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ABSTRACT 

 

Disruption of polarity and impairment of programmed cell death are signalling pathways of 

advanced epithelial tumors, whose progression often involves the activation of signalling 

controlled by TNF receptors, such as the JNK pathway. However, the link between loss of 

polarity and JNK pathway still remains elusive. In a disc-specific rn>avl RNAi screen aimed 

at finding new genes involved in neoplastic onset, a novel Drosophila TNFR was identified, 

named Grindelwald (Grnd). Grnd and the unique fly TNF Eiger activate the JNK pathway, 

and induce apoptosis or malignancy in a cell context-dependent manner. My PhD project 

focused on the characterization of the molecular mechanisms underlying Grnd activation 

and transduction of the JNK pathway.  

Upon binding to Eiger, Grnd recruits to the intracellular membrane Traf2, the most upstream 

component of the JNK pathway, and activates the JNK cascade. To shed light on the 

mechanism of Grnd activation by Eiger, I determined the crystal structure of the extracellular 

domain (ECD) of Grnd, in isolation and in complex with Eiger. Grnd-ECD comprises a 

single cysteine-rich domain, organized in two modules, named X2 and C2, and stabilized by 

disulphide bridges. The crystal structure of the Eiger:Grnd complex showed that the Eiger-

TNF domain folds in a typical “jelly-roll” antiparallel b-sheet, and forms hetero-hexamers 

with three Grnd molecules. To map the interacting surface between Grnd and Eiger, we 

engineered point mutations and performed binding assays revealing that Thr51, His66-

Asn67 of Grnd and Asp337, His388-Arg391, and Arg396-Arg401 of Eiger are essential for 

the nanomolar affinity between the ligand and the receptor. In vitro studies suggest that 

glycosylation on Asn332 of Eiger lowers the affinity between Eiger and Grnd. We are 

currently generating collaboratively Grnd mutant flies to assess the relevance of the Eiger-

Grnd interaction in activating the JNK pathway and inducing the small-eye phenotype, or in 

promoting malignancy in scrib-/-;rasV12 clones. 
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Previous results showed that the JNK pathway was activated in polarity-deficient cells to 

drive neoplastic growth. In the rn>avl RNAi screen, Grnd, but not Eiger, was necessary for 

the JNK pathway to be induced. I showed that Grnd directly interacts with the polarity 

protein Veli, to promote hyper-proliferation and invasiveness. Collectively, these findings 

depict Grnd as the first TNFR able to couple cell polarity with tumor overgrowth.  

One major goal of my project was also the identification of a Grnd orthologue in human, 

able to couple polarity and signal transduction. Biochemical analyses revealed that Fas is the 

only TNFR interacting with Veli and with the basolateral polarity protein Dlg1, and provided 

evidence that Dlg1 compete with Veli for binding to Fas. The relevance of these interactions 

for the Fas biology is currently under investigation. 
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1  INTRODUCTION 

 

 

During my PhD, I studied the regulation of specific Tumour Necrosis Factor Receptors 

(TNFRs), comparing their working principles in Drosophila melanogaster and in humans. 

For this reason, the Introduction below will contextualize TNFRs in the known literature 

mainly in flies and human.  

 

1.1 Tumour Necrosis Factors and Tumour Necrosis Factor Receptors 

1.1.1 The Tumour Necrosis Factor family 

The discovery of Tumour Necrosis Factor (TNF) was a step-by-step finding. In late XIX 

century, the physician Bruns noticed tumour regression after bacterial infection. In 1943, 

lipopolysaccharide (LPS) was identified as the responsible for the tumour regression, but 

only after about 20 years it was found that the LPS effect was not direct, but mediated by a 

factor released in the medium. This was named “tumour necrotizing factor”, then renamed 

“Tumour Necrosis Factor” by Old in 1975 (1). 

At present, the human TNF superfamily includes 19 members, while a unique Drosophila 

protein has been identified, Eiger (reviewed in (2, 3)). TNFs are mostly classified as type II 

transmembrane proteins, i.e. organized in a signal peptide, an intracellular N-terminus and 

an extracellular C-terminus. Exceptions are represented by human VEGI and LTa, which 

are not equipped with the intracellular domain (Fig. 1). TNFs are usually produced as 

transmembrane proteins, and only a few of them can generate soluble forms by proteolysis 

mediated by the protease TACE/ADAM17 (TNF-a-Converting Enzyme/A Disintegrin And 

Metalloproteinases domain) (4), matrilysin (5), or members of the subtilysin-like furin 

family (6). Extracellular cleaved TNFs are able to act at a long-range distance, spreading 

signal activation of their cognate receptors in a non-cell autonomous manner. Nevertheless, 
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certain soluble ligands have been reported to induce opposite outcomes when compared with 

the membrane-bound form, as in the case of FasL (7, 8). 

	

Fig. 1. The TNF family. So far, 19 human TNFs and a single Drosophila TNF have been identified. 

TNFs are represented as transmembrane proteins, with the exception of VEGI and LTa that do not 

possess a transmembrane region. The TNF homology domain is indicated as a trimeric orange 

structure. 
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1.1.2 Structural features of TNFs 

TNFs are active as trimeric ligands, characterized by the presence of a TNF homology 

domain (THD) on the extracellular domain (hereon referred to as ECD), responsible for 

binding to the receptor (the TNFR). The THD domain folds as a compact “jelly-roll” b-

sandwich, with an inner and an outer b-sheets composed by five antiparallel b-strands each, 

named A’AHCF and B’BGDE, respectively. The outer b-sheet creates the external surface 

and comprises five b-strands, with the connecting loops that are responsible for the binding 

to receptors. The inner b-sheet shows 25-30 % sequence homology among ligands, and 

contains hydrophobic and aromatic residues involved in trimer formation (Fig. 2). 

	

Fig. 2. The TNF homology domain (THD). Cartoon representation of the LTa THD (PDB: 1TNR). 

The THD consists of two b-sheets organized in a jelly-roll fold. The inner sheet is composed by the 

AA’HCF b-strands and is packed against the other two THDs of the trimeric TNF arrangement. The 

outer b-sheet consists of the b-strands B’BGDE, and is involved in binding the TNFRs. 

	
1.1.3 The Tumour Necrosis Factor Receptors superfamily 

TNFRs superfamily comprises 29 members in human, and a single one in Drosophila 

melanogaster, named Wengen (reviewed in (3, 9)). TNFRs are mostly type I transmembrane 

proteins, consisting of a signal peptide, an N-terminal extracellular region, a transmembrane 

helix (TM), and a C-terminal intracellular domain. Exceptions to this domain structure are 
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present among TNFRs. In particular, human BCMA (B Cell Maturation Antigen), TACI 

(Transmembrane Activator and CAML Interactor), BAFFR (B-cell Activating Factor 

Receptor) and XEDAR (X-linked Ectodysplasin-A2 Receptor) are classified as type III 

transmembrane proteins because they lack the signal peptide, whereas DcR3 (Decoy 

Receptor 3) and OPG (Osteoprotegerin) are produced and secreted as soluble receptors. In 

addition, TRAIL-R3 (TNF-related Apoptosis-Inducing Ligand Receptor 3) is anchored to 

the membrane by C-terminal glycolipids (10). Most TNF ligands bind only to one TNFR, 

but some of them including TNFa, FasL, April, and BAFF, associate with more than one. 

Notably, DR6 (Death Receptor 6), RELT (Receptor Expressed in Lymphoid tissues), and 

TNFR19 are so far orphan receptors as their ligand has been not yet identified, whereas 

NGFR (Nerve Growth Factor Receptor) binds ligands that do not belong to the TNF family.  

A TNFRs hallmark is the presence of cysteine-rich domains (CRD) in the extracellular 

region, and of death domains or Traf-interacting motifs (TIM) in the intracellular portion, 

which transduce extracellular signals to the cell (Fig. 3). These extracellular and intracellular 

features are described in details in the next paragraphs. 
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Fig. 3. The TNFR superfamily. The 29 human TNFRs and the Drosophila TNFR Wengen are 

shown as transmembrane proteins, with the decoy receptors DcR3 and OPG directly synthetized as 

secreted receptors. CRDs in the ECD are indicated as magenta boxes, whereas the intracellular death 

domain of TNFRI, Fas, DR3, DR4, DR5, DR6, EDAR, and NGFR is depicted in blue. Receptors 

equipped with an intracellular domain, but not comprising the DD, belong to the TIM-containing 

family. The TIM is showed as a purple hexagon.  
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1.1.4 Structural features of TNFRs and signal transduction mechanisms 

The extracellular cysteine-rich domains (CRDs) present on all TNFRs are pseudo-repeat 

regions about 40 residues long, containing usually six cysteines engaged in three disulphide 

bonds that stabilize the fold. The CRD number varies among receptors from one to four, 

with CD30 showing six CRDs probably deriving from partially duplication of the first three 

(11), and BAFFR equipped with half CRD (12). A sequence-based classification of CRDs 

is made difficult by the different spacing among cysteines observed in the various TNFRs, 

thus a more structural approach is generally used (13). According to this approach, each 

CRD is classified on the basis of the structural organization of the two modules, and on the 

disulphide bonds pattern. The module types are indicated by a letter, indicating the helical 

or b-strand kind of arrangement, and a number, corresponding to the number of disulphide 

bridges. A1 and A2 modules are generally 12-17 residue long, and consists of two b-strands 

connected by turns generating a C-shape morphology. B1 and B2 modules are 21-24 residues 

long, with three b-strands organized in a S-shaped fold. A and B modules are the most 

common. However, rarer ones have been found. One example is the X2 module of BAFFR, 

characterized by the presence of three b-strands, with an intercalated pattern of cysteines. 

(14, 15). C2 and D2 modules are both formed by two a-helices connected by a loop, with a 

nested or an intercalated pattern of cystines, respectively. C2 module has been described for 

Fn14 and TNFRI-CRD4 (16-18), whereas the D2 module is present in BCMA and TACI-

CRD2 (18, 19). 

The conventional model for TNF:TNFR association assumes that trimeric ligands bind three 

monomeric receptors, forming 3:3 hetero-hexamers. TNFRs with multiple CRDs usually 

bind their ligand via the second and the third CRD (20-22). The first CRD is conserved, but 

it is usually not involved in ligand recognition. Interestingly, Naismith et al. in 1995 

crystallized the unligated form of TNFRI, which contains 4 CRDs and folds as a dimer in 

which the initial part of the first CRD is the region responsible for the self-association (23) 

(Fig. 4A). Later works illustrated that also CD27 and CD40 dimerize in the absence of their 
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ligands (24-28), while Fas seems to be a trimer in solution (29). The region of the first CRD 

responsible of TNFR self-association was thus named “Pre-Ligand Assembly Domain” 

(PLAD) (26). Even if not directly involved in TNF interaction, removal of the PLAD region 

from TNFRs not only impairs receptors self-association, but also ligand recognition and 

signal transduction. Two molecular explanations have been proposed for the role of PLADs 

in TNFR cascade. The first model envisions that pre-assembled receptors could bind ligands 

with higher affinity compared to monomeric ones (Fig. 4B, top). The second and most 

credited model assumes that pre-formed TNFR oligomers are recognized by different ligand 

trimers, this way generating TNF:TNFRs clusters on the cell surface, which initiate 

productive signalling (Fig. 4B, bottom). This has been shown to occur in the case of Fas 

activation (30). 

 

Fig. 4. PLAD determines TNFR oligomerization prior to TNF binding. A. Structure of the 

dimeric ECD of TNFRI (PDB: 1NCF), crystallized without its ligand. The dimeric interface is 

contributed by the N-Terminal region of the receptor. The two TNFR molecules are showed in 

magenta and pink. B. Graphical representation of the proposed functions of the PLAD domain. Top: 

The first model proposes that pre-assembled receptors have increased affinity for ligand binding. 
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Bottom: An alternative model hypothesizes that TNFs bind receptors molecules belonging to 

different TNFR dimers, creating membrane clusters inducing a stronger signal activation. 

 

TNFRs with single or multiple CRDs interact with their ligands with a different overall 

topology. Receptors with a single CRD (such as BCMA and Fn14) generally contact a single 

molecule of TNF within the hetero-hexameric complex via both modules forming the CRD 

(12, 18, 19, 31), while TNFRs with multiple CRDs (for instance CD40, DR4, and DcR3)  

usually tie their ligands by the association of a more extended interaction surface comprising  

two TNF monomers (20-22, 32). 

After ligand binding, TNFRs recruit on the intracellular surface adaptor proteins that mediate 

transduction signal activation. Based on the intracellular features, TNFRs are classified in 

three major groups (1, 33). The first one is composed by the so called “Death Receptors” 

(DR), named after the presence of the Death Domain (DD) in their cytoplasmic region. The 

DD is a globular ~80 residues domain composed by six antiparallel and amphipathic a-

helices, with the hydrophobic sides forming the internal core of the domain (34). Upon 

ligand binding, the DD undergoes a conformational change which allows homotypic 

interaction with other DD-containing proteins, such as Fas Associated Death Domain 

containing protein (FADD) (Fig. 5A), creating a platform for the formation of specific 

complexes inducing cell responses, e.g. cell death or inflammation (35, 36). TNFRI, Fas, 

DR3, DR4, DR5, DR6, EDAR and NGFR belong to the DRs family. Among them, Fas, 

DR4, and DR5 usually initiate apoptosis upon activation, but also survival and proliferation 

under certain circumstances (reviewed in (37, 38)). The second TNFR family compises 

receptors containing Traf-Interacting Motifs (TIM). Traf proteins are E3 ubiquitin ligases, 

with an N-terminal RING domain, which is missing in human Traf1 and Drosophila Traf3. 

Traf proteins form trimeric complexes by central coiled-coil interactions and contact the 

intracellular domain (ICD) of TNFRs with a globular MATH domain (Fig. 5B, top). TNFRs 

recognize the MATH domain via conserved motifs, that for human Traf1, Traf2, Traf3 and 
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Traf5 conform to PxQ/EE or PxQ/ExxD or PxQxT sequences, and for Traf4 and Traf6 to 

RLxA or PxExx sequences (Fig. 5B, bottom) (39, 40). The TNFRs-containing TIM family 

includes TNFRII, CD27, CD30, CD40, BAFFR, BCMA, TACI, XEDAR, TROY, RANK, 

OX40, 4-1BB, and LTbR, which, once activated, induce survival, inflammation and 

proliferation. Finally, decoy receptors, such as DcR1, DcR3, and OPG, contain only the 

extracellular region, and act by competing with other receptors for the binding to ligands, 

without inducing intracellular signalling. Notably, the Drosophila TNFR Wengen does 

contain neither the DD nor a known TIM. 

Fig. 5. Signal propagation by TNFRs intracellular domains. A. Fas is an example of DD-

containing receptor. Each Fas-DD contacts the DD belonging to a FADD molecule (grey), creating 
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a platform that triggers signal transduction (PDB: 3THM for Fas; PDB: 5L36 for FasL; PDB: 3EZQ 

for Fas-DD:FADD-DD). B. Top: Upon activation by CD40L ligand binding, Traf2 trimers (in blue) 

are recruited to the membrane by CD40, and the signal transduction cascade starts. The MATH 

domain and the coiled-coil of Traf2 are indicated. CD40L and CD40 are depicted in magenta and 

gold, respectively (PDB: 3QD6 for CD40:CD40L; PDB: 1QSC for CD40:Traf2). Bottom: Close-up 

on the CD40:Traf2 interaction. CD40 contains a TIM motif in the intracellular region, conforming 

to the consensus sequence Pro250-X-Gln252-Glu253. Residues involved in stabilizing the 

interaction between CD40 and Traf2 are indicated.  
 

1.1.5 The Drosophila TNF Eiger 

The unique Drosophila TNF was identified by two independent groups in 2002 by different 

approaches. Moreno et al. analysed the Drosophila genome and found a single gene 

encoding a transmembrane THD-containing protein, that was named “Eiger”, after the Swiss 

mountain also known as “Wall of death” (41). In the same period, the Miura’s lab was 

looking for genes able to induce the small-eye phenotype, and found an ORF with this 

property, that was named with the acronym Eiger that stands for EDA-like cell death trigger 

(42). Eiger is a type II TNF, consisting of a 36-residues long intracellular region, a 

transmembrane helix spanning amino acids 37-59, and an ECD containing a C-terminal 

THD (Fig. 6). Eiger is predominantly expressed in the fly nervous system and in the eye 

imaginal disc (42, 43). In developing flies and in S2 cells, two isoforms have been detected 

by RT-PCR: Eiger long (Eiger-L) and Eiger short (Eiger-s), which differ in the presence of 

the six residues GESLLS on the ECD at position 265, upstream of the THD. Eiger-L is more 

abundant than Eiger-s during all the developmental stages, but no differences have been 

detected in their function. In fact, Moreno et al. performed experiments using Eiger-L 

isoform, Miura and his group using Eiger-s, obtaining similar results, showing that both the 

isoforms are effective in inducing cell death and the small-eye phenotype. 

In Drosophila hemolymph and in the supernatant of Eiger-transfected SL2 cells, Eiger is 

present also as soluble protein cleaved between residues 145 and 146 by the metalloprotease 
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TACE. This soluble form acts also on distant responsive cells, away from the secreting cell, 

and induce apoptosis (44-46).  

 

Fig. 6. The Drosophila TNF Eiger. Domain structure of Eiger, consisting of a N-terminal 

intracellular region, a transmembrane domain, followed by an extracellular part characterized by the 

presence of the TNF domain. The cleavage site at position 146 is indicated. 

 

Eiger plays a role as tumour suppressor in eliminating polarity-deficient cells, such as 

scribble (scrib) or disc large (dlg) mutant, which lose apico-basal polarity and could 

potentially generate malignant tissues. Eiger-mediated apoptosis requires the activation of 

the JNK pathway that promote cell death thanks to the expression of the proteins Grim, Hid, 

and Reaper, suppressors of DIAP1 (Drosophila Inhibitors of Apoptosis Protein-1). Once 

inactivated, DIAP1 is not able anymore to inhibit the Dronc caspase, which can this way 

initiate apoptosis (47, 48). Eiger overexpression in Drosophila imaginal discs causes 

development defects, due to an increased rate of apoptosis that results in a complete block 

of organ formation (41, 42). 

Eiger endocytosis is required for the JNK cascade to be effective, as demonstrated by the 

fact that Eiger co-localises with the endosome marker Rab5 during JNK activation, and that 

apoptotic cells increase the rate of endocytosis, whose inhibition completely impairs cell 

elimination (49). Furthermore pJNK, the activated form of JNK, is detected in endosomes, 

suggesting that the JNK signalling propagates from these vesicles (49). On the contrary, 

knocking-down early endosome proteins, for instance Rab21, reduces Eiger localization in 

endosomes, and decreases cell death rate as a consequence (50).  

TNF ligands have been defined as “double-edged swords” because they can induce cell pro-

tumourigenic behaviour under specific condition (1, 51). Indeed, when the loss of Scribble 

protein is associated to a mutated hyperactive form of Ras (RasV12), Eiger acts as an 
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oncogene, with the JNK pathway inducing the expression of the matrix metalloprotease 1 

(MMP1) (52-54). MMP1 degrades extracellular membrane components, favouring tumour 

cell motility malignant behaviour (52). 

 

1.1.6 The Drosophila TNFR Wengen 

The CG6531 gene was identified by Kanda et al. in 2002, that encodes for a protein whose 

depletion rescued the small-eye phenotype caused by Eiger overexpression (55). The protein 

encoded by the CG6531 ORF was named “Wengen”, that is a village at the foot of the 

mountain Eiger. Wengen is a 343-long type I TNFR (44), with an N-terminal signal peptide, 

followed by a single CRD at residues 99-137, a transmembrane region spanning amino acids 

202-224, and a cytoplasmic region characterized by the presence of a predicted coiled-coil 

(Fig. 7). Contrary to Eiger, Wengen is expressed at low levels before gastrulation. During 

gastrulation, Eiger mRNA localizes in the epidermal layer, while Wengen is detected in the 

mesodermal one. Only at later stages, both transcripts are found in the nervous system (44, 

56). Wengen and Eiger co-immunoprecipitate (co-IP) in S2 cells, and this interaction is 

mediated by the CRD of Wengen and the THD of Eiger (55). The small-eye phenotype 

caused by Eiger overexpression can be reverted by Wengen depletion, suggesting that 

Wengen transduces pro-apoptotic signals. However, Wengen RNAi does not revert the 

malignant behaviour of scrib-/-;rasV12 cells in cephalic complexes, indicating that in this 

system a further activator of the JNK pathway likely exists (53). In spite of lacking a death-

domain and a known TIM, Wengen has been shown to co-IP with Traf2 in HEK293T cells 

transfected with the Drosophila proteins (44). If the receptor contains a yet-to-be established 

new TIM, or if it triggers JNK activation by forming hetero-oligomers with another not yet 

identified TNFR, remains an open question. 
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Fig. 7. The Drosophila TNFR Wengen. Wengen consists of a N-terminal extracellular domain with 

a single CRD, a transmembrane region, and a mostly unstructured intracellular domain with a 

predicted coiled coil. 

