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Abstract 

  The Hippo pathway is known to regulate organ size by controlling essential cellular 

functions such as proliferation and survival. Dysregulation of this signalling cascade leads to 

hyper-activation of the key downstream effectors YAP and TAZ, associated with several types 

of cancers. The current paradigm for the regulation of YAP in response to cell density focuses 

on Ser127 phosphorylation-dependent nucleocytoplasmic shuttling by an intricate network of 

upstream regulators. However, the mechanisms at play in the signal transduction from 

upstream mediators, such as tight junctions, to the core Hippo cascade remain largely elusive.  

In the present study, we investigated the contribution of the multi-PDZ domain MAGI 

family of proteins, which play a role in tight junction maintenance and integrity. This essential 

feature of epithelial tissues is often disrupted in cancer and gives way to metastasis. MAGI-1 

was recently implicated in the regulation YAP subcellular localization in a cell density-

dependent manner. However, the mechanism at play remains unclear. Here, we further 

establish MAGI-1 as a regulator of the Hippo pathway. We show that MAGI-1 and MAGI-3 form 

a complex with key regulators of the Hippo pathway such as the LATS1/2 kinases, the protein 

tyrosine phosphatase PTPN14 and YAP itself. In addition, we found that MAGI-1 can the recruit 

LATS1/2 and PTPN14 to tight junctions. MAGI-1 and MAGI-3 single and double DLD-1 knockout 

cells still displayed nuclear YAP at high cell density. Interestingly, YAP Ser127 phosphorylation 

status was lower at medium cell density but normal in dense knockout cells. We therefore 

suggest that MAGI-1 is involved in YAP regulation through two a two-step mechanism: (1) 

Recruitment of LATS1/2 kinases and PTPN14 at tight junctions for activation of the kinase 

cascade at medium density and (2) Sequestration of YAP pSer127 in the cytosol in dense cells. 

Our data further underline the importance of tight junctions in the regulation of the Hippo 

pathway. 
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1 Introduction 

1.1 Contact inhibition of proliferation 

Epithelial tissues, once reaching their adult size, are able to maintain homeostasis by 

adapting to their environment through a dynamic and fine equilibrium of cell proliferation and 

cell death. The question of how a sum of individual cells functions as a tissue is particularly 

interesting as most human solid tumours occur in epithelia. Contact inhibition, discovered 

over 60 years ago, shed some light on that particular mechanism. Contact inhibition of 

proliferation occurs when cells establish contacts with one another to form a monolayer, 

resulting in a substantial decrease in proliferation rate (1,2). Nowadays, it is believed that 

growth arrest occurs upon reaching a threshold of cell density that may depend on number 

cell-cell and cell-matrix contacts as well as a reduced cell area (3). If crowding continues due 

to cell division, it may lead to fewer cell-matrix contacts than neighbours and promote cell 

extrusion  (4,5). Loss of this paramount contact inhibition is often found in cancers. 

One of the signalling pathways that have been reported to be involved in the control of 

organ size and cell proliferation in response to cell density is the Hippo cascade (6-8). 

 

1.2 The Hippo signalling pathway 

1.2.1 Canonical Hippo pathway  

1.2.1.1 Discovery of the pathway in Drosophila 

The Hippo pathway was first identified in Drosophila melanogaster as a signal 

transduction pathway regulating organ size (6,7). A kinase cascade composed of Hippo (9-13) 

and Warts (6,7) together with the Sav (14,15) and Mob (16) adaptor proteins regulate the 

inhibition of the downstream effector Yorkie (Figure 1.1) (17). Unphosphorylated Yorkie 

accumulates in the nucleus where is associates with Scalloped transcription factor to promote 

cell proliferation and survival (18,19). Upon activation of the kinase cascade by upstream 

regulators, Warts phosphorylate Yorkie which is subsequently retained in the cytosol and can 

no longer activate transcriptional programmes (20).  
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1.2.1.2 The core Hippo pathway is conserved in mammals 

 

Figure 1.1 | Conservation of the core Hippo pathway across species.  

The core kinase cascade and the downstream effectors are highly conserved between D. melanogaster and 

mammals. Adapted from Figure 1 of (21). 

The core cascade and downstream effectors are highly conserved in mammals (Figure 

1.1) (20). However, the pathway became more complex with evolution. Indeed, many players 

in Drosophila have two or more homologues in mammals (22). In mammals, the kinase cascade 

involves mammalian STE20-like kinase 1/2 (MST1/2) and large tumour suppressor 1/2 

(LATS1/2) (23). Upon activation by upstream regulators, MST1/2 phosphorylate the scaffolding 

proteins SAV1 and MOB1 (24,25) to help recruiting and phosphorylating LATS1/2 (26). 

Interestingly, key players of the Hippo pathway have been reported to be activated upon 

membrane targeting: LATS1 (26,27) and MST1 (28). The plasma membrane was therefore 

suggested to be a critical subcellular compartment for signal transduction via the Hippo 

pathway. The physiological outcome of this cascade is the inhibition of the two key 

downstream effectors, Yes-associated protein (YAP) (29) and transcriptional coactivator with 

PDZ-binding motif (TAZ) (30), by LATS-mediated phosphorylation and subsequent 

cytoplasmic retention (31). When in the nucleus, YAP/TAZ bind to transcription factors such 

as TEADs (32). Phosphorylation of YAP Ser127 (or TAZ Ser89) by the LATS kinases uncovers a 

14-3-3 binding site resulting in their cytoplasmic sequestration (8,20,30,33). 

 

1.2.1.3 YAP/TAZ, transcriptional co-activators 

YAP and TAZ are the downstream effectors of the Hippo signalling pathway. Active 

YAP/TAZ translocate and accumulate in the nucleus to fulfil their role of transcriptional 

coactivators. As they do not possess DNA-binding domains (Figure 1.2) they need to associate 

with transcription factors to regulate gene expression. TEAD1-4 play a major role in mediating 

the biological output of the Hippo-YAP pathway (18,19,32,34-36) by inducing expression of 
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many genes involved in cell proliferation, growth and survival (20,32,37-39). Dysregulation of 

TEADs has been linked to tumorigenesis (40). Elevated expression of TEADs is often found in 

cancers (41,42). The transforming potential of the TEAD transcription factors depends on their 

ability to bind to YAP (43). 

 

Figure 1.2 | Domain structures of YAP and TAZ, downstream effectors of the Hippo pathway.  

Both paralogues possess similar domain structures with a TEAD binding domain (BD), WW-domain(s), an SH3 

binding site, a coiled-coil domain (C-C), a transcriptional activation domain (TAD) and a PDZ-binding motif. Some 

of the known binding partners are indicated below each domain. YAP and TAZ possess five and four HxRxxS 

consensus sequences for LATS phosphorylation respectively. Only the main two, linked to their inhibition, are 

represented. Ser127 (Ser89 in TAZ) phosphorylation status regulates binding to either TEAD transcription factors 

or the 14-3-3 cytoplasmic anchor. Additional phosphorylation of YAP/TAZ on Ser381 (Ser311 in TAZ) in the 

phosphodegron induces subsequent ubiquitination and degradation by the SCFβ-TrCP ubiquitin ligase. Adapted from 

Figure 3 of (44,45). 

YAP and TAZ have also been shown to activate other transcription factors such as p73 

(46), Runx2 (47,48) and SMADs (46,49-51) in specific cellular contexts. Interaction of YAP/TAZ 

with these transcription factors is mediated via the WW domains and are not disrupted by 

LATS-mediated phosphorylation of YAP Ser127 residue (Ser89 in TAZ). 

 

1.2.1.4 YAP WW domains tandem and cognate motifs  

One of YAP interaction modules is a WW domains tandem (Figure 1.2). A WW domain 

contain approximately 40 amino acids with two signature tryptophan (W) residues. These 

domains have a high affinity for proline-rich regions and are sorted into different classes 
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depending on their cognate motifs (52,53). YAP and TAZ possess two and one WW domains 

respectively, which belong to Class I associated with [L/P]PxY ligands (where x is any amino 

acid) (54,55). WW domains represent a versatile platform to a vast repertoire of putative 

interactors harbouring proline-rich motifs (56). WW-[L/P]PxY are particularly recurrent 

interactions within the Hippo pathway and contribute to signal transduction. Indeed, these 

modules link YAP to transcription factors, as mentioned in the previous section, as well as to 

upstream regulators of the pathway. For instance, the LATS kinases possess PPxY motifs and 

interact with YAP via its WW domains (31,57-59) to exert they negative regulation through 

phosphorylation of YAP Ser127 residue (8,20,31). 

 

1.2.2 Complex layers of YAP regulation 

YAP and TAZ control critical transcriptional programmes which, if executed at the wrong 

time and place, can lead to the formation of cancer. It is therefore paramount that their activity 

be tightly regulated by an intricate network of proteins that transduce external cues to the 

Hippo cascade. Among the upstream regulators of the pathway are found junctional and 

polarity proteins, mechanotransduction through the actin cytoskeleton as well as extracellular 

signalling. Furthermore, other signalling pathways, such as Wnt and GPCRs, have been shown 

to crosstalk with the Hippo pathway and impinge on YAP/TAZ regulation (60,61). 

 

Figure 1.3 | LATS-mediated phosphorylation of YAP induces cytoplasmic retention and degradation. 

YAP accumulates in the nucleus to promote transcription of target genes through binding to the TEAD transcription 

factors. Upon activation of the core Hippo cascade, MST1/2 phosphorylate the Sav1 and MOB1 adaptor proteins to 

help activate the LATS1/2 kinases. LATS in turn phosphorylate YAP on Ser127 which promote cytoplasmic 

sequestration by the 14-3-3 protein. Additional phosphorylation by the CK1δ/ε kinase induces YAP degradation via 

the SCFβ–TrCP ubiquitin ligase. Figure 1b of (45,62). 
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Many upstream signals converge at the activation of the LATS1/2 kinases and subsequent 

YAP/TAZ Serine phosphorylation. As mentioned previously, phosphorylation on YAP Ser127 

(Ser89 in TAZ) creates the consensus binding sequence of the 14-3-3 protein (8,20,30,33) 

which results in their cytosolic retention (Figure 1.3). LATS-mediated phosphorylation of an 

additional serine, YAP Ser381 (Ser311 in TAZ), induces additional phosphorylation by the CK1 

kinase thereby creating a “phosphodegron” recognised by the β-TrCP adaptor protein of SCF 

E3 ubiquitin ligase (Figure 1.3) (63,64). Endogenous YAP is relatively stable contrary to TAZ 

which half-life is less than 2hrs (64), indicating that the aforementioned degradation route 

may play an important role in TAZ’s inhibition. 

In recent years, the Hippo signalling pathway has become more complex than the initially 

reported canonical and binary model (Figure 3.22) where phosphorylated YAP Ser127 

triggers its cytoplasmic exclusion by binding of the 14-3-3 protein (8). The picture depicted 

nowadays is that of a more dynamic and constant nucleocytoplasmic shuttling of YAP/TAZ. Up 

until recently, YAP/TAZ were not known to bear any nuclear localisation or export signals (NLS 

and NES respectively) and were reported to need other proteins, such as ZO-2 (65) or Nf2 

(66) for nuclear/cytoplasmic translocation. Kofler and co-workers identified non-canonical 

NLS and NES in TAZ that are conserved in YAP (67). They propose an updated model where 

YAP/TAZ subcellular translocation and localisation are regulated by nuclear import and export 

rates. Phosphorylation of YAP Ser127 still conserves its important role in the regulation of the 

protein. Indeed, Ser127 is located in the TEAD-binding domain which upon phosphorylation 

uncovers the 14-3-3 binding site (8,30,33). In parallel, many studies have reported cytoplasmic 

anchors that bound to YAP independently of its Ser127 phosphorylation status, for example 

mediated by its PDZ-binding domain or WW-tandem (68-79). 

YAP and TAZ have largely overlapping functions but also exhibit specificities in their 

binding partners and activity (80,81). This work will mainly focus on YAP regulation and 

function.  

In the past two decades, extensive research has been carried out to understand the 

mechanisms of YAP regulation. One of the outstanding questions of the field is whether the 

upstream events occur in parallel or are interdependent. Here, we describe those related to 

cell density sensing and contact inhibition. 
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1.2.2.1 Regulation of YAP/TAZ by junctional complexes 

1.2.2.1.1 Epithelial barrier and cell-cell junctions 

Epithelial cells assemble into polarised sheets with a basal side attached to a basal 

lamina, which provides an interface with the underlying tissue, and an apical surface that 

usually faces an extracellular fluid. Epithelial tissues constitute a highly selective physical 

barrier against pathogens, toxins and unwanted molecules. On one hand, most substances that 

go through the epithelial layer enter the cells by active transport or diffusion. On the other 

hand, paracellular transport allows some small molecules and ions to go through the epithelial 

layer by passing in between cells. The extent of the paracellular transport is tissue-specific and 

depends on the composition of tight junctions; its measurement provides information on the 

barrier integrity of an epithelium which is often compromised in diseases such as cancer.  

Adjacent epithelial cells are attached to their neighbours through several junctions, 

namely tight junctions, adherens junctions, desmosomes and gap junctions (Figure 1.4). This 

ensures continuity of the cell monolayer and barrier function in epithelial tissues while 

allowing cells to communicate with one another.  

Adherens and tight junctions allow apical-basal polarisation which consists in an 

asymmetrical distribution of proteins and lipids along the plasma membrane. The apical 

surface faces the lumen and controls the exchange of biological molecules whereas the 

basolateral membrane allows cell-cell and cell-matrix interactions. Both tight and adherens 

junctions are linked to the actin cytoskeleton (82) and signalling cascades. Tight junctions’ 

main components are the Claudins, Occludin and JAMs (junctional adhesion molecules) 

transmembrane proteins which associate with many MAGUKs such as the Zonula Occludens 

(ZO-1/2/3) membrane associated proteins, in a PDZ (PSD-95/Dlg/ZO-1)-dependent manner 

(82-86). Together, they ensure proper function and selectivity of the epithelial barrier (87,88). 

Adherens junctions involve cadherin-catenin and nectin complexes. Establishment of tight 

junctions depends on adherens junctions and vice versa (89). In adherens junctions, E-

cadherin molecules form intercellular homophilic bonds, linking neighbouring cells. E-

cadherin interacts with β–catenin which binds to α–catenin, an actin-binding protein (90,91). 

Nectins provide another link to the actin cytoskeleton through binding of afadin (92).  

Gap junctions connect the cytoplasm of adjacent cells to allow regulated exchange of 

ions and molecules. Desmosomes associate adhesion complexes to intermediate filaments. 
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Figure 1.4 | Four types of epithelial intercellular junctions. 

Figure 1 of (45,93). 

  

1.2.2.1.2 Cadherin-catenin complex affects YAP localisation 

Adherens junctions and in particular the cadherin-catenin complex have been shown to 

activate the Hippo cascade and be involved in contact inhibition of proliferation (80,94-97). 

Formation of the intercellular E-cadherin homophilic bonds promotes LATS-mediated 

phosphorylation of YAP and subsequent cytoplasmic retention (97). This role in the activation 

of the Hippo-LATS activation is dependent on the interaction of E-cadherin with α- and β-

catenins  (97,98). However, the link between the cadherin-catenin complex and the Hippo 

signalling is not fully understood. E-cadherin ligation is required for the establishment of tight 

junctions in epithelial cells (99-103). Moreover, α-catenin provides a link to the cytoskeleton 

(90). E-cadherin’s role in activating the Hippo cascade might therefore be indirect via tight 

junctions associated proteins, such as Merlin or Kibra (97) and/or via the actin cytoskeleton 

which are known to play a role in the Hippo pathway regulation (described below). 

 

1.2.2.1.3 PTPN14, negative regulator of YAP 

The non-receptor tyrosine phosphatase PTPN14 has been shown by many groups to 

regulate, both directly and indirectly, YAP subcellular localisation (71-75). PTPN14 is involved 

in maintaining adherens junctions by stabilising, via dephosphorylation, β-catenin (104,105). It 

is also necessary for the formation of tight junctions in epithelial cells (104). PTPN14 

involvement in the regulation of the Hippo pathway is complex. First, in a phosphatase-

independent manner, PTPN14 was found to associate with YAP WW domains and inhibit its 

nuclear localisation at high cell density (71-75). Second, PTPN14 has also been shown to 

stabilise and activate LATS1, independently of the MST upstream kinases, and thereby promote 

YAP phosphorylation (72,75). Moreover, activation of LATS1 by PTPN14 can occur cooperatively 
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with Kibra. Indeed, Wilson et al. suggest that PTPN14, Kibra and LATS1 form a tripartite complex 

to efficiently activate LATS1 and promote subsequent YAP phosphorylation (75).  

PTPN14 role in the Hippo-YAP pathway is thought to be cell density-dependent (71,72,74). 

However, the mechanism activating PTPN14 remains unclear. Wang and co-workers showed, 

in MCF10A breast cancer cells, that PTPN14 is kept at low abundance at low cell density by the 

CRL2LRR1 E3 ligase complex. Interestingly, they found that the protein levels of the LRR1 adaptor 

necessary to specifically target PTPN14 for degradation, were decreasing with cell density (74). 

This mechanism of regulation may be tissue specific as Furukawa and collaborators found 

similar PTPN14 levels in sparse and dense MDCK cultures (66). 

 

1.2.2.1.4 Kibra activates the Hippo cascade 

Kibra is a WW-containing protein. It was linked to the Hippo pathway in Drosophila 

where it was shown to form a complex with the Merlin and Expanded proteins at the apical 

surface to activate the pathway via Hpo (MST1/2 homologues) and Warts (LATS1/2 

homologues) kinases (106-108). In mammals, Xiao and co-workers found Kibra to interact with 

the LATS1/2 kinases through its WW domains and promote their autophosphorylation and 

activation, independently of the MST1/2 upstream kinases. This resulted in YAP Ser127 

subsequent phosphorylation by LATS (109). Wilson’s team corroborated the role of Kibra in 

the activation of the LATS cascade and showed that it can act cooperatively with PTPN14, as 

described above (75). Kibra was also found to shield LATS2 from ubiquitination. To add 

another layer of regulation, Kibra is a transcriptional target of YAP (109). 

 

1.2.2.1.5 Nf2/Merlin translocates YAP from nucleus to cytoplasm 

Nf2 gene encoding the Merlin protein localises at and stabilises adherens junctions 

where it interacts with E-cadherin and F-actin (110-112). Merlin acts as a tumour-suppressor, 

upstream of the Hippo cascade to regulate contact inhibition of proliferation (113,114). Merlin 

can activate directly the MST1/2 kinases (106,115,116) or recruit LATS1/2 to the plasma 

membrane for activation by MST1/2 (27). Up until recently, the mechanism activating Merlin 

role in the Hippo pathway remained unknown. Two studies shed some lights on potential 

mechanisms of regulation of Merlin activation.  

Li and collaborators found that Merlin is in an auto-inhibitory conformation that masks 

the LATS-binding site located in its FERM domain. The AMOT protein binds to Merlin C-

terminal domain and thereby releases its dormant conformation, allowing subsequent 
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interaction with the LATS kinases. Phosphorylation of Ser518 on the C-terminal tail of Merlin, 

partially due to PAK-1 kinase, weakens AMOT binding. They suggest that AMOT acts upstream 

and activates the Merlin route via a Ser518 phosphorylation-dependent mechanism to relay 

cell-cell contact cues (117).  

Furukawa and co-workers identified another mechanism of Merlin regulation. Several 

groups reported Merlin to shuttle between nucleus and cytoplasm and to have functions in 

the nucleus (118-120). Furukawa and collaborators show that Merlin’s exit from the nucleus is 

involved in suppressing YAP nuclear localisation by direct interaction. They propose that, at 

high cell density, contraction of the actin circumferential belt provokes a remodelling of the 

adherens junctions and results in Merlin being released from its E-cadherin interaction. Then, 

Merlin enters the nucleus where it binds to YAP and the complex exits the nucleus (66).   

 

1.2.2.1.6 The AMOT family, dual regulators of YAP 

The AMOT family of proteins is composed of angiomotin’s (AMOT) two isoforms p80 

(80kDa) and p130 (130kDa) as well as angiomotin-like-1 (AMOTL1) and angiomotin-like-2 

(AMOTL2). All members have tissue and cell-specific expression patterns. AMOT proteins 

localise at tight junctions (76,121-124), bind to F-actin (78,125-128) and have been found in the 

nucleus (129-132). Literature agrees that AMOT proteins are upstream regulators of the Hippo-

YAP pathway. However, despite extensive research, discrepancies arise on their positive or 

negative regulation of YAP. Consequently, it is not clear whether AMOTs act as oncogenes 

(130,133) or tumour-suppressors (134-136). 

Negative regulators of YAP: Several mass spectrometry studies have shown the 

interaction of AMOTs with both LATS1/2 and YAP (76,77,95,137-139). AMOT p130, AMOTL1 and 

AMOTL2 were reported to act as scaffolds to promote LATS activation and subsequent 

phosphorylation of YAP Ser127 (140,141). The AMOT family members are substrates of the LATS 

kinases and phosphorylation has been shown to disrupt their binding to F-actin (78,96,126,142). 

Li and al. suggest that LATS-mediated phosphorylation of AMOT and subsequent release from 

the cytoskeleton is the trigger for Merlin binding and activation (as discussed above) (117). 

Another study showed that upon phosphorylation, AMOT formed a complex with the AIP4 

ubiquitin ligase leading to the degradation of YAP (126,142-144). AMOT is also reported to 

directly sequester YAP to the cytoplasm and specific cellular compartments such as tight 

junctions (76) and cytoskeleton (76-79). However, the AMOT-mediated cytoplasmic retention 

can occur independently of YAP Ser127 phosphorylation suggesting that AMOT and the Hippo 

pathway may have both overlapping and separate roles in YAP inhibition (76,77,138). 
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Positive regulators of YAP: Others describe AMOT and AMOTL1 as YAP cofactors which 

facilitate its nuclear entry and promote cell proliferation in certain tissues (78,96,131,142,145-

147). In addition, AMOT interaction with YAP antagonises the LATS-YAP interaction and 

thereby prevent its inhibitory phosphorylation (131,133). 

Several studies highlighted the importance of Ser175 of AMOT p130, residue 

phosphorylated by the LATS1/2 kinases, as modulating its function towards YAP 

(78,96,126,140,143,145). Moleirinho and collaborators depict phosphorylation of the Ser175 

residue of AMOT p130 as a key event controlling its positive or negative role on YAP by 

regulating AMOT subcellular localisation (145). Overall, the interplay between AMOT p130, 

LATS1/2, YAP and potentially other proteins such as Merlin is complex and convoluted. Further 

studies are required to sort the various functions of the Motin family in the regulation of the 

Hippo-YAP pathway.  

Interestingly, it was shown recently that YAP uses a negative feedback loop to activate 

the Hippo pathway. YAP-TEAD complex directly binds to LATS2 and AMOTL2 promoters and 

induces their transcription to normalize YAP activity (148-150). Negative feedback loops are 

common in signal transduction as they partially ensure low noise and prevent signal 

fluctuation. 

 

1.2.2.1.7 ZO-2 exerts both positive and negative roles on YAP in a density-dependent manner 

Zonula occludens 2 is a scaffolding protein localised at tight junctions which contains 

three PDZ domains. ZO-2 possesses several nuclear localisation and export signals (NLS and 

NES respectively) indicating a role in the nucleus (151,152). Indeed, ZO-2 was found to associate 

with, in a PDZ-dependent manner, and promote nuclear localisation of YAP (65). ZO-2 

localisation was found to be cell-density dependent: ZO-2 is nuclear in subconfluent, 

proliferating cells and TJ-associated in confluent monolayers (153-156). This nuclear-

cytoplasmic translocation relies on a number of post-translational modifications. A recent 

study, published in BioRχiv, suggests a role of ZO-2 in YAP nuclear exclusion in response to cell 

density cues. They show that ZO-2 recruits LATS1/2 to tight junctions in dense cells and acts 

as a scaffold to bring together angiomotin, Merlin and YAP to activate the LATS1/2 kinases 

which results in YAP inhibition (69).  
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1.2.2.2 Regulation of YAP/TAZ by apical-basal polarity  

Proper apical-basal polarisation of epithelial cells has been reported to be important for 

suppression of YAP activity upon high cell density conditions. Three complexes involved in the 

maintenance of apical-basal polarity are organised around the proteins SCRIB (Scribble), CRB 

(Crumbs) and PAR (Partitioning defective). 

 

1.2.2.2.1 The SCRIB lateral complex activates the Hippo cascade 

The SCRIB complex is composed of Scribble, Discs large (Dlg) and lethal giant larvae 

(Lgl) and is localised along the basolateral membrane (157,158). The membrane-localised 

Scribble protein serves as a scaffold to assemble MST1/2, LATS1/2 and TAZ and activate the 

kinase cascade (159). It was later found that LBK1 stabilises this complex at the plasma 

membrane via its substrate Par-1 (160). Inactivation or mislocalisation of Scribble is often 

found in cancer (161-164). 

 

1.2.2.2.2 The CRB apical complex recruits Hippo players for activation of the kinase cascade 

The CRB complex features the transmembrane protein Crumbs-3 (165-167) as well as 

two cytoplasmic proteins PALS1 and PATJ (168) and is localised at the apical membrane and 

tight junctions of polarised epithelial cells. CRB had been shown to integrate and relay density 

cues by interacting with YAP/TAZ and promoting their inhibition through LATS-mediated 

phosphorylation and cytosolic retention (95). Recently, Mao and colleagues reported that CRB 

complex functions upstream of the Hippo cascade by recruiting other players such as Kibra 

(169). 

 

1.2.2.2.3 The PAR apical complex activates YAP at low cell density 

The PAR complex is composed of PAR3, PAR6 proteins and atypical protein kinase C 

(aPKC) and is localised at tight junctions (170). PAR3 was recently reported to have a dual 

effect on YAP. At low cell density, PAR3 co-localised with YAP in the nucleus where it assembles 

LATS1 and protein phosphatase subunit A (PP1A), promoting inactivation of LATS and resulting 

in activation of YAP. At high cell density, the PAR3-YAP complex was predominantly localised 

at the plasma membrane. These studies suggest that PAR3 is an upstream regulator of the 

Hippo pathway primarily implicated in YAP/TAZ activation in sparse culture (171,172).  
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1.2.2.3 Regulation of YAP/TAZ by mechanical forces 

In epithelial tissues, cells are subjected to constant mechanical stimuli from 

neighbouring cells such as pulling forces and pressure. Cells adapt and remodel their 

cytoskeleton to balance external forces (173-175). It has now become clear that cells are able 

to translate their physical environment, i.e. external mechanical cues and cytoskeleton status, 

into biochemical signals via mechanotransduction pathways to make crucial decisions 

regarding proliferation, survival, differentiation (176-179). Interestingly, mechanical stimuli 

constitute a fundamental input on YAP/TAZ regulation. YAP/TAZ have therefore emerged as 

mechanotransducers (180,181), integrating mechanical cues such as cell shape, extracellular 

matrix stiffness, cell adhesion…, all of which influence remodelling of the actin cytoskeleton 

architecture (182-184). The actin cytoskeleton is a key regulator of YAP, yet whether through 

Hippo-dependent (185-187) or –independent routes (180,188) is still subjected to debate. It is 

important to note that YAP/TAZ subcellular localisation and therefore transcriptional activity 

require an intact and structured actin cytoskeleton irrespectively of the upstream inputs: 

Hippo, Wnt, GPCR signalling (189). 

The mechanisms at play during CIP appear complex and in some contexts do not require 

the Hippo upstream kinases (70,190). Several studies underlined the significance of cells 

physical properties such as cell spreading and extracellular matrix (ECM) stiffness to regulate 

YAP/TAZ activity (180,186,188). Even though the activity of the core Hippo pathway is sensitive 

to mechanical cues, it is overridden by cytoskeleton signalling to regulate YAP/TAZ in some 

physiological contexts (Figure 1.5). For example, stretching of a confluent monolayer forces 

YAP back into the nucleus instead of its usual cytoplasmic inactive state (Figure 1.5f) (8,188). 

Another example is the cytoplasmic localisation of YAP in single cells cultured on small 

adhesive areas or on soft extracellular matrices (Figure 1.5b and c) (180,188). However, the 

mechanism by which F-actin cytoskeleton modulates YAP and TAZ activity remains elusive. It 

was postulated that mechanical cues are actually tuning the cells’ response to Hippo, Wnt and 

GPCR signalling. Aragona et al. proposed an alternative model for contact inhibition of 

proliferation: as cells start establishing contacts with one another, junctional proteins trigger 

LATS activation and as a consequence YAP Ser127 phosphorylation. They estimated that this 

phenomenon only accounts for about 30% of growth inhibition and YAP/TAZ cytoplasmic 

translocation. A second, mechanical, input is required: as proliferation slowly goes on, cells 

eventually get boxed into smaller areas which induces remodelling of the actin cytoskeleton 

and fully triggers growth arrest (188). 
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Figure 1.5 | Mechanical cues affect YAP subcellular localisation and activity. 

Schematic representation of mechanical stimuli inducing (Left) cytoplasmic localisation and inhibition or (Right) 

nuclear localisation and activation (Red) of YAP. Adapted from Figure 1 of (191). b, (180,188). c, (180,188,192-199). d, 

(8,188). e, (200-204). f, (98,188). 

 

1.2.3 Regulation of the Hippo pathway players by post-translational modifications 

In recent years, researchers have been showing that posttranslational modifications are 

essential to regulate the Hippo signalling pathway (205). In particular, ubiquitination and 

subsequent degradation have emerged as a crucial regulatory mechanism for the players of 

the Hippo pathway. In this section, we focus on the stability regulation of a few key components 

of the Hippo pathway. 

 

1.2.3.1 PTPN14 

PTPN14 has been reported to have a negative effect on YAP activity, either by direct 

interaction (72,74) or through stabilisation and activation of the LATS1 kinase (75). However, 

the mechanism activating PTPN14 remained unclear. Wang et al. showed that PTPN14 protein 

level is regulated by an E3 ligase complex: CRL2LRR1 (74). Interestingly, they found that the 

abundance of the adaptor protein, LRR1, necessary to specifically target PTPN14 for 

degradation, was changing with cell density. Indeed, the study shows that in sparse cultures, 

LRR1 is stable and promotes PTPN14 CRL2LRR1-mediated degradation. However, in confluent 
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cells, LRR1 levels are significantly reduced while PTPN14 stability is increased. They therefore 

provided a model by which PTPN14 is regulated by cell density and activates the Hippo pathway 

accordingly. 

In Drosophila, the homologue of PTPN14, Pez, was reported to be degraded by 

Suppressor of Deltex (Su(dx)), a member of NEDD4 (neural precursor cell-expressed 

developmentally downregulated gene 4) E3 ligase family (206). Their study shows that PTPN14 

can be rescued from Su(dx)-mediated degradation via interaction with Kibra, another 

upstream regulator of the Hippo pathway. This phenomenon was reported to rely on WW 

domain-PPxY motifs interaction which suggests an interesting model of regulation of protein 

stability driven by WW-PPxY binding. In the mammalian system, this mechanism is partly 

conserved. PTPN14 stability was shown to be regulated by WWP1 (WW domain containing E3 

ubiquitin protein ligase 1), a NEDD4-like E3 ligase and human homologue of Su(dx). However, 

WWP1-mediated degradation of PTPN14 could not be rescued by WWC1 (WW containing 

protein 1), Kibra human homologue (206), although interaction between the two latter 

proteins is conserved in human (75). This opens the possibility for another WW-domain 

containing protein to fulfil this role in mammalian cells. 

 

1.2.3.2 LATS1/2 kinases 

NEDD4 E3 ligase family was reported to play an important role in the regulation of several 

key players of the Hippo pathway and for its activation at high cell density (207). In sparse cells, 

NEDD4 mediates LATS kinases degradation which ensures inhibition of the pathway. However, 

in confluent cells, NEDD4 becomes deactivated, promoting LATS stabilisation and subsequent 

activation of the Hippo pathway. They demonstrated that activation of the Hippo pathway in 

response to cell density relies on the changes in NEDD4 E3 ligase activity itself. The reasons for 

the activation/deactivation of NEDD4 are not fully understood yet. It was suggested that the 

protein is auto-inhibited by intramolecular interaction between domains, dependent on 

calcium levels (208). Another potential explanation is that NEDD4 stability is governed by 

another E3 ligase, namely SCFβ-TRCP (209). Interestingly, this ubiquitin ligase is also the one 

responsible for YAP degradation following activation of the Hippo pathway (63,64). 

 

Overall, these studies suggest a tight regulation of the key players of the Hippo pathway 

governed by a degradation/stabilisation competing mechanism. However, the phenomena 



Page | 39  
 

shifting the outcome toward activation or inhibition of the Hippo pathway remain to be 

elucidated. 

 

1.2.4 Role of YAP/TAZ in tissue homeostasis and cancer  

YAP/TAZ induce essential cell processes involved in tissue homeostasis: cell 

proliferation, epithelial to mesenchymal transition (EMT) (48,210,211), cell survival (59,137,212) 

and stem cell maintenance (213,214). The Hippo-YAP pathway tightly regulates these crucial 

processes during development, morphogenesis and wound healing. However, these functions 

also represent hallmarks of cancer in which contact inhibition of proliferation is usually lost. 

YAP has therefore emerged as a powerful oncogene over the years while most players of the 

Hippo pathway appear as tumour suppressors. Indeed, many studies linked human cancerous 

behaviour and neoplasia to dysregulation of the Hippo pathway or hyperactivation of YAP/TAZ 

(20,37,215-217). In various human cancers, YAP nuclear levels are elevated (Table 1.1). 

Table 1.1 | YAP is upregulated in several types of cancers. Table from (218). 

Cancers Cases (n) Upregulated (%) References 

Colorectal cancer 168 72.6 (Wang et al., 2013) 

Lung cancer 40 70 (Su et al., 2012) 

Breast cancer 69 75.4 (Wang et al., 2012) 

Gastric cancer 78 69.23 (Zhang et al., 2012) 

Ovarian cancer 68 94 (Steinhardt et al., 2008) 

Hepatocellular carcinoma 177 62 (Xu et al., 2009) 

The exact mechanisms leading to the transformation of normal cells to malignant 

tumour cells by dysregulated YAP/TAZ are not yet fully understood. However, the 

transformation is likely to implicate enhanced cell growth and survival together with the 

acquisition of additional cancer cell features which are all YAP/TAZ-promoted processes 

(Figure 1.6). 

 

Figure 1.6 | YAP/TAZ output functions are hallmarks of cancer. 
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The Hippo-YAP pathway has been extensively studied over the past decade as it holds 

the key to understanding malignant transformation and cancer. Components of the Hippo 

pathway and regulators of YAP/TAZ have emerged as potential therapeutic targets (218,219), 

especially kinases which are the most popular and studied class of targets for small-molecule 

anti-cancer treatment (220). 

 

1.2.5 Towards a better understanding of signal transduction from upstream 

regulators to the activation of the Hippo core kinase cascade 

Despite extensive research on the Hippo-YAP pathway to unravel the mechanisms of 

regulation, many questions remain unanswered and require additional investigation. The body 

of evidence gathered until today depicts a highly complex and convoluted pathway with many 

intricate layers of regulation. One of the outstanding questions of the field regards the 

mechanisms at play in the signal transduction from upstream regulators, such as tight 

junctions, to the activation of the core kinase cascade which remains largely elusive. 

Mohseni and colleagues identified several proteins of the Hippo pathway kinome, 

including MAGI-1, a tight junction and multi-PDZ domain scaffolding protein (160), that affected 

YAP subcellular localisation in a cell density-dependent manner. Using a HEK293T cell line 

stably expressing an mCherry reporter for Hippo-YAP activity (containing several repeats of 

the TEAD DNA-binding sequence), they performed a primary siRNA screen of the human 

kinome. FACS analysis of the mean fluorescence intensity of cells led to the pre-selection of 

candidate kinases impinging on YAP. A second siRNA screen confirmed that individual 

knockdown of 16 kinases, including MAGI-1, enhanced YAP activity.  

Interestingly, MAGI-1 has been suggested to interact with PTPN14 and LATS1/2 kinases 

by two large scale proteomics screens (221,222). MAGI-1 is also reported to interact with the 

Motin family of proteins (223,224). However, the mechanism of MAGI-1 regulation of YAP in a 

cell density-dependent manner remains to be elucidated. 

 

1.3 MAGI family, multi-PDZ domain and tight junction proteins 

1.3.1 A unique structure 

Membrane-associated guanylate kinase inverted 1 (MAGI-1) was identified as a new 

member of the membrane-associated guanylate kinase (MAGUK) family (225). MAGUKs are 

known to be scaffolding molecules for protein complexes at cell-cell contacts. MAGI-1 presents 
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an inverted and unique organization of protein-protein interaction domains compared to 

other typical MAGUKs (Figure 1.7): a PDZ-like domain, the GuK domain, a WW-tandem 

followed by five PDZ domains. Later two other MAGI proteins were identified with a similar 

domain structure, namely MAGI-2 (also known as S-SCAM - synaptic scaffolding molecule) and 

MAGI-3 (226,227).  

 

Figure 1.7 | MAGI proteins have an inverted domain organisation compared to other prototypical MAGUKs 

Prototypical MAGUK proteins such as Dlg, Zonula occludens (ZO) and PSD-95 possess amino-terminal (multi-) PDZ 

domains followed by an SH3 domain and a C-terminal Guanylate kinase-like domain (GuK-like). MAGI proteins are 

MAGUK-inverted which refers to the inverted organisation of their protein domains: the GuK-like domain is located 

towards the N-terminal, the SH3 domain is replaced by a WW domain-tandem and the C-terminal tail contains 

multiple PDZ domains. PDZ: repeat of 80-100 amino acids found in PSD-95, DLG and ZO-1. SH3: SRC Homology 3 

Domain, WW: short domain with conserved tryptophan residues spaced of 20 amino acids. Adapted from Figure 1 

of (45,228). 

