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Abstract

CD95 (also known as Fas) is a member of the tumor necrosis factor receptor (TNFR) superfamily. Its
cognate ligand, CD95L, is implicated in immune homeostasis and immune surveillance. Mutations in
this receptor are associated with a loss of apoptotic signaling and have been detected in an
autoimmune disorder called autoimmune lymphoproliferative syndrome (ALPS) type la, which shares
some clinical features with systemic lupus erythematosus (SLE). In addition, deletions and mutations
of CD95 have been described in many cancers, which led researchers to initially classify this receptor
as a tumor suppressor. More recent data demonstrate that CD95 engagement evokes non-apoptotic
signals that promote inflammation and carcinogenesis. Transmembrane CD95L (m-CD95L) can be
cleaved by metalloproteases, releasing a soluble ligand (s-CD95L). Soluble and membrane-bound
CD95L show different stoichiometry (homotrimer versus multimer of homotrimers, respectively),
which differentially affects CD95-mediated signaling through molecular mechanisms that remain to
be elucidated. This review discusses the biological roles of CD95 in light of recent experiments

addressing how a death receptor can trigger both apoptotic and non-apoptotic signaling pathways.
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1. Introduction

The death receptors (DR) CD95 [1], tumor necrosis factor (TNF) receptor type 1 (TNFR1) [2], DR4
[3], DR5 [4], and DR6 [1] were identified and cloned on the basis of their ability to elicit apoptosis.
A monoclonal antibody, named anti-apoptosis antigen 1 (APO-1), had been selected for its ability to
kill tumor cells [4] and was soon thereafter shown to recognize CD95 (also known as Fas) [1].
Because APO-1 Killed tumor cells, most of the subsequent work on Fas/CD95 attempted to better
understand its apoptotic signaling mechanisms and to generate therapeutic compounds sensitizing
tumor cells to death. This approach has yielded disappointing clinical results, possibly due to the fact
that CD95 does not only implement apoptotic cues but also non-apoptotic signaling pathways and that
its inhibition, rather than its activation, may be a more attractive therapeutic option to treat patients
suffering from certain cancers and chronic inflammatory disorders. Indeed, both apoptotic and non-
apoptotic functions in the regulation of the immune system have been attributed to the CD95/CD95L

pair.

The immune system consists of a complex array of specialized cells that protect the human body from
infection and cellular transformation. To this end, professional antigen (Ag)-presenting cells (APCs)
such as macrophages, B lymphocytes, and dendritic cells (DCs) survey tissues for non-self-Ags. They
capture pathogenic agents, process them, and present them at the cell surface in the context of class Il
major histocompatibility complex (MHC) molecules. Professional APCs activate T cells that
recognize non-self-Ags and also contribute to the elimination of immune cells strongly recognizing
self-Ags, a process called peripheral tolerance. There are two distinct subsets of T lymphocytes with
distinct functions based on their surface expression of either CD4 or CD8. While CD4" helper T cells
(Th) bind Ag presented in the context of MHC class Il molecules expressed by professional APCs and

produce cytokines that drive the immune response, CD8" lymphocytes recognize antigenic peptides
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presented by MHC class | molecules expressed on the surface of all cells (apart from some

transformed or infected cells), and this interaction leads to the elimination of the target cells.

CD4" Th cells are therefore instrumental in orchestrating the adaptive immune response. To fine-tune
the response to a variety of infections and heterogeneous cancer cells, they differentiate into various
Th lineages. Polarization of these CD4" subsets occurs through external stimuli that induce the
expression of different transcription factors: signal transducer and activator of transcription-1
(STAT1), STAT4, and T-bet for Thl cells; STAT6 and GATA-3 for Th2 cells; FoxP3 for regulatory
T cells (Tregs); Bcl6 for follicular T-helper cells (Tfh) [5]; RORyt, RORa, and STAT3 for Thl7 cells;
T-bet and AhR for Th22 cells [6]; and PU-1 for Th9 cells [7]. These polarized T cells will secrete a
set of cytokines that will organize innate and adaptive immune cells to respond specifically to the
event driving the response (i.e., infection or transformation). Of note, the efficiency of the immune
response relies also on the ability of these cells to cross blood vessels and extravasate into the
inflamed or transformed organ to kill target cells. Selectins, integrins, and chemokine receptors have a
central role in T cell extravasation at multiple steps including cell arrest, spreading, crawling, and

transendothelial migration.

CD8" effector lymphocytes are responsible for the physical elimination of target cells, sparing
bystanders. To do this, these cells utilize at least two strategies: release of cytotoxic granules
(perforin/granzyme) and expression of the death ligands including CD95L[8], TRAIL[9] and/or
TNFa [10]. It is noteworthy that CD8+ T cells also secrete pro-inflammatory cytokines including
IFNy to coordinate the elimination of target cells. In the particular case of CD95L, its binding to its
cognate receptor leads to the induction of the apoptotic program in CD95-expressing cells.
Consequently, CD95L was initially only seen as a weapon used by CD8+ cells to kill target cells [11-
13]. Nonetheless, more recent data indicate that CD95L also regulates non-apoptotic functions such as
cell migration and inflammation in lupus and cancer. The CD95/CD95L pair now appears to have a
more complex biological function than previously realized, particularly with respect to inflammatory
processes. This review will discuss the emerging roles of CD95/CD95L in the immune response, with

respect to both apoptotic and non-apoptotic signaling pathways.
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2. The two apoptotic signaling pathways of CD95

The CD95-mediated apoptotic signaling can be triggered using two main cell signaling pathways
(Figure 1). While interactions between apoptotic ligands and their respective DRs activate the
extrinsic apoptotic pathway, the intrinsic signaling pathway is induced by accumulation of DNA
damage, oncogene overexpression, deregulation of mitochondrial function, endoplasmic reticulum
(ER) stress, and/or viral infection. On the other hand, ER stress can induce cell death through the
activation of death receptors (i.e., DR5) in a ligand-independent fashion [14]. These interconnected
pathways converge on the activation of a family of cysteine proteases known as caspases [15].
Induction of the intrinsic and extrinsic signaling pathways requires the aggregation of the respective
initiator caspases (i.e., caspase-8 for the extrinsic pathway and caspase-9 for the intrinsic pathway),

which triggers their auto-activation and the subsequent activation of the caspase cascade [15].