	

1.1.7 The human TNFR Fas 

In 1989, two separated groups identified mouse monoclonal antibodies against a human cell 

surface receptor, able to activate the receptor and trigger apoptosis (57, 58). The cDNA 

encoding this human receptor was subsequently isolated from T cell lymphoma KT-3 cells 

by Itoh et al. in 1991, and named Fas (59). During apoptotic process, activation of caspases 

drives a series of processes, including the fragmentation of cell components, eventually 

ending in cell death. Several signs of apoptosis can be observed, e.g. cell shrinkage and 

rounding caused by microvilli degradation, and nuclei and DNA fragmentation. To check if 

Fas was able to induce apoptosis, mouse WR19L or LB1 cells were transfected with the Fas 

cDNA and incubated with anti-Fas antibody. DNA fragmentation, membrane blebbing and 

condensed fragmented nuclei were detected(59), confirming that Fas could be considered a 

bona fide TNFR. After those works, during the latest 30 years Fas has been object of intense 

studies. 

Fas is a 38 kDa type I TNFR. Its ECD spans residues 26-173 and contains three CRDs, 

followed by a 16 residues-long TM, and an intracellular region comprising a DD at amino 

acids 225-319 (Fig. 8A). The second and third CRD are engaged in binding the ligand FasL, 

whereas the first CRD contributes to form PLAD (see paragraph 1.1.4) and generates Fas 

oligomers. In vitro studies showed that the presence of the Fas PLAD leads to formation of 

receptor dimers, whereas the addition of CRD2 and CRD3 generates trimeric assemblies, 

suggesting a further role for these CRDs in driving Fas oligomerization (25, 29). Fas:FasL 
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complexes aggregate in large clusters in lipid rafts, which are internalized in endosomes 

(60). Upon FasL binding, the death domain of Fas undergoes a conformational change that 

allows binding to FADD. FADD in turns recruits pro-caspase 8, forming the Death-Inducing 

Signalling Complex (DISC). DISCs act as proteinaceous platforms, initiating caspase-

mediated cell death (61-63). Two types of apoptosis can be distinguished in respect of the 

activation of different downstream effectors (64). In type I programmed cell death, caspase 

8 cleaves and activates effector caspases responsible for the proteolysis of several cell 

substrates and subsequent apoptosis. In type II apoptosis, caspase 8 processes the pro-

apoptotic protein Bid promoting the formation of pores on the mitochondria membrane. As 

a consequence, SMAC (Second-Mitochondria derived Activator of Caspase) and 

cytochrome C are released  (65, 66), assembly of the apoptosome is triggered and pro-

caspase 3 induces cell death, as in type I apoptosis (reviewed in (38)). Interestingly, Fas has 

been shown also to induce pro-proliferation, invasion and inflammation stimuli by activating 

the ERK1/2 and JNK MAPKs, and the NF-kB pathways (Fig. 8B) (67-70). The switch 

between pro-apoptotic and pro-survival malignant behaviour of Fas is controlled at different 

levels, reviewed in (37).  

Fig. 8. The human TNFR Fas. A. Domain structure of Fas. Fas contains three CRDs within the N-
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terminal extracellular region, followed by a transmembrane domain, and a C-terminal intracellular 

region showing a death domain. B. Signalling pathways induced by Fas activation. Upon binding to 

FasL, the intracellular DD of Fas interacts with FADD, which in turns recruits pro-caspase 8. The 

complex formed by Fas, FADD and caspase 8 is named DISC. When endocytosed, DISC leads to 

apoptosis by effector caspases activation. Under different and yet poorly characterized conditions, 

Fas can also lead to NF-kB and MAPKs pathway activation, triggering survival, inflammation, and 

invasion.  	

 

 

1.2 The Drosophila JNK pathway 

JNK is a MAPK (Mitogen-Activated Protein Kinase) protein, whose pathway has been 

implicated in a variety of physiological and pathological processes, including tissue 

morphogenesis, response to pathogens, longevity, tumour invasion, and apoptosis (71). It is 

activated in response of a variety of stimuli, resulting in the sequential phosphorylation of a 

series of kinases, the last of which is JNK. Since the discovery of the first JNK protein in 

1993 (72), two additional jnk genes have been identified in human genome, causing 

redundancy issues during analysis of their roles in cells (73). Drosophila melanogaster 

shows high conservation of the pathway, and it possesses a single JNK orthologue, and thus 

it results to be a powerful tool to dissect the molecular mechanism underlying the JNK 

cascade. 

In flies, one of the major activators for the JNK pathway is Eiger. Upon Eiger binding, the 

TNFR recruits Traf2 to the intracellular membrane, which in turns activates the kinase 

complex dTab2/dTAK1 (JNKKK) (74). dTAK1 phosphorylates the JNKK Hemipterous 

(Hep), whose substrate is JNK, encoded by the basket gene (bsk) (75). Once activated, JNK 

phosphorylates Jun and Fos, which hetero-dimerize, forming the transcription factor named 

AP-1 (76). JNK-mediated phosphorylation of Jun activates AP-1, increases its 

transcriptional activity, and induces the expression of different targets, leading to opposite 

cell outcomes, for instance apoptosis or malignancy (Fig. 9). In recent years, several 

regulatory proteins of this cascade have been identified. A major role seems to be played by 
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ubiquitination. The ubiquitin carboxyl-terminal hydrolase CYLD deubiquitinates K48-

ubiquitinated Traf2, and promotes protein stabilization by inhibiting the proteosomal 

degradation (77). Traf2 is also K63-ubiquitinated by the ubiquitin-conjugating E2 enzyme 

Bendless:dUev1a (78, 79). This apparent contradiction between the dual need of a 

ubiquitinated Traf2 for activation of the JNK pathway, and deubiquitination of Traf2 for 

protein stability could be justified by the opposite outcomes derived from different 

ubiquitination types. K63-linked polyubiquitination is involved in kinase signalling 

activation, protein trafficking, and DNA damage repair, while K48-chains tags substrate for 

proteasomal degradation (80). Thus, K63-ubiquitination catalysed by Ben:Uev1a could 

regulate JNK activation, while CYLD could stabilize Traf2 by removal of K48-linked 

modifications (81, 82). 

Another interesting level of regulation of JNK activation in Drosophila relies on Eiger 

endocytosis, needed for the pathway to be activated. Indeed, when the Eiger internalization 

is inhibited, Eiger-mediated JNK activation cannot be detected (49, 50). Furthermore, AP-1 

induces the expression of the phosphatase puckered (puc), which dephosphorylates and 

inactivates JNK proteins, in a negative feedback loop that restrains the signalling cascade 

extend (83-85). Notably, puckered has been widely used in Drosophila as reporter of the 

JNK activation (Fig. 7). 

Depending on the cell context, the Eiger-JNK signalling axis determines different fates and 

outcomes, that will be illustrated in the next paragraphs. 
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Fig. 9. The Drosophila JNK pathway. Eiger:TNFR association determines activation of the JNK 

pathway, that starts with membrane recruitment of  Traf2 trimers. Traf2 activates the JNKKK Tak1, 

which in turns phosphorylates the JNKK Hemipterous, that activates the JNK Basket. Basket 

phosphorylates Jun and Fos, which hetero-dimerize forming the AP-1 transcription factors, and 

activate the transcription of a series of gene. Among them, Grim, Hid, and Reaper block the activity 

of DIAPs in inducing Dronc degradation, thus stabilizing the Drosophila caspase to initiate 

apoptosis. MMP1 degrades components of the ECM, enhancing cell invasion and malignancy in 

specific conditions. Puckered is a phosphatase which acts on Basket, limiting the extend of JNK 

signalling. The role of Traf2 is regulated by polyubiquitination: CYLD deubiquitinates Traf2 to avoid 

protein degradation, whereas the Ben:dUev1a E2 complex participates in Traf2 K63-

polyubiquitination to induce its activation. 

 

1.2.1 Eiger/JNK-mediated apoptosis 

JNK is also known as Stress-Activated Protein Kinase (SAPK), as it represents a major 

player in stress response (86, 87). The pro-apoptotic role of JNK resides in the ability of the 

active transcription factor AP-1 to induces the expression of grim, hid, and reaper. Grim, 
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Hid, and Reaper inactivate the inhibitors of apoptosis DIAP1 by inducing its proteosomal 

degradation, thus stabilizing the Drosophila caspase Dronc, which is this way active and 

starts apoptosis (47, 48). Eiger/JNK-driven cell death is a ubiquitous mechanism exploited 

to eliminate aberrant cells. This is the case of the loss of the polarity protein scribble (scrib), 

whose mutated gene has been extensively used in Drosophila to study the JNK cascade. 

scrib clones are sensed as a harmful pre-malignant signal, that have to be eliminated from 

the tissue. Surrounding wild-type cells are crucial in this phenomenon. In fact, Eiger is not 

only produced by scrib mutated clones in a cell-autonomous manner, but also by associated 

cells, such as hemocytes (54). In addition, wild-type neighbouring cells increase the rate of 

apoptosis by enhancing Eiger internalization and signal transduction (49). Last but not least, 

normal cells have been shown to activate non-apoptotic Eiger/JNK pathway, which mediates 

the production of PVR, the PDGF/VEGF Drosophila orthologue. PVR promotes 

premalignant cell elimination by engulfment (88). This mechanism of cell elimination is the 

result of “cell competition”, a process by which lower fitness-cells are removed from the 

tissue by surrounding fitter ones. Interestingly, Drosophila organ compartments fully 

composed by scrib polarity-deficient cells do not undergo apoptosis, but rather develop 

tumours (89). These observations confirm the relevance of the surrounding normal cells in 

eliminating aberrant clones, suggesting a role for the Eiger/JNK cascade in acting as a 

tumour-suppressing mechanism. Strikingly, these polarity-deficient scrib mutants show 

malignant behaviours, whose mantainance requires the hyperactivation of the JNK pathway, 

thus depicting the JNK signalling as a tumour promoter pathway. However, the link between 

loss of cell polarity and JNK activation still remains elusive. 

 

1.2.2 Eiger/JNK-mediated tumour growth 

Eiger can function as a tumour-promoter under specific cell conditions. Indeed, when the 

scrib-/- genotype is coupled with the expression of a mutated hyperactive form of Ras 

(rasV12), cells overcome the apoptotic signal and develop malignant invasive tumours, thanks 
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to the activity of RasV12 in blocking cell death by downregulating Hid expression and to the 

JNK-driven expression of MMP1 (52-54, 90-92). However, in scrib-/-;rasV12 tumours, Jun is 

dispensable for the JNK-mediated transcription of MMP1, while Fos is necessary, 

suggesting that Fos might form a homodimer or a complex with another still unknown factor 

to promote malignancy in this system (93). The immune system plays a controversial role in 

this system. scrib-/-;rasV12 tumours recruit hemocytes at the basement membrane 

breakdowns, which in turn produce Eiger, stimulating the JNK pathway for MMP1 

production (54, 94). In addition, JNK signalling also promotes the secretion of Upd ligands, 

which bind their receptor Dome on hemocytes and initiate a positive feedback,  involving 

the activation of JAK-STAT pathway and resulting in hemocytes proliferation (95). 

 

 

1.3 Cell polarity complexes 

Cell polarity refers to the asymmetrical distribution of molecules within a cell, resulting in 

differences in functions and in cell architecture (reviewed in (96-98)). This asymmetry is 

fundamental for a number of processes, such as differentiation, proliferation, and 

maintenance of tissue architecture. Epithelial apico-basal polarity is determined by the 

presence of cellular junctions and polarity complexes. Cell-cell junctions divide the plasma 

membrane into separated domains, that are different from a biochemical and functional point 

of view. These structures are named tight junctions (TJ) and adherens junctions (AJ) in 

human, and subapical region (SAR), zonula adherens (ZA), and septate junctions (SJ) in 

Drosophila.  

The three major polarity complexes are the Par complex, the Crumbs complex and the 

Scribble complex. They organize an apico-basal axis, whose components are nicely 

conserved among species (Table 1). 
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Table 1. Protein composition of the polarity complexes in Drosophila melanogaster and in 

human. 

 Drosophila protein Human protein 

Crumbs complex Crumbs Crumbs1, Crumbs2, Crumbs3 

 Stardust Pal1, Pals2, MPP7 

 PatJ PatJ, MUPP1 

 Veli VeliA, VeliB, VeliC 

Par complex Bazooka Par3A, Par3B 

 Par6 Par6A, Par6B, Par6G 

 aPKC aPKCi/l, aPKCz 

Scribble complex Scribble Scribble 

 Lgl Lgl1, Lgl2 

 Dlg1 Dlg1, Dlg2, Dlg2, Dlg4, Dlg5 

 

1.3.1 The Crumbs complex 

The core components of the Crumbs complex are four proteins: Crumbs (Crb), DmStardust 

(Sdt)/hPals1, PatJ (Pals1-associated tight junction protein), and Veli (Vertebrate Lin-7 

homologue). The first identified protein of the complex was Drosophila Crumbs in 1990, 

which plays a key role in the formation of normal epithelia (99, 100). The Crumbs complex 

localizes at the subapical region (SAR) in Drosophila, and at tight junctions in human. 

Stardust/Pals1 physically acts as the central scaffold of the complex. In particular, the PDZ 

domain of Stardust/Pals1 binds the ERLI motif of Crumbs (101, 102), while the first and the 

second L27 domains recruits PatJ and Veli, respectively (103, 104). The domain structure 

of the Crumbs complex and the interactions among members are shown in Fig. 10. For 

simplicity, the represented structures refer only to the Drosophila proteins. Any differences 

with the human counterparts are listed in the caption. 
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Fig. 10. The Crumbs complex. The Crumbs complex comprises four components: Crumbs, 

Stardust/Pals1, PatJ, and Veli. Drosophila Crumbs is a transmembrane protein, with 29 Laminin-G 

repeats and 4 EGF-like domains on the extracellular region, followed by a TM, a short intracellular 

part with a FERM (4.1-Ezrin-Radixin-Moesin) binding domain, and finally an ERLI motif, which 

binds to the PDZ domain of Stardust/Pals1. The three Crumbs orthologues in human show 

differences in the organization of the extracellular domain. Stardust/Pals1 has two L27 domains, 

necessary for the homotypic association with PatJ and Veli, a PDZ domain, which binds the ERLI 

motif of Crumbs, and an SH3 and a GK domains. Drosophila PatJ consists of a L27 domain and four 

PDZ domains, whereas the human orthologues named PatJ and MUPP1 have 10 and 13 PDZ 

domains, respectively. Veli presents a L27 and a PDZ domain, with a domain structure shared with 

the three human Veli counterparts. Protein regions responsible of the interaction with the other 

members of the Crumbs complex are indicated with black bars. 

 

The Crumbs complex has a role in specify apical cell compartment. Indeed, Crumbs 

overexpression in Drosophila epithelial cells results in spreading of the apical components 

to the basolateral side of the cell, while crb mutants lose apical marker and fail to assemble 

the zonula adherens (105, 106). The stability of Drosophila Crumbs at the cell apical region 

and its ability in organizing cell polarity depends on phosphorylation of the Crumbs 

intracellular domain by aPKC. In fact, expression of a not-phosphorylatable form of Crumbs 

results in cytoplasmic diffusion of PatJ, and in mislocalization of Scribble at the apical 

membrane (107). Experiments have also shown that in MDCK cells loss of the Stardust 
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orthologue Pals1 affects PatJ expression, suggesting that PatJ is stabilized by its association 

with Pals1 (108). On the other hand, PatJ RNAi determines mislocalization of Pals1 and 

Crumbs in human intestinal cells (109). Veli is necessary for the stability of Pals1 and PatJ 

in proximal tube epithelia of mice (110). Importantly, members of the Crumbs complex 

dynamically organize in space and time proteins belonging to the other polarity complexes. 

For instance, in MDCK cells Veli and the human Stardust orthologue MPP7 interact with 

Dlg1 at adherens junction (111). Moreover, Par6 binds an internal peptide of Pals1 via its 

PDZ domain (112), with a mode of interaction which is conserved in Drosophila (113). 

 

1.3.2 The Par complex 

The Par (Partitioning-defective) complex is composed by Par3, Par6 and aPKC, and 

localizes at tight junction in human, and at the subapical region of Drosophila, slightly basal 

to the Crumbs complex. The first Par complex components have been identified in 1988 in 

C. elegans, in experiments aimed to study the zygote asymmetric division (114). Mutations 

in the Par genes determined aberrant symmetric division and defects in partitioning of 

determinants of the cell daughters’ fate. Subsequently, the aPKC (atypical Protein Kinase 

C) gene was identified, as able to give rise to par3-like phenotypes when mutated (115). In 

Drosophila, a single Par3 orthologue has been found, named Bazooka (Baz) (116), sharing 

a similar structure, as shown in Fig. 11. 

 
Fig. 11. The Par complex. Baz/Par3 consists of an N-terminal oligomerization domain (OD) 

necessary for its dimerization, and three PDZ domains. The first PDZ binds Par6 via a homotypic 
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interaction, whereas the unstructured C-terminus is involved in the association with aPKC, which 

phosphorylates Baz/Par3 through its protein kinase (PK) domain. aPKC also contains a Phox/Bem-

1 (PB1) domain, functional for the binding to the PB1 domain of Par6, followed by a not-functional 

C1 domain and the protein kinase domain. Par6 has a PB1 and a PDZ domain. The domain structure 

of the members of the Par complex is conserved in the human orthologues listed in Table 1. 

	

Nevertheless, the interaction between these polarity proteins revealed to be dynamic. In fact, 

both in mammals and flies, during polarity establishment, Lgl forms a complex with Par6 

and aPKC (117, 118). After Lgl phosphorylation by aPKC and its consequent dissociation 

from the Par6:aPKC dimer (117, 119), Baz/Par3 interacts with Par6 and aPKC to form the 

Par complex. In turn, Baz/Par3 phosphorylation by aPKC causes dissociation of Baz/Par3 

from the Par complex, and self-association via its oligomerization domain. This oligomeric 

form of Par3 accumulates at the junctions, in a process which is necessary for the 

establishment of cell polarity and for maturation of the junctions  (120-124). Also, the 

phosphorylation of Drosophila Crumbs by aPKC has been shown to be required for Crumbs 

function and apical localization (107). 

 

1.3.3 The Scribble complex 

The Scribble complex is a trimeric complex composed by Scribble, Lgl (Lethal giant larvae), 

and Dlg1 (Discs large 1), localized at the basolateral membrane at the level of septate 

junctions in Drosophila, and at adherens junctions in human (125, 126). The Scribble gene 

was originally identified in Drosophila, in a study designed to find genes involved in 

epithelial morphogenesis. The domain structure of Scribble, Dlg1, and Lgl is depicted in 

Fig. 12. 
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Fig. 12. The Scribble complex. The Scribble complex is composed by Scribble, Dlg1, and Lgl. 

Scribble contains 16 lysine-rich repeats (LRR) involved in binding to Lgl, and four PDZ domains. 

Dlg1 is a member of the MAGUK family and consists of an N-terminal L27 domain, three PDZ 

domain, a SH3, and a GK domains. Lgl has 14 WD-40 repeats, a motif of about 40 amino acids, 

often ending with the Trp-Asp (WD) dipeptide. The two human orthologues Lgl1 and Lgl2 showing 

a different number of WD-40 repeats.  

	

In Drosophila, mutations of the Scribble complex proteins cause aberrant establishment of 

polarity during gastrulation, with defects in the formation of the ZA and expansion of apical 

markers to the basolateral region of the cell (125). This observation suggests a role of the 

Scribble complex in segregating the apical markers by antagonizing their spreading into the 

basolateral membrane. Lateral targeting of Scribble depends on the Scribble leucine-rich 

repeats (LLRs) and on the presence of E-cadherin, since RNAi of E-cadherin in Caco-2 cells 

impairs the association of Scribble at the basolateral membrane (127). During polarity 

establishment, Lgl competes with Par3 to form a complex with Par6 and aPKC. Evidence in 

both humans and flies indicate that after Lgl phosphorylation by aPKC, Lgl is excluded from 

the Par6:aPKC dimer and from the apical cell side, resulting in its localization at the 

basolateral membrane and association with Scribble and Dlg1 (117-119). However, the 

molecular mechanisms of assembly of the Scribble complex and the physical interaction 

between members in the different epithelial systems still needs to be clarified. To date, 

Scribble has been shown to co-immunoprecipitate with Lgl2 in MDCK and HEK293T cells 

(128), while Dlg1 and Scribble seems to associate in Drosophila neuronal synapses via a 
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protein named GUK holder (129). Among the five Dlg proteins identified in human, Dlg1 is 

the most related to the Drosophila one. In intestinal epithelial cells of mammals, Dlg1 is 

required for proper formation of adherens junctions (130). The L27 domain at the N-

terminus of Dlg1 has been shown to interact with Veli and Cask (Calmodulin-associated 

Ser/Thr kinase) (110), an association required for the Dlg1 basolateral distribution in MDCK 

cells (131). In renal mice epithelia, VeliC is responsible for the repulsion of Dlg1 from apical 

regions, and for the basolateral localization (110). 