PDZ domains are named after a repeat of 80-100 amino acids found in three prototypical 

members of the MAGUK family: PSD-95, DLG and ZO-1.  WW domains are named after two 

characteristic tryptophan residues and were first identified in mouse YAP65 (29). Both WW 

and SH3 domain functions are similar and have been reported to bind to proline-rich regions 

(229). The GuK domain is not known to be catalytically active in MAGUK proteins but may 

rather be a site for protein-protein interactions (230,231) and even a phospho-peptide-binding 

modules (232). 

 



Page | 42  
 

1.3.2 Splicing variants, subcellular localisation and tissue distribution 

1.3.2.1 MAGI-1 

 

Figure 1.8 | Alternatively spliced regions of MAGI-1. 

The C-terminal region of MAGI-1 can be 16, 48 or 251 amino-acids long in isoform A, B and C respectively. The α-

region consisting of 29 residues is located between PDZ2 and PDZ3 domains. The β-region corresponds to most 

of PDZ4 domain. Adapted from (233). NLS: Nuclear localisation signal. 

MAGI-1 possesses three splice variants of its C-terminal region leading to isoforms A, B 

or C (Figure 1.8) (225). Two additional alternatively spliced regions were identified: the α and 

β regions (233). MAGI-1 alternative splicing appears to be tissue specific (Table 1.2) (233). 

MAGI-1Cβ is the endogenous form present in HEK293, Caco-2 and MDCK cell lines and more 

generally in epithelial tissues (233,234). 

Table 1.2 | Tissue distribution of MAGI-1 alternatively spliced regions. MAGI-1A is highly abundant in the brain and 

pancreas while MAGI-1B is mostly expressed in epithelial-poor tissues such as brain and heart. Conversely, MAGI-

1C was reported to be strongly present in epithelial tissues. Regarding the alternatively spliced regions, α appears 

to be brain-specific whereas β is ubiquitously expressed. Adapted from (233). 

Spliced domains Colon Brain Kidney Lung Skeletal muscle Liver Pancreas Heart 

A - +++ ++ - - + +++ + 

B - +++ - - + - - ++ 

C +++ + +++ +++ + +++ +++ + 

α +/- +++ - - - - - - 

β +++ +++ +++ +++ +++ +++ +++ +++ 

 

MAGI-1C was then shown to co-localise with ZO-1 at tight junctions in fully polarised cells 

(233). MAGI-1 interacts with JAM4, junctional adhesion molecule 4, in a PDZ-dependent 

manner. JAM4 was shown to recruit MAGI-1 to tight junctions in L, enteroendocrine cells (235). 

MAGI-1 was also identified as part of a tripartite complex with β-catenin and E-cadherin at 

adherens junctions. Several studies showed that MAGI-1 PDZ5 domain was critical for 

membrane localisation (233,236,237).  

Two nuclear localisation signals (NLS), predicted by PSORTII (234,238), are found in the 

GuK and WW2 domains respectively and the C isoform C-terminus carries three bipartite NLS 

(233,239). MAGI-1 mutant expression constructs with either of these domains alone was found 



Page | 43  
 

in the nucleus (233,234). However, full length MAGI-1 was only observed in the nucleus in a 

specific context: abolition of E6 oncoprotein in HPV-positive cells which restored MAGI-1 

expression at the plasma membrane as well as in the nucleus (See section 1.3.3.2) (240). No 

study explaining the potential function of MAGI-1 in the nucleus is available. This suggests that, 

in most cellular contexts, the signal targeting MAGI-1 to cell-cell junctions (PDZ domains) is 

likely to dominate over the nuclear localisation signals in the full-length protein. 

 

1.3.2.2 MAGI-2  

 

Figure 1.9 | Alternative START codons give rise to three MAGI-2 isoforms. 

Two alternative START codons were identified by Hirao and co-workers generating three MAGI-2 isoforms that 

they named α, β and γ (241). Similar to MAGI-1, MAGI-2 possesses a very short, alternatively spliced, region 

between its PDZ2 and PDZ3 domains (233). 

MAGI-2 protein is predominantly expressed in the brain and kidney. It was first 

identified in neuronal tissues and called S-SCAM, for synaptic scaffolding molecule, due to its 

scaffolding role at synaptic junctions (226). The protein counts three isoforms, α, β and γ, 

arising from two alternative START codons (Figure 1.9) (241). Laura and colleagues found an 

additional alternatively spliced region between PDZ2 and PDZ3 domains, similar to MAGI-1 α 

region (233). The tissue distribution and function of the two shorter β and γ isoforms is 

unknown. MAGI-2 is known to localise to tight junctions in epithelial cells such as MDCK. 

Nuclear staining of MAGI-2 was also observed in some cells but its role has not been 

investigated (227). 

 

1.3.2.3 MAGI-3  

MAGI-3 is ubiquitously expressed and possesses two alternatively spliced regions 

(Figure 1.10). The long C-terminal tail corresponds to isoform a while the shorter one was 

named b. Interestingly, the other alternatively spliced region, referred to as “*” in this thesis, 

disrupts the WW domain tandem. The tissue distribution and function of each of the isoforms 

remains to be elucidated. MAGI-3 has also been reported to localise at tight junctions, at the 

apical surface and in the nucleus of epithelial cells such as Caco-2 (242).  
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Figure 1.10 | MAGI-3 has two alternatively spliced regions.  

The alternatively spliced C-terminal region is either long, a, or short, b. An additional alternatively spliced region, *, 

disrupts the second WW domain. 

 

1.3.3 MAGIs, scaffolding proteins, involved in tight junction integrity 

MAGI proteins display nine protein-protein interaction domains including six PDZ 

domains. They are believed to be scaffolding proteins assembling junctional complexes, 

similarly to other multi-PDZ domain proteins (233,243,244).  

Drosophila counts one Magi protein, sole homologue of the mammalian MAGI-1/2/3 

proteins. Zaessinger and co-workers found that Magi is involved in adherens junctions’ 

remodelling in the late eye development by recruiting Bazooka (Baz, PAR3 homologue) (245). 

In addition, Barmchi and colleagues showed that Magi and Baz are localised at adherens 

junctions and antagonise each other for proper localisation of the PAR polarity complex (246). 

The association of any of the mammalian MAGI proteins with the PAR complex has not yet been 

investigated. In C. elegans, MAGI-1 is required for proper segregation and stabilisation of 

junctional complexes (247,248). 

All three mammalian MAGI proteins have been shown to interact with β–catenin 

(225,249-251). Gujral and collaborators’ data suggest that the interaction of β–catenin with 

several tight junction proteins, including MAGI-1, contributes to cell-cell contact integrity, 

favours cell adhesion and prevents cell proliferation and migration (250). Moreover, MAGI-1 

overexpression is associated with stabilisation of adherens junctions through E-cadherin and 

β–catenin recruitment as well as suppression of invasiveness. In contrast, transient 

knockdown of MAGI-1 resulted in decreased adhesion and a propensity towards migration 

(252,253).  

An important function of the MAGI proteins is the stabilisation of cell-cell contacts, 

making them prime targets during apoptosis as well as viral infection. 

 



Page | 45  
 

1.3.3.1 MAGI-1 in apoptosis 

MAGI-1 was found to interact via its PDZ2-PDZ3 domains with RASSF6, a tumour 

suppressor that induces apoptosis via both caspase-dependent and -independent pathways 

(254). RASSF6 had been previously shown to inhibit MST1/2 kinases and crosstalk with the 

Hippo pathway to induce apoptosis (255).  

During apoptosis, MAGI-1 is the target of caspase-3 and -7 cleavage (256,257). It was later 

found that, in MDCK cells, the N-terminal cleavage product translocates to the cytoplasm while 

the C-terminal part accumulates in the nucleus (257). However, only minor pro-apoptotic 

activity was shown by MAGI-1 caspase cleavage products suggesting a passive role in apoptosis. 

MAGI-1 cleavage, most likely disrupting many MAGI-1-mediated interactions, appeared to be a 

crucial step in dismantling cell-cell junctions in early onset apoptosis (256). 

 

1.3.3.2 MAGI proteins targeted by viral oncoproteins 

Two adenoviruses oncoproteins, namely adenovirus type 9 (Ad9) E4-ORF1 and high-risk 

human papillomavirus (HPV) E6, display tumorigenic potential (258-260) and have been shown 

to interact with MAGI-1 in a PDZ-dependent manner (261). The adenovirus E4-ORF1 has been 

found to aberrantly sequester MAGI-1 in the cytoplasm (261). High-risk human papillomavirus 

(HPV) types 16 and 18 target MAGI-1 and induce its proteasome-mediated degradation which 

leads to the disruption of tight junctions (240,261,262). Knockdown of E6 or overexpression of 

a MAGI-1 mutant inhibiting its interaction with E6 in HeLa cells (HPV-positive cervical cancer 

cell line) drives tight junctions reassembly and induces growth arrest and apoptosis (240,263).  

MAGI-2 and MAGI-3 proteins were also reported to be targeted by the E6 oncoprotein 

for degradation (264). 

 

1.3.3.3 MAGIs role in epithelial barrier integrity 

It was reported that knockdown of MAGI-1 induced a slight but significant decrease of 

trans-epithelial electrical resistance (TEER), used to assess the leak-tightness of a monolayer 

(265). In addition, patients suffering from Microscopic colitis (266) or inflammatory bowel 

disease (267) have been shown to have lower MAGI-1 and MAGI-3 expression levels 

respectively. In both diseases, the epithelial paracellular permeability is increased.  

Single-nucleotide polymorphisms (SNPs) in MAGI-2 introns have been found to 

correlate with inflammatory bowel disease (IBD) (268-270), especially rs2160322 in intron6. 
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One of the characteristics of this disease is a compromised intestinal epithelial barrier. The 

same SNP, namely rs2160322 in MAGI-2 intron6, has been found to correlate with Graves’ 

disease susceptibility (271). Graves’ disease is an autoimmune disorder that induces 

hyperthyroidism. Jia and collaborators suggest that abnormal expression of MAGI-2 may cause 

dysfunction in the epithelial barrier function (271). Increased permeability of the gut is thought 

to be a common factor in the development of several autoimmune and inflammatory 

conditions (272,273). 

Together these reports point at an important role of the MAGI proteins in the 

maintenance of tight junction and barrier integrity. 

1.3.4 MAGIs in cancer signalling 

MAGI proteins have emerged as tumour suppressors (274). Here we review key roles of 

these multi-PDZ domain proteins in suppressing malignancy. 

 

1.3.4.1 MAGIs suppress Akt signalling through interaction with the PTEN tumour suppressor  

MAGI-1 was identified as an adaptor molecule between the PTEN tumour suppressor and 

β-catenin in E-cadherin junctional complexes (253). MAGI-1 recruits PTEN to adherens 

junctions which reduces PI3K/Atk signalling and was shown to revert invasiveness in MDCKts-

src cells. TRIP6, thyroid receptor interacting protein 6 was later identified as a novel binding 

partner of the MAGI-1/PTEN signalosome. Depending on the physiological context, TRIP6 may 

compete with β-catenin to bind the MAGI-1/PTEN signalosome, via MAGI-1 PDZ5 domain, 

resulting in the destabilisation of E-cadherin junctional complexes and cell invasiveness 

through activation of Akt/NF-κB signalling pathways (275). 

MAGI-2 has been reported to stabilise PTEN through maintaining its interaction with β-

catenin (276,277). Similar to MAGI-1, MAGI-2 binds to PTEN (278) promoting suppression of 

Akt signalling (227), cell proliferation and migration in human hepatocarcinoma cells (279). 

Interestingly, Vazquez and collaborators found that phosphorylation of PTEN tail caused a 

conformational change, masking its PDZ-binding motif and therefore inhibiting its interaction 

with MAGI-2, and probably other PDZ-containing proteins (280). The kinase responsible for 

the phosphorylation of PTEN tail has been shown to be CK2, casein kinase 2 (281). CK2 has 

been reported to be activated by Wnt signalling (282).  

MAGI-3 has also been shown to interact with PTEN and indirectly downregulate Akt 

signalling. It was proposed that MAGI-3 brings PTEN to specific subcellular locations where Akt 
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is activated (283). In glioma cells, MAGI-3 is downregulated compared to normal brain tissue 

and its expression levels are positively correlated with that of PTEN. Overexpression of MAGI-

3 leads to the inactivation of the PI3K/Akt pathway, through PTEN, and subsequent 

suppression of proliferation (284). Interestingly, MAGI-3, in glioma cells, is also associated with 

negative regulation of Wnt signalling via sequestration of β-catenin out of the nucleus, thereby 

inhibiting its transcriptional activity (251). 

 

1.3.4.2 MAGI-1 is downregulated in colorectal cancer 

MAGI-1 is often found downregulated in rectal cancers and colorectal adenocarcinomas 

and is correlated with metastasis (252,265).  

Cyclooxygenase enzyme 2 (COX-2, also known as PTGS2) was found elevated in about 

50% of colorectal adenomas and 85% of adenocarcinomas (285-287). Zaric et al. reported that 

MAGI-1 is downstream of and downregulated by COX-2, and consequently found low levels of 

MAGI-1 in colorectal cancer (CRC) cells (252). Overexpression of MAGI-1 in CRC cells induces 

epithelial-like morphology by stabilising cell-cell junctions, promoting actin stress fibres and 

adhesion (252). As MAGI-1 stabilises β-catenin at cell-cell contacts and thereby reduce the level 

of free β-catenin, MAGI-1 may act as a negative regulator of the Wnt pathway, known to initiate 

most of human colorectal cancers (288).  

Dr. Khanzada thesis work also reported an increased potential for invasion and 

migration in two colorectal cancer cell lines, HT-115 and RKO, upon MAGI-1 knockdown (265). 

MAGI-1 thereby displays a tumour-suppressive and anti-metastatic activity in CRC cells.  

 

1.3.4.3 MAGI-3 is downregulated in colorectal cancer  

MAGI-3 expression has been reported to be downregulated in colon adenocarcinomas 

while NHERF2 expression showed a reverse trend. Lee and colleagues demonstrated that 

MAGI-3 and NHERF2 reciprocally regulate the signalling of LPA2 (289), a G protein-coupled 

receptor that binds to lysophosphatidic acid (LPA). LPA is known to have tumorigenic potential 

through activation of LPA2 which is upregulated in various types of cancer, such as CRC (290-

292). LPA2 together with NHERF2 activate Akt and Erk1/2 signalling (291), as well as induce cell 

proliferation, expression of COX-2 and anti-apoptotic behaviour in colon cancer cells 

(291,293,294). MAGI-3 is thought to oppose NHERF2 in binding LPA2 and thereby negatively 

regulating LPA signalling and inhibiting migration and invasion (289). MAGI-3 together with 

LPA2 activate RhoA signalling (295,296). 
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1.3.4.4 MAGI-3 is recurrently mutated in breast cancer 

MAGI-3 expression was found downregulated in breast cancer cells (297), yet this gene 

is not frequently subjected to nonsynonymous mutations or loss of copy number (298,299). 

A recurrent gene rearrangement, 5’- MAGI3-Akt3 -3’ fusion mutation, was reported by 

Banerji and co-workers in triple negative (oestrogen receptors, progesterone receptors and 

HER2-negative) breast cancers. The resulting fusion protein possesses MAGI-3 N-terminal 

region until after the WW-domains followed by Akt3 with a disrupted PH domain but an intact 

kinase domain. The fusion protein lacks all MAGI-3 C-terminal PDZ domains including PDZ2, 

known to interact with PTEN and suppress PI3K/Akt signalling (283). MAGI3-AKT3 was found 

to be constitutively phosphorylated (active), leading to loss of contact inhibition when 

overexpressed in rat fibroblasts (300). 

 Ni and collaborators recently identified MAGI-3 as a novel driver of breast cancer 

tumorigenesis. MAGI-3 was recurrently mutated at the mRNA level. Indeed, they demonstrated 

that MAGI-3 was prematurely poly-adenylated (pPA) and truncated, ending within intron10 

(MAGI-3pPA). The resulting truncated protein retains part of the PDZ2 domain but lacks all 

following PDZ domains. The authors found that truncation of MAGI-3, whether arising from 

pPA or other genetic alterations (300), induced YAP-dependent mammary transformation. 

Interestingly, they showed that MAGI-3 PDZ5 domain interacts with YAP PDZ-binding motif. 

They showed that the MAGI-3pPA, unable to bind to YAP, dimerises with its full length self, 

impeding association with YAP and thereby acting as a dominant negative. Their results 

suggest MAGI-3 as a novel component of the Hippo pathway (301). 
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1.4 AIM: Investigate the molecular mechanism by which MAGI proteins 

negatively regulate YAP activity in response to cell density cues 

 

MAGI proteins have emerged as tumour suppressors, limiting cell proliferation and 

invasive behaviour. MAGI-1 was suggested as a novel negative regulator of YAP, potentially 

interacting with components of the Hippo pathway (160,221,222) but the mechanism at play 

remains to be elucidated. In addition, MAGI-3 has recently been shown to negatively control 

YAP oncogenic protein in breast cancer cells (301). As MAGI proteins are involved in tight 

junctions’ maintenance and integrity, they could provide an additional link between cell-cell 

contacts and the regulation of the Hippo-YAP pathway. Indeed, despite intensive research, the 

signal transduction mechanism from upstream regulators, such as tight junctions, to the Hippo 

cascade remains largely elusive. 

 

In this study, we aim at:  

 Further establishing MAGI-1 as an upstream regulator of the Hippo pathway, 

And, 

 Unravelling the molecular mechanism at play to provide a molecular link between tight 

junctions and YAP inhibition in response to cell density cues. 

 

To do so, we tackled the question from two different angles:  

 Investigation of MAGI proteins loss of function with respect to YAP Ser127 

phosphorylation and subcellular localisation using CRISPR/Cas9 gene editing 

technique.  

 Investigation and dissection of molecular interactions of MAGI proteins with key 

players of the Hippo pathway to identify critical protein-protein interaction domains. 

 

Members of the MAGI family, namely MAGI-1 and MAGI-3, have been reported to be 

downregulated in colorectal cancers (252,289). We therefore decided to carry out this study 

in the human colorectal adenocarcinoma cell line DLD-1. 
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2 Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Devices 

Table 2.1 | List of devices 

 Device Company 

C
e

ll 
c

u
lt

u
re

 

Class II Biological Safety Cabinet  ESCO  

Galaxy 170S CO2 Incubator New Brunswick Scientific 

NEW INCUBATOR Panasonic 

Neubauer-improved counting chamber Labor Optik 

Universal 320 centrifuge Hettich Centrifuge 

B
u

ff
e

rs
 

p
re

p
ar

at
io

n
 

Entris® Analytical Balance Sartorius 

PGW 753M Precision Balance Adam Equipment Ltd 

Jenway 3510 Bench pH/mV meter  JENWAY  

T
o

ta
l p

ro
te

in
 e

xt
ra

c
ti

o
n

, s
am

p
le

s 
 

p
re

p
ar

at
io

n
 a

n
d

 w
e

st
e

rn
 b

lo
t 

Sigma 1-14K Refrigerated Microfuge SIGMA 

PerfectSpin mini  Peqlab 

PerfectSpin 24 Plus  Peqlab 

NeoLab-Rotator with Vortex RM-2M NeoLab 

Dry block heating system QBD2 Grant Instruments 

FluoSTAR OPTIMA Microplate Reader BMG LabTech 

Mini-PROTEAN Tetra Cell Bio-Rad Laboratories 

Mini Trans-Blot electrophoretic transfer cell Bio-Rad Laboratories 

3D gyratory rocker SSM3  Stuart Equipments  

Analogue tube rollers SRT6 Stuart Equipments 

Odyssey Sa® Infrared Imaging System LI-COR 

P
C

R
 a

n
d

  

A
ga

ro
se

 g
e

l peqSTAR Dual 48-Well PCR Thermal Cycler Peqlab 

PerfectBlue™ Gel System Mini M Peqlab 

BLUE LED illuminator  Nippon Genetics Europe 

Gel Doc™ EZ System  Bio-Rad Laboratories 

M
ic

ro
sc

o
p

y ZOETM Fluorescent Cell Imager BioRad 

Epifluorescence microscope Olympus 

LSM880 Airyscan Confocal ZEISS 

B
ac

te
ri

a 

c
u

lt
u

re
 Rotina 46 R centrifuge Hettich Centrifuge 

Innova® 44 incubator shaker series  New Brunswick Scientific 

Incubator (Heratherm) Thermo Fisher Scientific 
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2.1.2 Reagents  

2.1.2.1 Kits and chemicals  

Table 2.2 | List of kits and chemicals 

 Kit / Chemical Catalogue # Company 

P
ro

te
in

 t
e

c
h

n
iq

u
e

s 

cOmplete™, EDTA-free Protease Inhibitor Cocktail 11873580001 Roche 

PhosSTOP EASYpack 04906845001 Roche 

Protein A agarose P2545 Sigma Aldrich (Merk) 

GFP-Trap®_A gta-20 ChromoTek 

Myc-Trap®_A yta-20 ChromoTek 

Binding Control Agarose bab-20 ChromoTek 

DC Protein Assay  
     Reagent A 
     Reagent B 
     Reagent S 

 
500-0113 
500-0114 
500-0115 

Bio-rad Laboratories 

PageRuler™ Prestained Protein Ladder 26616 Thermo Scientific™ 

Amersham™ Protran™ 0.2 µm NC 10600004 
GE Healthcare Life 
Sciences 

Whatman™ chromatography paper, 3 mm 3030-672 
GE Healthcare Life 
Sciences 

Bovine Serum Albumin Fraction V (protease free) 5479 Sigma Aldrich (Merk) 

D
N

A
 t

e
c

h
n

iq
u

e
s 

Phenol solution bp1751 Fisher Scientific 

Proteinase K P8107S Roche 

RNeasy® Mini Kit 74104 Qiagen 

Deoxyribonuclease I, Amplification Grade 18068-015 Invitrogen™ 

SuperScript II RT 18064-014 Invitrogen™ 

dNTPs Mix (10mM) R0191 Thermo Scientific™ 

GoTaq Taq Hot Start Polymerase M5005 Promega 

Phusion High Fidelity DNA Polymerase  F530S Thermo Scientific™ 

Quick change XL Mutagenesis kit 200521-5 Agilent technologies 

T4 ligase EL0011 Thermo Scientific™ 

T4 kinase  18004-010 Invitrogen™ 

Lambda protein phosphatase P0753S New England BioLabs 

Alkaline Phosphatase, Calf Intestinal (CIP)  M0290S New England BioLabs 

Restriction enzymes Various New England BioLabs 

T7 endonuclease I M0302S New England BioLabs 

NucleoSpin Gel and PCR Clean-up  740609250 Macherey Nagel 

SYBR™ Safe DNA Gel Stain S33102 Invitrogen™ 

Gel Loading Dye Purple (6X) B7024S New England BioLabs 

Quick-Load Purple 100bp DNA Ladder N0551 New England BioLabs 

Quick-Load Purple 1kb DNA Ladder N0468 New England BioLabs 



Page | 53  
 

Quick-Load Purple 2-Log DNA Ladder N0469 New England BioLabs 

GeneJET Plasmid Miniprep Kit k0503 Thermo Scientific™ 

NucleoBond® Xtra Midi 740410.50 Macherey-Nagel 

M
ic

ro
s-

c
o

p
y Hoechst 33342 H3570 Invitrogen™ 

Prolong Gold mounting medium p36930 Invitrogen™ 

 

2.1.2.2 Antibodies 

2.1.2.2.1 Primary antibodies 

Table 2.3 | List of primary antibodies 

IF: immunofluorescence; WB: Western Blot. 

Antibody 
Host 

species 
Clonality 

Applications 

& dilutions 
Supplier 

Anti-AMOT  Rabbit Monoclonal WB (1:1000) Cell Signaling Technology  

(D2O4H #433130) 

Anti-β-tubulin Mouse Polyclonal WB (1:5000) Sigma-Aldrich (M8064) 

Anti-Flag Mouse  Monoclonal IF (1:1000) 

IP (1:500) 

WB (1:500) 

Sigma-Aldrich (F1804) 

Anti-GFP Rabbit Polyclonal WB (1:2000) Gift from Andrew Peden (custom made) 

Anti-GFP Rabbit Polyclonal WB (1:2000) InvitrogenTM (A-11122) 

Anti-MAGI-1 Rabbit Polyclonal IF (1:250) 

WB (1:500) 

Sigma-Aldrich (M5691) 

Anti-MAGI-2 Mouse Polyclonal WB (1:200) Santa Cruz Biotechnology (sc-517008) 

Anti-MAGI-3 Mouse Polyclonal WB (1:200) Santa Cruz Biotechnology (sc-136471) 

Anti-Myc (9E10) Mouse Monoclonal WB (1:1000) Acro Biosystems (MYC-MMYCc) 

Anti-Myc (A-14) Rabbit Polyclonal IF (1:40) Santa Cruz Biotechnologies (SC-789) 

Anti-PhosphoYAP 

Ser127 

Rabbit Polyclonal  WB (1:1000) Cell Signaling Technology (#4911) 

Anti-PTPN14 Rabbit Monoclonal WB (1:500) Cell Signaling Technology  

(D5T6Y #13808) 

Anti-YAP Rabbit Polyclonal IF (1:250) 

WB (1:1000) 

Cell Signaling Technology (#4912) 

Anti-YAP/TAZ Mouse Monoclonal  IF (1:200)  

WB (1:200) 

Santa Cruz Biotechnology (sc-101199) 

Anti-ZO-1 (1A12) Mouse Monoclonal IF (1:100) InvitrogenTM (33-9100) 

 

 

2.1.2.2.2 Secondary antibodies 

Table 2.4 | List of secondary antibodies 

IF: immunofluorescence; WB: Western Blot. 
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Antibody Applications  

& dilutions 

Supplier 

Donkey anti-rabbit IgG (H+L) Alexa Fluor® 488 IF (1:500) ThermoFisher Scientific (A-11034) 

Goat anti-mouse IgG (H+L) Alexa Fluor® 488 IF (1:500) ThermoFisher Scientific (A-11001) 

Donkey anti-rabbit IgG (H+L) Alexa Fluor® 568 IF (1:500) ThermoFisher Scientific (A-11011) 

Donkey anti-mouse IgG (H+L) Alexa Fluor® 568 IF (1:500) ThermoFisher Scientific (A-11004) 

Donkey anti-rabbit IgG (H+L) Alexa Fluor® 594 IF (1:500) ThermoFisher Scientific (A-11012) 

Donkey anti-mouse IgG (H+L) Alexa Fluor® 594 IF (1:500) ThermoFisher Scientific (A-11005) 

Goat anti-mouse IgG (H+L) Alexa Fluor® 647 IF (1:500) ThermoFisher Scientific (A-21235) 

Donkey anti-rabbit IgG (H+L) Alexa Fluor® 680 WB (1:10 000) ThermoFisher Scientific (A-21109) 

DyLightTM 800 4X PEG conjugate anti-mouse IgG (H + L)  WB (1:10000) ThermoFisher Scientific (SA5-35521) 

 

2.1.2.3 Primers 

All primers were purchased from Sigma-Aldrich. 

2.1.2.3.1 Cloning 

All primers were designed by myself as described in Section 2.2.3.1.  

Table 2.5 | List of cloning primers 

Tm: Melting temperature of the entire primer as predicted by the Multiple Primer Analyzer webtool from 

ThermoFisher Scientific.  

 
No 

Primer name Sequence 5'-3' 
Length 

(bp) 

Tm 

(°C) 

1 mMAGI-1B Δ(N-ter-Guk) NotI FWD 
ATATATAGCGGCCGCTGGCATAGTCCACCCGGAGAAT

GAG  
40 83.9 

2 mMAGI-1B Δ(N-ter-Guk) XbaI REV GCGCGTCTAGATTCACTTCCGGAACACCTTGTGCAC  36 83.2 

3 mMAGI-1B WW1-WW2 NotI FWD 
ATATAGCGGCCGCTGGCATAGTCCACCCGGAGAATG

AG  
38 84.8 

4 mMAGI-1B WW1-WW2 XbaI REV GCGGCGTCTAGATTCACACAACAGATGCATGATCCTC 37 82.1 

5 mMAGI-1B WW1 NotI FWD  ATGCTAAGCGGCCGCTTACCTACCTCTTTCTGCAGAG 37 80.5 

6 mMAGI-1B WW2 NotI FWD  ATATAAAGCGGCCGCTCAGCAGAAGCCTCTGGAAGAA 37 81.9 

7 mMAGI-1B WW1 XbaI REV GGGGGCTCTAGATTCATTCTTCCAGAGGCTTCTGCTG 37 80.9 

8 
mMAGI-1B WW2 XbaI REV GGGCGGGTCTAGATTCACTGTTCAAGCTGTTTCTTCC

G 

38 82 

9 mMAGI-1B FL BamHI FWD GCAGGATCCTCGAAAGTGATCCAGAAGAAG 30 74.8 

10 mMAGI-1B FL EcoRI REV GCAGAATTCCTCACTTCCGGAACACCTTGT 30 76.3 

11 mMAGI-1B WW1-2 5'P FWD [Phos]AAGAAACAGCTTGAACAGCAG 21 61.2 

12 mMAGI-1B WW1-2 5'P REV [Phos]GTACTGAGGGAACTTCTGAGA 21 57.5 

13 mMAGI-1B WW1 5'P FWD [Phos]CAGAAGCCTCTGGAAGAATGT 21 62.3 

14 mMAGI-1B WW2 5'P REV [Phos]ACATTCTTCCAGAGGCTTCTG 21 62.3 

15 mMAGI-1B WW1 EcoRI REV  GCAGAATTCCTGAGTACTGAGGGAACTTCTGAGA 34 74.5 
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16 mMAGI-1B WW2 BamHI FWD GCAGGATCCAAGAAACAGCTTGAACAGCAG 30 76.2 

17 mMAGI-1B PDZ2 BamHI FWD GCAGGATCCCCACTGGAGAGGAAAGACAGC 30 79.3 

18 PX459 Puro PacI FWD CGCTTAATTAAGTGATGACCGAGTACAAGCCCAC 34 75.5 

19 PX459 Puro BstBI REV GCATTCGAAAATTCTCAGGCACCGGGC 27 79.1 

20 pcDNA3.1(+) ΔNeoR BstBI FWD GCATTCGAAATGACCGACCAAGC 23 72.3 

21 pcDNA3.1(+) ΔNeoR PacI REV GCATTAATTAAACGATCCTCATCCTGTCTCTT 32 70.2 

22 hMAGI-1Aαβ1 Δα 5'P FWD [Phos]CTACCAGATTACCAGGAACAGG 22 61.3 

23 hMAGI-1Aαβ1 Δα 5'P REV [Phos]TCGGTTTTCATACATGCTC 19 58.7 

24 hMAGI-1αβ1 overlap FWD_A TCCAAAGTGATCCAGAAGAAGAACC 25 67.3 

25 hMAGI-1αβ1 overlap FWD_A KpnI GCGGGTACCTCCAAAGTGATCCAGAAGAAGAACC 34 78.6 

26 hMAGI-1αβ1 overlap REV_B CCACCATTCTTAATCAGTTCTATAGCTCG 29 67.1 

27 hMAGI-1Cβ1 overlap FWD_C CGAGCTATAGAACTGATTAAGAATGGTGG 29 67.1 

28 hMAGI-1Cβ1 overlap REV_D TCAGATACTGAGGTCGGTGCTAC 23 64.3 

29 hMAGI-1Cβ1 overlap REV_D EcoRI GCAGAATTCATCAGATACTGAGGTCGGTGCTAC 33 74.6 

30 GFP-hMAGI-1Cβ1 HindIII FWD ATGAAGCTTTCGCCACCATGG 21 70.2 

31 GFP-hMAGI-1Cβ1 EcoRI REV ATGGAATTCATCAGATACTGAGGTCGGT 28 69.9 

32 hPTPN14 FL EcoRI FWD GGAGAATTCTGCCTTTTGGTCTGAAGCTC 29 73.2 

33 hPTPN14 FL NotI REV GCAGCGGCCGCTTAAATGAGTCTGGAGTTTTG 32 80.1 

 

2.1.2.3.2 Mutagenesis 

Mutagenesis primers were designed using the web-based QuikChange Primer Design Program 

(www.agilent.com/genomics/qcpd). 

Table 2.6 | List of mutagenesis primers 

No Primer name Sequence 5'-3' 
Length 

(bp) 

Tm 

(°C) 

1 hMAGI-1Cβ Mini4 muta FWD ACGGCTCAGTACCAGAATATGACCCCAGCAG 31 77.3 

2 hMAGI-1Cβ Mini4 muta REV CTGCTGGGGTCATATTCTGGTACTGAGCCGT 31 77.3 

 

2.1.2.3.3 Sequencing  

Sequencing primers were designed by myself unless otherwise stated. 

Table 2.7 | List of sequencing primers 

(*) Primers from the Erdmann library. (~) Primers from the Core Genomic Facility of the University of Sheffield. 

No Primer name Sequence 5'-3' Length (bp) 

1 mMAGI-1B SEQ1 GTCCACCCGGAGAATGAGGAGG 22 

2 mMAGI-1B SEQ2 GATGGTCCTGCCGCACTGGATG 22 

3 mMAGI-1B SEQ3 GCCTGCACACTGCGTCCCCG 20 

http://www.agilent.com/genomics/qcpd
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4 mMAGI-1B SEQ4 GGGGAGAACGAGGGCTTTGGG 21 

5 mMAGI-1B SEQ5 CTTGGAGTCCAGTTACCCACC 21 

6 mMAGI-1B SEQ6 GTAGCACCGACCTCAGCATC 20 

7 hMAGI-1Cβ1 SEQ1 CTTTACAGCAGCCGATTCTGG 21 

8 hMAGI-1Cβ1 SEQ2 TCCTGCTGCATTGGATGGCA 20 

9 hMAGI-1Cβ1 SEQ3 ACAGCACACAGGTGCTCCCCG 21 

10 hMAGI-1Cβ1 SEQ4 CTGACCGCTGTGGCAAGCTG 20 

11 hMAGI-1Cβ1 SEQ5  AACTGATTAAGAATGGTGGC 20 

12 hPTPN14 SEQ1 GCATTTTCTTTATGGGGATTTTC 23 

13 hPTPN14 SEQ2 GTACAGCCAACCGGAGATGCG 21 

14 hPTPN14 SEQ3 GTACAGTGCCCAGCTGCAGGCG 22 

15 EGFP 5' FWD (*) GTCCGCCCTGAGCAAAGACCC 21 

16 CMV primer FWD (*) CGCAAATGGGCGGTAGGCGT 20 

17 T7 FWD (~) TAATACGACTCACTATAGGG 20 

18 bGH REV (~) TAGAAGGCACAGTCGAGG 18 

19 hMAGI-1 Exon1 CRISPR FWD1-2 TGTTTCTCCCATGAACAAGCG 21 

20 hMAGI-1 Exon1 CRISPR REV1-2 GGAGGGAAGCAGGAAATCGAG 21 

21 hMAGI-2 Exon5 CRISPR FWD4-9 GACGAGTGAAAGGAGAGCTCA 21 

22 hMAGI-2 Exon5 CRISPR REV4-9 CGCCCTTCTCTGTATAGGCC 20 

23 hMAGI-3 Exon1 CRISPR FWD5-6 AGACGCTGAAGAAGAAGAAGCA 22 

24 hMAGI-3 Exon1 CRISPR REV5-6 GTCTTGAGACGGATGGGCTC 20 

25 U6 primer FWD (*) GACTATCATATGCTTACCGT 20 

 

2.1.2.4 siRNAs 

Table 2.8 | List of siRNAs 

No 
siRNA target  

[name in thesis] 
Sequence 5'-3' or catalogue number Source 

1 
Silencer® Negative Control #1 

siRNA Ambion [Scr siRNA] 
AM4611 Applied Biosystems 

2 hMAGI-1Cβ [siMAGI-1] CCCAAGCAACACAGGAGCAAGATTT (302) 

 

2.1.2.5 sgRNAs 

Table 2.9 | List of sgRNAs 

No sgRNA name Sequence 5'-3' Length (bp) 

1 hMAGI-1 Exon1 G1 BbsI Top CACCGGGAGTTTCCGTACGTCGGAG 25 

2 hMAGI-1 Exon1 G1 BbsI Bottom AAACCTCCGACGTACGGAAACTCCC 25 

3 hMAGI-1 Exon1 G2 BbsI Top CACCGTTGCCCCGCTATGACGTGCT 25 
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4 hMAGI-1 Exon1 G2 BbsI Bottom AAACAGCACGTCATAGCGGGGCAAC 25 

5 hMAGI-2 Exon5 G9 BbsI Top CACCGGCTGACTGTACACTGGTGC 24 

6 hMAGI-2 Exon5 G9 BbsI Bottom AAACGCACCAGTGTACAGTCAGCC 24 

7 hMAGI-2 Exon5 G4 BbsI Top CACCGCAGACCCATTGCCTGATAAC 25 

8 hMAGI-2 Exon5 G4 BbsI Bottom AAACGTTATCAGGCAATGGGTCTGC 25 

9 hMAGI-3 Exon1 G5 BbsI Top CACCGGACTTCGGCGCGGAGATCCG 25 

10 hMAGI-3 Exon1 G5 BbsI Bottom AAACCGGATCTCCGCGCCGAAGTCC 25 

11 hMAGI-3 Exon1 G6 BbsI Top CACCGGTAAACGGGACGCCTGTCAG 25 

12 hMAGI-3 Exon1 G6 BbsI Bottom AAACCTGACAGGCGTCCCGTTTACC 25 

 

2.1.2.6 Expression vectors 

Table 2.10 | List of expression constructs 

GOI: Gene of interest. 