The death receptor CD95 homotrimerizes at the plasma membrane, mainly through homotypic
cysteine rich domain-1 (CRD1) interactions [16-18]. Binding of CD95L to CD95 enhances receptor
aggregation and triggers conformational changes that lead to the docking of the adaptor protein Fas-
associating protein with a death domain (FADD) onto the death domain (DD) of CD95 through
homotypic interactions [19, 20]. FADD in turn recruits procaspase-8 via homotypic death effector
domain (DED) interactions to form the death-inducing signaling complex (DISC) [21]. Caspase-8 is
composed of an N-terminal pro-domain containing two DEDs, and a large and a small protease
subunit. Activation of caspase-8 requires its homodimerization, which results in the sequential
cleavage of the small and large subunits. The activated caspase is then released into the cytosol as a
heterodimer containing two small and two large subunits. Of note, procaspase-8 oligomerization
stabilizes CD95/FADD interactions through a proteolysis-independent mechanism [22]. Importantly,
caspase-8 oligomerization is required to induce the full maturation of the enzyme and to trigger the
apoptotic program [23]. In a similar manner, release of cytochrome ¢ and ATP from mitochondria
promotes the formation of the apoptosome along with cytosolic apoptosis protein activating factor

(APAF)-1, resulting in aggregation and activation of caspase-9, which in turn cleaves caspase-3 [24].
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Based on the extent and the kinetics of DISC formation and the expression of X-linked inhibitor of
apoptosis (XIAP), cells can be classified as type I or Il cells [25]. In type I cells, DISC formation
occurs rapidly and efficiently, generating large amounts of activated caspase-8 molecules that can
directly activate the effector caspases -3 and -7. Type Il cells exhibit delayed and reduced formation
of the DISC complex [25], and these cells rely on the mitochondrion-dependent apoptotic pathway
much more than type | cells. Nonetheless, type Il cells also experience efficient cell death upon CD95
engagement [26-28]. Indeed, induction of cell death in type Il cells is partly explained by the fact that
the low level of activated caspase-8 in type Il cells is sufficient to cleave BH3-interacting domain
death agonist (BID), a BH3-only protein, which constitutes the molecular link between caspase-8
activation and the apoptotic activity of mitochondria. After cleavage by caspase-8, truncated BID
(tBID) translocates to mitochondria, where it triggers the release of pro-apoptotic factors [29, 30].
Although CD95 activates the mitochondrion-dependent apoptotic pathway in both type | and type 11
cells, it seems that more than type | cells, type Il cells require the release of apoptogenic factors from
the mitochondria in order to undergo apoptosis because these cells express higher levels of the
caspase-3 inhibitor XIAP than type | cells [31]. Several members of the inhibitor of apoptosis (IAP)
protein family (XIAP, c-IAP1, and c-IAP2) inhibit caspase-3, -7 [32, 33], and pro-caspase-9 [34]
activity by direct binding, thereby preventing access to substrates. Furthermore, XIAP can function as
an E3 ligase; this activity is involved in the ubiquitination of active caspase-3 and its subsequent
degradation by the proteasome [35]. To detach XIAP from caspase-3 and restore the apoptotic signal,
cells require the release of second mitochondria-derived activator of caspase (SMAC)/direct 1AP-
binding protein with low Pl (DIABLO) by the mitochondrion [36, 37], which explains why type Il

cells are more “addicted” to this organelle than type | cells.

Although IAP overexpression can account for the mitochondrial dependency observed in type
Il cells, it remains unclear why DISC formation is hampered in type Il cells and/or augmented in type
I cells. High activity of the lipid kinase phosphoinositide 3-kinase (PI3K) or down-regulation of its
neutralizing phosphatase, phosphatase and tensin homologue on chromosome 10 (PTEN), have been

observed in type Il cells, whereas this signal is reduced in type | cell lines [38, 39]. The PI3K
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signaling pathway prevents the aggregation of CD95 [40], probably by retaining the receptor outside
of lipid rafts [38, 41]. Phosphoprotein enriched in astrocytes (PEA)-15, also known as phosphoprotein
enriched in diabetes (PED), is a protein containing a DED that inhibits apoptotic signals induced by
CD95 and TNFRL1 [42]. Activation of PI3K and its downstream effector, the serine-threonine kinase
Akt, leads to phosphorylation of PEA-15 at serine 116 [38, 41]; this post-translational modification

promotes its interaction with FADD, ultimately inhibiting DISC formation [43, 44].

Notably, the type | and type Il categorization applies to primary cells as well as to cell lines cultured
in vitro. CD95-mediated apoptotic signals could not be overridden in thymocytes or activated T cells
over-expressing a Bcl-2 transgene, consistent with the type | nature of these cells [45], whereas
hepatocytes expressing the same transgene resist CD95-induced apoptosis and thus behave as type Il

cells [46, 47].

3. CD95/CD95L as regulators of the immune cell functions.
3.1. CD95L is a chemoattractant

Although initially there was some speculation that transplanted organs could be protected from
immune attack by forcing the expression of CD95L, seminal experiments with B-islet cells [48] and
colon cancer cells [49] revealed that ectopic expression of this ligand enhances the pace with which
the cells are rejected, mainly through the attraction of host neutrophils. Similarly, injection of DCs
engineered to express CD95L induces an inflammatory response involving granulocytes, Thl cells,
and cytotoxic CD8" T lymphocytes [50]. These CD95L-expressing DCs caused a severe lung
granulomatous vasculitis that shared many features of human Wegener granulomatosis [50], an
uncommon disorder exhibiting inflammation of the blood vessels with the surrounding tissues