The localization of the three polarity complexes in fly and human epithelial cells are shown 

in Fig. 13. 

											 	

Fig. 13. Polarity complexes in Drosophila and human epithelial cells. Three complexes define 

polarity in epithelial cells.  The Crumbs complex is composed by the transmembrane protein Crumbs 

and the cytoplasmic Stardust/Pals1, PatJ, and Veli, localized at tight junctions (TJ) in human and at 

the subapical region (SAR) in Drosophila. Bazooka/Par3:Par6:aPKC form the Par complex and share 

a similar localization with the Crumbs complex. The basolateral domain of the membrane is marked 

by the Scribble complex, whose components are Scribble, Dlg1, and Lgl, positioned at septate 

junctions (SJ) in flies and at adherens junction (AJ) in human. 

 

Recently, a novel group of proteins with the ability to maintain apico-basal polarity has been 

found. This group comprises Yurt, Coracle, Neuroxin IV, and the Na+K+ATPase, localized 
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at septate junctions in Drosophila, and to which has been referred as the “Yurt/Coracle 

group” (132). Fly embryos lacking the Yurt/Coracle group components do not show defects 

during gastrulation. During organogenesis, starting by stage 11, the apical membrane is 

instead expanded, with Crumbs invading the basolateral membrane. However, during 

terminal differentiation, i.e. by stage 14, apical and basolateral markers are correctly 

positioned, suggesting that the Yurt/Coracle group has a temporary role in maintaining 

apico-basal polarity limited to the organogenesis step (132). The molecular basis of 

spatiotemporal polarity control by the Yurt/Coracle group is not completely understood. 

Yurt encodes a protein containing a FERM and a FA (FERM-associated) domains. During 

organogenesis, Yurt is recruited at the apical membrane, where it directly binds the FERM 

binding domain of Crumbs. This interaction antagonizes Crumbs activity and restrains its 

localization at the apical region of the membrane (133). Oligomerization of Yurt by both the 

FA and the FERM domains appears to be necessary for apical localization and binding to 

Crumbs (134). Phosphorylation of the FA domain of Yurt by aPKC prevents premature 

apicalization of Yurt, thus preserving the formation of a correct apico-basal axis. In turn, 

during organogenesis Yurt binds aPKC and inhibits its phosphorylating activity (135), 

suggesting a reciprocal antagonistic regulation between Yurt and aPKC. Yurt is not 

necessary for the integrity of the structure of septate junctions, but it is crucial for their 

barrier function (132), while both coracle and neuroxin IV mutants show defects in the 

structure of the septate junctions (136). The binding interface between Coracle and Neuruxin 

has been defined, and it resides on the N-terminal domain of Coracle and the intracellular 

region of Neurexin. These two proteins are mutually necessary for their proper localization 

at SJ (137). 

The function of Yurt as a basolateral polarity protein seems to be conserved in mammalian, 

since the knockdown of the EHM2 orthologue in MDCK cells causes enlargement of the 

apical region and loss of lateral markers such as E-cadherin and Scribble (132). Moreover, 
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the interaction between the FERM binding domain of Crumbs1 and the FERM domain of 

the Yurt orthologue YMO1 is maintained in human HEK293T cells (132). 

 

1.3.4 Loss of polarity proteins: consequences 

As described, the Crumbs, Par, and Scribble complexes are crucial to define apical and 

basolateral membrane domains in epithelial cells. They are also necessary for the 

maintenance of the epithelial structures, i.e. the junctions, since loss of polarity proteins 

causes defects in the junction maturation, as detailed in the paragraphs above. 

Thus, it is not surprising that loss of cell polarity results in tissue disorganization and 

contributes to epithelial-to-mesenchymal transition (EMT) (138, 139). Tumorigenic cells 

that lose polarity, acquire dynamic properties, disrupt the basal membrane, and invade other 

tissues, forming metastasis. This is the reason why loss of cell polarity and EMT has been 

defined as hallmark of cancer (139). During oncogenic processes, polarity proteins 

deregulation occurs in terms of altered expression and aberrant localization (98, 140). Since 

loss of Scribble, Dlg1, and Lgl leads to neoplastic growth in Drosophila discs, these proteins 

have been referred to as tumour suppressors (89). Further evidence confirmed that they can 

play a tumor suppressive role also in mammals.  In fact, components of the Scribble complex 

are usually downregulated or mislocalized in human cancer cells, for instance Scribble in 

breast and liver cancer (141, 142), Dlg1 in adenocarcinoma (143), and Lgl in melanoma 

(144).  Interestingly, viruses responsible for cancer onset take advantage of the requirement 

of polarity proteins for preserving normal cell architecture, and act by targeting polarity 

components. An example is the human papillomavirus E6 protein, which targets PatJ for 

proteosomal degradation, causing loss of polarity and disruption of TJ, thus enhancing the 

progression and malignancy of cervical cancer (145). 
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1.3.5 Polarity proteins and membrane proteins 

In polarized epithelia, maintenance of distinct separated domains                                                                                                                                                                                                                  

of the plasma membrane is fundamental not only for tissue integrity, but also for processes 

such as asymmetric cell division, cell migration, and actin cytoskeleton organization (146, 

147). In recent years, a number of evidence highlighted a cross-talk between polarity 

proteins and membrane proteins, mostly receptors. Shelli et al. showed that in MDCK cells 

Veli is involved in localization and stabilization of HER2 receptor through two different 

regions. The N-terminus of Veli is involved in the ER-to-Golgi translocation to basolateral 

membrane, while Veli-PDZ stabilizes the HER2 receptor at the basolateral membrane by 

binding the C-terminus of the receptors, thus inhibiting HER2 endocytosis for lysosomal 

degradation (148). The association of Veli to C. elegans EGFR-like Let23 receptor not only 

blocks degradation after endocytosis, but also enhances the basolateral sorting of the 

receptor after transcytosis from the apical membrane (149). VeliB-PDZ has been implicated 

in basolateral retention of the potassium channel Kir 2.3, determining an increase in its 

conductance activity (150). Also, human Dlg1 participates in controlling NMDA receptor 

membrane delivery (151). Drosophila Crumbs anchors in the extracellular region Notch at 

the apical membrane preventing ligand-independent endocytosis, which would lead to the 

activation of the Notch pathway (152). 

 

Despite a well-documented role for TNFRs in regulating the fate of polarity-deficient cells, 

the molecular mechanism linking polarity and TNFRs still remains elusive. 

 

1.4 Identification of the Drosophila TNFR Grindelwald 

Recently, the group of Pierre Léopold at Institute of Biology Valrose (iBV) performed a 

genome-wide tumour-suppressor screen in Drosophila, aimed at finding new genes involved 

in regulating cancer progression. In details, the RNAi of the syntaxin avalanche was 

performed in wing discs to look for genes reverting aberrant phenotypes, including 2-days 
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delay in puparation, ectopic Wg expression, and tumour overgrowth. A library of 10100 

RNAi lines was tested to find genes necessary for the generation of these defects. Among 

them, only 8 genes were able to rescue all the mentioned phenotypes, with 6 genes belonging 

to the JNK cascade (traf2, bendeless, tab2, tak1, hemipterous, basket), and two predicted 

ORFs. Of them, one is not yet annotated, the other was classified with the name CG10176 

ORF. Sequence analysis revealed that the CG10176 gene codes for a 241-residues protein, 

containing a single cysteine-rich domain with 8 cysteines in the predicted extracellular 

region. Interestingly, CRDs are hallmark of TNFRs, and the predicted one shares significant 

homology with the known vertebrate counterparts. For this reason, the CG10176 gene was 

named “Grindelwald” (Grnd), from a small village at the foot of the Eiger mountain, where 

“Eiger” is also the name of the unique fly TNF (153). 

 

1.4.1 Grnd activation by Eiger leads to apoptosis or malignancy 

Based on previous literature, in flies the TNF Eiger is able to induce JNK signalling, leading 

to apoptosis or malignancy in a cell context-dependent manner (49, 53, 90). As a 

consequence of an increased rate of apoptosis, overexpression of Eiger in the Drosophila 

eye caused the “small eye” phenotype (41, 42, 153). Grnd knockdown partially rescued the 

small-eyes, giving rise to a “hanging-eye” phenotype, likely because a diffusible form of 

Eiger is able to act at a distance and induce the activation of the JNK pathway. 

Overexpression of the only extracellular domain of Grnd (Grnd-extra), lacking the 

intracellular region, traps Eiger and prevents its diffusion and binding to endogenous full-

length Grnd, thus blocking the activation of the JNK pathway and apoptosis. As a 

consequence, the small-eye phenotype caused by Eiger overexpression is completely 

reverted by the concomitant expression of Grnd-extra (153). On the contrary, Wengen 

knockout does not rescue the Eiger-induced small-eye phenotype. Moreover, neither the 

“hanging-eye” phenotype caused by the Grnd RNAi in Eiger-overexpression background is 

further rescued in Wengen knockout flies, suggesting that Wengen is not required for the 
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Eiger-induced small-eye in this system (153). These results are in contrast with previous 

findings, that indicated Wengen as involved in the generation of the small-eye phenotype 

caused by Eiger-overexpression (55). Additional experiments will be necessary to solve this 

apparent discrepancy. As expected, the RNAi of Traf2, or the overexpression of Puckered, 

completely reverted the aberrant phenotype (153). Taken together, these results indicate that 

the newly identified Grnd is a Drosophila TNFR, mediating the Eiger-induced apoptosis. 

Interestingly, TNFs are “double-edged sword” with the ability to switch from a pro-apoptotic 

to a pro-tumorigenic behaviour depending on cell conditions (1, 51). Data from the Xu lab 

showed that eye-antennal discs depleted of the polarity protein Scribble (scrib), but 

overexpressing a mutated active form of Ras (rasV12), exhibit a tumour-like behaviour, 

resulting in overgrowth and metastasis (53, 90). Leopold group showed that metastatic cells 

carrying the scrib-/-;UAS-rasV12 genotype in eye-brain complexes display MMP1 expression, 

which is driven by JNK activation, and invade the ventral nerve cord (153). As a 

consequence of grnd down-regulation, tumour invasion is suppressed, and MMP1 is not 

expressed. The same outcome is achieved knocking-out Eiger, suggesting that Eiger-

mediated Grnd activation of the JNK pathway determines malignancy in polarity-deficient 

cells expressing the hyperactive form RasV12(153). Overgrowth of these tumours is partially 

dependent on Yorkie, which is activated by the JNK signalling and induces cell-cycle 

progression (154). These results are in line with previous findings: in 2006 Igaki et al. 

showed that the metastastic behaviour of scrib-/-;rasV12 clones is not suppressed by Wengen 

RNAi in cephalic complexes, and it is only partially reverted in ventral nerve cord (53), 

suggesting the existence of an additional mediator of cells’ malignant behaviour driven by 

the JNK pathway, not yet identified at that time. Nevertheless, data from the Milan group 

argued against the relevance of Eiger and Grnd in driving JNK activation and consequent 

neoplastic growth in dlg1-RNAi;rasV12 tumours (155), in contrast with Léopold lab 

observations. Whether these discrepancies in JNK activation and malignancy are caused by 

the different polarity defects remains to be tested. 
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1.4.2 Grnd activation independently by Eiger 

Léopold group also showed that the activation of the JNK pathway caused by the rn>avl-

RNAi relied on Grnd, but is Eiger-independent (153). It is well known that polarity-deficient 

cells activate the JNK signalling and undergo apoptosis or malignancy (refer to paragraphs 

1.2.1 and 1.2.2). A possible link between loss of polarity and JNK activation was 

hypothesised by looking at the positioning of Grnd, which co-localizes with the components 

of the Crumbs polarity complex Veli and Crumbs (153). However, the molecular connection 

between Grnd, JNK activation, and loss of polarity is poorly understood. 
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1.5 Aim of the project 

Over the past years, major efforts have been spent to identify cellular pathways and external 

stimuli contributing to tumour development. Despite the number of discoveries on the 

working principles of oncogenic machineries, the molecular mechanisms underlying tumour 

initiation and progression are far from being understood. 

In order to gain better understandings of the mechanisms driving cancer onset, the group of 

Pierre Léopold recently identified Grnd as a novel TNFR by exploiting a genome-wide 

screening in Drosophila (refer to paragraph 1.4) (153). Drosophila melanogaster serves as 

a model organism to study neoplastic growth, because it offers two main advantages: the 

availability of sophisticated genetics and molecular tools, and the conservation across 

evolution of pathways controlling cell survival and invasiveness (156, 157). 

The ability of Grnd to balance apoptosis and malignancy prompted us to investigate the 

molecular mechanisms underlying this dual activity. We thus started a collaboration with 

Pierre Léopold’s lab. 

In this context, the aim of my PhD project was to characterize Grnd structurally and 

functionally in order to understand how it is activated by Eiger, and consequently linked to 

apoptosis or over-proliferation in flies. Furthermore, I also aimed at highlighting the 

connection between Grnd, JNK pathway activation, and loss of polarity, and to look for Grnd 

orthologue receptors in vertebrates likely involved in cancer onset. 
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2  RESULTS 

 

 

2.1 Grnd is a novel Drosophila TNFR 

2.1.1 Grnd interacts with Traf2 and activates the JNK pathway 

As the other TNFRs, Grnd was predicted as a type I transmembrane protein, with an 

extracellular N-terminus consisting of a signal peptide followed by a single cysteine-rich 

domain (henceforth CRD) sharing homology to the known vertebrate counterparts (Fig. 

14A), a transmembrane helix and an intracellular part, that is predicted to be largely 

unstructured (Fig. 14B, top). Further analysis of the Grnd sequence highlighted the presence 

of a Pro-Ala-Glu-Asn-Ser amino acids motif at position 200-204, which conforms to the 

Pro-X-Glu-XX motif used by some human TNFRs to interact with Traf6 (39, 158). Thus, I 

tested the ability of Grnd to interact directly with Traf2, the Drosophila orthologue of Traf6, 

via a GST pull-down assay. Traf2 is classified as an E3 ubiquitin ligase, and contains an N-

terminal RING domain, a central coiled coil and a C-terminal MATH domain responsible of 

the recognition of TNFRs’ intracellular domain (Fig. 14B, bottom) (159). On these bases, 

for the pull-down assay, I designed a Grnd fragment encompassing the entire intracellular 

region (residues 125-241, ICD hereon), which I fused to a GST-moiety, and I purified the 

MATH domain of Traf2, encompassing amino acids 319-475. I immobilized the GST-

Grnd125-241 on glutathione-sepharose (GSH) beads at 2 µM concentration, and then I 

incubated the beads with 10 µM of Traf2-MATH in solution. To test if the Pro200-X-

Glu202-XX motif of Grnd was responsible for the association with Traf2, in the GST pull-

down I included Grnd-ICD constructs carrying double and single mutations on the PXEXX 

motif.  After washes, species retained on beads were separated by SDS-PAGE and visualized 

by Coomassie staining, which revealed that Grnd and Traf2 interact directly, and that the 

single mutation Glu202Ala on Grnd is sufficient to completely impair the binding (Fig. 
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14C). To determine if the JNK pathway was activated in avalanche-KD condition, Julien 

Colombani from Pierre Léopold’s group used a technique widely used to monitor the JNK 

cascade in Drosophila, which exploits the puckered enhancer trap (puc-lacZ) in specific 

discs (42, 85). With this method, he showed that the JNK pathway is upregulated in rn>avl-

RNAi discs, but the signalling is silenced upon KD of both grnd and tak1, confirming that 

Grnd is required to activate the JNK pathway in Drosophila (Fig 14D). 

Fig. 14. Grnd interacts with Traf2 and activates the JNK pathway. A. Sequence alignment of 

the CRD of Grnd with the human TNFRs Fas (ID: P25445), DcR1 (ID: 014798), DcR2 (ID: 

Q9UBN6), DR3 (ID: Q93038), and DR4 (ID: O00220). Residues are coloured based on 

conservation. B. Domain structure of Grnd (above) and Traf2 (below). Grnd contains an extracellular 

region with an N-terminal signal peptide and a predicted cleavage site at residue 27, an extracellular 

CRD, followed by a transmembrane domain and an intracellular region predicted to be mostly 

unstructured. The sequence containing the PXEXX motif is indicated. The domain structure of Traf2 

consists of an N-terminal RING domain, a coiled-coil region and a MATH domain. C. GST pull-

down between Grnd-ICD and Traf2-MATH shows that Grnd-ICD interacts with Traf2-MATH, and 

that the binding is abolished by the point mutants E202A and P200A-E202A. Proteins retained on 
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beads were separated by SDS-PAGE and stained with Coomassie blue. Grnd-ICD undergoes 

degradation, as indicated by the presence of bands below the Grnd-ICD band. D-E-F-G. Drosophila 

wing discs stained for Wg (left) and puc-LacZ (right) under WT conditions and in RNAi-avalanche 

discs. JNK hyper-activation shown in E is reverted by silencing the expression of both Grnd and 

Tak1 (F-G). 

	
	

2.2 Biochemical characterization of Eiger-ECD and Grnd-ECD 

The molecular events leading to the activation of human TNFRs by their cognate TNF 

ligands have been elucidated by structural and functional studies (1, 2). TNFRs with a single 

CRD usually bind TNFs in a one-to-one stoichiometry, for instance TALL:BCMA, whereas 

the ones with multiple CRDs generally associate with two TNF molecules, including 

CD40:CD40L. To shed light on the mechanism of Grnd activation by Eiger, I set out to 

characterize their interaction with a biochemical and structural approach. 

 

2.2.1 Grnd-ECD and Eiger-ECD interact with nanomolar affinity, independently of 

Grnd glycosylation 

The presence of cysteines predicted to form disulphide bridges within the extracellular 

domains of Grnd required to express the domain under conditions suitable for disulphide 

bonds. In particular, I used SHuffle B cells (NEB), a specific E. coli strain carrying mutations 

in the gor and trx1 reductases genes that allow an oxidative intracellular environment, and 

expressing a cytoplasmic variant of  the disulphide bond isomerase DsbC, which ensures the 

generation of native-folded proteins (160). Bacterial expression of Grnd-ECD in Shuffle 

cells was successful, and yielded a good amount of pure protein.  

