arising from the inner lining of the colorectum is called adenocarcinoma and accounts for approximately 96% of all CRCs 397 .

CRC can be divided into distinct stages 398 (Table 13). Each stage has different treatment options.

Stage I, the earliest stage of CRC with the best prognosis, is usually assigned to tumors confined to the primary site, stages II and III to tumors with increasing local and regional nodal involvement, and stage IV to cases with the distant metastatic disease. 

Colorectal cancer risk factor

Both genetic and environmental factors play an important part in CRC etiology.

Numerous risk factors associated with CRC are been studied: age, sex, race, diet habits, obesity, tobacco and alcohol, physical activities, and family history. Gene mutations and epigenetic modifications have been initially viewed as two separate mechanisms participating in carcinogenesis. More recently the importance of the intestinal flora (called microbiota) was also reported as contributing to CRC progression 399,400 . A schematic representation of these factors is shown in Figure 19. 

Lifestyle, environmental factors

Several epidemiological studies have reported a direct association between increased consumption of fruits and vegetables and reduced risk of CRC 401 . On the contrary, increased consumption of meats, animal fats, and cholesterol-rich foods are associated with an increased risk of CRC 402 .

A positive association between alcohol consumption and CRC incidence has been reported in several studies 403 . Tobacco consumption and cigarette smoking are also common risk factors for CRC in both genders 404 . Various studies have shown that diabetes mellitus (DM) subjects are at risk for CRC compared to non-DM subjects 405 . Patients with long-term inflammatory bowel disease (IBD) have an increased risk of CRC 406 . Finally, a reduced physical activity has been associated with an increased risk of CRC 407 .

Genetic mutations and epigenetic

Genetic mutations and epigenetic alterations are major contributors to CRC 408,409 .

CRC is a heterogeneous disease with different molecular landscapes that reflect histopathological and clinical information. The development of colorectal cancer is a multistep process that involves an accumulation of mutations in both tumor suppressor genes and oncogenes. Amongst the earliest genetic events, we found the inactivation of the APC (adenomatous polyposis coli) pathway 410 . Mutations in other tumor suppressor genes (SMAD2, 4, TP53) or oncogenes (KRAS) are likely found associated to the pathology of the lesions and are responsible to the tumor drift towards malignancy and metastasis 411 .

Alongside with gene mutations, a deregulated expression of oncogenes and/or tumor suppressor genes can also occur following epigenetic modifications of their promoters 409 .

The main CRC genes and syndromes are shown in Table 14. 

Molecular features of CRC

Colon cancer treatment

Most of CRC patients will have surgery to remove the tumor. Adjuvant chemotherapy (chemotherapy given after surgery) counter to radiation is also often used 415 .

In stage 0, surgery by polypectomy (polyp removal) or local excision during the colonoscopy is often used. In stage, I, surgical resection including terminal parts of the cancer colon and nearby lymph nodes is the common procedure. In stage II, surgical resection aims to remove the colon segment containing the tumor but also the surrounding lymph nodes. Adjuvant chemotherapy based on the drug fluorouracil (5-FU) or Oxaliplatin is typically used in patients with high-risk stage II disease to those who have a "general good health". In stage III, surgery, chemotherapy, and/or radiation therapy are used to relieve, delay, or prevent symptoms and to prolong life. Chemotherapy and targeted therapies may be given alone or in combination 416 .

Alongside these combined chemotherapy regimens, targeted agents are used for metastatic colorectal cancer treatment 417 . In particular, these include three main groups of drugs: mAbs against EGFR (cetuximab and panitumumab), mAbs against VEGF-A (bevacizumab), and fusion proteins that target multiple proangiogenic growth factors (aflibercept) and small-molecule-based multikinase inhibitors (regorafenib) 418 (Table 16, 17).

Standard care for the majority of patients is the combination of 5-fluorouracil (FU)/leucovorin (LV) with either oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) together with a monoclonal antibody against either VEGF or EGFR 415 . FOLFOX and FOLFIRI show a comparable efficacy regarding overall survival (OS) 419 . In first-line treatment, the addition of the anti-angiogenic bevacizumab to oxaliplatin-or irinotecan-based regimens improves progression-free survival (PFS) and as observed with irinotecan only, OS compared with chemotherapy alone 420 . Bevacizumab also improves OS in second-line therapy, and with a different chemotherapy backbone, beyond the first progression 421 . Moreover, the addition of bevacizumab to capecitabine significantly improves PFS, with a strong trend in OS and an acceptable toxicity profile among patients greater than 70 years of age 422,423 . However, a phase III trial reported that FOLFIRI plus bevacizumab was not inferior for PFS compared to mFOLFOX6 plus bevacizumab 424 . In the CAIRO-3 trial, after the first disease progression, CAPOX (capecitabine/oxaliplatin) plus bevacizumab had to be reintroduced and continued until further evidence of disease progression. Results from recent randomized studies showed that the de-intensification of the chemotherapy backbone while continuing the antiangiogenic is an efficient strategy 426 and that continuing anti-angiogenic treatments beyond the resistance occurrence could function as metastatic CRC treatment 427 . Cetuximab and panitumumab are both approved for first-line treatment with either FOLFIRI or FOLFOX 428,429 . The proposed decision tree for first-line treatment in patients with metastatic colorectal cancer is shown in Figure 20. FOLFOX, 5-fluorouracil, leucovorin, oxaliplatin; FOLFOXIRI, 5-fluorouracil, leucovorin irinotecan, oxaliplatin; RAS, KRAS and NRAS exon 2, 3, 4; XELOX, capecitabine, oxaliplatin.

EGFR signalling in colorectal cancer

EGFR is one of the most important targets for biological therapy for CRC. Several EGFR antagonists have been approved for the treatment of metastatic CRC (mCRC).

Currently, the use of targeted therapies is limited to patients with stage IV mCRC 415 .

EGFR expression as a prognostic marker

EGFR has been shown to be overexpressed in colon cancer cell lines and is detectable by immunohistochemistry (IHC) in 65-75% of colorectal cancer tumors 431 . EGFR expression progressively increases with the malignant transformation from normal colon, through adenoma and metastatic cancer. EGFR over-expression is observed in tumors of more advanced stage with lymph vascular invasion 432 . Some studies have found an association between EGFR overexpression and reduced survival. EGFR expression is an independent negative prognostic marker for overall survival (OS) and disease-free survival (DFS) and has predictive roles for postoperative relapse in patients with stage III CRC following radical resection and FOLFOX adjuvant chemotherapy 433 . However, EGFR expression status, as assessed using immunohistochemistry, does not predict treatment efficacy of anti-EGFR therapies 433 .

EGFR as an important target for mCRC.

EGFR represents an attractive target for colon cancer therapies. Two types of anti-EGFR therapies have been developed for CRC therapy, the tyrosine kinase inhibitor, and the anti-EGFR antibodies.

The Anti-EGFR antibodies: EGFR-targeting mAbs have become integral components of the first-line treatment strategies for mCRC. Cetuximab and panitumumab, approved for clinical use by American and European drug agencies, have been firmly established as essential drugs for mCRC treatment. It is now clear that patients can benefit from cetuximab and panitumumab even in the absence of EGFR expression 434,435 . However, mutations in KRAS, NRAS, and BRAF and amplification of Her2 and MET drive primary resistance to anti-EGFR treatment 436,437,438 . Another reason for the limited success of CRC therapies is cancer's intrinsic heterogeneity. More than 50% of colorectal cancers display heterogeneous genetic alterations in genes involved in EGFR signalling 439 . The mutational status of these genes is therefore considered as predictive biomarkers. Initial clinical trial data demonstrated that patients with CRC carrying activating mutations of KRAS affecting exon 2 codons 12 and 13 did not benefit from anti-EGFR monoclonal antibody therapy and resistance to anti-EGFR therapy can also be mediated by lower-frequency mutations in KRAS exon 3 or 4 440 .

Interestingly, patients carrying the KRAS G13D mutant and treated with cetuximab had prolonged OS and PFS 441 . KRAS genotype was highly concordant in primary and distant metastatic tumors, indicating that either type of tumor tissue could be useful as a source to detect KRAS mutations for selection of anti-EGFR therapy. However, lymph-node-metastatic tumors might not be suitable for diagnostic analysis of KRAS mutations due to an obvious discordant rate between primary and lymph-node-metastatic tumors 442 . BRAF mutations are detected in 10% to 15% of mCRC cases. BRAF V600E -mutated CRC is typically refractory to standard chemotherapy regimens approved for the treatment of mCRC and associated with a dismal prognosis 443 . Multiple clinical trials sought to replicate the successes of targeted therapies seen in BRAF V600E -mutated melanoma are failed.

Metastatic BRAF V600E -mutated CRC is clearly a distinct biologic entity. Combined BRAF, EGFR, and MEK inhibition in patients with BRAF V600E -mutant can improve the efficacy 444 .

Mutations in genes of the EGFR signaling pathways that may affect the response of CRC to anti-EGFR antibody therapies as listed in Table 18.

Table 18. The components of the EGFR signalling pathway important in CRC 445 Notably, the addition of EGFR mAb to chemotherapy improves progression-free survival (PFS), OS, and tumour response rate (TRR), but may also increase toxicity in patients carrying KRAS exon 2 wild-type or extended RAS wild-type metastatic colorectal cancer 446 .

Cetuximab is associated with excessive toxicity when combined with bevacizumab and mFOLFOX6 in metastatic colorectal carcinoma 447 . Bevacizumab combined with irinotecan and cetuximab had a toxicity profile that seems to be similar to what would be expected from the agents alone 448 . However, for patients with bevacizumab-naive, irinotecan-refractory metastatic CRC, the concurrent administration of bevacizumab and cetuximab is feasible, safe, and effective for the treatment 449 .

The most common side effects of anti-EGFR mAb drugs are skin problems such as an acne-like rash on the face and the chest during treatment 450 . The skin problems with panitumumab can be more serious and might even lead to the peeling off of the skin. Other side effects can include headaches, tiredness, fever, and diarrhea. Low levels of Fas are maintained in most colorectal tumors and low expression of Fas in the primary tumor predicts metastatic tumor recurrence 461 . As it is now confirmed that sFas-mediated survival signaling requires far lower expression thresholds of receptor stimulation than the apoptotic signalling [START_REF] Lavrik | Analysis of CD95 threshold signaling: Triggering of CD95 (FAS/APO-1) at low concentrations primarily results in survival signaling[END_REF] , the lower level of activation may be sufficient to activate pro-tumorigenic signaling pathways In a CRC context.

The

The expression of FasL is increased during progression from adenoma to colorectal carcinoma and metastasis. Higher expression of FasL was found in the more advanced stage of colon cancer and in cancer tissues with lymphatic or hepatic metastasis 462 . In many cases, the expression of FasL is even increased with tumor progression, suggesting that nonapoptotic signaling is dominant in the context of colon cancer development and high levels of FasL are associated with poor prognosis 463 .

Fas expression is associated with microsatellite instability (MSI)-type CRC.

Gene expression profiling has shown that tumors with MSI are highly enriched in the consensus molecular subtype 1 (CMS1) and have a high expression of Fas. The correlation of FasLinduced senescence with MSI/CMS1 is most likely due to the fact that such tumors express the highest levels of Fas, thereby sensitizing them to the ligand 464 . FasL-induced senescence shapes development and progression of MSI-type tumors 464 . FasL expression patterns and apoptotic indices were similar in Lynch syndrome-associated neoplasms and sporadic cases.

There were no correlations between FasL expression and tumour cell apoptosis in Lynch syndrome-associated neoplasms. So, FasL expression is an early event in Lynch syndrome and sporadic colorectal carcinogenesis, but not related to tumor-infiltrating lymphocytes number 465 . Colon cancer cells may escape to the immune surveillance and killing via decreasing Fas expression, and counterattack the immune system via increasing FasL expression 466 .

Fas/FasL system as a suppressor of CRC

Fas can trigger cell death by apoptosis in a variety of colorectal tumor cell lines.

However, most colorectal tumors express both Fas and FasL without dying spontaneously 467 .

FasL is a potent chemoattractant and activation signal for neutrophils 468 . Overexpression of FasL in colorectal tumor xenografts in mice results in attraction of neutrophils that infiltrate the tumor which can even lead to complete tumor eradication 469 . Moreover, tumor progression and metastasis formation are suppressed by the adaptive immune system, in which Fas promoting the development of CD8+ T cell-dependent antitumor immunity 470 .

Fas-deficient mice exhibited significantly greater incidence of azoxymethane and dextran sodium sulfate-induced colon carcinoma 103 . The anti-Fas mAb CH-11 showed antitumor activity in CRC cells expressing high levels of Fas 471 . This death-inducing effect was effectively prevented by overexpression of Bcl-2 pointing out a pivotal role of mitochondria in Fas signalling pathway in CRC 471 . Recently, Kranenburg et al reported that FasL had a strong inhibitory effect on the clone-forming capacity of patient-derived three-dimensional colon cancer cells cultures 464 . FasL induces senescence in mismatch repair-deficient human colon cancer via chronic caspase-mediated induction of DNA damage 464 .

Fas/Fas system as a promoter of CRC

The consequences of Fas activation in colon cancer is context-dependent. Most human tumor cells are resistant to Fas-mediated apoptosis, but often retain expression of Fas, albeit at a reduced level 472 , suggesting that a low Fas expression could be considered as an advantage by the tumor. In this context, It has been reported that FasL expressed by tumor cells may increase cell proliferation 123 . Downregulation of FasL expression had no effect on tumor growth in vitro but significantly reduced tumor development in syngeneic immune-competent mice in vivo 473 . In colon cancer cells with a mutant KRAS gene Fas primarily promotes invasion and metastasis 464 . Fas promote tumour growth via induction of epithelial to mesenchymal transition (EMT). Fas signaling upregulated mesenchymal markers and promoted motility in gastrointestinal (GI) cancer cells. FasL treatment also increased the expression of EMT transcriptional factors in the nucleus and induced a spindle shape cell morphology in these cells 138 . Invasive properties of CRC cells have been linked to Fas signaling. Cofilin activation is required for Fas-stimulated formation of membrane protrusions and increased tumour cell invasion 137 and K-Ras convert Fas into invasioninducing receptors by suppressing the ROCK/LIM kinase pathway 135 .

Fas and FasL as biomarkers for CRC

It has been reported that the expression of FasL is increased during progression from adenoma to colorectal carcinoma and metastasis. Higher expression of FasL was found in more advanced stages of colon cancer and in cancer tissues with lymphatic or hepatic metastasis 462 . Therefore, FasL level can be used as a biomarker for prognostic cancer status.

Moreover, the high expression of Fas was found in MSI tumors and MSI is highly enriched in the consensus molecular subtype 1 (MS1). This suggests that the level of Fas expression indicated for an MS1 subtype and could be guided for selecting cancer treatment options. In addition, our study has shown that Fas tyrosine phosphorylation status may vary among different cancer types and influence the response to anti-cancer treatments [START_REF] Chakrabandhu | An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers[END_REF] . This can lead to the use of Fas pY screening to aid Fas-related therapeutic design and maximize the chance of therapeutic success.

Potential of Fas targeted therapies for CRC

As described above, Fas/FasL signalling has a context-dependent, multifaceted role.

Based on the tumorigenic effects of Fas in several tumor types, neutralization of FasL is currently being tested as an anti-cancer strategy. APG101, a recombinant human fusion protein consisting of the extracellular domain of Fas and the Fc-domain of an IgG antibody, is used for the treatment of glioblastoma 474 . Evidence, both in vitro and in vivo, is provided that FasL-binding fusion protein treatment enhanced the efficacy of radiotherapy and reduced unwanted pro-infiltrative effects by reducing metalloproteinase activity on tumor cells 128,475 . APG101 successfully used in a controlled phase II glioblastoma trial (NCT01071837) 474 .

Another approach aims to target Fas in order to induce apoptosis. FasL-induced senescence therapy also can be used as another Fas targeted anti-cancer strategy. Several drugs targeted Fas such as APO010 and ARG-098 were developed. However, the clinical application in CRC is still limited.

Hypothesis

The targeted therapies against ErbB receptors such as EGFR and Her2 almost always end in the emergence of drug resistance. It is therefore indispensable to study more deeply the molecular mechanisms underlying this resistance in order to identify predictive biomarkers and/or other molecular targets more adapted for combinatorial targeted therapies.

Fas is a significant contributor to cancer cell survival and aggressiveness 5,16 and our previous work suggests that the pro-survival signal of Fas may dominantly operate in some types of cancer such as the cancers of the ovary, breast, and colon [START_REF] Chakrabandhu | An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers[END_REF] . In this context, only a few pieces of information were available about the crosstalk between this death receptor and other key cancer-promoting pathways such as those transmitted by the ErbB receptors.

We then decided to focus our scientific interest on the relationship between the Fas nonapoptotic signaling and the signaling of the ErbB receptors in cancer.

We hypothesize that the pro-survival form of Fas may interconnect with the signaling pathways of EGFR and, possibly, other ErbB family members. These crosstalks may be essential for the regulation of ErbB receptor signaling in cancer, and therefore, contributing to the emergence of the resistance to the EGFR-based targeted therapies.

Aims

Our overall aim is to better understand the role of the Fas survival pathway by studying its potential functional interactions with the ErbB family members. This information is crucial for designing drugs targeting different modes of Fas signalling and provides therapeutic options to patients with resistance to ErbB receptor targeted therapies.

Our specific aims are:

1. To study the involvement of Fas in the signaling of EGFR. 2. To examine the involvement of EGFR in the pro-survival signaling of Fas.

3. To investigate the contribution of Fas pro-survival signal in the emergence of EGFR targeted therapy in CRC.

III. Results

An evolution-guided analysis reveals a multi-signaling regulation of Fas by tyrosine phosphorylation and its implication in human cancers

Chakrabandhu, K., Huault, S., Durivault, J., Lang, K., Ta-Ngoc, Ly., Doma, E., Bole, A., Gerard, J-P., Pierres, M., and Hueber, A-O. PLoS Biology. 2016 Mar 4;14(3):e1002401.

The full manuscript can be found in Appendix 1.

In the context of cancer therapy, the ability to control Fas signaling by reconstituting the program cell death and prevent the proliferative signal of Fas in cancer cells requires a means to predict the outcome of Fas signaling to properly guide the design of therapies that target Fas as well as other pathways that cross-talk with Fas pathway. We have recently demonstrated through comparative genomics, evolution-guided tyrosine-phosphorylated Fas proxy, and site-specific tyrosine phosphorylation detection by antibodies that we generated, that the outcome of Fas signaling is decisively determined by the phosphorylation status of two tyrosines (Y232 and Y291) in its death domain which is regulated by the Src-family kinase/SHP-1 system. The dephosphorylation of both tyrosines in the death domain of Fas turns on apoptotic signal whereas the tyrosine phosphorylation turns off the pro-apoptotic signal and turns on the prosurvival signal. Furthermore, we also showed elevated levels of Fas tyrosine phosphorylation, which is a direct molecular indicator of Fas pro-survival signal output, in malignant tissues from some types of cancer such as colon, breast, and ovarian cancers, suggesting that the prosurvival signal of Fas may dominantly operate in these cancers.

We also reported that 67% of rectal tumors we tested exhibited changes in the levels Fas pY at 2 different pY sites following contact radiotherapy, suggesting a treatmentdependent modulation of Fas pY and potential use of monitoring specific Fas pY sites during and after treatment.

We also demonstrated that levels of phosphorylated Y232 and Y291 of Fas differ among human cancer types and differentially respond to anticancer therapy, suggesting the context-dependent involvement of Fas phosphorylation in cancer. Our discovery regarding the regulation of Fas signaling choice will help overcome the challenge in handling Fas signaling in pathological contexts including in cancers.

The tyrosine phosphorylated pro-survival form of Fas intensifies the EGFinduced signal in colorectal cancer cells through the nuclear EGFR/STAT3mediated pathway.

Ta Ngoc, L., Chakrabandhu, K., Huault, S., and Hueber A-O. Scientific Reports, (2018) 8:12424 | DOI:10.1038/s41598-018-30804-z.)

The full manuscript can be found in Appendix 2.

We show that Fas in its prosurvival state, phosphorylated at Y291 (pY291-Fas), functionally interacts with the epidermal growth factor receptor (EGFR), a key cancerdriving protein and major therapeutic target. Using an evolution-guided pY291-Fas proxy, RNA interference, and site-specific phospho-protein detection, we show that pY291-Fas significantly intensifies EGFR signaling in anti-EGFR-resistant colorectal cancer cells via the Yes-1/STAT3-mediated pathway. The pY291-Fas is essential for the EGF-induced formation of the Fas-mediated nuclear EGFR/STAT3 signaling complex consisting of Fas, EGFR, Yes-1, Src, and STAT3. The pY291-Fas accumulates in the nucleus upon EGF treatment and promotes the nuclear localization of phospho-EGFR and phospho-STAT3, the expression of cyclin D1, the activation of STAT3-mediated Akt and MAPK pathways, and cell proliferation and migration. This novel cancer-promoting function of phosphorylated Fas in the nuclear EGFR signaling constitutes the foundation for developing pro-survival-Fas targeted anticancer therapies to overcome disease recurrence in patients with anti-EGFR resistant cancer.

FasL-induced prosurvival signal activates the ErbB receptors

(Ta Ngoc, L., et al; unpublished results)

The activation of Fas pro-survival signal by FasL is associated with the activation of EGFR

We have demonstrated that the activation of EGFR signaling by EGF leads to the activation of the pro-survival signal of Fas, which, in turn, is essential for a robust EGFinduced EGFR signal 476 . To further investigate the crosstalk between the two receptors, we next examined whether the activation of Fas pro-survival signaling by FasL could reciprocally activate the EGFR signal. We found that, in SW480 cells, FasL-induced activation of the prosurvival signal of Fas (as evidenced by the increased levels of pY232 and pY291 Fas), could significantly activate EGFR signals (as seen by the increase in the levels of phosphorylated Y1045 (pY1045) and Y1068 EGFR (pY1068)) (Figure 22). These results demonstrate that FasL, like EGF, can activate both Fas and EGFR in colorectal cancer cells and confirm our previous observation of the close connection between these 2 receptors. 