No Plasmid name Source and description 

Vector 

size 

(bp) 

GOI 

Segment 

(bp) 

1 
pcDNA3.1(+) 

EGFP 

pcDNA3.1(+) plasmid with EGFP tag inserted between HindIII 

& KpnI sites 

From the library of the Erdmann Lab 

6167  

2 
pcDNA3.1(+) 

3xFlag 

pcDNA3.1(+) plasmid with 3xFlag tag inserted between EcoRI 

& NotI sites 

From the library of the Erdmann Lab 

5496  

3 pcDNA3.1(+) myc 

pcDNA3.1(+) plasmid with myc tag inserted between HindIII & 

KpnI sites 

From the library of the Erdmann Lab 

5491  

4 
pFN21A HaloTag-

hMAGI-1Aαβ 
Purchased from Promega 8479 (1-3774) 

5 
pcDNA3 2xFlag-

mMAGI-1B 

1432 pcDNA3 flag MAGI1c construct purchased from Addgene 

(Addgene plasmid # 10714 ; http://n2t.net/addgene:10714 ; 

RRID:Addgene_10714) (280) 

Mouse MAGI1 fused to an N-ter 2xFlag tag 

Advertised as Flag-mMAGI-1C but after reception of the 

plasmid, sequencing data showed that it was actually mMAGI-

1B followed by 3' UTR 

9836 (4-3516) 

6 

pcDNA3.1(+) 

3xFlag mMAGI-1B 

ΔN-ter & ΔC-ter 

Cloning of mMAGI-1B middle part (691-3252) into 

pcDNA3.1(+) 3xFlag without the N-ter part (4-690) or the C-

ter part (3253-3516) using primers #1 & #2 from Table 2.5 

8037 
(691-

3252) 

7 

pcDNA3.1(+) 

3xFlag mMAGI-1B 

WW1-WW2 

Cloning of mMAGI-1B WW1 & WW2 domains (691-1239) into 

pcDNA3.1(+) 3xFlag using primers #3 & #4 from Table 2.5 
6038 

(691-

1239) 

8 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

WW1-2 

Cloning of mMAGI-1B WW1 & WW2 domains (868-1170) into 

pcDNA3.1(+) EGFP using primers #5 & #6 from Table 2.5 
6464 868-1170 

9 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

WW1 

Cloning of mMAGI-1B WW1 domain (868-1031) into 

pcDNA3.1(+) EGFP using primers #5 & #7 from Table 2.5 
6323 868-1031 
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10 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

WW2 

Cloning of mMAGI-1B WW2 domain (1009-1170) into 

pcDNA3.1(+) EGFP using primers #6 & #8 from Table 2.5 
6323 1009-1170 

11 
pcDNA3.1(+) 

EGFP-mMAGI-1B 

mMAGI-1B FL (4-3516) recloned in pcDNA3.1(+) EGFP using 

primers #9 & #10 from Table 2.5 
9656 (4-3564) 

12 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

ΔWW1 

Deletion of WW1 domain (Δ871-1011) from pcDNA3.1(+) EGFP-

mMAGI-1B construct using primers #13 & #12 from Table 2.5 
9515 

Δ(871-

1011) 

13 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

ΔWW2 

Deletion of WW2 domain (Δ1033-1152) from pcDNA3.1(+) 

EGFP-mMAGI-1B construct using primers #11 & #14 from 

Table 2.5 

9536 
Δ(1033-

1152) 

14 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

ΔWW1-2 

Deletion of WW1 domain (Δ871-1152) from pcDNA3.1(+) EGFP-

mMAGI-1B construct using primers #11 & #12 from Table 2.5 
9374 

Δ(871-

1152) 

15 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

N1 

Cloning of mMAGI-1B N-ter-GuK (4-870) into pcDNA3.1(+) 

EGFP using primers #9 & #15 from Table 2.5 
7013 4-870 

16 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

C2 

Cloning of mMAGI-1B PDZ1-5 domains (1153-3516) into 

pcDNA3.1(+) EGFP using primers #16 & #10 from Table 2.5 
8507 1153-3516 

17 

pcDNA3.1(+) 

EGFP-mMAGI-1B 

C3 

Cloning of mMAGI-1B PDZ3-5 domains (2140-3516) into 

pcDNA3.1(+) EGFP using primers #17 & #10 from Table 2.5 
7520 2140-3516 

18 
pcDNA3.1(+) myc 

PuroR 

PuroR gene cloned from PX459 vector using primers #18 & 

#19 (from Table 2.5) and pcDNA3.1(+) Myc ΔNeoR cloned 

using primers #20 & #21 (from Table 2.5) were ligated 

together to generate pcDNA3.1(+) Myc PuroR vector 

5287  

19 

pcDNA3.1(+) 

EGFP-hMAGI-

1Cβ1 NeoR 

pcDNA3.1(+) vector containing the hMAGI-1Cβ1 isoform found 

in epithelial tissues. The cloning steps are listed below and 

described in Annex 1:  

STEP1: Deletion of the α region (2422-2508) from pFN21A 

HaloTag-hMAGI-1Aαβ1 and replacing it with a Leu (CTA) using 

primers #22 & #23 from Table 2.5 

STEP2: Amplification of hMAGI-1β1 (excluding the C-ter 

isoform A) 4-Δ(2422-2508)-3674 using primers #24 & #26 

(Product AB) from Table 2.5 

STEP3: Amplification of endogenous hMAGI-1Cβ C-ter (3562-

4398) from DLD-1 WT cDNA using primers #27 & #28 

(Product CD <=> hMAGI-1Cβ1) from Table 2.5 

STEP4: Overlapping PCR to join the AB & CD fragments to 

obtain AD using primers #25 & #29 from Table 2.5 

STEP5: Ligate hMAGI-1Cβ1 into pcDNA3.1(+) EGFP 

10526 (4-4398) 

20 

pcDNA3.1(+) 

EGFP-hMAGI-

1Cβ1 PuroR 

Recloning of EGFP-hMAGI-1 into pcDNA3.1(+) PuroR 

(pcDNA3.1(+) myc PuroR digested to exclude myc-tag) using 

primers #30 & #31 from Table 2.5 

10333 (4-4398) 

21 
pcDNA3  

V5-hPTPN14 WT 

pcDNA3-V5-PTPN14-wild type purchased from Addgene 

(Addgene plasmid # 61003 ; http://n2t.net/addgene:61003 ; 

RRID:Addgene_61003) (75) 

Human PTPN14 fused with a N-terminal V5 tag 

9035 (1-3564) 

22 

pcDNA3  

V5-hPTPN14 

PPxY mutant 

pcDNA3-V5-PTPN14-PPxY purchased from Addgene 

(Addgene plasmid # 61006 ; http://n2t.net/addgene:61006 ; 

RRID:Addgene_61006) (75) 

V5-PTPN14 where the PPPY (567-570) & PPEY (749-752) 

proline-rich motifs are mutated to alanines (AAAA) 

9035 (1-3564) 
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23 

pcDNA3.1(+) 

myc-hPTPN14 

WT 

hPTPN14 WT (4-3564) recloned in pcDNA3.1(+) Myc using 

primers #32 & #33 from Table 2.5 
9034 (4-3564) 

24 

pcDNA3.1(+) 

myc-hPTPN14 

PPxY mutant 

hPTPN14 WT (4-3564) recloned in pcDNA3.1(+) Myc using 

primers #32 & #33 from Table 2.5 
9034 (4-3564) 

25 
pSpCas9(BB)-

2A-GFP (PX458) 

pSpCas9(BB)-2A-GFP (PX458) purchased from Addgene 

(Addgene plasmid # 48138 ; http://n2t.net/addgene:48138 ; 

RRID:Addgene_48138) (303) 

Human codon-optimized Cas9 fused to a nuclear localisation 

sequence to ensure its targeting to the nucleus and an EGFP 

sequence separated by a T2A sequence that will be cleaved 

during translation to generate two separate polypeptides. 

sgRNA cloning site delimited by two BbsI sites ahead of the 

gRNA scaffold sequence. 

9288  

26 
pSpCas9(BB)-

2A-Puro (PX459) 

Gift from Andrew Peden  

Same as for pSpCas9(BB)-2A-GFP (PX458) but the selection 

marker is a puromycin resistance gene. 

9175  

27 
PX458-sgRNA1 

(hMAGI-1 Exon1) 

sgRNA1 (G1) targeting hMAGI-1 Exon1 (#1 & #2 from Table 

2.9) cloned into PX458 Cas9-GFP vector using BbsI enzyme 

(see Section 2.2.4.2 for protocol) 

9291  

28 
PX458-sgRNA2 

(hMAGI-1 Exon1) 

sgRNA2 (G2) targeting hMAGI-1 Exon1 (#3 & #4 from Table 

2.9) cloned into PX458 Cas9-GFP vector using BbsI enzyme 

(see Section 2.2.4.2 for protocol) 

9291  

29 
PX459-sgRNA9 

(hMAGI-2 Exon5) 

sgRNA9 (G9) targeting hMAGI-2 Exon5 (#5 & #6 from Table 

2.9) cloned into PX459 Cas9-PuroR vector using BbsI enzyme 

(see Section 2.2.4.2 for protocol) 

9178  

30 
PX459-sgRNA4 

(hMAGI-2 Exon5) 

sgRNA4 (G4) targeting hMAGI-2 Exon5 (#7 & #8 from Table 

2.9) cloned into PX459 Cas9-PuroR vector using BbsI enzyme 

(see Section 2.2.4.2 for protocol) 

9178  

31 
PX459-sgRNA5 

(hMAGI-3 Exon1) 

sgRNA5 (G5) targeting hMAGI-3 Exon1 (#9 & #10 from Table 

2.9) cloned into PX459 Cas9-PuroR vector using BbsI enzyme 

(see Section 2.2.4.2 for protocol) 

9178  

32 
PX459-sgRNA6 

(hMAGI-3 Exon1) 

sgRNA6 (G6) targeting hMAGI-3 Exon1 (#11 & #12 from Table 

2.9) cloned into PX459 Cas9-PuroR vector using BbsI enzyme 

(see Section 2.2.4.2 for protocol) 

9178  

 

2.1.2.7 Mammalian cell lines 

Table 2.11 | List of mammalian cell lines  

Name Description 

HEK293 Human embryonic kidney cell line (304,305) 

Supplier: ECACC (ECACC 85120602) 

Caco-2 Human colorectal adenocarcinoma epithelial cell line (306) 

Supplier: ATCC (Caco2 [Caco2] (ATCC® HTB37™)) 

DLD-1 Human colon, Dukes’ type C, colorectal adenocarcinoma epithelial cell line 

DLD-1 is one of the two cell lines isolated by Daniel L. Dexter (307,308) 

Supplier: ATCC (DLD1 (ATCC® CCL221™)) 

MDCKII Madin-Darby Canine Kidney epithelial cell line  

Supplier: ECACC (ECACC 00062107) 

Details about cell culture can be found in Section 2.2.1. 
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Table 2.12 | List of reagents used for cell culture   

DMEM DMEM (1X) + GlutaMAXTM-I - Dulbecco’s Modified Eagle Medium 

[+] 4.5g/L D-glucose 

[+] Pyruvate 

Supplier: Gibco®, Life TechnologiesTM (10569010) 

MEM MEM (1X) - Minimun Essential Medium 

[+] Earle’s Salts 

[+] L-Glutamine 

Supplier: Gibco®, Life TechnologiesTM (11095080) 

RPMI RPMI-1640 Medium (1X)  

[+] L-Glutamine 

[+] NaHCO3 

Supplier: Sigma-Aldrich® (R8758-500ML) 

OPTI-MEM Opti-MEMTM I (1X) - Reduced Serum Medium 

[+] L-Glutamine 

[+] HEPES 

[-] Phenol Red 

Supplier: Gibco®, Life TechnologiesTM (11058021) 

FBS Fetal Bovine Serum, qualified, heat inactivated, E.U.-approved, South America Origin 

Supplier: Gibco®, Life TechnologiesTM (10500064) 

Pen/Strep Penicillin-Streptomycin (5,000U/mL) (100X) 

5000units/mL of penicillin  

5000µg/mL of streptomycin 

Supplier: Gibco®, Life TechnologiesTM (15070063) 

Trypsin Trypsin-EDTA (0.05%), Phenol red (1X) 

Supplier: Gibco®, Life TechnologiesTM (25300062) 

LipofectamineTM 2000 Lipofectamine™ 2000 Transfection Reagent 

Supplier: Invitrogen™, Fisher Scientific (11668019) 

Poly-L-lysine Poly-L-Lysine solution (0.1% (w/v) in H2O) 

Supplier: Sigma-Aldrich® (P8920) 

Puromycin Supplier: Santa Cruz Biotechnologies (sc-108071) 

 

2.1.2.8 Bacteria  

Table 2.13 | List of bacteria strain and reagents used for bacteria culture   

Strain Description 

E.coli NovaBlue 

(XL1) 

K-12 strain of competent cells used for DNA cloning applications 

Genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAB lacIqZΔM15 Tn10 (TetI)] 

Supplier: Stratagene GmbH, Heidelberg, Germany 

Reagents Description / Recipe 

LB medium 10g/L Peptone  

5g/L Yeast extract  

10g/L NaCl  

up to 1L ddH2O 

LB agar plates 15g/L agar in LB medium 

Supplemented with: 

        100µg/mL Ampicillin  
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2.2 Methods 

2.2.1 Cell culture methods 

2.2.1.1 Cell lines and culture conditions 

Table 2.14 | Summary of mammalian cell lines and culture conditions   

Cell line Organism Tissue  Morphology Complete growth medium 

HEK293 Human Embryonic kidney Epithelial 

Adherent 
DMEM-GlutaMAX + 10% FBS + 1% P/S 

MDCKII Dog Kidney Epithelial 

Adherent 

Caco-2 Human Colon Epithelial 

Adherent 

MEM + 10% FBS + 1% P/S + 1x NEAA 

DLD-1 Human Colon Epithelial 

Adherent 

RPMI-1840 + 10% FBS + 1% P/S 

 

2.2.1.2 Subculture procedure 

Table 2.15 | Subculture procedure for mammalian cell lines  

Cell line PBS 1X Trypsin 1X Incubation 

at 37°C  

Complete 

medium 

Centrifugation Passaging 

ratios 

HEK293 7mL 1mL 1min  9mL 320xg for 3min 1:10 

MDCKII 7mL 2mL 5min 8mL 320xg for 3min 1:10 

Caco-2 7mL 2mL 5min 8mL 320xg for 3min 1:4-1:8 

DLD-1 7mL 2mL 5min 5-8mL 130xg for 5min 1:10 

 

Cells were cultured in 10cm dishes (DLD-1 cells) or T-75 flasks (HEK293, Caco-2 and 

MDCK cells) in an incubator at 37°C with 5% CO2. Once cells reached 70-90% confluency, they 

were passaged as follow. First, medium was discarded and cells were washed once with PBS 

1X to remove traces of serum that could inhibit the action of the trypsin. Trypsin was added to 

the cells and the dish was placed back in the incubator to allow cells to detach. Dispersion of 

the cell layer was checked after a few minutes under an inverted microscope. Once cells were 

detached, complete medium was added to stop the action of trypsin and cells were 

resuspended by gently pipetting up and down. The suspension was centrifuged at the speed 

indicated in Table 2.15 to pellet cells. Supernatant was gently discarded and cells were then 

resuspended in 1mL of complete medium. The appropriate ratio of cells was pipetted into the 

new culture vessel (See Table 2.15) in 10mL of compete growth medium. The cell suspension 

inside the new vessel was gently homogenize to favour uniform growth. 
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2.2.1.3 Cryopreservation 

2.2.1.3.1 Freezing 

Cells were treated as for subculturing. After the centrifugation step, the cell pellet was 

resuspended in cold freezing medium (90% complete medium + 10% DMSO; 90% FBS + 10% 

DMSO for DLD-1 cells). Cells cultured in 10cm dishes or in T-75 flasks were aliquoted in two 

cryovials. To ensure a slow freezing process, vials were first kept at -20°C for 2hrs and were 

then transferred to -80°C for at least 24hrs. For long-term storage, vials were kept in liquid 

nitrogen. 

 

2.2.1.3.2 Thawing 

Vials of cells were retrieved from liquid nitrogen and transported in dry ice. Vials were 

placed in a water bath at 37°C for 3-5min to thaw. Cells were resuspended in 9mL of pre-

warmed complete medium and centrifuged (See Table 2.15). The supernatant was carefully 

discarded and cells were resuspended in 10mL of complete medium and transferred to the 

vessel of choice (10cm dish or T-75). Cells were allowed the attach overnight in the incubator 

at 37°C, 5% CO2. The next day (or after 48hrs for Caco-2), fresh medium was applied to the 

cells to remove all traces of DMSO and dead cells. 

 

2.2.1.4 Cell counting and seeding 

Cells were treated as for subculturing. After the centrifugation step, the cell pellet was 

resuspended in 10mL of complete medium. Cells were counted using the Neubauer counting 

chamber (Hemocytometer) under an inverted microscope. Depending on the cell line and on 

the application, cells were seeded as indicated in Table 2.16. 

Table 2.16 | Mammalian cells seeding densities 

Cell line 6-well plate 12-well plate Density assay 

HEK293 2.5x105cells/well 1x105cells/well 

See Section 2.2.6.2 Caco-2 / 1.5x105cells/well 

DLD-1 3x105cells/well 1.5x105cells/well 

 

2.2.1.5 Transfection protocol 

One day prior to transfection (two days for Caco-2 cells as they require more time to 

attach properly), cells were seeded at the densities described previously (Table 2.16). Cells 

were allowed to attach to the dish for at least 24hrs and were then transfected using 
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LipofectamineTM 2000 following manufacturer’s instructions. The amounts of reagents used 

are recapitulated in Table 2.17. 

Table 2.17 | Transfection protocols for mammalian cell lines  

The amount of DNA (Example for HEK293 cells: 1µg) indicated represent the total amount; if co-transfection of two 

plasmids: 1:1 mass ratio; if co-transfection of three plasmids: 1:1:1 mass ratio. P/S: Penicillin/Streptomycin 

DNA transfection 

HEK293 2.5x105cells/well in 6-well plate 
{
150μL of OPTIMEM + 2.5μL of Lipofectamine
150μL of OPTIMEM + 1μg of DNA                      

 

In growth medium without P/S  

Medium changed for complete medium after 24hrs 

Protein expression was assessed after 48hrs 

DLD-1  3x105cells/well in 6-well plate 
{
150μL of OPTIMEM + 5μL of Lipofectamine
150μL of OPTIMEM + 2μg of DNA                   

 

In growth medium without P/S  

Medium changed for complete medium after 24hrs 

Protein expression was assessed after 48hrs 

siRNA transfection 

HEK293 1x105cells/well in 12-well plate 
{
125μL of OPTIMEM + 2.5μL of Lipofectamine
125μL of OPTIMEM + 50pmoles of siRNA       

 

In growth medium without P/S  

Medium changed for complete medium after 24hrs 

Knockdown efficiency was assessed after 72hrs 

Caco-2 1.5x105cells/well in 12-well plate Day1: 

{
125μL of OPTIMEM + 2.5μL of Lipofectamine
125μL of OPTIMEM + 50pmoles of siRNA       

 

In growth medium without P/S  

Day2: 

Changed for complete medium 

Day3: 

{
125μL of OPTIMEM + 2.5μL of Lipofectamine
125μL of OPTIMEM + 50pmoles of siRNA       

 

In growth medium without P/S  

Day4: 

Changed for complete medium 

Day5: 

Knockdown efficiency was assessed after 96hrs 

DLD-1 1.5x105cells/well in 12-well plate Day1: 

{
125μL of OPTIMEM + 2.5μL of Lipofectamine
125μL of OPTIMEM + 50pmoles of siRNA       

 

In growth medium without P/S  

Day2: 

Changed for complete medium 

Day3: 

{
125μL of OPTIMEM + 2.5μL of Lipofectamine
125μL of OPTIMEM + 50pmoles of siRNA       

 

In growth medium without P/S  

Day4: 

Changed for complete medium 

Day5: 

Knockdown efficiency was assessed after 96hrs 
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2.2.2 Ribonucleic acid methods 

Total RNA was extracted from DLD-1 WT cells and used as a template for reverse 

transcription. The corresponding cDNA was then used to amplify the endogenous MAGI-1 C-

terminus to generate the EGFP-hMAGI-1Cβ1 expression construct (Annex 1). 

 

2.2.2.1 RNA extraction and purification 

2.2.2.1.1 Initial preparation of mammalian cells 

DLD-1 cells were cultured in a 35mm dish until confluency (Table 2.16). At this point, 

cells were collected as described in steps 1-6 of Section 2.2.1.2. The cell pellet was washed once 

in PBS 1x. Cells were once again pelleted at 130xg. Total RNA extraction was performed as 

described below. 

 

2.2.2.1.2 Total RNA extraction 

Prior to working with RNA, bench, pipettes, tubes and gloves were treated with RNAZap®. 

Filtered tips were used as well as freshly autoclaved microcentrifuge and PCR tubes. 

Total RNA was extracted and purified using the Qiagen RNeasy® Mini Kit according to 

manufacturer’s instructions. 

 

2.2.2.2 DNAse I treatment  

RNA purification was completed by DNase I treatment aiming at removing any potential 

gDNA contamination. RNA samples were prepared in duplicates for the reverse transcriptase 

positive and negative controls. 

RNA concentration and purity were assessed by NanoDrop. 

Table 2.18 | DNAse I treatment 

Components Amount 

RNA 1µg 

10X DNase I Reaction Buffer 1µL 

DNase I, Amp Grade (1U/µL) 1µL 

RNase-free water Up to 10µL 

The reaction described in Table 2.18 was prepared in duplicate. Samples were 

incubated for 15min at room temperature. Special care was taken not to exceed 15min of 
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incubation or the indicated temperature as it could result in hydrolysis of the RNA. Then, 1µL 

of EDTA 25mM was added to the reaction. Finally, samples were incubated for 10min at 65°C 

to heat-inactivate the DNase I. 

 

2.2.2.3 Reverse transcription – cDNA synthesis 

Bench, pipettes, tubes and gloves were treated with RNAZap®. Filtered tips were used 

as well as freshly autoclaved microcentrifuge and PCR tubes. 

First-strand cDNA library from DLD-1 cells total RNA was synthesised with the Super-

Script™ Reverse Transcriptase using random hexamers (5’- NNNNNN -3’). Random hexamers 

are a mixture of every possible combination of six bases.  

All steps were performed in a thermocycler. For each sample, a duplicate was prepared 

that was incubated with RNase-free water instead of the reverse transcriptase (-RT). 

Table 2.19 | Reverse transcription  

a, STEP1. b, STEP2. 

a STEP1 +RT -RT `  b STEP2 +RT -RT 

 Random hexamers 

(100µM) 

1µL 1µL    5X First-strand Buffer 4µL 4µL 

 DNase I treated total RNA 11µL 11µL    0.1M DTT 2µL 2µL 

 dNTPs mix (10mM) 1µL 1µL       

First, reactions as described in Table 2.19a were prepared. The mixtures were 

incubated at 65°C for 5min, then, chilled on ice for 2min and spun to collect liquid at the 

bottom of the tube. Afterwards, the components indicated in Table 2.19b were added, 

solutions were mixed gently and tubes were incubated at 25°C for 2min. 1µL (200 units) Super-

Script™ Reverse Transcriptase was added to the +RT tube while 1µL of RNase-free water was 

added to the -RT tube. Solutions were mixed by gently pipetting up and down and incubated 

at 25°C for 10min, then for 1hr at 42°C. The reactions were heat-inactivated by incubating at 

70°C for 15min. The resulting cDNA was aliquoted to avoid degradation through repeated 

freeze-thaw cycles and stored at -20°C. 

Synthesized cDNA was subsequently used to clone hMAGI-1Cβ C-terminus (See Annex 1). 
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2.2.3 Molecular cloning and plasmid preparation 

Molecular cloning was performed by PCR amplification of the region of the gene of 

interest and ligation in the recipient vector using restriction sites. 

 

2.2.3.1 Primer design 

Restriction enzymes selection:  

Restriction sites were selected based on the following criteria: 

 Do not cut the gene or region of the gene being cloned. This was checked using the 

web tool NEBcutter (http://nc2.neb.com/NEBcutter2/), and 

 Are located in the multiple cloning site of the recipient plasmid (and do not cut 

anywhere else). 

Whenever possible, two different restriction sites were used to ensure correct orientation of 

the insert in the recipient vector. 

  

Primer design: 

Primers were designed to contain: 

 18-21 nucleotides annealing to the template DNA, 

 Optional: Start codon (forward primer) and/or Stop codon (reverse primer) if 

needed, 

 Optional: Extra nucleotides to ensure conservation of the open reading frame in the 

recipient plasmid when creating fusion proteins, 

 Specific restriction sites flanked on the 5’ end by extra 3-6 base pairs allowing the 

restriction enzymes (RE) to bind more comfortably and cleave efficiently. 

Overall, the part of the primer that annealed to the template (therefore excluding 

START/STOP codons, RE sites and extra nucleotides) had a 40-60% GC content and a melting 

temperature (Tm) between 50°C and 70°C within 5°C of each other (forward and reverse). 

Secondary structure or primer-dimer formation was checked using ThermoFisher Multiple 

Primer Analyser web tool. 

Primers were purchased lyophilized from Sigma-Aldrich®, reconstituted in ddH20 to a 

concentration of 100µM. For PCR, primers were further diluted in ddH20 to a working 

concentration of 10µM. 

http://nc2.neb.com/NEBcutter2/
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2.2.3.2 Polymerase Chain Reaction 

2.2.3.2.1 Standard PCR 

2.2.3.2.1.1 Phusion® High-Fidelity Polymerase 

DNA fragments required for molecular cloning were amplified by PCR using the Phusion® 

High-Fidelity Polymerase. The high-fidelity feature is obtained by fusion of the DNA-binding 

domain of the polymerase to a Pyrococcus-like proofreading polymerase. Phusion® 

polymerase possesses both 5’→3’ DNA polymerase activity and 3’→5’ exonuclease 

proofreading activity, generating blunt-ended products with very high accuracy. 

Reactions were prepared as shown in Table 2.20. During the optimisation phase, 20µL 

reactions were used; afterwards 50µL reactions were preferred to yield higher amounts of 

amplicon and be able to proceed with subsequent steps. DMSO was added in particular cases 

such as for amplification of large templates (~10kb). 

Table 2.20 | Phusion® High-Fidelity PCR reaction mix 

Components 20µL reaction 50µL reaction 

5X Phusion Green HF Buffer (contains 7.5mM MgCl2 and two dyes, 

yellow and blue, for easy monitoring of gel electrophoresis) 
4µL 10µL 

dNTPs (10mM) 0.4µL 1µL 

Forward primer (10µM) 1µL 2.5µL 

Reverse primer (10µM) 1µL 2.5µL 

Template DNA (plasmid DNA) 5-10ng 20-40ng 

DMSO (Optional) 0.6µL 1.5µL 

Phusion® High-Fidelity Polymerase (2U/µL) 

* Added last 
0.2µL 0.5µL 

ddH20 Up to 20µL Up to 50µL 

Annealing temperature of a given primer-pair was determined using the ThermoFisher Tm 

Calculator web tool.  

Amplification of the DNA fragments was carried out in a thermocycler as follow:  

1. Heat lid to 110°C 

2. Temp. 98.0°C for 30s – initial denaturation 

3. Start cycle, 35x  

a. Temp. 98°C for 10s – denaturation step 

b. Temp. x°C for 30s – annealing step 

c. Temp. 72°C for 30s/kb – extension step 

4. Close cycle 

5. Temp. 72°C for 10min – final extension 

6. Hold at 4°C 
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Following PCR amplification, DNA was purified (See Section 2.2.3.4) before proceeding with 

restriction digestion.  

  

2.2.3.2.1.2 GoTaq® Polymerase 

GoTaq® polymerase was used to amplify small fragments of DNA (< 1kb). Indeed, as a Taq 

DNA polymerase, GoTaq® lacks the 3’→5’ exonuclease proofreading activity and can introduce 

errors if amplifying long fragments. GoTaq® generates DNA amplicons with 3’-end A overhangs. 

Reactions were prepared as shown in Table 2.21.  

Table 2.21 | GoTaq® PCR reaction mix 

gDNA: genomic DNA. * cDNA synthesis reaction mixture from 1µg of total RNA (Should be ≤ 10% of reaction total 

volume). 

Components 20µL reaction 50µL reaction 

5X Green GoTaq® Flexi Buffer (Contains two dyes, yellow 

and blue, for easy monitoring of gel electrophoresis) 
4µL 10µL 

MgCl2 (25mM) 3.2µL 8µL 

dNTPs (10mM) 0.4µL 1µL 

Forward primer (10µM) 1µL 2.5µL 

Reverse primer (10µM) 1µL 2.5µL 

Template DNA: 

a. gDNA  

   or  

b. cDNA 

 

100ng of gDNA 

 

2µL of cDNA* 

 

250ng of gDNA 

 

5µL of cDNA* 

GoTaq® DNA Polymerase (5U/µL) 

* Added last 
0.1µL 0.25µL 

ddH20 Up to 20µL Up to 50µL 

Melting temperature of each primer was determined using the Promega Tm Calculator 

web tool (www.promega.com/biomath). For a specific primer-pair, the annealing temperature 

was chosen, as a rule of thumb, 3°C below the lowest melting temperature. 

Amplification of the DNA fragments was performed in a thermocycler as follow: 

1. Heat lid to 110°C 

2. Temp. 95.0°C for 3min – initial denaturation 

3. Start cycle, 35x  

a. Temp. 95°C for 45s – denaturation step 

b. Temp. x°C for 30s – annealing step 

c. Temp. 72°C for 1min/kb – extension step 

4. Close cycle 

5. Temp. 72°C for 10min – final extension 

http://www.promega.com/biomath
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6. Hold at 4°C 

The number of cycles were increased to 40x for cDNA amplification.  

GoTaq® polymerase was used to amplify the genomic region targeted by the sgRNAs. 

Subsequently, samples were either sent for sequencing (See Section 2.2.4.3.8.1) or PCR 

purified to proceed with T7 assay (See Sections 2.2.3.4.2 and 2.2.4.3.6).   

 

2.2.3.3 Restriction enzyme digestion 

Double restriction enzyme (RE) digestions were used in the cloning procedure to cut 

both recipient plasmid and DNA insert fragment. RE were selected to be cutting within the 

multiple cloning site (mcs) of the recipient plasmid but not within the insert sequence. 

Whenever possible the high-fidelity version of the RE was used in Cutsmart Buffer.  

Optimal conditions (reaction buffer, duration, denaturation conditions…) for the 

digestion were determined using the NEB double digest web tool. Then, the reaction described 

in Table 2.22 was prepared and incubated at 37°C from 1hr, for classic digestions, to overnight 

when digesting large amounts of DNA.  

Recipient vectors were treated with CIP (Calf intestinal alkaline phosphatase) by adding 

1µL directly to the digestion reaction to dephosphorylate the 5’-ends of the DNA and prevent 

re-circularisation of the vector. The solution was incubated for another 30min at 37°C. 

Digested vectors were purified on agarose gel while digested DNA inserts were purified 

by column purification to reduce DNA loss 

Table 2.22 | Restriction enzyme digestion 

The definition states that 1 unit of enzyme is enough to digest 1µg of λ DNA in 1 hour when incubated at 37°C. 

However, to accommodate variability of DNA, it is recommended to increase the enzyme:DNA ratio 5-10 folds. As 

most enzymes from New England Biolabs Inc. have a 20 units/µL concentration, 1µL/µg of DNA to be digested was 

used as a rule of thumb. In any restriction digestion, the amount of glycerol, component of the enzyme storage 

buffer, has to be less than 10% of the total volume to avoid star activity (being <5µL in a 50µL reaction). 

Components Amounts 

10X Reaction Buffer 5µL 

DNA (vector or PCR product) 500ng-4µg 

Restriction enzyme I  

* Added last 
1µL per µg of DNA to digest 

Restriction enzyme II 

* Added last 
1µL per µg of DNA to digest 

ddH20 Up to 50µL 
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Restriction digestions were also performed as diagnostic digests to verify that an insert 

was successfully cloned into the recipient vector (500ng of plasmid). Resulting fragments 

were analysed by gel electrophoresis before resorting to sequencing of the plasmid. 

 

2.2.3.4 DNA purification  

2.2.3.4.1 Agarose gel extraction 

Agarose gel electrophoresis is commonly used to separate DNA fragments by their 

length in base pairs. DNA is negatively charged and will move toward the positive electrode 

when subjected to an electrical current.  

The typical percentage of agarose gels used here was 1% and allowed a good separation of DNA 

fragments ranging from 100bp to 10kb. 

After PCR amplification, PCR products were run on agarose gel for separation and 

isolation of the desired product. To that end, an agarose solution was prepared by adding the 

appropriate amount of agarose powder to TAE buffer 1X (40 mM Tris, 20 mM acetic acid, 1 mM 

EDTA). The solution was then microwaved in 30s increments. During those intervals, the flask 

was swirled to allow homogenisation of the melting. The total microwaving time varied from 

1min to 3min depending on the volume of solution. Once the agarose was completely dissolved 

and the solution was as clear as water, it was allowed to cool down to approximately 50°C. 

SYBR® Safe DNA gel stain was then added to the agarose solution (1:10 000 dilution) to later 

be able to visualize DNA with a UV light. The agarose was poured into the gel tray containing a 

comb, and left to solidify at room temperature for 20-30min. The agarose gel was then placed 

into the electrophoresis kit, submerged with TAE 1X buffer and the comb was delicately 

removed. Next, 6X Purple gel loading dye was added to the DNA samples (except for PCR 

reactions which already have dyes from the buffer). Samples were carefully loaded into every 

other lanes of the agarose gel when purifying DNA to avoid contamination from adjacent 

samples. An appropriate DNA ladder, 100bp, 1kb or 2-log, was added to the gel to be able, later 

on, to assess the size of the DNA fragments. The gel was run at 80-100V until the lower dye line 

is approximately 75-80% through the gel. DNA fragments were visualised using a Blue LED 

Illuminator (GeneFlow, Nippon Genetics Europe, Taiwan). The gel was exposed for as little 

time as possible to minimize DNA damage. The band(s) of interest were excised from the gel 

using a sterile scalpel and the agarose was trimmed as close to the band as possible. Finally, 

DNA was extracted using the NucleoSpin® Gel and PCR clean-up kit (Macherey-Nagel) 

according to manufacturer’s instructions.  
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Agarose gel electrophoresis was also used simply to assess size of DNA fragments 

without subsequent extraction and purification. In that case, gels were imaged using a Gel 

Doc™ EZ System (BioRad). 

 

2.2.3.4.2 Column purification 

To purify DNA from proteins (enzymes), nucleotides, primers, dyes and buffer salts, 

column clean-up was performed using the NucleoSpin® Gel and PCR clean-up kit (Macherey-

Nagel) according to manufacturer’s instructions. These columns are made to purify up to 15µg 

of DNA (ranging from 50bp to 20kb) with a recovery of 60-90%.  

This method was preferred after a PCR reaction when there was a clean single product 

(verified by running a small amount of the reaction on an agarose gel). 

 

2.2.3.4.3 Phenol-chloroform DNA purification  

Phenol-chloroform extraction of DNA relies on liquid-liquid phase separation between 

an aqueous phase, containing the DNA, and an organic phase, composed of phenol-chloroform. 

Phenol has a higher density (1.07g/cm3) than water (1g/cm3) and will therefore constitute the 

lower phase. To accentuate the phase separation and reduce cross-contamination of the 

aqueous phase, phenol is mixed with chloroform (1.47g/cm3). Isoamyl alcohol is added to 

prevent foaming. In this mixture, DNA and RNA will be soluble in the aqueous phase while 

proteins and polymers will precipitate at the interface between phenol and water; Lipids will 

dissolve in the organic phase. The pH of the phenol determines the separation of DNA and RNA. 

Neutral or slightly alkaline pH (pH 7-8) results in both DNA and RNA being soluble in the 

aqueous phase. However, acidic pH, while retaining RNA in the aqueous phase, shifts DNA to 

the phenol phase.  

This method was used to purify either a large quantity of plasmid, and thereby decrease 

the loss of DNA inherent to other purification methods, or to extract genomic DNA from cells. 

The latter will be described in more details in Section 2.2.4.3.4, as extra steps are required. 

First, an equal volume of Phenol:Chloroform:Isoamyl alcohol pH 8.0 (Lower phase of the 

bottle) was added to the aqueous solution (containing the plasmid) and the tube was inverted 

to mix. Phase separation was achieved by centrifugation for 2min at top speed in a benchtop 

centrifuge. The top phase (aqueous phase, containing the DNA) was transferred into a new 

1.5mL tube. Centrifugation and extraction of the aqueous phase into a new tube were repeated 

as described. Then, 1:10 volume of 3M Sodium acetate pH 5.2 was added to the aqueous phase. 
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Proper homogenisation of the salts around the DNA molecules was ensured by inverting the 

tube a few times. Next, DNA precipitation was performed by adding a 1:1 volume (as aqueous 

phase) of room temperature isopropanol followed by thorough vortexing and, the tube was 

incubated for 1-2hrs at -80°C or overnight at -20°C. DNA was collected at the bottom of the 

tube by centrifugation for 30min at 13000xg, 4°C, after which, the supernatant was carefully 

discarded. The DNA pellet was washed with 1mL of 70% EtOH. DNA was once again collected 

at the bottom of the tube by centrifugation for 5min at top speed. The supernatant was 

carefully discarded and the DNA pellet was allowed to dry for a few minutes (until transparent) 

before being resuspended in ddH20 (the volume has to be adjusted to the size of the pellet – 

typically 30-50µL). DNA concentration and purity were measured with a NanoDrop and the 

purified DNA was stored at -20°C. 

 

2.2.3.5 Nucleic acid quantification and purity 

Nucleic acid concentration and purity were determined with a NanoDrop Lite 

spectrophotometer from Thermo Scientific. First, a blank measurement was performed with 

the reference solution (dH20 or elution buffer). Absorbance of 1µL of the sample at 260nm was 

then measured and normalised to the reference spectrum (blank). The concentration of the 

sample is calculated by the machine using a modified equation of the Beer-Lambert equation:  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑔/𝜇𝐿) =
(𝐴 ∗  𝜀)

𝑏
 

Where A is the absorbance of the sample at 260nm, ε is the wavelength-dependent extinction 

coefficient (double-stranded DNA: 50ng.cm/µL, single-stranded DNA: 33ng.cm/µL, RNA: 

40ng.cm/µL) and b is the length travelled by light (in cm – 1cm in that case). 