developing granulomas.
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The accumulation of activated neutrophils in transplanted tissues could be the consequence of two
different cellular events: i) the generation of soluble CD95L (described below) or ii) the expression of
“find me” signals by cells dying from CD95-induced apoptosis in the transplanted microenvironment.
Indeed, CD95L is a transmembrane cytokine whose ectodomain can be processed close to the plasma
membrane by metalloproteases such as matrix metalloproteinase (MMP)3 [51], MMP7 [52], MMP9
[53], and disintegrin and metalloproteinase domain-containing (ADAM)-10 [54, 55], and then
released into the bloodstream as a soluble ligand. Based on data showing that hexameric CD95L
represents the minimal level of self-association required to signal apoptosis [56], and that cleavage by
metalloproteases releases a homotrimeric ligand [56, 57], this soluble ligand has long been considered
to be an inert molecule that only competes with its membrane-bound counterpart to antagonize the
death signal [57, 58]. However, recent work demonstrated that this metalloprotease-cleaved CD95L
(s-CD95L) actively aggravates inflammation and autoimmunity in patients with systemic lupus
erythematosus (SLE) by inducing the NF-kB and PI3K signaling pathways [59, 60]. In this chronic
inflammatory disorder, we demonstrated that s-CD95L was able to promote the trafficking of Th17
cells into damaged organs by increasing i) the expression of P-selectin glycoprotein ligand (PSGL-1),
an E-selectin ligand; and ii) inducing the secretion of sphingosine-1-phosphate (S1P) and the
expression of its receptor, S1IPR3, to stimulate the extravasation of these inflammatory T cells [61].
This CD95-mediated non-apoptotic signaling pathway is currently under investigation in the

laboratory.

Alternatively, attraction of activated neutrophils could be due to the release of soluble chemoattractant
factors by dying host cells. Recent data showed that, in parallel to the apoptotic signal, CD95L
triggers a c-IAP1/2-dependent signaling pathway in dying tumor cells that promotes the synthesis of
pro-inflammatory mediators such as interleukin (IL)-6, IL-8, CXCL1, monocyte chemoattractant
protein (MCP)-1, and granulocyte/macrophage colony-stimulating factor (GM-CSF) [62]. Production
of these cytokines not only promotes phagocyte chemotaxis but also stimulates their ability to
phagocytose and clear apoptotic cells, which is required for the initiation of an adaptive immune

response. Caspase-8 was shown to be instrumental in the c-IAP1/2—receptor-interacting
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serine/threonine-protein kinase 1 (RIP1)-NFkB signaling pathway as a scaffold molecule because
inhibition of its activity does not alter this non-apoptotic signaling program. In accordance with these
findings, caspase-8 is in fact a highly complex regulator of cell fate, protecting cells through
inhibition of the necroptotic signal [63-65], promoting cell migration [66, 67] and tissue inflammation
[68] independently of its proteolytic activity, and inducing apoptosis [21, 69, 70] via its enzymatic

activity in cells exposed to death ligands such as CD95L.

In addition to mediating inflammation via the production and maturation of cytokines and
chemokines, soluble CD95L can also directly enhance the migration of immune cells such as
neutrophils [71]. CD95 stimulation also contributes to the recruitment of myeloid cells within
inflammatory sites [72]. This chemoattractant activity occurs through recruitment of the tyrosine
kinase Syk by CD95 and subsequent PI3K activation. In addition, CD95L expressed by endothelial
cells in the tumor vasculature [73] can directly bind CD95 on myeloid cells, contributing to the rolling
and adhesion steps and promoting endothelial transmigration through the Btk-phospholipase C

(PLC)y2 pathway [74].

3.2. The CD95-mediated apoptotic signal modulates auto-immunity by eliminating

Dendritic cells

Activation of CD95 in immature DCs induces their maturation, increasing their expression of MHC
class Il, co-stimulatory molecules (B7-1/2), and DC lysosome-associated membrane proteins
(LAMPs), and inducing their secretion of pro-inflammatory cytokines, particularly IL-1 and TNF-a
[75]. On the other hand, stimulation of pattern recognition receptors on mature DCs increases the
expression of CD95 and thereby promotes their elimination by CD95L-expressing activated T
lymphocytes [76]. In agreement with these data, conditional knockout of CD95 in DCs causes
autoimmunity due to the resistance of these cells to CD95L-mediated apoptosis and their consequent
accumulation in inflamed tissues [76]. Similarly, genetic deletion of CD95L in T and B cells impairs

the elimination of APCs such as B cells and DCs, and thereby causes autoimmunity [77]. The finely
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tuned regulation of activated CD95" APCs (i.e., B cells and DCs) by CD95L-expressing T cells [78,
79] is clearly demonstrated by the degree to which loss of the CD95-mediated apoptotic signal in
these conditional tissue-selective knockout experiments contributes to autoimmune pathologies. Viral
infection induces elimination of DCs through a CD95-dependent mechanism leading to a sustained,
chronic infection. Indeed, mice genetically engineered to express CD95-deficient DCs, and wild-type
mice into which CD95-deficient DCs have been adoptively transferred, clear persistent viral infection
more rapidly than mice carrying wild-type DCs that express CD95 [80]. It seems that the main
mechanism through which DCs resist CD95-mediated apoptosis involves overexpression of the anti-

apoptotic factor Bel-xL [81].

In summary, CD95 is involved in recruiting and activating APCs in inflamed organs and, later,
eliminating mature DCs. CD95 therefore contributes to the development of an efficient and transient
immune response, which is essential to clear infections while preventing autoimmunity. On the other

hand, APCs with deregulated CD95 signaling will promote autoimmunity.

3.3. Activation, differentiation and death of T and B cells under the control of CD95

CD95L is not found at the surface of naive T cells, but this ligand is rapidly expressed after TCR
activation [82]. Soon after the cloning of CD95L, it was shown that simultaneous aggregation of
CD95 with CD3 enhanced T cell proliferation [83]. Moreover, CD95/TCR activation seems to be
required to promote T cell proliferation through the caspase-8-driven synthesis of IL-2. In this cellular
context, caspase-8 activation leads to the cleavage of a different subset of substrates from those
cleaved in dying T cells [84]. For instance, TCR/CD95-driven caspase-8 activation does not cause the
cleavage of poly(ADP-ribose) polymerase (PARP) or caspase-3, both of which are cleaved in dying
cells. Nonetheless, the exact role of CD95 in T cell activation remains to be clarified. Indeed, unlike
simultaneous stimulation of T cells via CD95 and the TCR, sequential activation of CD95 and the

TCR (CD95 aggregation performed 1 hour prior to TCR ligation) prevents T cell activation [85]. This
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inhibitory process occurs through CD95-mediated ceramide/sphingosine production, which in turn

inhibits the Ca®* response and IL-2 production [85].