Grnd is also predicted to be N-glycosylated at Asn63, which conforms to the Asn-X-Thr/Ser 

motif (Fig. 15A, top). Thus, to study the effect of Grnd glycosylation on its interaction with 

Eiger, I decided to express Grnd-ECD also in High Five insect cells, which allow eukaryotic 

posttranslational modifications, using the baculovirus system. Specifically, we engineered 

the baculovirus vector pFastBac1 inserting the mellitin secretion signal upstream of the 
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multiple-cloning-site (MCS).  This way, we were able to express a glycosylated Grnd-ECD, 

secreted to the extracellular oxidative environment. Thus, I produced unmodified Grnd-ECD 

encompassing residues 30-97 wild-type or carrying the Asn63Ala mutation expressed in 

SHuffle cells, and purified glycosylated Grnd-ECD in High Five insect cells. To produce 

samples of the putative Grnd ligand Eiger, I adopted a strategy similar to the one described 

for Grnd-ECD. Briefly, I designed an Eiger construct on the short isoform of Eiger, spanning 

amino acids 146-409 (referred to as Eiger-ECD in the following), which is the Eiger portion 

found in the Drosophila hemolymph after cleavage by TACE proteinase (Fig. 15A, bottom) 

(44, 45). Eiger-ECD was expressed in SHuffle cells as a strep-tagged construct, and used to 

test binding to Grnd-ECD in pull-down experiments. 2 µM of Eiger-ECD absorbed on strep-

tactin beads were incubated with 10 µM of unmodified Grnd-ECD-WT, Asn63Ala or 

glycosylated Grnd-ECD. After washes, species retained on beads were separated by SDS-

PAGE (Fig. 15B). The experiment revealed that Eiger-ECD interacts directly with Grnd-

ECD WT, Asn63Ala and glycosylated, indicating the interaction is not affected by Grnd 

glycosylation. To quantify the binding affinity more accurately and check whether the 

binding was modulated by Grnd glycosylation, I decided to measure the strength of the 

binding between Eiger-ECD and Grnd-ECD by Isothermal Titration Calorimetry (ITC). ITC 

is a technique that allows the determination of the thermodynamic parameters of a binding 

reaction, including the dissociation constant (Kd), the enthalpy and entropy, and the binding 

stoichiometry. Specifically, this method is based on the measurement of the heat exchange 

occurring during the formation of a complex, when receptor molecules are titrated to 

saturation into a cell containing the ligand. The heat released or absorbed upon binding is 

then plotted as a function of time and fitted with a non-linear model, generating for a binary 

interaction a sigmoidal curve from which thermodynamic parameters can be extrapolated. I 

started characterizing the interaction between Eiger-ECD and unmodified Grnd-ECD. The 

ITC experiment was performed by subsequent injections of 2 µl of Grnd-ECD at 100 µM 

concentration into a cell containing 8 µM Eiger-ECD. The experiment yielded a Kd of 30.7 
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± 5.8 nM. I then repeated the titration using Grnd-ECD glycosylated or the Grnd-Ans63Ala 

mutant, and discovered that they both displayed a similar affinity for Eiger-ECD as the wild-

type unmodified protein, with a Kd of 25.2 ± 6.2 nM for glycosylated Grnd-ECD, and 38.8 

± 5.6 nM for Grnd-ECD-Asn63Ala (Fig. 15C). I concluded that Grnd glycosylation is not 

necessary nor affects the binding to Eiger. This result is not in line with the hypothesis 

proposed by Bilder’s lab, which claimed that the glycosylation of Grnd could affect the 

affinity for Eiger (161), as reasoned in details in the Discussion (chapter 3). 

	

Fig. 15. Eiger-ECD and Grnd-ECD interact with nanomolar affinity, independently of Grnd 

glycosylation.  A. Top: Domain structure of Grnd highlighting the presence of a consensus sequence 

for glycosylation at Asn63. Bottom: Domain structure of Eiger, comprising an intracellular N-

terminal region, a transmembrane domain and a C-terminal TNF-homology domain. The cleavage 

site recognized by TACE is indicated as a red bar. B. Pull-down assay between Eiger-ECD on Strep-

tactin beads and Grnd-ECD wild-type, Asn63Ala or glycosylated. The assay shows that all Grnd-

ECD constructs bind similarly to the receptor. C. Left: Samples of Eiger-ECD and Grnd-ECD wild-

type, Asn63Ala and glycosylated used for the ITC experiment. Right: ITC isotherms in which 100 

µM of Grnd-ECD were injected in a cell containing 8 µM of Eiger-ECD. The measured Kd are 30.7 

± 5.8 nM for Grnd-ECD-WT, 25.2 ± 6.2 nM for glycosylated Grnd-ECD, 38.8 nM for Grnd-ECD-

Asn63Ala. Kd is reported as mean ± error of fitting of the ITC data with the isotherm (red line). 
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2.2.2 Trimeric Eiger forms hetero-hexamers with Grnd-ECD 

To check the homogeneity of the Eiger-ECD: Grnd-ECD samples, I conducted analytical 

size-exclusion chromatography (SEC) experiments by loading the pre-assembled complex 

on a Superdex 200 5/150 column. The sample elutes as a single peak slightly earlier than the 

158 kDa globular molecular weight marker (Fig. 16A), indicating that Eiger-ECD and Grnd-

ECD likely associated as oligomers. Grnd-ECD in isolation elutes around the 17 kDa 

molecular weight marker, in line with its molecular weight of about 8 kDa, indicating that it 

is likely a monomer in solution. Conversely, Eiger-ECD elutes in fractions compatibles with 

a trimeric assembly. 

TNFs:TNFRs usually associate in 3:3 complexes, with TNFs natively produced as trimers 

(12, 19, 162-164). Interestingly, some TNFRs, for instance Fas and TNFRI, have been found 

pre-assembled in oligomers thanks to the presence of an N-terminal region, named pre-

ligand assembly domain (PLAD) (23, 25, 26). To determine the oligomerization state of 

Eiger-ECD and Grnd-ECD in isolation and in complex, we used a size-exclusion column 

coupled to static light scattering instrument (SLS). SLS is an optical technique that measures 

absolute molecules’ molecular weight by recording the intensity of light scattered by the 

sample in solution. Larger proteins scatter proportionally more light than smaller ones, 

according to the Zymm equation. SLS analysis confirmed that Grnd-ECD is a 

monodispersed monomer in solution, with a measured molecular weight of 8.2 kDa (Fig. 

16C), while Eiger-ECD is trimeric, with a 91 kDa mass (Fig. 16B). SLS analysis of the pre-

assembled Grnd-ECD:Eiger-ECD complex revealed that the two proteins form a hetero-

hexamer with a measured MW of about 114,8 kDa (Fig. 16D). Based on the SEC and SLS 

data of the proteins in isolation and in complex, we conclude that trimeric Eiger-ECD 

associates with three monomeric Grnd-ECD. 

In addition, the biochemical analyses described indicated that the Grnd and Eiger constructs 

produced in bacteria are folded and soluble, and interact with nanomolar affinity with a 3:3 
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stoichiometry. I therefore decided to use these samples for crystallization experiments of 

Grnd-ECD in isolation and in complex with Eiger-ECD.  

	

Fig. 16. Trimeric Eiger-ECD binds monomeric Grnd-ECD with a 3:3 stoichiometry. A. SEC 

elution profile of the complex formed between Eiger-ECD and Grnd-ECD mixed at 30 µM 

concentration, with Coomassie-stained SDS-PAGE of the peak fractions corresponding to the 

horizontal black bar. The elution profile of globular markers is reported as a dashed grey line. 

Individual runs of Eiger-ECD and Grnd-ECD are shown for comparison. B-C-D. Static-Light-

Scattering profile of Eiger-ECD (B), Grnd-ECD (C), and the Eiger-ECD:Grnd-ECD complex (D). 

The UV absorbance trace is shown in blue (left y axis) and the measured MW in red (right Y axis). 

The analyses show an average molecular mass of 91 kDa, 8.2 kDa, and 114,8 kDa along the peaks, 

respectively, which are consistent with a trimer for Eiger-ECD, with a monomer for Grnd-ECD, and 

with a hetero-hexamer for the TNF:TNFR complex. E. Table comparing the theoretical molecular 

weight of Eiger-ECD, of Grnd-ECD, and of the Eiger-ECD:Grnd-ECD complex, and the molecular 

weights measured by SLS. 
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2.3 Crystal structure of Grnd-ECD 

I first tried to crystallize bacterially produced Grnd-ECD spanning residues 30-97. 

Screenings of crystallization conditions were performed combining several strategies, e.g. 

hanging and sitting drop methods, different temperatures and protein concentrations, various 

ratios of reservoir to protein volume. However, all attempts were unsuccessful. We then 

reasoned that the construct could contain a disorganized region possibly impairing 

crystallization. Thus, to trim experimentally the domain boundaries, I decided to exploit 

limited proteolysis, a method based on the use of limited amounts of proteases cutting at 

exposed regions of a protein such as loops and flexible portions, this way producing stable 

sub-domains. I treated Grnd-ECD with trypsin at 1:50 = weight:weight ratio for 16 hours at 

4 °C (Fig. 17A), and obtained a homogenous sample, that I further purified by SEC 

(Fig.17B). 

	

Fig. 17. Trypsinization of Grnd-ECD. A. Coomassie blue-stained SDS-PAGE showing Grnd-ECD 

before and after trypsinization. B. Grnd elutes as a homogenous sample. Top: SEC elution profile of 

trypsinized Grnd-ECD run on a Superdex 200 16/60 at 2 mM concentration. Molecular weight 

markers are indicated as a dashed grey line. Bottom: SDS-PAGE of the fraction indicated by the 

horizontal black bar, visualized by Coomassie blue.	

 

2.3.1 Crystallization of Grnd-ECD  

I conducted initial crystallization experiments with the trypsinized Grnd-ECD by using 

commercial sparse-matrix screens, as detailed in Mat. & Meth. section. Bipyramidal crystals 
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grew in about 30% of conditions, most of them containing PEG and MPD (Fig. 18A-C). 

Manual optimization was not necessary, since initial crystals were already single with 

dimensions suitable for diffraction studies. 

	

Fig. 18. Crystals of Grnd-ECD. A-C. Crystals of Grnd-ECD grown by sitting-drop vapour diffusion 

after trypsinization. Bipyramidal crystals appeared after 2 days of crystallization mixing the protein 

sample with 0.1 M Hepes pH 7.5, 45 % MPD, and 0.2 ammonium acetate (A), 0.1 M Bis-Tris pH 

5.5, 45 % MPD, and 0.2 M calcium chloride dehydrate (B), and 0.1 M Na Hepes pH 7.5, 28 % PEG 

400, and 0.2 M CaCl2 (C).	

	
Crystals grown in 0.1 M Hepes pH 7.5, 45 % MPD and 0.2 M ammonium acetate were fished 

and flash-cooled in liquid N2 without additional cryo-protection. X-ray diffraction data were 

collected at the Swiss Light Source (SLS). Crystals diffracted to 0.92 Å resolution (Fig. 

19A), and belonged to the P41212 space group, and yielded a high-quality electron density 

map that could be interpreted automatically (Fig. 19B).  

	

Fig. 19. Diffraction of Grnd-ECD crystals.	A. 0.92 Å resolution X-ray diffraction pattern of Grnd-

ECD obtained using a synchrotron-radiation source on beamline PXIII at Swiss Light Source. B. 

Electron-density map displaying His36 at 0.92 Å resolution contoured at 1.8 sigma level. 

 

A B C
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Experimental phases were determined with a S-SAD experiment conducted on the same 

crystals at a wavelength of 2.075 Å. Refinement was performed with Phenix (165) with a 

final Rfree of 15.6 % and Rwork of 13 %. The final model contains residues 34-81 of Grnd. 

Data collection and refinements statistics are given in Table 2. 

 

Table 2. Data collection and refinement statistics for Grnd-ECD. 

 Grnd-ECD  
 Native S-SAD 
Data collection PXIII-SLS PXIII-SLS 
Space group P41212 P41212 
Wavelength 0.9256 Å 2.075 Å 
Cell dimensions 
        a, b, c (Å) 
        a, b, g (°) 

 
31.48, 31.48, 97.76 

90.0, 90.0, 90.0 

 
31.45, 31.45, 97.75 

90.0, 90.0, 90.0 

Resolution (Å) 29.967-0.926 (0.942-0.926) 48.88-1.92 (5.21-1.92) 
Rsym or Rmerge 0.064 (0.412) 0.073 (0.040) 
CC1/2 0.999 (0.849) 1.000 (0.998) 
I/oI 21.5 (2.4) 163.4 (11.8) 
Completeness (%) 98.2 (83.8) 96.4 (43.2) 
Unique reflections 33869 (1382) 4015 (89) 
Multiplicity 10.6 (3) 221.8 (5.7) 
   
Refinement   
Resolution (Å) 29.967-0.926  
Rwork/Rfree 0.130 / 0.156  
No. atoms 
        Protein 
        Water 

 
412 
83 

 

B-factor protein/water 11.25/33.41  
R.m.s. deviations 
        Bond lengths (Å) 
        Bond angles (°) 

 
0.017 
2.46 

 

Ramachandran values 
        Favoured (%) 
        Allowed (%) 
        Outliers (%) 

 
100 

0 
0 

 

Values in parenthesis are for highest-resolution shell 

 

2.3.2 Architecture of Grnd-ECD. 

The structure of trypsinized Grnd-ECD consists of an N-terminal b-hairpin followed by two 

C-terminal antiparallel a-helices, with the 8 cysteines engaged in four disulphide bonds (Fig. 

20A). TNFRs CRDs are generally organized in two regions, named “modules”, 
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distinguished by characteristic tertiary fold and consensus sequence (13). The N-terminus of 

Grnd spans residues 35-56 and is defined as a X2 module, described before in the TNFR 

BAFFR (12). X2 modules are composed by two antiparallel b-strands connected by a b-turn, 

forming a b-hairpin stabilized by two intercalated disulphide bonds. In Grnd the disulphides 

are between Cys35 and Cys47, and between Cys40 and Cys54. The C-terminal portion of 

trypsinized Grnd-ECD is consistent with a C2 helix-loop-helix module, present also in the 

CRD of the human Fn14 (Fig. 20D) and in the forth CRD of TNFRI (16, 18). The C2 module 

consists of 21 residues with four cysteines organized in a nested pattern of disulphide 

bridges, according to a consensus sequence that for Grnd-ECD is Cys57 – X3 – Cys61 – X6 

– X5 – Cys73 – X3 – Cys77 (where X is any given amino acids and the subscript n indicates 

the number or residues). In Grnd the C2 helical module comprises two helices extending 

from Cys57 to Cys61 and from Cys73 to Cys77, respectively (Fig. 20B). The overall 

topology of Grnd resembles the fold of the human single-CRD receptors Fn14 and BCMA, 

and the second CRD of TACI, all consisting of a b-hairpin and a helix-loop-helix motif (Fig. 

20C-E). These receptors interact with their ligands via both modules of the CRDs, with 

major contacts from the b-hairpin. Indeed, BCMA and TACI share a common Asp-X-Leu 

motif located on the hairpin tip, then replaced by a Ser-X-Asp-Leu sequence in Fn14, which 

contact the human TNF partners. The binding between the TNFR and their cognate ligands 

is further strengthened by contribution of amino acids residing on the helix-loop-helix 

domain (12, 14, 17, 19, 166). Notably, the Asp-X-Leu motif is not conserved in Grnd, 

therefore I expected that Grnd interacts with Eiger via a novel and non-canonical stretch of 

residues. 
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Fig. 20. Architecture of Grnd-ECD. A. Cartoon representation of Grnd-ECD viewed at the 

indicated orientation. Grnd is depicted in purple, with the disulphide bonds depicted as yellow sticks. 

B. Structure-based sequence alignment of the CRD of TNFRs containing X2 and C2 modules. Grnd 

disulphide bridges are indicated as purple lines connecting cysteines. Grnd secondary structure 

elements derived from the structure are indicated below the aligned sequences. Cysteine numbers 

refer to the Grnd sequence. C-E. Cartoon representation of the human TNFRs TACI-CRD2 (E, PDB 

code: 1UXT, in cyan), Fn14 (F, PDB code: 2RPJ, in red), and BCMA (G, PDB code: 2KN1, in blue). 

Residues involved in ligand binding are shown as sticks. Disulphide bonds are indicated. 
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2.4 Crystal structure of the Eiger-ECD:Grnd-ECD complex 

2.4.1 In vitro reconstitution of the complex 

Initial crystallization attempts with the purified Eiger-ECD:Grnd-ECD sample resulted in 

multiple tiny crystals, unsuitable for diffraction analysis (Fig. 21A). Strategies to obtain 

single and larger crystals, including slowing down nucleation by decreasing the temperature, 

or changing the seeding time or the protein concentration while screening reservoirs, were 

all unsuccessful. Intriguingly, I observed that crystals took 15 to 45 days to grow, thus I 

reasoned that maybe proteins were undergoing a natural degradation before packing in well-

ordered three-dimensional arrays. To check if the tiny crystals of Eiger-ECD:Grnd-ECD 

contained an intact complex, I fished some crystals and dissolved them in water before 

running the sample on a SDS-PAGE. Coomassie-staining revealed that Eiger-ECD degraded 

from a 31 kDa construct to about 15 kDa, whereas Grnd-ECD was mostly undegraded, but 

was also giving rise to a second band running at slightly lower molecular weight (Fig. 21B, 

left). Since Eiger-ECD was purified with an N-terminal His-tag, to determine if the 

degradation was at the N- or C-terminus, I performed a Western blot using an anti-His 

antibody. The antibody did not recognize the Eiger band at 15 kDa (Fig. 21B, right), 

suggesting that Eiger-ECD was degraded at the N-terminus. This result is consistent with 

the presence of a well folded TNF domain at the C-terminus of the construct. We initially 

thought to purify shorter Eiger constructs, trimming Eiger-ECD at the N-terminus. However, 

such constructs turned out to be poorly soluble in bacteria. Therefore, I tried to express them 

in High Five insect cells, and obtained only small soluble amounts of the proteins, which 

were not suitable for crystallization purposes. Thus, I also explored the possibility of 

producing recombinant trimmed Eiger-ECD constructs in mammalian  HEK293T cells using 

a pHLSEC vector (167), that contains a signal peptide for secretion. However, also this 

strategy turned out to be unsuccessful. For this reason, I decided to use a limited proteolysis 

approach again. I treated the Eiger-ECD:Grnd-ECD sample with trypsin in a 1:20=w:w ratio 

for 2 hours at 4 °C. The proteolysed sample was analysed by SDS-PAGE, which revealed 
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the presence of species running at the same molecular weight of the ones observed in the 

dissolved crystals (see panel 21B). I then investigated the stoichiometry of the trypsinized 

sample by analytical SEC, which revealed that the proteolysed complex still elutes at high 

MW, indicating that the 3:3 stoichiometry of the assembly is preserved (Fig. 21C). To obtain 

information about the sequence of the trypsinized 15 kDa band of Eiger, I combined N-

terminal sequencing analysis with intact molecular weight determination by mass 

spectrometry. N-terminal sequencing identifies the sequence of amino acids starting from 

the N-terminal end by Edman degradation, whereas molecular weight determination 

provides the exact molecular weight of a protein construct.  Combining information of the 

starting amino acid of a construct with its precise molecular weight allows the identification 

of the exact boundaries of the construct. To apply this strategy, I treated the Eiger-

ECD:Grnd-ECD sample with trypsin, and purified the cleaved sample on a SEC column pre-

equilibrated with a buffer without glycerol, which is not compatible with the intact molecular 

weight study by proteomic. Peak fractions were collected and subjected to proteomic 

analysis and N-terminal sequencing, which revealed that the proteolysed Eiger fragment 

spanned residues 267-409, comprising the whole TNF domain (Fig. 21C and 21D, top). 

Similar proteomic analyses showed that Grnd-ECD remained mostly uncleaved, with only a 

minor portion degraded to a fragment comprising residues 30-81 (Fig. 21C and 21D, 

bottom).  

Taken together this evidence indicated that Eiger267-409 engages with Grnd30-81 in stable 

hetero-hexamers. I therefore decided to use this sample for crystallization experiments. 
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Fig. 21. Trimming of the minimal Eiger and Grnd extracellular domains forming hetero-

hexameric complexes A. Initial multiple crystals of Eiger-ECD:Grnd-ECD grown manually by 

hanging-drop vapour diffusion in 0.1 M Tris-HCl pH 8.5, 8 % PEG 8000. B. Analysis of Eiger-ECD 

degradation occurring during crystallization by anti-His immunoblot on dissolved crystals. Left: 

Coomassie blue staining of the purified Eiger-ECD:Grnd-ECD complex used for initial 

crystallization screening and of crystals dissolved in water. Eiger-ECD runs below the 37 kDa MW 

marker, whereas Grnd-ECD runs as an 8 kDa protein. In crystals, Eiger-ECD degrades to a 15 kDa 

band. Right: Anti-His immunoblot on the same sample shown in the left panel. The His-tag is 

detected only on the intact Eiger-ECD molecule, but not on the degraded band, suggesting that the 

15 kDa fragment may be an N-terminal degradation. C. Analytical SEC of the trypsinized Eiger-

ECD:Grnd-ECD at 75 µM concentration showing that the complex still forms hetero-hexamers. Peak 

fractions were separated on an SDS-PAGE and Coomassie-stained. D. Domain structure of Eiger 

(top) and Grnd (bottom) with a scheme of the original constructs and of the fragments identified by 

N-terminal sequencing and intact molecular weight determination.	
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2.4.2 Crystallization of the Eiger-ECD:Grnd-ECD complex 

I first scaled-up the limited proteolysis approach used to identify a stable Eiger:Grnd 

complex to prep a sample suitable for crystallization experiments. Sample concentration is 

a crucial variable during protein crystallization. For this reason, I decided to define which 

concentration was the best one to perform crystallization experiments with the proteolysed 

sample using the Pre-Crystallization Test kit (PCT, Hampton Research).  This test is 

performed with precipitating agents containing high amounts of salt or polymers, which 

should drive the protein supersaturation within the drop. Upon mixing these precipitants with 

the sample to be crystallized, proteins too concentrated will form a heavy amorphous 

precipitate, whereas samples too diluted will gives rise to clear drops. Performing the pre-

crystallization test with proteolysed Eiger-ECD:Grnd-ECD, I observed that small crystals 

grew after a few hours in a precipitant containing 0.1 M Tris-HCl pH 8.5, 0.2 M MgCl2, and 

15 % w/v PEG 4000. To obtain larger single crystals, I decided to try to reproduce manually 

the hit but performing grid screens, changing the PEG 4000 concentration from 13 % to 20 

%, the pH values from 8 to 9, and the protein concentration from 15 to 22 mg/ml. I also 

tested several seeding protocols varying the seeding time between 4 hours and 16 hours, both 

at 20 °C and 4 °C (Fig. 22). 