The inhibition of EGFR activated Fas-prosurvival signaling pathway, resulting in increased cell proliferation and migration upon FasL engagement

Given the observation that FasL could promptly trigger the activation of EGFR, we questioned the role of EGFR in the FasL-induced Fas survival signal. To answer this question, we suppressed the EGFR expression using siRNA and examined the cell proliferation and migration in SW480 cell line. We found that not only EGFR was dispensable for FasL-induced survival signaling but also its absence rather led to an upregulation of the Fas pro-survival signal. Indeed, inhibiting EGFR expression by siRNA caused an increase in FasL-induced cell proliferation (Figure 23A) and migration (Figure 23B). We then examined the Fas prosurvival signaling at a molecular level. We found that the inhibiting EGFR by siRNA upregulated Fas expression (Figure 23C) and increased the level of Fas phosphorylation at both Y232 and Y291 residues. FasL engagement, especially at the lower concentration (0.1 ng/ml, which we often observe to be an optimal pro-survival dose of sFasL) further increased the levels of pY232 and pY291 following EGFR siRNA treatment. Meanwhile, the higher concentration of FasL (1 ng/ml) did not appear to cause an upregulation of pY232 level in EGFR siRNA-treated cells. Overall, these results suggest that the EGFR restrains the Fas prosurvival signalling. Therefore in cancer cells where EGFR is inhibited the Fas pro-survival signalling could be exacerbated, leading to an increase of FasL-induced proliferation and migration. 

05, unpaired t-test) (A). SW480 cells were transfected with control or EGFR siRNA, synchronized to the G1 phase by serum deprivation for 24h. They were then subjected to FasL-induced chemotaxis migration test by Boyden chamber assay. Control cells were allowed to migrate through the chamber without induction with FasL. Percent of cells migrating through the chamber compared to cells transfected with control siRNA without FasL treatment is shown. Means ± SEM of 3 independent experiments are shown (* P<0.05, unpaired ttest)(B). SW480 cells were transfected with control or EGFR siRNA for 48 h then synchronized to G1 phase by serum deprivation for 24h and then treated with FasL for 5' before cell lysates were collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies. The plots in the right panel present the quantification of pY232, pY291 Fas and Fas from the immunoblot normalized with the level of GAPDH (C)

The inhibition of EGFR leads to upregulation of Fas and Her3 signaling

We hypothesized that when EGFR is downregulated, other members of the ErbB family may be upregulated and that they may be involved in the enhanced FasL-induced pro-survival signaling. We, therefore, examined the expression and the phosphorylation status of Her2 and Her3 when EGFR was suppressed by siRNA. We found that in EGFR knocked down cells, both Fas expression and Her3 phosphorylation were significantly upregulated, while Her2 expression did not appreciably change (Figure 24A). The concomitant upregulation of Fas and pHer3 brought about by EGFR inhibition suggests a close relationship between Fas and Her3 signals. This connection was also supported by our observation that Fas overexpression in CRC led to an upregulation of Her3 phosphorylation (Figure 24B). 

Fas and nu Her3 associated in the nucleus

Given the observation that Fas was up-regulated concomitantly with pHer3 when EGFR was inhibited and that the level of Her3 phosphorylation was correlated to the level of Fas expression, we focused our investigation on the relationship between Fas and Her3. We have recently shown that the pro-survival form of Fas translocate to the nucleus, where it promotes nuclear EGFR/STAT3 signaling 476 (Figure 29A). Meanwhile, the nuclear Her3 expression is highly associated with vascular and lymphatic invasion, which correlates with poor overall survival and 477 and tumor progression 478 . Therefore, we more particularly examined the expression of Fas and Her3 within the nucleus. We observed that a variant of Her3, which appears on the immunoblot at approximately 50-55 kDa, was preferentially partitioned into the nuclear fraction of SW480 cells (Figure 25A). Note that the Her3 immunoblot revealed several discrete bands of various molecular weights (e.g., 120, 80, and 50-55 kDa) in addition to the full-length Her3, which appears at ∼180 kDa. The 80 and 50-55-kDa bands are known as a nuclear variant of Her3 479,480 . The 50-55-kDa variant was discovered in Schwann cells. It contains a functional nuclear localization signal (NLS) motif sequence and is able to bind to chromatin regulating the transcriptional activity of ezrin and HMGB1 promoters 480 . This 50-55-kDa variant is designated as nu-Her3 throughout this text.

We found that EGF stimulation could induce the nuclear translocation of the nu-Her3. In addition, Fas co-immunoprecipitation experiments showed that Fas, nu-Her3 and STAT3 formed a complex that is enriched in the nucleus (Figure 25B). As we reported that EGFR siRNA treatment up-regulated Fas and pHer3, we examined the expression of Fas and nu-Her3 in the nucleus following EGFR inhibition by siRNA. We found that the Fas-nu-Her3 association in the nucleus increased in cells treated with EGFR siRNA (Figure 25C). This result suggested that the Fas/nu-Her3 association in the nucleus might be involved in the increased FasL-induced pro-survival signaling.

Figure 25: The association of Fas and nu-Her3 was present in the nucleus SW480 cells were synchronized for 24h before being treated with the indicated concentration of EGF for 5 m. They were then subjected to nuclear fractionation followed by SDS-PAGE and immunoblotting with indicated antibodies (A). Synchronized cells were treated with the indicated concentration of EGF (ng/ml) for 3h and subsequently subjected to nuclear fractionation. Fas coimmunoprecipitation was then performed on the cytoplasmic and nuclear fractions followed by immunoblotting with indicated antibodies (B). Cells were transfected with control or EGFR siRNA for 48h. They were subsequently subjected to nuclear fractionation. Fas co-immunoprecipitation was then performed on the nuclear fractions followed by immunoblotting with indicated antibodies. The plot in the right panel presents the quantification of pY1289 Her3 and Fas from the immunoblot (C)

Fas/Her3 association is independent on the kinase activity of EGFR

While it has been recently shown that Her3 exhibits a kinase activity 228 , it is commonly thought that Her3phosphorylation depends on the kinase activity of the other ErbB receptor that forms the heterodimer with Her3 481 . We examined whether the Fas-nuHer3 co-upregulation depended on EGFR kinase activity. We used cells stably overexpressing wild-type EGFR (EGFR.WT) and a D837A mutant EGFR, which lacks the kinase activity (kinase-dead, EGFR-D837A 482 ) (data are not shown). We examined the expression of Fas and nu-Her3 in these cells and found that the phosphorylation of Fas and nu-Her3 were up-regulated in the kinase-dead EGFR cells compared to EGFR.WT cells (Figure . 26). This result indicated that the Fas and nu-Her3 upregulation did not depend on EGFR kinase activity. These results also suggested that the activation of Fas by FasL promoted nu-Her3 upregulation when EGFR kinase activity was inhibited. 

Cell lines stably expressing control protein (LacZ), V5-tagged wild-type EGFR (EGFR.WT) or

EGFR kinase-dead (EGFR.D837A) were synchronized for 24h then treated with an indicated dose of FasL for 5 minutes before cell lysates were collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies. The plot in the bottom panel presents the quantification of pY1068 EGFR, nu-Her3/Her3 and pY291 Fas/Fas from the immunoblot normalized with the level of GAPDH.

The phosphorylation of Fas and Her3 correlates with the enhanced CRC cell proliferation and migration due to the loss of EGFR activity after cetuximab treatment.

Cetuximab is a recombinant, human/mouse chimeric monoclonal antibody that binds specifically to the extracellular domain of the human EGFR. This binding inhibits the activation of the tyrosine kinase receptor 350 . We observed that the inhibition of EGFR kinase activity in cetuximab-treated HCT116 cells is accompanied by an increase in Her3 phosphorylation. Meanwhile, the cetuximab treatment led to the downregulation of the total Fas protein expression and to an upregulation of pY291-Fas (Figure 27A). This cetuximab-induced hyperphosphorylation of Her3 and Fas coincided with an increased CRC proliferation and migration following the cetuximab treatment (Figure 27B,C). These results suggest that Fas and Her3 may play an important role in promoting CRC cell survival, proliferation, and migration follow anti-EGFR therapies, such as cetuximab, and thus into the emergence of drug resistance. 

HCT116 cells were treated cetuximab for the indicated period of time. Cell lysates were then collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies (A). HCT116 cells were treated with the indicated dose of cetuximab for 24h. The Wst-1 assay was then performed to assess the cell viability (B). Scratch wound healing assays were performed to compare the migration capability of HCT116 cells in the presence or absence of cetuximab treatment. The wound area was imaged for 72h using time-lapse live microscopy. The wounded area at the start time of scratch was set at 100 %. Rates of the wounded area relative to the start time of scratch show the relationship between treated and non-treated cells (C).

Cetuximab-induced CRC cell proliferation is Fas-dependent.

The downregulation of EGFR activity resulted in Fas hyperphosphorylation (Figures 26 and27) which correlated to the cetuximab-induced hyperproliferation of CRC cells. We examined whether Fas was responsible for the cetuximab-induced CRC hyperproliferation.

We found that the inhibition of Fas by siRNA inhibited the cetuximab-induced hyperproliferation in CRC cells (Figure 28). These results demonstrate the important role of Fas in the rampant CRC proliferation in the absence of EGFR and thus highlight the clinical relevance of the control the Fas pro-survival signaling in anti-cancer therapies.

The possible contribution of the crosstalk between Fas and ErbB family members especially with Her3 in the CRC resistance to EGFR-targeting agents such as cetuximab and TKI inhibitors remains to be investigated in the further study. 

IV. General discussion

The roles of Fas pro-survival pathway in EGFR signaling in CRC

Despite the demonstration that Fas pro-survival signaling contributes to the promotion of different types of cancers, little was known about the exact involvement of this pro-survival signaling network in cancer, especially regarding the crosstalk between Fas signaling and other cancer-promoting pathways. We decided to finally examine the prosurvival signaling crosstalk between Fas and the epidermal growth factor receptor family, which are key cancer-driving proteins and an important target of several anti-cancer therapies 483 .

We first dissected the involvement of Fas in EGFR signaling, a major therapeutic target in CRC. We described for the first time the critical role of the Fas pro-survival form in intensifying EGFR signaling. The first feature of the close connection between EGFR and Fas signaling was the prompt activation of Fas pro-survival signal when EGFR was engaged by its cognate ligand, EGF. More importantly, we found that the cell proliferation and migration of CRC cells triggered by EGF required the presence of Fas. We then discovered that it was the phosphorylated, pro-survival form of Fas (pY-Fas) that coupled the Fas pathway to the EGFR pathway. Indeed, we demonstrate that : (i) the pro-survival Fas acted as the signaling hub for a complex assembly that included EGFR, the Src-family kinases Yes-1 and Src, and STAT3.

(ii) This Fas/EGFR/STAT3 complex was consecutively translocated to the nucleus. The Our previous observation that Fas is upregulated in some types of tumors and the identification of the novel cancer-promoting function of Fas in the upregulation of nuclear EGFR and STAT3 signaling suggest that the pro-survival pY-Fas may be a valuable prognostic marker as well as a therapeutic target.

The contribution of Fas in the CRC escape from anti-EGFR therapy.

The data we presented herein suggest that Fas may play an important role in the emergence of the resistance to anti-EGFR therapies. This assumption is based on the following observations:

i). The prosurvival form of Fas promotes nuclear EGFR signaling. The nuclear EGFR functions as a co-transcription factor for several genes involved in cell proliferation and angiogenesis 318 and as a tyrosine kinase to activate and stabilize proliferating cell nuclear antigen and DNA dependent protein kinase 485 . In the tumoral context, nuclear-localized
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EGFR is highly associated with disease progression, worse overall survival, and enhanced resistance to radiation, chemotherapy, and the anti-EGFR therapy cetuximab 486 . Studies have identified that nuclear EGFR enhances the resistance by influencing DNA damage repair, DNA replication, and transcription of oncogenes 487,377 . The fact that the pY-Fas promotes a robust nuclear EGFR signalling suggest that Fas pro-survival signaling may contribute to anti-EGFR therapy resistance.

ii). In an attempt to assess whether EGFR contributes to the FasL-induced prosurvival signaling of Fas we found that the prosurvival signaling of Fas is significantly upregulated when EGFR is inhibited. Our results clearly showed that inhibiting EGFR led to the clear surge of the prosurvival Fas signaling and, consequently, to an increase in CRC cell proliferation and migration that well surpassed that of cells that were not subjected to the EGFR inhibition. Furthermore, our preliminary data suggest that the cetuximab-induced CRC cell proliferation, a sign of a drug escape and resistance, can be suppressed in Fas siRNA cells. The discovery that Fas pro-survival signaling significantly promotes cancer cell activities in response to an attempt to inhibit a major drug target such as EGFR can provide us with an avenue to help overcome the emergence of drug resistance.

iii). Fas and Her3 signalings are associated and both are upregulated concomitantly when EGFR activity is inhibited. The upregulation of Her3 has been associated with the resistance to EGFR targeted therapies 236 and attempts to overcome the drug resistance by targeting Her3 is in progress 488 . We discovered not only that Fas and Her3 interact but that the extent of Her3 signaling correlates with the level of Fas expression. More importantly, we reported that the Fas-Her3 interaction also occurs in the nucleus. The involvement of nuclear Her3 has been documented in the context of poor disease outcome 489 . More recent studies showed that expression and translocation of Her3 from the nucleus to the membrane were also responsible for EGFR or Her2 targeted therapies resistance 248 .

Altogether, we believe that our novel finding regarding the crosstalk between Fas and Her3 could be of clinical significance with regards to therapeutic design to overcome drug resistance and disease recurrence.

The cooperation of Fas and nu-Her3 plays a cancer-promoting role that is well beyond the 'compensation' for the loss of EGFR activity in cancer cells. Indeed, whereas the Fas/nu-Her3/EGFR complex might help to optimize the growth signaling in presence of EGFR, its upregulation might help to balance a life-death signaling or boost the pro-survival signal in the absence of EGFR. These results suggest that Fas is important not only for EGFR but also for the ErbB family signalling. The understanding of the Fas signalling in the alternative cancer-promoting signaling pathways remains incomplete. We identified at least 3 steps: (i) the Fas activation upon EGFR inhibition, (ii) the formation of a Fas/nu Her3 complex, (iii) the translocation of this complex to the nucleus.

Additionally, we observed that the active Fas/Her3 association might increase the Her2 and PI3K/AKT signaling dependent cell proliferation and migration (data was not shown). All these molecular steps are schematically summarized in Figure 29B.

Overall, our studies have demonstrated the significance of the crosstalk between Fas and ErbB receptors. The discovery that Fas pro-survival signaling is not only essential for the regulation of ErbB receptor signaling in cancer but also can contribute to the emergence of the resistance to the targeted therapies against ErbB receptors such as EGFR is of high clinical significance. The work presented here support the rationale for the development of pro-survival-Fas targeted anti-cancer therapies to delay disease recurrence and prolong disease-free survival.

V. Future direction

In the light of our recent findings, different research areas could be further pursued.

1. The molecular delineation of the phosphorylated Fas functions in the nucleus and its precise contribution in cancer progression.

2. The contribution of Fas pro-survival signaling to anti-EGFR therapy resistance.

3. The crosstalk between Fas and other ErbB family members in cancer.

4. The development of pro-survival Fas targeted therapies.

These future research axis should provide us with a better understanding of the role of pro-survival Fas signaling in cancer and the interactions among key cancer-promoting pathways. We believe that such knowledge will help in the further development of an anticancer strategy based on the targeting of the pro-survival Fas signaling.

Introduction

Fas (CD95/APO-1/TNFRSF6), a tumor necrosis factor (TNF) receptor superfamily member, is a well-known apoptosis activator. The binding with Fas ligand (FasL) can lead to the recruit-ment of Fas-associated protein with death domain (FADD) and procaspase-8, forming the death-inducing signaling complex (DISC). This results in the activation of the caspase cascade and, ultimately, apoptosis [1]. Fas was mainly considered as a tumor suppressor thanks to its familiar ability to promote programmed cell death (apoptosis). However, accumulating evi-dence supports a significant role of Fas in the alternative nondeath signaling leading to cell survival, proliferation, motility, epithelial-mesenchymal transition, cancer growth, and metas-tasis in some contexts [2]. While such conditional multisignaling of Fas has also been well dem-onstrated in several cancer models, including colon cancer [3-5], the mechanism controlling these multisignals is unclear.

Fas multiple signaling implies an efficient molecular switch mechanism that lends itself to a flexible formation of different signaling complexes depending on the type of signal being transmitted. One of such mechanisms to be considered is tyrosine phosphorylation. While it has been shown for almost two decades that both tyrosines in the intracellular domain, Y232 and Y291, can be phosphorylated [6], the role of their phosphorylation is not understood. Due to the lack of tools for functional analysis and site-specific phospho-tyrosine (pY) detection, there have been only few conflicting reports that infer functions of Fas phosphorylation [7-8] and, thus, limiting our understanding of the functions of each pY in Fas signaling.

Taking a unique approach based on Fas protein evolution analysis, evolution-guided Fas pY proxy, and site-specific detection of Fas pY, we show for the first time that Fas death domain tyrosine phosphorylation is a dominant anti-apoptosis and a pro-survival mechanism. We discover that while phosphorylations at Y232 and Y291 share the anti-apoptotic function, they differ in terms of structural requirement and other functions. We also reveal the regulation of Fas pY by SFK/SHP-1-based system and the functions of death domain pY in the control of DISC formation and clathrin-dependent Fas endocytosis. Furthermore, we present the implication of the pY-based regulation of Fas signaling in different human cancers along with potential means to predict Fas signaling modes, which is crucial for Fas-related therapeutic design to achieve clinical success.

Author Summary

The versatility of the tumor necrosis factor receptor superfamily members in cell fate regulation is well illustrated by the dual signaling generated by one of the most extensively studied members of the family, Fas (CD95/TNFSFR6). Upon binding its ligand, Fas is able to elicit both pro-death and pro-survival signals. Until now, we have lacked mechanistic knowledge about when and how one signaling output of Fas is favored over the other. We demonstrate here that the outcome of Fas signaling is determined by the phosphorylation status of two tyrosine residues (Y232 and Y291) within the death domain. Dephosphorylation of Fas tyrosines by SHP-1 tyrosine phosphatase turns on the pro-apoptotic signal whereas the tyrosine phosphorylation by Src family kinases (SFKs) turns off the pro-apoptotic signal and turns on the pro-survival signal. Furthermore, we provide evidence that Fas tyrosine phosphorylation status may vary among different cancer types and influence the response to anti-cancer treatments. This information reveals an opportunity to use the screening of Fas tyrosine phosphorylation, a newly discovered direct molecular indicator of Fas functional output, to aid the design of Fas-related cancer therapies.

Results

Evolution-Guided Analysis and Site-Directed Mutagenesis Demonstrate that Death Domain Tyrosine Phosphorylation Is Dispensable for Fas-Induced Apoptosis

To date, the active role of each pY of the Fas death domain in apoptosis induction by FasL in the human cell system is unknown. To approach this issue, we turned toward the evolution of Fas protein as a guide by considering the substitutions of amino acids at these phosphorylation sites during the course of evolution. Multiple sequence alignment of Fas proteins from vertebrates illustrates that the side chain size and aromatic ring feature are highly conserved at position 232. This, however, is not the case for position 291, where neither the size nor the aromatic side chain of tyrosine is a substitution criterion (Fig 1A ; positions Y232 and Y291 of human Fas are used as references to indicate corresponding amino acid positions in other species throughout the text). Notably, substitution of Y by a small amino acid, cysteine (C), is common among primates (particularly in old world monkeys) and rodents, which are relatively close to hominoids (apes, including human). Further in evolutional distance, one can also observe the substitution of Y291 by a small amino acid, alanine (A), in some fishes, including coelacanth (the living fossil) and cod.

Small amino acid substitutions for Y291 in closely related species do not appear to impact the apoptotic functions of Fas. Previous work has shown that, like in human and mouse, Fas in cynomolgus monkey and rat that carries a C at position 291 could signal apoptosis upon ligation with an agonistic antibody [10] and FasL [8,11], respectively. The observation that Y at the position 291 is interchangeable with C among closely related species whose Fas can function as an apoptosis inducer suggests that the presence of Y at this position and, thus, its phosphorylation is not essential for Fas apoptotic signal. Our observation that in several human cell types unphosphorylated mutants (Y232F and Y291F) could transmit apoptotic signals supports this conclusion (Figs 1B, S1 and S2).

Evolution-Guided, Site-Directed Mutagenesis Reveals the Anti-Apoptotic Role of Death Domain Tyrosine Phosphorylation

The above-mentioned results led us to hypothesize that the advantage of Fas death domain pY, if it occurred through evolution, was to provide a reversible switch from the apoptotic signal to other signals, e.g., the survival signal. However, to clarify whether Fas pY plays active roles in cellular processes, an ability to induce and maintain, or mimic the properties of, the phosphorylated state of amino acid residues of interest in cells is required.

A comparative genomic study of Raf kinases shows that pY could have evolved from smaller acidic amino acids such as aspartic acid (D) or glutamic acid (E) [12]. Thus, substituting D or E for pY may mimic the phosphorylated state of some proteins [13-16]. However, such substitutions require careful consideration to ensure that the observed results are not due to the change in the amino acid size.

The common substitution between small amino acids and Y at position 291, but not at position 232, of Fas in vertebrates suggests that, depending on the sites, net charge can be more important than the details of the side chain structure. To investigate this issue, we performed evolution-guided, site-directed mutagenesis to examine the functional effects of the following amino acid substitutions on Fas: 1. Size reduction by (a) substituting Y232 with C, as observed in reptile and in cases of human autoimmune lymphoproliferative syndrome (ALPS) [17], (b) substituting Y291 with A and C, as observed in fish and mammals respectively; and 2. negative charge addition by substituting Y232 and Y291 with the acidic D, which has a size comparable to C, the most common small amino acid substituting for Y in evolution of Fas. The features of amino acids used in the site-directed mutagenesis are summarized in S3 Fig.