Purity of DNA samples was assessed with the A260/280 ratio: between 1.8-2.0 is considered 

“pure” DNA (~2.0 for RNA). 

 

2.2.3.6 Ligation 

DNA ligation was performed using a T4 DNA ligase (#EL0011 – ThermoFisher) to achieve the 

construction of a recombinant plasmid between a backbone and an insert.  

In most cases, ligation reactions involved DNA fragments with overhangs, generated by 

restriction enzyme digestion. The T4 ligase was then creating covalent bonds to permanently 

join the phosphate backbone of compatible cohesive ends. Beforehand, backbones were 
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dephosphorylated using CIP (Calf intestinal alkaline phosphatase) treatment to decrease the 

likelihood of re-circularisation. Proper DNA ligation requires at least one phosphorylated 5’-

end, provided by the RE digested inserts, to create an intact phosphodiester bond and thereby 

“repair the double-stranded break” 

For some of the plasmids generated in this work such as the deletion constructs, ligation 

was performed to re-circularise a blunt-ended vector. In that case, PCR was performed using 

phosphorylated 5’-end primers. 

Control reactions, containing the digested backbone but not the insert, were carried out 

in parallel to check for unwanted re-circularisation of the vector in spite of 5’-end 

dephosphorylation. 

Amounts and backbone:insert ratios were calculated using the following equation that 

gives a 1:1 molar ratio: 

𝑛𝑔 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 =  𝑛𝑔 𝑜𝑓 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒 ∗  
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑏𝑝)

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒 (𝑏𝑝)
 

Usually, 50ng of backbone and a backbone:insert ratio of 1:5 were used in a 20µL reaction.  

First, the reaction described in Table 2.23 was prepared and the T4 DNA ligase was left to 

catalyse the reaction overnight at room temperature. The complete plasmid was then ready 

for bacterial transformation. 

Table 2.23 | Ligation reaction 

Components Amounts 

10X T4 DNA Ligase buffer (400 mM Tris-HCl, 100 mM 

MgCl2, 100 mM DTT, 5 mM ATP, pH 7.8 at 25°C) 
2µL 

Backbone  50ng 

Insert 1:5 molar ratio (see above) 

T4 DNA Ligase (5 Weiss U/µL) 

* Added last 
1µL  

ddH20 Up to 20µL 

 

2.2.3.7 Bacterial transformation 

Bacteria transformation was performed using the heat shock procedure. Steps were 

carried out in a sterile environment (Bunsen burner). 

First, a 50µL aliquot of competent cells (E. coli NovaBlue) was thawed on ice for 10min. In the 

meantime, LB agar plates supplemented with the appropriate antibiotics were pre-warmed at 
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37°C. Then, a sterile environment was created and the DNA solution to transform was pipetted 

into the bacteria. The bottom of the tube was gently flicked a few times to ensure homogenous 

repartition of the DNA. The quantity of DNA used depended on the source:  

a. 500ng of a validated plasmid 

b. 5µL of a 10µL ligation reaction (CRISPR) 

c. 7µL of a 20µL ligation reaction 

The tube was incubated on ice for 15min followed by a heat shock of 1min at 42°C. During this 

step, the abrupt increase in temperature alters the bacteria membrane integrity by creating 

holes thereby allowing the plasmid to enter cells. The tube was then placed back on ice for 

2min. The subsequent chilling on ice restores the membrane integrity and traps the plasmid 

inside the cells. 500µL of LB medium were added to the bacteria and the tube was incubated 

for 30-45min (AmpR plasmids) or 1h15min (KanaR plasmids) at 37°C under constant shaking 

(230rpm). During this incubation, cells develop resistance to the antibiotics provided by the 

plasmid which allows them to later grow on Amp+ or Kana+ agar plates. This step is critical for 

Kanamycin resistance. Following the incubation, an aliquot of bacteria culture was plated on 

an LB agar plate containing the appropriate antibiotics: A drop of bacteria culture was pipetted 

at the centre of the agar plate and the liquid was distributed evenly by moving a sterile 

spreader back and forth while rotating the plate until the liquid was absorbed by the agar. The 

amount of bacteria plated depended on the type DNA being transformed: 

a. Validated plasmid: Plate 10% (50µL) of the culture. 

b. Ligation reaction: Plate 100% of the culture by following these extra steps:   

Bacteria were centrifuged for 2min at 3615xg, 400µL of supernatant were 

discarded and the bacteria pellet was resuspended in the remaining 100µL 

which were plated onto the agar plate. 

The plates were then incubated upside down overnight at 37°C. The next morning, the plates 

were inspected for single colonies. Finally, plates were sealed with Parafilm® and stored at 4°C 

until inoculation and up to 4-6 weeks. 

 

2.2.3.8 Plasmid isolation and purification 

2.2.3.8.1 MiniPrep 

Following bacteria transformation with a ligation product, a 5mL culture was first 

inoculated. This scale was allowing the screening of several colonies and was sufficient to run 

the validation steps before further propagation of the correct plasmid. 
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First, a sterile environment was created and 5mL of LB medium supplemented with the 

appropriate antibiotics were prepared in a 10mL bacteria tube. A single colony from the agar 

plate was picked using a sterile loop and inoculated into the culture. The culture was loosely 

covered with the provided cap so as not to be air-tight. The tube was then incubated with a 

~45° angle overnight (~16hrs) at 37°C under constant shaking (230rpm). The next morning, the 

culture was checked for growth. To facilitate future propagation of the plasmid, a glycerol 

stock was prepared: 500µL of 60% glycerol/ddH20 were thoroughly mixed with 500µL of the 

bacterial culture into a 1mL screw-top tube and stored at -80°C. The remaining of the culture 

was centrifuged for 15min at 1000xg ≤RT to pellet bacteria before proceeding with plasmid 

isolation.  

Plasmids were isolated and purified using the GeneJET Plasmid Miniprep Kit according 

to manufacturer’s instructions (typical yield 10-15µg). DNA was eluted in ddH20 (typically 30-

50µL) and the concentration and purity were assessed with a NanoDrop (See Section 2.2.3.5). 

A diagnostic digest was performed to verify the presence and the size of the insert. Finally, the 

plasmid was validated with sequencing.  

 

2.2.3.8.2 MidiPrep 

For validated plasmid propagation, the scale was increased to a 100mL culture. A sterile 

environment was created and 100mL of LB medium supplemented with the appropriate 

antibiotics were prepared in a 250mL conical flask. Bacteria were inoculated from either: 

a. A single colony from an agar plate (pre-warmed) using a sterile loop. 

or 

b. Glycerol stock. The desired glycerol stock was removed from -80°C and placed 

on dry ice to prevent complete thawing. The surface of the frozen stock was 

scraped with a sterile 200µL pipette tip to harvest some bacteria which was 

dropped in the LB medium. 

The culture was loosely covered with aluminium foil and the flask was incubated overnight 

(~16hrs) at 37°C under constant shaking (230rpm). The next morning, the culture was checked 

for growth. If needed, a glycerol stock was made: 500µL of 60% glycerol/ddH20 to 500µL were 

thoroughly mixed with 500µL of culture into a 1mL screw-top tube and stored at -80°C. The 

remaining of the culture was centrifuged for 15min at 1000xg ≤RT to pellet bacteria before 

proceeding with plasmid isolation.  
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Plasmids were isolated and purified using the Nucleo Bond® Xtra Midi kit according to 

manufacturer’s instructions (typical yield 500-750µg). DNA was resuspended in ddH20 

(typically 200-300µL to begin with) and the concentration and purity were assessed with a 

NanoDrop (See Section 2.2.3.5). 

 

2.2.3.9 DNA sequencing 

DNA sequencing was used to verify constructs or assess indels generated by 

CRISPR/Cas9 after PCR amplification of the region of interest from gDNA. 

Sequencing was performed at the University of Sheffield Core Genomic Facility were 

they used the Applied Biosystems’ 3730 DNA Analyser and the BigDye™ Terminator v3.1 Cycle 

Sequencing Kit.  

Usually, clean reads of 800-900 base-pairs were achieved, however, to be on the safe 

side, an average of about 700bp was considered and primers were designed accordingly. 

Electropherogram data were analysed using SnapGene Viewer. When “Ns” were found 

in the results, it meant the sequencing analysis programme could not confidently assign a 

single nucleotide to that particular position. Depending on the template being analysed, a “N” 

may indicate a high signal-to-noise ratio or the occurrence of two nucleotides at that one 

position in the case of a CRISPR heterozygote for example. Often, by manually looking at the 

chromatogram, one was able to “determine” the nucleotide(s) for that particular position. The 

sequences were then compared to the original one using a NCBI nucleotide blast 

 

2.2.4 CRISPR/Cas9 and stable knockout cell lines 

CRISPR (clustered regularly interspaced short palindromic repeats) was discovered as 

an immune memory and defence mechanism against bacteriophage infection (309-311) and is 

now used as a powerful gene editing technique. By introducing Cas9 protein into the desired 

organism, along with a single guide-RNA, one can target any locus in the genome. The desired 

target site needs to be close to a PAM (Protospacer adjacent motif) sequence that the Cas9 

will bind to induce a DNA double stranded break (DSB) a few nucleotides upstream of this 

motif. Two pathways can then occur to repair the DSB: non-homologous end-joining (NHEJ) 

repair or homology-directed repair (HDR) (Figure 2.1). The first pathway, NHEJ, is very error-

prone and nucleotide insertions or deletion occur when cells try to repair their DNA at the 

targeted site, potentially inducing a frameshift, leading to a premature stop codon and 
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eventually gene knockout. The HDR pathway, on the other hand, uses exogenous repair 

templates to precisely modify the gene. In this thesis, the NHEJ route was used to generate 

complete knockout cell lines.  

 

Figure 2.1 | CRISPR/Cas9 gene editing and repair mechanisms. 

The Cas9 directed to the desired locus via the single guide-RNA (sgRNA), induces a DNA double stranded break 

(DSB) which can be repaired in two ways. The Non-Homologous End Joining (NHEJ) repair will, in most cases, 

introduce some insertion/deletion mutations and the appearance of a premature stop codon causing a gene 

knockout. The Homology Directed Repair (HDR) uses an exogenously provided template that lead to a precise 

editing of the gene. Figure 2 from (303). 

 

2.2.4.1 sgRNA design 

2.2.4.1.1 Human MAGI-1 knockout 

We aimed at generating a complete MAGI-1 knockout in DLD-1 cells, using the CRISPR 

NHEJ repair mechanism. hMAGI-1 single guide RNAs targeting Exon1 were designed using the 

CRISPR MIT design tool (http://crispr.mit.edu/), developed by the Zhang Lab (303).  

Table 2.24 | MAGI-1 sgRNAs targeting Exon1 

Table recapitulating the two single guide RNAs selected to induce MAGI-1 knockout. BbsI site. Oligonucleotide 

numbers (#) refer to Table 2.9. 

Single guide RNA Targeted Sequence_PAM Exonic off-targets 

sgRNA1 (G1)  

(#1 and #2) 

GGAGTTTCCGTACGTCGGAG_CGG 

Top: 5' - CACCGGGAGTTTCCGTACGTCGGAG - 3' 

Bottom: 5' - AAACCTCCGACGTACGGAAACTCCC - 3' 

Duplex:  

5' - CACCGGGAGTTTCCGTACGTCGGAG - 3' 

          3’ – CCCTCAAAGGCATGCAGCCTCCAAA – 5’ 

None 

http://crispr.mit.edu/
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sgRNA2 (G2)  

(#3 and #4) 

TTGCCCCGCTATGACGTGCT_GGG 

Top: 5' - CACCGTTGCCCCGCTATGACGTGCT - 3' 

Bottom: 5' - AAACAGCACGTCATAGCGGGGCAAC - 3' 

Duplex:  

5' - CACCGTTGCCCCGCTATGACGTGCT - 3' 

          3’ – CAACGGGGCGATACTGCACGACAAA – 5’ 

SIPA1 (NM_006747) 

TTTGCCCACTATGACGTGCAAAG 

CNTN5 (NM_001243270) 

TTGCTTAGCTATGAAGTGCTAAG 

Two sgRNAs were selected amongst the highest scores with an extra criterion of fewest exonic 

off-targets (Table 2.24). Plus, the two guides were not too close to each other so as to 

increase the chances of efficiency. 

 

2.2.4.1.2 Human MAGI-2  

Table 2.25 | MAGI-2 sgRNAs targeting Exon5 

Table recapitulating the two single guide RNAs selected to induce MAGI-2 knockout. BbsI site. Oligonucleotide 

numbers (#) refer to Table 2.9. (\Rev) indicates that the single guide RNA targets the reverse strand (See Annex 

2). 

Single guide RNA Targeted Sequence_PAM Exonic off-targets 

sgRNA9 (G9)  

(#5 and #6) 

GGCTGACTGTACACTGGTGC_AGG (\Rev) 

Top: 5' - CACCGGGCTGACTGTACACTGGTGC - 3' 

Bottom: 5' – AAACGCACCAGTGTACAGTCAGCCC - 3' 

Duplex:  

5' - CACCGGGCTGACTGTACACTGGTGC - 3' 

          3’ – CCCGACTGACATGTGACCACGCAAA – 5’ 

DEPDC5 (NM_014662.5) 

CCTGCACCAGTATGAAGTCAGCA 

KCNN4 (NM_002250.3) 

CCAGCACCAGTGCCCAGCCGGCC 

SGSM2 (NM_014853.3) 

CCTGCACCAGTCTGCAGAGAGCC 

PER1 (NM_002616.3) 

GGCTGACTGTTCACTGCTGCGGG 

EPHA10 (NM_001099439.2) 

CCTTGGCCAGTGTCCAGTCAGCC 

FOXO3 (NM_001455.4) 

CCAGCAGCAGTCTCCTGTCAGCC 

KIF13B (NM_015254.4) 

GGCTGACTGCACCATGATGCGGG 

SMTNL1 (NM_001105565.2) 

GGCTGACTGTGCTCAGCTGCTGG 

ARHGEF38 (NM_001242729.2) 

GGCTTACTCCACACTTGTGCCGG 

sgRNA4 (G4)  

(#7 and #8) 

CAGACCCATTGCCTGATAAC_TGG 

Top: 5' - CACCGCAGACCCATTGCCTGATAAC - 3' 

Bottom: 5' - AAACGTTATCAGGCAATGGGTCTGC - 3' 

Duplex:  

5' - CACCGCAGACCCATTGCCTGATAAC - 3' 

          3’ – CGTCTGGGTAACGGACTATTGCAAA – 5’ 

/ 
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We aimed at generating a complete MAGI-2 knockout in DLD-1 cells, using the CRISPR 

NHEJ repair mechanism. Ensembl lists only two isoforms of the protein with an alternatively 

spliced Exon13. However, Hirao and co-workers reported two alternative START codons 

yielding three isoforms that they denominated α, β and γ (241). As even the shortest isoform, 

γ, still possesses the WW domains and PDZ domains, it is highly probable that it would 

conserve most of MAGI-2 full length interactions and function. We decided to design sgRNAs 

targeting Exon5 of the gene, after all potential alternative START codons. As the MIT webtool 

was no longer operating, we used the CRISPOR webtool (312) (http://crispor.tefor.net/) to 

design two sgRNAs targeting MAGI-2 Exon5 (Table 2.25). The same criteria were used to 

select guides: compromise between high specificity score and low predicted exonic off-

targets. 

 

2.2.4.1.3 Human MAGI-3 

Table 2.26 | MAGI-3 sgRNAs targeting Exon1 

Table recapitulating the two single guide RNAs selected to induce MAGI-3 knockout. BbsI site. Oligonucleotide 

numbers (#) refer to Table 2.9. lncRNA: Long non-coding RNA. 

Single guide RNA Targeted Sequence_PAM Exonic off-targets 

sgRNA5 (G5)  

(#9 and #10) 

GACTTCGGCGCGGAGATCCG_CGG 

Top: 5' - CACCGGACTTCGGCGCGGAGATCCG - 3' 

Bottom: 5' – AAACCGGATCTCCGCGCCGAAGTCC - 3' 

Duplex:  

5' - CACCGGACTTCGGCGCGGAGATCCG - 3' 

          3’ – CCTGAAGCCGCGCCTCTAGGCCAAA – 5’ 

GON4L (NM_032292.5) 

CCTCGGAGCGCCGCGCCGCAGTG 

LINC00543 (NR_135254.1) lncRNA 

CCCCGCACCTCCGCGCCGTAGTT 

RP1-118J21.25 (No protein) 

GGCCTCGGCGCAGAGATCCTAGG 

RP11-401P9.7 (No protein) 

CCTCAGGTCTCCGCACTGAAGTC 

sgRNA6 (G6)  

(#11 and #12) 

GTAAACGGGACGCCTGTCAG_CGG 

Top: 5' - CACCGGTAAACGGGACGCCTGTCAG - 3' 

Bottom: 5' - AAACCTGACAGGCGTCCCGTTTACC - 3' 

Duplex:  

5' - CACCGGTAAACGGGACGCCTGTCAG - 3' 

          3’ – CCATTTGCCCTGCGGACAGTCCAAA – 5’ 

PLCL1 (NM_006226.4) 

CCGCTGCCGGGCGTCCCGCTTTC 

CPA1 (NM_001868.4) 

CCTATGAAGGGCGTCCCATTTAC 

LINC01134 (NR_024455.1) lncRNA 

CCCCTGAGAGGCTTACCGTTTCC 

We aimed at generating a complete MAGI-3 knockout in DLD-1 cells, using the CRISPR 

NHEJ repair mechanism. Ensembl lists four transcripts: MAGI3-201, 202, 203 and 204, leading 

to three isoforms of the protein. CRISPOR webtool (312) (http://crispor.tefor.net/) was used 

http://crispor.tefor.net/
http://crispor.tefor.net/
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to design two sgRNAs targeting Exon1 (Table 2.26). The criteria of selection were the same as 

previously for MAGI-1 and MAGI-2. G5 is targeting the beginning of Exon1 and has four 

predicted exonic off-targets. G6, on the other hand, targets the end of Exon1 and was predicted 

to have three exonic off-targets. 

 

2.2.4.2 Cloning of sgRNA in Cas9 vectors 

The cloning protocol was adapted from the Zhang Lab (303). 

 

2.2.4.2.1 Phosphorylation and annealing of oligonucleotides 

The partially complementary oligonucleotides were phosphorylated at their 5’-ends and 

then annealed to allow cloning into the pSpCas9(BB) vectors. The mixture described in Table 

2.27 was prepared and the solution was first incubated at 37°C for 30min to allow 

phosphorylation of the oligos 5’ ends by the polynucleotide kinase (PNK). Then, complete 

denaturation of the mixture was achieved by a 5min incubation at 98°C in a heat block. Finally, 

the block containing the tube was extracted from the machine and allowed to cool down very 

slowly overnight on the bench. This step ensured annealing of the complementary 

oligonucleotides. 

Table 2.27 | T4 Polynucleotide Kinase reaction mix 

Components Amount (μL) 

sgRNA TOP (100µM) 1 

sgRNA BOTTOM (100µM) 1 

T4 DNA ligase Buffer 10x  

(400mM Tris-HCl, 100mM MgCl2 , 100mM DTT, 

5mM ATP, pH 7.8 at 25°C) 

1 

T4 Polynucleotide Kinase (PNK) 1 

ddH20 6 

Total 20 

 

2.2.4.2.2 Digestion of the Cas9 vector 

PX458 Cas9-GFP and PX459 Cas9-PuroR vectors were digested using the restriction 

enzyme BbsI (GAAGACNN↓NNNN↑), where N is any of the four bases. These vectors contain 

two different BbsI sites that allow cloning of the sgRNA between the U6 promoter and the 

gRNA scaffold (Figure 2.2). 
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Figure 2.2 | BbsI cloning site in pSpCas9(BB) vectors  

Taken from (303). 

 

First, pSpCas9(BB) vectors were digested as indicated in Table 2.28 for 1hr at 37°C. 

The digested backbone 5’-ends were then, dephosphorylated by adding 1µL of CIP (Alkaline 

Phosphatase, Calf Intestinal) to the reaction for another 30min at 37°C. This step prevented 

re-circularisation of the vector. Finally, the digested vector was purified on agarose gel. See 

Section 2.2.3.4.1 for detailed protocol. 

Table 2.28 | BbsI restriction enzyme digestion of pSpCas9(BB) vectors 

Components Amount (µL) 

pSpCas9(BB) vector (2µg) x 

Cutsmart Buffer 10X 5 

BbsI-HF enzyme 1 

ddH20 Up to 50 

Total 50 

 

2.2.4.2.3 Ligation of the sgRNAs into a Cas9 vector 

Table 2.29 | Ligation reaction of sgRNAs into pSpCas9(BB) vectors 

*: Added last. 

Components Amount (µL) 

pSpCas9(BB) digested vector (100ng) x 

Diluted oligo duplex 1 

T4 DNA ligase Buffer 10x  

(400mM Tris-HCl, 100mM MgCl2 , 100mM DTT, 

5mM ATP, pH 7.8 at 25°C) 

1 

T4 ligase * 0.5 

ddH20 Up to 10 

Total 10 
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The annealed sgRNAs were ligated into the BbsI digested pSpCas9(BB) vectors. A no-

insert ligation negative control containing only the pSpCas9(BB) digested vector was carried 

out in parallel. Prior to the ligation step, annealed sgRNAs were diluted 1:200 by adding 1µL of 

oligo to 199µL of room temperature ddH2O. The ligation reaction was then set up for each 

guide as indicated in Table 2.29 and the mixture was incubated at room temperature for 1-

2hrs. 

 

2.2.4.2.4 Validation and amplification of the pSpCas9(sgRNA) vectors 

2.2.4.2.4.1 Validation of the pSpCas9(sgRNA) vectors 

 

Figure 2.3 | Molecular cloning of G1 and G2 into PX458-Cas9-GFP vector. 

a, SnapGene map of the pSpCas9(BB)-2A-GFP vector, also called PX458, used as backbone to insert the sgRNAs 

(303). The sgRNA insertion site, lined on both sides by BbsI sites, is followed by a gRNA scaffold for the 

Streptococcus pyogenes CRISPR/Cas9 system. Within the same vector is found the sequence coding for the Cas9 

endonuclease from the Streptococcus pyogenes Type II CRISPR/Cas system. Nuclear localisation signals (NLS) are 

found upstream and downstream of the Cas9 protein to target it to the nucleus where it will inflict DNA double 
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stranded breaks at the site indicated by the sgRNA. To allow easy identification and sorting of successfully 

transfected cells, a EGFP tag has been added after the Cas9 sequence. The presence of a 2A peptide from Thosea 

asigna virus capsid protein (T2A) ensures that the Cas9 protein will be separate from the fluorescent marker 

(Addgene #48138). b, Sequencing results of the successfully clones sgRNA1 (G1) and sgRNA2 (G2) within the PX458 

vector using the U6 primer (#25 in Table 2.7). 

First, 5µL of the ligation reaction were transformed into E. coli Nova blue competent cells 

with using the heat-shock protocol (See Section 2.2.3.7 for detailed protocol). The bacteria 

were plated onto an LB plate containing 100µg/mL ampicillin and incubated overnight at 37°C. 

The next morning, plates were inspected for colonies. The no-insert negative control plate 

should have very few to no colonies while the pSpCas9(sgRNA) should contain tens to 

hundreds of colonies. 2-3 colonies were picked to check for successful insertion of the sgRNA. 

Using a sterile loop, a single colony was inoculated into 5mL of LB medium supplemented with 

100µg/mL ampicillin. The culture was incubated at 37°C overnight under constant shaking. The 

next day, a glycerol stock of each culture was prepared to facilitate future amplification of the 

plasmid: 500µL of 60% glycerol/ddH20 were thoroughly mixed with 500µL of the bacterial 

culture into a 1mL screw-top tube and stored at -80°C. The pSpCas9(sgRNA) plasmid was 

isolated from each culture using a GeneJET Plasmid Miniprep Kit according to manufacturer’s 

instructions. Finally, correct insertion of the sgRNA into the Cas9 vector was verified by DNA 

sequencing (Figure 2.3) using the U6 FWD primer (#25 in Table 2.7). 

 

2.2.4.2.4.2 Amplification of the pSpCas9(sgRNA) vectors 

To amplify the validated pSpCas9(sgRNA) vector, a 100mL culture of LB medium 

supplemented with 100µg/mL ampicillin was inoculated using the corresponding glycerol 

stock. The culture was then incubated at 37°C overnight under constant shaking. The 

pSpCas9(sgRNA) was isolated from each culture using a NucleoBond® Xtra Midi kit according 

to manufacturer’s instructions. Once again the presence of the sgRNA was checked by 

sequencing using the U6 FWD primer (#25 in Table 2.7). 

 

2.2.4.3 Generation and screening of stable knockout cell lines  

DLD-1 cells were selected to generate CRISPR knockouts.  

First, hMAGI-1 knockout clones were generated using the pSpCas9(sgRNA)-2A-GFP 

plasmid (#25 of Table 2.10) containing either G1 or G2 and FACS sorting GFP positive cells into 

single cells.  
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Subsequent hMAGI-2 or hMAGI-3 knockouts were performed by transfecting validated 

hMAGI-1 KO clones, G1 8 (A) and G2 14 (B), with PuroR-Cas9 vector (#26 of Table 2.10) 

containing sgRNAs. In parallel, single MAGI-2 and MAGI-3 knockouts were generated from DLD-

1 WT cells. To increase the efficiency of gene editing, G9 & G4 were used simultaneously for 

MAGI-2 and G5 & G6 for MAGI-3. Here, first a bulk population was generated by puromycin 

selection. Then, single clones were isolated by FACS sorting of live cells.  

From that moment on, extra care was given to not cross-contaminate samples and clones. 

 

2.2.4.3.1 Transfection of sgRNA 

Table 2.30 | Transfection combinations for the generation of MAGI single and double knockouts 

Numbers (#) refer to the expression constructs in Table 2.10. 

Gene targeted Vector(s) transfected Cell line transfected 

hMAGI-1 
pSpCas9(sgRNA1)-2A-GFP (#27)           (G1) DLD-1 WT 

pSpCas9(sgRNA2)-2A-GFP (#28)          (G2) DLD-1 WT 

hMAGI-2 

pSpCas9(sgRNA9)-2A-Puro (#29) 

                        +                                            (G9+G4) 

pSpCas9(sgRNA4)-2A-Puro (#30) 

DLD-1 WT 

DLD-1 G1 8 (A) hMAGI-1 KO 

DLD-1 G2 14 (B) hMAGI-1 KO 

hMAGI-3 

pSpCas9(sgRNA5)-2A-Puro (#31) 

                        +                                            (G5+G6) 

pSpCas9(sgRNA6)-2A-Puro (#32) 

DLD-1 WT 

DLD-1 G1 8 (A) hMAGI-1 KO 

DLD-1 G2 14 (B) hMAGI-1 KO 

One day prior to transfection, cells were seeded at 2.5x105cells/well in 6-well plates (2 

wells/sgRNA). Cells were then transfected with Lipofectamine2000 as follow in antibiotics-

free medium: 

{
150𝜇𝐿 𝑜𝑓 𝑂𝑃𝑇𝐼𝑀𝐸𝑀 + 5𝜇𝐿 𝑜𝑓 𝐿𝑖𝑝𝑜𝑓𝑒𝑐𝑡𝑎𝑚𝑖𝑛𝑒2000

150𝜇𝐿 𝑜𝑓 𝑂𝑃𝑇𝐼𝑀𝐸𝑀 + 2𝜇𝑔 𝑜𝑓 𝑝𝑆𝑝𝐶𝑎𝑠9(𝑠𝑔𝑅𝑁𝐴)     
 

Medium was changed to complete medium (with antibiotics) after 24hrs and transfection 

efficiency was monitored with a fluorescence microscope. Table 2.30 lists the transfections 

carried out in DLD-1 for the generation of knockout clones. 48hrs post-transfection, 

transfected cells were split 1:1 and either sorted by FACS into GFP positive single cells (hMAGI-

1) or selected using puromycin (hMAGI-2 and hMAGI-3). 
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2.2.4.3.2 Puromycin selection of DLD-1 cells  

2.2.4.3.2.1 Determination of the minimum effective dose 

Puromycin is an antibiotic widely used for mammalian cells selection. It interferes with 

protein synthesis by mimicking aminoacyl-tRNA and binding to ribosomes. Puromycin can be 

inactivated by an enzyme produced by Streptomyces alboniger called puromycin-N-

acetyltransferase or PAC which acetylates puromycin and thereby prevents its binding to 

ribosomes. Puromycin-N-acetyltransferase is commonly referred to as puromycin resistance 

gene (PuroR) and used to provide a selective advantage to transfected mammalian cells and 

generate stable cell lines.  

To determine the minimum effective concentration to kill non-resistant DLD-1 WT cells, 

a kill-curve was performed. Eight puromycin concentrations were tested on duplicate wells: 

[0; 0.5; 1; 1.5; 2; 2.5; 5; 7µg/mL]. First, DLD-1 WT cells were seeded at 1.5x105cells/well in 16 well 

of a 24-well plate.  24hrs later, puromycin diluted in complete RPMI medium was added at the 

desired concentrations to the cells. Cell death was monitored daily while refreshing medium 

every two days. The minimum effective concentration, corresponding to the one able to kill all 

non-resistant cells within 5 days was selected: 2µg/mL. 

 

2.2.4.3.2.2 Generation of stable cell lines 

Puromycin selection was carried out to generate bulk populations of MAGI-2 and MAGI-

3 single, hMAGI-1/hMAGI-2 and hMAGI-1/hMAGI-3 double KO. In parallel to the 

pSpCas9(sgRNA)-2A-Puro transfected cells, a dish of non-transfected cells was kept to 

monitor selection efficiency.  

Puromycin selection was started 48hrs after transfection with complete RPMI medium 

supplemented with 2µg/mL of puromycin. Medium was refreshed every two days. The 

selective pressure was alleviated once all the non-transfected control cells were dead. The 

bulk populations were then cultured in complete RPMI medium. 

 

2.2.4.3.3 Isolation of single clones by FACS 

Cells were sorted with a FACSAriaTM IIu cell sorter with technical support at the Flow 

cytometry facility of the University of Sheffield Medical School.  

96-well plates were prepared beforehand with 200µL of complete RPMI medium per 

well for the sorting. Each population was sorted into 2x 96-well plates to ensure a sufficient 

number of clones.  
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Preparation of cells for FACS (see Table 2.15 for specific volumes): 

First, cells were washed with PBS 1X. Dissociation was achieved by adding Trypsin to 

the cells and placing the dish back in the incubator for 5min. Cells were resuspended with 

complete RPMI medium and centrifuged for 5min at 130xg to pellet the cells. The supernatant 

was discarded and cells were resuspended in an appropriate volume of complete medium to 

allow counting of the cells. Cells were counted and 1x106cells were aliquoted into a new 15mL 

tube. Cells were centrifuged for 5min at 130xg and resuspended in 500µL of OPTIMEM 

(fluorescent sorting requires clear medium). Proper dissociation of the population into single 

cells was ensured by filtering the suspension into the cell strainer tube through its mesh cap. 

The cells were kept on ice until sorting. 

 

2.2.4.3.3.1 Sorting of GFP positive cells 

Cells were transfected and prepared as described above. The following samples were 

prepared: 

DLD-1 WT untransfected cells 

DLD-1 pSpCas9(sgRNA1)-2A-GFP 

DLD-1 pSpCas9(sgRNA2)-2A-GFP 

Directly before sorting, the viability dye, TO-PRO®-3, was added to the cells to a final 

concentration of 50nM. Figure 2.4 shows the EGFP and TO-PRO-3 spectra. TO-PRO-3 dye only 

stains nucleic acids of the cells when the membrane integrity has been compromised and is 

therefore used to label dead cells.  

 

Figure 2.4 | Excitation and emission spectra of EGFP and TO-PRO-3 viability dye.  

Graph generated by ThermoFisher Fluorescence SpectraViewer. 
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The FACSAria cell sorter was first calibrated and the sorting parameters (BD FACSDiva 

8.0.1 software) adjusted with the DLD-1 WT non-transfected cells. A doublet-discrimination 

parameter was applied to consider single cells only. The TO-PRO-3 dye was used to exclude 

dead cells. The brightest 2% of GFP-positive single live cells of each sample were sorted into 

single cells (2x 96-well plates/sample). The rest of the cells was sorted into bulk GFP-positive 

(brightest 2%) and GFP-negative populations to later determine the overall efficiency of the 

guides (See Section 2.2.4.3.6 for T7-assay protocol). 

 

2.2.4.3.3.2 Sorting of live cells 

After generation of hMAGI-2 and hMAGI-3 single KO as well as hMAGI-1/hMAGI-2 and 

hMAGI-1/hMAGI-3 double KO bulk populations by puromycin selection, live cells were sorted 

to obtain single clones. 

The following samples were prepared: 

hMAGI-2 DLD-1 G9+G4 bulk 

hMAGI-1/hMAGI-2 DLD-1 G1 8 G9+G4 bulk 

DLD-1 G2 14 G9+G4 bulk 

hMAGI-3 DLD-1 G5+G6 bulk 

hMAGI-1/hMAGI-3 DLD-1 G1 8 G5+G6 bulk 

DLD-1 G2 14 G5+G6 bulk 

To be calibrated with: 

WT DLD-1 WT 

hMAGI-1 DLD-1 G1 8 (A) MAGI-1 KO clone 

DLD-1 G2 14 (B) MAGI-1 KO clone 

 

Directly before sorting, the viability dye, Propidium Iodide, was added to the cells to a 

final concentration of 0.25µg/mL. Figure 2.5 shows the Propidium iodide spectrum. Similar to 

TO-PRO-3, Propidium iodide is used to label dead cells. 

The FACSAria cell sorter was first calibrated and the sorting parameters (BD FACSDiva 

8.0.1 software) adjusted with either DLD-1 WT, G1 8 or G2 14 cells as appropriate. A doublet-

discrimination parameter was applied to consider single cells only. The Propidium Iodide was 

used to exclude dead cells. Each sample was sorted into single live cells into 96-well plates (2x 

96-well plates/sample). 
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Figure 2.5 | Excitation and emission spectra of Propidium Iodide. 

Graph generated by ThermoFisher Fluorescence SpectraViewer. 

 

2.2.4.3.4 gDNA extraction 

Genomic DNA (gDNA) was extracted for each individual clone to check the mutations 

introduced by the NHEJ repair process. As gDNA was being extracted from cells, extra steps 

were needed compared to the phenol-chloroform DNA purification presented in Section 

2.2.4.3.4. To facilitate the separation between nucleic acids and amino acids, the sample was 

treated, prior to phenol-chloroform purification, with Proteinase K. Proteinase K is a broad 

spectrum serine protease that was used to break down proteins into smaller peptides such as 

histones, freeing the DNA, or nucleases that could degrade the DNA, leaving it whole and 

undamaged. The digestion buffer contains Triton-X 100 to denature proteins and expose more 

hydrophobic residues, targeted by the Proteinase K, that would otherwise rather be 

unreachable at the core of proteins. 

 

Cells preparation for gDNA extraction:  

First, the cell suspension was transferred (typically the equivalent of either 3x 96-well 

wells, 1x 12-well well or 1:10 from a 10cm dish) into a 1.5mL tube. Cells were pelleted by a 5min-

centrifugation at 130xg and the pellet was washed once with PBS 1X. Cells were pelleted once 

again by a 5min-centrifugation at 130xg. Cells pellets were stored at -20°C if the following steps 

of the gDNA extraction protocol (described below) were not performed right away. 
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gDNA extraction procedure: 

The following lysis buffer was prepared in advance: 

20mM EDTA 

10mM Tris-HCl pH 8.0 

200mM NaCl 

0.2% Triton X-100 

The lysis buffer could be stored at room temperature for several weeks. 

At the time of gDNA extraction, Proteinase K was added to an aliquot of lysis buffer to a final 

concentration of 100µg/ml. The volume of lysis buffer needed to be adjusted to the quantity of 

cells to be lysed. As an indication, 500µL/sample were used for cells collected from a 12-well 

well. The cell pellet was resuspended in lysis buffer and incubated for 1hr at 37°C. Then, 

Proteinase K was heat inactivated at 95°C for 5min. The tube was centrifuged for 5min at 

13000xg at room temperature and the supernatant was transferred to a new 1.5mL tube. 

Phenol-chloroform extraction of the gDNA contained in the sample was performed as 

described in Section 2.2.4.3.4 (steps 2-12). The DNA pellet was resuspended in ddH20 (typically 

50µL). DNA concentration was measured with the NanoDrop and the gDNA was stored at -

20°C unless proceeding directly with PCR amplification. 

 

2.2.4.3.5 PCR amplification of the targeted region 

PCR amplification of the targeted region was performed using GoTaq® polymerase. 

Primers used are listed in Table 2.31. 

Table 2.31 | Primer pairs to amplify CRISPR/Cas9 targeted region 

The annealing temperature was determined by using the Promega Tm calculator webtool and following the rule of 

thumb of 3°C below the lowest melting temperature. 

Primer name (# from Table 2.7) Sequence 5’-3’ Guides Annealing T°C 

FWD1-2 (#19) TGTTTCTCCCATGAACAAGCG 
G1 & G2 64°C 

REV1-2 (#20) GGAGGGAAGCAGGAAATCGAG 

FWD4-9 (#21) GACGAGTGAAAGGAGAGCTCA 
G9 & G4 62°C 

REV4-9 (#22) CGCCCTTCTCTGTATAGGCC 

FWD5-6 (#23) AGACGCTGAAGAAGAAGAAGCA 
G5 & G6 62°C 

REV5-6 (#24) GTCTTGAGACGGATGGGCTC 

For each sample, the mixture described in Table 2.32 was prepared. The volume of the 

reaction depended on the amount of gDNA available – 50µL was preferred whenever possible. 
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If simultaneous amplification of several samples was carried out, PCR reactions were prepared 

using a master mix combination described in Table 2.33. 