	

Fig. 22. Crystals of proteolysed Eiger-ECD:Grnd-ECD. A. Crystals of Eiger-ECD:Grnd-ECD 

after proteolysis grown in hanging drops mixing the protein sample at a concentration of 22 mg/mL 

with a reservoir containing 0.1 M Tris-HCl pH 8.5, 14 % PEG 4000, and 0.2 M MgCl2. B. Screening 

of initial crystallization conditions yielded single crystals appearing after few hours of crystallization 

a
A B
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mixing the protein sample at a concentration of 15 mg/mL with a reservoir consisting of 0.1 M Tris-

HCl pH 8.5, 18 % PEG 4000, and 0.2 M MgCl2. 

 

Crystals of trypsinized Eiger-ECD:Grnd-ECD were used for X-ray data collection at the 

European Synchrotron Radiation Facility (ESRF). Crystals diffracted to a resolution of 2.02 

Å and belonged to the space group P321, indicating a trigonal symmetry with a three-fold 

rotation axis. The Matthews coefficient of 2.24 was compatible with a single copy of Eiger-

ECD and Grnd-ECD in the asymmetric unit. Since no structure of homologous complexes 

was available, to solve the structure of the Eiger:Grnd complex, we performed molecular 

replacement in Phaser (168), using a model of the Eiger TNF domain threaded with Phyre2 

(169) on the TNF domain of EDA-A2 (PDB ID: 1RJ8), from which the unconserved loops 

were removed. After placing one copy of Eiger in the asymmetric unit, we added by 

molecular replacement one molecule of Grnd using as a search model the coordinates of the 

Grnd determined before (see chapter 2.3). The Eiger:Grnd structure was refined in Phenix 

to a final Rfree of 21.4 % and Rwork of 19.2 %. The final model includes residues 269-409 of 

Eiger-ECD and amino acids 31-81 of Grnd-ECD. Data collection and refinement statistics 

are reported in Table 3. 
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Table 3. Data collection and refinement statistics of the Eiger-ECD:Grnd-ECD complex. 

 Eiger-ECD:Grnd-ECD 
Data collection ID23-2-ESRF 
Space group P321 
Cell dimensions 
        a, b, c (Å) 
        a, b, g (°) 

 
78.7, 78.7, 57.66 
90.0, 90.0, 120.0 

Resolution (Å) 57.66-2.02 (2.02-2.05) 
Rsym or Rmerge 0.207 (0.888) 
CC1/2 0.997 (0.569) 
I/oI 8.6 (2.2) 
Completeness (%) 99.9 (98.5) 
Unique reflections 13860 (663) 
Multiplicity 11.7 (10.1) 
  
Refinement  
Resolution (Å) 44.0-2.02 
Rwork/Rfree 0.192 / 0.214 
No. atoms 
        Protein 
        Water 

 
1554 
118 

B-factor protein/water 37.70/42.99 
R.m.s. deviations 
        Bond lengths (Å) 
        Bond angles (°) 

 
0.003 
0.91 

Ramachandran values 
        Favoured (%) 
        Allowed (%) 
        Outliers (%) 

 
95.74 
4.26 

0 

Values in parenthesis are for highest-resolution shell 

 

The biologically relevant hetero-hexamer can be visualized by applying the three-fold 

crystallographic symmetry to the binary Eiger:Grnd model that we built and refined. The 

architecture of the 3:3 complex consists of a central compact Eiger trimer bound to Grnd 

receptors positioned distally (Fig. 23A), with an overall topology resembling the one of other 

TNFs in complex with TNFRs with single CRDs, for instance the TALL:BCMA complex 

(Fig. 23B). 
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Fig. 23. Packing of the Eiger:Grnd complex. A. Cartoon representation of the Eiger:Grnd complex 

at the indicated orientations. Eiger molecules are shown in gold, whereas Grnd monomers are 

depicted in magenta. On the right, the three-fold axis symbol is indicated B. TALL:BCMA hetero-

hexamers are visualized by light blue and blue cartoons, respectively. The overall fold resembles the 

one of the Eiger:Grnd complex. 

 

2.4.3 Architecture of the Eiger-ECD:Grnd-ECD complex 

The structure of the Eiger:Grnd complex shows that the TNF domain of Eiger adopts a 

typical “jelly-roll” fold (Fig. 24A), with an inner and an outer b-sheets composed by 

antiparallel b-strands, named A’AHCF and B’BGDE, respectively (Fig. 24B). The inner b-

sheet is involved in trimer formation across an extended hydrophobic interface, whereas the 
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outer one creates the exposed surface of the molecule. Each Grnd contacts two Eiger 

molecules (see below for more details), with a conformation that well superposes to the 

unbound receptor, indicating that Grnd does not undergo significant conformational 

reorganization upon binding to Eiger. Small differences can be appreciated only in Grnd 

loops not involved in binding to Eiger (Fig. 24C). 

	

Fig. 24. Fold of Eiger-ECD and Grnd-ECD. A. Cartoon representation of Eiger TNF domain. 

Schematic organization of b-strands forming the jelly-roll fold, in which each strand is indicated by 

a letter. B. Scheme of the jelly-roll fold of Eiger TNF domain. Connections between b-strands and 

belonging to the inner or outer sheets are indicated. C. Structural superposition of Grnd in complex 

with Eiger (magenta) and in isolation (purple). Not major arrangements occur in the Grnd structure 

upon hetero-hexamer formation. 

	
The overall Eiger:Grnd assembly is reminiscent of the fold of other human TNF:TNFR 

complexes in which the receptor has a single CRD (12, 31). In particular, Grnd is arranged 

apo-Grnd
Grnd in complex with Eiger

90°

N

C

N

C

α2

α1C

N

C

N β-hairpin

α2

α1

C

βA’βDβB βAβB’ βE βF βCβG βH

C
N

Outer sheet Inner sheet

BA

NC

βA
βA’

βB
βB’

βC

βD

βHβG
βF

βE

NC

βA

βA’

βB βB’

βC
βD

βE

βF

βG βH
45°



	 66	

in a close conformation, in which the N- and C-terminal modules are in close proximity, and 

both modules contact different loops of Eiger. A peculiar feature of the Eiger:Grnd assembly 

is that the hexamer formation is promoted by a “one-to-two” interaction, in which one 

monomer of Grnd contacts two different molecules of the trimeric ligand (Fig. 25A), while 

human TNFRs with single CRDs usually bind their ligand in a one-to-one conformation. 

Interestingly, this one-to-two mode of interaction is reminiscent of the way in which TNFRs 

with multiple CRDs recognize their TNFs (21, 22, 32). In the case of the Eiger:Grnd 

interaction, the binding surface is organized in three surface patches. The first one is centred 

on Glu52 on the b-hairpin tip of Grnd, which makes polar interactions with the positively-

charged Arg369 and Arg401 of Eiger in the loop connecting strands bG and bH. On the 

same b-hairpin tip, Grnd-Thr51 maintains the correct orientation by hydrogen bonding with 

the main chain nitrogen of Grnd-Arg53. Notably, the Grnd-Thr51 main chain strengthens 

the interaction with Eiger by forming a second hydrogen bond with the side chain of Eiger-

Arg332, located in the bC-bD loop (Fig. 25B). The second interacting patch comprises 

Grnd-Tyr48 and Grnd-Asp69, facing the loop bG-bH of an adjacent Eiger molecule and 

making hydrogen bonds with His388 and Arg391, respectively (Fig. 25C). Eiger-Asp377 on 

the nearby bC-bD loop of the second Eiger molecule is engaged in hydrogen bonds and 

polar interactions with Grnd-His66 and Grnd-Asn56, in a third interacting patch (Fig. 25D). 



	 67	

	

Fig. 25. Architecture of the Eiger:Grnd interface. A. Cartoon representation of the Eiger:Grnd 

complex, with the three Eiger molecules coloured in yellow and orange shades, and the Grnd 

molecules in magenta. B-D. Enlarged views of three patches of the interacting interface between 

Eiger-ECD and Grnd-ECD. B: Glu52 on the b-hairpin tip of Grnd points towards Arg396 and Arg401 

on the bG-bH loop of one Eiger molecule, while Grnd-Thr51 secure the b-hairpin orientation by a 

hydrogen bonding to the backbone amide of Grnd-Arg53. The Grnd-Thr51 main chain further 

stabilizes the interaction via the formation of a hydrogen bond with Eiger-Asn332 side chain. C: 

Grnd-Tyr48 and Grnd-Asp69 contact Eiger-His388 and Eiger-Arg391 on the bG-bH loop of a second 

Eiger molecule. D: Grnd-His67 and Grnd-Ans67 on the loop between Grnd helices of the C2 module 

engage in polar interactions with Eiger-Asp337 on the loop bC-bD of the second molecule of Eiger. 

 

2.4.4 Biochemical analysis of the Eiger:Grnd interface 

The topology of the interaction suggests that the three patches work together to organize the 

Grnd:Eiger binding interface. To identify the key residues of the interaction, I designed point 
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mutants on both sides of the interface, and tested the residual binding in strep pull-down 

assays conducted with purified proteins. I first checked the effect of Grnd mutations (Fig. 

26A). Double replacement of Grnd-His66-Asn67 with Ala and single substitution of Grnd-

Thr51 completely abrogated the interaction between Grnd and Eiger, whereas single 

mutations Grnd-Glu52Ala, Grnd-His66Ala and Grnd-Asn67Ala impaired only partially the 

association. These results are consistent with the notion that the Grnd b-hairpin tip and the 

loop between helices plays a prominent role in the ligand-receptor recognition, as observed 

in the structure. Intriguingly, we observed that the Grnd sequence alignment in Fig. 14A 

shows the presence of a conserved phenylalanine at position 46. In the case of BCMA, the 

conserved Tyr13 is involved in forming hydrogen bonds with TALL-1-Tyr206 (12). Based 

on our structural data, Grnd-Phe46 is not exposed to the solvent, but buried within the 

hydrophobic core of the Grnd-ECD domain (Fig. 26B). Nevertheless, we decided to test 

whether mutation of Grnd-Phe46 could impair binding to Eiger in the same strep pull-down 

assay described above. The Grnd-Phe46Ala mutant was produced and purified as a soluble 

protein (not shown). Surprisingly, it was not able to bind Eiger in the pull-down assay (Fig. 

26A, last lane). This result suggests that Grnd-Phe46 could be involved in maintaining the 

fold of Grnd, ensuring a compact conformation of the C2 and X2 modules, this way 

preserving the correct reciprocal orientation of the Grnd patches interacting with Eiger 

trimers. Interestingly, mutation of the conserved TACI-Phe78 causes loss of affinity of TACI 

for the TNF April, even if the Phe78 does not contact the surface of April (19), similarly to 

Grnd (see also the Discussion). 

To confirm that the Grnd-ECD mutations abrogating binding with purified Eiger-ECD are 

sufficient to disrupt the interaction between full-length Grnd and Eiger in cells, we 

performed co-IP experiments using S2 cells lysate expressing HA-Eiger and Flag-tagged 

versions of Grnd. Immunoprecipitation of HA or Flag was performed, and bound species 

were visualized by immunoblot using anti-HA and anti-Flag antibodies. As shown in Fig. 

26C, both His66Ala and Asn67Ala Grnd mutations completely impair association with 
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Eiger, to the same extent of the Phe46Ala Grnd mutation. Conversely, the Grnd-His66Ala 

mutant displays only a reduced affinity, as expected for a minor contact. 

Immunoprecipitation of V5 was used as negative control (Fig. 26C). To obtain quantitative 

information about the binding affinities of the mutant, I conducted ITC experiments 

analogous to the ones described in paragraph 2.2.1. ITC experiments revealed that the 

binding strength of the Grnd mutants Glu52Ala, His66Ala and Asn67Ala for Eiger decreases 

about 30 to 100-folds as compared to wild-type Grnd with Kd of 1.20 ± 0.220 µM, 3.20 ± 

0.009 µM, and 4.34 ± 0.007 µM, respectively, whereas mutation Phe46Ala, Thr51Ala, and 

the double mutation His66Ala-Asn67Ala completely abrogate the binding (Fig. 26D). We 

next tested the effect of mutating Eiger residues at the interface with Grnd on the ligand-

receptor binding affinity, in a strep pull-down analogous to the one described before. The 

assay was performed using Eiger-ECD carrying specific mutations on residues expected to 

contact Grnd-ECD, then maintaining Grnd-ECD WT in solution. The experiment revealed 

that substitution of Eiger-Asp337, or double substitutions of Eiger-His388-Arg391 or Eiger-

Arg396-Arg401 impaired binding to Grnd-ECD (Fig. 26E). On the contrary, the Eiger-

Asn332Ala mutant associates to Grnd-ECD to the same extend of the wild-type ligand, 

indicating that mutation of this side chain is not sufficient to disrupt receptor recognition. 

Importantly, Asn332 is one of the predicted glycosylation sites of Eiger. The result of the 

pull-down showed above does not rule out the possibility that glycosylation of this residue 

affects the binding affinity between Eiger and Grnd (see also paragraph 2.4.6 for more 

details). 

Collectively, these biochemical analyses revealed that the key residues for the Eiger:Grnd 

interaction are Thr51, His66-Asn67 on the Grnd side, and Asp337, His388-Arg391, and 

Arg396-Arg401 on the Eiger side.  
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Fig. 26. Analysis of the Eiger:Grnd binding interface. A. Top: Strep pull-down assay using Eiger-

ECD absorbed on strep-tactin beads and Grnd-ECD in solution, either wild-type or carrying the 

indicated alanine substitutions. Bottom: As negative controls, strep-tactin beads were incubated with 

the same Grnd-ECD species used in the pull-down described before. Grnd-ECD proteins used in the 

pull-down were separated on SDS-PAGE and Coomassie-stained. B. Cartoon representation of 

Grnd-ECD, with Phe46 depicted as sticks, showing that Phe46 is not exposed, but buried within the 

hydrophobic core of the domain. C. Co-IP experiments between Flag-Eiger and HA-Grnd, wild-type 

or carrying the Phe46Ala, the His66Ala-Asn67Ala, or the His66Ala mutations. Bound molecules are 

visualized by anti-HA and anti-Flag antibodies. Results of the assay confirmed the results obtained 
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in vitro with purified proteins. Immunoprecipitation of V5 was used as specificity control.  D. ITC 

measurements of the binding affinity between Eiger-ECD and wild-type or mutated Grnd-ECD. The 

binding is completely impaired by Grnd mutation of Thr51Ala on the b-hairpin and His66Ala-

Asn67Ala on the loop between helices. E. Strep pull-down analogous to the one described in (A), 

performed with Eiger-ECD mutants and Grnd-ECD-WT. The binding is disrupted by mutating Eiger 

amino acids Asp337, His388-Arg391, Arg396-Arg401.  

 

The structure of the Eiger:Grnd complex also showed that Asn63 of Grnd, that can be 

glycosylated, does not reside on the binding interface with Eiger, but points outwards (Fig. 

27). This observation is consistent with the results of our ITC analysis, which did not detect 

any difference in the binding affinity between Eiger and wild type or glycosylated Grnd (see 

Fig. 15). 

	

Fig. 27. Asn63 of Grnd does not contact Eiger. Close-up of the Grnd-Asn63 in the Eiger:Grnd 

complex. Asn63 is at the opposite site with respect to the Eiger:Grnd interface. 

 
2.4.5 Grnd stabilizes Eiger trimers 

Sequence analysis revealed that Eiger is predicted to be glycosylated on Asn332 and on 

Asn400. Looking at the localization of these two amino acids on the Eiger:Grnd structure 
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that we determined, I noticed that Asn400 is located at the interface between Eiger copies in 

the trimer (Fig. 28A). To test whether glycosylation of Eiger could affect its oligomeric state,  

I purified the TNF domain of Eiger (Eiger-TNF hereon) spanning residues 270-409, 

produced in High Five insect cells as a secreted protein, and studied the topology of Eiger-

TNF through analytical gel-filtration. Eiger-TNF appears as a three-bands molecule on SDS-

PAGE, which is compatible with the presence of a not glycosylated and two glycosylated 

forms. Consistently, upon PNGase-F treatment Eiger-TNF migrates as a single unmodified 

specie (Fig. 28B). Unexpectedly, Eiger-TNF elutes as a multiple glycosylated monomer 

from a SEC column. To test whether glycosylation could hamper trimer formation, I 

produced an Eiger TNF domain carrying the Asn400Ala mutation and analysed its 

oligomerization state by SEC. The elution profile of Eiger-TNF-Asn400Ala superposes with 

the elution profile of glycosylated wild-type Eiger-TNF domain and is consistent with a 

monomer (Fig. 28C, light blue trace), suggesting that the lacks of glycosylation is not 

sufficient to drive oligomerization of the TNF domain of the ligand. Unfortunately, we could 

not test the effect of genetically removing both the glycosylation site of Eiger because the 

resulting Eiger-TNF-Asn332Ala-Asn400Ala construct could not be secreted by insect cells 

upon over-expression. However, the second glycosylation site predicted to be at Asn332 is 
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not at the trimer interface (Fig. 25B), therefore most likely it is not implicated in modulating 

trimerization of Eiger. 

 

Fig. 28. Eiger trimerization is not affected by Asn400 glycosylation. A. Left: Cartoon 

representation of the Eiger:Grnd complex. Right: Close-up on Asn400 localization on Eiger. Eiger 

monomers are shown in gold, orange and wheat. Asn400 and facing residues are indicated as sticks. 

B. Eiger-TNF produced in insect High Five cells runs as three molecular species on SDS-PAGE. 

PNGase-F treatment leads to the appearance of a single band at lower MW. C. SEC analysis showing 

Eiger-TNF wild-type or carrying the Asn400Ala mutation eluting as a monomer, regardless of the 

presence of glycosylation on Asn400. Top: Elution profiles of Eiger-TNF wild-type (orange trace) 

and Asn400Ala (light blue trace) at 30 µM concentration from a Superdex-200 15/150 column. The 

run of globular molecular-weight standards is shown as a grey dotted trace. Bottom: Peak fractions 

were loaded on SDS-PAGE and stained with Coomassie blue. Multiple bands for Eiger-TNF are 
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visualized, corresponding to the differently glycosylated forms of Eiger-TNF, as indicated in the 

figure. 

	
To gain further insights into the Eiger oligomerization process, I reasoned that the 

monomeric Eiger-TNF I used for the glycosylation analysis lacked 120 residues at the N-

terminus compared to the bacterial construct Eiger-ECD utilized to determine the hetero-

hexameric crystallographic structure. Therefore, I decided to test if this N-terminal region 

could be responsible for Eiger trimerization. To this aim, I subjected a sample of Eiger-ECD 

produced in bacteria to trypsin digestion for 2 hours at 4 °C (Fig. 29A), followed by SEC 

analysis. The SEC elution profile of the trypsinized sample shows that Eiger-ECD deprived 

of its N-terminal region is monomeric, indicating that the flexible N-terminal portion of the 

extracellular region of Eiger preceding the TNF domain is necessary for the protein to 

oligomerize (Fig. 29B). When the Eiger-ECD:Grnd-ECD sample is subjected to an 

analogous trypsin treatment, the complex maintains a 3:3 stoichiometry (refer to Fig. 21C). 

Similarly, monomeric Eiger-TNF obtained by trypsinization trimerizes upon incubation with 

Grnd (Fig. 29C). Collectively, these data suggest that Grnd both stabilizes and induces the 

trimerization of the TNF domain of Eiger, likely by bridging between two different Eiger-

TNF domain copies. 
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Fig. 29. Grnd stabilizes Eiger trimerization A. Domain structure of Eiger, showing the purified 

Eiger-ECD construct (orange) and the trypsinized one (green). Boundaries are indicated. B. Eiger 

trimerization is driven by a region upstream of the TNF domain.  SEC analysis showing that Eiger-

ECD elutes as a trimer, whereas the trypsinized sample runs as a monomer. Top: Elution profiles of 

30 µM Eiger-ECD intact (orange trace) and trypsinized (green trace) from a Superdex-200 15/150. 