We observed that introducing a negative charge by Y232D mutation rescued cells from FasL-induced cell death (Fig 2A and2B). However, side chain size reduction by Y232C mutation also, to a lesser extent, rescued the cells, suggesting the importance of side chain size and aromatic ring of Y232 in Fas signaling. This is in accord with the high conservation of aromatic amino acids at this position in vertebrates (Fig 1A). Since the complete rescue observed in Y232D-carrying cells could be a combined effect of the added negative charge and reduced side chain size, substituting a small acidic amino acid for pY (as a single measure) may not provide an adequate proxy for functional studies of phospho-Y232 (pY232). However, the situation differed for the 291 position where, similar to Y291F, size-reduction substitutions (Y291A and Y291C) had no impact on the apoptotic function (Fig 2C and2D) and the formation of the DISC of Fas (Fig 2E). In contrast, the negative-charge substitution, Y291D, completely abolished FasL-induced apoptosis and DISC formation (Fig 2C and2E). This indicates that the abolition of Fas apoptotic signaling was due to the negative charge of aspartic acid but not to its small size. Of note is that while Y291A mutation did not impact the apoptotic function of Fas, we observed an increase in cleaved fragments of caspase 8 in the DISC from stimulated Y291A cell lysate. This phenomenon did not cause any spontaneous cell death (Fig 2C) and could be related to non-apoptotic function of caspase 8, as it is now wellknown that the death-effector domains (DEDs) containing proteins, including caspases, not only regulate apoptosis but also other forms of cell death, including necroptosis, as well as other important cellular processes such as autophagy and inflammation (see review [18]). Further studies are required to explore the roles and effects of basal activation of caspase 8 in Y291A-containing cells. Overall, these results demonstrate that pY291 and the aromatic side chain at this position are dispensable for cell death signaling and that the net charge at this site is more important for the protein's function than the detail of the side chain structure.

Death Domain Phosphorylation Confers Inter-and Intramolecular-Dominant Anti-Apoptotic Activity to Fas

Having established that Y291D mutation emulated the negative charge of pY291 independently of the side chain size reduction and loss of aromatic ring, we used the mutant as a proxy to examine how adding negative charge to this site by phosphorylation could modulate Fas signaling.

To further demonstrate the anti-apoptotic effect exerted by the negatively charged 291 residue in the Fas signaling, we introduced Y291D mutant Fas (death-off) into cells that stably expressed wild-type, Y232F, or Y291F mutant Fas (death-on) whose apoptotic capacity had been established (Fig 2). We found that the expression of Y291D Fas exhibited a clear dominant-negative effect on all -death-on‖ Fas species investigated, reducing the level of dead cells by approximately 50% (Fig 3A). In line with these data, when we introduced the -death-on‖ Fas species to cells stably expressing Y291D, a clear reduction in apoptosis-inducing capacity of the -death-on‖ Fas was observed when compared to cells expressing the control vector (Fig 3B). The data suggest that a subset of Fas that is phosphorylated can extend its inhibitory effect to an unphosphorylated Fas population, rendering it inefficient in inducing apoptosis.

Since both Y232 and Y291 can be phosphorylated, we examined whether phosphorylation of both tyrosines is required to turn off the death signal. Double mutations of Y232 and Y291 in SW480 and SW620 cells (Fig 3C and 3D) showed that negative-charge mutation at the 291 position alone was sufficient to completely block Fas-mediated cell death. The cell death inhibition in Y232F/Y291D mutant cells shows that maintaining unphosphorylated Y232 could not AcGFP-tagged wild-type or indicated mutant Fas proteins were left untreated or treated with indicated concentration of FasL crosslinked with M2 for 24 h and subjected to viability measurement by WST-1 assay. Cell viability is presented as percentage compared to untreated control cells. The presence of Y->D mutations completely inhibited FasL-induced cell death. Values represent means ± SEM from three independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, unpaired t test). (E) A diagram depicting different states of Fas, with respect to its ability to transmit an apoptotic signal, as affected by its death domain phosphorylation. Examples of possible dominant-negative scenarios are given. Numerical values underlying the data summary displayed in this figure can be found in S1 Data.

override the cell death blockage by Y291D mutation. This implies that FasL-induced apoptosis is rendered possible only when Y291 is dephosphorylated and that pY291 exerts dominantnegative effect on this apoptotic process.

While it was evident that dephosphorylation at both Y232 and Y291 (Y232F/Y291F) allowed efficient FasL-induced apoptosis (Fig 3C and 3D), it was unclear whether double tyrosine dephosphorylation was essential for this signal or if single dephosphorylation at Y291 sufficed for the apoptotic signal to proceed. While Y232D mutation partially presented the antiapoptotic effect of side chain size reduction, the additional anti-apoptotic effect of negative charge at 232 site could still be observed (Fig 2A and2B). Thus, the observation that FasLinduced cell death in cells carrying Y232D/Y291F mutants remained completely blocked (Fig 3C and3D) points toward the likelihood that pY232 also exerts dominant-negative effect on FasL-induced apoptosis. That the single dephosphorylation at 291 residue could not override the anti-apoptotic effect of negative-charge addition at 232 residue suggests that double dephosphorylation at both Y232 and Y291 is required for FasL-induced apoptosis. Fig 3E depicts some dominant-negative scenarios in which: 1. an intramolecular dominant-negative effect on apoptosis occurs in a Fas molecule when at least one of the death domain tyrosines is phosphorylated; and 2. an intermolecular dominant-negative effect occurs when Fas molecules carrying at least one death domain pY dominant-negatively suppress the apoptotic function of Fas molecules in the pro-apoptotic state (i.e., having both death domain tyrosines dephosphorylated).

Y291 Phosphorylation Primes Clathrin-Mediated Endocytosis of Fas

The 291 YDTL motif of Fas has been suggested as a putative tyrosine (Y)-based sorting motif (Yxxϕ; ϕ, a bulky amino acid; x, any amino acid) for clathrin-dependent endocytosis (CDE) [19]. The Y in the motif is essential for binding to μ2 subunit of AP-2 and, in most cases, cannot be substituted by other aromatic acid residues or pY (review [20]). Our data demonstrated that neither Y291D nor Y291F mutation impaired FasL internalization (Fig 4A). Moreover, Y291D Fas expression resulted in a more efficient FasL uptake, indicating that the added negative charge favored the process and, thus, raising doubt regarding the function of Y291 as a critical component of a Y-based sorting motif for CDE. To address these issues, we investigated the involvement of CDE in FasL/Fas uptake. Our synchronized internalization study by immunofluorescence confirmed that neither Y291D nor Y291F inhibited FasL uptake upon its engagement and that the uptake was more efficient with Y291D mutant (Fig 4B). The rapid FasL uptake (within 10 minutes of activation) was accompanied by the transport of a population of Fas to the perinuclear region (Fig 4B). In cells carrying wild type and Y291F Fas, the inhibition of CDE by overexpression of a truncated form of AP180 protein (AP180-C), which Fas proteins were subjected to coimmunoprecipitation with anti-Fas antibody, SDS-PAGE, and immunoblotting by indicated antibodies. Note that the low level of immunoprecipitated Fas from the LacZ sample could be visualized on the image from longer exposure. (E) SW480 cells expressing V5-tagged wildtype Fas protein pretreated with vehicle (DMSO) or 10 μM dynasore for 30 min were incubated with 10 ng/ml FasL crosslinked with M2 for 24 h before cell viability test by WST-1 assay. Percentage of viability compared to untreated control cells is shown. Means ± SEM from three independent experiments are presented (* p < 0.05, unpaired t test). Numerical values underlying the data summary displayed in this figure can be found in S1 Data.

blocks the recruitment of clathrin to the plasma membrane [21], caused only a small delay in FasL uptake, which was completed by 30 min of activation. This indicated that the inhibition of Fas/FasL uptake by CDE could be compensated by an alternative pathway, as we previously reported [22]. In contrast, AP180-C expression in cells expressing Y291D Fas strongly inhibited the FasL/Fas complex uptake along with the transport of Y291D Fas to the perinuclear region. Similarly, disrupting dynamin-dependent endocytosis by dynasore, a potent inhibitor to dynamin GTPase activity, led to a strong reduction of FasL/Fas uptake in cells carrying Y291D Fas but not in those carrying wild-type or Y291F Fas (Fig 4C). These data demonstrate that FasL uptake and perinuclear transport of Y291D Fas relied on dynamin-dependent CDE. Unlike in the case of wild-type and Y291F Fas, in which dynamin-independent, clathrin-independent endocytosis (CIE) could compensate for the CDE blockage, the negatively charged Y291D committed the internalization of Fas to CDE. This implies that the constitutive pY291 engages Fas trafficking to CDE exclusively, hence the loss of the flexibility to carryout FasLactivated trafficking via compensatory CIE processes.

Our observation that Y291D even promoted CDE in these cells suggests that Y291 may participate in CDE as a part of another sorting motif. We analyzed amino acids flanking Y291 and found the similarity between the acidic dileucine (LL) sorting motif (D/E)xxxL(L/I) and Fas sequence 289 EAYDTLI 295 . It is possible that the negative charge of Y291D mutation promoted the interaction between Fas and CDE adaptor proteins that binds the LL motif, such as AP2. Coimmunoprecipitation showed that overexpression of Y291D Fas, but not wild-type or Y291F Fas, increased the association of Fas with AP2 (Fig 4D ), suggesting that the negative charge of pY291 may promote the sorting function of the LL motif. This is in line with the importance of phosphorylation in the LL motif in the internalization process, which has been previously reported [23-27]. That inhibiting dynamin-dependent CDE with dynasore sensitized cells to FasL-induced cell death (Fig 4E) also suggests that the function of pY291 in dynamin-dependent CDE contributed to the pro-survival signal of Fas.

Death Domain Tyrosine Phosphorylation Is Vital to FasL-Induced Non-Death Signaling of Fas

The contribution of Fas signaling to colorectal cell proliferation was demonstrated as Fas knockdown by siRNA led to a decrease in BrdU incorporation (Fig 5A) and sublethal doses of FasL increased viability of the cells (S6A Fig) . To determine the role of Y232 and Y291 phosphorylation in FasL-induced proliferation by site-directed mutagenesis while minimizing the interference from endogenous Fas in SW480 cells, we used stable SW480 cell lines overexpressing Fas proteins that carried silent mutations in the region targeted by an siRNA against Fas. This was to allow the reduction of background signals from endogenous Fas while maintaining that of overexpressed Fas. In cells treated by control siRNA, the FasL-induced proliferation depended on Fas pY, since abolition of tyrosine phosphorylation by the expression of Y232F and Y291F Fas reduced BrdU incorporation, while mimicking the negative charge of pY by were transiently transfected with control or Fas siRNA for 48 h. They were subsequently synchronized to G1 phase by serum deprivation for 24 h and then treated with 1 ng/ml of sFasL for 30 min before analysing the increase in proliferation by BrdU incorporation measurement using microplate-based method. Means ± SEM of three independent experiments are shown (* p < 0.05, ** p < 0.01, *** p < 0.001, unpaired t test). (C) Fluorescently prelabeled SW480 cells were subjected to Boyden chamber migration assay using FluoroBlok membrane inserts. Cells were untreated or induced to migrate by 1 ng/ml sFasL for 2 h. Cells that migrated through the membrane were fixed, imaged, and counted. Data were presented as percentage of cells that migrated through the membrane compared to control cells (LacZ). Means ± SEM of three independent experiments are shown (* p < 0.05, ** p < 0.01, unpaired t test). Numerical values underlying the data summary displayed in this figure can be found in S1 Data.

Y291D Fas expression did not (Fig 5B). The specific effects of Fas pY mutations in proliferation were confirmed in cells treated with Fas siRNA to reduce background proliferative signals from endogenous Fas. Following Fas siRNA treatment, the FasL-induced proliferation was reduced in control cells, while it increased significantly in cells carrying Y291D mutation, suggesting an active role of pY291 in a proliferative signal of Fas. As found for cells not treated with Fas siRNA, FasL-induced proliferation decreased in cell carrying Y232F and Y291F mutation that were subjected to Fas siRNA treatment, demonstrating a strong inhibitory role of Fas Y232 and Y291 dephosphorylation in FasL-induced proliferation. The importance of pY291 in FasL-induced proliferation was also supported by our observation that the expression of Y291D Fas led to an increase in viability when cells were treated with sublethal doses of FasL, while the expression of Y291F produced the opposite effect (S6B and S6C Fig).

In addition to promoting FasL-induced proliferation, phosphorylation of death domain tyrosine also promoted FasL-induced cell migration. Using Boyden chamber migration assay, we found that cells that overexpressed Y291D Fas mutant exhibited increased migration ability induced by FasL when compared to control cells and cells that expressed unphosphorylable mutants (Fig 5C).

Phosphorylation of Y232 and Y291 Is Regulated by Src Family Kinases (SFKs) and Protein Tyrosine Phosphatase SHP-1

Based on previously suggested involvement of SFKs in Fas signaling [11,28-29], we examined their influence on FasL-induced cell death. Inhibiting SFKs by a Src family kinase inhibitor, PP2, sensitized cells to FasL-induced cell death (Fig 6A). On the other hand, PP2 also significantly reduces FasL-induced proliferation (Fig 6B). The potentiation of FasL-induced cell death and the inhibition of FasL-induced proliferation by PP2 implied the role of SFKs in the phosphorylation of Fas death domain tyrosines. To further identify the SFKs involved, we subjected the cells to siRNA against Src and Yes-1 and found that suppressing either Src or Yes-1 could somewhat reduce the levels of pY232 and pY291 Fas (Fig 6C). However, the effect was more pronounced when both Src and Yes-1 were simultaneously suppressed. This reflects the redundancy of SFK activities in the Fas tyrosine phosphorylation process, since suppression of Src or Yes-1 alone was not as efficient as suppressing both kinases in reducing pY232 and pY291 Fas. The functional redundancy among SFKs is well recognized [30], and this notion is also supported by our observation that overexpression of either Src or Yes-1 could increase the level of pY232 and pY291 Fas (S12 Fig).

The protein tyrosine phosphatase, SHP-1, has been implicated in Fas signaling [31]. Therefore, we investigated its involvement in Fas tyrosine phosphorylation process. We found that inhibiting SHP-1 activity by protein tyrosine phosphatase inhibitor I (PTPiI) protected the cells from FasL-induced cell death (Fig 6D ) while promoting FasL-induced proliferation (Fig 6E). This implied that SHP-1 might negatively regulate the phosphorylation of Fas death domain tyrosines. We further confirmed the role of SHP-1 in Fas dephosphorylation by Fig 6. Fas death domain tyrosine phosphorylation is regulated by Src family kinases (SFKs), Src and Yes-1, and protein tyrosine phosphatase SHP-1. (A) SW480 cells expressing V5-tagged Fas protein were pretreated with vehicle (DMSO), 10 μM PP3 (negative control for PP2), or 10 μM PP2 for 30 min and then incubated with 10 ng/ml FasL crosslinked with M2 for 24 h before subjected to cell viability analysis using WST-1 assay. Percentages of viability compared to untreated control cells are shown as means ± SEM from three independent experiments (* p < 0.05, unpaired t test). (B) SW480 cells were synchronized to G1 phase by serum deprivation for 24 h and then treated with vehicle (DMSO), 10 μM PP3 (negative control for PP2), or 10 μM PP2 for 30 min, followed by 0.1 ng/ml of sFasL for 4 h before analyzing the proliferation by BrdU incorporation measurement using microplate-based method. Means ± SEM of three independent experiments are shown (* p < 0.05, unpaired t test). (C) SW480 cells were transiently transfected with control siRNA or siRNA against Src, Yes-1, or Src and Yes-1 for 72 h. Cell lysates were then collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies. (D) SW480 cells expressing V5-tagged Fas protein were pretreated with vehicle (DMSO) or 50 μM PTPiI for 30 min and then incubated with 10 ng/ml FasL crosslinked with M2 for 24 h before being subjected to cell viability analysis using WST-1 assay. Percentage of viability compared to untreated control cells are shown as means ± SEM from three independent experiments (* p < 0.05, unpaired t test). (E) SW480 cells were synchronized to G1 phase by serum deprivation for 24 h and then treated with vehicle (DMSO) or 50 μM PTPiI for 30 min followed by 0.1 ng/ml of sFasL for 1 h before analyzing the proliferation by BrdU incorporation measurement using microplate-based method. Means ± SEM of three independent experiments are shown (* p < 0.05, ** p < 0.01, unpaired t test). (F) SW480 cells were transfected with control vector or SHP-1 for 24 h and (G) with control siRNA or siRNA against SHP-1 for 48 h, then synchronized in G1 phase by serum deprivation for 24 h before treatment with 0.1 ng/ml FasL for 5 min. Cell lysates were then collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies. The specificity of anti-pY232 and anti-pY291 Fas antibodies is demonstrated in S11 Fig. 

Fas Tyrosine Phosphorylation Profiles Can Correlate to Different Contexts of Human Cancers

increase with the cancer progression (Fig 7A and 7B), implying that Fas pY might correlate to some contexts of human cancers. We therefore examined the relative levels of pY232 and pY291 in malignant tissues when compared to corresponding normal tissues of patients diagnosed with different types of cancers. We found that most patients having cancer of the colon, breast, or ovary also had an increased level of pY232 and/or pY291. However, this was not the case in patients having cancer of the cervix or lungs (Fig 7C). These diverse Fas pY profiles in different cancer types suggests that Fas signaling modes may be cancer type-dependent. Additional evidence supporting the involvement of Fas pY in human cancer comes from our observation that pY291 Fas levels decreased while pY232 Fas levels increased in the majority of rectal tumors after radiotherapy (± concurrent chemotherapy, Fig 7D ), suggesting distinct regulation and functions of pY232 and pY291 in Fas signaling in rectal cancer in response to cancer therapy.

Discussion

Fas Death Domain Tyrosine Phosphorylation and Outcome of Fas Signaling

The functions of different phospho-tyrosines of Fas have not been distinguished to date. Using comparative genomics to guide functional analysis of Fas pY, in conjunction with site-specific detection of the phosphorylated death domain tyrosines, Y232 and Y291, we show that the phosphorylation of both death domain tyrosines in human Fas is dispensable for FasL-induced apoptosis. Our findings in human colorectal cells and B-cells that demonstrate this claim are well supported by evolution data and functional data from other animal cell models, including macaques [10] and rats [8,11]. Guided by comparative genomics, which reveals an unconventional cysteine substitution for Y291 in primates and rodents, we show that the net charge at this site is more important for the protein's function than the size or details of the amino acid side chain. This has created the possibility of using acidic amino acid substitution as a proxy for pY291 and of demonstrating that pY291 is, rather, a pro-survival mechanism that confers apoptosis resistance and proliferative advantage while its dephosphorylation permits apoptotic process.

The substitution of C for Y at 291 residue in old world monkeys is unique among the three Fas tyrosines found in primates. It suggests a low structural requirement from this tyrosine and that its role is, rather, in functional specificity. This amino acid exchange in Fas orthologs in closely related species may appear surprising and drastic considering amino acid sizes and properties. However, it serves as an example that, for certain protein functions, Y can be exchanged for a small, non-aromatic amino acid and that such Y (or pY) may have evolved from a smaller amino acid, as previously demonstrated [12]. Our finding that small amino acid substitutions occur at pY sites of Caspase 8 and are common in FAP-1 (S7 and S8 Figs) supports this point of view. The shift from small amino acids to (p)Y of Fas and other proteins in the Fas signaling pathway in primates implies a preferential shift to pY switch systems that can confer their functional plasticity and specificity in these species. The ratio between normalized pY232 or pY291 Fas from cancer tissue and normal tissue was calculated for each patient, and values were plotted as folds normalized pY232 and pY291 from normal tissue (i.e., normalized values of pY232 and pY291 from normal tissues are assigned as 1). Red represents samples having the normalized pY232 and/or pY291 values in cancer tissues 1.1 folds of normal tissues (of which enhanced pY232 and/or pY291 level may be indicative of dominant survival mode of Fas signaling); blue represents samples having both normalized pY232 and pY291 values < 1.1 (of which pY232 and pY291 levels less than or equal to normal may be indicative of the apoptosis-ready mode of Fas signaling). (D) Lysates of rectal cancer tissues before and after radiotherapy (RT) from each of the nine patients were subjected to SDS-PAGE and immunoblotting with antibodies against pY232, pY291, and C-terminal (C-ter) of Fas. The normalized values of pY232 and pY291 were calculated as in (A) and (B). Each value presented is the ratio between normalized pY-Fas after RT and before RT of each patient (i.e., normalized values of pY232 and pY291 of tumors obtained before RT are assigned as 1). Numerical values underlying the data summary displayed in this figure can be found in S1 Data.

Functions of Fas Death Domain Tyrosines

We show that pY232 and pY291 of Fas have common features. They (1) are dispensable for Fas-induced apoptosis and ( 2) dominant-negatively inhibit apoptosis. Using the proxy Y291D, we also show that pY291 can promote FasL-induced cell proliferation and, thus, present pY291 as a reversible anti-apoptotic/pro-survival switch of Fas. This switch mechanism involves the function of pY291 in preventing FasL-induced DISC formation (Fig 2E) and promoting CDE of Fas (Fig 4).

Previous work showed that the Y291F mutation of human Fas (hFas) in murine cells inhibited the downregulation of the hFas-antibody complex [19]. Since the 291 YDTL motif is consistent with the Y-based sorting motif for CDE, one may infer that this decrease in the antibody-induced Fas downregulation was caused by Y ! F substitution in the motif. However, we found that, in human cells, Y291F mutation did not inhibit the FasL uptake (Fig 4). Likewise, Y283F mutation of murine Fas (corresponding to Y291F in hFas) in murine T cells did not inhibit the downregulation of the surface Fas-FasL complex (S9 Fig) . Additionally, using the Y291D mutation, we further provide evidence suggesting that pY291 could enhance the uptake of the receptor via AP2-mediated CDE, which was important to its anti-apoptotic role. The fact that substitution of Y by other amino acids allowed Fas/FasL uptake by CDE suggests that the FasL-induced Fas uptake did not depend on Y291 as a part of the Y-based sorting motif but possibly of other motifs such as the acidic LL motif. Our finding is in line with previous reports for Vpu protein from HIV-1 subtype C [32], in which the tyrosine was dispensable for the protein's cell surface transport but important for viral replication, while the LL motif was crucial for cell surface transport.

Additionally, we offer an insight into distinct functions of Y232 and Y291 and their respective phosphorylation, which has not been addressed thus far: (1) the aromatic side chain of Y232 may contribute more to the structural integrity of the protein than that of Y291 (Fig 1A ); (2) the size and details of the hydroxyl aromatic side chain of Y232 are essential for the functions of Fas, while the charge of Y291 is more important than the size and details of the aromatic side chain (Fig 2 ); and (3) pY232 and pY291 are distinctly regulated in different types of cancer (see below).