Table 2.32 | GoTaq® amplification of gDNA 

*: Added last. 

Components 20µL reaction 50µL reaction 

5x Green Buffer 4µL 10µL 

MgCl2 (25mM) 3.2µL 8µL 

dNTPs (10mM each) 0.4µL 1µL 

FWD primer (10µM stock solution) 1µL 2.5µL 

REV primer (10µM stock solution) 1µL 2.5µL 

Template gDNA 100ng 250ng 

GoTaq polymerase (5U/µL) * 0.1µL 0.25µL 

ddH20 Up to 20µL Up to 50µL 

Samples were incubated in a thermocycler using the following programme: 

a. Heat lid to 110°C 

b. 95°C for 3min 

c. Start cycle, 35x: 

i. 95°C for 45s – denaturation  

ii. Annealing T°C for 30s (See Table 2.31) – annealing step 

iii. 72°C for 1min – extension step 

d. Close cycle 

e. 72°C for 10min – final extension step 

f. Hold at 4°C 

Table 2.33 | GoTaq® master mixes 

*: Added last. 

Master Mix 1 

5x Green Buffer 

GoTaq polymerase * 

 

Master Mix 2 

ddH20 

MgCl2 

dNTPs 

FWD primer (10μM stock solution) 

REV primer (10μM stock solution) 

gDNA template 
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Proper amplification of the amplified fragments was verified by loading 5µL of the PCR reaction 

in a 1% agarose gel in TAE 1X Buffer along with the 100bp DNA ladder.  

a. For single clone characterisation, the remaining volume of the PCR reaction was sent 

for clean-up and sequencing to the Core Genomic Facility of the University of Sheffield 

with the forward primer used for PCR amplification (Final concentration 1µM). 

b. For bulk population characterisation, the remaining PCR reaction was purified using 

Macherey-Nagel NucleoSpin PCR Clean-up kit according to the manufacturers’ 

instructions.  

 

2.2.4.3.6 T7-assay 

The efficiency of a single guide RNA was assessed using a T7-endonuclease assay on the 

PCR-amplified targeted region of a bulk population (GFP-positives sorted cells or puromycin 

selected cells). T7-endonuclease I recognizes and cleaves mismatched DNA, therefore the 

more indels generated by NHEJ, the more intense will be the cleaved fragments on an agarose 

gel. 

First, gDNA was extracted from bulk populations, including all appropriate controls (WT 

cells and GFP-negative population when applicable). The target region was amplified by PCR 

using GoTaq polymerase (50µL reaction). See Section 2.2.4.3.5 for complete protocol. Then, 

the following mixture was prepared in duplicates for each sample:  

200ng-500ng of PCR amplified DNA fragment in 17µL of ddH20 

+ 2µL of 10X NEBuffer 2 

DNA fragments were hybridized to form hetero-duplexes in a thermocycler using the following 

programme: 

a. Heat lid to 110.0°C 

b. Temp. 95°C for 5min – denaturation  

c. 95-85°C with a ramp of -2°C/s – annealing  

d. 85-25°C with a ramp of -0.1°C/s – annealing  

e. Hold at 4°C 

Next, 1µL of T7-endonuclease I was added to one of the duplicates (+T7 sample) while 

1µL of ddH20 was added to the other duplicate (-T7 sample). The reaction was incubated for 

1hr at 37°C and was then stopped by adding 0.75µL of 0.5M EDTA and mixing thoroughly. 4µL 

of 6X Purple Loading dye, containing SDS, were added to the samples which were run on a 2% 

agarose gel in TBE 1X Buffer (90mM Tris, 90mM Boric acid, 2mM EDTA pH 8.0) to allow good 
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separation and detection of the cleaved DNA fragments. The workflow is summarised in 

Figure 2.6. 

 

Figure 2.6 | T7 assay workflow. 

Workflow diagram of a T7 endonuclease I assay. Within a cell population subjected to CRISPR/Cas9 gene editing, 

the PCR-amplified targeted region will result in a mix of WT and mutant products. The DNA fragments are then 

denatured and re-annealed to form hetero-duplexes that will be the target of the T7 endonuclease I digestion. 

Cleaved and uncleaved DNA fragments are then resolved on an agarose gel. Adapted from: 

https://www.genecopoeia.com/product/t7-endonuclease-i-assay-kit/ 

 

2.2.4.3.7 Clones expansion 

After FACS sorting, the 96-well plates were placed in the cell culture incubator. From 

day5 after sorting, plates were screened under an inverted microscope (4x objective) to 

identify wells containing single colonies. Empty wells or wells containing more than one colony 

were crossed out. Medium was refreshed 7 days after sorting: 150µL of medium out of 200µL 

were taken out then replenished using a multichannel pipette to minimize cell loss.  

When cells were more than 60% confluent well, they were split. Medium was discarded 

and cells were washed once with 100µL of PBS 1X. Then, 30µL of trypsin were added to the 

well and the 96-well plate was put back in the incubator at 37°C for 5min. Cell dissociation 

https://www.genecopoeia.com/product/t7-endonuclease-i-assay-kit/
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progress was checked under the inverted microscope and the plate was incubated longer if 

necessary. Once cells appeared rounded and loose, 170µL of complete medium were added to 

stop the action of trypsin and cells were resuspended thoroughly. Complete cell dissociation 

was verified under inverted microscope. Next, 100µL of the cell suspension (1:2) was 

transferred into a new 96-well plate (1x well) for freezing (Plate A) while 5x 20µL of the cell 

suspension (5x 1:10) were pipetted into 5 wells of another 96-well plate for propagation of the 

clonal lines (Plate B). Volume was topped-up to 200µL in each wells. 

Plate A (96-well plate containing very early passage number of each clone) was frozen 

once cells reached 80-100% confluency of the wells. The same steps as for splitting, described 

in the paragraph above, were carried out. Following trypsinisation of the cells in 30µL, 70µL of 

complete RPMI medium were added and cells were resuspended thoroughly. Complete cell 

dissociation was verified under inverted microscope. The cell suspension for each clone was 

transferred to a new 96-well plate already containing 100µL of freezing medium (90% FBS + 

10% DMSO) in each well and pipetted up and down thoroughly. The plate was sealed with 

Parafilm® and placed into a Styrofoam box for slower freezing and stored at -80°C. 

Clones from Plate B (5x 96-well well for each clone) were subcultured and prepared for 

gDNA extraction. First, cells were collected and resuspended in 170µL of complete medium, as 

described above. The cell suspension of 3x wells (out of 5) were transferred into a 1.5mL tube 

(600µL in total) for gDNA extraction and genotyping (See Sections 2.2.4.3.4 and 2.2.4.3.8.1). 

The cell suspension from one of the remaining wells was transferred into a 35mm dish to 

propagate for future protein extraction. Finally, the cell suspension from the last well was 

transferred into a 60mm dish for expansion of the clone. If the clone is validated as a KO by 

genomic analysis and western blotting, the population was expanded to 10cm dishes. Stocks 

were then prepared for liquid nitrogen cryopreservation (See Section 2.2.1.3.1). 

 

2.2.4.3.8 Clones screening  

To characterise single clones, the following steps were undertaken. 

 

2.2.4.3.8.1 Genomic analysis 

The PCR-amplified region of interest (See Section 2.2.4.3.5) was sent for sequencing to 

the Core Genomic Facility of the University of Sheffield with the forward primer used for PCR 

amplification (Final concentration 1µM).  
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Figure 2.7 | Example of manual reading of sequencing results from a heterozygous CRISPR clone, G2 14  

Excel sheet recapitulating the steps of manual reading of the sequencing results of an heterozygous CRISPR clone: 

G2 14 (B). The top part shows the WT sequence from G2 until the end of Exon1. The boxes below indicate the ORF. 

G2 14 chromatogram is displayed (colour code: A T C G). The part highlighted in green represents the clear 

sequence of both alleles before the Cas9 cleavage site; what follows is different for each allele as indicated by the 

double peaks and many undetermined nucleotides (N). STEP1:  The last few base pairs (bp) of the Exon1 (CAAG) 

were identified for each allele. STEP2: Allele A and B were randomly assigned. STEP3: The sequence of each allele 

was retraced backwards to the site of mutation, indicated by the bold red line |. STEP4: Sequences were re-

arranged to reveal the mutations; in the case of G2 14: a 2bp deletion for Allele A and a 5bp deletion for Allele B. 

DLD-1 cells are near-diploid with 46 chromosomes occurring in 86% of the cells, 

according to ATCC which means that in most cases, there are two alleles to mutate. This also 

means that each allele can be mutated in a different way: 

 Clean sequencing chromatogram (single peaks) were analysed against the WT 

sequence using NCBI nucleotide blast to check for homozygous mutations of the two alleles. 

 Chromatograms displaying two peaks from the site targeted by the guide 

onwards indicated heterozygous mutations. In that case, the sequence of each individual allele 

was determined manually. The two potential nucleotides per position were entered in an excel 

file from the targeted site until the end of the exon or amplicon, as illustrated in Figure 2.7. 

Starting from the end of the sequence, each possible nucleotide was assigned to either AlleleA 

or AlleleB before proceeding backwards until reaching the site of mutation. 

The mutated sequence was then translated to protein to identify potential premature STOP 

codons. Genomic knockout was considered when the premature STOP codon appeared 

before any domain of the protein with a known function. 

The generated knockout clones, validated by genomic analysis, are listed in Table 2.34.  

Table 2.34 | Summary of isogenic clones from MAGI knockouts and associated mutations 

The mutation nomenclature follows (313). 

CRISPR target Clone name Genomic mutation STOP codon 

hMAGI-1 

G1 8 (A) 
MAGI-1 Exon1 

aa85 
132_133insG 

G2 14 (B) 

MAGI-1 Exon1 
Allele A: aa125 

Allele B: aa124 Allele A: 

257_258del 

Allele B:  

254_259del 

hMAGI-2 G9+4 clone3 

MAGI-2 Exon5 
Allele A: aa283 

Allele B: aa275 Allele A:  

824delC 

Allele B:  

823_917del 
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hMAGI-1/hMAGI-2 

A9+4 clone9 
MAGI-2 Exon5 

aa281 
822_823insG 

B9+4 clone10 

MAGI-2 Exon5 

Allele A: aa280 

Allele B: aa281 

Allele A:  

823_829del 

Allele B:   

818C>T  

819_825del  

830_832del 

hMAGI-3 G5+6 clone28 
MAGI-3 Exon1 

aa64 
99_235del 

hMAGI-1/hMAGI-3 

A5+6 clone7 

MAGI-3 Exon1 

aa53 83_234del 

236T>A 

B5+6 clone2 
MAGI-3 Exon1 

aa109 
99_100del 

 

2.2.4.3.8.2 Western Blot 

Clones were also tested at the protein level by Western blotting. Refer to Section 2.2.5 

for complete protocols. 

First, cells were cultured in 35mm or 60mm dishes until 90-100% confluent. Cell lysate 

was collected for each clone using RIPA buffer supplemented with 1X protease cocktail 

inhibitor. Lysis buffer volumes are listed in Table 2.35. Complete protocol in Section 2.2.5.1. 

Table 2.35 | Volumes for extraction of total protein in CRISPR populations 

Dish Volume of Lysis buffer 

35mm 100µL 

60mm 200µL 

Protein concentration was measured using DC assay (Section 2.2.5.3) and samples were 

prepared to contain equal amount of proteins (40-60µg). Samples were denatured by addition 

of 4x Laemmli buffer, 5min boiling at 98°C and run on an 8% polyacrylamide gel (Section 

2.2.5.4). Proteins were then transferred on a nitrocellulose membrane (0.2µm pores) for 

90min at 250mA (Section 2.2.5.5). Membranes were subjected to western blotting (Section 

2.2.5.6) with all the steps being performed under gentle agitation. Membranes were cut (at 

~70kDa) to allow blotting of the top part (high molecular weights) with hMAGI-1, hMAGI-2 or 

hMAGI-3 antibody while the bottom part (lower molecular weights) was blotted with β-tubulin 

antibody (loading control). Blocking of the membrane was performed 1hr in 5% Milk/PBST 1X 

at room temperature after which membranes were incubated overnight with primary 

antibody (MAGI-1, MAGI-2 or MAGI-3) in 1-3mL of 5% Milk/PBST 1X at 4°C (See Table 2.40 for 

antibody dilutions). Excess antibody was removed by three washes of 10min in PBST 1X. Next, 
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membranes were incubated for 1hr with the secondary antibody in 5mL of 5% Milk/PBST 1X at 

room temperature. For this step, tubes were covered with aluminium foil to limit light 

exposure of the membranes. Excess antibody was removed by three washes of 10min in PBST 

1X. Then, membranes were allowed to dry for a few minutes in a dark environment. Finally, 

proteins were detected using the Odyssey Sa® Infrared Imaging System from LI-COR.  

 

2.2.4.3.8.3 Immunofluorescence  

hMAGI-1 knockouts were assessed by immunofluorescence. Refer to Section 2.2.6 for 

complete protocol.  

First, cells were seeded at 3x105cells/well on coverslips in 12-well plates (clones 

alongside WT cells). Immunostaining (Section 2.2.6.4) was carried out 48hrs after seeding 

using anti-hMAGI-1 rabbit antibody (1:250 dilution) and gαr 488 secondary antibody (1:500 

dilution) and cells were imaged using a ZEISS Airyscan Confocal microscope (Section 

2.2.6.5.2). 

2.2.5 Protein assays and Western Blot 

The list of buffers used in this section can be found in Table 2.36. 

Table 2.36 | Buffer composition for protein assays and western blotting technique 

*: added at the last moment. 

Name Composition 

PBS 1X 137mM NaCl, 2.7mM KCl, 10mM Na2PO4, 1.8mM KH2PO4, pH 7.4 

HEPES Lysis Buffer 1% Triton  

50mM HEPES pH 7.5, 150mM NaCl, 1.5mM MgCl2, 1mM EDTA, 10% 

glycerol, 1% Triton X-100,  

*1x protease cocktail inhibitor 

HEPES Lysis Buffer 0.5% Triton 

50mM HEPES pH 7.5, 150mM NaCl, 1.5mM MgCl2, 1mM EDTA, 10% 

glycerol, 0.5% Triton X-100,  

*1x protease cocktail inhibitor 

HEPES Wash Buffer 0.1% Triton 

50mM HEPES pH 7.5, 150mM NaCl, 1.5mM MgCl2, 1mM EDTA, 10% 

glycerol, 0.1% Triton X-100,  

*1x protease cocktail inhibitor 

NETN Lysis Buffer 0.5% NP-40 

100mM NaCl, 20mM Tris-HCl pH 8.0, 0.5mM EDTA, 0.5% (v/v) 

Nonidet P-40 (NP-40, # 2111-100 BioVision),  

*1x protease cocktail inhibitor 

NETN Wash Buffer 0.1% NP-40 

100mM NaCl, 20mM Tris-HCl pH 8.0, 0.5mM EDTA, 0.1% (v/v) 

Nonidet P-40 (NP-40, # 2111-100 BioVision),  

*1x protease cocktail inhibitor 

RIPA Buffer 

50mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, 0.1% SDS, 0.5% 

Sodium deoxycholate, 1% NP-40 (v/v) (NP-40, # 2111-100 

BioVision),  

*1x protease cocktail inhibitor 
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4x Laemmli Buffer 
250mM Tris-HCl pH 6.8, 40% glycerol, 8% SDS,   

20% β-mercaptoethanol, 1% bromophenol blue 

10X Running Buffer  192mM Glycine, 25mM Tris, 0.1% SDS (w/v) 

1X Running Buffer 10X diluted 10-fold in dH20 

10X Transfer Buffer 192mM Glycine, 25mM Tris 

1X Transfer Buffer 10X diluted 10-fold in dH20 + 20% MeOH 

Ponceau S 30% Tricholoacetic acid, 2% Ponceau S 

1X PBST 0.05% Tween20, PBS 1X 

10X TBS 137mM NaCl, 20mM Tris-HCl pH 7.6 (CST recipe) 

1X TBST 0.1% Tween20, 10X TBS diluted 10-fold in dH20 

 

2.2.5.1 Cell lysis 

First, cells were cultured in 35mm or 60mm dishes until they reach the desired 

confluency. For cell lysis following transfection, cells were harvested after 48hrs (DNA 

transfection) or 72hrs/96hrs (siRNA transfection). Dishes were placed on ice and medium was 

carefully discarded. All following steps of cell lysis were performed on ice. Then, cells were 

washes twice with ice-cold PBS 1X. Ice-cold lysis buffer freshly supplemented with 1X protease 

cocktail inhibitor was added onto the cells. Volumes of lysis buffer used can be found in Table 

2.37. Volumes were adjusted if necessary based on cell density. Cells were incubated in their 

wells with lysis buffer on ice for 15-20min. Afterwards, cells were then harvested using cell 

scrapers and cell lysate was transferred into an ice-cold 1.5mL tube. Lysis was carried out for 

1hr on ice by vortexing the tube every 10min. Then, the lysate was cleared of cell debris by 

centrifugation for 15min at 16600xg at 4°C. The clear lysate (supernatant) was transferred into 

a new ice-cold 1.5mL tube, and the pellet was discarded. If necessary, protein concentration 

was measured using DC assay and samples were prepared with equal amount of proteins. 4X 

Laemmli Buffer (final concentration 1X) was added and the samples boiled for 5min at 98°C to 

denature proteins. Before loading on the gel, samples were briefly vortexed and spun to 

ensure proper homogenisation of proteins. 

Table 2.37 | Volume of lysis buffer used depending on the application 

Sample type 35mm dish/6-well plate 60mm dish 

Untransfected cells 100-150µL 200-300µL 

Overexpressing cells 250µL / 

Knockdown cells 150µL / 
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2.2.5.2 Co-immunoprecipitation/pulldown 

Co-immunoprecipitation (co-ip) or pulldown is a widely used technique to study 

protein-protein interactions. A target protein is transiently immobilised onto a solid support 

(agarose beads) coupled with a specific antibody that recognises either the protein or its tag. 

Cell lysate is incubated with these functionalised beads to allow protein-protein interactions. 

Beads are then precipitated by centrifugation which pulls-down the protein of interest along 

with the protein complex formed around it. Proteins are then detected using the western 

blotting technique.  

Table 2.38 | Co-immunoprecipitation conditions for the interactions investigated 

Interactions Trap Buffers 

Flag-mMAGI-1B / V5-PTPN14 
Flag antibody coupled to 

Protein A agarose resin 

Lysis: HEPES 0.5% Triton  

Washes: HEPES 0.1% Triton 

EGFP-mMAGI-1B / Myc-PTPN14 

hMAGI-1Cβ1 / Myc-PTPN14 
GFP-Trap®_A or Myc-Trap®_A 

Lysis: HEPES 0.5% Triton  

Washes: HEPES 0.1% Triton 

EGFP-mMAGI-1B / Flag-mMAGI-1B GFP-Trap®_A 
Lysis: HEPES 0.5% Triton  

Washes: HEPES 0.1% Triton 

EGFP-mMAGI-1B / endogenous YAP GFP-Trap®_A 
Lysis: HEPES 0.5% Triton  

Washes: HEPES 0.1% Triton 

Flag-mMAGI-1B / Myc-LATS1/2 

EGFP-mMAGI-1B / Myc-LATS1/2 

Myc-Trap®_A 

GFP-Trap®_A 

Lysis: NETN 0.5% NP-40 

Washes: NETN 0.1% NP-40 

EGFP-mMAGI-1B / Myc-PTPN14 / 

Myc-LATS1/2 
GFP-Trap®_A 

Lysis: NETN 0.5% NP-40 

Washes: NETN 0.1% NP-40 

hMAGI-3b*-V5/His / Myc-PTPN14 Myc-Trap®_A 
Lysis: HEPES 0.5% Triton  

Washes: HEPES 0.1% Triton 

hMAGI-3b*-V5/His / Myc-LATS1/2 Myc-Trap®_A 
Lysis: NETN 0.5% NP-40 

Washes: NETN 0.1% NP-40 

HEK293 cells were seeded at 3x105cells/well in a 6-well plate 24hrs prior to transfection. 

2-3 wells were seeded per sample. Cells were transfected/co-transfected according to 

Section 2.2.1.5 with 1µg total DNA per well, for 48hrs. Cell lysate (250µL/well) was harvested 

and the wells containing the same sample were pulled together. The volume was topped up to 

1mL with Lysis buffer, this ensured optimal mixing during incubation with the beads. Detailed 

protocol for cell lysis can be found in Section 2.2.5.1. Lysates were cleared of cell debris by 

centrifugation for 15min at 16600xg at 4°C. 5-10% of the clear lysate were transferred into a 

new ice-cold 1.5mL tube, 4X Laemmli buffer was added and the samples were boiled for 5min 

at 98°C to denature the proteins. This fraction was referred to as INPUT and represented the 

total lysate (to ensure the presence of the proteins of interest). The rest of the clear lysate 
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was transferred into an ice-cold 1.5mL tube containing pre-equilibrated empty beads (10µL of 

slurry from either uncoupled Protein A-agarose resin or Binding control agarose beads) to 

pre-clear the lysate and control for unspecific binding.  

Equilibration of beads to remove EtOH from the storage buffer (20% EtOH):  

The commercial tube containing Protein A-agarose resin or control beads was 

thoroughly vortexed to resuspend beads completely and the desired amount of 

beads (referred to as slurry) was pipetted into an ice-cold 1.5mL tube. 25µL of 

slurry were used for Protein A-agarose resin and 10-15µL for Binding control 

agarose beads. Beads were washed with 200µL of ice-cold lysis buffer and tubes 

were centrifuged for 2min at 3615xg, 4°C. The supernatant was carefully discarded 

without disrupting the beads. The washing steps were carried out twice more. The 

last wash was only removed when the clear lysate was ready to be added on top to 

avoid beads drying out. 

Tubes, containing the control beads and cell lysate, were tumbled end-over-end for 30min at 

4°C. Beads were precipitated at the bottom of the tube by centrifugation for 2min at 3615xg, 

4°C. 

If performing co-immunoprecipitation with a specific antibody and Protein A-

agarose resin:  

The supernatant (pre-cleared cell lysate) was carefully transferred into a new ice-

cold 1.5mL tube (1mL) and the desired antibody (1:500 dilution for the Flag-

antibody) was added to the sample. Tubes were tumbled end-over-end for 1hr at 

4°C to allow binding of the antibody to the protein of interest. The solution was 

transferred into an ice-cold 1.5mL tube containing pre-equilibrated Protein A-

agarose resin (25µL of slurry).  

If performing a pulldown using commercially available Myc-Trap®_A or GFP-

Trap®_A:  

The supernatant was carefully transferred to an ice-cold 1.5mL tube containing 

pre-equilibrated Myc-Trap®_A (20µL of slurry) or GFP-Trap®_A (10-15µL of slurry).  

Tubes were tumbled end-over-end for 3-4hrs at 4°C to allow interaction of the protein of 

interest with the functionalised beads and formation of protein complexes. Next, beads were 

precipitated by centrifugation for 2min at 3615xg, 4°C. 5-10% of the supernatant were collected 

into a new ice-cold 1.5mL tube, 4X Laemmli buffer added and the samples were boiled for 5min 
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at 98°C to denature the proteins. This fraction was referred to as UNBOUND and represented 

the fraction of proteins that did not bind to the beads nor to the protein of interest. This step 

was only used during the optimisation phase and is not displayed in figures. The rest of the 

supernatant was carefully discarded without disrupting the beads. Beads were washed with 

500µL of wash buffer and precipitated by centrifugation for 2min at 3615xg, 4°C. The 

supernatant was carefully discarded without disrupting the beads. The washing steps were 

carried out three more times (4 washes of the beads in total). After the last wash, beads were 

resuspended in 60µL of 2X Laemmli buffer. Pipetting up and down was avoided in order to 

avoid losing beads in the pipette tip; instead, the Laemmli buffer was pipetted at the bottom 

of the tube and the tip was slowly raised while mixing with circular movements. This fraction 

was referred to as PULLDOWN. Samples were denatured by boiling for 5min at 98°C. This step 

ensured dissociation of the protein of interest and protein complex pulled down from the 

beads. In the case of co-ip, the specific antibody dissociated as well from the beads and the 

heavy chains were visible on the western blot membrane at ~50kDa. Before loading on the 

polyacrylamide gel, INPUT (and UNBOUND) samples were briefly vortexed and spun to ensure 

proper homogenisation of proteins. PULLDOWN samples were centrifuged for 2min at 3615xg 

to precipitate beads at the bottom of the tube and only the supernatant was loaded on the gel.  

2.2.5.3 Assessment of protein concentration: DC assay. 

Protein concentration in cell lysate was assessed using the Bio-Rad DC Protein Assay 

based on the improved Lowry method. The assay was carried out according to the 

manufacturer’s instructions and the absorbance was read at 740nm in a FluorSTAR OPTIMA 

microplate reader from BMG LabTech.  

First, a standard curve was performed with serial dilutions of Albumin standard (stock 

concentration of 2mg/mL) into the same buffer as the samples to be measured, from 

1.5mg/mL to 0mg/mL (6 points). Absorbance values (y-axis) were plotted against Albumin 

concentration (x-axis) and a linear regression was applied. If the R2 value was above 0.95, the 

equation 𝐴𝐵𝑆 = 𝑎 ∗ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑏 was used to determine the protein concentration of 

each samples based on their absorbance value. Measures were performed at least in 

duplicates and the absolute values averaged. Samples were prepared to contain the same 

amount of proteins (30-60µg) and volumes were adjusted using the appropriate buffer. 
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2.2.5.4 SDS-PAGE  

 

Figure 2.8 | Protein migration and ion fronts in a denaturing discontinuous system.  

Adapted from Fig. 2.2 from BioRad Bulletin_6040. A, Samples are loaded into the wells. B, Voltage is applied to the 

system (50-90V) and the samples enter the gel. The Cl- ions, present in the gel (Tris-HCl) move faster than the SDS-

coated proteins and form an ion front. They are called leading ions. The glycine ions, present in the running buffer 

in a negative state, flow in the gel, predominantly lose their negative charge at pH 6.8, and form a lagging front 

behind the proteins. They are called trailing ions.  C, A voltage gradient is formed in between the two fronts which 

constrains the proteins. D, The proteins are stacked between the narrow chloride and glycine fronts. At the 

interface between stacking and resolving gels, pH changes to 8.8 where glycine molecules are negatively charged 

which causes them to move more swiftly toward the positive electrode and to accelerate past the proteins. In the 

meantime, proteins are left in a very narrow line at the interface of the two gels. All proteins will enter the resolving 

gels together. E, As the resolving gel contains a higher acrylamide concentration, the movement of proteins will be 

slowed according to their molecular weight. F, At the end of the running, individual proteins are organised into band 

patterns according to their size. 

Protein samples were run on SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel 

electrophoresis) and subjected to an electrical current resulting in separation according to 

their molecular weight. As previously described, samples were prepared in Laemmli Buffer 

which contains β-mercaptoethanol and together with boiling, denatured proteins. SDS is 

present in the running buffer as well as in the gel composition and coats the proteins with a 

uniform negative charge, allowing them to move through the gel toward the positive electrode. 

To allow good resolution, a discontinuous buffer system was used relying on different pH and 

gel compositions (Figure 2.8). 

SDS-PAGE were prepared according to the Table 2.39. The acrylamide percentage was 

chosen based on the molecular weight of the proteins to detect: 8% for 25-200kDa and 10% 
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for 15-100kDa. SDS-PAGE were run in the BioRad Mini-PROTEAN® Tetra Cell according to 

manufacturer’s instructions. 

Table 2.39 | Composition of stacking and resolving gels for SDS-PAGE 

Components 

Stacking gel 

10mL 

Resolving gel 

10mL 

5% 8% 10% 

dH20 6.15mL 5.4mL 4.9mL 

40% acrylamide  

37.5:1 acrylamide/bis-acrylamide 
1.25mL 2mL 2.5mL 

Tris-HCl pH 6.8 2.5mL / / 

Tris-HCl pH 8.8 / 2.5mL 2.5mL 

10% SDS 100µL 100µL 100µL 

10% APS (ammonium persulfate) 100µL 50µL 50µL 

TEMED 10µL 5µL 5µL 

Samples were loaded into the gel along with a PageRuler™ Prestained Protein Ladder 

(10-180kDa or 10-250kDa) and run with 1X running buffer. During the stacking phase, the 

voltage was set to 60V to allow complete concentration of the samples at the 

stacking/resolving interphase. Then, the voltage was increased to 120V for the entire run until 

the Laemmli Buffer, migrating with the Cl- ions front, left the gel. The gel set-up was then 

disassembled and the proteins were transferred onto a membrane for Western Blot.  

 

2.2.5.5 Protein transfer 

Proteins were transferred onto a nitrocellulose membrane (0.2µm pore size) using Mini 

Trans-Blot® Electrophoretic Transfer Cells according to manufacturers’ instructions. Similar 

to gel electrophoresis, electrical current was used to set proteins in motion. 250mA were 

applied for 90min, in 1X transfer buffer containing 20% MeOH, to allow the proteins to transfer 

horizontally from the gel to the membrane, creating a perfect copy of the gel. 

The Prestained Protein Ladder allowed estimation of transfer efficiency.  If necessary, 

further assessment of transfer efficiency was performed by staining the membrane with 

Ponceau S solution which was poured to cover the entire membrane and incubated at RT for 

1min. Ponceau S was removed from the membrane which was then washed abundantly with 

dH20 until the background became white again and only protein bands were stained in red. 

Ponceau S staining of proteins is reversible and was washed away using PBST 1X or TBST 1X 
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for 5min under constant rotation. It is important to note that Ponceau S staining can introduce 

some background during fluorescence detection. 

 

2.2.5.6 Western Blotting procedure 

To detect specific proteins of interest on the membrane, the western blotting technique 

was performed. All incubation steps were performed under gentle agitation. 

Table 2.40 | List of antibodies used for Western blot and associated buffers 

Antibody Buffers Dilution 

β-tubulin (mouse) 
Blocking and antibody incubation: 5% Milk/PBST 1X 

Washing: PBST 1X 
1:5000 

AMOT (rabbit) 
Blocking and antibody incubation: 5% Milk/TBST 1X 

Washing: TBST 1X 
1:1000 

Flag (mouse) 
Blocking and antibody incubation: 5% Milk/PBST 1X 

Washing: PBST 1X 
1:500 

GFP (rabbit) 
Blocking and antibody incubation: 5% Milk/PBST 1X 

Washing: PBST 1X 
1:2000 

MAGI-1 (rabbit) 
Blocking and antibody incubation: 5% Milk/PBST 1X 

Washing: PBST 1X 
1:500 

MAGI-2 (mouse) 
Blocking and antibody incubation: 5% Milk/TBST 1X 

Washing: PBST 1X 
1:200 

MAGI-3 (mouse) 
Blocking and antibody incubation: 5% Milk/PBST 1X 

Washing: PBST 1X 
1:200 

Myc (mouse) 
Blocking and antibody incubation: 5% Milk/PBST 1X 

Washing: PBST 1X 
1:1000 

Phospho-YAP Ser127 

(rabbit) 

Blocking and antibody incubation: 5% BSA/TBST 1X 

Washing: TBST 1X 
1:1000 

PTPN14 (rabbit) 
Blocking and antibody incubation: 5% Milk/TBST 1X 

Washing: TBST 1X 
1:500 

YAP (rabbit) 
Blocking and antibody incubation: 5% BSA/TBST 1X 

Washing: TBST 1X 
1:1000 

YAP/TAZ (mouse) 
Blocking and antibody incubation: 5% Milk/PBST 1X 

Washing: PBST 1X 
1:200 

After protein transfer, the membrane was cut according to the different proteins to 

detect. The membrane was blocked for 1hr at room temperature. The solution depended on 

the primary antibody and manufacturer’s recommendations. Table 2.40 lists the antibody 

used and associated buffers. The membrane was incubated with a primary antibody diluted in 

1-3mL of the appropriate buffer overnight at 4°C. The excess and unbound antibody was 
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washed from the membrane for 3x 10min in PBST 1X or TBST 1X at RT. The membrane was 

incubated with a fluorescently-conjugated secondary antibody (Table 2.4), diluted in 5mL of 

the appropriate buffer, for 1hr at room temperature. For this step, tubes were covered with 

aluminium foil to limit light exposure of the membranes. The excess and unbound antibody 

was washed from the membrane for 3x 10min in PBST 1X or TBST 1X at RT. The membrane was 

allowed to dry for a few minutes in a dark environment. Proteins were detected (Section 

2.2.5.7.1). 

 

2.2.5.7 Protein detection and quantification 

2.2.5.7.1 Protein detection 

Proteins were detected using the Odyssey Sa® Infrared Imaging System from LI-COR 

with a 200µm resolution. Two infrared detection channels were available: 800nm and 700nm. 

Membranes were scanned according to the secondary antibody species to detect: anti-

rabbit-680nm and/or anti-mouse-800mn. The detector sensitivity for each channel was set to 

a default value of 5.0 but was adjusted, if necessary, to avoid saturation of the protein bands 

in the image. Image Studio™ Lite software was used to adjust brightness and contrast of the 

blots and to quantify protein bands (See below). 

 

2.2.5.7.2 Western Blot quantification 

Quantification was carried out using the Image Studio™ Lite software. Rectangles of the 

same surface area were drawn around the bands to quantify (Figure 2.9). Background was 

calculated by the software by taking the median intensity of a 3-pixel border around each 

rectangle. Depending on the shape of the band, the background was taken from top/bottom 

or right/left borders, not to overlap with other bands. This value was then automatically 

multiplied by the area of each shape and subtracted to the total intensity found in each 

rectangle, giving the protein signal.  

 

Figure 2.9 | Western blot quantification using Image StudioTM Lite software. 
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This was done for the loading control (β-tubulin) and the protein signal to quantify. First, 

β-tubulin signals were expressed as a ratio of the highest value. Then, the signal of the protein 

of interest for each sample was divided by the associated β-tubulin ratio.  

 

2.2.5.8 Phosphorylation assay 

In this section, all lysis buffers were supplemented with PhosSTOP phosphatase inhibitors. 

 

2.2.5.8.1 Phosphospecificity of the antibody 

Phosphospecificity of the PhosphoYAP Ser127 antibody was assessed prior to using it for 

characterisation. The protocol was supplied by Cell Signaling Technology.  

First, total protein was extracted from DLD-1 WT and MAGI-1 knockout clones G1 8 (A) 

and G2 14 (B) using RIPA buffer supplemented with PhosSTOP tablet  (Section 2.2.5.1). Samples 

were prepared with equal amount of total protein: 40µg (Section 2.2.5.3) and run in duplicate 

(WT_G1 8_G2 14 | WT_G1 8_G2 14) on a 8% SDS-PAGE (Section 2.2.5.4) and transferred onto 

a nitrocellulose membrane (Section 2.2.5.5). The membrane was cut in half, with each 

replicate on either side. Next, the phosphatase mixture was prepared as indicated in Table 

2.41. Replicate membranes were either incubated with the phosphatase or the negative 

control mixtures in sealed bags overnight at 37°C under gentle mixing. Membranes were 

washes twice with TBST 1X for 5min and the Western blotting protocol was performed, 

starting from the blocking step, as described in Section 2.2.5.6 with the PhosphoYAP Ser127 

primary antibody. 

Table 2.41 | Phosphatase treatment after transfer 

Components CIP/ʎ-Phosphatase Negative control 

ddH2O 700µL 800µL 

10X NEBuffer for Protein MetalloPhosphatases (PMP) 100µL 100µL 

10X MnCl2 100µL 100µL 

Alkaline Phosphatase Calf Intestinal (CIP, 10,000 units/mL) 50µL / 

Lambda Protein Phosphatase (400,000 U/mL) 50µL / 

 

2.2.5.8.2 PhosphoYAP Ser127 assay 

The aim of this assay was to assess the proportion of phosphorylated YAP on the Ser127 

residue with respect to cell density.  
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First, cells were seeded in 60mm dishes at 0.75x105cells/cm2 (medium density) and 

2x105cells/cm2 (high density). 24hrs later, total protein was extracted with NETN Buffer (0.5% 

NP-40) supplemented with protease cocktail inhibitor and PhosSTOP (Section 2.2.5.1). 

Samples were prepared and run identically on two 8% SDS-PAGE (Sections 2.2.5.3 and 2.2.5.4). 

Western blot was performed with anti-PhosphoYAP Ser127 & anti-β-tubulin antibodies on one 

membrane, and anti-YAP (total YAP) & anti-β-tubulin antibodies on the other (Section 

2.2.4.3.8.2). Quantification of PhosphoYAP Ser127 / Total YAP was performed as described in 

Section 2.2.5.7.2. PhosphoYAP Ser127 and total YAP were normalised to their respective β-

tubulin signal. Then, the proportion of PhosphoYAP Ser127 (PhosphoYAP Ser127 / Total YAP) 

were represented as a percentage of either HIGH density for each sample or WT for each 

density. Statistical significance was assessed over at least three independent experiments 

(Section 2.2.7). 

 

2.2.6 Immunofluorescence imaging 

2.2.6.1 Coverslips coating 

HEK293 cells do not adhere very strongly to their substrate and required coating of the 

glass coverslips with Poly-L-lysine to undergo the immunostaining process without too much 

cell loss. The following steps were performed under sterile conditions in a tissue culture hood. 

First, Poly-L-lysine 0.1% solution was diluted 10-fold in ddH20 and 1mL of 0.01% Poly-L-lysine 

solution was added on top of each coverslip (in 12-well plate). The Poly-L-lysine was left to 

adsorb to the glass for 30min at room temperature, then, the solution was discarded and 

coverslips were allowed to dry under the hood for 1hr. Coverslips were washed three times 

with PBS 1X before use. 

 

2.2.6.2 Density assay and YAP subcellular localisation 

Density assays were performed to assess YAP cell density dependent subcellular 

localisation.  

 

2.2.6.2.1 Density assay in wild-type cell lines 

The density assays in wild-type cell lines (as shown in Figure 3.1) were performed as follow. 