Activated peripheral T cells are eliminated by apoptosis to terminate the immune response, a cellular
process designated immune contraction [86]. Indeed, most activated T cells (apart from memory T
cells) enter a deletion phase called activation-induced cell death (AICD). Initially, the AICD process
was reported to rely on CD95/CD95L [82, 87], but this is now known to be only true for T cells

recognizing low-affinity self-Ags (see below).

Although the pro-apoptotic Bcl-2 family member Bim is not a member of the CD95-mediated
apoptotic signaling pathway [88], this apoptotic factor contributes to the elimination of activated T
lymphocytes in mice injected with the superantigen staphylococcal enterotoxin B (SEB). Therefore,
while CD95 is involved in the elimination of activated T lymphocytes responding to weak auto-Ags
and Ags found in chronic infections [80], it is not involved in the elimination of T cells activated by

high-affinity Ags [89] such as those found in acute infections.

Initially, CD95 was reported to contribute to the positive selection of B cells with improved affinity
for Ag [90]. Accordingly, in germinal center (GC) of secondary follicles, B cells exposed to CD40L
enhance the expression level of c-FLIP, which inhibits the CD95-mediated apoptotic signal [90].
Indeed, these GC B cells harbor an inactive and preformed DISC containing CD95/FADD/caspase-
8/c-FLIP_ but devoid of CD95L [90]. The loss of the pro-survival CD40/CD40L signaling pathway in
these cells lead to the reduction of the anti-apoptotic factor c-FLIP unleashing the CD95-mediated
apoptotic signaling pathway in a CD95L-independent manner [90]. Although CD95/CD95L signaling
is dispensable in the elimination of auto-reactive B cells, this interaction suppresses IgE antibody
production in mice [91]. This observation has been confirmed in humans because although IgE
accumulation has not been described as a clinical symptom in autoimmune lymphoproliferative
syndrome (ALPS) patients, a recent analysis showed that 25% of ALPS patients exhibit high
concentrations of IgE in their serum [91]. The study found that CD95 controls the emergence of a

germinal center B cell population the authors designated “germinal center rogue cells” (GCrs), which
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do not follow the selection rules of normal B cells and undergo somatic mutations leading to the
production of auto-antibodies. The CD95L-expressing cells that induce apoptosis in GCrs remain to
be identified, but this elimination does not occur through an autocrine process, and follicular B helper

T cells may contribute.

3.4. CD95L expression by memory T-cells modulate the efficiency of the immune response

Long-lived memory T-cells are instrumental in the efficiency of the adaptive immune response in
response to pathogens and tumors. The memory T-cell compartment has been divided into two subsets
including conventional central memory T cells (Tcy) and effector memory T cells (Tem). Tem cells are
long-lived population, while Tgy are committed progenitor cells undergoing terminal differentiation
after a limited number of divisions. Memory stem cells (Tscwm) present in the Ty subset (CD45RO—,
CCR7+, CD45RA+, CD62L+, CD27+, CD28+ and IL-7Ra-t), express increased levels of CD95, IL-
2RB, CXCR3, and LFA-1 and exhibit an enhanced self-renewal and multipotency as compared to Tcym

and Tgy cells [92].

The role of CD95 in T cell activation/maturation has been recently highlighted by elucidating the
deleterious effect of memory T cells in the anti-tumor response mediated by adoptive cell transfer
(ACT). In mixed T cell populations, memory T cells accelerate the maturation of naive T cells
exposed to Ags through the CD95-dependent induction of PI3K signaling [93]. Indeed, memory T
cells including Tey and Teyw express CD95L, which enhances in a dose-dependent manner the
differentiation of T naive cells into the more-differentiated Tgy cell subset with an attrition of Ty
cells. This CD95-dependent, non-apoptotic response accelerating the differentiation/maturation
process in naive T cells impairs the anti-tumor response to ACT. This immune process has been
designated “precocious differentiation” and occurs in both CD4" and CD8" naive T cells [93]. Primed
naive T cells undergoing precocious differentiation do not generate Tscy OF Tem populations, but

instead produce Tey cells with reduced proliferation and anti-tumor activity. The ability of memory T
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cells to influence cell fate in this manner may be a cellular mechanism to synchronize the immune
response, and, therefore, may represent a way to extinguish it once the anti-tumor or anti-infectious

response has concluded.

3.5. CD95 and Th17 cell differentiation

Th17 cells orchestrate inflammatory responses in response to extracellular pathogens [94]. Apart from
stimulating the transmigration of Th17 cells [65], the expression of CD95 in CD4+ T cells is also
pivotal for Th17 differentiation. Indeed, among 22 “Thl7-positive factors” involved in Thl7
differentiation, Regev’s group reported that the loss of CD95 leads to failure of Th17 polarization in T
cells activated in the presence of transforming growth factor (TGF)B1 and IL-6 [95]. The authors
showed that CD95, as a target of the STAT3 and BATF transcription factors, is over-expressed early

during Th17 differentiation, and loss of CD95 promotes Th1l differentiation over Th17 differentiation.

4. Unknown factors in DISC formation

Although the molecular mechanism through which CD95 induces apoptosis is well understood, it
remains to be determined how CD95 triggers the activation of non-apoptotic signaling pathways (i.e.,
NF«kB, MAPK, and PI3K). These findings raise the question of whether different domains exist within
CD95 that may be involved in the differential execution of apoptotic and non-apoptotic pathways, or
if all signals stem from the DD interacting with different partners. The molecular mechanism(s)
responsible for switching between the apoptotic and non-apoptotic signaling pathways downstream of

CD95 also remain to be elucidated.
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4.1 Regulation of caspase-8 activity

In a similar manner to CD95, caspase-8 is a highly complex regulator of cell fate, protecting cells
from necroptotic cell death [96-98], promoting cell migration [99, 100] and tissue inflammation, and

inducing apoptosis [101-103].