Regulation of Death Domain Tyrosine Phosphorylation of Fas by SFKs and SHP-1

SFKs are important mediators of tumor cell proliferation and survival and are involved in Fas signaling (Fig 6A, [33-34]). Yet, how activities of SFKs exert an effect on Fas has been unclear thus far. We reveal an intricate regulation of Fas death domain phosphorylation by SFKs, leading to the inhibition of the apoptotic signal of Fas, and, thus, provide the first mechanistic link between SFKs, major drivers of tumor development and progression, and the control of Fas multisignaling. This is of clinical significance because, in tumors from glioblastoma multiforme patients, the expression of Yes and phosphorylation of SFKs, as well as an enhanced FasL expression, were observed in the zone of tumor-host interaction, suggesting their roles in glioma invasion [34]. This is in concert with the concept presented herein that, in cancer, Fasmediated survival signaling is promoted by SFK-dependent tyrosine phosphorylation.

Concerning the Fas pY dephosphorylation, it has been proposed that SHP-1 might be involved in this process in neutrophil, since it is associated with wild-type human Fas but not Y291A mutant in mouse lymphoblastic cells, and human SHP-1 from several cell lines could associate with phosphorylated peptides corresponding to the YxxL motif of death receptors [7]. We show that, in colorectal cells, pY232 and pY291 dephosphorylation is mediated by SHP-1, which has been shown to effectively dephosphorylate Src substrates [35] and to negatively regulate colonic cells proliferation [36]. Our data support the notion that the pY-based proliferative/apoptotic switch system of Fas is regulated via phosphorylation by SFKs and dephosphorylation by SHP-1, similar to that of caspase-8 [37-38]. This emphasizes the importance of the SFKs/SHP-1-based phosphorylation/dephosphorylation mechanism in the Fas multisignaling pathway.

Regulation and Functions of Death Domain Tyrosines and Their Implications in Cancer

Multimodal signaling of Fas has been demonstrated in many cancer cell types, including colon [39], breast [40], and glioblastoma [34]. Currently, both pro-apoptotic and pro-survival roles of Fas are bases of therapeutics that aim either to activate Fas signaling (APO010 agent targeting extracellular domain of Fas) [41] or to inhibit Fas signaling triggered by FasL (APG101 targeting FasL) [42]. These approaches face a major challenge, since it has been unclear what determines the outcome of Fas signaling and when one role of Fas will dominate the other. Our observation that colon, breast, and ovarian malignant tissues from most patients we tested had higher levels of pY232 and/or pY291 than their corresponding normal tissues suggests the probability that the pro-survival signal of Fas may dominantly operate in these cancers. On the other hand, the opposite observation for tumors from lung cancer patients suggests the probability that Fas may not contribute to the pro-survival signal in lung cancer (Fig 7C). Furthermore, we provide evidence that pY232 and pY291 can be distinctly regulated in cancer by showing opposing changes in their levels in rectal tumors in response to radiotherapy (RT ± chemotherapy). The reduction of pY291 following the treatment may suggest a decrease in the FasL-induced pro-proliferative/ anti-apoptotic signal of Fas conferred by pY291, whereas the increase in pY232 may suggest an increase in other signaling events that involve the function of pY232. This may include the involvement of pY232 in the cell cycle phase, since we also observed a Fas-dependent G2/M accumulation that depended on the phenolic hydroxyl group of Y232 (Figs 2A and S10). This G2/M accumulation was associated neither with the resistance to FasL-induced apoptosis (Fig 2) nor an increase in FasL-induced cell proliferation (Fig 5B ), suggesting an additional role of pY232 that is independent of FasL-induced apoptotic and proliferative functions of the protein.

Data presented here were obtained from a small number of patients. Thus, generalizations about the various extents of Fas phosphorylation in different types of cancer should be made with caution. However, our data revealing that the outcome of Fas signaling is determined by its pY status of the death domain and that the Fas pY status may differ among different cancer types and may respond to anticancer treatment provide a basis for further studies in larger sets of human cancer samples, as well as an opportunity to develop a practical means to predict the outcome of Fas signaling in different pathologies that can lead to the use of Fas pY screening to aid Fas-related therapeutic design and maximize the chance of therapeutic success.

Overall, we provide the delineation of the pY-based control of Fas signaling, revealing differential evolutional criteria of the two death domain tyrosines, their regulatory elements, mechanistic links between this molecular switch system and the cellular outcome, and the implications in cancer. This information has far-reaching consequences, not only in cancer contexts but also in other pathologies in which Fas signaling is involved.

Materials and Methods

Ethic Statement

The rectal tumors were obtained from patients providing informed consent under protocols approved by the Clinic Institutional Review Board of the Département Recherche Clinique Innovation et Statistiques (DRIS)-Centre Antoine LACASSAGNE, Nice, France.

Materials and additional detailed methods are listed in S1 Text.

Flow Cytometry Analysis of Unsynchronized Fas/FasL Complex Internalization SW480 cells (2.5 x 10 5 cells/well) were seeded in a 24-well plate for 24 h. The medium was then replaced with fresh RPMI+0.1% BSA containing 1 μg/ml mouse anti-Flag (M2)+ 1 μg/ml donkey anti-mouse Alexa Fluor 647 with or without 100 ng/ml FasL. The cells were then incubated at 37°C for a specified time to allow FasL-triggered stimulation. Thereafter, the plate was transferred to an iced water basin and the activation was stopped by adding ice-cold PBS. FasL that remained on the cell surface was removed using an ice-cold acid-stripping buffer (50 mM glycine, 100 mM NaCl, pH3). After washing with ice-cold PBS, cells were analyzed for the internalized FasL (crosslinked with mouse anti-Flag antibody and Alexa Fluor 647 anti-mouse antibody) by flow cytometer (LSRFortessa, Becton Dickinson). To assess the degree of FasL internalization, the median fluorescence intensity of the background control cells (treated with anti-Flag and Alexa Fluor 647 without FasL) was subtracted from the median fluorescence intensity of the FasL-treated cells to obtain the absolute fluorescence intensity of the detected internalized FasL in the cells.

Synchronized Fas/FasL Complex Internalization Analysis by Immunofluorescence Microscopy

SW480 Cells (2.5 x 10 5 cells/well) were seeded in RPMI+10% FBS on coverslip in 24-well plate for 24 h. Cells were then cooled down to 0°C in a refrigerating chamber for 45 min in RPMI +10% FBS+10 mM Hepes. The medium was then replaced with ice-cold RPMI+0.1% BSA+10 mM Hepes (internalization medium) containing 200 ng/ml FasL+1μg/ml mouse anti-FLAG (M2)+1 μg/ml Alexa Fluor-647 anti-mouse antibody, and cells were incubated at 0°C in a refrigerating chamber for 1 h to allow FasL binding. The medium containing excess FasL was then removed, and internalization medium at 0°C was added to the well. The coverslips containing cells for control condition were kept at 0°C in the refrigerating chamber throughout the experiment, while coverslips containing cells destined for activation were rapidly transferred to another 24-well plate containing 0.25 ml of internalization medium per well (maintained at 37°C in an incubator) to trigger the internalization of Fas/FasL complexes. After incubation at 37°C for indicated times, the plate was rapidly transferred from the incubator to the refrigerating chamber, and 1 ml of PBS at 0°C was added to each well to stop the activation. Cells were then rapidly fixed with ice-cold 4% paraformaldehyde for 20 min on ice and counter-stained with DAPI for nuclear detection before mounting on a slide in the presence of mounting medium (Fluoromount, Sigma-Aldrich). Fluorescence images were taken using a spinning disk confocal microscope (Olympus/Andor/Yokogawa system) with a 100×oil/1.4 numerical aperture objective lens. Images were deconvolved with Huygens software (Scientific Volume Imaging).

Mobility Shift Detection of Phospho-Proteins

Phosphate affinity SDS-PAGE was performed using 7.5% polyacrylamide gels containing 10 μM acrylamide-pendant Phos-Tag (Wako), according to the manufacturer's instructions.

Highly phosphorylated proteins migrate more slowly through the gel than less phosphorylated proteins, allowing protein separation based on phosphorylation states. S9 Fig. Y283F mutation in murine Fas did not inhibit Fas/FasL complex uptake in murine T cells. L1210 cells stably expressing wild type or Y283F murine Fas were subjected to synchronized internalization assay as described previously [22,43]. Briefly, crosslinked FasL was allowed to bind to the cell surface at 4°C before the internalization was triggered by raising the temperature to 37°C. The degree of Fas/FasL complex uptake was correlated with the downregulation of Fas/FasL complex from the cell surface by measuring the remaining FasL on the cell surface and normalized by the level of total FasL-bound before internalization was commenced. A lower percentage of FasL remaining on the cell surface indicates higher downregulation (internalization) of Fas/FasL complex. Numerical values underlying the data summary displayed in this figure can be found in S1 Data. based on molecular weights, followed by immunoblotting with indicated antibodies. Note a clear reduction in pY232 and pY291 Fas upon Fas silencing. (B) Based on siRNA and shRNA coupled with phospho-protein mobility shift SDS-PAGE, the antibodies against pY232 and pY291 Fas specifically detect the population of Fas protein that is phosphorylated. Mobility shift detection of pYFas protein in lysates from cells, with or without Fas Suppression by RNAi, demonstrating that the pYFas antibodies detect pYFas. SW480 cells were transiently transfected with 20 nM of control siRNA or siRNA directed against exon 3 of the FAS gene for 72 h (left panel) or stably infected with short hair-pin RNAi (shRNAi) against exon 9 of the FAS gene (right panel). Cell lysates were collected and subjected to mobility shift, phosphate affinity SDS-PAGE using acrylamide-pendant Phos-tag™, in which proteins were separated based on their degree of phosphorylation, followed by immunoblotting with indicated antibodies. Note that the antibodies against pY232 and pY291 detected slow-migrating Fas bands (upper part of the gel, characteristic of phosphorylated proteins), and the detection was clearly reduced upon the reduction of Fas protein by siRNA or shRNAi, confirming the specificity of the antibodies to phosphorylated Fas protein. (C) Based on site-directed mutagenesis, the antibodies against pY232 and pY291 Fas detect pY232 and pY291 residues in a site specific manner.

Supporting Information

Left panels: The antibody against pY232 Fas detected a significant increase in pYFas levels in the cell lysate obtained from cells overexpressing wild-type Fas, whereas such detection was absent for the lysate from cells overexpressing the unphosphorylable Y232F mutant Fas. Thus, the antibody against pY232 Fas specifically detected Fas protein that was phosphorylated at Y232 residue. Note that cells carrying the Y232F mutant Fas and cells carrying wild-type Fas contained equivalent levels of overexpressed Fas (as seen from an equivalent detection of V5 tag and the C-terminus of Fas). Right panels: Like the antibody against pY232 Fas, the antibody against pY291 Fas detected a significant increase in pYFas level in the cell lysate obtained from cells overexpressing wild-type Fas, whereas such detection was absent for lysate from cells overexpressing the unphosphorylable Y291F mutant Fas. Thus, the antibody against pY291 Fas specifically detected Fas protein that was phosphorylated at Y291 residue. Note that cells carrying the Y291F mutant Fas and cells carrying wild-type Fas contained equivalent levels of overexpressed Fas (as seen from an equivalent detection of V5 tag and the C-terminus of Fas). This validation of site specificity was carried out using SW480 cells stably overexpressing V5-tagged Fas (wild-type or pY mutants) that carried silent mutations at the site targeted by an siRNA against Fas. In order to reduce the background pYFas signal generated by the endogenous Fas, 72 h prior to cell lysate collection, cells were treated with 20 nM of corresponding siRNA against Fas, which reduced the endogenous Fas level while sparing the levels of overexpressed Fas. Cell lysates collected were subjected to mobility shift, phosphate affinity SDS-PAGE using acrylamide-pendant Phos-tag™, in which proteins were separated based on their degree of phosphorylation, followed by immunoblotting with indicated antibodies. (D) Dephosphorylation by calf intestinal phosphatase additionally confirmed that both antibodies against pY232 and pY291 Fas detected phosphorylated proteins. This is based on the loss of detection when phosphorylated proteins were dephosphorylated by calf intestinal phosphatase (CIP) after electrotransfer onto PVDF membranes following SDS-PAGE. SW480 cells were transiently transfected with or without Src kinase for 24 h. Cell lysates were collected and subjected to SDS-PAGE. Following the eletrotransfer of the separated protein onto PVDF membranes, the membranes were incubated with CIP (100U/ml) in reaction buffer at 37°C overnight, then subjected to immunoblotting with indicated antibodies. (E) Competition by pY232 and pY291 peptides additionally confirmed the site-specificity of the antibodies against pY232 and pY291 Fas. This is based on the loss of pY232 and pY291 detection upon the competition with pY232 and pY291, respectively. Lysate of SW480 cells transiently transfected with Src kinase was subjected to SDS-PAGE and immunoblotting with indicated antibodies in the presence of indicated peptides. Unphosphorylated peptides (Y232 and Y291) served as controls (nonbinding peptides), and phosphorylated peptides (pY232 and pY291) served as peptides that blocked specific binding of the anti-pY232 and anti-pY291 antibodies to pY232 and pY291 of Fas, respectively.

S12 Fig. Y232 and Y291 residues of Fas can be phosphorylated by SFKs, Src and Yes-1. Phospho-protein mobility shift detection that separated phospho-proteins based on their charges showed that overexpressing Src (left panels) or Yes-1 (right panels) in SW480 cells increased pY232 and pY291 Fas levels. SW480 cells were transiently transfected with control vector, V5-tagged Src, or V5-tagged Yes-1. Cell lysates were subjected to phospho-protein mobility shift (Phos-Tag) SDS-PAGE and immunoblotting with indicated antibodies. S1 Text. Supplementary Information. Lists of materials and methods, information concerning rectal cancer biopsies, and accession numbers of proteins referred to in the main text. www.nature.com/scientificreports/ Fas (TNFRSF6/CD95), a member of the tumor necrosis factor receptor superfamily, can either induce apopto-sis, which is essential for shutting down chronic immune responses1-3 and preventing autoimmunity and can-cer4, or mediate cell survival, proliferation, and motility, which can promote autoimmunity, cancer growth, and metastasis5-10. With increasing evidence of Fas-mediated pro-survival signaling, the cancer-promoting activities of Fas are now recognized as significant and clinically relevant11. While inhibiting these activities has shown some clinical promise12, the full benefit of this strategy will require a better understanding of the Fas-mediated non-apoptosis signaling.

Recently, we have demonstrated that phosphorylation of Fas at tyrosines 232 and 291 (Y232 and Y291) in its intracellular death domain, is a reversible anti-apoptotic/pro-survival multisignaling switch that determines the outcome of Fas signaling13. The tyrosine phosphorylation turns off the proapoptotic signal and turns on the pro-survival signals that lead to colorectal cancer cell proliferation and migration induced by its ligand, Fas ligand (FasL/TNFSF6/CD95L). Furthermore, we reported elevated levels of Fas death domain tyrosine phosphorylation, which were a direct molecular indicator of Fas pro-survival signal output, in malignant tissues from some cancer types such as colon, breast, and ovarian cancers13. These data suggest the probability that the pro-survival signal of Fas may dominantly operate in these cancers.

To date, little is known within the complex pro-survival signaling network in cancer regarding the cross-talk between Fas signaling and other cancer-promoting pathways. The epidermal growth factor receptor (EGFR/HER1/ErbB1) is one of the key cancer-driving proteins and an important target of several anti-cancer therapies14. However, a significant number of patients with KRAS gene mutations do not positively respond to EGFR-targeting agents such as cetuximab, panitumumab, and erlotinib. And for those who appear to have the KRAS wild-type gene and benefit from these drugs initially, resistance inevitably arises and results in a gain in the median progression-free of only less than 1 year 15 . This situation necessitates the investigation into the mech-anism of drug resistance and the search for predictive biomarkers and other molecular targets for more adapted combinatory targeted therapies.

As the newly-appreciated Fas survival signaling is a significant contributor to cancer cell survival and aggres-siveness 5,16 , we turn our focus toward the relationship between Fas nonapoptotic signaling and EGFR signaling in cancer. Activation of EGFR by its ligands such as the epidermal growth factor (EGF), TGFα, and amphireg-ulin results in the receptor dimerization and, subsequently, autophosphorylation of a series of tyrosines in the C-terminal tail of the receptor which can influence different cellular effects including proliferation, migration, differentiation, and apoptosis 17,18 . The ras/raf/MEK/ERK, PI3K-Akt, and JAK-STAT are among the pathways classically activated by EGFR. Additionally, a novel signaling pathway influenced by the non-canonical nuclear EGFR signal has emerged 19 . To date, only one report has suggested a strong impact of Fas survival signaling on EGFR pathway in cancer based on the observation that the downregulation of Fas pathway through RNA inter-ference conferred the dependence of lung cancer cells on mutant EGFR oncogene, increasing their sensitivity to the EGFR tyrosine kinase inhibitor, erlotinib 20 . Since then, there has been little progress in understanding the influence of Fas signaling on the EGFR pathway in cancer. Here we report that the pro-survival form of Fas not only crosstalks with the EGFR but also significantly intensifies EGFR signaling in anti-EGFR-resistant colorectal cancer cells via the Yes-1/STAT3-mediated pathway. Fas death domain phosphorylation, which switches on the prosurvival signal of Fas, is essential for the EGF-induced formation of a complex consisting of Fas, EGFR, Yes-1, Src, and STAT3. The phosphorylated Fas (pY291-Fas) accumulates in the nucleus upon cell activation with EGF and promotes the nuclear localization of phospho-EGFR and phospho-STAT3, the expression of cyclin D1, the activation of STAT3-mediated Akt and MAPK pathways, and proliferation and migration of these cells. This report presents the first description of how Fas survival mode intensifies the non-canonical EGFR signals in cancer cells, which have been implicated in worse prognosis and drug resistance in various cancer types [21][22][23] . This information can be the basis for applying an anti-Fas therapy to overcome recurrence and prolong disease remission of patients with primary and secondary resistance to EGFR targeted therapies.

Results

The prosurvival pathway of Fas is upregulated upon the EGF-induced activation of EGFR. We have recently reported that Fas activation by sub-lethal doses of soluble FasL leads to the tyrosine phosphoryla-tion of the Fas death domain, which turns on Fas-mediated survival signaling, leading to cell proliferation and migration 13 . To analyze the influence of Fas survival www.nature.com/scientificreports/ pathways on the EGFR signaling in cancer, we examined the EGF-induced activation of EGFR in two KRAS-mutated, cetuximab-resistant colorectal cancer cells, SW480 and HCT116. We found that EGF-induced EGFR activation significantly activated Fas survival signals, as indicated by the increase in the level of phosphorylated Y291 (pY291) Fas upon EGF treatment (Figs 1A,B, and S1). These observations suggest the involvement of pY291-Fas in the survival signaling crosstalk between Fas and EGFR in colorectal cancer cells.

Fas is essential for the EGFR activation in colorectal cancer cells. We then investigated the impor-tance of the Fas receptor in the EGFR signaling using an siRNA knockdown approach. We found that SW480 and HCT116 cells transiently transfected with a Fas siRNA displayed a significant reduction of the EGF-induced activation of EGFR (Fig. 2A,B) and consequently, an inhibition of both EGF-induced cell proliferation, based on the WST-1 viability assay (Fig. 2C,D), and the EGF-driven directional migration in the Boyden chamber assay (Fig. 2E,F). These data support the notion that Fas significantly contributes to the prosurvival signaling of EGFR in colorectal cancer cells.

Activation of Fas pro-survival pathway by death domain tyrosine phosphorylation upregulates the EGFR signaling. While Fas siRNA experiments suggested the importance of Fas for an efficient EGFR signaling, it remained unclear whether the activation of the prosurvival mode of Fas was required for its role as a positive regulator of EGFR signaling. To answer this question, we made use of a proxy for Fas death domain phos-photyrosine (pY291), i.e., the Y291D mutation, which we had verified through our previous evolution-guided analysis as a functional substitute for pY291 that maintained Fas in the pro-survival mode 13 . We found that the pY291 Fas mimetic (Fas.Y291D) enhanced the EGFR signaling triggered by two of its ligands, EGF (Figs 3A, S3A) and amphiregulin (Fig. S3B). This effect was not observed with the unphosphorylated Y291 Fas mimetic (Fas.Y291F), which was a stand-in for the constitutively pro-apoptotic form of Fas 13 . In accordance with their increased EGFR activation, when compared to either control cells or cells carrying wild-type Fas or Fas.Y291F, cells carrying the Fas.Y291D exhibited enhanced EGF-triggered cell growth and penetration through 3D culture scaffolds, which enables cells to maintain their morphology, behavior, and responsiveness more closely to the in vivo state (Fig. 3B). They also exhibited an increased EGF-induced cell proliferation based on WST-1 viability assay (Fig. 3C) and directional cell migration toward EGF in Boyden chamber assay (Fig. 3D). Thus, the phos-phorylation of Fas at the Y291 in the death domain, which turns Fas into the pro-survival state, is essential for its role in intensifying EGFR survival signals.

The pro-survival form of Fas is the signaling hub required for EGF-induced formation of protein complexes consisting of Fas, EGFR, Src, Yes-1, and STAT3. All the knowledge we currently have about Fas-EGFR crosstalk comes only from the standpoint that considers the contribution of EGFR in FasL-induced signaling. Previous work has suggested that through the Src-family kinase, Yes-1, EGFR amplifies FasL-induced cell migration in triple-negative breast cancer cells 24 . Meanwhile, the connection between Fas and EGFR through which the prosurvival mode of Fas heightens the EGF-induced EGFR signaling in cancer was never addressed. By means of co-immunoprecipitation, we found that upon the activation with EGF, the pro-survival form of Fas (Fas.pY291D) promoted a rapid formation of complexes that included Fas, EGFR, the Src-family kinases, Src and Yes-1, and STAT3 (Fig. 4). This complex formation was inhibited when Fas was in a pro-apoptotic form (Fas.Y291F) (Fig. 4). This observation indicates the requirement of the prosurvival form of Fas for the formation of a signaling platform where Src, Yes-1, and STAT3 may couple the pro-survival signal of Fas to EGF-induced EGFR signaling.