First, cells were seeded in 12-well plates on coverslips (coated with Poly-L-lysine in the case of 

HEK293 cells – Section 2.2.6.1) at LOW, MEDIUM and HIGH densities and cultured for the 
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number of days indicated in Table 2.42 before fixation. Immunostaining with anti-YAP or anti-

YAP/TAZ antibodies was performed as described in Section 2.2.6.4. Images were acquired with 

either an epifluorescence or an Airyscan confocal microscope. 

Table 2.42 | Seeding densities for density assay in wild-type cell lines 

The surface area of a well in 12-well plate is 4cm2. 

WT cell lines LOW MEDIUM HIGH Days of culture 

HEK293 0.125x105cells/cm2 0.25x105cells/cm2 0.75x105cells/cm2 3 days 

Caco-2 0.25x105cells/cm2 0.5 x105cells/cm2 1.25x105cells/cm2 6 days 

DLD-1 0.0625x105cells/cm2 0.25x105cells/cm2 0.75x105cells/cm2 3 days 

MDCK 0.125x105cells/cm2 0.25x105cells/cm2 0.75x105cells/cm2 3 days 

 

2.2.6.2.2 YAP subcellular localisation upon MAGI-1 knockdown at high density 

YAP subcellular localisation was then assessed in Caco-2, HEK293 and DLD-1 cell lines 

upon MAGI-1 transient knockdown. Cells were seeded in 12-well plates on coverslips (coated 

with Poly-L-lysine in the case of HEK293 cells – Section 2.2.6.1) for siRNA transfection as 

indicated in Table 2.16. Then, siRNA transient transfection was performed using MAGI-1 siRNA 

and Scrambled siRNA (described in Table 2.8) as detailed in Table 2.17. Cells were fixed and 

subjected to anti-MAGI-1 and anti-YAP or anti-YAP/TAZ immunostaining (Section 2.2.6.4). 

Finally, images were acquired with either an epifluorescence or an Airyscan confocal 

microscope. 

 

2.2.6.2.3 24hrs density assay in MAGI knockout clones 

YAP subcellular localisation was assessed at medium and high densities in DLD-1 cells 

upon MAGI-1 and/or MAGI-3 stable knockout. Cells were seeded in 12-well plates on 

converslips at MEDIUM and HIGH densities (as indicated in Table 2.43) and cultured for 24hrs. 

Anti-YAP immunostaining was performed as described in Section 2.2.6.4 and images were 

acquired with an Airyscan confocal microscope. 

Table 2.43 | Seeding densities for 24hrs density assay in MAGI knockout cell lines 

The surface area of a well in 12-well plate is 4cm2. 

MEDIUM HIGH 

0.75x105cells/cm2 2x105cells/cm2 
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2.2.6.3 Colocalisation study  

The colocalisation study was performed with overexpressed proteins in DLD-1 cells. 

First, cells (DLD-1 WT cells or MAGI-1 KO clone G2 14) were seeded at 3x105cells/well in 6-well 

plates. Transfection or co-transfection was performed 24hrs after seeding as described in 

Section 2.2.1.5. The next day, transfected cells were split and re-seeded on coverslips in 12-well 

plates at 3x105cells/well to reach medium density. 48hrs after transfection, cells were fixed 

and subjected to immunostaining with relevant antibodies (Section 2.2.6.4). Three 

fluorochromes were used: EGFP/Alexa FluorTM 488, Alexa FluorTM 568 and Alexa FluorTM 647. 

Finally, images were acquired with an Airyscan confocal microscope. For the colocalisation 

experiment in DLD-1 WT cells, a single slice was acquired in Airyscan mode while for the 

colocalisation experiment in MAGI-1 knockout clone G2 14 (B), Z-stacks were acquired in 

confocal mode.  

2.2.6.4 Immunostaining 

Table 2.44 | Buffer composition for immunostaining procedure 

Buffers Composition 

PBS 1X 137mM NaCl, 2.7mM KCl, 10mM Na2PO4, 1.8mMKH2PO4, pH 7.4 

4% PFA (paraformaldehyde) 4% PFA in PBS 1X, pH 7.4 

Quenching solution 0.1M Glycine in PBS 1X 

Permeabilization solution 0.1% Triton X-100 in PBS 1X 

Washing solution 0.01% Tween20 in PBS 1X 

Blocking and antibody incubation solution 0.5% FBS, 0.01% Tween20 in PBS 1X 

Fixation step and following PBS wash were carried out under a chemical fume hood. 

Liquid wastes and tips were collected in appropriate containers and disposed of by the 

University Health and Safety Officer. All steps were performed at room temperature unless 

otherwise stated. Washing steps were carried out in the multi-well plate. 

First, cells were seeded on coverslips. When ready to be fixed, cells were washed twice 

with PBS 1X before being fixed with 4% PFA/PBS 1X for 15min under a fume hood. Excess PFA 

was removed by washing the cells once with PBS 1X. Any unreacted aldehyde molecules were 

then quenched by incubating cells with 0.1M Glycine/PBS 1X for 5min. Cells were washed twice 

more with PBS 1X. Then, samples were permeabilised with 0.1% Triton/PBS 1X for 15min. 

Coverslips were washed three times with 0.01% Tween20/PBS 1X. Next, cells were blocked in 

0.5% FBS/0.01% Tween20/PBS 1X for 1hr to reduce unspecific binding. Samples were 

incubated with primary antibody overnight in a humidity chamber at 4°C. A piece of Parafilm® 

was placed at the bottom of a petri dish. The antibody dilution was prepared in blocking buffer 
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(See Table 2.3 for dilutions) and a 35µL drop of antibody dilution was pipetted, per coverslip, 

on the Parafilm®. Coverslips were removed from the multi-well plate using forceps and the 

extra blocking buffer was drained on tissue paper. Each coverslip was placed, cell side down, 

on the drop of antibody dilution. A wet tissue paper was placed on top of the petri dish before 

closing the lid to ensure good humidity and prevent coverslips from drying out. Coverslips 

were incubated overnight at 4°C. The next morning, coverslips were placed back (cell-side up) 

in the multi-well plate using forceps and the extra antibody solution was drained on tissue 

paper. To remove excess antibody, coverslips were washed three times with 0.01% 

Tween20/PBS 1X. Coverslips were then incubated with secondary antibodies (See Table 2.4 

for dilutions) diluted in blocking buffer, together with Hoechst 33342 nuclear counterstain 

(1:2000 dilution), for 1hr in a humidity chamber at room temperature. The petri dish was 

placed in a dark environment. Afterwards, coverslips were placed back in the multi-well plate 

and washed three times with 0.01% Tween20/PBS 1X to remove the excess antibody. Then, 

coverslips were washed once with PBS 1X and once with dH20 to remove salts. At that point, 

coverslips were taken out from the multi-well plate and the excess moisture was removed by 

gently tapping the empty side of the coverslips on tissue paper. Coverslips were mounted onto 

glass slides with 6μL Prolong gold anti-fade mounting medium. Slides were left to cure 

(solidify) for 24hrs at room temperature in a dark environment. The next day, the excess 

mounting medium was gently removed with wet tissue paper, coverslips were secured by 

applying four dots of nail polish on the rim and slides were stored at 4°C up to a few months.  

 

2.2.6.5 Microscopy 

2.2.6.5.1 Epifluorescence microscope 

Stained cells were observed with an epifluorescence microscope using a 60X oil 

immersion objective. Images were acquired with the Volocity software.  

 

2.2.6.5.2 Confocal microscope 

Stained cells were observed with a LSM880 Airyscan Confocal using a 63X oil immersion 

objective. Images were acquired with the ZEISS ZEN Digital imaging software.  

 

2.2.6.6 Image processing – Fiji 

After acquisition, images were exported as TIFF files and further processed with the Fiji 

software. All images from a same experiment were processed in the same way.  
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2.2.7 Statistical analysis 

Where applicable, a statistical analysis of the results was performed.  

Graphs were prepared in GraphPad Prism software and data were represented in 

scatter plots with bars of the mean ± standard error to the mean (S.E.M.). Statistical 

significance was assessed using the appropriate test depending on the dataset.  

Figure 3.18: The statistical analysis of the data presented in this figure could not be 

performed. A one-way ANOVA relies on two assumptions, normal distribution of the data and 

equal variance, that were both violated in this case. The former was due to the low number of 

data points. The latter, verified by Levene’s test (p < 0.05), resulted from a wide variability of 

values between repeats. Moreover, the normalisation to either WT or one density condition, 

necessary to compare several western blots, artificially set the variance for the control group 

to zero. This prevented the use of a modified one-way ANOVA, robust to unequal variances, 

such as Brown-Forsythe test in SPSS Statistics software (IBM Corporation).  

Figure 3.20: Statistical significance was assessed using the SPSS Statistics software 

(IBM Corporation). First, a one-way ANOVA was performed. However, the dataset violated the 

two assumptions with an ANOVA analysis: 1) Normal distribution (most likely due to the low n 

number) and 2) Equal variances (Levene’s test). Moreover, the dataset presented unequal 

sample size. Therefore, a Brown-Forsythe one-way ANOVA was performed instead. A Brown-

Forsythe one-way ANOVA consists in transforming the data by taking the absolute deviation of 

each data point from the median of the group (transformed value = ABS(original value – 

median of the group)) before running a one-way ANOVA. This test indicated a statistically 

significant difference amongst cell lines (a: F(6,6.018)=379.062, p<0.0001 and b: 

F(6,8.085)=290.310, p<0.0001). To determine where this difference laid, a post hoc Games 

Howell multiple comparisons’ test was performed. This test is the appropriate choice when 

comparing groups with unequal variances. 

Figure A. 15: Statistical significance was assessed using the SPSS Statistics software 

(IBM Corporation). Once again, the dataset presented unequal variances (Levene’s test, p < 

0.0001) and unequal sample sizes. Therefore, a Brown-Forsythe one-way ANOVA was 

performed which indicated a statistically significant difference in nuclear YAP amongst 

micropatterns sizes (F(5,914.161)=142.460, p<0.0001). To determine where this difference laid, 

a post hoc Games Howell multiple comparisons’ test was performed. 
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2.2.8  OrganoPlate® methods 

All experiments in OrganoPlates® were performed at MIMETAS, the-organ-on-a-chip company. 

 

2.2.8.1 Gut tubules in 3-lane design 

2.2.8.2 3-lane design 

The OrganoPlate® 3-lane design possesses three microfluidic channels that meet in the 

centre (Figure 2.10). Each one can be accessed by two wells: inlet (IN), on the left, and outlet 

(OUT), on the right. The design relies on an innovative technology called PhaseguidesTM which 

are carefully designed barriers building on the property of liquid to form menisci. They guide 

the air-liquid interface and the capillary pressure is affected by the change in geometry. The 

appropriate design ensures that a liquid meniscus forms over the PhaseGuideTM in an outward 

curved shape and stops the liquid from flowing beyond. When used with a liquid that gelates, 

such as extracellular matrix, it creates a barrier-free boundary between the two channels. To 

obtain a gut tubule, the middle channel is filled with Collagen-I, cells are then seeded on the 

top channel against the extracellular matrix and the bottom channel serves for medium 

perfusion (Figure 2.10b-d). 

 

Figure 2.10 | OrganoPlate® 3-lane design. 

a, Adapted from https://mimetas.com/page/organoplate%C2%AE-3-lane. (Left) Bottom of a 384-well plate with the 

forty 3-lane chips. (Right) Zoom-in on one of the microfluidic chips. The three channels meet in the centre. The 

access points are denominated inlet (IN) on the left and outlets (OUT) on the right. PhaseGuidesTM are indicated 

by dotted lines. b, Example of a gut-tubule made with Caco-2 cells. The middle channel is used for the extracellular 

https://mimetas.com/page/organoplate%C2%AE-3-lane
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matrix (ECM). Cells are then seeded in the top channel while the bottom channel is left free for medium perfusion. 

c, Schematics of the tissue area, where the three channels meet, right after seeding the cells. d, Schematics of the 

same chip a few days later when cells have formed a tubule. b-d, Taken from Figure 1 of (314). 

 

2.2.8.2.1 Collagen-I coating  

The Collagen-I (Culturex 5mg/mL, #3440-100-01, Lot# 42429E18) 4mg/mL solution was 

prepared on ice, as follow, immediately prior to dispensing it in the 3-lane middle channel. The 

final HEPES/NaHCO3/Col-I ratio is 1:1:8, volume to volume. 

First, HEPES 1M was mixed with NaHCO3 37g/mL. Salts were used to increase the 

solution’s pH and allow polymerisation of Collagen-I. Then, Collagen-I 5mg/mL was added and 

the solution was homogenized by pipetting up and down before being spun briefly to allow air 

bubbles to collect at the surface. The tube was then kept on ice to slow down the 

polymerisation process and dispensed in the middle channel / gel inlets (2µL/chip) within ten 

minutes. Plates were incubated at 37°C, 5% CO2 for 15min to allow polymerisation of the 

Collagen-I. Finally, 30µL of HBSS were added to the gel inlets to keep the ECM hydrated until 

cell seeding.  

The gel channel is lined on both sides with PhaseguidesTM. Once the Collagen-I had 

polymerised, it created permeable barriers between channels (Figure 2.11).  

 

Figure 2.11 | Phase contrast images of a 3-lane design from the observation window (Top view).  

(Left) Empty chip. (Right) Collagen-I has been dispensed in the middle channel allowing menisci to form on the 

PhaseguidesTM lining the channel. The black areas correspond to the curved menisci of the gel/air interface. 

 

2.2.8.2.2 Cell seeding in the OrganoPlate® 

DLD-1 cells were used to form gut-tubules (Table 2.45).  

Cells were trypsinised and collected into 15mL tubes. 10µL of cell suspension was mixed 

with 10µL of Trypan blue and half was added into each side of a counting slide (EVS-050, VWR). 

The cell number of each population was measured in duplicate using an automated cell 
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counter (EVE™, NANOENTEK). 1x106cells for each population were aliquoted and pelleted 

(200xg, 5min) into micro-centrifuge tubes. Cells were resuspended in 100µL of RPMI complete 

medium to reach a concentration of 1x104cells/µL. The cell suspension was then thoroughly 

homogenised prior to seeding in the channels. 2µL of cell suspension at 1x104cells/µL were 

dispensed into the top channel inlet. One chip per plate was left cell-free to use as a negative 

control in assays. Next, 50µL of RPMI complete medium were added to the top inlets. 

Organoplates® were placed on a stand, at an angle of 105°, in the incubator (37°C, 5% CO2) for 

3hrs to force cells to sediment onto and attach first to the ECM. Once cells had attached to 

their substrate, 50µL of RPMI complete medium were added to the top outlets, bottom inlets 

and outlets. It was important to allow medium to flow from the inlets into the channels before 

adding more medium to the outlets to avoid trapping air bubbles. Finally, plates were placed 

horizontally, in the incubator, on a MIMETAS rocker alternating every 8min between +7° and -

7° inclination, creating a bi-directional flow of medium. Over the following few days, cells were 

left to grow and form hollow tubules. Medium was refreshed every two days. 

Table 2.45 | Cell lines cultured in the 3-lane OrganoPlate®. 

Cell lines Passage # Genotype 

DLD-1 WT P32-38 WT 

G1 8 (clone A) P45-50 
MAGI-1 KO 

G2 14 (clone B) P43-49 

G5+6 clone 28 P45-50 MAGI-3 KO 

A5+6 clone 7 P55-60 MAGI1/MAGI3 double KO derived from 

MAGI-1 KO clone A or B B5+6 clone 2 P53-58 

 

2.2.8.3 Barrier integrity assay 

Epithelial tissues are characterised by their ability to form a selective barrier between 

their apical and basal sides. Cells are sealed to one another by tight junctions that restrict the 

paracellular passage of molecules. Therefore, substances that go through the epithelial layer 

have to enter the cells, by diffusion or active transport, which grants high selectivity to these 

tissues. 

Barrier integrity (BI) assays were performed to assess the leak-tightness of the tubules. 

It consisted in monitoring the diffusion of two fluorescent compounds through the bottom cell 

layer of the tubules into the gel and bottom channels. A healthy epithelial tissue should be leak-

tight to both FITC-Dextran 150kDa and TRITC-Dextran 4.4kDa fluorescent probes. The cell-free 

chip served as positive control for a leaky chip. 
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BI assays were performed as follow. First, all channels were washed with medium prior 

to the assay to ensure proper liquid flow. A working solution was prepared of both dyes were 

prepared by diluting FITC-Dextran 150kDa (Sigma, 46946) and TRITC-Dextran 4.4kDa (Sigma, 

T1037) in RPMI complete medium to a final concentration of 0.5mg/mL. Then, 40µL of 

fluorescent solution were dispensed in the top inlets and while only 30µL were pipetted to the 

outlets to allow quick perfusion. The middle and bottom channel inlets and outlets were filled 

with 20µL of complete RPMI complete medium. Leakage of the fluorescent compounds 

through the cell layer was monitored as quickly as possible by automatic and sequential 

imaging of the observation windows using an ImageXpress microscope (Molecular Devices). For 

each chip, pictures for both wavelengths were acquired every 2min over a total period of 

14min. The analysis was then performed using ImageJ and a MIMETAS plugin that compared 

and normalised the fluorescence in the middle (ECM) to that of the top (cells) channel for 

each wavelength overtime. The ratio FluoGEL/FluoTOP was plotted overtime (Figure 2.12). Due 

to the many cell lines to compare, the last time point (14min) alone was considered and 

represented. 

 

Figure 2.12 | Example of quantification of the barrier integrity assay in OrganoPlate®.  
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a, Example of leak-tight (gut tubule – Top) and leaky (cell free control – Bottom) 3-lane Organoplate® chips.  Phase 

contrast and fluorescent images of the top (cells), middle (ECM) and bottom (medium) channels after dispensing 

fluorescent Dextran (FITC in this case) in the tubule (top channel). The white dotted boxes correspond to the 

regions considered during quantification. The fluorescence measured in the gel (middle) channel (FluoGEL) is 

normalised to the fluorescence in the top channel (FluoTOP) and the ratio is plotted over time (b). The fluorescence 

ratio for a leak-tight tubule stays very low (Blue), as no Dextran passes through the cell barrier. However, the ratio 

for a leaky vessel increases overtime, as the Dextran diffuses into the gel channel, until reaching a value of ~1.0 at 

steady-state. c, Bar graph representing the value of the fluorescence ratio at the last time point considered (b – 

purple dotted box). 

 

2.2.8.4 EdU proliferation assay 

An EdU assay (ThermoFisher Scientific, Click-iT™ Plus EdU Alexa Fluor™ 647 Imaging Kit, 

#C10640) was used to determine the number of cells proliferating in early (Day4) and late 

(Day10) stages DLD-1 tubules. This assay relies on the incorporation of a modified thymine 

analogue, EdU, into newly synthesised DNA. The detection is then possible through a click 

reaction catalysed by copper, between the alkyne residue of the EdU and the azide from the 

Alexa Fluor® dye, creating a covalent bond between the two molecules (Figure 2.13) (315-317).  

 

Figure 2.13 | Edu incorporation in DNA and easy detection via click reaction.  

a, Adapted from https://www.genecopoeia.com/product/tracking-new-dna-synthesis/. The alkyne-containing 

thymidine analogue, EdU, is incorporated in the DNA of proliferating cells and can be easily detected by the addition 

of an Alexa Fluor® probe containing an azide residue. Copper catalyses the click reaction between the two moieties, 

linking them covalently. b, Illustration of the click cycloaddition. Adapted from (45,318). 

https://www.genecopoeia.com/product/tracking-new-dna-synthesis/
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The first 3-lane OrganoPlate® was seeded with all 6 cell lines to characterise (Table 

2.45). Six days later, the second plate was seeded in a similar manner, with triplicates of each 

cell lines. The EdU assay was performed simultaneously on both plates, on Day10 and Day4 

respectively (described below). 

Table 2.46 | Click-iT® Plus reaction cocktail. 

Click-iT® Plus reaction cocktail 

Click-iT® EdU reaction buffer 

Copper protectant 

Alexa Fluor® 647 

Reaction buffer additive 

The EdU concentration and incubation time were adapted from manufacturer’s 

instructions and MIMETAS protocol. First, the EdU compound was fed to the cells and 

incubated for 4hrs (37°C, 5% CO2, bi-directional flow), during which it was incorporated in 

newly synthesised DNA at each replication. For each cell line, one chip was used as control and 

was only fed DMSO (vehicle). Tubules were then fixed with 3.7% formaldehyde in HBSS for 

15min and washed twice with a 3% BSA solution in HBSS for 3min. Then, cells were 

permeabilised in 0.5% Triton X-100 in HBSS for 20min at room temperature before being 

washed twice with a 3% BSA solution in HBSS for 3min. The Click-iT® Plus reaction cocktail 

(Table 2.46) was added to the cells and the plate incubated on the rocker for 30min at room 

temperature, wrapped in aluminium foil to avoid light exposure. Cells were washed twice with 

a 3% BSA solution in HBSS for 3min. Then, cells nuclei were stained with Hoechst® 33342 

(supplied in the kit) at a working concentration of 5µg/mL in HBSS, for 30min on the rocker, 

protected from light. Cells were washed twice with a 3% BSA solution in HBSS for 3min and 

HBSS was added to all channels to allow imaging. Z-stacks of each chip with Cy5 and DAPI 

filters were taken using a MolDev (Molecular Devices) confocal microscope. Only the sum 

projection of each stacks was saved. Data processing was conducted with Fiji using plugins 

developed by MIMETAS (Table 2.47). First, the number of nuclei per image was assessed using 

the nuclear counterstain Hoechst. Then, the total intensity of the EdU signal (Cy5 channel) was 

determined. Finally, the intensity per nucleus was calculated for each picture and averaged, 

whenever possible, among duplicates. Some chips had a very low Hoechst signal, probably due 

to a technical issue during the immunostaining procedure, which impaired the quantification. 

These samples were excluded. 
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Table 2.47 | Parameters used in the MIMETAS plugin to process EdU assay. 

Nuclei size 7µm 

Magnification/ binning (20x confocal) 0.36 

Background correction 40 

Background average  intensity 8000  

 

2.2.8.5 Viability assay 

A WST-8 based viability assay (Sigma, Cell counting kit-8, #96992) was used to assess the 

number of viable cells in the DLD-1 tubules on Day7 after seeding. The water-soluble 

tetrazolium salt, WST-8, is reduced in living cells by dehydrogenases, producing a water-

soluble yellow-coloured product, called formazan. The amount of formazan dye generated can 

be measured by absorbance at 450nm in a Plate reader, and is directly proportional to the 

living cell number.  

The assay was conducted according to the manufacturer’s instruction and MIMETAS 

protocol. Two types of negative controls were used: cell-free control and no WST-8 reagent 

control. 

First, a 1:10 working dilution of WST-8 in HBSS was added to the cells and the plate was 

placed on the rocker inside the incubator for 30min. In the no WST-8 control chip, only HBSS 

was added. Perfusion inside the channels was stopped by leaving the plate still in the incubator 

for an extra 5min. Then, absorbance at 450nm was measured in each chip with a Plate reader, 

preheated at 37°C. Finally, analysis was performed by subtracting the blank measurement 

(cell-free chip) to the absorbance value for each chip. 

 

2.2.8.6 Immunostaining 

Table 2.48 | Primary antibodies used for immunostaining in the OrganoPlate®. 

Antibody Dilution Cat#, Company 

Occludin (rabbit)  1:100 71-1500, InvitrogenTM 

ZO-1 (rabbit)  1:250 617300, InvitrogenTM 

E-cadherin (mouse)  1:300 610181, BD Biosciences 

MAGI-1 (rabbit) 1:250 M5691, SIGMA Aldrich (Merk) 

(previously described in Table 2.3) 

YAP/TAZ (mouse) 1:200 Sc-101199, Santa Cruz Biotechnologies 

(previously described in Table 2.3) 
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Immunostaining of cells in the OrganoPlate® was performed according to MIMETAS 

protocol. All steps, except for the secondary antibodies incubation, were performed using 

differential volumes between the cell (top) inlet and other wells to ensure perfusion through 

the cell channel and the whole chip. 

First, cells were fixed with 3.7% formaldehyde in HBSS for 15min, then, washed twice 

with PBS for 5min and once with the washing solution (4% FBS/PBS). Next, cells were 

permeabilised for 10min in 0.3% Triton X-100 in PBS and washed with the washing solution for 

5min. The blocking step was performed in a solution of 2% FBS / 2%BSA / 0.1% Tween in PBS 

(blocking buffer) for 45min. Cells were incubated with primary antibodies in blocking buffer 

overnight at 4°C (Table 2.48). Cells were washed twice with the washing solution for 5min. 

and then incubated with secondary antibodies, nuclear counterstain (Hoechst) and 

ActinGreenTM ReadyProbes® when needed (Table 2.49). Cells were washed twice with the 

washing solution for 5min and an extra PBS 1X wash was carried out for 5min. Next, all wells 

were filled with PBS 1X to allow imaging. Z-stacks of the tubules were acquired using a MolDev 

confocal microscope, 20x air objective (Figure 2.14). Images were processed in Fiji using a 

MIMETAS plugin. All images were processed with the same parameters. 

Table 2.49 | Fluorescent antibodies used for immunostaining in the OrganoPlate®. 

Antibody/Probe Dilution Cat#, Company 

ActinGreenTM 488 ReadyProbes®  2 drops/mL R37110, LifeTechnologies 

Goat anti-rabbit IgG (H+L) Cross-Adsorbed  

Secondary Antibody, Alexa Fluor® 555 
1:250 A21428, InvitrogenTM 

Goat anti-Mouse IgG (H+L) Cross-Adsorbed  

Secondary Antibody, Alexa Fluor® 488 
1:250 A-11001, InvitrogenTM 

Hoechst 33342 1:2000 H3570, InvitrogenTM 
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Figure 2.14 | Confocal imaging of gut tubules in a 3-lane OrganoPlate®.  

a, Top view of a 3-lane chip (schematic representation) with the top (Tubule), middle (Collagen-I) and bottom 

(Medium) channels, separated by PhaseGuidesTM. The turquoise box indicates the bottom layer of cells (XY plane) 

that is imaged with an inverted microscope (example shown in c). The orange box shows a cross-section of the 

tubule, along the XZ plane (example shown in d). b, Schematic representation of the entire cross-section of a chip 

along the XZ plane. The objective of an inverted microscope is positioned below the plate and images are acquired 

through the glass bottom. Z-stacks of tubules are acquired along the Z axis. c, d & e, Day4 DLD-1 WT tubule stained 

with Hoechst (nuclear counterstain, Blue), anti-YAP (Green) and anti-MAGI-1 (Red) antibodies. Images acquired 

with a confocal microscope, 20x objective. Scale bar: 50µm. The images show only the top channel, containing the 

tubule and part of the gel channel. The positions of the lumen, PhaseGuideTM and Collagen-I are indicated. c, Single 

slice showing the bottom cell layer of a tubule (turquoise box in c). d, Orthogonal view of the tubule generated from 

a Z-stack (taken along the Z axis). The arrow indicates the position of the microscope. e, 3D reconstruction of the 

entire tubule from the Z-stack in Fiji.  

 

  



Page | 121  
 

3 Chapter 3: MAGI-1 and MAGI-3 regulate the 

Hippo-YAP pathway’s response to cell 

density and YAP cytoplasmic retention 

3.1 Introduction 

YAP/TAZ subcellular localisation is thought to be regulated via a phosphorylation-

dependent mechanism (8,63). Cell density has been shown to be an important regulator of 

YAP/TAZ localisation (8,66). Indeed, in sparse cultures, YAP/TAZ undergoes 

nucleocytoplasmic shuttling but accumulates preferentially in the nucleus where it promotes 

transcription of target genes through association with various transcription factors (319). As 

cells grow denser and establish proper cell-cell contacts, the Hippo cascade activates, 

promoting YAP/TAZ phosphorylation by the LATS1/2 kinases. Upon phosphorylation, YAP/TAZ 

are gradually sequestered in the cytoplasm via several regulator proteins such as 14-3-3 

(8,20,30,33), PTPN14 (71-75) and AMOT (76,77,137,138). In dense culture, YAP/TAZ are 

completely excluded from the nucleus resulting in contact-inhibition of proliferation (8,69).  

MAGI-1, a tight junction and multi-PDZ domain protein, was recently identified in a Hippo 

pathway kinome RNAi screen (160). Their findings indicate that MAGI-1 affects YAP subcellular 

localization in a cell density-dependent manner in HaCaT and HEK293 cells. However, the 

mechanisms at play remain to be elucidated.  

 

3.2 Aims 

Here, we aimed at investigating the mechanism governing MAGI-1 regulation of YAP 

subcellular localisation. First, we asked whether MAGI-1 was a universal regulator of cell 

density-dependent Hippo signaling in epithelial cells. Then, we established a stable system to 

study the effects of MAGI-1 on YAP Ser127 phosphorylation status and subcellular localisation 

in response to cell density using CRISPR/Cas9 gene editing technique.  

In front of the high similarity among the members of the MAGI family, we aimed at 

investigating the role of MAGI-2 and MAGI-3 in YAP regulation.  
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3.3 Results 

3.3.1 MAGI proteins play a role in YAP nuclear exclusion at high cell density 

MAGI-1, a multi-PDZ and tight junction protein, was identified by Mohseni and 

collaborators and shown to affect YAP subcellular localisation at high cell density in HaCaT and 

HEK293 cells (160). However, the mechanism of MAGI-1’s link to the Hippo-YAP pathway 

remains elusive. 

 

3.3.2 YAP localisation is cell density dependent in epithelial cells 

The nucleocytoplasmic shuttling of the Hippo pathway downstream effector, YAP, 

directly correlates with its activity as a transcriptional co-activator. We therefore intended to 

use this feature as a direct read-out of YAP’s activity. We first established a reliable 

immunofluorescence qualitative assay to assess YAP subcellular localisation across different 

cellular densities. Two kidney and two colon adenocarcinoma epithelial cell lines, namely 

HEK293, MDCK-II, Caco-2 and DLD-1 (Table 3.1), were seeded at low, medium and high cell 

density and subjected to anti-YAP immunostaining (Figure 3.1). All four cell lines tested 

displayed the same phenotype, in line with the literature: 1) in sparse cultures, YAP shuttles 

between nucleus and cytoplasm but mainly accumulates in nuclei to promote cell proliferation; 

2) as density increases, cell-cell contacts activate the Hippo cascade which results in 

progressive sequestration of YAP in the cytosol; 3) at high cell density, YAP is excluded from 

nuclei (White arrows). When sequestered in the cytoplasm, YAP is spatially prevented to fulfil 

its role of transcriptional co-activator (8). In addition, in MDCK-II, Caco-2 and DLD-1 cells we 

observed that YAP was enriched at cell-cell contacts (White arrowheads) already in sparse 

cultures. Taken together, our results show that YAP subcellular localisation is cell-density 

dependent in HEK293, MDCK-II, Caco-2 and DLD-1 cell lines. This density assay provides a clear 

and qualitative read-out of YAP activity.  

Table 3.1 | Epithelial cell lines  

Cell line Organism Tissue  Morphology Disease 

HEK293 

Human Embryonic Kidney  

Human Embryonic kidney Epithelial 

Adherent 

Normal 

MDCKII 

Madin-Darby Canine Kidney 

Dog Kidney Epithelial 

Adherent 

Normal 

Caco-2 

AdenoCArcinoma of the COlon 

Human Colon Epithelial 

Adherent 

Colorectal 

adenocarcinoma 

DLD-1 

Daniel L. Dexter 

Human Colon Epithelial 

Adherent 

Dukes' type C, colorectal 

adenocarcinoma 
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Figure 3.1 | YAP subcellular localisation is cell density dependent in epithelial cells. 

HEK293 (n=3) (a), MDCK-II (n=1) (b), Caco-2 (n=3) (c) and DLD-1 (n=3) (d) cells were seeded on coverslips at low, 

medium and high density. Immunostaining was performed using an anti-YAP/TAZ antibody. Images were acquired 

with an epifluorescence (a-c) or a confocal (d) microscope. Scale bars: 20µm. At low cell density (LOW), YAP is 

mostly nuclear. When density increases (MEDIUM), YAP becomes distributed between nucleus and cytosol and in 

dense cultures (HIGH), YAP is excluded from the nucleus (arrows). In MDCK-II (b), Caco-2 (c) and DLD-1 (d) cells, 

YAP is localised at cell-cell contacts (arrowheads) already in sparse cultures. White asterisks (*) indicate dividing 

cells for which YAP is localised in the whole cell volume around the DNA. MDCK-II (b) images taken by Dhruv Ritesh 

Shah, undergraduate student. Secondary-only controls are shown in Figure A. 2. 
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3.3.3 MAGI-1 depletion drives YAP into the nucleus at high cell density  

3.3.3.1.1 MAGI-1 transient knockdown promotes YAP nuclear localisation at high cell density 

 

Figure 3.2 | MAGI-1 transient knockdown in HEK293, Caco-2 and DLD-1 cells. 

HEK293 (n=3) (a & b), Caco-2 (n=4) (c & d) and DLD-1 (n=2) (e & f) cells transiently transfected with either MAGI-

1 or Scrambled siRNA as indicated. Scrambled siRNA was used as a negative control. MAGI-1 knockdown efficiency 

was assessed by western blot using an anti-MAGI-1 antibody and β–tubulin was used as loading control (b, d & f). 

Quantification of MAGI-1 knockdown efficiency was performed in each cell line. Individual data points are shown 

and the bars represent the mean value ±S.E.M. MAGI-1 levels were first normalised to the associated β–tubulin 

signal. Scrambled siRNA control represent 100%.  

Next, we investigated the consequence of MAGI-1 transient depletion on YAP 

nucleocytoplasmic shuttling using the previously described density read-out assay. HEK293, 

Caco-2 and DLD-1 cells were seeded to reach high density within 96hrs or 120hrs, depending 

on the cell line (See Chapter 2, Section 2.2.6.2.2 for protocol details). Transient transfection 
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was performed with either MAGI-1 or Scrambled siRNA. Knockdown efficiency was assessed 

by western blotting using an anti-MAGI-1 antibody and β–tubulin as a loading control (Figure 

3.2). We reached, in all three cell lines, a 70% reduction of the MAGI-1 expression levels upon 

siRNA transfection.  

 

Figure 3.3 | MAGI-1 transient knockdown induces nuclear localisation of YAP at high cell density. 

HEK293 (n=2) (a), Caco-2 (n=3) (b) and DLD-1 (n=2) (c) cells were seeded to reach high density and transiently 

transfected with either MAGI-1 or Scrambled siRNA as indicated. Scrambled siRNA was used as a negative control. 

MAGI-1 knockdown efficiency was assessed by western blot (Figure 3.2). Immunostaining was performed using an 
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anti-YAP antibody to investigate YAP subcellular localisation in dense cultures.  Images were acquired with an 

epifluorescence (a & c) or a confocal (d) microscope. Scale bars: 20µm. In samples transfected with the Scrambled 

siRNA, YAP localisation is mainly cytoplasmic as expected. However, MAGI-1 transient depletion drives YAP to the 

nucleus at high density in all three cell lines. The white arrowheads (d) indicate MAGI-1 junction localisation. 

Secondary-only controls are shown in Figure A. 2 

In parallel, immunostaining with an anti-YAP antibody was performed on the Scrambled 

and MAGI-1 siRNA transfected cells (Figure 3.3). HEK293 and Caco-2 cells were imaged with 

an epifluorescence microscope (Figure 3.3a & b). Both cell lines displayed YAP nuclear 

accumulation at high density, contrary to control (Scrambled siRNA). DLD-1 cells were stained 

with anti-YAP/TAZ and anti-MAGI-1 antibodies and imaged with a confocal microscope. We 

observed the same YAP phenotype in confirmed MAGI-1 knocked-down cells. Our results are 

in line with the work of Mohseni and co-workers (160) and show that transient depletion of 

MAGI-1 drives YAP into the nucleus at high cell density. Taken together, our data show that 

MAGI-1 plays a role in the regulation of YAP subcellular localisation. We therefore hypothesized 

that MAGI-1 could either act by promoting LATS-mediated phosphorylation of YAP, first step 

toward its exclusion from the nucleus, or by being involved in YAP sequestration in the cytosol. 

 

3.3.3.1.2 MAGI-1 overexpression does not promote cytoplasmic retention of YAP in sparse 

cells 

Next, we asked whether overexpression of MAGI-1 could provoke YAP cytoplasmic 

retention, much like other well-characterised negative regulators of YAP (73,74,76). As YAP is 

normally cytoplasmic in dense cells, this experiment was conducted at low cell density to be 

able to evidence a change in localisation from nuclear to cytoplasmic, should there be one. 

PTPN14 was used here as a positive control. First, HEK293 cells were transiently transfected 

with either Flag-mMAGI-1B or V5-PTPN14 expression constructs. Cells were cultured at low 

density and subjected to immunostaining to assess localisation of endogenous YAP upon 

overexpression of either protein (Figure 3.4a). In WT cells, YAP was found, as expected, in the 

nucleus (Top panel). Upon overexpression of PTPN14, YAP was driven out of the nuclei and 

sequestered in the cytosol, as reported in the literature (73,74). However, MAGI-1 

overexpression did not induce translocation of YAP from nucleus to cytoplasm. We observed 

the same behaviour in DLD-1 cells (Figure 3.4b). Interestingly, we noticed that overexpression 

of MAGI-1 in HEK293 was enriching YAP at cell-cell contacts (Arrowheads) which is not the 

case in WT cells (Figure 3.1a and Figure 3.4a top panel). In DLD-1 cells, on the other hand, as 

noticed previously (Figure 3.1d), YAP was already enriched at the plasma membrane at low 

density regardless of MAGI-1 overexpression (Figure 3.4b arrows). Taken together, our 
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results indicate that MAGI-1 is not sufficient to induce cytoplasmic retention of YAP at low cell 

density, unlike PTPN14. MAGI-1, being a tight junction protein, we hypothesised that the cellular 

context in which it exerts a negative regulation on YAP was not recapitulated at low cell density 

and therefore the trigger of density was missing from this experiment. Our data also suggests 

that MAGI-1 contributes to YAP being enriched at cell-cell contacts in HEK293 cells.  