Caspase-8 activation occurs through a two-step model. Following procaspase-8 dimerization, the
enzyme is first cleaved between the large and small catalytic subunits, at Asp374 and Asp387, to
generate p41/43 and pl0 fragments. Two isoforms of procaspase-8 are mainly expressed in
mammalian cells explaining the p41 and p43 fragments (i.e., procaspase-8a and -8b). Second, p41/43
is cleaved at Asp210 and Asp216 to release the pro-domain and a p18 fragment. Mature caspase-8 is
released from the DISC as a tetramer composed of two p18 fragments and two p10 fragments (p18,-
pl0,) [104] (Figure 2). The first cleavage represents a sort of “substrate switch” because, while
procaspase-8 dimers possess a limited repertoire of substrates, including c-FLIP and procaspase-8
itself, the first cleavage step stabilizes the caspase-8 dimers and gives them access to different
substrates involved in the apoptotic pathway, such as Bid and caspase-3. Of note, the cleavage at
Asp210/216 attenuates the enzymatic activity of caspase-8, as a non-cleavable mutant of caspase-8
(D210A/D216A) shows a 4-fold increase in catalytic activity compared to wild-type caspase-8 [23].
Therefore, different caspase-8-containing structures can be distinguished in the cell with different

localizations, signaling strengths, and substrate subsets.

As mentioned, the dependency of type Il cells on the mitochondrial pathway to trigger death ligand-
induced apoptosis was partly explained by the expression of anti-apoptotic factors. The mechanism
for the failure of DISC formation in type Il cells remains unclear, but it has been reported that these
cells exhibit high PI3K activity [105, 106]. PI3K signaling has been shown to prevent the aggregation
of CD95 by retaining the receptor outside of lipid rafts [105, 107, 108]. Aggregation of CD95 into
these membrane subdomains seems to be required for caspase-8 recruitment and efficient induction of
the apoptotic program [109], whereas the raft localization is not required for activation of the MAPK

pathway [110]. To further limit caspase-8 recruitment to the DISC, activation of PI3K/Akt also leads
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to phosphorylation of PEA-15 at serine 116 [44]. PEA-15 is composed of an N-terminal DED and a
C-terminal tail containing two important serines: serine 104 and serine 116. Whereas the
phosphorylation of serine 104 by PKC regulates the interaction of PEA-15 with the extracellular-
related kinases (ERK1/2), the phosphorylation of serine 116 by Akt or calcium/calmodulin-dependent
protein kinase (CAMK)II induces the binding of PEA-15 to FADD, thereby reducing the recruitment

of procaspase-8 and thus inhibiting DISC formation [111].

In addition to this regulation of caspase-8 recruitment, caspase-8 activity can also be regulated by
caspase-8 analogues such as procaspase-10 and cellular FLICE-like inhibitory protein (c-FLIP)
(Figure 2). These proteins have been shown to interact with procaspase-8-FADD complexes and to
modulate DISC activity [112-116]. Caspase-10 is a homologue of caspase-8 and when recruited into
the DISC, it shares many substrates with caspase-8 [117]. Unexpectedly, a recent report demonstrated
that knock-down of caspase-10 sensitizes cells to CD95-mediated apoptosis [22]. The authors
observed that the presence of caspase-10 not only impairs DISC formation but also regulates the
magnitude by which genes are modulated upon CD95L stimulation [22]. Nonetheless, because
caspase-8 is only weakly inhibited by caspase-10, and because no caspase-10 orthologue exists in
mice even though the apoptotic and non-apoptotic signaling pathways are preserved in this organism,

caspase-10 seems to be a modulator of this signal rather than its toggle.

c-FLIP is also structurally related to caspase-8 but is devoid of enzymatic activity. Three main
isoforms of c-FLIP can be found: two short isoforms (c-FLIPgs), which only contain the pro-domain
encompassing the two DED domains, and a long isoform (c-FLIP,). c-FLIP, also contains a C-
terminal caspase domain that is inactive due to the replacement of a cysteine residue in the protease
site with tyrosine [118]. Among the short isoforms, c-FLIPg (for Raji) is mainly detected in T and B
cells and exhibits similar functions as c-FLIPs (short), the expression of which is more ubiquitous
[119]. All c-FLIP isoforms can be recruited to the DISC by caspase-8, and whereas c-FLIPg
recruitment blocks caspase-8 activation [120], c-FLIP, can stimulate procaspase-8 proteolytic activity
[121-123] through the formation of c-FLIP/procaspase-8 heterodimers. C-FLIP /procaspase-8

heterodimers show specificity towards a different set of substrates than caspase-8 homodimers,
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including RIP1 [124, 125]; cleavage of RIP1 leads to destabilization of the RIP1-RIP3 complex and
inhibition of necroptosis. Accordingly, genetic experiments elegantly demonstrated that although
deletion of casp8 is lethal at the embryonic stage in mice (ED 10.5), combined ablation of casp8 and
ripk3 results in viable mouse pups, confirming a close interplay between apoptosis and necroptosis
[64, 65]. In the heterodimers, c-FLIP_ is processed into p43 and p12 fragments, which can interact
with Rafl, TNF receptor-associated factor (TRAF)2, and RIP1 to induce MAPK and NF-«xB
activation [126-128]. Of note, the mechanistic base for c-FLIP_ and c-FLIPs modulation of the CD95-
mediated NF-«B activation remains a subject of debate and has to be clarified because several groups
demonstrated that all c-FLIP isoforms efficiently abrogate the CD95L/TRAIL-mediated non-apoptotic

signaling pathways (i.e., MAPK and NF-xB) [129, 130].