Yes-1and Src play opposing regulatory roles in STAT3 activation in the Fas-mediated EGFR pathway. STAT3 is one of the key downstream effector signaling cascades regulated by Src family kinases (SFKs), a family of nine non-receptor protein tyrosine kinases including Src and Yes-1 25 . The activation of STAT3 by Src is well characterized 26 while the role of Yes-1 in STAT3 activation is unknown. In terms of Fas prosurvival signaling, we previously demonstrated that both Src and Yes-1 positively regulated the phosphorylation of Fas interchangea-bly 13 . Since Src and Yes-1 were present along with STAT3 in the Fas.Y291Dmediated protein complex (Fig. 4), we wished to discern the respective roles of Src and Yes-1 in the EGF-induced STAT3 activation. We found that, upon SW480 cell activation with EGF, the prosurvival form of Fas (Fas.Y291D) promoted the phosphorylation of STAT3 at Y705 residue while the proapoptotic form of Fas (Fas.Y291F) inhibited it (Fig. 5A). Furthermore, the suppression of Yes-1 expression by siRNA abolished phospho-705 (pY705) STAT3, indicating that Yes-1 was indispensable for STAT3 activation (Fig. 5B,C). On the other hand, and contrary to the commonly reported role of Src as a STAT3 activator, we observed no reduction, but rather an amplification of STAT3 activation upon Src suppression by siRNA (Fig. 5D,E). The upregulation of pY705 STAT3 by the inhibition of Src by siRNA was observed in all the cells tested. However, the upregulation of pY705 STAT3 by Src siRNA in Y291D and Y291F

www.nature.com/scientificreports/ carrying cells was less striking when compared to the effect in Fas wild type-carrying cells. Nonetheless, our data not only demonstrate the important role of the prosurvival Fas as a mediator of EGF-induced STAT3 activation but also underline a novel evidence of selective activities of different SFKs in colorectal cancer cells where Src and Yes-1 play opposite roles in the regulation of STAT3 activity.

The pro-survival form of Fas promotes nuclear EGFR/STAT3 signaling. The critical role of Yes-1 27 and STAT3 28 in the translocation of EGFR to the nucleus, an event correlated with poor survival in several types of cancers 21,22 and resistance to various anti-cancer therapies 23 , is known. In addition, nuclear EGFR has been shown to associate with STAT3 28 and cyclin D1 promoter, leading to its transcriptional activation 29 . Since we demonstrated the requirement for the pro-survival form of Fas as a hub for the recruitment of EGFR, Yes-1, and STAT3, and the Yes-1-dependent STAT3 activation, we wished to further investigate the downstream events mediated by the pro-survival form of Fas with regard to the nuclear EGFR signaling. By examining SW480 cells, we observed an increased level of pY291-Fas, along with the increased levels of pY1608-EGFR and pY705-STAT3, in the nuclear fraction upon cell activation by EGF (Fig. 6A). Furthermore, using immunoprecipitation detected by flow cytometry (IP-FCM) which allow the measurement of the complex formation of proteins in their native forms, we found that pY1068 EGFR and pY705 STAT3 co-immunoprecipitated with Fas from the nuclear fraction of the SW480 cells (Fig. 6B), demonstrating that Fas existed in complex with activated EGFR and STAT3 in the nucleus. Using Fas co-immunoprecipitation detected by immunoblotting, we observed that pY291 Fas associated with activated EGFR and STAT3 and that the pY291 Fas/EGFR/STAT3 complex increased with the activation by EGF (Fig. 6C). Reciprocal EGFR co-immunoprecipitation demonstrated the same result (Fig. 6D). These results suggest the involvement of pY291-Fas in the nuclear EGFR/STAT3 signaling. To verify the contribution of the prosurvival form of Fas in the nuclear EGFR/STAT3 signaling, we made use of the pY291-Fas mimetics (Fas. Y291D). We found that, when compared to the wild-type Fas and the dephosphorylated Fas mimetic (Fas.Y291F), the pro-survival form of Fas enhanced the EGF-induced nuclear localization of phosphorylated EGFR and phos-phorylated STAT3 (Fig. 6E) as well as cyclin D1 (Figs 6E and S5). These data suggest that the signaling hub that is mediated by the pro-survival pY291-Fas facilitates the transmission of the EGFR signaling via the non-canonical EGFR nuclear transport. STAT3 is the key to the enhanced EGF-induced Akt and Erk1/2 activation in cells that express the pro-survival Fas. Along with the STAT3 pathway, the PI3K-Akt and ras/raf/MEK/ERK pathways are well known downstream effectors of EGFR signaling that have been noted as the node of convergence of anti-EGFR drug resistance. Therefore, we examined the effect of the pro-survival form of Fas on these pathways. We found that, compared to cells carrying wild-type Fas and the pro-apoptotic form of Fas (Fas.Y291F), cells carrying the prosurvival Fas.Y291D exhibited a higher level of EGF-induced activation of Akt (Figs 7A,B, and S6A,B) and Erk1/2 (Figs 7B and S6C). Having observed that the pro-survival Fas form was responsible for the enhanced EGF-induced activation of Akt and Erk1/2 whereas the pro-apoptotic Fas exhibited the opposite effect, we further investigate whether STAT3 had a role in the enhanced activation of Akt and Erk1/2 following EGF treatment observed in cells carrying the pro-survival Fas. We found that the Fas-mediated upregulation of Akt and Erk1/2 in these cells was reestablished to the level close to that found in cells carrying the wild-type Fas when STAT3 was suppressed by siRNA (Fig. 7B), indicating the essential role STAT3 in the Fasmediated pro-survival amplification of EGFR signaling through the PI3K-Akt and ras/raf/MEK/ERK pathways.

Discussion

More than a decade ago, when Fas was still mostly known and studied as a prototypic apoptosis activator, the Fas-EGFR crosstalk was described in the pro-apoptotic context where hyperosmolarity-induced activation resulted in EGFR activation which in turns promoted Fasmediated apoptosis in hepatocytes 30 . Later, a study showed that in quiescent hepatic stellate cells, EGFR could participate in FasL-induced proliferative and anti-apoptotic signal 31 . However, since the cancer-promoting roles of Fas have emerged, only a few studies have www.nature.com/scientificreports/ touched upon the relationship between Fas and EGFR in cancer and mainly focused on the influence of EGFR signaling on Fas pathway and not vice versa 20,24 . Studying triple-negative breast cancer cells, Malleter et al. 24 found that activating Fas with the cleaved form of FasL could promote the migration of these cells via the acti-vation of Yes-1-mediated, EGFindependent EGFR activation and subsequently the activation of the PI3K path-way 24 . Meanwhile, whether Fas has a role in EGF-dependent EGFR activation in cancer remained unknown. Only one work reported by Bivona et al. 20 has suggested an indirect influence of Fas signaling on the EGFR pathway. Activating mutations in EGFR, such as an exon 19 deletion, predict for the lung cancer cell sensitivity to erlotinib, an EGFR tyrosine kinase inhibitor. Using RNAi, the authors showed that Fas could render EGFR mutant lung cancer cells independent of the mutant EGFR and thereby resistant to erlotinib by acting upstream of persistent NFkB signaling and an unidentified MEK-independent pathway 20 . In this case, although, the direct role of Fas in EGFR signaling was not demonstrated, its presence was reported essential for the cancer-promoting activities of other parallel pathways that made the EGFR activity redundant.

Given the correlation between poor prognosis and EGFR overexpression in several types of cancers, anti-EGFR agents have become a major class of targeted therapy [32][33][34] , albeit, with rarely complete responses and eventual drug resistance in most cases. While a subset of colorectal tumors, apparently wild-type for KRAS, are sensitive to EGFR inhibition, they almost always develop secondary resistance after an initial response [35][36][37] . Recent studies have identified KRAS mutations as frequent drivers of acquired resistance to the anti-EGFR thera-pies, cetuximab and panitumumab 38,39 . These studies also showed that the resistance may arise from the selection of pre-existing KRAS mutant clones in metastatic lesion as well as from continuing mutagenesis. Notably, the appearance of KRAS mutations in patients whose tumors were initially classified as KRAS wild-type occurred consistently between 5-6 months following the anti-EGFR treatment 39 . Therefore, to prolong the remission beyond 5-6 months, the foreseeable resistance must be taken into account and combinatory therapies targeting different pathways or early initiation of sequential therapies targeting other pathways must be applied.

Our recent study has shown that the level of the phosphorylated Fas, which is the form of the receptor that pro-motes cancer cell proliferation and migration, is elevated in malignant tissues from colorectal, breast, and ovar-ian cancers 13 . This important observation prompted us to investigate the connection between this pro-survival Fas in EGF-dependent EGFR signaling in colorectal cancer cells, which represents the type of cancer to which anti-EGFR therapy is widely applied. Our finding that the survival signaling pathways of Fas could be promptly activated by EGF, the cognate ligand of the EGFR, signifies a close connection between the two pathways in colorectal cancer cells. In KRAS mutant cells used in this study, activating EGFR with EGF led to cell proliferation and migration. This process was strongly inhibited when Fas expression was suppressed by siRNA, demonstrating that perturbing Fas pathway would directly and significantly impact EGF-induced EGFR signaling. Using the pY291 Fas proxy, we found that it was the phosphorylated, pro-survival form of Fas that coupled Fas pathway to the EGFR pathway by acting as the signaling hub for the complex assembly that included EGFR, Src-family kinases, Yes-1 and Src, and STAT3, and permitting a robust EGF-induced EGFR signaling.

Upon activation by EGF, the dimerization of EGFR allows the cross-phosphorylation of several tyrosine resi-dues, including Y1068, the main binding site for STAT3 40 . Our data show that the presence of phosphorylated Fas significantly promoted autophosphorylation of EGFR at Y1068, possibly by facilitating EGFR dimerization, and thus the increased EGFR association with STAT3. Correspondingly, the expression of the pro-survival form of Fas enhanced the EGFinduced phosphorylation of STAT3, which is important for the cancer-promoting activities, such as migration of colorectal cancer cells (Figs S7A and S8). While the exact action of phospho-Fas (pY-Fas) in this process is still unknown, it may involve the membrane dynamics and organization of Fas and EGFR, which may significantly impact their crosstalk. Sequestering signaling partners in membrane domains dramatically increases their encounter while preventing interactions with other interfering proteins. While direct evidence has yet to be put forward, the tyrosine phosphorylation of Fas may be linked to the membrane organization of both Fas and EGFR and thus the heightened EGFR signal. Numerous studies have provided evidence that the activation of EGFR is capable by itself of remodeling its lipid environment, allowing the formation of nanoclus-ters 41 . The same may also hold true for the activated Fas. Such membrane remodeling may, in turn, influence the sequestration of Fas and EGFR into the same membrane nanodomains, and thus their association (direct or indirect), which may result in an arrangement at the molecular level that favors the recruitment of STAT3 as well as Src and Yes-1. It is often stated generally that members of the Src family kinases can activate STAT3. Although, while it is quite a common knowledge that Src can activate STAT3 26 , the role of Yes-1 as a STAT3 activator has not yet been demonstrated. Given the known redundancy of SFK activities 13,42 , www.nature.com/scientificreports/ the presence of both Src and Yes-1 in the Fas-EGFR complex after EGF-induced activation, and the fact that both Src and Yes-1 have been shown as positive regulators of the phosphorylation of Fas 13 and EGFR 24,43 , one may expect that Src and Yes-1 may interchangeably perform as STAT3 activators. However, in the context of our study, Src and Yes-1 play opposite roles in EGF-induced STAT3 activation, with Yes-1 as the activator and Src as the suppressor of STAT3 phosphoryla-tion at Y705. The presence of both activator and suppressor of STAT3 in the same complex is of interest and the complete functional organization of Src and Yes-1 in the EGF-induced, Fas-mediated signaling complex remains to be investigated. Interestingly, our data also reveal that while the suppression of Src by siRNA resulted in the upregulation of pY705 STAT3 in all cells tested in this study, this upregulation was less striking in Y291D and Y291F carrying cells than in Fas wild type-carrying cells. It appears that the STAT3 signaling rebound, after the negative reg-ulation by Src was removed, required the reversibility of the Fas tyrosine phosphorylation since a constitutive phosphorylation or dephosphorylation of the Y291 residue reduced this effect. This observation suggests that a well-timed phosphorylation and dephosphorylation of Fas is important for this significant upregulation of STAT3 in the absence of the negative regulation by Src. This is an interesting observation that warrants and fur-ther investigation to understand the exact roles of Fas in the Src-mediated negative regulation of STAT3. In any case, the new information we presented regarding opposing roles of two closely related and ubiquitous SFKs in the activation of an emerging drug target such as STAT3 in the pathway of a major clinical drug target like EGFR is highly significant, particularly in consideration of the alternative or combinatory application of SFK inhibitors in anti-cancer therapies.

Classical signaling pathways initiated by EGFR upon engagement by its ligand include key oncogenic path-ways such as the ras/raf/MEK/ERK, PI3K-Akt, and JAK-STAT. Noncanonically, EGFR can also be shuttled from the plasma membrane to the nucleus and serves as a transcriptional co-activator for many tumor-promoting genes 19 . Importantly, the nuclear EGFR has also been implicated in the acquired resistance to cetuximab 44 . Our data show that pY291-Fas acted as a hub for the formation of a Fas-mediated EGFR signaling complex which con-tained Fas, EGFR, Yes-1, and STAT3. Furthermore, it was translocated to the nucleus along with activated EGFR and STAT3 upon activation by EGF. The enhanced nuclear accumulation of pY-Fas, pY-EGFR, and pY-STAT3 was accompanied by the upregulation of cyclin D1, a nuclear EGFR target gene 29 . These findings are in line with previous studies showing that the nuclear translocation of EGFR and the binding and upregulation of its target gene depend on Yes-1 27 and the association of EGFR with STAT3 28 . Notably, this is the first report of the presence of pY-Fas in the nucleus upon EGF-induced activation, which reinforces the implication of the roles of pY-Fas in nuclear EGFR signaling and the activities of transcription factors. Additionally, we found that, in cells expressing the prosurvival pY-Fas, the increased activation of STAT3 was also responsible for the upregulation of PI3K/Akt. This observation is consistent with previous findings that Akt may be upregulated by STAT3 at the transcriptional level 45 . And while the activation of STAT3 has been shown dependent on MEK/Erk pathway 46,47 , we found that the inverse occurred when the phosphorylated form of Fas was upregulated. Namely, the activation of the MEK/ Erk pathway in colorectal cancer cells depended on the activation of STAT3. Given increasing evidence of the non-apoptotic activities of Fas in tumor malignancies, it is important to understand the roles of Fas in the network of cancer-promoting pathways. Our data suggest that Fas in its phos-phorylated pro-survival form is an essential signaling hub for the formation of a Fas/EGFR/STAT3 complex, which promotes the activation of the non-canonical signaling pathway of EGFR and STAT3, and thus the trans-mission of the growth factor signals directly from the plasma membrane to the tumor-promoting transcriptional targets in the nucleus via EGFR and STAT3 nuclear transport (Summarized in Fig. 8). Further investigation is needed to understand the exact function of phosphorylated Fas in the nucleus. Our identification of the novel cancer-promoting function of Fas in the upregulation of nuclear EGFR and STAT3 signaling along with our pre-vious observation that Fas is upregulated in some types of tumors 13 suggest that the pro-survival pY-Fas may be a valuable prognostic marker as well as a therapeutic target. The development of therapeutic strategies to target the Fas pro-survival signaling, such as by neutralizing the pro-survival soluble FasL 12 and/or co-inhibition of Src family kinases and STAT3, may represent a rational approach for combinatory or sequential cancer therapies to delay disease recurrence and prolong disease-free survival. 

Methods

Cell lines. Colon cell lines SW480 were purchased from the American Type Culture Collection (ATCC) and HCT116 from Leibniz-Institut, German collection of microorganisms and cell culture (DSMZ). All cells were maintained in RPMI 1640 + Glutamax I (Gibco) supplemented with 10% fetal bovine serum (FBS) and main-tained at 37 °C, 5% CO 2 . For sitedirected mutagenesis studies, stable cell lines were established by transducing cells with lentivirus vector (pLenti6) carrying C-terminally V5-or AcGFP-tagged wild-type Fas protein or Fas protein with Y291D or Y291F as previously described 13 .

Antibodies and reagents. The sources of antibodies and reagents are as followed: anti-pY291 Fas (pre-pared as previously described 13 and validated for immunoblotting 13 and flow cytometry Fig. S8); anti-Src, anti-Yes (R&D Systems); anti-human Fas (C20, for immunoblotting) and anti-Cyclin D1 (Santa Cruz); anti-Fas (Apo1-3, for coimmunoprecipitation) (Enzo); anti-EGFR, anti-pY1068 EGFR, anti-pY705 STAT3, anti-STAT3, anti-pS473 Akt, anti-pT308 Akt, anti-Akt, anti-pErk1/2, and anti-Histone H3 (Cell Signaling Technology); anti-Erk1/2 (Sigma); anti-GAPDH (Calbiochem); horseradish peroxidase 5′-AAGGAGUACACAGACAAAGCC-3′, used for all experiments except those shown in Fig. 2F and Exon 9: 5′-GAAGCGUAUGACACAUUGA-3′, used for Fig. 2F) are from Eurofins.

WST-1 Viability assay. Cells were seeded in RPMI + 10% FBS at 5 × 10 3 cells/well in 96-well plate for 24 h. Cells were then washed with RPMI + 0.1% BSA and synchronized by serum deprivation in RPMI + 0.1% BSA for 24 h before treatment with an indicated reagent for 48 h. Following the treatment, the WST-1 reagent was added to each well. Cells were incubated for 4 h before measurement at 450 nm and 690 nm (reference) with a spectrom-eter (Biotek). After subtracting blank control, absorbance at 690 nm was subtracted from that obtained at 450 nm. The viability of the cells was calculated as a percentage of cell viability compared to control (untreated cells) using the following equation: % Viability = 100 × (A450-A690) treated /(A450-A690) control ; A, absorbance.

Boyden chamber cell migration assay. The chemotaxis migration assay using Boyden chambers was car-ried out as described 13 . Briefly, cells, pre-labeled with DilC18(3)-DS dye (Molecular Probes), were resuspended in RPMI medium supplemented with 0.1% fatty acid-free BSA (assay medium) at the concentration of 2 × 10 5 cells/ ml. Fluoroblok inserts (BD Bioscience) were placed in the wells of 24-well plates, each prefilled with 0.75 ml of assay medium without or with EGF. Cells (5 × 10 4 ) were then added to the top chamber of the Fluoroblok mem-brane insert and allowed to migrate for 2 h at 37 °C, 5% CO 2 . Cells were then fixed with 4% paraformaldehyde and the fluorescence-labeled migrated cells on the underside of the inserts were imaged using a wide field inverted microscope with a 10x objective (Zeiss Axiovert). From 5 randomly taken images per insert, the number of cells migrated through the membrane pores was counted using the Analyze Particles function in FIJI software 48 .

Three-dimensional cell culture in Alvetex scaffold. The Alvetex Scaffold discs in the 24well plate format (Reinnervate) were prepared according to manufacturer's instruction. Matrigel (0.8 mg/ml) was then applied to the discs and allowed to solidify to obtain the Matrigel-coated scaffold. Fifty µl of SW480 cell sus-pension (1.0 × 10 7 cells/ml) was added to the center of each Alvetex Scaffold disc. The plate was then incubated for 3 hours at 37 °C with 5% CO 2 to allow the cells to settle into the scaffold. Then 1.5 ml of complete medium was added to each well. After 24 hours, the complete medium was replaced with 1 ml of fresh starving medium (RPMI+ 0.1% BSA) and incubated for 24 hours. The starving medium was then replaced with 1.5 ml of the treat-ment medium without or with 0.01 ng/ml EGF. Cells were cultured at 37 °C with 5% CO 2 with fresh treatment medium replacement every 2 days. After 10 days, the medium was removed and the discs were washed twice with PBS and fixed with 4% paraformaldehyde overnight. The discs were then washed with PBS, embedded in paraffin wax, sectioned to 10 µm thickness, and counterstained with hematoxylin and eosin. Brightfield micrographs of the sectioned discs were taken using a Zeiss Axioplan color microscope with 10X objective. SDS-PAGE and immunoblotting. Cells were seeded in 10-cm dishes at 4 × 10 6 cells/dish or in 6-well plate at 2.5 × 10 5 cells/well in RPMI + 10% FBS for 24 h. They were then washed with RPMI + 0.1% BSA and synchro-nized by serum deprivation in RPMI+ 0.1% BSA for 24 h before treatment with EGF or AR. The detailed proce-dure for cell lysate collection and handling and SDS-PAGE and immunoblotting has been described 49 . Briefly, the medium was then removed and the lysis buffer (120 mM Tris-HCl pH 6.8, 4% SDS, 10 mM NaP-P, 10 mM NaF, 25 mM β-glycerol phosphate, 5 mM NaVO 4 , protease inhibitor cocktail), preheated at 95 °C ('hot SDS' buffer) was rapidly added to the cells. The lysate was collected and heated at 95 °C for 5 minutes. The lysate was stored at -80 °C until analyzed. The protein contents of the lysates were quantified using Dc protein assay (BioRad), and for each sample, 20 μg of protein was subjected to SDS-PAGE and immunoblotting. GAPDH served as a gel loading control except for Fig. 2B where Erk1/2 was used instead of GAPDH since the latter was affected by the suppression of Fas in HCT116 cells.

Isolation of nuclei. One million cells were seeded in a 10-cm cell culture dish for 24hours and www.nature.com/scientificreports/ subsequently syn-chronized by serum deprivation for 24hours in RPMI+0.1% BSA prior to an activation with indicated concentrations of EGF for an indicated time. Cell nuclei were isolated using the REAP procedure 50 . Briefly, cells were collected in 1mL of PBS and centrifuged for 10 seconds at 10,000 rpm. Cells pellet were resuspended in 900 ul of cold PBS containing 0.1% NP-40 and centrifuged for 10 sec at 10,000 rpm. The supernatant was transferred to a new tube as cytoplasmic fraction. The pellet was washed by resuspension in 1 mL of PBS containing 0.1% NP-40 followed by centrifugation for 10 sec at 10,000 rpm. The washed pellet (nuclear fraction) was then resuspended in 100 µL of 1 × Laemmli buffer and sonicated briefly. The nuclear and cytoplasmic fractions were heated for 1 min at 95 °C and stored at -80 °C until further use. Prior to SDS-PAGE and immunoblotting, the protein contents of the fractions were quantified using Dc protein assay (BioRad) and, for each sample, an equal amount of protein was loaded on to the gel.

Coimmunoprecipitation detected by immunoblotting. Fas coimmunoprecipitation was performed as previously described 13 . Briefly, the postnuclear supernatant (PNS) of cells was prepared by collecting cells in ice-cold lysis buffer, followed by sonication and subsequently centrifugation to remove cell debris. The PNS was then incubated with protein G agarose beads conjugated with anti-Fas (APO-1-3) at 4 °C for 18 h. The beads were washed and the immunoprecipitates were eluted from beads by heating in Laemmli buffer at 95 °C for 5 min, then subjected to SDS-PAGE, followed by immunoblotting.