 

Figure 3.4 | MAGI-1 overexpression does not induce exclusion of YAP from the nucleus in sparse cells. 

a, HEK293 cells were transiently transfected with either V5-PTPN14 (used as positive control) or Flag-mMAGI-1B 

(n=1). Untransfected HEK293 cells (Top panel) were used as negative control. Cells were cultured at low density 

and subjected to immunostaining with anti-YAP (endogenous), anti-YAP/TAZ (endogenous), anti-PTPN14 or anti-

Flag antibodies as indicated. Hoechst was used as nuclear counterstain. Images were acquired with an 

epifluorescence microscope. Scale bars: 20µm. In untransfected cells, YAP is normally nuclear in sparse cells. Upon 
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overexpression of PTPN14, YAP is forced out of the nucleus, corroborating literature (73,74). mMAGI-1B 

overexpression does not induce YAP exclusion from the nucleus at low cell density. Arrowheads point at enriched 

YAP at the cell-cell contacts upon MAGI-1 overexpression. b, DLD-1 cells were kept at low density and transiently 

transfected with either EGFP-hMAGI-1Cβ1 or Flag-mMAGI-1B constructs as indicated (n=1). Immunostaining was 

performed with an anti-YAP antibody (endogenous) and anti-Flag antibody when appropriate. Hoechst was used 

as nuclear counterstain. Images were acquired with a confocal microscope. Scale bars: 20µm. The white asterisks 

indicate cells overexpressing MAGI-1. Here again, MAGI-1 overexpression does not affect YAP nuclear localisation at 

low cell density. In DLD-1 cells, YAP is enriched at the plasma membrane regardless of MAGI-1 overexpression 

(yellow (with) and white (without) arrows). 

 

3.3.3.1.3 Generation of stable MAGI-1 knockout cell lines using CRISPR/Cas9 technique 

Based on the promising results of MAGI-1 transient depletion, we aimed at generating 

MAGI-1 stable knockout cell lines using CRISPR/Cas9 technique to further characterise the 

nature and mechanism of MAGI-1 regulation of YAP.    

The DLD-1 colon adenocarcinoma cell line was selected as a model cell line based on the 

following criteria:  

1) Forms epithelial monolayer with proper tight junctions (Figure 3.5) 

2) Proper localisation of MAGI-1 at tight junctions (Figure 3.5) 

3) Expresses high levels of MAGI-1 (320) 

4) YAP nucleocytoplasmic shuttling based on cell density is conserved (Figure 3.1d) 

5) DLD-1 cells are 90-95% diploid (321) which make them suitable for CRISPR/Cas9 

technique.  

 

Figure 3.5 | MAGI-1 colocalises with ZO-1 at tight junctions. 

Confocal images of DLD-1 cells acquired with a 60x objective. DLD-1 cells were transiently transfected with EGFP-

hMAGI-1Cβ1 (Green) construct. Immunostaining with an anti-ZO-1 (Greys) antibody was performed. Hoechst was 

used as a nuclear counterstain. XY view corresponds to a single slice of the Z-stacks, corresponding to the apical 
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view. XZ represents the orthogonal view taken along the white dotted line. DLD-1 cells form proper tight junctions 

and MAGI-1 colocalises with ZO-1. Scale bars: 20µm. 

We aimed at generating complete MAGI-1 knockout in DLD-1 cells, using the CRISPR NHEJ 

(Non-homologous end-joining) repair mechanism. We therefore designed single guide RNAs 

within Exon1 to generate STOP codons as early as possible within the gene, while targeting all 

isoforms (Figure 3.6). We selected two sgRNAs (Figure 3.6 & Table 3.2), G1 and G2, that 

were sufficiently far apart within Exon1 to increase the chances of efficiency. Primers to 

amplify the targeted region were designed using NCBI Primer Blast tool (Primers #19 and #20 

from Table 2.7, Chapter 0). Each sgRNA was cloned into a PX458-Cas9-GFP vector (See 

Chapter 0 for detailed protocol). 

 

Figure 3.6 | Design of two sgRNAs targeting MAGI-1 Exon1. 

(Top) Map of MAGI-1 5’-UTR, Exon1 and beginning of Intron1, illustrating the position of G1 and G2 as well as of the 

primer pair (FWD: forward and REV: reverse) designed to amplify the region targeted by the sgRNAs. (Bottom) 

Schematic representation of MAGI-1 alternatively spliced regions: α, β and C-terminal tail. Targeting Exon1, far 

upstream of the first alternatively spliced domain, ensures that all MAGI-1 isoforms will be affected by the 

CRISPR/Cas9 gene editing. 

 

Table 3.2 | MAGI-1 sgRNAs targeting Exon1 

Table recapitulating the two single guide RNAs selected to induce MAGI-1 knockout along with the primers designed 

to amplify the targeted region (illustrated in Figure 3.6). BbsI site. Oligonucleotide numbers (#) refer to Table 2.9 

(sgRNAs) and Table 2.7 (primers) of Chapter 0. 

Single guide RNA Targeted Sequence_PAM Exonic off-targets 

sgRNA1 (G1)  

(#1 & #2) 

GGAGTTTCCGTACGTCGGAG_CGG 

Top: 5' - CACCGGGAGTTTCCGTACGTCGGAG - 3' 

Bottom: 5' - AAACCTCCGACGTACGGAAACTCCC - 3' 

Duplex:  

5' - CACCGGGAGTTTCCGTACGTCGGAG - 3' 

          3’ – CCCTCAAAGGCATGCAGCCTCCAAA – 5’ 

None 
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sgRNA2 (G2)  

(#3 & #4) 

TTGCCCCGCTATGACGTGCT_GGG 

Top: 5' - CACCGTTGCCCCGCTATGACGTGCT - 3' 

Bottom: 5' - AAACAGCACGTCATAGCGGGGCAAC - 3' 

Duplex:  

5' - CACCGTTGCCCCGCTATGACGTGCT - 3' 

          3’ – CAACGGGGCGATACTGCACGACAAA – 5’ 

SIPA1 (NM_006747) 

TTTGCCCACTATGACGTGCAAAG 

CNTN5 (NM_001243270) 

TTGCTTAGCTATGAAGTGCTAAG 

Sequences of primers to amplify the sgRNAs targeted region 

FWD1-2 (#19) 5’ – TGTTTCTCCCATGAACAAGCG – 3’ 3’ UTR 

REV1-2 (#20) 5’ – GGAGGGAAGCAGGAAATCGAG – 3’  Intron1 
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Figure 3.7 | Validation of MAGI-1 knockout clones G1 8 (A) and G2 14 (B). 

a, Sequencing results of G1 8 (A) and G2 14 (B) MAGI-1 knockout (KO) clones. Alignment with WT sequence of the 

targeted region. G1 8, a homozygote clone, counts a one-nucleotide addition that leads to a frameshift and a 

premature STOP codon after 85aa. G2 14 is a heterozygote KO clone. One allele (A1) suffered a two-base pair 

deletion while the other (A2) underwent a five-nucleotide deletion. Both alleles have a premature STOP codon at 

125 and 124aa respectively. The numbers in red indicate the extent of the mutation in nucleotides. b, Proteins were 

extracted from MAGI-1 KO clones and DLD-1 WT and samples were subjected to western blotting with an anti-MAGI-

1 antibody. β–tubulin was used as a loading control. The red arrow points at the MAGI-1 band which is gone in the 

KO clones. c, MAGI-1 KO clones and DLD-1 WT cells were cultured on coverslips and subjected to anti-MAGI-1 

immunostaining. Images were acquired with a confocal microscope. Hoechst was used as a nuclear counterstain. 

Scale bars: 20µm. The white arrow indicates MAGI-1 junction localisation with is no longer visible in MAGI-1 KO 

clones. 

DLD-1 WT cells were transfected with either PX458-G1 or PX458-G2 vectors and sorted 

into single cells by FACS. Clone screening consisted in the (1) characterisation of CRISPR-

induced indels at the targeted site by sequencing and (2) validation at the protein level using 

western blotting and immunostaining. The validation of two of the MAGI-1 knockout clones, G1 

8 (A) and G2 14 (B), originating from either guides, is shown in Figure 3.7. The sequencing 

results predicted the occurrence of premature STOP codons. The absence of protein was 

confirmed with western blotting and immunofluorescence. These two clones were therefore 

used for further study.   

The two predicted off-targets of G2, SIPA1 and CNTN5, were checked by sequencing in 

G2 14. No mutation was found in either of these genes. 

 

3.3.3.1.4 MAGI-1 stable depletion mildly affect YAP subcellular localisation at high cell density 

Using the freshly generated MAGI-1 knockout clones, we repeated the density assay. 

DLD-1 WT cells alongside G1 8 (A) and G2 14 (B) MAGI-1 KO clones were seeded at low, medium 

and high density. Having a stable cell line system allowed for a better control of the final 

densities. Cells were subjected to anti-YAP/TAZ immunostaining (Figure 3.8). DLD-1 WT and 

MAGI-1 KO clones alike showed nuclear YAP/TAZ at low cell density. However, some 

divergences appeared at higher densities. While there was a striking difference between 

medium and high density in WT cells, MAGI-1 KO clones looked similar in both, with YAP being 

distributed between nucleus and cytoplasm. These results could indicate a higher threshold 

for maximum density. Surprisingly, the YAP defect in dense cultures observed in MAGI-1 KO 

clones (Figure 3.8) was milder than in MAGI-1 transiently depleted cells (Figure 3.3).  We 

therefore hypothesised that with the stable character of a knockout, cells had time to adapt 

and partially compensate for MAGI-1 depletion.  
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Figure 3.8 | MAGI-1 knockout mildly affects YAP subcellular localisation at high cell density. 

MAGI-1 KO clones and DLD-1 WT cells were cultured on coverslips and subjected to anti-YAP/TAZ immunostaining 

(n=3). Images were acquired with a confocal microscope. Scale bars: 20µm. DLD-1 WT cells display the normal YAP 

phenotype with a nuclear localisation in sparse cells and a progressive cytoplasmic retention increasing with 

density. In MAGI-1 KO clones, in dense cultures, YAP is still distributed between nucleus and cytoplasm. This 

phenotype is milder than in MAGI-1 transiently depleted cells (Figure 3.2). 

Our results suggest a biologically robust system and a potential compensatory 

mechanism. In Drosophila, there is a single MAGI protein against three in mammals (FlyBase). 

The other MAGI family members are thereby primary candidates for redundancy or 

compensation as they share high similarity in protein modular structures and interacting 

networks (Chapter 4 ). Interestingly, Hammad et al. observed a compensation effect between 

MAGI-1 and MAGI-3 for the regulation of Corticotropin-releasing factor receptor1 (CRFR1) 

endocytosis in HEK293 cells (322). To investigate the potential compensatory mechanism or 

redundancy between MAGI proteins, we generated double MAGI1/MAGI2 and MAGI1/MAGI3 

knockouts. 

 

3.3.4 Depletion of MAGI-1 and MAGI-2 in DLD-1 cells 

MAGI-2 has mostly been studied and characterised in kidney and brain. However, a study 

reported a negative regulation of MAGI-2, also known a S-SCAM, on VPAC1, a GPCR, in intestinal 

epithelial cells (323). 
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3.3.4.1.1 Expression of MAGI-2 in DLD-1 cells 

 

Figure 3.9 | MAGI-2 expression in Caco-2, DLD-1 and HEK293 cell lines.  

MAGI-2 expression in Caco-2, DLD-1 and HEK293 cell lines. Cells were lysed and 60µg of total proteins were loaded 

on an 8% PAGE. The membrane was probed with anti-MAGI-2 antibody and β–tubulin was used as loading control. 

The band above the 170kDa marker (Red arrow) is present in all three cell lines and matches the size of MAGI-2 

(158kDa). M = protein ladder. 

MAGI-2 expression in gut cells has been reported by Gee and co-workers who were able 

to detect and knockdown MAGI-2 in T84 cells (323). These cells are immortalised colon 

adenocarcinoma cells that had metastasised to the patient’s lungs. Our cell line, DLD-1, is also 

from a colon adenocarcinoma. To verify MAGI-2 expression in DLD-1 cells, proteins were 

extracted alongside two other cell lines, Caco-2 and HEK293. Samples were subjected to 

western blotting with an anti-MAGI-2 antibody. MAGI-2 theoretical molecular weight is 158kDa. 

A prominent band, above the 170kDa marker, was observed in all three cell lines (Figure 3.9, 

red arrow). As a point of comparison, MAGI-1 protein of 161kDa also runs above the 170kDa 

marker (Example in Figure 3.7b). DLD-1 cells appear to have a higher expression of MAGI-2 

than HEK293 and Caco-2. 

 

3.3.4.1.2 Generation of stable MAGI-2 and MAGI1/MAGI2 knockout cell lines using 

CRISPR/Cas9 technique 

In Annex 3, we describe the generation of MAGI-2 single and MAGI1/MAGI2 double 

knockouts bulk populations and isogenic clones in DLD-1 cells.  

Unfortunately, MAGI-2 knockout in clones could only be confirmed at the genomic level 

(Annex 3). In the meantime, a recently submitted thesis work reported correlation between 

cancer metastasis and reduction of MAGI-2 expression levels in their cohort of patients 

suffering from colon adenocarcinoma. However, they evidenced the absence of MAGI-2 mRNA 

expression in three colorectal cancer cell lines, namely HT-115, RKO and HRT-18 (265). 

Interestingly, the DLD-1 and HRT-18 cell lines were found to have the same genetic origin and 

to be derived from the same individual (324). According to Dr. Khanzada thesis work, MAGI-2 

may not be expressed in DLD-1 cells either (265). To properly answer the question of 
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expression of MAGI-2 in DLD-1 cells, further experiments would be required such as qPCR. 

However, due to time restriction, we did not investigate the MAGI-2 track further. 

 

3.3.5 Depletion of both MAGI-1 and MAGI-3 accentuates YAP defect at high cell density 

MAGI-3 is the third member of the MAGI family. Its expression is ubiquitous in epithelial 

cells and has been shown to localise at tight junctions (242). MAGI-3 has been implicated as a 

potential new regulator of the Hippo-YAP in breast cancer cells (301). Moreover, as 

investigated in Chapter 4, MAGI-1 and MAGI-3 share many binding partners within the Hippo 

pathway which further suggest a potential compensatory mechanism or redundancy. 

 

3.3.5.1.1 Expression of MAGI-3 in DLD-1 cells 

First, we checked MAGI-3 expression in DLD-1 cells. Total protein was extracted from 

DLD-1 cells along with Caco-2 and HEK293 cells. Samples were subjected to western blotting 

with an anti-MAGI-3 antibody. A band was detected in all three cell lines (Figure 3.10, Red 

arrow) which size matched the longest MAGI-3 isoform, MAGI-3a (Figure 3.12a). The most 

prominent band in HEK293 cells was running just above the 130kDa marker (Figure 3.10, 

Orange arrow) and would correspond to the shortest isoform, MAGI-3b. MAGI-3 expression 

levels were altogether low in Caco-2. However, in DLD-1 cells, a good signal was observed for 

MAGI-3a which we can speculate is the predominant isoform in this cell line. 

 

Figure 3.10 | MAGI-3 expression in Caco-2, DLD-1 and HEK293 cell lines.  

Cells were lysed and 60µg of total proteins were loaded on an 8% PAGE. The membrane was probed with anti-

MAGI-3 antibody and β–tubulin was used as loading control. The band above the 170kDa marker (Red arrow) is 

present in all three cell lines and matches the size of MAGI-3a (163kDa), the longest isoform. A second band, 

prominent only in HEK293 cells (Orange arrow) corresponds to the short isoform (~125kDa). M = protein ladder. 

Next, we asked whether MAGI-3 protein expression levels were affected upon MAGI-1 

knockout. Total protein was extracted from DLD-1 WT and MAGI-1 KO clones, G1 8 (A) and G2 

14 (B) and subjected to anti-MAGI-1 and anti-MAGI-3 western blotting (Figure 3.11). 

Surprisingly, MAGI-3 protein levels were not increased as a consequence of MAGI-1 knockout. 

On the contrary, they appeared slightly decreased in G1 8 (A) clone. However, the other clone 
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showed no difference. MAGI-3 expression levels have been reported to be down-regulated in 

colon adenocarcinoma tissues and correlate with cancer progression (289). It is possible that 

the single cells from which originated G1 8 and G2 14 clones respectively, already displayed 

different levels of MAGI-3 protein. Our hypothesis therefore shifted towards redundancy 

rather than compensation between MAGI-1 and MAGI-3, as no up-regulation was observed. 

 

Figure 3.11 | MAGI-3 protein levels are not upregulated upon MAGI-1 knockout.  

MAGI-3 expression in MAGI-1 knockout clones. Cells were lysed and samples were subjected to western blotting 

using anti-MAGI-1 and anti-MAGI-3 antibodies. β–tubulin was used as loading control. a, Example of membrane 

showing MAGI-3 protein levels in MAGI-1 knockout clones. The membrane contained more samples that have been 

cropped out. The full western blot is shown in Figure 3.13a. Red arrows: MAGI-3a and b. Turquoise arrow: MAGI-1 

band. M = protein ladder. b, Quantification of three western blots for G1 8 (A) (n=3) and five for G2 14 (B) (n=5). 

The whole MAGI-3 signal (as shown in a) was taken into account for the quantification. MAGI-3 signal was 

normalised to its β–tubulin signal and is represented as a percentage of DLD-1 WT. Bars represent mean ±S.E.M. 

MAGI-3 is not upregulated in MAGI-1 knockout clones. 

 

3.3.5.1.2 Generation of stable MAGI-3 and MAGI1/MAGI3 knockout cell lines using 

CRISPR/Cas9 technique 

 

Figure 3.12 | Two sgRNAs targeting Exon1 and all isoforms of MAGI-3. 
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a, Ensembl lists four MAGI3 transcripts giving rise to three isoforms. The C-terminal is the main alternatively spliced 

region with a long (a: 372aa) and a short (b: 17aa) versions. Exon8 (75bp) is also alternatively spliced and is present 

only in MAGI3-204 were it disrupts WW2 domain. b, (Top) Schematic representation of the MAGI-3 targeted 

genomic region with associated sgRNAs, G5 and G6, and primer pair (FWD5-6 and REV5-6). (Bottom) At the protein 

level, the targeted region corresponds to the beginning of the protein and spans the PDZ0 domain. 

In order to be able to study the potential redundancy between MAGI-1 and MAGI-3 in the 

regulation of the Hippo-YAP pathway, we aimed at generating MAGI-3 single and MAGI1/MAGI3 

double knockout cell lines. Similar to MAGI-1, MAGI-3 has a few alternatively spliced regions 

(Figure 3.12a). To target all isoforms and increase the chances of generating a STOP codon as 

early as possible to completely knockout the protein, we designed two guides in Exon1, namely 

G5 and G6 (Figure 3.12b & Table 3.3). The 5-6 primer pair was designed with the CRISPOR 

tool to amplify the targeted region (#23 and #24 from Table 2.7). Each sgRNA was cloned into 

a PX459-Cas9-Puro vector (See Chapter 0 for detailed protocol). 

Table 3.3 | MAGI-3 sgRNAs targeting Exon1 

Table recapitulating the two single guide RNAs selected to induce MAGI-3 knockout along with the primers designed 

to amplify the targeted region (illustrated in Figure 3.12b). BbsI site. Oligonucleotide numbers (#) refer to Table 

2.9 (sgRNAs) and Table 2.7 (primers) of Chapter 0. 

Single guide RNA Targeted Sequence_PAM Exonic off-targets 

sgRNA5 (G5) 

(#9 & #10) 

GACTTCGGCGCGGAGATCCG_CGG 

Top: 5' - CACCGGACTTCGGCGCGGAGATCCG - 3' 

Bottom: 5' – AAACCGGATCTCCGCGCCGAAGTCC - 3' 

Duplex:  

5' - CACCGGACTTCGGCGCGGAGATCCG - 3' 

          3’ – CCTGAAGCCGCGCCTCTAGGCCAAA – 5’ 

GON4L (NM_032292.5) 

CCTCGGAGCGCCGCGCCGCAGTG 

LINC00543 (NR_135254.1) lncRNA 

CCCCGCACCTCCGCGCCGTAGTT 

RP1-118J21.25 (No protein) 

GGCCTCGGCGCAGAGATCCTAGG 

RP11-401P9.7 (No protein) 

CCTCAGGTCTCCGCACTGAAGTC 

sgRNA6 (G6) 

(#11 & #12) 

GTAAACGGGACGCCTGTCAG_CGG 

Top: 5' - CACCGGTAAACGGGACGCCTGTCAG - 3' 

Bottom: 5' - AAACCTGACAGGCGTCCCGTTTACC - 3' 

Duplex:  

5' - CACCGGTAAACGGGACGCCTGTCAG - 3' 

          3’ – CCATTTGCCCTGCGGACAGTCCAAA – 5’ 

PLCL1 (NM_006226.4) 

CCGCTGCCGGGCGTCCCGCTTTC 

CPA1 (NM_001868.4) 

CCTATGAAGGGCGTCCCATTTAC 

LINC01134 (NR_024455.1) lncRNA 

CCCCTGAGAGGCTTACCGTTTCC 

Sequences of primers to amplify the sgRNAs targeted region 

FWD5-6 (#23) 5’ – AGACGCTGAAGAAGAAGAAGCA – 3’ Exon1 

REV5-6 (#24) 5’ – GTCTTGAGACGGATGGGCTC – 3’  Exon1 
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First, we aimed at generating bulk populations by Puromycin selection. DLD-1 WT, G1 8 

(A) and G2 14 (B) were transfected with both PX459-G5 and PX459-G6 together. By combining 

the two guides, we hoped to increase the likelihood of inflicting indels that would lead to a 

premature STOP codon. From now on, MAGI-3 KO bulk population and clones derived from 

WT cells will be referred to as G5+6 while MAGI1/MAGI3 double KO bulk population and clones, 

A5+6 or B5+6 when derived from MAGI-1 KO clones G1 8 (A) or G2 14 (B) respectively. After 

Puromycin selection, the efficiency of the bulk MAGI-3 knockout was assessed by western 

blotting (Figure 3.13a). The intensity of both MAGI-3 bands (Red arrows) substantially 

decreased in both MAGI1/MAGI3 bulk populations, indicating very efficient bulk MAGI-3 

knockouts. However, the G5+6 MAGI-3 bulk population showed a less pronounced reduction 

of MAGI-3 signal. 

 

Figure 3.13 | Validation of MAGI-3 single and MAGI1/MAGI3 double knockout at the protein level. 

Western blot analysis of MAGI-3 single and MAGI1/MAGI3 double knockout bulk populations (a) or isogenic clones 

(b). Proteins were extracted from each cell line (as indicated). Samples were subjected to western blotting with 

anti-MAGI3, anti-MAGI1 and anti–β–tubulin antibodies. M indicates the molecular weights of the protein ladder used. 

MAGI-1 knockout is confirmed in all clone A or B–derived populations (Blue arrow). Red arrows/brackets: MAGI3 a 

and b isoforms. a, MAGI-3 bulk KO was very efficient in A5+6 and B5+6 bulk populations but less in G5+6 population. 

b, Validation of isogenic clones. The randomly selected clones are indicated by green boxes. 

Then, the G5+6, A5+6 and B5+6 bulk populations were sorted into single cells by FACS 

to obtain isogenic populations. As previously for MAGI-1, clones were screened at the genomic 

level using sequencing and at the protein level with western blotting (Figure 3.13b). Among 

the validated MAGI-3 single and MAGI1/MAGI3 double knockout clones, one from each 
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population was randomly chosen: G5+6 28, A5+6 7 and B5+6 2 (Figure 3.13b, green boxes). 

Mutations at the genomic level for the selected clones are recapitulated in Figure 3.14. 

 

Figure 3.14 | Mutations of MAGI-3 single and MAGI1/MAGI3 double knockout clones. 

Sequencing results of MAGI-1, MAGI-3 and MAGI1/MAGI3 knockout clones. a, Alignment of G1 8 (A) and G2 14 (B) 

MAGI-1 KO clones with WT sequence at the targeted region (MAGI-1 Exon1). b-c, Alignment of G5+6 28 MAGI-3 (b) 

and A5+6 7 & B5+6 2 MAGI1/MAGI3 (c) KO clones with WT sequence at the targeted site (MAGI-3 Exon1). In the case 

of G5+6 28 and A5+6 7, the whole fragment of DNA between G5 and G6 has been deleted. All three isogenic clones 

have a premature STOP codon terminated the protein sequence after 53 or 64aa. The numbers in red indicate the 

extent of the mutation in nucleotides. 

 

3.3.5.1.3 MAGI1/MAGI3 double depletion drives YAP in the nucleus at high cell density 

Next, we asked whether MAGI1/MAGI3 double knockout presented a stronger YAP 

defect at high cell density compared to single MAGI-1 knockout. We started by testing the 

MAGI-3 and MAGI1/MAGI3 bulk populations (Figure 3.13a) with the density assay presented 
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in Section 3.3.2. Cells at medium and high density were subjected to anti-YAP immunostaining 

(Figure 3.15). MAGI-3 KO bulk population displayed a mild defect with YAP being equally 

distributed between nucleus and cytoplasm in dense cells. On the other hand, both 

MAGI1/MAGI3 bulk populations displayed a more serious defect in YAP localisation. Indeed, the 

double knockout appeared to enhance YAP nuclear localisation at high cell density.  

 

Figure 3.15 | MAGI1/MAGI3 double knockout enhances YAP defect at high cell density. 

MAGI-3 and MAGI1/MAGI3 bulk populations (Figure 3.13a) and DLD-1 WT cells were cultured on coverslips and 

subjected to anti-YAP/TAZ immunostaining (n=2). Images were acquired with a confocal microscope. Scale bar: 

20µm. In DLD-1 WT cells, YAP is normally distributed between nucleus and cytoplasm at medium density and 

completely excluded from the cytosol at high density. MAGI-3 KO bulk population still presents equally distributed 

YAP, much like MAGI-1 KO clones (Figure 3.8). MAGI1/MAGI3 double KO bulk population show mainly nuclear YAP 

at high cell density. All images shown, per density, have a very similar number of cells. 

This YAP defect was also confirmed in the isogenic clones (Figure 3.16). All CRISPR 

clones, single and double knockout, presented a YAP defect at high cell density. In the 

MAGI1/MAGI3 double knockout, the phenotype was slightly accentuated with YAP being 

equally distributed between nucleus and cytosol much like DLD-1 WT at medium density. B5+6 

2 clones also displayed intense nuclear YAP at medium density. Taken together, our data 

further support the existence of redundancy between MAGI-1 and MAGI-3 in their regulation 

of YAP subcellular localisation at high cell density. As YAP localisation in clones did not change 

much between medium and high density, these results further support our hypothesis that 

MAGIs depletion modifies the density threshold for YAP complete exclusion from the nucleus.   
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Figure 3.16 | MAGIs single and double knockout appear to push back to threshold for high cell density sensing.  

MAGI-1, MAGI-3 and MAGI1/MAGI3 knockout clones (Figure 3.13a) as well as DLD-1 WT cells were cultured on 

coverslips and subjected to anti-YAP/TAZ immunostaining (n=3). Images were acquired with a confocal 

microscope. Scale bar: 20µm. In DLD-1 WT cells, YAP is normally distributed between nucleus and cytoplasm at 

medium density and completely excluded from the cytosol at high density. In MAGI knockout clones, YAP is 

distributed between nucleus and cytoplasm in dense cells, comparable to the medium density phenotype. Clone 

B5+6 2 shows brighter nuclear YAP at medium density. 
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3.3.6 MAGI-1/MAGI-3 double depletion reduces LATS1/2-mediated phosphorylation 

of YAP Ser127 at high cell density 

  

Figure 3.17 | Validation of antibodies.  

a, pYAP pS127 antibody is phosphospecific. DLD-1 WT and MAGI-1 KO clones, G1 8 (A) & G2 14 (B), lysates were run 

on an 8% SDS-PAGE in duplicates and transferred onto a nitrocellulose membrane. The right part of the membrane 

was subjected to phosphatase treatment (CIP and ʎ–phosphatase) to release phosphate groups from 

phosphorylated Ser, Thr and Tyr residues. Membranes were probed with the anti-pYAP pS127 antibody. β–tubulin 

was used as a loading control. The anti-pYAP pS127 antibody signal is lost upon phosphatase treatment, validating 

its phosphospecificity. b-c, Determination of the linear range of antibodies used for quantification of the 

phosphorylation assay (Figure 3.18). Different amounts of DLD-1 WT lysate, ranging from 10 to 60µg of total protein, 

were subjected to western blotting with anti-pYAP pS127, anti-YAP and anti-β–tubulin antibodies (b). The signal 

intensity of each band was plotted against the total protein concentration (c). Linear regression was performed for 

each antibody and the R2 values are indicated. All three antibodies were being used in their linear range (R2 > 0.95). 

The dotted line represents 30µg of total protein used in the phosphorylation assays (Figure 3.18). 

YAP contains five HxRxxS consensus sequences for LATS1/2 phosphorylation (31). LATS-

mediated phosphorylation of YAP Ser127 residue is believed to regulate its subcellular 

localisation in response to cell density cues (8,20,22,148). Upon activation of the Hippo cascade 

by cell-cell contacts, Ser127 is phosphorylated which leads to the subsequent sequestration of 

YAP in the cytosol by cytoplasmic anchors such as 14-3-3 or PTPN14 (8,20,72,148,325). They are 

some reports of YAP degradation following phosphorylation by the LATS kinases (63). YAP 

Ser127 phosphorylation status can therefore be considered a direct read-out of the activation 

of the Hippo-LATS cascade in response to cell density (20). Mohseni and collaborators 

reported a decrease of phosphoSer127 upon transient depletion of MAGI-1 (160). 
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Given that MAGI1/MAGI3 double knockout leads to an accumulation of YAP in the nucleus 

in dense cultures, we asked whether it resulted from a decreased LATS-mediated 

phosphorylation of Ser127. DLD-1 WT cells, MAGI-1 KO clone G2 14 (B), MAGI-3 KO clone G5+6 

28 and MAGI1/MAGI3 double KO clone B5+6 2 and bulk population B5+6 bulk were cultured at 

medium and high densities. Cells were lysed and 30µg of total protein per sample were 

subjected to western blotting with anti-pYAP pS127, phosphospecific for phosphoSer127 

residue (Figure 3.17a), and anti-YAP antibodies. β–tubulin was used as a loading control for 

quantification. Antibodies used to detect PhosphoYAP, Total YAP and the housekeeping gene, 

β–tubulin, were previously shown to be within their respective linear ranges (Figure 3.17b). 

Two identical gels were run and one membrane was probed for pYAP pS127, MAGI-1 and β–

tubulin while the other was stained with anti-YAP (Total YAP), anti-MAGI-3 and anti-β–tubulin 

antibodies. Figure 3.18a shows a representative western blot. MAGI-1 and MAGI-3 knockouts 

were confirmed using their respective antibodies. The data was processed using GraphPad 

Prism software. PhosphoYAP and Total YAP were each normalised to their respective β–

tubulin signals. Total YAP levels were represented as a percentage of each samples’ medium 

density condition (Figure 3.18b) or as a percentage of WT for each density considered 

(Figure 3.18c). The ratio of PhosphoYAP over Total YAP was represented as a percentage of 

each samples’ high density condition (Figure 3.18d) or as a percentage of WT for each density 

considered (Figure 3.18e). No statistical analysis could be performed due to the wide 

variability of values collected from one experiment to the other. Indeed, one-way ANOVA and 

multi-comparison tests such as Tukey’s are based on the assumption that the samples have 

equal variance and normal distributions. A Brown-Forsythe test revealed that the standard 

deviations between samples were significantly different (P<0.05) indicating that the “equal 

variance” assumption was violated. The following interpretation is therefore based on the 

global trend of mean values. Total YAP levels did not show much variation in DLD-1 WT cells 

between medium and high density indicating close to no degradation in this cell line. CRISPR 

clones globally showed slightly lower total YAP levels at high density than both their respective 

medium density (Figure 3.18a) and WT (Figure 3.18b). The ratio of phosphorylated YAP over 

total YAP slightly increased with cell density in WT (Figure 3.18d), as expected. Surprisingly, 

we found a higher increase of the proportion of phosphorylated YAP in CRISPR clones (Figure 

3.18d). When comparing with WT, we observed an overall lower YAP phosphorylation in 

CRISPR clones at medium density; yet high density levels were similar to WT (Figure 3.18e). 

This is intriguing as our immunofluorescence data showed an increased pool of nuclear YAP 

at high density in MAGI knockout clones (Figure 3.15 and Figure 3.16). Our data therefore 
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showed that phosphoSer127 is not the only mechanism regulating YAP nucleocytoplasmic 

shuttling at high density. 

 

Figure 3.18 | MAGIs knockout reduces YAP Ser127 phosphorylation at medium density.  

a, Example of western blot (30µg of total protein) showing YAP Ser127 phosphorylation status in MAGI KO clones 

at medium (MED) and high (HIGH) density. Red brackets: MAGI-3. Turquoise arrow: MAGI-1 band. M = protein 

ladder. b-e, Quantification from western blots. Total YAP and PhosphoYAP signals were normalised to their 

respective β-tubulin signals. Each data point is represented (n ≥ 3). Mean ±S.E.M. The dotted lines indicate the WT 

mean values. b, For each sample, total YAP levels are represented as a percentage of medium density (lined bars). 

In WT cells, total YAP levels at medium and high density are similar. In MAGI1 (G2 14) and MAGI1/MAGI3 (B5+6 2 and 

bulk) KO populations, YAP levels at high density appear slightly lower than at medium density. c, For each density, 
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total YAP levels are represented as a percentage of DLD-1 WT (lined bars). At medium density, total YAP levels are 

very similar in WT and MAGI KO clones. At high density, levels in MAGI-1 KO clone and MAGI1/MAGI3 double knockout 

appear slightly reduced compared to WT. d, For each sample, PhosphoYAP/Total YAP is represented as a 

percentage of high density (lined bars). In MAGI KO clones, the increase in phosphorylation between medium and 

high density is more substantial than in WT. e, For each density, PhosphoYAP/Total YAP is represented as a 

percentage of DLD-1 WT. At medium density, YAP pS127 phosphorylation appears reduced compared to DLD-1 WT 

while at high density, the levels are comparable in clones and WT. 

Taken together, our results indicate a complex mechanism of regulation from the MAGI 

proteins on YAP. First, MAGIs appear to exert a role on LATS-mediated phosphorylation of YAP 

Ser127 residue. The lower phosphorylated YAP levels at medium density in MAGIs knockout 

correlates with our previous hypothesis of a higher threshold for cell density. Second, as pYAP 

pS127 is reported to be able to enter the nucleus (186), our data point toward a role of MAGIs 

in regulating phosphorylated YAP cytoplasmic retention. 

 

3.3.7 MAGI knockout DLD-1 cells form 3D leak-tight tubules in OrganoPlate® 

Epithelial tissues are characterised by their ability to form a selective barrier between 

their apical and basal sides. Cells are sealed to one another by tight junctions that restrict the 

paracellular passage of molecules. Therefore, substances that go through the epithelial layer 

have to enter the cells, by diffusion or active transport, which grants high selectivity to these 

tissues. However, this essential feature of epithelial tissues is often disrupted in diseases, such 

as in Crohn’s disease for intestinal tissues (326) or more generally, cancer which gives way to 

metastasis. Assessing the leak-tightness of an epithelium is therefore an essential step of its 

characterisation as it represents the critical integrity of tight-junctions.  

MAGIs, as tight junction and multi-PDZ domain scaffolding proteins, play a crucial role in 

ensuring epithelial integrity (252). Knocking out either or both MAGI-1 and MAGI-3 proteins 

could have an impact on other tight junction proteins, on polarisation or on the actin 

cytoskeleton integrity. All three are known regulators of the Hippo-YAP pathway (See Section 

1.2.2). This prompted us to ask whether the YAP defect observed in MAGI knockouts was an 

indirect effect from disturbing cell polarisation or junctions. To assess these paramount 

epithelial properties, we cultured our cell lines in 3D in OrganoPlates® (MIMETAS, The organ-

on-a-chip company, NL).  
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3.3.7.1 DLD-1 cells form tubules within four days of culture in the OrganoPlate®  

Based on our parental cell line, DLD-1, we used a 3-lane OrganoPlate® design, to best 

mimic colon. This design, as indicated by its name, possesses three microfluidic channels that 

meet in the centre (Figure 3.19a). For a gut-on-a-chip model, the middle channel was filled 

with Collagen-I, cells were then cultured in the top channel, against the ECM, and the bottom 

channel was only used, in our case, for medium perfusion (314). The different steps of seeding 

are schematically represented in Figure 3.19b-h. The tubule formation was monitored by 

phase contrast images from Day0 (seeding) to Day7 of culture (Figure 3.19i). The images 

mirror the schematics. A DLD-1 WT tubule, growing under bilateral flow, was complete on 

Day4. 

 

Figure 3.19 | Formation of tubules in 3-lane OrganoPlate®.  

a, The OrganoPlate® is based on a 384-well plate. Each chip of the 3-lane design spans over 9 wells. Each 384-well 

plate contains 40 chips. In this model, cells are cultured in the top channel against an extracellular matrix, Collagen-

I here, which is in the middle channel. The bottom channel was only used for medium perfusion in this study. All 

three channels meet in the centre of the chip and are delineated by PhaseguidesTM at the interface. The left and 

right wells are denominated INLETS and OUTLETS respectively. The middle well is the observation window (OW) 

and allows to visualise the three lanes through the glass bottom of the plate. b, First the ECM is dispensed in the 

middle channel and left to polymerise and form, thanks to the PhaseGuideTM technology, a seamless barrier. Then 

the cells are seeded in the top channel (c & d), and the plate is angled so as to force cells against the ECM. After a 

few hours the plate is incubated on a rocking platform, subjecting cells to bilateral flow (white dotted arrows) (e & 
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f). Finally, cells proliferate until forming a leak-tight tubule (g & h). c, e, g, Top views from the observation window 

(green square). d, f, h, Cross sections along the dotted lines of the steps described in c, e & g respectively. Inspired 

from Figure 1 of (314) and Supplementary figure 2 of (327). i, Phase contrast images, acquired with a MolDev 

confocal microscope through the OW, of DLD-1 WT cells in a 3-lane OrganoPlate® over several days. Day0 

corresponds to the day of seeding (picture taken directly after cells were dispensed, the bottom channel was not 

filled with medium yet). On Day4, the tubule is complete. *: Air bubble in the Observation Window. : Air/Collagen-

I curved interface created over the PhaseGuidesTM. This interface become invisible once the top and bottom 

channels are filled with liquid (medium). 