Molecular-weight standards are shown as a grey dotted line. Bottom: Fractions-containing peak were 

separated on SDS-PAGE and Coomassie-blue stained. C. Grnd drives trimerization of monomer 

Eiger. Top: SEC elution profiles of trypsinized Eiger-ECD (green trace), Grnd-ECD (magenta trace), 

and the complex formed by trypsinized Eiger-ECD and Grnd-ECD (light blue trace) at 30 µM 

concentration. Bottom: SDS-PAGE visualized by Coomassie blue staining of the fractions indicated 

by the black bar.  MW markers are represented by a grey dashed line. 
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2.4.6 Eiger glycosylation affects the binding to Grnd 

Analysis of the Eiger:Grnd structure revealed that Asn332 is close to the interaction surface 

between the ligand and the receptor (Fig. 25B). We previously showed that the Eiger-

Asn332Ala mutation does not affect the binding affinity between the ligand and the receptor 

(Fig. 26E). To assess whether the presence of a bulky sugar on the Asn332 side chain could 

reduce the strength of the Eiger:Grnd interaction by steric hindrance, we reconstituted the 

Eiger-TNF:Grnd-ECD complex using a glycosylated Eiger-TNF sample produced in insect 

cells, and studied by analytical SEC its ability to bind Grnd-ECD in the presence of 

glycosylation. Glycosylated Eiger-TNF shows an impaired ability in forming a complex with 

Grnd-ECD as compared with the trypsinized Eiger-ECD (compare Fig. 30, and Fig. 29C).  

	

Fig. 30. Glycosylated Eiger-TNF binds Grnd-ECD with lower affinity. Top: Elution profile of 

glycosylated Eiger-TNF in complex with Grnd-ECD, mixed at 30 µM concentration (light blue 

trace). Single runs of Eiger-TNF (orange trace) and Grnd-ECD (magenta trace) are showed for 

comparison. Bottom: Coomassie blue-stained fractions indicated by the black bar and separated on 

SDS-PAGE. Eiger-TNF does not form a complex with all the available Grnd-ECD. 
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To obtain more accurate information about the role of Eiger glycosylation in modulating the 

binding affinity to Grnd, I plan to compare the Kd of the interaction between Grnd and 

glycosylated or unmodified Eiger-TNF, measured by ITC.  

Collectively, this evidence demonstrate that Eiger glycosylation may affect the ability of 

Eiger to bind Grnd, but not the oligomeric state of Eiger. Instead, trimerization of Eiger is 

driven by a portion located at the N-terminal region of the TNF domain, which is maintained 

upon cleavage of the metalloproteinases TACE, thus preserving the topology of Eiger. In 

turn, Grnd plays a role in stabilizing this trimeric conformation of Eiger. 

 

 

2.5 Regulation of the TNFR signalling by polarity proteins 

2.5.1 Grnd activates the JNK pathway by interacting with Veli, independently of Eiger 

Strikingly, in the original rn>avl-RNAi screening performed by Leopold group, Eiger was 

not required to induce tumorigenesis (153). Moreover, previous studies showed that organ 

compartments fully composed of polarity-deficient cells do not undergo apoptosis, but rather 

develop tumours through the JNK pathway, contrary to what happens when polarity is 

disrupted in single clones (see paragraph 1.2.1 and 1.3.4). For these reasons, we decided to 

study how polarity was linked to Grnd and JNK activation, independently of Eiger. In 

Drosophila discs, Grnd co-localizes with the polarity proteins Crb and Veli (153). 

Interestingly, a previous two-hybrid screen scored an interaction between the CG10176 gene 

and Veli (170). Drosophila Veli consists of an N-terminal L27 domain, necessary for the 

oligomerization with Stardust and PatJ, followed by a PDZ domain (Fig. 31A). To test the 

direct binding between Grnd and Veli, I performed a GST pull-down analogous to the one 

described in Fig. 14C, using GST-Grnd-ICD adsorbed on GSH beads, and Veli constructs 

comprising the FL protein, the L27 domain or the PDZ domain. As a specificity control, I 

decided to include in this assay the first PDZ domain of the polarity protein Bazooka (Baz). 

The experiment revealed that only Veli-FL and its PDZ domain are retained on beads, while 
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the L27 region and Baz-PDZ domain are not (Fig. 31B). I next asked which was the minimal 

binding region of Grnd to Veli. To this end, I designed a battery of Grnd truncation mutants, 

including a fragment close to the transmembrane helix and two C-terminal constructs (Fig. 

31C, top), and I used them in a pull-down experiment with Veli. Binding of Grnd to Veli is 

recapitulated by the membrane proximal stretch of Grnd (Fig. 31C, bottom). This result was 

unexpected, because PDZ domains generally interact through their carboxylate binding loop 

with C-terminal peptides, accommodated in their hydrophobic pocket (171), as shown for 

Par6-PDZ and the C-terminal peptide of Cdc42 (Fig. 31D, left). However, the association of 

PDZ domains with internal peptides is less common, but not unique. An example is the 

binding between the PDZ domain of human Par6 and the internal peptide of Pals1, in which 

the conformational change of the carboxylate loop allows fitting of the peptide into the 

pocket (Fig. 31D, right) (112). Therefore, we reasoned that the JNK pathway could be 

activated independently of Eiger by the binding of Grnd to the Veli subunit of the Crb 

complex. To test this hypothesis, Julien Colombani from Pierre Léopold’s lab generated the 

same aberrant morphology observed in the rn>avl-RNAi genotype by expressing the 

intracellular region of Crb in discs (rn>crb-intra) (Fig. 31E) (172), and checked whether 

Grnd and Veli have a role in this phenotype. Interestingly, reducing levels of Grnd and Veli 

by RNAi completely rescued the discs’ defects (Fig. 31G, H), to the same extent of 

overexpressing puckered (Fig. 31F), suggesting that Grnd links JNK signalling to the Crb 

polarity complex by interacting with Veli. 
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Fig. 31. The direct interaction between Grnd and Veli regulates JNK signalling activation. A. 

Domain structure of Veli, consisting of an N-terminal L27 domain and a C-terminal PDZ domain. 

B. GST pull-down between Grnd-ICD and Veli-FL, or its complimentary fragments Veli-L27 and 

Veli-PDZ. The Coomassie-stained SDS-PAGE shows that Grnd and Veli interact directly, and that 

the binding is recapitulated by the PDZ domain of Veli. Baz-PDZ is used as a specificity control. C. 

Top: domain structure of Grnd, and scheme of the constructs used to map the binding surface between 

Grnd and Veli. Bottom: GST pull-down assay between complimentary constructs of Grnd-ICD and 

Veli-PDZ. The experiment shows that the membrane-proximal stretch of Grnd binds Veli-PDZ.  C. 

Top: schematic representation of PDZ binding of C-terminal and internal peptides. Bottom: Par6-

PDZ interacting with the C-terminal region of Cdc42 (left, PDB: 1RZX) or an internal peptide of 

Pals1 (right, PDB: 1X8S).  The carboxylate-binding loop of the PDZ domain undergoes a 

conformational change which allows the arrangement of the internal peptide into the binding pocket. 
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E-H. Discs overexpressing Crb-intra display Wg ectopic expression and neoplastic growth (E). 

These aberrant phenotypes are reverted by the RNAi of both Grnd and Veli, or the overexpression 

of Puckered (F, G, H), suggesting that Grnd couples the activity of the JNK complex to epithelial 

polarity by interacting with Veli. 

 

Grnd is endowed with the unique property of coupling cell polarity with the JNK pathway 

thanks to its ability to interact directly with the Crumbs complex protein Veli and with the 

JNK component Traf2 (153). This observation raised the question as to whether a Grnd 

TNFR orthologue related to epithelial polarity exists in humans. 

 

2.5.2 Fas interacts with Veli and Dlg1 

Sequence analysis revealed poor conservation between Grnd and vertebrate TNFRs. Thus, I 

decided to search for a human Grnd orthologue experimentally by testing the binding ability 

of human TNFRs to the orthologue of Veli. In human, three Veli proteins exist, with a high 

level of conservation, especially in the PDZ domain (Fig. 32A). To search for a Grnd 

orthologue, I decided to test human TNFRs binding to both VeliB and VeliC, which gave 

similar results. For simplicity, here only assays with the PDZ domain of VeliC will be 

presented. As a collection of human TNFR, I focused at first on death receptors, because of 

the ability of some of them to trigger apoptosis or cell proliferation depending on the cell 

context, a feature that is shared with Grnd (33). In my initial screen, I also included CD40, 

as it contains a TIM which directly binds Traf6 (39), and TNFRIB. I thus performed RT-

PCR on the RNA isolated from HeLa and HaCaT cells to obtain the ICD of human TNFRI, 

Fas, EDAR, DR4, DR5, TNFRIB, and CD40, and I sub-cloned them in a pGEX-6PI vector 

as GST-fusion proteins. A preliminary expression test showed that some TNFR-ICDs were 

not soluble in bacteria. Thus, I tested the binding to VeliC-PDZ only of Fas, EDAR, TNFRIB 

and CD40. I decided to test the binding of TNFRs only to the PDZ domain of Veli because 

Grnd associates with the PDZ domain of Veli (see paragraph 2.5.1). 5 µM of TNFR-ICDs 

were immobilized on GSH beads and then incubated with 10 µM of VeliC-PDZ in solution. 
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Species retained on beads were separated by SDS-PAGE and visualized by Coomassie blue. 

The GST pull-down revealed that only Fas-ICD directly interacts with Veli-PDZ (Fig. 32B). 

Human Fas consists of an ECD with three CRDs, a transmembrane region and an ICD, 

spanning residues 191-335, characterized by the presence of the DD, recognized by the 

FADD protein and acting as a platform for the DISC assembly (Fig. 32C).  To further trim 

the Veli-binding site, I repeated the pull-down experiment with shorter complimentary Fas-

ICD fragments, showing that the very C-terminal residues of Fas suffice to engage Veli-PDZ 

(Fig. 32D). This result is consistent with the presence of a type I PDZ-binding motif on Fas 

C-terminus, conforming to the consensus sequence S/T-X-f, where f is a hydrophobic 

amino acid, and X is any given residue. 

	

Fig. 32. Fas is the biochemical orthologue of Grnd. A. Sequence alignment of Drosophila and 

human Veli. Positioning of L27 and PDZ domain are indicated. Conserved residues are coloured 

based on sequence conservation. B. GST pull-down assay with GST-fusions of intracellular domains 

of human Fas, TNFRIB, EDAR and CD40 adsorbed on GSH beads and purified VeliC-PDZ in 

solution. The species retained on beads were separated by SDS-PAGE and visualized by Coomassie 
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staining. VeliC-PDZ binds only Fas-ICD. C. Domain structure of Fas, consisting of an N-terminal 

signal peptide, followed by three CRDs, a transmembrane region TM, and an intracellular death 

domain. Complimentary fragments used for the pull-down in D are indicated. D. Pull-down 

experiment as in B with Fas-ICD deletion mutants, showing that VeliC-PDZ interacts with the last 

7-residues of Fas. 

	
In epithelial cells of the intestinal and biliar tract, Fas localizes basolaterally (173-175).  In 

turn, Veli forms a trimeric complex with CASK and Dlg1 (110, 176), the latter of which is 

also a polarity protein containing three PDZ domains. Thus, I next asked whether also Dlg1 

could interact with Fas. I performed a GST pull-down using 5 µM of Fas-ICD absorbed on 

beads, which were then incubated with 2 mg of HEK293T cell lysate. The presence of Dlg1 

retained on beads were visualized by immunoblot using an anti-Dlg1 antibody produced in-

house. The assay showed that Fas-ICD binds Dlg1, and that the last seven amino acids of 

the receptor are minimal binding region to Dlg1 (Fig. 33A). Dlg1 consists of an N-terminal 

L27 domain, followed by three PDZ domains, a SRC homology-3 (SH3) one and the C-

terminal guanylate kinase (GK) region (Fig. 33B). To test whether the PDZ domains of Dlg1 

were responsible of the interaction with Fas, I then performed an in vitro pull-down 

analogous to the one described in Fig. 32D, using the Fas fragments retained on GSH beads 

and the purified PDZ domains of Dlg1 in solution, which revealed that the C-terminus of 

Fas directly associate with the PDZ domains of Dlg1 (Fig. 33C). I then repeated the binding 

assay with the last 7-residues of Fas and a battery of different combinations of the PDZ 

domains of Dlg1, showing that the PDZ1 and the PDZ2 of Dlg1 recapitulate the binding to 

Fas C-terminus (Fig. 33D). 
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Fig. 33. Fas directly interacts with Dlg1. A. Pull-down assay with complementary fragments of 

Fas-ICD immobilized on GSH beads and HEK293T lysates showing that endogenous Dlg1 binds to 

Fas329-335. Top: Dlg1 is visualized by immunoblotting with a monoclonal anti-Dlg1 antibody 

generated in-house. Bottom: Membrane was stained with ponceau to visualize the amount of the 

GST-fusion proteins. B. Domain structure of Dlg1, comprising an N-terminal L27 domain, three 

PDZ domains, a SH3 domain and one GK domains. C. GST pull-down performed using Fas-ICD 

fragments absorbed on GSH beads and PDZ domains of Dlg1 in solution. Species retained on beads 

were separated by SDS-PAGE and visualized by Coomassie blue. Only the C-terminus of Fas is 

necessary for binding the PDZ domains of Dlg1. E. GST pull-down assay with Fas-329-335 on GSH 

beads and various combinations of Dlg1-PDZ domains in solutions, visualized as in C. Dlg1-PDZ2 

recapitulates the binding of Dlg1 to the 7-residue C-terminal tail of Fas. 

 

2.5.3 Veli and Dlg1 are competitive ligands for Fas 

The evidence that Veli and Dlg1 share the same Fas-ICD binding region (Fig. 32D and 33C), 

which is only a 7-residue long stretch, raised the question as to whether the two Fas polarity 

proteins can associate to the ICD of Fas concomitantly. To test this possibility, I performed 

a competition pull-down assay, incubating 3 µM of Fas-319-335 adsorbed on GSH beads 

with constant 7.5 µM of Veli-PDZ and increasing concentrations of Dlg1-PDZ123, from 0 

to 50 µM. The assay revealed that Veli and Dlg1 do not form a trimeric complex with Fas, 

but rather compete for the binding (Fig. 34). 
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Fig. 34. Veli and Dlg1 are competitive ligands for Fas. In vitro competition binding assay of Veli 

and Dlg1 to Fas. Increasing amounts of Dlg1-PDZ123 (from 0 to 50 µM) were titrated with 3 µM 

Fas-319-335 at constant 7,5 µM Veli-PDZ concentration. Species on beads were separated by SDS-

PAGE and Coomassie-stained. The binding of the two polarity proteins to Fas is mutually exclusive. 
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3  DISCUSSION 

 

 

Under stress conditions, TNFRs act as master regulators of cell fate. During my PhD studies, 

we provided structural and functional evidence for the existence of a new TNFR in 

Drosophila melanogaster, that we named Grindelwald (Grnd). We demonstrated that Grnd 

associates with the unique Drosophila TNF Eiger and with Traf2, thus activating the JNK 

pathway, which leads to apoptosis or malignancy in vivo. With biochemical and 

crystallographic analyses we uncover the architecture of the Grnd:Eiger complex, and 

identified on both subunits key residues important for the complex formation. We also 

showed that Grnd directly binds to the polarity protein Veli, and this interaction is required 

for activation of the JNK pathway in polarity-deficient cells. Interestingly, our biochemical 

analyses indicate that Fas is the only human TNFR interacting with both the polarity proteins 

Veli and Dlg1, suggesting Fas as the human biochemical orthologue of Grnd. Our studies 

are in part presented in the paper entitled “The Drosophila TNF receptor Grindelwald 

couples loss of cell polarity and neoplastic growth”, published in Nature in June 2015 (153). 

 

Drosophila melanogaster TNFR Grnd 

My studies started from the sequence analysis of the identified grnd gene, in which was 

scored the presence of a single CRD, that is a hallmark of TNFRs. On the intracellular region 

of Grnd, we also recognized the presence of the Pro-X-Glu-X-X motif, that represents the 

consensus sequence for binding of TNFR toTraf2, the most upstream component of the JNK 

pathway. In an in vitro binding assay, we demonstrated that the association between Grnd-

ICD and Traf2-MATH is direct and mediated by the consensus motif on Grnd-ICD (Fig. 

14C). This stretch of amino acids is evolutionary conserved, as it has been identified also in 

human TNFRs, such as CD40, as mediating the interaction with Traf6, which is the human 

orthologue of Drosophila Traf2 (158). Interestingly, the Drosophila TNFR Wengen 
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previously identified does not contain a death domain nor a known TIM, but it was shown 

to co-immunoprecipitate with Traf2 (44). One hypothesis to explain how this interaction 

could take place is that Wengen may form hetero-complexes with Grnd, thus indirectly 

associating with Traf2. Alternatively, it is possible that Wengen recognizes Traf2 via a non-

canonical TIM. Targeted experiments will address the functional link between Grnd and 

Wengen. 

It is known that Eiger leads to Traf2/JNK activation inducing the expression of Hid, Grim, 

and Reaper, that cause apoptosis, and of MMP1, which supports malignancy (48, 52), and 

of the phosphatase Puckered (83, 85). The interaction between Grnd and Traf2 results in the 

induction of the JNK cascade, as we demonstrated with in vivo experiments performed using 

Puckered as a readout for the JNK activation (Fig. 14D-G). 

A feature of TNFRs is the presence of CRDs on the ECD, whose fold is stabilized by 

cysteines engaged in disulphide bridges. Each CRD is composed by two modules, classified 

based on the tertiary fold and the pattern of cystines (2, 9, 13). Crystallographic analysis 

carried out on the extracellular portion of Grnd revealed that it contains a unique CRD 

organized in two modules, named X2 and C2, consisting of a b-hairpin and a helix-loop-

helix motif, respectively (Fig. 20A). The eight cysteines of Grnd-ECD are organized in an 

intercalated pattern of disulphide bonds connecting Cys35 with Cys47, and Cys40 with 

Cys54 in the X2 module, and in a nested pattern in the C2 module, with disulphides between 

Cys57-Cys77 and Cyst61-Cys73 (Fig. 20B). In spite of this unique disulphide arrangement, 

the overall fold of Grnd conforms to other known TNFRs carrying single CRDs, including 

BCMA and Fn14 (12, 18), and also to the second CRD of TACI (19) (Fig. 20C-E).  

These TNFRs contact their ligands with two separated regions located on the b-hairpin tip 

of the first module, and on the second helix-loop-helix module. The crystallographic 

structure of the Eiger:Grnd complex that we determined revealed that the two proteins form 

a hetero-hexameric complex (Fig. 23A), with an overall topology resembling the one of 

single CRD-containing TNFRs with their cognate TNF (Fig. 23B). The assembly is 
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organized around a central trimer of the TNF domains of Eiger, each of which folds in a 

jelly-roll conformation, with the 10 antiparallel b-strands forming two b-sheets (Fig. 24A, 

B). As for human TNFs, the inner b-sheet is involved in forming the trimeric surface of the 

THD, whereas the outer one is engaged in binding to Grnd. Notably, the structural 

superposition of Grnd in complex with Eiger or in isolation showed that Grnd does not 

undergo substantial conformational changes upon binding Eiger, but rather behaves as a 

compact rigid scaffold (Fig. 24C). Structure analysis revealed that each monomer of Grnd 

contacts two Eiger copies, resembling the one-to-two mode of interaction already described 

for some TNFRs with multiple CRDs, for instance CD40 and DR4 (21, 22). This is a peculiar 

feature of the Eiger:Grnd complex differing from the one-to-one mode of interaction 

generally shown by TNFRs with single CRDs.  In details, the Eiger and Grnd interface is 

formed by three distinct patches of interaction (Fig. 25A). The first involves Thr51 and 

Glu52 on the b-hairpin tip of Grnd facing Arg396-Arg401 of the bG- bHEiger loop and 

Asn332 of the bC- bDEiger loop (Fig. 25B). A further region is defined by Grnd-His66-Asn67 

on the a1-a2Grnd loop contacting Asp337 on the bC- bDEiger loop of a second molecule of 

Eiger (Fig. 25C). On the same loop of the second Eiger monomer, the His388-Arg391 couple 

binds Tyr48 and Asp69 of Grnd (Fig. 25D).  In vitro pull-down assays defined Grnd-Thr51 

and Grnd-His66-Asn67 as the major determinants of the association with Eiger (Fig. 26A, 

C). On the Eiger side, mutation of Asp337, His338-Arg391, or Arg396-Arg401 completely 

disrupt the binding to Grnd (Fig. 26E). 