Alternatively, c-FLIP can be recruited directly by FADD to DISC, with the DEDs of c-FLIP and
caspase-8 docking to different surfaces within the DED of FADD. While DED-1 of caspase-8
preferentially binds helices 2 and 5 of DED-FADD, DED-2 of c-FLIP (L or S) interacts with a surface
covering helices 1 and 4 [131]. Inside the tripartite c-FLIP/FADD/Caspase-8 complex, the remaining
caspase-8 DED can bind c-FLIP, and its caspase-like domain to generate an active but membrane-
restricted caspase-8 (c-FLIP p43/Caspase-8 p41/p43), or c-FLIPg blocking caspase-8 activation. When
the expression levels of c-FLIP drop, helices 1 and 4 of FADD are free to bind caspase-8 and this
tripartite (FADD/Caspase-8/Caspase-8) containing a capase-8 homodimer releases a soluble and fully
activated caspase-8 (p18/pl10) triggering the apoptotic signaling pathway [131]. These tripartite
complexes indicate that therapeutic approaches might exist to selectively inhibit the death receptor-
mediated non-apoptotic signaling pathways by disturbing c-FLIP recruitment without affecting

caspase-8/FADD interaction (apoptotic signal).

Caspase-8 maturation relies on the expression level of c-FLIP,. While c-FLIP, blocks caspase-8-
driven apoptotic signaling at high concentrations, low and intermediate concentrations of c-FLIP
enhance caspase-8 recruitment and activation, thus facilitating the induction of apoptosis [123]. As an
explanation for this observation, Hughes et al. proposed a hierarchical and co-operative model in

which procaspase-8, docked to FADD, preferentially recruits c-FLIP_ over a second procaspase-8 to
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form the first active protease at the DISC. When the cellular level of c-FLIP_declines, procaspase-8 is
recruited to the DISC through DED interactions to form procaspase-8 homodimers. Consequently, the
protein level of c-FLIP_ and, more importantly, the ratio of c-FLIP, to c-FLIPs are crucial

determinants of whether caspase-8 activation results in apoptotic or non-apoptotic signaling.

4.2 Dynamic CD95 signaling complexes

Unlike CD95 and TNF-related apoptosis-inducing ligand (TRAIL), TNFR1 preferentially induces the
activation of pro-inflammatory responses over apoptotic signaling. Mechanistically, this preference is
due to the sequential formation of two complexes: Complex I, which promotes NF-xB activation, and
Complex I, which is responsible for the induction of apoptosis [132]. Upon TNF-a binding, TNFR1-
associated death domain protein (TRADD) is first recruited through its DD domain to TNFR1 at the
plasma membrane. There, TRADD further associates with signaling proteins such as cellular inhibitor
of apoptosis protein 1 and 2 (clAP1/2), TNFR-associated factor 2 (TRAF2), and RIP1 to form
Complex I. In this complex, the E3 ubiquitin ligases clAP1/2 polyubiquitinate themselves and RIP1
through lysines K63, K48, and K11 [133-135]. The polyubiquitin chains serve as a docking platform
for the recruitment of another set of proteins, including the linear ubiquitin assembly complex
(LUBAC), which generates additional linear ubiquitin chains on Complex | [136]. The assembly of
these polyubiquitin chains allows for the recruitment of the IkB kinase (IKK) complex and the
transforming growth factor-p (TGF-P)-activated kinase (TAB-TAK1) complex, and the subsequent
activation of the NF-xB and MAPK signaling pathways [137-140]. The activation of these signaling
cascades will induce the expression of anti-apoptotic factors including the caspase-8 inhibitor c-FLIP.
In conclusion, while ubiquitination is instrumental in the complex | formation, elimination of the
ubiquitin moieties from the substrates by deubiquitinases including A20, Cezanne or Cylindromatosis
(CYLD) promotes the switch to complex Il (for review see [141]). Complex Il formation requires the
release of TNFR1, and the recruitment of FADD by TRADD through a DD/DD interaction serving as

a platform to bind procaspase-8 [132]. Importantly, complex Il assembly occurs through the
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internalization of the different components in RIP1-dependent or -independent mechanism [141]. In
this complex consisting of deubiquitinated RIP1, caspase-8 and adaptors TRADD and FADD,
caspase-8 is activated, leading to apoptosis of the cell. CD95 stimulation seems also to form an
internalized “complex 117, but the biological function of this complex remains to be addressed because
both DISC (complex I) and complex Il trigger a caspase-8-dependent apoptotic signaling pathway
[142]. One hypothesis is that the cell localization of the two complexes might propose a different set

of substrates to the activated caspase-8 leading to different signaling pathways.

Although TRAF2 can induce the activation of NFkB, it plays a different role in the CD95 signaling
pathway. Indeed, ubiquitination can control the CD95-mediated apoptotic and non-apoptotic signaling
pathways through K48 and K63 ubiquitination of caspase-8 [143]. While cullin-3-driven K63
ubiquitination at lysine 461 of the small subunit enhances the apoptotic signaling pathway, TRAF2-
dependent K48 ubiquitination at lysines 224, 229, and 231 of the large subunit inhibits apoptotic
signaling by causing proteasome-dependent degradation of activated caspase-8 [143, 144]. In the
molecular ordering of ubiquitination, TRAF2 is acting downstream of cullin3, suggesting that the
latter activates and the former extinguishes caspase-8 activity, thereby tightly controlling this process
[143]. Although TRAF2 docks onto caspase-8, it is not known whether this interaction is direct and/or

whether the cullin3-dependent K63 ubiquitination of caspase-8 is a prerequisite for TRAF2 binding.

CD95 and TRAIL-R (DR4 and DR5) cannot bind TRADD. Nevertheless, the formation of dynamic
complexes has also been suggested. Indeed, a recent study demonstrated that TRAIL stimulation can
induce the formation of a cytosolic signaling complex that has been called the “FADDosome.” This
complex, which is composed of FADD, FLIP, caspase-8, caspase-10, TAK1, A20, NF-xB essential
modulator (NEMO) and RIP1, is responsible for NF-xB activation and pro-inflammatory cytokine
production [68]. Interestingly, the non-enzymatic activity of caspase-8 is essential for the formation of
the complex because catalytically inactive caspase-8 was able to restore TRAIL-induced non-
apoptotic signaling in caspase-8 knockout cells. This complex was further confirmed by work from
the Walczak group showing that this complex also contained TRAF2, c-1AP1/2, and LUBAC [145].

Surprisingly, this study also demonstrated that this complex is formed at the plasma membrane and
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that the LUBAC complex is a critical determinant of cell fate by restricting caspase-8 activation

through ubiquitination while activating the NF-kB pathway.