Immunoprecipitation detected by flow cytometry (IP-FCM). IP-FCM performed according to the pre-viously described 51 with slight modifications. Briefly, polystyrene beads (Spherotech) were coated with a monoclonal antibody against Fas (Apo-1-3) as described by manufacturer's instruction. To capture Fas complex in the nucleus, IP beads were incubated with lysate of the nuclear fraction of SW480 cells and washed to remove excess lysate. The washed IP beads were incubated with unrelated IgG or a primary antibody against Fas, pY1068 EGFR, or pY705 STAT3 followed by a corresponding secondary antibody. Then the IP beads were analyzed by flow cytometry.

Flow cytometric analysis of phosphorylated proteins. Cells of interest were trypsinized and fixed in 4% paraformaldehyde at on ice for 20 minutes. Cells were washed and permeabilized in 0.3% saponin in PBS (per-meabilization buffer) for 5 minutes. Cells were then washed with staining buffer (permeabilization buffer+ 1% FBS) and incubated with a primary antibody for 1 h, washed, and incubated a corresponding secondary antibody for 30 min at room temperature. Cells were then washed and analyzed by flow cytometry.
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 1 Figure 1. A diagrammatic representation of the ligands in the TNF superfamily and their receptors (source 1 )

Figure 2 .

 2 Figure 2. The representation of the averaged minimized NMR structure of Fas death domain (source 16 ) a. Surface representation of the averaged minimized NMR structure of Fas death domain. b. Ribbon representation of the averaged minimized NMR structure of Fas death domain. Lys and Arg side chain atoms are shown in blue, Asp and Glu are red, Phe, Val, Leu, Ile, Try and Tyr are yellow.
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 3 Figure 3. A schematic diagram of human FasL (source 31 )

Figure 4 .

 4 Figure 4. Schematic representation of FAS gene and Fas protein

Figure 5 .

 5 Figure 5. Interactions in the Fas DD-FADD DD complex. A) The Fas DD-FADD in 4:4 model 65 and B) The Fas DD-FADD model and the locations of the three types of contacts in 5: 5 model 66 (i) The 4:4 model proposes that Fas exists in both closed and open forms 67 . In the absence of an apoptotic signal, the equilibrium between closed and open forms of Fas strongly favors the closed form while open forms are unstable. Upon FasL engagement, the equilibrium shifts in favor of the open form. Fas molecules are brought together by FasL in a permissive environment dependent on several factors including lipid rafts (lipidic nanodomains) and membrane constitution. The close proximity of Fas DDs allows for stem helices to interact leading to stabilization of the open form 67 (Figure 5A).
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 6 Figure 6. The post-translational modification of Fas

Figure 7 .

 7 Figure 7. The extrinsic and intrinsic pathway of apoptosis (source 77 ) Upon FasL binding, Fas assembles the DISC, which is composed of Fas, FADD, procaspase-8, procaspase-10, and the caspase-8/10 regulator c-FLIP. Once activated, the initiator caspases, caspase 8 and caspase 10, cleave and activate downstream effector caspases (including caspase-3, -6, and -7), which in turn execute apoptosis by cleaving cellular proteins substrates 78 .

Figure 8 :

 8 Figure 8: Type 1 and Type 2 apoptotic pathways (sources 83 )

  Fas/FasL in health and diseases 2.4.1. Pathological of Fas/FasL Apoptosis mediated by Fas/FasL is an important mechanism for the maintenance of immune homeostasis. The role of Fas/FasL-mediated apoptosis is emphasized by the effects of the FasL generalized lymphoproliferative disease (gld) and Fas lymphoproliferation (lpr) mutations in mice 115 . Both of these mutations cause autoimmune syndrome, leading to lymphadenopathy and splenomegaly 116 . Humans carrying homozygous mutations in the FAS/FASL gene also develop an autoimmune lymphoproliferative syndrome (ALPS) that is characterized by defective apoptotic mechanisms leading to disrupting lymphocyte homeostasis 117 .

Figure 9 .

 9 Figure 9. Regulation of Fas multi-signaling by death domain tyrosine phosphorylation (source 170 ) (A) Fas death domain structural model demonstrating six antiparallel α-helices (PDB: 1DDF) with the side chains of Y232 and Y291 indicated (left) and amino acid sequences of human Fas and rat Fas encompassing the death domain with positions of each helix indicated (right; α, α-helix). Tyrosine phosphorylation sites in hFas and corresponding residues in rat Fas are highlighted. (B) A diagram depicting different states of Fas, with respect to its ability to transmit apoptotic signal, as affected by its death domain phosphorylation. (C) A simplified illustration of Fas multi-signaling regulation by tyrosine phosphorylation switch.
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 10 Figure 10. Signaling by the ErbB protein tyrosine kinases

  prototypic member of the type I RTKs. The physiological function of EGFR is to regulate epithelial tissue development and homeostasis202 . Besides, this main function, EGFR is also involved in non-canonical functions such as the regulation of autophagy 203 and metabolism 204 , generally induced by cellular and environmental stresses202 . In pathology, the EGFR is a well know-tumorigenesis driver 202 .EGFR drives different pathways that control the expression of genes involved in proliferation, survival, differentiation, and migration 202 . The respective role of EGFR signaling in the individual organ and the pathological consequences when its signalling goes awry are shown in Figure11.The EGFR signaling initiated by its ligands, in particular, EGF and TGF, is particularly important for mammalian preimplantation embryogenesis since it is directly involved in protein synthesis, cell number, and blastocyte expansion205 . The EGFR signaling is also essential for organogenesis and post natal development. For example, lungs from EGFR null mice display reduced branching, deficient alveolization, and an abnormal septation with hypercellularity 206 . Recent studies using several mutant mice lacking HB-EGF expression have revealed that HB-EGF has a critical role in normal heart function. In the same line, HB-EGF-induced EGFR signaling was reported essential in cardiac valve development207 . EGFR plays a role in central nervous system development by promoting the proliferation and survival of both neurons and glial cells and guiding the proper migration of neurons 208 . Additionally, besides its well-known function, recent advances in uncovering noncanonical EGFR functions in stress-induced trafficking, autophagy, and energy metabolism have been observed 202 . It has been reported that EGFR activation upregulated monounsaturated fatty acid biosynthesis by directly phosphorylate stearoyl CoA desaturase-1 209 . In TNBC cells, EGF engagement stimulates glycolysis by controlling the expression of hexokinase and phosphorylation of the pyruvate kinase M2 210 .

Figure 11 .

 11 Figure 11. Schematic representation of the physiologic and pathological role of the EGFR signaling by organs (source 205 )

  et al have proposed an interesting "EGFR-Her2 dimer model" where EGFR phosphorylation is driven by EGFR-Her2 dimers and EGFR-Her2 dimers contribute significantly to Her2 activation 240 . At the endosomal sorting stage, increased Her2 levels elicit enhanced EGFR recycling outcomes by competing with EGFR for a stoichiometricallylimited quantity of endosomal retention components 241 . EGFR and Her2 dimerization were regulated through a JAK2/STAT1 signaling pathway. This dimerization led to the acceleration of the invasiveness and metastasis of breast cancer cells 242 . Her3 plays a key role in maintaining the balance of the ErbB family member signaling and in sensing its perturbations 243 . The stimulation of EGFR leads to Her3 activation whereas Her3 stimulation does not activate the EGFR 244 . However, a structural study has shown that Her3 can act as an allosteric activator of EGFR and revealed a conserved role of this allosteric mechanism in the heterodimerization-based activation of all ErbB family members 245 . Her3 may compensate for the function of EGFR or Her2 when either of these receptors is inhibited. A study of Hu, Y. P. et al reported that treating colon cells with an antibody against Her2 contributed to cell survival 246 not only by decreasing the heterodimerization of Her2 and Her3 but also the one between EGFR and Her3. Several observations of Her3 signaling have been made in the context of chemotherapy: Buck et al reported that Her3 is co-expressed with EGFR in erlotinibsensitive colorectal cell lines but not in erlotinib-insensitive cell lines 247 . Her3 and consequently PI(3)K/Akt signalling evade inhibition by TKIs. The compensatory changes including the increased membrane expression of Her3 and the reduced Her3 phosphatase activity are driven by Akt-mediated negative-feedback signalling 248 . The lapatinib-sensitive cell acquired resistance to lapatinib by driving the Her3-EGFR-PI3K-PDK1 signaling 249 .

Figure 12 .

 12 Figure 12. The EGFR structure (source 258 ). The extracellular region comprises four domains: I-IV. Domains I (red ) and III ( gray with red outline) share about 37% sequence identity, while domains II ( green) and IV ( gray with green outline) are cystine-rich. The N-lobe of the kinase domain is in lavender and the C-lobe is in blue

Figure 13 .

 13 Figure 13. Mechanism of EGFR activation (source 258 )

Figure 14 .

 14 Figure 14. Overview of the EGFR signaling pathway.

  dephosphorylating multiple C-terminal tyrosines 297 . Transforming growth factor beta (TGFβ) induces RPTPκ expression and leads to suppression of EGFR activity 303 . Michael Walser et al recently reported that DEP-1 regulates EGFR signaling via two parallel mechanisms: a direct dephosphorylation of the receptor and a restriction of the receptor mobility through αβ-integrin activation 299 . SHP-1 associates directly with the EGFR in human mammary carcinoma cells through phosphotyrosine 1173 on the EGFR 300 . Overexpression of SHP-1 in human epithelial cells can also lead to the downregulation of EGFR-mediated MAPK activity 300 . SHP-2 modulates a mitogen-activated protein kinase (MAPK) kinase (MEK)-mediated signaling pathway that regulates EGFR variant III (EGFRvIII) tyrosine phosphorylation and cell survival in EGFRvIII-expressing glioblastoma cell line (U87MG) 301 . SHP-2 is also required for EGFRvIII-induced transformation in human GBMs and mouse fibroblasts 304 . Multiple studies indicated that PTP1B dephosphorylates the EGFR 302 . After EGF treatment, cells lacking PTP1B exhibit increased and sustained phosphorylation of the EGFR 305 . The loss of PTP1B function abrogates the trafficking of EGFR to Rab5-and PIP3positive early endosomes and the subsequent trafficking through the degradative pathway 306 .

Figure 15 .

 15 Figure 15. EGFR trafficking pathways and associated outcomes (source 310 ) Two EGFR internalization pathways have been reported: the clathrin-mediated endocytosis (CME) and the clathrin-independent endocytosis (CIE) pathways.

4. 7 . 2 .

 72 Anti-EGFR antibody Monoclonal antibodies (mAbs) bind to the extracellular domain of EGFR, preventing ligand binding and ligand-induced autophosphorylation of the EGFR, and consecutively interrupting the signaling cascade 348 . So far, three of them have been FDA-approved in cancer treatment 349 , including Cetuximab (Erbitux), panitumumab (Vectibix) and Necitumumab (Portrazza™) (Table
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 16 Figure 16. Gefitinib-and erlotinib-sensitizing mutations of EGFR in NSCLC (source 367 ).
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 17 Figure 17. The interaction between FAS and EGFR generated by Cytoscape software.
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 18 Figure 18. European CRC mortality predictions for the year 2018 (sources 392 )



  Stage 0: This refers to an in situ cancer stage. The cancer cells are confined to the mucosa, or to the inner lining of the colon or the rectum.  Stage I: cancer cells have grown through the mucosa and reach the muscular layer of the colon or the rectum but without any spreading into the nearby tissue or the lymph nodes (T1 or T2, N0, M0).  Stage IIA: cancer cells have grown through the colon/rectum wall but did not yet spread to the nearby tissues or to the lymph nodes (T3, N0, M0). Stage IIB: the cancer cells have reached the layers of the muscle to the lining of the abdomen, called the visceral peritoneum, but the spreading to the nearby lymph nodes or elsewhere is still under control (T4a, N0, M0). Stage IIC: The tumor has spread through the colon or rectum wall and has invaded the nearby structures but without spreading yet to the nearby lymph nodes or elsewhere (T4b, N0, M0).  Stage IIIA: cancer has grown through the inner lining or into the muscle layers of the intestine. It has spread to 1 to 3 lymph nodes or to a nodule of tumor in tissues around the colon or rectum that do not appear to be lymph nodes but has not spread to other parts of the body (T1 or T2, N1 or N1c, M0; or T1, N2a, M0). Stage IIIB: cancer has grown through the bowel wall or to surrounding organs and into 1 to 3 lymph nodes or to a nodule of tumor in tissues around the colon or rectum that do not appear to be lymph nodes. It has not spread to other parts of the body (T3 or T4a, N1 or N1c, M0; T2 or T3, N2a, M0; or T1 or T2, N2b, M0). Stage IIIC: cancer cells, regardless of how deep they have developed, have spread to 4 or more lymph nodes but not to other distant parts of the body (T4a, N2a, M0; T3 or T4a, N2b, M0; or T4b, N1 or N2, M0).  Stage IVA: cancer has spread to a single distant part of the body, such as the liver or the lungs (any T, any N, M1a). Stage IVB: cancer has spread to more than 1 part of the body (any T, any N, M1b). Stage IVC: cancer has spread to the peritoneum. It may also have spread to other sites or organs (any T, any N, M1c).

Figure 19 .

 19 Figure 19. Factors involved in the development of colorectal cancer.

  Colorectal cancer is a heterogeneous disease. The nature of the molecular changes occurring in CRC has allowed a categorization into three distinct groups 413 : i) the most common is the Chromosomal Instability (CIN) group characterized by an accumulation of mutations in specific oncogenes and tumor suppressor genes.ii) the Microsatellite Instability (MSI) group regroups the dysfunction of DNA mismatch repair genes leading to genetic hypermutability.iii) the CpG Island Methylator Phenotype (CIMP) that silences gene function with aberrant hypermethylation.The most common specific mutations and epigenetic alterations in CRC are listed in Table15

Figure 20 .

 20 Figure 20. Proposed decision tree for first-line treatment in patients with metastatic colorectal cancer (source 430 ) The individual decision may be different because of concomitant diseases and toxicity. Asterisk indicates the results of an experienced surgeon. FOLFIRI, 5-fluorouracil, leucovorin irinotecan;FOLFOX, 5-fluorouracil, leucovorin, oxaliplatin; FOLFOXIRI, 5-fluorouracil, leucovorin irinotecan, oxaliplatin; RAS, KRAS and NRAS exon 2, 3, 4; XELOX, capecitabine, oxaliplatin. 

1 .

 1 Tyrosine kinase inhibitors: Constitutive EGFR activation in CRC cells can be blocked by selective tyrosine kinase inhibitors. Gefitinib and erlotinib are small-molecule inhibitors of the tyrosine kinase domain of EGFR. Both agents have been extensively studied in patients with tumors of epithelial origin, such as lung and head and neck cancers. However, only limited studies have been made from CRC patients. The administration of either erlotinib or gefitinib as a single agent gives a very low response rate. In contrast, the combination of gefitinib and chemotherapy is promising with a high response rate. The combination of gefitinib with chemotherapy is promising with a high response rate 451 .Unfortunately, the promising response rate seen in the combination of TKI with chemotherapy in first-line mCRC has not been brought forward for further clinical assessment. The third-generation irreversible EGFR TKIs Osimertinib (AZD9291) specifically target EGFR T790M mutation, as well as the activating EGFR mutations, have shown promising clinical activity in patients with EGFR T790M-mediated acquired resistance to first-or second-generation EGFR TKIs. The recent in vitro study showed that Osimertinib decreased the proliferation and induces apoptosis in CRC cells452 .Additional progress in EGFR targeted therapies for CRC: SYM004 is a 1:1 mixture of two recombinant human-mouse chimeric mAbs directed against non-overlapping epitopes of the EGFR. The binding site of the two antibodies is different from cetuximab, and therefore SYM004 could hypothetically be effective even in the presence of mutations in the extracellular domain (ECD) of the EGFR. A unique feature of SYM004 is its ability to mediate rapid EGFR internalization and subsequent degradation of internalized receptors via EGFR cross-linking. It has been shown that SYM004 is an active drug that exhibits resistance to cetuximab/panitumumab due to EGFR mutations 453 . A phase 2 randomized clinical trial reported that SYM004 did not improve OS in an unselected population of CRC patients. However, SYM004-treatment was associated with an improved OS in a subgroup of patients with RAS/BRAF/EGFR ECD-mutation negative 454 . MM-151 is a mixture of three different monoclonal IgG1 antibodies directed towards three different, non-overlapping epitopes of the EGFR. MM-151 demonstrated antiproliferative activity against high-affinity EGFR ligands, either singly or in combination, while cetuximab activity was largely abrogated under these conditions455 . The maintenance treatment with MM-151 plus MEKi resulted in a most effective therapeutic approach 456 . Duligotuzumab (MEHD7945A) is a bispecific anti-HER3 and anti-EGFR antibody. In preclinical models, it was more effective at inhibiting EGFR and HER3 mediated signaling than monospecific anti-HER3 antibodies457 . In animal models, duligotuzumab increased radiosensitivity in NSCLC and HNSCC overcame resistance to EGFR inhibitors in HNSCC and increased response to PI3K inhibitors in triple negative breast cancer. However, a phase II study of Duligotuzumab in second-line RAS wild-type mCRC demonstrated that Duligotuzumab provided no progression-free survival (PFS) or overall survival (OS) benefit compared with cetuximab, although there was a trend for a lower objective response rate (ORR) in the duligotuzumab arm. Duligotuzumab plus FOLFIRI did not appear to improve the outcomes in patients with RAS exon 2/3 wild-type mCRC compared with cetuximab + FOLFIRI 458 . The expression of Fas and FasL in colon and CRCThe Fas and FasL are frequently expressed in colorectal tumors 459 . Fas is ubiquitously expressed in all epithelial cells along the intestinal tract whereas Fas-ligand is expressed exclusively in the Paneth cells of the small intestine. In the colon, Paneth cells are scarce, and Fas-ligand is only expressed in occasional lamina propria cells, B cells, plasma cells, NK cells and/or neutrophils (Figure21).

Figure 21 .

 21 Figure 21. Expression of Fas and FasL-ligand in the small intestine and the colon (source 460 ).

Figure 22 .

 22 Figure 22. The activation of Fas pro-survival signal by FasL triggered the activation of EGFR SW480 cells were synchronized to G1 phase by serum deprivation for 24h and then treated with FasL for 5' before cell lysates were collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies

Figure 23 :

 23 Figure 23: The inhibition of EGFR sensitized cells to the FasL-induced Fas-prosurvival signal, resulting in increased cell proliferation and migration. SW480 cells were transfected with control or EGFR siRNA for 48 h. They were subsequently synchronized to G1 phase by serum deprivation for 24h and then treated with indicated concentration of FasL for 12h. Then the Wst-1 assay was performed to examine cell viability. Means ± SEM of 3 independent experiments are shown (* P<0.05, unpaired t-test) (A). SW480 cells were transfected with control or EGFR siRNA, synchronized to the G1 phase by serum deprivation for 24h. They were then subjected to FasL-induced chemotaxis migration test by Boyden chamber assay. Control cells were allowed to migrate through the chamber without induction with FasL. Percent of cells migrating through the chamber compared to cells transfected with control siRNA without FasL treatment is shown. Means ± SEM of 3 independent experiments are shown (* P<0.05, unpaired ttest)(B). SW480 cells were transfected with control or EGFR siRNA for 48 h then synchronized to G1 phase by serum deprivation for 24h and then treated with FasL for 5' before cell lysates were collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies. The plots in the right panel present the quantification of pY232, pY291 Fas and Fas from the immunoblot normalized with the level of GAPDH (C)

Figure 24 .

 24 Figure 24. The inhibition of EGFR led to a concomitant upregulation of Fas and Her3 signaling SW480 cells were transfected with control or EGFR siRNA for 48 h then synchronized to G1 phase by serum deprivation for 24h. Cell lysates were then collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies (A). Cell lines stably expressing control protein (LacZ.V5) and V5-tagged wild-type Fas were synchronized for 24h. Cell lysates were then collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies (B)

Figure 26 .

 26 Figure 26. Fas/Her3 association does not depend on the kinase of EGFR

Figure 27 .

 27 Figure 27. The loss of EGFR activity due to cetuximab led to the hyperphosphorylation of Fas andHer3, which correlated with the increase in CRC cell proliferation and migration. HCT116 cells were treated cetuximab for the indicated period of time. Cell lysates were then collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies (A). HCT116 cells were treated with the indicated dose of cetuximab for 24h. The Wst-1 assay was then performed to assess the cell viability (B). Scratch wound healing assays were performed to compare the migration capability of HCT116 cells in the presence or absence of cetuximab treatment. The wound area was imaged for 72h using time-lapse live microscopy. The wounded area at the start time of scratch was

Figure 28 .

 28 Figure 28. Fas were necessary for the hyperproliferation of CRC cells brought about by cetuximab. SW480 cells were transfected with control or Fas siRNA for 48 h and then treated with an indicated dose of cetuximab for 24h. The WST-1 assay was then performed to examine the cell viability

  enhanced nuclear accumulation of pY-Fas, pY-EGFR, and pY-STAT3 was accompanied by the upregulation of cyclin D1, a nuclear EGFR target gene 484 and a robust EGF-induced EGFR signaling. Overall this work shows that the pro-survival form of Fas plays a vital role in the transmission of the growth factor signals directly from the plasma membrane to the tumorpromoting transcriptional targets in the nucleus via EGFR and STAT3 nuclear transport. The Fas-EGFR crosstalk revealed by this study is summarized in Figure 29A.

Figure 29 .

 29 Figure 29. Schematic representation Fas-mediated EGF-dependent EGFR signaling (A) and Fas/nu Her3 signaling in EGFR inhibition (B)

Fig 1 .

 1 Fig 1. A common cysteine substitution for tyrosine in the Fas death domain in primates and rodents and site-directed mutagenesis suggest that the tyrosine phosphorylation is dispensable for Fas apoptosis. (A) Partial sequence alignment of Fas death domain (helices 1 and 5 [9]) in vertebrates. Positions 232 and 291 of human Fas are highlighted. Cysteine and alanine at the 291 position of Fas are boxed in red. (B) SW480 cells stably expressing control protein (LacZ.V5) or indicated Fas.V5 proteins were treated with 10 ng/ml FasL crosslinked with anti-FLAG (M2) for 24 h and subsequently subjected to DNA content analysis by flow cytometry. Numbers indicate percentage of cells that underwent apoptosis, having subG1 DNA content due to DNA fragmentation.