The qualitative results on the Grnd:Eiger interface obtained by pull-down assays were 

confirmed by more quantitative ITC analyses, which revealed that Grnd binds Eiger with a 

Kd in the nanomolar range, fully in line with the binding affinities measured for other 

TNFs:TNFRs interactions (177-179). Calorimetric measurements of the binding affinity of 

the Grnd mutants identified in the pull-down assays showed that Grnd-Thr51Ala and Grnd-

His66Ala-Asn67Ala do not bind, while mutations Glu52Ala, His66Ala, and Asn67Ala 

display a reduced but still detectable affinity (Fig. 26D). 
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We also addressed the role of Grnd-Phe46, which is conserved among human TNFRs, and 

it has been found as necessary in ligand binding (Fig. 14A). Specifically, the corresponding 

BCMA-Tyr13 is at the interface with TALL-1 (Fig. 20E), while the TACI-Phe78 does not 

show any contact with the ligand April. However, mutation of TACI-Phe78 into alanine 

completely impairs the binding affinity between TACI and April (12, 19), possibly because 

of its role in organizing the two TACI modules in the correct orientation for the interaction 

with its ligand. Structural analysis of Grnd showed that Grnd-Phe46 is buried within the 

hydrophobic pocket of the receptor fold (Fig. 26B). Nonetheless, Grnd-Phe46Ala does not 

bind to Eiger (Fig. 26A, 26C, 26D). This evidence suggest that Grnd-Phe46 has a structural 

role similar to the TACI-Phe78 in maintaining the correct arrangement of the X2 and C2 

modules of Grnd, enabling the interaction with Eiger.  

We think that the information obtained on the Grnd-Eiger interface will be useful to 

investigate the relevance of the Grnd:Eiger interaction in vivo because it will allow the 

generation of mutant flies with Grnd variants totally impaired in Eiger-dependent JNK 

activation, or able to transduce Eiger signals with reduced efficiency. Specifically, to test the 

relevance in a physiological context of the Grnd residues identified in vitro, we will perform 

in vivo analyses in Drosophila in collaboration with Ditte Andersen and Julien Colombani. 

To generate Grnd mutant flies, we are currently carrying out gene editing at the grnd locus, 

which results in the deletion of the first coding exon of the endogenous grnd locus to 

generate a grnd null mutants, and in the subsequent replacement of endogenous grnd with: 

i) Grnd-His66Ala-Asn67Ala gene as a representative of a Grnd mutant completely impaired 

in the binding to Eiger; ii) Grnd-His66Aala that is a mutant partially disrupting the 

Eiger:Grnd association; or iii) Grnd-Phe46Ala, to confirm that this residue is required for 

the correct folding of Grnd and hence for its activities in vivo. As described above, the small-

eye phenotype generated by Eiger overexpression is completely suppressed in grnd 

interfered conditions. Similarly, one would expect the small-eye phenotype to be suppressed 

in animals where endogenous Grnd has been replaced with mutant Grnd receptors that no 
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longer bind Eiger. Conversely, scrib-/-;rasV12 mutant cells exhibit a dramatic tumour-like 

overgrowth and metastatic behaviour, that critically relies on  the Eiger and Grnd interaction, 

and results in the expression of MMP1. To explore the role of the Eiger:Grnd interaction 

under pathological conditions, we will test in collaboration with Lèopold’s lab the ability of 

Eiger to induce MMP1 expression and scrib-/-;rasV12 tumour progression in Grnd-His66Ala-

Asn67Ala, Grnd-His66Ala, and Grnd-Phe46Ala mutant backgrounds. These analyses will 

shed light on the role of Grnd in transducing Eiger signals under normal and pathological 

conditions. 

 

Most of TNF ligands are trimeric, and assemble in 3:3 complexes with their receptors. 

Consistently, the variant of Eiger found in the hemolymph, spanning residues 146-409, that 

we used for biochemical analyses, is a trimer in solution (Fig. 16A, 16B). However, we 

found that a shorter construct encompassing only the TNF domain (residues 270-409) is 

monomeric according to SEC analysis (Fig. 29B). We conclude that the N-terminal portion 

of Eiger promotes trimerization in the absence of Grnd, with a mechanism that still remains 

unclear. 

The fragment of Eiger that we crystallized after limited proteolysis encompasses amino acids 

267-409, and comprises the whole TNF domain, which form hetero-hexamers with Grnd 

(Fig. 21C, 29C). The evidence that Eiger-TNF domain, which is monomeric in isolation, is 

sufficient to form hetero-hexamers with Grnd indicate that Grnd stabilizes and drives Eiger 

trimerization in vitro. Whether these observations are relevant for the spatial organization of 

ligand-receptor complexes at the membrane and for Eiger-mediated activation of Grnd and 

the JNK pathway still remains to be investigated. 

Eiger is predicted to be glycosylated at Asn332 and Asn400. Indeed, when expressed in 

insect cells as a secreted protein, the TNF domain of Eiger is doubly glycosylated (Fig. 28B). 

Our Eiger:Grnd structure revealed that Asn400 is located near the interface among Eiger 

monomers (Fig. 28A), although it does not have effect on the oligomerization state of the 
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ligand (Fig. 28C). The second predicted glycosylation site of Eiger, at Asn332, is instead at 

the binding interface with Grnd (Fig. 25B). In vitro analytical gel-filtration seems to suggest 

that glycosylated Eiger has a lower affinity for Grnd (Fig. 30). To provide a more 

quantitative information on the binding affinity between glycosylated Eiger-TNF and Grnd-

ECD, we will compare the ability of Grnd-ECD to interact with unmodified Eiger-TNF 

(obtained by trypsinization of the bacterially-produced Eiger-ECD, thus lacking 

glycosylations) and with the glycosylated Eiger-TNF domain produced in insect cells. Based 

on the preliminary SEC experiments, we speculate that Eiger glycosylation could possibly 

weaken the interaction between the ligand and the receptor, this way modulating signal 

transduction. Notably, this hypothesis could also provide a molecular explanation for the 

phenotype recently observed upon ablation of the mannosyltransferase ALG3 in Drosophila 

imaginal discs (161) (see the next paragraph for more details). 

Also Grnd is predicted to be glycosylated at Asn63. A recent study shows that disruption of 

the gene encoding for the mannosyltransferase ALG3 determines incomplete glycosylation 

of Grnd, and leads to hyperactivation of the JNK pathway (161). The authors hypothesize 

that this post-translational modification could modulate the JNK cascade by affecting the 

affinity of the interaction between Grnd and Eiger. Our quantitative analyses of the 

association between Eiger and Grnd revealed that Grnd glycosylation does not have any 

impact on the ability of the receptor in binding Eiger (Fig. 15C). This is consistent with the 

Eiger:Grnd crystallographic structure showing that Grnd-Asn63 resides on the loop between 

helices, pointing away from the Eiger:Grnd interacting surface (Fig. 27). The evidence that 

Grnd glycosylation does not alter the binding affinity with Eiger is not a unique feature of 

Grnd because also the glycosylation of the human TNFRs DR5 and TRAIL-R1 does not 

affect binding to their TNF ligands (180, 181). Nonetheless, receptor glycosylation may 

contribute to regulation of TNFR-mediated activation of the JNK pathway by controlling 

receptors’ aggregation. Studying whether the reduced JNK activation associated to Grnd 

glycosylation is caused by altered receptor clustering would be of great interest. 
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Polarity-deficient scrib mutant cells show strong JNK activation and eventually develop 

tumours (89). However, the link between loss of polarity and JNK cascade remains mostly 

unclear. Strikingly, in the original rn>avl-RNAi screen for JNK activation, and consequent 

malignant cell behaviour, Grnd was necessary, but Eiger was dispensable (153). Therefore, 

we asked whether epithelial polarity could be directly linked to Grnd activity. Grnd co-

localizes at the apical region of the membrane with the polarity protein Veli, which belongs 

to the Crumbs complex (153) 

In agreement with results of a previous two-hybrid screen (170), we showed that Grnd 

directly binds the PDZ domain of Veli (Fig. 31B) with an internal membrane-proximal 

stretch (Fig. 31C), in a non-canonical manner compared to the more common and well-

known association between PDZ domains and C-terminal peptides (171) (Fig. 31D). 

Importantly, the direct association of Grnd-ICD to Traf2 and Veli is mediated by disjoined 

portions of Grnd, suggesting that the two interactors can associate simultaneously on the 

same Grnd molecule, this way integrating cell polarity with JNK signalling (Fig. 35A). 

Studying how clusterization regulates Grnd-mediated induction of the JNK pathway in this 

system would better clarify the molecular mechanism of Grnd activation. 

Further supporting the connection between Grnd activities and tissue polarity, we found that 

JNK activation and tissue overgrowth caused by Crb-ICD overexpression can be reverted 

by both Grnd and Veli RNAi, and by Puckered overexpression (Fig. 31E-H). Collectively, 

these results depict Grnd as the first example of a TNFR directly coupling cell polarity with 

neoplastic growth via the JNK pathway (Fig. 35B).  
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Fig. 35. Schematic representation of the role of Grnd in integrating polarity and the JNK 

pathway. A. The binding region of Grnd to Veli resides nearby the Grnd transmembrane domain, 

whereas the Traf2 interacting motif conforming to the consensus sequence Pro-X-Glu-X-X is closer 

to the C-terminal region of the receptor. This organization is compatible with the formation of a 

trimeric complex between Grnd, Veli, and Traf2. B. Grnd binding to Eiger induces activation of the 

JNK signalling, leading to cell death or malignancy depending on the cell context. Moreover, Grnd 

is able to couple JNK activity to polarity via a direct interaction with the polarity protein Veli, which 

is part of the Crumbs complex, and is compatible with the concomitant binding with Traf2. 

	
An open question which still needs to be addressed is defining the mechanism by which the 

Grnd:Veli interaction is connected to the JNK activation and malignancy in polarity-

deficient cells. An increasing body of evidence highlights the ability for polarity proteins to 

regulate membrane proteins localization, stability, and recycling. Consistently, one 

hypothesis is that Veli could stabilize Grnd at the apical membrane, thus inhibiting its 

endocytosis and apoptotic signalling. It is known that, upon binding to its receptor, Eiger 

needs to be endocytosed for the apoptosis to start, since blocking its internalization 

completely impairs cell death (49). In line with this hypothesis, in our original screen, in the 

absence of Avalanche Grnd accumulates in a wider apical region, together with the Crumbs 

complex (153). In addition, stabilization of Grnd at the membrane can result in Grnd 
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clustering, and some human TNFRs have been shown to require cluster formation at the 

membrane for correct signal transduction (30, 35). The role of Veli in stabilizing membrane 

proteins has been already described in MDCK cells for the HER2 receptor (148). In fact, 

binding of HER2 by the PDZ domain of Veli blocks the endocytosis of the receptor and its 

consequent proteosomal degradation (148). A future line of investigations should address 

the mechanism by which Veli controls Grnd activity. 

 

Human TNFR Fas 

Part of my research activities dealt with the identification of a human TNFRs able to bind 

the human orthologue of dVeli. In fact, we reasoned that a TNFR which shares the same 

biochemical properties with Grnd in interacting with this polarity protein may show similar 

activities in cells.   

In humans, the TNFR superfamily consists of 29 members, 26 of each containing an 

intracellular domain (Fig. 3). Sequence analysis revealed poor homology between Grnd and 

human TNFRs, making difficult to predict in silico if a Grnd orthologue exists. For this 

reason, we performed in vitro binding assays to identify a TNFR capable of binding Veli-

PDZ. At first, we focused on TNFRs that can switch between pro-apoptotic and pro-

malignant cell behaviour, as Grnd does in flies. This way we identified Fas as the only TNFR 

able to bind the PDZ domain of human Veli (Fig. 32B). In contrast with Grnd, the interaction 

surface of Fas with Veli resides in its C-terminal 7-residues fragment (Fig. 32D), whose 

sequence is consistent with the class I PDZ-binding motif, according with the consensus 

sequence S/T-X-f, where f represents a hydrophobic residue. Moreover, we noticed that Fas 

localizes at the basolateral membrane of epithelial cells of the intestinal and biliar tracts (110, 

175, 176). In turn Veli has been detected at the basolateral membrane forming a trimeric 

complex with Dlg1 and CASK (182). Thus, we asked whether Fas was able also to associate 

with the PDZ-containing protein Dlg1. We found that Fas interacts with the second PDZ 

domain of Dlg1 through the same C-terminal region involved in binding Veli (Fig. 33A-
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33C, Fig. 32D). Interestingly, Dlg1-PDZ2 has been found to be responsible for the 

association also with other receptors, e.g. GluR-A and 5HT2A, but the relevance and 

function of these interactions in vivo has not been defined yet (183). As expected because of 

the overlapping binding surface, an in vitro competition binding assay revealed that the 

binding of Dlg1 and Veli to Fas is mutually exclusive (Fig. 34). While this thesis was under 

preparation, a work from Hueber’s lab further shed light on the role of Dlg1 in regulating 

Fas activity (175). Specifically, they showed that Fas interacts with Dlg1 by performing an 

in vivo pull-down experiment using Fas (WT or lacking the last three amino acids) adsorbed 

on beads and HCT15 cell lysates. Dlg1 was among the 53 proteins identified by proteomic 

analysis of the co-IP. This study also identified VeliC and CASK among the Fas interactors, 

which are known to be part of a trimeric complex with Dlg1 (182). The authors also 

demonstrate that Dlg1 knockdown in HCT15 cells does not alter Fas localization at 

basolateral cell junctions, indicating that Dlg1 is not necessary for Fas positioning in cells.  

Interestingly, Dlg1 RNAi causes increased activation of caspase 8 and apoptosis induced by 

Fas in both HCT15 and SW480 cells, but the molecular mechanism underlying this 

phenotype still remains elusive. How does binding of Dlg1 to Fas inhibit cell death? One 

possibility is by steric hindrance due to the presence of Dlg1 close to the death domain of 

Fas, where the DISC should assembly and activate caspase (62, 63). A second hypothesis 

impinges on the ability of polarity proteins to modulate receptors stability and recycling, as 

discussed for Grnd above. In fact, it is known that also Fas needs to be internalized in 

endosomes for apoptosis to take place (60, 184). Binding of Dlg1 could stabilize Fas at the 

membrane, blocking its endocytosis and subsequent cell elimination by caspase activation. 

Clarifying whether the ability of Dlg1 to inhibit Fas-dependent cell death is compatible with 

its ability to promote non-cell death pathways triggered by Fas will be a very interesting 

direction for future investigations. 

Most importantly, all these results highlight that the role of polarity proteins in the control 

of TNFR signalling is evolutionary conserved among species. 
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4  MATERIALS AND METHODS 

 

4.1 Retro-transcription 

Total RNA was extracted from HaCaT and HeLa cells using the Quick-RNA miniprep kit 

(Zymo Reaserch) according to manufacturer’s instructions. Reverse-transcription of RNA 

was performed using ImProm-II Reverse Transcription system (Promega). Briefly, the 

procedure consists of mixing 1 µg of isolated RNA with Oligo (dT)15-18 primers at 0.5 µg/µl 

concentration in a total volume of 5 µL. Incubation of this reaction mix at 70 °C for 5 minutes 

denatures the secondary structure of RNA potentially formed in the samples. The mix is then 

chilled on ice for 5 minutes. The reverse transcription mix was prepared on ice, composed 

by nuclease-free water, 0.5 M dNTPs, recombinant RNasin Ribonuclease inhibitor, 1.5-8 

mM MgCl2, ImProm-II reaction buffer and ImProm-II reverse transcriptase, and was then 

incubated with 5 µL of the RNA-oligo mix for 5 minutes at 25 °C, one hour at 42 °C and 15 

minutes at 70 °C. The cDNA obtained was used as a template to amplify the coding sequence 

of the ICD of human TNFRs Fas, CD40, TNFRIB and EDAR, and the polarity protein VeliB. 

To this aim, the used primers for Fas, TNFRIB, CD40, EDAR, and VeliB amplification are 

listed in Table 4. VeliC DNA was a gift from Laurent Gagnoux-Palacios (iBV, Nice). 

 

Table 4. Primers used for Fas, TNFRIB, CD40, EDAR, and VeliB amplification. 

Gene Oligo Forward                    Oligo reverse 

Fas CGCGCGGAATTCAAGAGAGAAAGG 
AAGTAC 

CGCGCGGTCGACCTAGACCAAGCT 
TTGGAT 

TNFRIB CGCGCGGGATCCAAAAAGAAGCC 
CTTGTGC 

CGCGCGGTCGACTTAACTGGGCTT 
CATCCC 

CD40 CGCGCGAGATCTAAAAAGGTGGCC 
AAGAAG 

CGCGCGGTCGACTCACTGTCTCTC 
CTGCAC 

EDAR CGCGCGGGATCCTACATCCTGAAG 
ACAAAG 

CGCGCGAAGCTTTCAGGATGCAGC 
ATGTGG 

VeliB CGCGCGCCATGGGTGCTGCGCTGGTG 
GAGCCG 

CGCGCGGTCGACTCAACCTCGAGA 
CTCCAA 
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4.2 Generation of baculovirus and insect cells transfection/infection 

Insect cell protein expression was carried out with a modified version of the Bac-to-Bac 

system (Invitrogen) as outlined below. 

 

4.2.1 Production of recombinant bacmide 

Grnd-ECD and Eiger-TNF (WT and carrying the Asn400Ala mutation) were cloned in a 

modified version of the pFast-Bac1 (pFB1) vector (ThermoFisher), containing the mellitin 

secretion signal, followed by a His-tag, and the PreScission cleavage site (Fig. 36). 

	

Fig. 36. Scheme of the engineered pFB1 vector. The pFB1 vector was modified to express 

extracellular proteins, by adding the mellitin secretion signal to the N-terminal region, and also a 

cleavable His-tag for affinity purification purposes. Cloning sites are indicated. 

	
Transposition was performed using DH10MultiBac-YFP electrocompetent cells 

(Invitrogen), to which 1 µL of DNA was added prior to electroporation. Bacteria were 
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selected on LB plates containing 50 µg/mL kanamycin, 7 µg/mL gentamycin, 10 µg/mL 

tetracycline, 200 µg/mL X-gal, and 40 µg/mL IPTG for at least 48 hours. DH10MultiBac-

YFP cells hold a bacmide containing the LacZ gene, coding for b-galactosidase, which 

converts X-gal in a blue product. In recombinant bacteria, the insertion of the gene cloned 

in the pFastBac1 vector into the bacmide causes the disruption of the LacZ gene. As a 

consequence, recombinant bacteria are visualized as white colonies, from which the 

recombinant DNA is isolated using the Promega Wizard Plus SV Minipreps kit. Some 

modifications to the protocol was applied, e.g. the DNA precipitation with isopropanol 

instead of elution from the column kit. 

 

4.2.2 Transfection of Sf21 cells with the recombinant bacmide 

Sf21 cells (Invitrogen) were cultured at 27 °C in Sf-900II serum-free medium (SFM, Gibco) 

without addition of fetal calf serum (FCS) and antibiotics. Bacmide transection was 

performed using the Insectogene reagent (Biontex Laboratories) according to 

manufacturer’s instructions. Cell transfection was monitored by looking at the appearance 

of YFP fluorescence. After 72 hours, the supernatant was collected, which contained the 

primary stock virus named “V0”. 

 

4.2.3 Infection of High Five cells 

High Five cells grow in ExpressFive medium (Gibco) with addition of L-glutamine at 27 

°C. Virus amplification was performed by infecting 25 ml of High Five cells at a density of 

0.5 x 106 cells/ml using 2,5 ml of V0 virus. Infection was monitored by looking at YFP-

positive cells and at the growth arrest caused by the viral production. After 72 hours from 

cell growth arrest, the medium was collected and harvested, and the virus (“V1”) contained 

in the supernatant was used to perform a second infection. In this case, 5 ml of V1 were 

added to 400 mL of High Five cells at 0.5 x 106 cells/mL density. The presence of the mellitin 

secretion signal at the N-terminus of proteins cloned in the modified pFastBac1 vector 
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determines secretion of these proteins within the medium. After 48 hours from V1 infection 

of High Five cells, the medium-containing proteins were collected, and the proteins were 

then purified as described in paragraph 4.3. 

 

4.3 Protein expression and purification 

GST-Grnd intracellular fragments were cloned into a modified version of pGEX-6PI vector 

(GE Healthcare), and expressed in BL21 E. coli cells by induction with 1 mM IPTG at 37 

°C for three hours. Cells were lysed in 0.1 M Tris-HCl pH 8, 0.3 M NaCl, 10 % glycerol, 

0.5 mM EDTA, and 1 mM DTT, and centrifuged for 1 hour at 100000 g. Cleared lysates 

were affinity-purified by incubation with Glutathione (GSH) Sepharose-4 Fast-Flow beads 

(GE Healthcare). GST-Fas constructs were expressed by overnight induction with 0.5 mM 

IPTG at 18 °C and purified similarly. 