After CD95 stimulation, a cytosolic complex containing FADD and caspase-8 was first observed in
studies focusing on the apoptotic function of the receptor [142, 146]. Nonetheless, similarly to
TRAIL, this soluble complex can also be involved in non-apoptotic functions. Indeed, a cytosolic
FADD/caspase-8/RIP1/clAP complex was shown to be essential in the activation of the NF-«xB
signaling pathway and the production of “find me” cytokines [147]. Caspase-8 functioned as a
scaffold in this response as well because inhibition of its enzymatic activity did not alter this non-
apoptotic signaling program. Regulation of caspase-8 activation through recruitment of DED-
containing proteins such as c-FLIP/caspase-10 could therefore be central to the formation of these

dynamic signaling complexes.

5.3 Soluble and transmembrane CD95L. control the CD95 signaling pathway

Finally, the choice between the apoptotic and non-apoptotic response could be driven by CD95L
itself. Unlike transmembrane CD95L (m-CD95L), which favors DISC formation and apoptosis, s-
CD95L leads to the formation of a molecular complex devoid of FADD and caspase-8 that instead
recruits and activates the src kinase c-yes via NADPH oxidase 3 (NOX3) and ROS production [59,
148]; this unconventional receptosome has been designated the “motility-inducing signaling complex”

(MISC) (Figure 3) [59, 149].

M-CD95L can be cleaved by different metalloproteases generating s-CD95L, which fails to trigger
cell death [150, 151] but instead, implements non-apoptotic signaling pathways [73, 152]. The
differences in the kinetics of CD95 aggregation, or its internalization and/or membrane distribution
[153], may account for the induction of one cue at the expense of another. As aforementioned, while
s-CD95L exists as a homotrimer [150], its membrane-bound counterpart is a multi-aggregated

homotrimers [154]. Therefore, the difference in their stoichiometry and/or their conformational effect
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on the receptor (natural ligand versus agonistic antibodies) might explain the differences in the
activated cell signaling pathways [27, 155]. Different forms of s-CD95L have been reported and
although the s-CD95L generated by MMP7-driven cleavage of its *ELR™® sequence induces
apoptosis [156], its counterpart (cleaved between serine 126 and leucine 127) does not [78, 150, 152].
Moreover, s-CD95L in the bronchoalveolar lavage (BAL) fluid of patients suffering from acute
respiratory distress syndrome (ARDS) can undergo oxidation at methionines 224 and 225, promoting
its aggregation and thereby rendering it cytotoxic [157]. The stalk region of CD95L covers amino acid
residues 103 to 136 and contains all metalloprotease cleavage sites described in the literature. Of note,
in ARDS BAL fluid, CD95L also undergoes an oxidation at methionine 121, that prevents its
cleavage by MMP7 and potentially explains why this cytotoxic ligand retains its stalk region and
contributes to disease pathology [157]. Nonetheless, preservation of this region raises the question of
whether an as-yet-unidentified MMP7-independent cleavage site exists in the membrane-proximal
region of CD95L, or whether the ligand detected in ARDS patients corresponds in fact to the full-
length form of CD95L embedded in exosomes [158, 159]. Indeed, exosome-bound CD95L can be
produced by human prostate cancer cells (i.e., the LNCaP cell line), and triggers apoptosis [160]. In
addition to MMPs, plasmin can also cleave the m-CD95L expressed by neo-vessels in cancers [161].
Urokinase-type plasminogen activator (uPA) converts plasminogen into its active form, plasmin,
which in turn cleaves CD95L between the amino acid residues Argl44 and Lys145 within its
trimerization domain, releasing a soluble ligand, which surprisingly triggers the death of endothelial
cells [161]. Because no analysis of the s-CD95L stoichiometry has been realized in this study, it is
difficult to determine whether the plasmin-driven s-CD95L corresponds to an aggregate of
homotrimers or whether cleavage by plasmin releases a homotrimeric ligand associated with other

components promoting its apoptotic effect.

Overall, these findings emphasize the importance of finely characterizing the stoichiometry of
naturally processed CD95L in the serum of patients affected by cancers or chronic/acute inflammatory

disorders to predict its biological role (i.e., apoptotic vs hon-apoptotic).
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Although caspase-8 is not detected in the MISC, it has been reported to participate in cell migration.
Indeed, phosphorylation of caspase-8 at Tyr380 by src family kinase (SFK) inhibits its activity while
promoting its scaffold function [106]. This phosphorylation notably allows for recruitment of the p85
alpha subunit of PI3K and the activation of the PI3K signaling pathway [99]. Nonetheless, CD95-
induced migration and invasion can also occur through a DD-independent mechanism (reviewed in
[162]), suggesting that a caspase-8-independent mode of cell migration exists in cells exposed to

CD95L.

Exposure of T cells to s-CD95L triggers MISC formation and the recruitment of PLCyl to the
calcium-inducing domain (CID) of CD95, leading to calcium release-activated calcium modulator
(CRACM)1-driven Ca** entry and PI3K activation [61, 163]. Of note, while CD95-induced PLCy1
activation and Ca®* signaling stems from the CD95 CID [152], PI3K activation relies on the CD95
DD [152], suggesting that a complex interplay between the two domains regulates apoptotic versus
non-apoptotic signaling. The identification of the distinct roles of these two domains encouraged us to
design molecules selectively targeting the CID to inhibit the non-apoptotic signaling pathway without
affecting the apoptotic response, which is essential for the elimination of viruses and tumors.
Treatment of lupus-prone mice with the CID-targeting inhibitor reduced the severity of the pathology,
validating the CD95 CID as a drug target for SLE patients. Of note, it has been reported that the
CD95-mediated Ca®* response might also affect the DD-dependent interactome. For instance,
calmodulin docks onto the CD95-DD in a Ca**-dependent manner and prevents FADD recruitment

[164].

TRIP6 is another possible component of the MISC. Indeed, the CD95 CID can bind TRIP6 to induce
migration of glioblastoma cells. When phosphorylated by src at Tyr55, TRIP6 interferes with the

binding of FADD to CD95 and favors the activation of the NF-xB pathway [165].