Fig 2 .

 2 Fig 2. The charge of the 291 residue is more important for the function of Fas than the size and details of the side chain. (A) SW480 cells stably expressing control protein (LacZ.V5), V5-tagged wild type Fas, or indicated Y232 phosphorylation mutants were treated with 50 ng/ml FasL crosslinked with 1 μg/ml M2 for 4 h and analysed by flow cytometry. Numbers indicated percentage of cells that underwent apoptosis, having subG1 DNA content due to DNA fragmentation. (B) Cells, as in (A), were treated with 20 ng/ml FasL crosslinked with 1 μg/ml M2 for 24h. The cell viability was measured by WST-1 assay and presented as percentage of cell viability compared to untreated control cells. Values represent means ± SEM from three independent experiments (*p < 0.05, ** p < 0.01, *** p < 0.001, unpaired t test). (C) SW480 cells stably expressing LacZ.V5, V5-tagged wild-type Fas, or indicated Y291 phosphorylation mutants were treated with 10 ng/ml FasL crosslinked with 1 μg/ml M2 for 4 h and analysed for apoptosis as in (A). (D) Cells, as in (C), were treated with 10 ng/ml FasL crosslinked with M2 for 24 h. The cell viability was measured by WST-1 assay as in (B). Values represent means ± SEM from three independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, unpaired t test). (E) Cells, as in (C), were treated with 10 ng/ml FasL crosslinked with 1 μg/ml M2 or untreated (control) for 10 min. The lysates were collected and subjected to coimmunoprecipitation with anti-Fas antibody followed by SDS-PAGE and immunoblotting with indicated antibodies. Note that the low level of immunoprecipitated Fas from the LacZ sample could be visualized on an image from long exposure. Equivalent Fas expression levels in different stable cell lines are shown in S4 Fig. Numerical values underlying the data summary displayed in this figure can be found in S1 Data.

Fig 3 .

 3 Fig 3. Introduction of negative charge to the 291 position results in a dominant inter-and intra-molecular anti-apoptotic capacity to Fas. (A) SW480 cells stably expressing V5-tagged LacZ and -dead-on‖ Fas proteins (wild-type, Y232F, or Y291F) were transiently transfected with AcGFP-tagged Y291D Fas for 24 h and subsequently treated with 8 ng/ml FasL+M2 or left untreated for 4 h. Cells were then stained with propidium iodide (PI) and analyzed by flow cytometry for cell death based on membrane permeability. The percentages of PI-positive cells (dead cells) due to FasL treatment in the Y291D.AcGFPpositive and Y291D.AcGFP-negative cell populations are compared after subtracting the percentage of spontaneous cell death in untreated cells. Note an increased resistance to FasL-induced cell death when Y291D.AcGFP Fas was introduced in cells that stably expressed -dead-on‖ Fas. Values present means ± SEM from three independent experiments (* p < 0.05, ** p < 0.01, unpaired t test, compared to Y291D.AcGFP negative cells). (B) SW480 cells stably expressing V5-tagged LacZ (control) and -dead-off‖ Fas Y291D were transiently transfected with AcGFP-tagged -dead-on‖ Fas (wild-type, Y232F, or Y291F) for 24 h and subsequently treated with 8 ng/ml FasL+M2 or left untreated for 4 h. Cells were then stained with PI and analyzed for cell death by flow cytometry. The percentages of PI-positive cells in the -dead-on‖ Fas.AcGFP-negative and -positive cell populations are compared after subtracting the percentage of spontaneous cell death in untreated cells. Values represent means ± SEM from three independent experiments (* p < 0.05, ** p < 0.01, paired t test, compared to control cells). Note that compared to control cells, cells stably expressing -dead-off‖ Y291D Fas were more resistant to the increase in FasL-induced cell death brought about by the introduction of -dead-on‖ Fas.AcGFP species. (C) SW480 and (D) SW620 cells stably expressing AcGFP or

Fig 4 .

 4 Fig 4. The negative charge of phosphorylated Y291 can promote clathrin-dependent endocytosis (CDE) of Fas upon FasL engagement. (A) Flow cytometry analysis of internalized FasL in SW480 cells overexpressing AcGFP or AcGFP-tagged Fas proteins (as indicated). The extent of FasL internalization was evaluated in cells that expressed equivalent levels of Fas by gating based on the expression level of AcGFP. Results are presented as intensity of internalized FasL in indicated cell lines at different expression levels of AcGFP-tagged Fas or control AcGFP. Note an increase in FasL internalization in SW480 cells overexpressing Y291D.AcGFP Fas. Means ± SEM from three independent experiments are shown (* p < 0.05, unpaired t test). (B) SW480 cells overexpressing indicated AcGFP-tagged Fas proteins were transiently transfected with AP180-C or control vector before subjected to the internalization assay and imaged by a spinning disk confocal microscope. Color-combined images are presented (green, Fas.AcGFP; red, crosslinked

Fig 5 .

 5 Fig 5. Fas death domain pY is important for non-death functions of Fas. (A) SW480 cells were transiently transfected with control or Fas siRNA before BrdU incorporation analysis by using microplatebased method. Means ± SEM of three independent experiments are shown (*** p < 0.001, unpaired t test). Typical reduction of Fas level, based on immunoblot, is shown in the inset. (B) SW480 cells stably expressing control (LacZ) or indicated Fas proteins carrying silent mutations at the site targeted by an siRNA against Fas

  demonstrating that overexpressing SHP-1 protein decreased pY232 and pY291 levels (Fig 6F) while suppressing SHP-1 expression by siRNA resulted in the opposite effect (Fig 6G).

≤

  

Fig 7 .

 7 Fig 7. Fas tyrosine phosphorylation profiles in human cancers is context-dependent. (A) and (B) Lysates prepared from human colon cells, noncancerous and cancerous, were subjected to SDS-PAGE and immunoblotting with indicated antibodies. The band intensity of the pY232, pY291, and Cterminal (C-ter) of Fas (between 43 and 56 kDa) was quantified using ImageStudio software. The values of pY232 and pY291 intensity after normalization with Fas (C-ter) intensity are presented as normalized pY232 and pY291 (lower panels). (C) Matched cancer and normal tissue lysates, each pair from the same individual, were subjected to SDS-PAGE and immunoblotting with antibodies against pY232, pY291, and C-terminal (C-ter) of Fas. The pY232 and pY291 levels were measured by densitometric analysis and normalized as in (A) and (B).The ratio between normalized pY232 or pY291 Fas from cancer tissue and normal tissue was calculated for each patient, and values were plotted as folds normalized pY232 and pY291 from normal tissue (i.e., normalized values of pY232 and pY291 from normal tissues are assigned as 1). Red represents samples having the normalized pY232 and/or pY291 values in cancer tissues 1.1 folds of normal tissues (of which enhanced pY232 and/or pY291 level may be indicative of dominant survival mode of Fas signaling); blue represents samples having both normalized pY232 and pY291 values < 1.1 (of which pY232 and pY291 levels less than or equal to normal may be indicative of the apoptosis-ready mode of Fas signaling). (D) Lysates of rectal cancer tissues before and after radiotherapy (RT) from each of the nine patients were subjected to SDS-PAGE and immunoblotting with antibodies against pY232, pY291, and C-terminal (C-ter) of Fas. The normalized values of pY232 and pY291 were calculated as in (A) and (B). Each value presented is the ratio between normalized pY-Fas after RT and before RT of each patient (i.e.,

S1

  Data. Numerical values underlying the quantitative summary in the main and supplementary figures. Numerical values for Figs 2B, 2D, 3A-3D, 4A, 4C, 4E, 5A-5C, 6A, 6B, 6D, proliferation was enhanced in cells carrying Y291D Fas mutation. SW480 cells stably expressing V5-tagged LacZ or indicated Fas proteins were synchronized to G1 phase by serum deprivation in RPMI+0.1% BSA for 24 h and left untreated or treated with indicated concentration of uncrosslinked sFasL (ng/ml) for 48 h before viability measurement by WST-1 assay. Data is presented as the percent increase in cell viability after FasL treatment compared to untreated control cells. Values represent means ± SEM from at least three independent experiments ( m p < 0.05, t test). (C) As in SW480 cells, the expression of Y291D in SW620 cells enhanced the proliferative effect of sFasL, whereas expression of Y291F Fas reduced the proliferative effect of sFasL. SW620 cells stably expressing AcGFP or indicated AcGFP-tagged Fas proteins were synchronized to G1 phase by serum deprivation and then treated with indicated concentration of uncrosslinked sFasL (ng/ml). Cell viability was measured using WST-1 assay. Numerical values underlying the data summary displayed in this figure can be found in S1 Data. S7 Fig. Multiple sequence alignment of caspase-8 proteins from different vertebrates reveals a common cysteine substitution for tyrosine at positions corresponding to tyrosine phosphorylation sites of human caspase-8. Partial alignment of sequences of caspase-8 from different vertebrates is shown. The amino acid positions of tyrosines in human caspase-8 are indicated (.). Only stretches of the sequence encompassing selected tyrosines are shown. The amino acid positions corresponding to tyrosines in human caspase-8 are highlighted. Cysteine and acidic amino acid residues at positions corresponding to the tyrosines of human caspase-8 are boxed in black and red, respectively ( m , tyrosine phosphorylation sites: Y293 and Y380). S8 Fig. Multiple sequence alignment of FAP-1 proteins from different vertebrates reveals common amino acid exchanges between cysteine or acidic amino acids and tyrosines in FAP-1. Partial alignment of sequences of FAP-1 from different vertebrates. The amino acid positions of tyrosines in human FAP-1 are indicated (.). Only stretches of the sequence encompassing selected tyrosines are shown. The amino acid positions corresponding to tyrosines in human FAP-1 are highlighted. Cysteine and acidic amino acid residues at positions corresponding to the tyrosines of human FAP-1 are boxed in black and red, respectively.

S10Fig.

  An increase in population of cells in G2/M phase caused by raising Fas expression level requires the phenolic hydroxyl group of Y232. SW480 cells stably overexpressing V5-tagged Fas wild type and Y232 mutant proteins with equivalent Fas surface expression were subjected to cell cycle analysis based on DNA content. Data shown are mean ± SEM values of percent of cells in G2/M phase (DNA level = 4N) from three independent experiments. Numerical values underlying the data summary displayed in this figure can be found in S1 Data. S11 Fig. Specificity validation of antibodies against Fas protein phosphorylated at Y232 and Y291. (A) Based on Fas siRNA, the antibodies against pY232 and pY291 Fas specifically detect Fas protein. Separation and detection of phosphorylated Fas protein in lysates from cells transfected with or without Fas siRNA by classical SDS-PAGE and immunoblotting demonstrating that pYFas antibodies detect Fas protein. SW480 cells were transiently transfected with 20 nM of control siRNA or siRNA directed against FAS gene. Cell lysates were then collected after 72 h of transfection and subjected to SDS-PAGE, where protein separation was

  Fas (TNFRSF6/CD95) in its death domain turns off Fas-mediated apoptosis, turns on the pro-survival signal, and has implications in different cancers types. We show here that Fas in its pro-survival state, phosphorylated atY291 (pY291-Fas), functionally interacts with the epidermal growth factor receptor (EGFR), a key cancer-driving protein and major therapeutic target. Using an evolution-guided pY291-Fas proxy, RNA interference, and site-specific phospho-protein detection, we show that pY291-Fas significantly intensifies EGFR signaling in anti-EGFR-resistant colorectal cancer cells via theYes-1/STAT3-mediated pathway. The pY291-Fas is essential for the EGF-induced formation of the Fas-mediated nuclear EGFR/STAT3 signaling complex consisting of Fas, EGFR,Yes-1, Src, and STAT3. The pY291-Fas accumulates in the nucleus upon EGF treatment and promotes the nuclear localization of phospho-EGFR and phospho-STAT3, the expression of cyclin D1, the activation of STAT3mediated Akt and MAPK pathways, and cell proliferation and migration. This novel cancer-promoting function of phosphorylated Fas in the nuclear EGFR signaling constitutes the foundation for developing pro-survival-Fas targeted anti-cancer therapies to overcome disease recurrence in patients with anti-EGFR resistant cancer.

Figure 1 .

 1 Figure 1. Fas is activated by EGF-induced EGFR signaling. SW480 (A) and HCT116 (B) cells were incubated with or without indicated concentrations of EGF (ng/ml) for 5 minutes before cell lysates were collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies. Graphs in the lower panel of (A,B) present the quantification of pY291 Fas or pY1068 EGFR from the corresponding immunoblots normalized with the level of GAPDH. Data are representative of 3 independent experiments.

Figure 2 .Figure 3 .Figure 4 .Figure 5 .Figure 6 .Figure 7 .

 234567 Figure 2. Fas signaling is essential for EGFR activation in colorectal cancer cells. SW480 (A) and HCT116 (B) cells were transfected with control or Fas siRNA for 48 h. They were subsequently synchronized to G1 phase by serum deprivation for 24 h and then treated with indicated concentrations of EGF (ng/ml) for 5 minutes before cell lysates were collected and subjected to SDS-PAGE and immunoblotting with indicated antibodies. Data are representative of 3 independent experiments. SW480 (C) and HCT116 (D) cells were transfected with control or Fas siRNA, synchronized as in (A,B). They were then treated with EGF before analyzing for cell viability by the WST-1 method. Percent viability compared to cells transfected with control siRNA without EGF treatment is presented. SW480 (E) and HCT116 (F) cells were transfected with control or Fas siRNA, synchronized as in (A,B). They were then subjected to EGF-induced chemotaxis migration test by Boyden chamber assay. Control cells were allowed to migrate through the chamber without induction with EGF. Percent of cells migrating through the chamber compared to cells transfected with control siRNA without EGF treatment is shown. Means ± SEM of 3 independent experiments are shown (*P < 0.05, unpaired t-test).

Figure 8 .

 8 Figure 8. Schematic representation of Fas-mediated EGF-induced EGFR signaling A proposed model of the robust EGF-induced EGFR signaling pathway mediated by the prosurvival, phosphorylated Fas that can lead to aggressive behavior of cancer cells is presented here. I. The presence of Fas is required for the efficient autophosphorylation and thus the activation of EGFR. II. Upon the binding with EGF, the Fas-dependent EGFR activation occurs concomitantly with the activation of the non-apoptotic mode of Fas by death-domain tyrosine phosphorylation at Y291. III. A protein complex comprising EGFR, Fas, Yes-1, STAT3, and Src is formed in a pY291 Fas-dependent manner. IV. STAT3 is then phosphorylated by Yes-1. V. pY-Fas, pY-EGFR, and pY-STAT3 are then translocated to the nucleus. VI. The accumulated nuclear EGFR acts as a transcriptional co-activator, possibly in association with STAT3, to upregulate cyclin D1 expression, leading to the enhanced cancer cell proliferation and migration. VII. The pY291-Fas-dependent hyperactivity of STAT3 promotes expressions of its target genes, leading to the upregulation of Akt and Erk activities, and thus the enhanced cancer cell proliferation and migration.

  

  

  

  

  

  

  

  

  

  

Table 2 . Members of the TNF Superfamily (source 11 )

 2 

		Other Names	Accession	Human	Phenotypes associated with	Additional
				Chromosome	mutations	functional
						observations
	EDA	EDA1	NM_001399 Xq12-q13.1	Hypohydrotic ectodermal	
					dysplasia -abnormal tooth, hair,	
					and sweat gland formation	
	CD40L	TNFSF5	X67878	Xq26	Defective T cell and IgG	
		IMD3,			responses; hyper IgM syndrome	
		HIGM1,				
		TRAP, CD154,				
		gp39				
	FasL	TNFSF6	U11821	1q23	Impaired activation-induced T cell	
		APT1LG1			death; lymphoproliferation;	
					autoimmunity; ALPS	
	OX40L	TNFSF4	D90224	1q25	Defective T cell responses	
		gp34 TXGP1				
	AITRL	TNFSF18	AF125303	1q23		Inhibits T cell
		TL6, hGITRL				receptor-
						dependent
						apoptosis
	CD30L	TNFSF8	L09753	9q33		Possible role in
						malignant
						lymphocyte
						disorders
	VEGI	TNFSF15	AF039390			Potential vascular
		TL1				endothelial cell
						growth inhibitor
	LIGHT	TNFSF14	AF036581	19 (probable)		
		LT_, HVEM-L				
	4-1BBL	TNFSF9	U03398	19p13.3	Defective T cell responses	
	CD27L	TNFSF7	L08096	19p13		
		CD70				
	LTα	TNFSF1	X01393	6p21.3	The absence of LN and PP;	
		TNFB, LT			disorganized splenic	
					microarchitecture; defective GC	
					formation	
	TNF	TNFSF2	X01394	6p21.3	LN present; defective GC	
		tumor necrosis			formation; increased susceptibility	
		factor;			to microbial pathogens	
		cachectin,				
		TNFA, DIF				
	LTβ	TNFSF3	L11015	6p21.3	The absence of peripheral LN and	
		TNFC, p33			PP; the presence of mesenteric and	
					some cervical LN; defective GC	
					formation	
	TWEAK TNFSF12	AF030099	17p13		Potential role in
		DR3L APO3L				monocyte and
						NK cell
						cytotoxicity
	APRIL	TNFSF13	NM_003808 17p13.1		Probable role in
						B cell responses
	BLYS	TNFSF13B	AF132600	13q32-34		Probable role in
		BAFF,				B cell responses
		THANK,				
		TALL1				
	RANKL	TNFSF11	AF013171	13q14	Osteopetrosis; absence of	Required for
		TRANCE,			osteoclasts; absence of lymph	lactating
		OPGL, ODF			nodes; PP present; normal splenic	mammary gland
					architecture; abnormal B cell and	development
					T cell development	
	TRAIL	TNFSF10	U37518	3q26		
		Apo-2L TL2				

Table 3 . TNFRSF members and their biology (source 5 )

 3 

			Standardized/	Accession	Human	Phenotypes associated with	Additional functional
			Other Names		Chromosome	mutations	observations
		FAS	TNFRSF6,	M67454	10q24.1	Impaired activation-induced T
			CD95, APO-1,			cell death; lymphoproliferation;
			APT1			autoimmunity (ALPS)
		TNFR1 TNFRSF1A,	M75866	12p13.2	Impaired clearance of bacterial
			CD120a p55-R,			pathogens; resistance to LPS;
			TNFAR			LN present; defective GC
			TNFR60 TNF-R-			formation; defective PP
			I			formation
	receptors	DR3	TNFRSF12, TRAMP, WSL-1, LARD, WSL-LR, DDR3, TR3,	U72763	1p36.2		A linked, partially duplicated copy of the gene encodes a potential decoy
	Death	DR4	APO-3 TNFRSF10A, Apo2, TRAILR-	U90875	8p21		receptor Probable inducer of lymphocyte death and
			1				activation
		DR5	TNFRSF10B,	AF012628	8p22-p21		Probable inducer of
			KILLER,				lymphocyte death and
			TRICK2A,				activation
			TRAIL-R2,			
			TRICKB			
		DR6	TR7	NM_01445	6p21.1-12.2	
				2		

Table 4 : Tumor-promoting activities of Fas and FasL in vitro and in mouse models (sources 131 ) Cancer type Model Observation Reference

 4 

	Breast, ovarian,	Cell lines	Stimulation of 22 breast, ovarian, lung, colon, renal, melanoma, or	97
	lung, colon, renal,		glioblastoma cancer cell lines through Fas caused them to increase in	
	melanoma,		motility and invasiveness by activating NF-κB and MAP kinase pathways	
	glioblastoma		and upregulation of Upa	
	Ovarian, liver,	Cell lines/	Knockdown of either Fas or FasL resulted in reduced growth of ovarian,	105
	colon, and breast	mice	liver, colon, and breast cancer cell lines in vitro, and of ovarian cancer	
			cell lines in xenografted mice	
	Lung, GBM, liver	Cell lines	In lung cancer, GBM and hepatocellular carcinoma cell lines FasL	132
			increased motility and cell growth through binding to c-Met	

Src Homology Domain 2-Containing Tyrosine Phosphatase-1: SHP

  

	phosphorylation of Fas DD by Src and Yes leads to an inhibition of apoptosis and to an mediated apoptosis 161 . Meanwhile, SHP-1 has also been shown as a negative regulator of
	enhanced cell proliferation and migration. This finding not only clarifies the roles of certain proliferation in malignant breast adenocarcinoma 162 and human gastric cancer cell 163 .
	members of the SFK family in Fas signaling in CRC but also provides the connection between
	the cancer-promoting role of Fas and oncogenic SFKs in human cancer. For example, the
	regulation of Fas by Yes may lead to cancer cell migration and invasion. In the case of
	human breast cancer, triple-negative breast cancers (TNBC) cells exposed to sFasL undergo
	a rapid Nox3-driven ROS production, resulting in the activation of c-yes and promoting the
	motility of breast cancer cells 51 . Kleber et al have shown that in human glioblastoma
	multiforme (GBM), FasL induces the recruitment of Yes and the p85 subunit of PI3K to Fas,
	thereby activating Akt. This is followed by β-catenin translocation into the nucleus which
	induces transcription of MMPs that mediates glioblastoma invasion 104 .
	It must be noted that the role of each member of the SFK family in Fas signaling may
	be distinct in different cellular contexts. For example, early studies in the Fas research field
	have reported the activation of Fyn and Lck upon FasL-induced apoptosis in human leukemic
	cell line 152 . In other early studies using rodent model, it was indirectly assumed based on an
	observed association, that Fyn and Yes were positive regulators of Fas-mediated
	apoptosis 153,154 . In human hepatoma cell line (Huh7) and rat hepatocytes, which lack the
	human Fas Y291 equivalent, it was reported that hyperosmotic and hydrophobic bile acids
	induce Yes activation, which was followed by the membrane trafficking and internalization
	soluble FasL is mediated by Src or Yes phosphorylation of the DD tyrosines, the death of Fas and the DISC formation 155,156 . Although not directly demonstrated, Reinehr et al
	signaling triggered by activators such as cross-linked FasL (cFasL) or membrane FasL (mFasL) suggested that Fas was phosphorylated by EGFR after Yes activation 157 . Simon et al showed
	is permitted by the dephosphorylation of the death domain tyrosines by SHP-1 149 . that the activation of human eosinophils led to a transient Fas tyrosine phosphorylation,
	followed by Lyn activation, which occurred concomitantly with Fas dephosphorylation 158 . It
	Src-Family Kinases: Src-family kinases (SFKs) are protein tyrosine kinases including remains to clarify whether other SFKs are involved in apoptosis or prosurvival signaling of
	Src, Yes, Fyn, Blk, Yrk, Fgr, Hck, Lck, and Lyn. SFKs are preferentially expressed in different Fas and whether the roles of SFKs are tissue-and/or species-dependent.
	tissues 150 . SFKs are activated following engagement of many different classes of cellular
	receptors and participate in signaling pathways that control a diverse spectrum of receptor--1 (SHPTP-1, SHP,
	induced biological activities involved in cell division, motility, adhesion, and survival. SFKs HCP, PTP1C, PTPN6) is a 68-kDa cytosolic protein tyrosine phosphatases (PTP)
	are also activated in various types of cancers 151 . The phosphorylation of Fas by SFKs in cells predominantly expressed in hematopoietic and epithelial cells 159 . Enhanced expression of
	had not been demonstrated until recently in our studies. We have shown that in CRC cells, SHP-1 has been reported in several epithelial cancers, including breast and ovarian
	Src and Yes phosphorylates Fas tyrosine residues at 232 and 291 positions 149 . The cancers 160 . It was suggested early on that human SHP-1 was a positive regulator of Fas-