Drosophila Veli full length (Veli1-195) and PDZ domain (Veli85-195) expression was 

induced in E. coli strain BL21 overnight at 20 °C with 0.5 mM IPTG as an amino terminal 

His6- tagged proteins using a pET43 vector. Cells were lysed in 0.1 M Tris-HCl pH 8, 0.3 

M NaCl, 10 % glycerol, 5 mM imidazole, and 2 mM b-mercaptoethanol, and cleared for 1 

hour at 100000 g. Proteins were purified by affinity on Ni-NTA beads (Qiagen). The eluted 

proteins were dialyzed against 0.01 M Hepes pH 7.5, 0.06 M NaCl, 5 % glycerol, 0.5 mM 

EDTA and 1 mM DTT, concentrated and stored at -80 °C. Veli L27 domain (Veli1-81) was 

cloned with an N-terminal His6-MBP-tag using a modified pET43 vector, and purified by a 

first affinity step on amylose beads (NEB). After washes, fusion proteins retained on beads 

were incubated with TEV protease (Invitrogen Life Technologies) for 1.5 hours at 20 °C to 

remove the His6-MBP tag. The cleaved material was eluted from beads on a desalting buffer 

consisting of 0.01 M Tris pH 8, 0.1 M NaCl, 10% glycerol, 0.5 mM EDTA, and 1 mM DTT. 

After buffer dilution to reach a final salt concentration of 0.02 M NaCl, the protein was 

loaded on a Resource-Q anion-exchange column (GE Healthcare), eluted with a gradient of 

0.02 -0.120 M NaCl in 20 column volumes, pooled, and stored at -80 °C.  
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The MATH domain of Drosophila Traf2 (Traf2-MATH, corresponding to residues 319-475) 

was similarly expressed as a His6-tagged protein and purified by affinity on Ni-NTA beads. 

After elution with 200 mM imidazole, a dialysis overnight with 0.01 M Tris-HCl pH 6.8, 

0.15 M NaCl, 5 % glycerol, 0.5 mM EDTA, and 1 mM DTT was performed, followed by 

ion-exchange chromatography on a Resource-S column (GE-Healthcare).  

Drosophila GST-Baz-PDZ1 (amino acids 331-419) was affinity purified by incubation with 

GSH beads. Species retained on beads were cleaved overnight with GST-PreScission 

protease (GE Healthcare) overnight at 4 °C to remove the GST-tag and then purified by ion-

exchange chromatography. Human VeliC-PDZ (85-196) and Dlg1-PDZ123, Dlg1-PDZ12, 

Dlg1-PDZ23, Dlg1-PDZ1, Dlg1-PDZ2, and Dlg1-PDZ3 (encompassing amino acids 221-

546, 221-405, 314-546, 221-312, 314-405, 457-546, respectively) were produced as His6-

fusion proteins, purified by affinity on Ni-NTA beads, and further subjected to ion exchange 

chromatography. These proteins were expressed in E. coli BL21 strain upon induction with 

0.5 mM IPTG at 18 °C. 

Grnd extracellular domain, corresponding to residues 30-97, was cloned in a pETM14 vector 

with a cleavable N-terminal His6-tag and expressed in SHuffle B cells (NEB) with 0.5 mM 

IPTG at 16 °C. The clear lysate was injected on a HiTrap chelating column (GE healthcare) 

loaded with Ni2+. The protein was eluted by applying a 5-200 mM imidazole gradient, and 

dialyzed overnight against 0.01 M Tris-HCl pH 8, 0.03 M NaCl and 5 % glycerol in the 

presence of PreScission protease to remove the His6-tag prior to injection onto a Resource-

Q anion exchange column. Grnd-ECD was eluted with a gradient of 0.03-0.120 M M NaCl 

in 10 column volumes. Fractions containing pure protein were pooled and desalted in 0.01 

M Hepes pH 7.5, 0.05 M NaCl. Grnd-ECD was also produced as a secreted protein by 

infection of High Five insect cells. The High five culture medium was collected, filtered 

through a Sartolab 0.22 µm PES membrane (Sartorius), and the protein purified by affinity 

on Ni Excel beads (GE Healthcare). The protein eluted from beads was further purified 

similarly to Grnd-ECD produced by bacteria SHuffle cells, as described above. 
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Eiger-ECD was cloned in a pET43 vector with an N-terminal His6-tag and expressed in 

SHuffle cells similarly to Grnd-ECD. Clear cell lysates from three litres of culture were 

affinity-purified on a HiTrap column. After the elution from the HiTrap column, the peak 

fractions were pooled, concentrated to 1 mL and injected on an HiLoad 16/600 Superdex 

200 column equilibrated in a buffer containing 0.02 M Tris pH 8, 0.3 M NaCl, 5 % glycerol. 

Eiger-TNF-WT and carrying the Asn400Ala mutation were cloned in the same baculovirus 

vector used for Grnd-ECD, and purified by affinity and gel filtration. All purification steps 

were conducted at 4 °C. Grnd and Eiger point mutations were generated by QuikChange 

strategy (Stratagene) according to manufacturer’s instructions. All clones were sequence 

verified. 

 

4.4. In vitro binding assays 

4.4.1 Pull-down assays  

For in vitro pull-down assay of Fig. 31B, 5 µM of GST-Grnd intracellular constructs 

immobilized on GSH-beads were incubated for 40 minutes at 4 °C with 10 µM of Veli full-

length, L27 and PDZ domain in 0.01 M Hepes pH 7.4, 0.03 M NaCl, 5 % glycerol, 0.05 % 

Tween, 0.5 mM EDTA and 1 mM DTT. After washes, proteins retained on beads were 

separated by SDS-PAGE and analysed by Coomassie staining. The ability of Grnd-ICD to 

interact with Traf2-MATH was tested incubating 2 µM of Grnd, wild type or mutated on 

P200 and on P200/E202, with 10 µM Traf2-MATH in 0.01 mM Hepes pH 7.5, 0.15 M NaCl, 

5 % glycerol, 0.05 % Tween, 0.5 mM EDTA, and 1 mM DTT for 1 hour at 4 °C. Species 

retained on beads were detected by SDS-PAGE. 

Similarly, 5 𝜇M of GST-Fas fragments adsorbed on beads were incubated for 1 hour with 

10 µM VeliC-PDZ or Dlg1-PDZ constructs in 0.01 mM Hepes pH 7.5, 0.1 mM NaCl, 5 % 

glycerol, 0.05 % Tween, 0.5 mM EDTA, and 1 mM DTT. Bound species were visualized as 

described above. For the in vitro competition pull-down assay of Fig. 34, 3 µM of Fas-319-

335 were incubated with 7.5 µM VeliC-PDZ in 0.01 M Hepes pH 7.5, 0.05 M NaCl, 5 % 
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glycerol, 0.05 % Tween, 0.5 mM EDTA, and 1 mM DTT. After one hour, Dlg1-PDZ123 

was added at 0 µM, 5 µM, 10 µM, 30 µM, and 50 µM, and incubated for additional 60 

minutes. Species retained on beads were separated on SDS-PAGE and visualized by 

Coomassie blue. 

To analyse the molecular determinants of the interaction of Grnd-ECD with Eiger-ECD in 

Fig. 26A and Fig.26E, 2 µM of Eiger-ECD fused with a strep-tag were adsorbed on Strep-

tactin beads and incubated with 10 µM of Grnd-ECD either wild-type or carrying specific 

mutations, in in 0.01 M Hepes pH 7.5, 0.1 M NaCl, 5 % glycerol, 0.05 % Tween, 0.5 mM 

EDTA. 

For pull-experiments against cell lysates (Fig. 33A), 5 µM GST-Fas constructs immobilized 

on GSH beads were incubated with 2 mg of HEK293T lysates for 2 hours at 4 °C in JS buffer 

(0.05 M Hepes pH 7.5, 0.15 M NaCl, 10 % glycerol, 1 % tryton, 1.5 mM MgCl2, 5 mM 

EDTA) supplemented with proteases and phosphatases inhibitors (PhosSTOP, Roche). After 

three washing steps, detection of Dlg1 bound to Fas was performed by immunoblotting using 

a monoclonal antibody generated in-house. The Ponceau-stained membrane was used as a 

loading control for GST-fusion proteins. 

 

4.4.2 Analytical Size Exclusion Chromatography (SEC) 

For analytical SEC analyses of Fig. 16A, Fig. 28C, Fig. 29B-C and Fig.30, 30 µM of Eiger-

ECD and Eiger-TNF-WT or Asn400Ala or unmodified were loaded singularly or in 

combination with Grnd-ECD in a 1:1.1 molar ratio on a Superdex 5/150 (GE Healthcare) 

equilibrated in 0.01 M Hepes pH 7.5, 0.3 M NaCl, 5% glycerol, and eluted in 50 µl fractions. 

The presence of the proteins in the elution volume was monitored by absorbance at 280 nm 

(expressed as mAu), and subsequently checked by SDS-PAGE followed by Coomassie 

staining. 
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4.4.3 Isothermal Titration Calorimetry (ITC) 

Purified Eiger-ECD and Grnd-ECD (wild-type and mutated species) were dialyzed 

overnight against 0.02 M Tris pH 8 and 0.3 M NaCl. The thermodynamical parameters of 

the association between Eiger and Grnd were measured using a MicroCal PEAQ-ITC 

(Malvern, UK).  At 25 °C 8 µM of Eiger-ECD were titrated with 19 µl injections in 100 µM 

of Grnd-ECD. Heats of ligand binding were fitted to a single-site binding curve with the 

MicroCal PEAQ-ITC software. 

 

4.5 Analysis of protein glycosylation state 

Deglycosylation of Eiger-TNF secreted from High Five cells (Fig. 28B) was performed 

incubating 30 µg of the sample for 10 minutes at 100 °C in the presence of SDS to denature 

the protein. The sample was then incubated with GlycoBuffer2 1X (NEB) and 2 µl of 

PNGase-F (NEB) for one hour at 37 °C. Deglycosylation of the sample was assessed by 

SDS-PAGE and Coomassie blue staining. 

 

4.6 Immunoblotting 

To assess the levels of Dlg1 bound to Fas (Fig. 33A), species retained on beads as described 

before were separated by SDS-PAGE and transferred onto a nitrocellulose 0.45 µm 

membrane (GE Healthcare). 50 µM of extracts per lane were loaded. Blocking and antibody 

incubations were performed at room temperature in TBS containing 0.1 % Tween-20 and 

1% low-fat milk. The antibody used was mouse anti-Dlg1 (Mapelli’s lab, at 1:1000 dilution). 

To study the pattern of degradation of Eiger-ECD (Fig. 21B), crystals of the Eiger-

ECD:Grnd-ECD complex were collected, dissolved in water, and loaded on a SDS-PAGE 

that was transfered to a nitrocellulose membrane. Immunoblot analysis was done incubating 

the membrane with a mouse anti-His antibody (Santa Cruz Biotechnology, at 1:200 dilution) 

at room temperature in TBS additioned with 0.1% Tween 20 and 1 % low-fat milk. 
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4.7 Sequence alignment 

The Grnd sequence from Drosophila melanogaster (Uniprot entry Q9VJ83) was aligned to 

human TNFR BCMA (Uniprot entry Q02223), TACI (Uniprot entry O14836), Fas (Uniprot 

entry P25445), DcR1 (Uniprot entry O14798), DcR2 (Uniprot entry Q9UBN6), DR4 

(Uniprot entry O00220), DR5 (Uniprot entry O14763), Fn14 (Uniprot entry Q9NP84), 

BAFFR (Uniprot entry Q96RJ3), TNFRI (Uniprot entry P19438), and to Xenopus laevis 

Fn14 (Q6SIX7) via Clustal Omega (185), and coloured by percentage of identity with 

Jalview (186) (Fig. 14A). Fly Veli (Uniprot entry Q8IMT8), human VeliA (Uniprot entry 

O14910), VeliB (Uniprot entry Q9HAP6), and Veli C (Uniprot entry Q9NUP9) were 

analysed with the same procedure described above (Fig. 32A). 

 

4.8 Static Light Scattering 

Static Light Scattering (SLS) analyses of Grnd-ECD were performed on a Viscotek 

GPCmax/TDA (Malvern, UK) instrument, connected in tandem with two TSKgel 

G3000PWxl size-exclusion chromatography columns (Tosoh bioscience) in series. The 

system was equilibrated in a buffer containing 0.01 M Hepes pH 7.5 and 0.05 M NaCl, and 

calibrated with BSA. Eiger-ECD and the Eiger-ECD:Grnd-ECD complex was loaded on a 

Superdex200 10/300 increase column (GE Healthcare) coupled to the same Viscotek 

GPCmax instrument equilibrated in a buffer containing 0.02 M Tris-HCl pH 8, 0.3 M NaCl, 

5 % glycerol. About 75 µL of the samples concentrated at about 2 mg/mL for the Eiger-

ECD:Grnd-ECD complex were loaded on the columns, and eluted isocratically. 

 

4.9 Sample preparation for N-terminal sequencing and intact MW 

determination 

In order to define the sequence of the fragment of Eiger-ECD obtained by proteolysis (Fig. 

21C), 150 µg of the Eiger-ECD:Grnd-ECD purified complex were incubated with trypsin 
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(Sigma Aldrich) with a 1:20 weight:weight ratio for 30 minutes at 4 °C. Proteins were further 

purified on a Superdex 75 15/150 column equilibrated in a buffer  containing 0.01 M Tris-

HCl pH 8 and 0.3 M NaCl. The fractions containing the trypsinized proteins were collected, 

and sent in solution to IFOM proteomics facility (Milan, Italy) for intact MW determination 

by MALDI-TOF MS. The same fractions were separated on SDS-PAGE and transferred 

onto a PVDF membrane. After visualization by Ponceau staining, the band containing the 

proteolyzed Eiger-ECD fragment was excised, and sent to AltaBioscience (Redditch, UK) 

for N-terminal sequencing. 

 

4.10 Protein crystallization and structure determination 

4.10.1 Grnd-ECD sample preparation and crystallization conditions 

Grnd-ECD was incubated with trypsin in a 1:50 ratio for 16 hours at 4 °C, and 

subsequentially purified on a HiLoad 16/600 Superdex 200 in 0.02 M Tris-HCl pH 8, and 

0.05 M NaCl. Initial crystallization trials of the Grnd-ECD sample were performed with the 

commercial screen Index HT and Hampton 12 (Hampton Research) at 82 mg/ml, and 

conducted in sitting-drop vapor-diffusion format using a Mosquito nanodispenser (TTP 

Labtech) in MRC 2 well crystallization plates (Swissci, Hampton Research). 100 nl protein 

solution were mixed with an equal volume of reservoir solution at 20 °C. Crystals appeared 

after 2 days in about 30 % of conditions containing PEG and MPD. Crystals were flash-

cooled in liquid nitrogen without additional cryo-protection. 

 

4.10.2 Data collection, processing, and structure determination of Grnd-ECD 

The best crystals of Grnd-ECD grew in condition E4 of Index screen, composed by 0.1 M 

Hepes pH 7.5, 45% MPD, 0.2 M ammonium acetate and diffracted at 0.9256 Å. A 0.9256 Å 

native dataset of these crystals was collected at a wavelength of 0.978 Å at beamline PXIII 

of the Swiss Light Source (SLS), Villigen, Switzerland. Crystals belong to the space group 

P41212, with a single molecule per asymmetric unit. Due to the lack of homologous 
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structures, and thanks to the high sulphur content of Grnd-ECD (more than 10% of the 

protein sequence were Cys or Met), experimental phases were obtained by Sulphur Single-

wavelength Anomalous Diffraction (S-SAD) data collection with X-ray at 2.075 Å 

wavelength. In this experiment, crystals diffracted to 2.5 Å resolution. Anomalous signal 

coming from native sulphurs allowed the localization of these elements and the calculation 

of initial maps. The model built from the S-SAD dataset was used for molecular replacement 

in the 0.9256 Å native dataset, and refined in Phenix (165) performing molecular 

replacement of the initial density map against the 0.9256 Å resolution data to a final Rfree of 

15.6 % And an Rwork of 13 %. Data collection statistics are shown in Table 2. The structure 

was illustrated with PyMol (DeLano Scientific LLC). 

 

4.10.3 Crystallization of Eiger-ECD:Grnd-ECD 

Purified Eiger-ECD and Grnd-ECD were incubated in a 1:1.3 molar ratio for 45 minutes at 

4 °C, then trypsin was added at a 1:50 weight:weight ratio for 2 hours at 4 °C. The complex 

was further purified by gel filtration on a Superdex 200 10/300 column (GE Healthcare) and 

concentrated to 28 mg/ml. An initial manual screening was performed by mixing 1 µl protein 

with 1 µl of reservoirs with the PCT reagents (Pre-Crystallization Test, Hampton Research). 

Crystals grew up after few hours in condition B2 of the PCT, consisting of 0.1 M Tris-HCl 

pH 8.5, 0.2 M MgCl2, 15 % PEG 4000. In order to obtain larger crystals and to slow down 

their growth, we performed a series of grid screens around the initial condition. In particular, 

we varied the concentration of PEG4000 and of the protein, the pH values, the temperature, 

and the seeding time, as detailed in paragraph 2.4.2. Crystals were cryo-protected by adding 

20 % ethylene glycol to the reservoir condition, and flash-cooled in liquid nitrogen. 

 

4.10.4 Eiger-ECD:Grnd-ECD: data collection, processing, and structure determination 

X-ray diffraction data of Eiger-ECD:Grnd-ECD crystals were collected at the beamline 

ID23-2 at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The best 
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crystals grew in a buffer consisting of 0.1 M Tris-HCl pH 8.5, 14 % PEG 4000, 0.2 M MgCl2, 

and diffracted at 2.02 Å resolution. They belong to the spacegroup P321. A copy of Grnd-

ECD and Eiger-ECD was present in the asymmetric unit, consistent with a Matthews 

coefficient of 2.24 Å3 Da-1 and a solvent content of 45.12 %. The structure was solved by 

molecular replacement with Phaser (168), using as a search model the coordinates of human 

EDA-A2 (PDB ID: 1RJ8), after threading of the Eiger sequence in Phyre2 (169) (see main 

text for more details). The model was refined to a final Rfree of 21.4 % and Rwork of 19.2 %. 

Data collection statistics are given in Table 3. The structure was shown with PyMol. 

 

4.11 Protocols for in vivo assays in Drosophila melanogaster 

4.11.1 Cell culture 

Drosophila S2 and S2R+ cells were grown in Complete Schneiders Medium (CSM, 

Invitrogen) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS, 

BioWhittaker), 50 U/ml penicillin, and 50 mg/ml streptomycin (Invitrogen) at 25 °C. 

Transfections were performed using Effectene reagent (Qiagen) according to manufacturer’s 

instructions.  

 

4.11.2 Immunoprecipitation 

IPs were performed from about 1 x 107 S2 cells. Cells were lysed in 200 µl of a buffer 

composed by 0.05 M Tris-HCl pH 8, 0.15 M NaCl, 1% NP-50, 1 mM EGTA, 0.5 M NaF, 

phosphatase inhibitor cocktail 2 (Sigma), Complete protease inhibitor cocktail (Roche), and 

cell extracts were cleared by centrifugation at 10,000 rpm for 15 min. The cleared extracts 

were incubated with protein G-SepharoseTM beads (Sigma) for 1 hour to reduce unspecific 

binding of proteins to the beads. The precleared extracts were then incubated with 80 µl of 

protein G-Sepharose beads and 1 µl of the specific antibody for 3 hrs. Subsequently, beads 

were washed 3 times in the lysis buffer, boiled in sample and reducing buffers (Invitrogen).  
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For further details on protocols for in vivo assay in Drosophila melanogaster, refer to 

Andersen et al., 2015 (153). 

 

14.12 Genotypes 

Figure 14: 

D:  w- ; +; rn-Gal4/ puc-lacZ  

E:  w- ; elav-Gal80/+; rn-Gal4, UAS avl RNAi GD/ puc-lacZ  

F: w- ; elav-Gal80/ grnd RNAi KK; rn-Gal4, UAS avl RNAi GD/puc-lacZ  

G: w- ; elav-Gal80/ tak1 RNAi KK; rn-Gal4, UAS avl RNAi GD/puc-lacZ  

 

Figure 31: 

E: w- ; UAS crb-intra/+ ; rn-Gal4 /+ 

F: w- ; UAS crb-intra/ UAS puc2A; rn-Gal4 /+ 

G: w- ; UAS crb-intra/ grnd RNAi KK; rn-Gal4 /+ 

H: w- ; UAS crb-intra/ veli RNAi ; rn-Gal4/ veli RNAi 
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