In triple-negative breast cancer (TNBC), the recruitment of the tyrosine kinase receptor (RTK)
epidermal growth factor receptor (EGFR) is required for activation of the PI3K pathway and cell

migration [73]. Importantly, EGFR recruitment occurs independently of EGF and is mediated by the
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c-yes kinase in response to s-CD95L [73]. Consequently, neutralizing anti-EGF/EGFR antibodies,
including cetuximab, fail to prevent CD95-mediated cell migration, while erlotinib, a receptor

tyrosine kinase inhibitor, inhibited this metastatic process [73].

Because EGFR can also induce tyrosine phosphorylation of caspase-8 at Tyr380, the CD95-EGFR
interaction may also prime certain cancer cells to become unresponsive to the apoptotic signal
triggered by cytotoxic CD95L while promoting cell migration, an essential step in cancer metastasis.
Similarly, CD95 has been shown to trigger colon cancer cell metastasis by recruiting platelet-derived
growth factor receptor (PDGFR), another RTK. In this context, the RTK activated PLCyl by
phosphorylation on Tyr783, triggering a cofilin-mediated invasion process [166]. These findings
suggest that RTK recruitment by CD95 inhibits the apoptotic signal by phosphorylating caspase-8 and

simultaneously promotes cell maotility.

Conclusions and perspectives

In summary, although the CD95/CD95L interaction can eliminate malignant cells by promoting
formation of the DISC, it can also promote carcinogenesis by sustaining inflammation, regulating
immune cells homeostasis, and/or inducing metastatic dissemination [59, 60, 72, 148, 167-169]. The
molecular mechanisms underlying the switch between these different signaling pathways remain
enigmatic. Important questions to be addressed are how the magnitude of CD95 aggregation regulates
the formation of apoptotic versus motility signaling complexes and whether the different signaling
responses originate from the same or distinct receptor domains. If this latter option proves to be the
case, it may be possible to engineer inhibitors that are selective for the non-apoptotic signaling
pathways, thereby preventing the induction of the pro-inflammatory/oncogenic signaling processes
without apoptosis, which contributes to the anti-tumor and anti-infectious response. Answering these
questions will lead to the development of new therapeutic agents with the ability to limit chronic

inflammation and carcinogenesis, at least in pathologies associated with increased soluble CD95L,
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such as certain cancers (e.g., pancreatic cancer [170], large granular lymphocytic leukemia, breast
cancer [149], and NK cell lymphoma [171]) and autoimmune disorders (e.g., rheumatoid arthritis and

osteoarthritis [172], graft-versus-host disease [173, 174], and SLE [59, 175]).
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Figure 1: Extrinsic and intrinsic apoptotic pathways. Interaction of transmembrane CD95L
(mCD95L) to CD95 favors the recruitment of FADD to the death domain (DD) of CD95. FADD
binds procaspases-8 to form the Death Inducing Signaling Complex (DISC). Oligomerization of
procaspase-8 promotes its autocatalytic activation and the release in the cytosol of a mature tetramer.
For the intrinsic pathway, cellular stresses lead to the over-expression and activation of proapoptotic
factors including Noxa, Bim, Puma and Bad, releasing the inhibition of Bax/Bak by Bcl-2 anti-
apoptotic factors. Then, Bax/Bak multimerizes and triggers the permeabilization of the mitochondrial
outer membrane releasing different pro-apoptotic proteins in the cytosol that in combination with
Apaf-1 and procaspases-9 form the Apoptosome. The release by the mitochondria of Smac/Diablo
eliminates the XIAP-mediated inhibition of procaspases-3, -7 and -9. Activated caspases -8 and -9
finally process the effector caspases-3 and -7 to trigger cell death. The two pathways are
interconnected through the caspase-8-driven Bid cleavage. Truncated bid (tBid) can in turn translocate

to the mitochondria to activate Bax/Bak and the intrinsic signaling pathway.
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Figure 2: Caspase-8 analogues. The Caspase-8 is constituted of a prodomain encompassing two
death effectors domains (DED, yellow), which interact with the DED of FADD and allow their auto-
aggregation. The catalytic domain is composed of a large subunit (p18), containing the catalytic
cysteine C360, and a small subunit (p10). Upon oligomerization, procaspase-8 becomes active,
cleaving itself at specific sites (i.e., activating and inhibiting cleavages). The first cleavages at D374
and D384 induce the formation of active p43 and p10 fragments. The second set of cleavages at D210
and D216 reduces the caspase-8 activity and induces the generation of the p18 fragment. A cytosolic
caspase-8 is finally released in the cytosol as a tetramers p18(2) p10(2). The caspase-8 regulators
caspase-10 and c-FLIP,, whose structures are similar to caspase-8, are processed in a similar manner.
Of note, c-FLIP., which is devoid of catalytic activity because of the cysteine (C360) substitution by a
tyrosine, is processed inside heterodimers of procaspase-8/c-FLIP,. The short isoforms of FLIP (c-

FLIPs and c-FLIPg) contain only two DEDs and are caspase-8 inhibitors.
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Figure 3: Soluble CD95L triggers the Motility-induced Signaling Complex (MISC) formation.
Stimulation of CD95 by soluble CD95L (s-CD95L) induces the recruitment of the PLCy1 to the CD95
Calcium-Inducing Domain (CID). The phospholipase generates inositol triphosphate (IP3;) by
hydrolyzing phosphoinositol biphosphate (PIP2). IP5 activates IPsR present at the membrane of the
endoplasmic reticulum (ER) releasing Ca*. This calcium response is enhanced through the activation
of ORAI1 channel. The increased concentration of Ca®* underneath the plasma membrane activates
different DISC-formation inhibitors such as PKCB2 and Calmodulin. These proteins interfere with the
recruitment of FADD and procaspase-8 to the DISC. In the MISC, NAPDH oxidase 3 (NOX3) is also
recruited and will produce reactive oxygen species (ROS) that will activate c-Yes. Src kinase can
recruit receptor tyrosine kinases (RTK) and phosphorylate different proteins localized in the MISC
including TRIP6 and/or PLCy1 responsible for the PI3K/Akt signaling pathway activation and cell

migration.