Table 5 . Preclinical models of anti-cancer approaches based on targeting Fas signaling (source 126 ) Approach Intervention Tumor type Mouse model Outcome Refs

 5 

	Fas activation	antibody, APO-1 A monoclonal anti-	lymphoma Burkitt-like	of BJAB cells Xenotransplantation	Tumor regression	52
		soluble	T cell leukemia	Xenotransplantation	Tumor	growth	175
		recombinant FasL		of Jurkat cells	delay
		APO010			
				Colorectal	Xenotransplantation	Tumor	growth	175
				adenocarcinom	of HCT116 cells	delay
				a		
		soluble	Glioblastoma	Xenotransplantation	Increased tumor	176
		recombinant FasL		of U87MG cells	cell apoptosis and
		APO010			overall survival
	Fas/FasL inhibition	hepatocytes Fas deletion in	carcinoma Hepatocellular	Drug-induced (DEN)	incidence size, and reduced and angiogenesis Reduced tumor	105
		Mutated mFasL	Histiocytic	Spontaneous	Spontaneous	27
		FasL	Δm/Δm	sarcoma		development of
						histiocytic
						sarcoma
		Fas knockdown in	Non-small cell	Xenotransplantation	Overcome
		tumor cells in	lung carcinoma	of H1650 cells	erlotinib
		combination with			resistance	and
		erlotinib			reduced	tumor
						volume

Table 6 . Example of Fas targeting drugs (source 170 ) Drug name Design, target, and functions Highest Development Phases Companies Referen ces

 6 

	APO 010	APO010 is a multimeric form of FasL for	Phase I/II Multiple	Oncology	171
		immuno-cancer therapy with a unique	myeloma	Venture	
		mechanism of action. APO010 acts through		ApS	175
		the Fas leading to apoptosis of the malignant	Phase I Solid		
		cells.	tumours		
			Preclinical		
			Haematological		
			malignancies		
	ARG-098	ARG-098 is a mouse/human chimeric	Phase I/II for	Janssen	172
	(DE-098)	monoclonal IgM antibody against hFas. It	rheumatoid	Biotech	
		targets the Fas molecule, leading to apoptosis			

ErbB receptors and their ligands

  

	members: EGFR/ErbB1/Her1, NEU/ErbB2/Her2, ErbB3/Her3, and ErbB4/Her4. ErbB
	receptors can function as homo or heterodimers. Therefore they can be found in two
	different forms at the plasma membrane: in a monomeric state, unattached to other
	receptors or forming heterodimers with another member resulting in a total of 28 different
	possible combinations 179 .
	These receptors consist of a glycosylated extracellular domain, a single hydrophobic
	transmembrane segment, and an intracellular portion with a juxtamembrane segment, a
	protein kinase domain, and a carboxyterminal tail 180 . The extracellular ligand-binding
	domain contains two cysteine-rich regions (CR) and two leucine-rich repeat (LRR)
	domains 181 . The intracellular/cytoplasmic region of the ErbB receptor consists mainly of
	three subdomains: a juxtamembrane, a kinase domain and a C-terminal domain that
	becomes activated via phosphorylation of its tyrosine residues 179 . Each ErbB receptor has
	distinct locations and several tyrosine phosphorylation sites on its C-terminal tails (12 on
	EGFR, 6 on Her2, 11 on Her3 and 19 on Her4 (Figure
	The ErbB receptors are a group of receptor tyrosine kinases (RTKs) involved in key
	cellular functions including cell growth and survival. The human ErbB family includes 4

Table 7 : ErbB ligands and their binding preference to ErbB receptors (source 179 ) Receptor Kinase activity Ligands
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	EGF TGF	AREG Epigen CTGF HB-	EPR BTC NRG1,2 NRG3,4
		EGF	

  Epiregulin is a mitogen for several types of tissues. It regulates the differentiation of several tissue types, and stimulates inflammation, either directly or through neovascularlization, vascular remodeling, or inflammatory cytokines release 196 .Heparin-binding EGF-like growth factor (HB-EGF) is expressed in multiple tissues 197 . HB-EGF is required for normal cardiac valve formation and normal heart function198 . HB-EGF is involved in eyelid development199 . It is able to bind EGFR with higher affinity than EGF itself and is a far more potent mitogen for smooth muscle cells than EGF 200 .

	These post-translational modifications are at the origin of downstream signaling, thanks to
	consecutive modification of proteins or lipids, belonging to several differents signalling
	pathways such as the MAPK, PI3K/Akt, mTOR, and STAT transcription factors 186 . These
	signalling cascades involved many physiological cell fates including cell proliferation,
	apoptosis, angiogenesis, cell adhesion and motility, embryonic development, and
	organogenesis 187 .
	EGF is a common mitogenic factor that stimulates the proliferation of different types
	of cells, especially fibroblasts and epithelial cells. The crystal structure study has shown that
	two EGF molecules form a complex with two EGFR 188 . EGF is found at high concentrations
	(50-500 ng/mL) in bile, urine, milk, and prostate fluid, at medium concentrations (5-50
	ng/mL) in tears, follicular fluid, sperm, and seminal plasma, and at low concentrations (1-2
	ng/mL) in plasma, serum, and saliva 189 . EGF has a physiological role in several organ
	developments (teeth, brain, skin, gastrointestinal tracts), in differentiation and in
	cardiovascular function and epithelial regeneration 190 .

Although TGFα shares only about 30% structural homology with EGF, it can bind to EGFR with a similar affinity and initiates a signal 191 . TGFα is found in granulosa cells of preantral follicles and theca cells of healthy human preantral, antral and preovulatory follicles 191 . It is also present in human follicular fluid 192 and in colon cancer tissue 193 . The mitogenic action of TGFα has been implicated in the growth, progression, and outcome of epithelial ovarian cancer 194 . AREG is distributed widely in normal tissues and many forms of cancer such as carcinoma of the colon, breast, bladder, prostate, pancreas, lung, ovary, squamous cell carcinomas, renal cell carcinoma, and cholangiocarcinoma 195 . AREG differentially influence proliferation in normal and tumour cells. Neuregulins are a family of four structurally related proteins that are part of ErbB ligand family. These proteins have been shown to have diverse functions in the development of the nervous system and play multiple essential roles in vertebrate embryogenesis including cardiac development, oligodendrocyte differentiation, and neuronal development 201 .

Table 8 . Observed percentages of tumors overexpressing EGFR in various types of cancer (source 338 )
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	Sr. No	Tumor type	Tumor overexpressing EGFR (%)
	1.	Breast	14-91
	2.	Renal	50-90
	3.	Non-small cell lung	40-80
	4.	Colon	22-75
	5.	Ovarian	35-70
	6.	Glioma	40-63
	7.	Pancreatic	30-50
	8.	Bladder	31-48

The first generation of TKIs includes gefitinib and erlotinib, which inhibit EGFR tyrosine kinase activity as well as lapatinib which is a dual tyrosine kinase inhibitor for EGFR and ErbB2.

The second generation of EGFR inhibitors comprises afatinib, dacomitinib, and neratinib. They are pan-ErbB inhibitors and their activity target EGFR activating mutations.

The third generation includes osimertinib, EGF816, olmutinib, PF-06747775, YH5448, avitinib, and rociletinib. Third generation agents have significantly greater activity in EGFR mutant cells than in EGFR WT cells, making them "mutant-selective" 342 .

Despite the fact that approximately 30% of cancer patients with EGFR mutations never respond to anti-EGFR-TKIs 343 , the benefit of the 1st and 2nd generation EGFR-TKIs is only transient and unfortunately, almost all patients end up to become resistant. Therefore, the most relevant problem related to EGFR-TKIs therapy lies in the emergence of acquired resistance. Several different mechanisms of acquired resistance have been reported to date TKIs develop a secondary exon 20 mutation in the ATP-binding site of EGFR, namely T790M 345 . The rapid development of the third generation EGFR-TKs, osimertinib, rociletinib, and olmutinib are profoundly influencing the therapeutic algorithm of EGFR mutant cancer cells, with a new and effective option after-acquired resistance to 1st and 2nd generation EGFR TKIs. The recent FDA approval of osimertinib for the first-line treatment of metastatic EGFR mutated NSCLC is considered a therapeutic breakthrough 346 . This new generation of EGFR-TKIS is shown in Table

9

347 .

Table 9 . Third-generation EGFR-TKIs in clinical development in NSCLC
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Table 10 . The FDA-approved anti-EGFR monoclonal antibodies for the treatment of solid tumors

 10 EGFR therapies in combination with chemotherapy appeared to have statistically significant benefits for patients who are KRAS WT 352 , however, retrospective analyses showed no treatment benefit for Erbitux in patients whose tumors had KRAS mutations in codon 12 or 13 353 .

	Mab	Name	Type	Target	FDA approved
	Cetuximab	Erbitux®	Chimeric EGFR Metastatic CRC
					HNSCC
	Panitumumab Vectibix®	Human	EGFR Metastatic CRC
	Necitumumab Portrazza™ Human	EGFR Metastatic squamous NSCLC
	 Cetuximab (Erbitux®) is a recombinant, human/mouse chimeric monoclonal
	antibody that binds specifically to the extracellular domain of the human EGFR. This
	binding inhibits the activation of the tyrosine kinase receptor 350 resulting in cell
	growth inhibition and apoptosis induction. Moreover, it has been reported that

cetuximab promotes receptor dimerization, internalization, and degradation leading to receptor down-regulation 351 . The commercial drugs Erbitux® was first approved by the FDA in 2004 for the treatment of EGFR-expressing mCRC. First-line treatment with anti- Necitumumab (Portrazza™) is a recombinant fully humanized. IgG1 anti-EGFR mAb. It binds to the extracellular domain III of EGFR, thus blocking the ligand-binding site.

Table 11 .

 11 Overview of the molecular mechanisms of resistance and putative combinatorial strategies to overcome resistance

	Genetic alterations	Primary resistance Acquired	Possible strategy to overcome resistance
			resistance	
	Altered EGFR	Yes	Yes	MEK inhibitors with PI3K inhibitors or
				mTOR inhibitors; Panitumumab (EGFR

Different clinical trials of drugs targeting EGFR combined with other target are shown in Table

12

.

Table 12 . Clinical trials of drugs targeting EGFR downstream pathway (sourced 358 )
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	Strategy	Treatment	Genomic Profile	Phase N	ORR (%)	PFS (M)	OS (M)	Clinical Development
	BRAF monotherapy	Vemurafenib	BRAFmut	I/II	21	5	2.1	7.7	Complete
	BRAF monotherapy	Vemurafenib	BRAFmut	II	10	0	4.5	9.3	Complete
	BRAF + MEK	Dabrafenib + Trametinib	BRAFmut	I/II	43	12	3.5	(-)	Complete
	BRAF + EGFR	Vemurafenib + Cetuximab	BRAFmut	II	27	4	3.7	7.1	Complete
	BRAF + EGFR	Vemurafenib + Panitumumab	BRAFmut	Pilot	15	13	3.2	7.6	Complete
	BRAF + EGFR	Encorafenib + Cetuximab	BRAFmut	II	50	22	4.2 12.4	Ongoing
	BRAF + EGFR	Dabrafenib +	BRAFmut	I/II	20	10	3.4	(-)	Ongoing

  Upregulation of Her2 dependent survival signals has been reportedas a consequence of EGFR inhibition 374 . In addition, Her2 and Her3 activations were observed in glioblastoma deprived of EGFR signal by EGF deprivation or cetuximab inhibition 374 . Her2 overexpression causes resistance to erlotinib in EGFR-mutant lung adenocarcinomas. This resistance occurs independently of the EGFR T790M secondary mutation375 . Inhibition of EGFR leads to increased activation of Her2 376 . Another mechanism contributing to anti-EGFR therapies is the presence of the nuclear EGFR 377 . The correlation between poor survival rate and high level of nuclear EGFR in the cancer cells was also observed in breast cancer378 , head and neck cancer 379 and ovarian cancer 380 . Some anticancer therapies trigger the translocation of EGFR into the nucleus of various cancer cells, suggesting a role of nuclear EGFR in the development of drug resistance.

	Planchard et al shown c-MET amplification as a potential mechanism of acquired resistance to third-generation EGFR-TKI 370 . In erlotinib-resistant and EGFR-mutated cells, c-MET amplification and the epithelial-to-mesenchymal transition exist as parallel resistance mechanisms Nuclear EGFR:

TKis

368 

. The third-generation EGFR inhibitors against the T790M mutation, such as osimertinib, have been under an active clinical development before than several studies have revealed that a C797S point mutation is the leading mechanism of resistance to the third-generation EGFR-TKIs 369 .

In cancer cells, when the EGFR signaling pathway is inhibited, network redundancy leads to compensatory mechanisms that activate other survival/proliferation pathways. It has been reported that c-MET amplification mediates resistance to anti-EGFR therapies. 371 . c-MET amplification also accounted for the osimertinib, dacomitnib, and naquotinib resistance

372,366,373 

.

Her2 activation:

DNA-damaging agents, such as Ionizing radiation

381, 382 

or cisplatin exposure 377 , have been reported to initiate EGFR internalization and subsequent nuclear import. Two EGFRtargeted therapeutic agents, cetuximab and gefitinib, were also found to contribute to the accumulation of EGFR in the nucleus. Cetuximab can promote EGFR translocation to the nucleus whereas in contrast dasatinib can inhibit this process

383 

. In cetuximab-resistant cells, overexpression of ErbB ligands is associated with a src family kinases dependant EGFR nuclear translocation.

384 

. Treatment of cetuximab-resistant cells with dasatinib resulted in the loss of nuclear EGFR, increased membrane expression of the EGFR and resensitization to cetuximab 384 . Nuclear localization of EGFR is increased in gefitinib-treated cells and phosphorylation of EGFR at Ser-229 by Akt Is critical for EGFR nuclear translocation and gefitinib resistance 385 . Nuclear EGFR functions as a transcription regulator to mediate BCRP/ABCG2 and thereby confers gefitinib resistance 386 .

Table 13 . Stage-specific survival in colorectal cancer according to Union for International Cancer Control
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	UICC stage	TNM T stage	N stage	M stage
	0	TIS	N0	M0
	I	T1, T2	N0	M0
	IIA	T3	N0	M0
	IIB	T4a	N0	M0
	IIC	T4b	N0	M0
	IIIA	T1,T2	N1	M0
	IIIB	T3, T4	N1	M0
	IIIC	T1-4	N2	M0
	IVA	T1-4	N1-2	M1a
	IVB	T1-4	N1-2	M1b
	IVC	T1-4	N1-2	M1c

Table 14 . Major CRC genes and the hereditary colorectal cancer syndromes (source 412 )
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	Syndrome Inheritance	Gene	The average	CRC	Incidence in
				age of CRC	lifetime	CRC population
				diagnosis	risk	
	LS	Dominant	MLH1, MSH2,	45	50-80%	2-4%
			MSH6, PMS2			
	FAP	Dominant	APC	40 (55)	100%	<1%
	(AFAP)				(70%)	
	MAP	Recessive	MUTYH	48	43-100%	<1%
	PJS	Dominant	STK11	44	39%	
	JPS	Dominant	SMAD4/BMPR1A	35	39-	
					68%/21%	
	CS	Dominant	PTEN	45	9-16%	
	SPS	Unknown	Unknown	56	<50%	<1%
	Sporadic			67	4.3%	
	AFAP, attenuated familial adenomatous polyposis; CS, Cowden syndrome; FAP, familial adenomatous
	polyposis; JPS, juvenile polyposis syndrome; LS, Lynch syndrome; MAP, MUTYH-associated polyposis;
	PJS, Peutz-Jeghers syndrome; SPS, serrated polyposis syndrome.		

Table 15 . Common genetic and epigenetic alterations in colorectal cancer (source 414 )
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	Gene or biomarker	Chro moso me	Function	Molecular lesion	Freque ncy (%)	Predi ctive?	Progn ostic?	Diagnos tic?
	Tumour							
	suppressors							
								Familial
	APC	5	Regulates the WNT signalling pathway	Inactivating mutations	40-70	No	No	adenom atous polyposi
								s
			Member of the SWI/					
			SNF family, and					
	ARID1A	1	regulates chromatin structure	Inactivating mutations	15	No	No	N/A
			and					
			gene transcription					
	CTNNB1	3	Regulates the WNT signalling pathway	Activating mutations	1	No	No	No
			Netrin receptor;					
			regulates					
			apoptosis is deleted		9			
	DCC	18	but not mutated in colorectal cancer,	Deletion or LOH	(mutatio n); 70	No	Possib le	No
			and its role in		(LOH)			
			primary cancer					
			is still unclear					
	FAM123B	X	Involved in the WNT signalling pathway	Inactivating mutations	10	No	No	No
			Regulates					
	FBXW7	4	proteasome mediated protein	Inactivating mutations	20	No	No	No
			degradation					
	PTEN	10	Regulates the PI3K-AKT pathway	Inactivating mutations and loss of protein (assessed by chemistry) immunohisto	10 (mutatio on) expressi n); 30 (loss of	Possib le	No	Cowden syndrom e ‡
					7			
				Inactivating	(mutatio			
	RET	10	Regulates the GDNF signalling pathway	mutations and aberrant DNA	n); 60	No	No	No
				methylation	(methyl			
					ation)			
	SMAD4	18	Regulates the TGFβ	Inactivating	25	Possib Possib Juvenile

APC, adenomatous polyposis coli; ARID1A, AT-rich interactive domain 1A; BMP, bone morphogenetic protein; CNV, copy number variation; CTNNB1, catenin-β1; DCC, DCC netrin 1 receptor; EGF, epidermal growth factor; FAM123B, a family with sequence similarity 123B; FBXW7, F-box and WD repeat domain-containing 7, E3 ubiquitin protein ligase; GDNF, glial cell-derived neurotrophic factor; GNAS, guanine nucleotide-binding protein, α-stimulating complex locus; IGF, insulin-like growth factor; LGR, leucine-rich repeat-containing G protein-coupled receptor; LOH, loss of heterozygosity; MAPK, mitogen-‡Germline mutation, not somatic.

Table 16 . FDA-approved therapeutic monoclonal antibodies used in metastatic colorectal cancer (source 425 )
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Table 17 . FDA-approved therapeutic targeted inhibitors used in metastatic colorectal cancer (source 425 )
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  www.nature.com/scientificreports/ ® conjugated anti-rabbit and anti-mouse (Jackson ImmunoResearch); anti-mouse IgG-Alexa Flour 488 (Life Technology); Recombinant human EGF (Gibco), recombinant amphiregulin (R&D Systems); protein G sepharose beads (Zymed Laboratories); WST-1 (Interchim); Matrigel (BD Bioscience). Lipofectamine RNAiMAX reagent (Invitrogen) was used for siRNA trans-fection according to the manufacturer's protocol for reverse transfection.

	siRNA. Src and Yes-1 siRNAs were from QIAGEN (catalog # SI02223921 and
	SI00302218,	respec-	tively).	Control	siRNA	(Luciferase)	(5′-
	CGUACGCGGAAUACUUCGA-3′)		and	STAT3	siRNA	(5′-
	GGCGUCCAGUUCACUACUA-3′)	and	Fas	siRNA	(Exon	3:
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II. Hypothesis and Aims

RESEARCH ARTICLE

An Evolution-Guided Analysis Reveals a Multi-Signaling Regulation of Fas by Tyrosine Phosphorylation and its Implication in Human Cancers 

Abstract

Demonstrations of both pro-apoptotic and pro-survival abilities of Fas (TNFRSF6/CD95/ APO-1) have led to a shift from the exclusive -Fas apoptosis‖ to -Fas multisignals‖ paradigm and the acceptance that Fas-related therapies face a major challenge, as it remains unclear what determines the mode of Fas signaling. Through protein evolution analysis, which reveals unconventional substitutions of Fas tyrosine during divergent evolution, evolutionguided tyrosine-phosphorylated Fas proxy, and site-specific phosphorylation detection, we show that the Fas signaling outcome is determined by the tyrosine phosphorylation status of its death domain. The phosphorylation dominantly turns off the Fas-mediated apoptotic signal, while turning on the pro-survival signal. We show that while phosphorylations at Y232 and Y291 share some common functions, their contributions to Fas signaling differ at several levels. The findings that Fas tyrosine phosphorylation is regulated by Src family kinases (SFKs) and the phosphatase SHP-1 and that Y291 phosphorylation primes clathrin-dependent Fas endocytosis, which contributes to Fas pro-survival signaling, reveals for the first time the mechanistic link between SFK/SHP-1-dependent Fas tyrosine phosphorylation, internalization route, and signaling choice. We also demonstrate that levels of phosphorylated Y232 and Y291 differ among human cancer types and differentially respond to anticancer therapy, suggesting context-dependent involvement of Fas phosphorylation in cancer. This report provides a new insight into the control of TNF receptor multisignaling by receptor phosphorylation and its implication in cancer biology, which brings us a step closer to overcoming the challenge in handling Fas signaling in treatments of cancer as well as other pathologies such as autoimmune and degenerative diseases. 
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