We, then, cultured DLD-1 WT cells as well as MAGI-1, MAGI-3 and MAGI1/MAGI3 knockout 

clones in a 3-lane OrganoPlate®. An EdU assay (Described in Annex 4) revealed that all cell lines 

considered had very similar numbers of cells per tubules on Day4 of culture and suggested no 

effect of MAGI knockouts on cell proliferation.  

 

3.3.7.2 DLD-1 cells form leak-tight tubules and single MAGI knockout does not impair barrier 

function  

MAGI-1 and MAGI-3 are both tight junction proteins and MAGI-1 has been shown to be 

involved in their maintenance (242,250). As TJs are used to sense density and we showed a 

defect in YAP’s response to cell density in 2D cultures upon MAGI proteins knockout (Figure 

3.16), we asked whether tight junction’s integrity was affected. 

To assess the tight junction integrity in 3D tubules, we performed a barrier integrity 

assay (BI) developed and optimised by MIMETAS. This assay consists in dispensing fluorescent 

molecules in the cell channel (top channel), namely FITC-Dextran 150kDa and TRITC-Dextran 

4.4kDa, and monitoring their diffusion through the cell layer into the gel and bottom channels 

overtime (usually 15min) (See full protocol in Chapter 0 Section 2.2.8.3). The fluorescence in 

the middle (ECM) channel was compared and normalised to that of the top channel (Cells), 

using a MIMETAS plugin in Fiji, and plotting the fluorescence ratio overtime. A ratio close to 0 

corresponds to a leak-tight tubule while a final ratio of 1 indicates complete diffusion of the 

fluorescent molecule to the gel channel (Figure 2.12). The barrier function of the epithelium 

is considered lost when the fluorescence ratio exceeds 0.4 (314). 

Based on previous experiments (314), we decided to perform our barrier integrity assays 

on Day4. Each cell line was seeded in a 3-lane OrganoPlate® in at least duplicates or triplicates, 

with one chip per plate being left without cells to serve as a cell-free control. Four days after 

seeding, a BI assay was performed using FITC-Dextran 150kDa and TRITC-Dextran 4.4kDa 

fluorescent compounds. Due to the many cell lines considered, only the 15min (after adding 
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the fluorescent compounds) time point was represented (Figure 3.20). The DLD-1 WT tubule 

and the cell-free chip represent the two extreme outcomes of this assay: leak-tight with a 

fluorescence ratio close to 0 and completely leaky with a ratio close to 1. Representative 

images of the mean fluorescence ratio for each population are shown in Figure 3.20c & d. 

MAGI-1 and MAGI-3 single knockout clones were as consistently leak-tight to both fluorescent 

compounds as DLD-1 WT cells (Figure 3.20). However, the MAGI1/MAGI3 double knockout 

clones displayed opposite behaviours. A5+6 7 was leak-tight while B5+6 2 presented an 

elevated fluorescence ratio (above 0.4), indicative of leaky tubules. We later found that this 

clone (B5+6 2) presented a defect in Occludin staining that could explain the loss of barrier 

function (Annex 4, Figure A. 12). Taken together, our results show that neither MAGI-1 nor 

MAGI-3 single knockout affected the barrier integrity of the tubules. At this point, we cannot 

conclude on the effect of MAGI1/MAGI3 double knockout on barrier function as the two clones 

show two extreme and opposite scenarios.   

 

Figure 3.20 | MAGI1 and MAGI3 single knockouts do not affect barrier integrity of the tubules.  

DLD-1 derived cell lines were cultured in 3-lane OrganoPlates® for 4 days before being subjected to a barrier 

integrity assay. Two fluorescent compounds, namely FITC-Dextran 150kDa and TRITC-Dextran 4.4kDa were 

dispensed into the top channel of the chips, containing the tubule. One chip per plate was left without cells to 

constitute a cell-free (leaky) control. Measurements were taken 15min after perfusion with the fluorescent probes. 

The assay was conducted on 5 plates with n numbers ranging from 7 to 13 per cell line (WT n=12, G1 8 n=13, G2 14 

n=11, G5+6 28 n=7, A5+6 7 n=8, B5+6 2 n=9, cell-free control n=5). Data processing was carried out using a Fiji plugin 



Page | 148  
 

from MIMETAS. It consisted in normalising the fluorescent signal from the middle (Gel) channel to that of the top 

(Cells) channel, as described in Figure 2.12. a & b, Left and right quadrants represent FITC and TRITC fluorescence 

ratios following the barrier integrity assay. Each graph contains individual data points as well as the mean value 

(height of the bars) ±S.E.M. A Brown-Forsythe one-way ANOVA was performed (a: F(6,6.018)=379.062, p<0.0001 

and b: F(6,8.085)=290.310, p<0.0001) followed by the multiple comparisons Games Howell’s test. ****: significant 

(p values < 0.0001). The dotted lines represent the threshold (ratio of 0.4) for loss of barrier function. MAGI-1 and 

MAGI-3 individual knockouts do not affect barrier integrity. MAGI1/MAGI3 double knockout could be dramatically 

impairing the barrier function but the two clones display opposite behaviour. c & d, Fluorescent images of FITC and 

TRITC respectively corresponding to the mean fluorescence ratio of each population (both channels represent the 

same chip). 

 

In Annex 4, we present a gross characterisation of the CRISPR cell lines by 

immunostaining with epithelial markers such as ZO-1, E-cadherin and Occludin. At first glance, 

no defect was observed in F-actin cytoskeleton, ZO-1 or E-cadherin localisation. Only B5+6 2, 

MAGI1/MAGI3 double knockout clone, displayed no Occludin staining at cell-cell contacts, 

coherent with the loss of epithelial barrier function (Figure 3.20). 

 

3.3.7.3 MAGI knockouts do not affect YAP nuclear exclusion in 3D tubules 

 

Figure 3.21 | YAP cytoplasmic localisation in DLD-1 tubules cultured under flow in OrganoPlate®.  
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Day4 DLD-1 tubules were stained with an anti-YAP/TAZ (Green) antibody (n=1). Scale bars: 50µm. Z-stacks were 

acquired using a confocal microscope, with a 20x objective. a, 3D reconstruction of the full Z-stack for DLD-1 WT 

cells. The “M” indicates the microscope objective imaging the tubules from below. b, A single slice is shown: apical 

view of the bottom cell layer of the tubules. YAP staining is cytoplasmic in all cell lines.  

We have found in 2D cultures that MAGI knockouts impaired the nuclear exclusion of 

YAP at high cell density. We asked whether this defect was occurring in 3D, fully-formed 

tubules. DLD-1 cells along with MAGIs single and double knockout clones were cultured in a 3-

lane OrganoPlate® under bilateral flow. Immunostaining was performed with an anti-YAP/TAZ 

antibody on Day4 of culture. Z-stacks were taken using a confocal microscope with a 20x 

objective. Images were acquired and processed identically. A single slice corresponding to the 

bottom layer of cells (Figure 2.14) for each population is shown in Figure 3.21b. YAP was 

clearly cytoplasmic in DLD-1 WT and MAGI knockouts alike. We previously showed that on Day4 

of culture, all tubules had similar number of cells (Annex 4) that we can extrapolate as having 

similar densities. The difference of YAP localisation in clones between 2D (Figure 3.16) and 

3D culture (Figure 3.16b) could arise from the fluid flow in OrganoPlate®. 

 

3.4 Discussion 

3.4.1 Redundancy among the MAGI family of proteins 

In this study, we have further established MAGI-1 and MAGI-3 as regulators of YAP 

subcellular localisation. MAGI-1 was reported to perturb YAP localisation at high cell density 

when knocked-down (160). Our data corroborated the study and showed that MAGI-1 

transient knockdown was promoting YAP nuclear localisation at high cell density in HEK293, 

Caco-2 and DLD-1 cells. To better characterise the mechanism of MAGI-1 negative regulation 

of YAP, we used the CRISPR/Cas9 gene editing technique to generate MAGI-1 stable knockout 

cell lines. However, our experiments with MAGI-1 KO clones (Figure 3.8) only showed a mild 

defect at high cell density with YAP being distributed between nucleus and cytoplasm, usually 

indicative of medium density. The difference between transient knockdown and stable 

knockout results suggested a biologically robust system and a potential compensatory 

mechanism. Drosophila possess a sole MAGI protein in against three in mammals (FlyBase). 

The other MAGI family members were therefore primary candidates as they share very high 

similarity in overall domain structures and thereby in their protein interaction networks 

(Investigated in Chapter 4). Interestingly, Hammad et al. observed a compensation effect 

between MAGI-1 and MAGI-3 for the regulation of Corticotropin-releasing factor receptor1 

(CRFR1) endocytosis in HEK293 cells (322). We therefore generated MAGI-3 and MAGI1/MAGI3 
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knockouts. Lack of both MAGI-1 and MAGI-3 proteins appeared to enhance the phenotypes 

observed (discussed below) further supporting partial redundancy and overlap of functions 

among the MAGI family with respect to the Hippo-YAP pathway.  

 

3.4.2 Lack of both MAGI-1 and MAGI-3 impairs Hippo-YAP response to cell density cue 

in 2D cultures 

 

Figure 3.22 | Canonical view of the core mammalian Hippo pathway. 

Figure 1 from (45,328). In response to cell density, the core Hippo cascade activates to inhibit YAP transcriptional 

activity and sequester it in the cytosol. At low cell density, YAP is accumulated in the nucleus were it interacts with 

transcription factors such as TEADs (35,329) to promote cell proliferation, survival and differentiation. As density 

increases, the core Hippo kinase cascade is activated: MST1/2 kinases, with the help of the Sav1 adaptor protein, 

activates LATS1/2 via phosphorylation (23). Then, the LATS1/2 kinases recruit MOB1 to assist in the phosphorylation 

of YAP (8,20,211) on Ser127. Phosphorylated YAP is then sequestered in the cytoplasm by 14-3-3 protein binding or 

subsequently degraded (8,63,64,211). TJs: Tight junctions. AJs: Adherens junctions. 

The canonical view of the mammalian Hippo pathway refers to the conserved kinase 

cascade of phosphorylation concluding with YAP cytoplasmic sequestration (Figure 3.22): 1) 

Upon activation by upstream signals such as cell density, the MST1/2 kinases, together with 

the adaptor Sav1, phosphorylate and activate the LATS1/2 kinases (23) which in turn 2) recruit 

the adaptor protein MOB1 to assist phosphorylation of YAP (8,20,211) on its Ser127 residue; 3) 

Phosphorylation of Ser127 triggers YAP nuclear exclusion and cytoplasmic retention by the 14-

3-3 protein or protein degradation (8,63,64,211). In recent years, this classic model has been 
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expanded, adding more and more players to the Hippo pathway.  Here, we focused our study 

on YAP’s response to cell density. 

We found that, MAGI-1 and MAGI-3 proteins, played a role in the regulation of YAP 

subcellular localisation in response to cell density. Our data showed that double knockout of 

MAGI1 and MAGI3 resulted in a defect in nuclear exclusion at high cell density. Indeed, 

knockout clones displayed a YAP localisation corresponding to a medium density in WT cells: 

evenly distributed between nucleus and cytoplasm. We therefore suggest that MAGI 

knockouts result in a modified threshold for sensing cell density. During contact inhibition of 

proliferation, LATS-mediated phosphorylation of the YAP Ser127 residue is believed to be an 

important step leading to its nuclear exclusion and cytoplasmic retention by the 14-3-3 protein 

(8). We therefore examined the status of this Serine residue in our MAGI knockouts. We 

observed lower levels of YAP Ser127 phosphorylation in MAGI knockout clones at medium 

density, consistent with a modified threshold of density sensing. Surprisingly, we found that 

Ser127 phosphorylation levels were similar to that in DLD-1 WT cells at high cell density in 

contrast with Mohseni and collaborators (160). These results indicate that YAP pSer127 is 

located in the nucleus in our MAGI knockout cells. This phenomenon has been reported by 

Wada and co-workers who showed that although YAP Ser127 phosphorylation is required for 

cytoplasmic exclusion, it is not by itself sufficient (186). Our results do not fully shed light on 

the entire mechanism at play since no enhancement of the PhosphoYAP defect was observed 

in double compared to single MAGI knockouts. Taken together, our data suggest that 

regulation of YAP by the MAGI proteins is two-fold: 1) early phase cell density sensing and 

activation of the Hippo pathway through LATS kinases and 2) involvement in YAP cytoplasmic 

retention at high cell density (Further discussed in Chapter 5).  

Sensing of cell density encompasses two components: 1) cell-cell contacts and 2) the 

reduction of the surface area available for each cell. The latter has been shown to be Hippo-

independent. Indeed, several studies reported that single cells cultured on islands with 

decreasing available adhesive areas displayed cytoplasmic YAP past a given threshold 

(180,188). Their results pointed at a role of the actin cytoskeleton in regulating YAP nuclear 

exclusion under such circumstances. It would be interesting to examine the behaviour of MAGI 

knockout clones’ single cells on micropatterns. We have an established a system (described in 

Annex 5) that will be used to further study the effect of MAGI-1 knockout on YAP cytoplasmic 

retention on small adhesive areas.  
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3.4.3 YAP localisation in 3D tubules under bilateral fluid flow 

Next, we completed our study by a gross characterisation of the MAGI knockout clones 

in 3D cultures which recapitulate more closely physiological conditions. The OrganoPlate® 

constitute a microfluidic platform that enables 3D cell culture subjected to bilateral medium 

perfusion. We successfully grew gut tubules against Collagen-I in a 3-lane OrganoPlate® from 

the 6 cell lines considered: DLD-1 WT, MAGI-1 knockouts (G1 8 & G2 14), MAGI-3 knockout 

(G5+6 28) and MAGI1/MAGI3 double knockouts (A5+6 7 & B5+6 2). 

We looked at YAP subcellular localisation in the 3D gut tubules. Our results showed 

cytoplasmic YAP in all DLD-1 tubules grown in a 3-lane OrganoPlate® under fluid flow 

conditions, regardless of MAGI knockouts (Figure 3.21). Data from an EdU assay showed that 

on Day4 of culture, tubules from all cell lines considered had similar cell numbers and thereby 

comparable density. However, in 2D cultures, we found that MAGI knockouts impaired YAP 

nuclear exclusion at high cell density (Figure 3.16) in contrast with our 3D data. Tubules were 

subjected to fluid flow that is known to exert two types of forces: 1) shear stress and 2) 

mechanical strains on the tube walls (330). YAP localisation has been reported to be affected 

by shear stress in endothelial cells (200-202,331,332). Upon initiation of the flow, YAP is 

transiently translocated to the nucleus in vitro (~24hrs) but becomes cytoplasmic again under 

sustained flow conditions. This response to shear stress is believed to be Hippo-independent 

and rather stem from cytoskeleton reorganisation (202). In our experimental set-up, on Day4 

of culture, cells were under sustained bilateral flow which could explain YAP nuclear exclusion 

in MAGI knockout clones. 

As MAGI-1 knockdown was reported by Zaric and co-workers to induce a defect in actin 

stress fibres (252), we grossly observed F-actin staining in DLD-1 cells in 3D culture in the 

OrganoPlate®. At first glance, no obvious defect in stress fibres nor in the actin circumferential 

belt was observed in MAGI knockouts (Annex 4), though a more thorough analysis would be 

required. 

Taken together, YAP localisation in 3D tubules cultured in the OrganoPlate® and 

subjected to bilateral flow might be governed solely by the actin cytoskeleton and not need 

MAGI proteins to trigger cytoplasmic retention. This constitutes preliminary results and 

further investigation is required to conclude. Unfortunately, due to limited time, this was not 

investigated further. 
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3.4.4 Single MAGI knockout does not affect epithelial barrier integrity in the tubules 

MAGI proteins are known to play a role in tight junctions’ maintenance. TJs are a 

paramount component in the assembly of epithelial tissues with signalling and barrier 

functions (333). We therefore asked if the epithelial barrier function was compromised in the 

MAGI knockout cell lines. We used a barrier integrity assay using fluorescent compounds to 

assess the paracellular diffusion through the gut tubules cultured in OrganoPlate®. We found, 

that DLD-1 WT tubules were leak-tight to high and low molecular weight fluorescent Dextran 

on Day4 (Figure 3.20), in line with reports for the Caco-2 cell line (314). DLD-1 WT cells and 

MAGI1/3 single and double knockout clones displayed similar cell numbers at Day4 of culture 

(Annex 4 and Figure A. 10). Our data showed that MAGI-1 and MAGI-3 single knockouts were 

leak-tight to the two fluorescent dyes after 15min, indicating that the barrier integrity was 

unaffected in this timeframe. Unfortunately, no conclusion can be given so as to the effect of 

MAGI1/MAGI3 double knockout on barrier integrity. Indeed, the two isogenic clones tested 

displayed opposite behaviours: A5+6 7 was as consistently leak-tight as WT while B5+6 2 was 

consistently leaky. We later found that B5+6 2 clone had a defect in Occludin (Annex 4 and 

Figure A. 12) which could explain the loss of barrier integrity. Interestingly, Occludin was found 

to be recruited to JAM-4 junctions in a MAGI-1 dependent manner in L cells (mouse fibroblast) 

(235). Moreover, based on our gross characterisation in the OrganoPlate®, other epithelial 

markers such as ZO-1, E-cadherin and F-actin did not appear to be affected by MAGI knockouts 

(Annex 4 and Figure A. 14).  

Interestingly, Dr. Khanzada thesis work reports a small but statistically significant 

decrease of trans-epithelial electrical resistance (TEER) in HT-115 and RKO MAGI-1 knockdown 

cells compared to WT (265). TEER measurements give a quantitative indication of cells barrier 

integrity while the barrier integrity assay used in this thesis provides a qualitative insight. As 

intestinal epithelial cells, such as Caco-2 and DLD-1 cells, possess a high TEER value to begin 

with, MAGI-1 depletion may indeed decrease the barrier integrity but not enough to be 

detected by a qualitative assay, or in such a short timeframe.  

Interestingly, lower MAGI-1 and MAGI-3 expression levels have been reported in patients 

suffering from Microscopic colitis (266) and inflammatory bowel disease (267) respectively. 

Both diseases are associated with increased epithelial paracellular permeability. It would 

therefore be interesting to assess whether MAGI knockout tubules respond differently to 

cytokines stimulation. Patients with inflammatory bowel diseases (IBDs) are more likely to 

develop colorectal cancer (334-336). As both MAGI-1 and MAGI-3 proteins have reportedly 
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lower expression levels in both IBDs and colorectal cancers (252,266,267,289), they could 

provide a molecular link between the two conditions.  
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4 Chapter 4: MAGI-1 and MAGI-3 form a 

complex with essential players of the Hippo 

cascade at tight junctions 

4.1  Introduction 

Proteins are the essential players that drive most of cell processes but they rarely work 

alone. Indeed, they tend to assemble into macromolecular complexes to perform intricate 

tasks. In most cases, those proteins are part of signalling pathways that cooperate to transmit 

a signal through the cell and modulate a given function, such as division or death, in response 

to environmental cues. This process is called signal transduction and consists in a series of 

intracellular events such as interactions and post-translational modifications to activate or 

inhibit the next protein. Cells respond by altering their activity or changing their gene 

expression. Through evolution, signalling cascades, such as the Hippo pathway, have become 

more complex by acquiring more layers of regulation (337-339). It is, indeed, paramount that 

signalling pathways, controlling essential functions, be tightly regulated, otherwise, it can lead 

to the development of diseases such as cancer.  

Tandem WW domains are particularly recurrent interaction modules within the Hippo 

pathway. WW domains are named after two highly conserved and characteristic tryptophan 

residues. These modules intervene in the upstream as well as downstream regulation of the 

pathway (340,341). Although WW domains are very short (~38 amino acids), and the human 

proteome only counts about two hundred of them, they present a versatile platform to a vast 

repertoire of more than 1,890 putative interactors containing proline-rich motifs (56). WW 

domains from closely related proteins can have different specificities for protein ligands and 

thereby hold the role of linking individual proteins to a physiologically relevant function 

(55,342). WW domains are sorted in different classes depending on their ligand preference 

(52,53). MAGI-1 possesses two of such domains that belong to Class I associating with [L/P]PxY 

motifs, same as YAP (54,55).  

When investigating the role of a protein, it is useful to identify its interacting network. In 

our case, to further establish MAGI-1 as a negative regulator of YAP, we investigated MAGI-1’s 

molecular interactions with players of the Hippo pathway. Indeed, a large scale proteomic 

screen identified MAGI-1 among the proteins being in close proximity of the LATS1/2 kinases 

within cells (221,343). This could indicate a potential interaction and requires validation by co-
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immunoprecipitation experiments. Similarly, two separate proteomics studies identified 

MAGI-1 in PTPN14 interactome (344,345). This interaction also requires validation by co-

immunoprecipitation.  

Co-immunoprecipitation experiments consist in immobilising a protein of interest, most 

of the time overexpressed and fused to a tag, on agarose beads functionalised to bind to the 

tag, and isolate its cohort of binding partners. When the cell lysate is incubated with beads, the 

protein of interest attaches to the resin along with its interactors. The choice of buffer here is 

crucial to maintain and preserve 3D conformation of proteins and their interaction complexes. 

The beads are then washed several times with a milder buffer, usually containing less 

detergent, to get rid of all non-specific interactions. The protein of interest and its binding 

partners are then eluted from the beads and denatured to allow separation on a SDS-PAGE, 

followed by western blotting detection. 

 

4.2  Aims 

The aim of this chapter was to further establish MAGI-1 within the Hippo signalling 

pathway and shed some light on a potential regulatory mechanism. We used co-

immunoprecipitation (or pulldown) experiments to validate and map the interactions of MAGI-

1 with key players of the Hippo-YAP pathway: PTPN14 and the LATS1/2 kinases. Moreover, we 

completed the study with immunostaining to further support the legitimacy of these 

interactions in vitro. 

In front of the high similarity between the proteins of the MAGI family and potential 

redundancy with respect to YAP regulation, we assessed whether MAGI-1 and MAGI-3 shared 

Hippo-YAP binding partners. 

In this chapter, we decided to work with HEK293 cells for immunoprecipitation 

experiments as they reach high transfection efficiency. 

 

4.3 Results 

4.3.1 MAGI-1 interacts with PTPN14, a well-established negative regulator of YAP  

MAGI-1 was identified among PTPN14’s interactome by two independent proteomic 

studies using affinity capture coupled by mass spectrometry (344,345). In this section, we used 

co-immunoprecipitation (or pulldown) experiments to validate and map the interaction 

between MAGI-1 and PTPN14. 
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4.3.1.1 mMAGI-1 interacts with PTPN14. 

First, we aimed at confirming the interaction between MAGI-1 and PTPN14. HEK293 cells 

were transiently co-transfected with V5-PTPN14 and Flag-mMAGI-1B constructs. A pulldown 

experiment using Flag-functionalised agarose beads was performed and the samples were run 

on a SDS-PAGE. Western blot analysis was carried out with anti-PTPN14 and anti-Flag 

antibodies. V5-PTPN14 was detected in Flag-mMAGI-1B pulldown complex (Figure 4.1a, lane 

2). The reciprocal pulldown was performed using Myc-PTPN14 and GFP-mMAGI-1B expression 

constructs and Myc-trap® resin. GFP-mMAGI-1B was detected in PTPN14 pulldown complex 

(Figure 4.1b, lane 2). Taken together, our results show that the two proteins interact either in 

a direct or indirect manner.  

 

Figure 4.1 | MAGI-1 interacts with PTPN14.  

The indicated plasmids were transiently transfected into HEK293 cells. Cell lysates were subjected to 

immunoprecipitation (IP) and western blotting (IB) as indicated.  Empty vectors (eFlag and emyc) were used as 

control. Protein expression levels are confirmed in the input fractions (1.5% of total cell lysates). Theoretical 

molecular weights are indicated in kDa on the right side of the western blots. *: increased brightness and contrast 

compared to the corresponding IP fraction. a, Co-immunoprecipitation experiment of V5-PTPN14 with Flag-

mMAGI-1B using agarose beads coated with Flag antibody (Same one as used for WB detection) (n=3). PTP14 is 

found in mMAGI-1’s protein complex. b, Co-immunoprecipitation experiment of GFP-mMAGI-1B with Myc-PTPN14 

WT using Myc-trap® resin (n=2). MAGI-1 is found in PTPN14’s protein complex.  

 

4.3.1.2 mMAGI-1 WW domains are sufficient to interact with PTPN14. 

Next, we aimed at dissecting the interaction and identifying the respective protein-

protein interaction domains involved. We started by asking, on MAGI-1 side, which domain(s) 
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was/were needed for the interaction with PTPN14. Several GFP-tagged truncated mMAGI-1B 

constructs were generated: PDZ0-GuK, WW1-2, PDZ1-5, PDZ3-5 for the study (Figure 4.2a).  

 

Figure 4.2 | MAGI-1 WW1 domain interacts with PTPN14.  

The indicated plasmids were transfected into HEK293 cells. Cell lysates were subjected to immunoprecipitation 

(IP) and western blotting (IB) as indicated.  An empty vector (eGFP) was used as control. Protein expression levels 

are confirmed in the input fractions (1.5% of total cell lysates). Theoretical molecular weights are indicated in kDa 

on the right side of the western blots. *: increased brightness and contrast compared to the corresponding IP 

fraction. a, mMAGI-1B and PTPN14 constructs used in this figure. Details on the constructs can be found in Chapter 

2. PDZ: Repeat of 80-100 amino acids that was first identified in PSD-95/Dlg/ZO-1/2 (346-348); GuK: Guanylate 
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kinase domain; WW: Domain with two conserved tryptophan residues; FERM: Named after 4.1, Ezrin, Radixin and 

Moesin proteins, this domain is involved in plasma membrane localisation of the protein (349). b, Co-

immunoprecipitation experiment of Myc-PTPN14 with GFP-mMAGI-1B full length or constructs using GFP-trap® 

resin (n=2). PTPN14 was found in mMAGI-1B WW domains protein complex indicating that they are sufficient for 

the interaction with PTPN14. c, Co-immunoprecipitation experiment of Myc-PTPN14 with GFP-WW domains 

constructs of mMAGI-1B using GFP-trap® resin (n=2). PTPN14 interacts more specifically with MAGI-1 WW1 domain. 

HEK293 cells were transiently co-transfected with the aforementioned GFP-constructs 

and Myc-PTPN14. A GFP-trap® pulldown was performed and the samples were analysed by 

western blotting with anti-GFP and anti-PTPN14 antibodies. PTPN14 was only pulled-down by 

mMAGI-1 full length and WW domains-only construct (Figure 4.2b lanes 2 and 4 respectively). 

Our results therefore indicate that MAGI-1 WW domains are sufficient to pulldown PTPN14.  

We also noticed that PTPN14 appeared as a doublet upon overexpression of WW1-2 

(Figure 4.2b lane 4), most likely due to a post-translational modification; this did not affect 

the binding as both forms were pulled-down by mMAGI-1B WW domains. We did not 

investigate further the nature of this modification due to time restriction.  

To further map the interaction, we asked whether both WW domains were required to 

pulldown PTPN14. Two more truncated mMAGI-1B GFP-constructs were made, WW1 and 

WW2, to assess the necessity of each individual WW domain for the interaction. Another GFP-

trap® pulldown was performed with GFP-WW1, GFP-WW2 or GFP-WW1-2 and Myc-PTPN14 

expression constructs transiently co-transfected in HEK293 cells. Membranes were subjected 

to western blotting with anti-GFP and anti-PTPN14 antibodies. PTPN14 was detected in GFP-

WW1 and GFP-WW1-2 protein complexes but was absent from GFP-WW2 pulldown lane 

(Figure 4.2c lanes 2, 4 and 3 respectively). Taken together, our findings indicate that only the 

first WW domain is sufficient to interact with PTPN14. 

 

4.3.1.3 PTPN14 PPxY motifs are necessary for the binding of mMAGI-1 WW domains. 

We have established that the interaction between MAGI-1 and PTPN14 was mediated by 

MAGI-1 WW domains. WW domains are short amino acid sequences containing two 

characteristic and conserved tryptophan residues. These domains are known to associate 

with proline-rich motifs (55). Interestingly, PTPN14 possesses two such proline-rich regions, 

referred to as PPxY motifs. This type of interactions is common in signal transduction, 

especially within the Hippo pathway (340,341). We therefore speculated that PTPN14’s PPxY 

motifs were involved in the interaction with MAGI-1 WW domains. We used a PTPN14 construct 

for which the proline-rich regions had been mutated to alanines (AAAA) (75). HEK293 cells 
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were transiently co-transfected with either V5-PTPN14 WT or PPxY mutant and Flag-WW1-2 

expression constructs. A Flag-pulldown was performed and the samples were subjected to 

western blotting with anti-PTPN14 and anti-Flag antibodies. Our results confirmed that Flag-

WW1-2 was sufficient to precipitate PTPN14 WT (Figure 4.3b lane 2). However, the PTPN14 

PPxY mutant was not present in Flag-WW1-2 pulldown complex (Figure 4.3b lane 4). Mutation 

of the PPxY motifs abolished the interaction with mMAGI-1B WW domains. Taken together, our 

findings strongly suggest a direct interaction between mMAGI-1B WW domains and PTPN14 

PPxY motifs.  

 

Figure 4.3 | PTPN14 PPxY motifs are necessary for the binding of MAGI-1 WW domains.  

a, mMAGI-1B and PTPN14 constructs used in this figure. Details on the constructs can be found in Chapter 2. b, 

HEK293 cells were transiently co-transfected with either V5-PTPN14 WT or PPxY mutant and Flag-WW1-2. Cell 

lysates were subjected to Flag immunoprecipitation (IP) and western blotting (IB) as indicated (n=2).  An empty 

vector (eFlag) was used as control. Protein expression levels are confirmed in the input fractions (1.5% of total cell 

lysates). Theoretical molecular weights are indicated in kDa on the right side of the western blots. Mutation of the 

PTPN14 proline-rich regions (PPxY motifs) to alanines (AAAA) abolishes the interaction with mMAGI-1B WW 

domains. 

 

4.3.1.4 Potential second binding site between mMAGI-1 and PTPN14. 

After establishing the main binding site between MAGI-1 and PTPN14, we asked whether 

there was a second binding site to the interaction. Indeed, we showed that mMAGI-1B WW 

domains were sufficient to pulldown PTPN14 through its PPxY motifs. However, the WW 
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domains might not be necessary for the interaction. To test that hypothesis, we generated 

GFP-mMAGI-1B deletion constructs: ΔWW1, ΔWW2 and ΔWW1-2. HEK293 cells were transiently 

co-transfected with the aforementioned GFP constructs and Myc-PTPN14 WT. A GFP-trap® 

pulldown was carried out and the samples were subjected to western blotting with anti-

PTPN14 and anti-GFP antibodies. GFP-ΔWW2 was able to pulldown PTPN14 (Figure 4.4b lane 

4) which corroborates our previous finding that MAGI-1 WW1 domain was sufficient to interact 

with PTPN14 (Figure 4.2c lane 2). Surprisingly, GFP-ΔWW1 and GFP-ΔWW1-2 constructs were 

still capable of precipitating a small amount of PTPN14 (Figure 4.4b lanes 3 and 5 respectively). 

This result suggests that MAGI-1 WW domains are required to bind to PTPN14 but do not 

account for the entire interaction. The residual binding in the absence of the WW domains 

could result from an indirect interaction or indicate the presence of a secondary binding site.  

 

Figure 4.4 | Potential second binding site between mMAGI-1 and PTPN14.  

The indicated plasmids were transfected into HEK293 cells. Cell lysates were subjected to immunoprecipitation 

(IP) and western blotting (IB) as indicated.  An empty vector (eGFP) was used as control. Protein expression levels 

are confirmed in the input fractions (1.5% of total cell lysates). Theoretical molecular weights are indicated in kDa 

on the right side of the western blots. *: increased brightness and contrast compared to the corresponding input 

fraction. a, mMAGI-1B and PTPN14 constructs used in this figure. Details on the constructs can be found in Chapter 

2. b, Co-immunoprecipitation experiment of Myc-PTPN14 WT with GFP-mMAGI-1B full length (FL) or WW-domains 
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deletion constructs using GFP-trap® resin (n=2). Deletion of WW1 or WW1-2 domains is not sufficient to abolish the 

interaction of MAGI-1 with PTPN14, suggesting the presence of a second binding site. YAP is found in the protein 

complex with MAGI-1 FL and PTPN14. c, Co-immunoprecipitation experiment of Flag-mMAGI-1B with GFP-mMAGI-

1B using GFP-trap® resin (n=1). MAGI-1 oligomerises with itself. d, Co-immunoprecipitation experiment of Myc-

PTPN14 WT or PPxY mutant with GFP-mMAGI-1B FL using GFP-trap® resin (n=2). MAGI-1 is found in PTPN14’s protein 

complex regardless of the mutation of the PPxY motif, although the affinity is greatly reduced. mMAGI-1B is able to 

pulldown YAP independently of PTPN14 overexpression.  

First, we addressed the possibility that the observed residual binding could arise from 

the formation of MAGI-1 oligomers. Indeed, MAGI-1 contains many PDZ domains that are known 

to form oligomers (301,350-352). The MAGI-1 deletion-constructs could potentially 

oligomerise with the endogenous MAGI-1 protein, much less abundant, and thereby pulldown 

small amounts of PTPN14. To test that hypothesis, we performed a pulldown experiment with 

two different tagged versions of mMAGI-1B full length. HEK293 cells were transiently 

transfected with Flag-mMAGI-1B and GFP-mMAGI-1B. A GFP-trap® pulldown was performed 

and samples were subjected to western blotting with anti-Flag and anti-GFP antibodies. Flag-

mMAGI-1B was strongly detected in GFP-mMAGI-1B protein complex indicating that MAGI-1 is 

capable of oligomerising with itself (Figure 4.4c lane 2). It could explain the residual PTPN14 

binding in the MAGI-1 WW domains deletion constructs protein complex. Another possibility 

would be that MAGI-1 and PTPN14 are part of a bigger protein complex that may be disturbed 

but still occur in the absence of MAGI-1 WW domains. Lastly, one might also consider the 

existence of another secondary binding site. 

To investigate the presence of a potential second binding site for the MAGI-1/PTPN14 

interaction, we built on previous results. Indeed, we had shown that mutation of PTPN14 PPxY 

motifs impeded the binding to the MAGI-1 GFP-WW1-2 construct (Figure 4.3b lane 4). We 

therefore asked whether PTPN14 PPxY mutant could still interact with the full length MAGI-1 

protein. HEK293 cells were transiently transfected with Myc-PTPN14 WT or PPxY mutant and 

GFP-mMAGI-1B full length (FL). A GFP-trap® pulldown was performed and samples were 

subjected to western blotting with anti-Myc and anti-GFP antibodies. Surprisingly, PTPN14 

mutant was detected in MAGI-1 FL protein complex (Figure 4.4d lane 6). The band intensity 

was reduced to about 20% compared to WT (lane 5). Mutation of the proline-rich regions was 

checked once again by sequencing. This new finding further suggests the existence of a second 

binding site for the MAGI-1/PTPN14 interaction, independent of the WW domains and PPxY 

motifs. However, due to time restriction this second, minor, binding site was not investigated 

further.  
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4.3.1.5 Is mMAGI-1B stabilising PTPN14?  

Over all the pulldowns performed, we noticed that the exogenous PTPN14 protein levels 

were increasing along with MAGI-1 overexpression. The pattern varied depending on which 

MAGI-1 sub-construct was co-expressed. For example, the overexpression of MAGI-1 WW 

domains together with PTPN14 WT appeared to enhance PTPN14 protein levels. This effect was 

obliterated upon mutation of PTPN14 PPxY motifs (Figure 4.3b, input lanes). This effect could 

be occurring at the mRNA or at the protein level. We hypothesised that MAGI-1 interaction with 

PTPN14 was stabilising the latter protein. This question is addressed in Annex 6. 

 

4.3.1.6 PTPN14 interaction is conserved with the human isoform: hMAGI-1Cβ1. 

 

Figure 4.5 | PTPN14 interaction is conserved with the human isoform: hMAGI-1Cβ1.  

a, MAGI-1 and PTPN14 constructs used in this figure. Details on the constructs can be found in Chapter 2. b, NBCI 

protein blast between the mouse and human MAGI-1 WW domains. The first WW domain is 100% conserved and 

the second one shares very high similarity. However, in the human form, the linker region between the two WW 
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domains is longer, which could affect the 3D structure of this area. c, HEK293 cells were transiently co-transfected 

with either GFP-mMAGI-1B or EGFP-hMAGI-1Cβ1 and Myc-PTPN14. Cell lysates were subjected to Myc-trap® 

immunoprecipitation (IP) and western blotting (IB) as indicated (n=1).  An empty vector (emyc) was used as control. 

Protein expression levels are confirmed in the input fractions (1.5% of total cell lysates). Theoretical molecular 

weights are indicated in kDa on the right side of the western blots. *: increased brightness and contrast compared 

to the corresponding IP fraction. The interaction with PTPN14 is conserved in human (lane 4), although it appears 

less strong. 

So far, all the MAGI-1 constructs used in the study were derived from the mouse MAGI-

1B isoform. We later generated a human hMAGI-1Cβ1 construct which is the endogenous 

isoform to epithelial cells (See Annex 1). Our two constructs, namely mMAGI-1B and hMAGI-

1Cβ1, on top of being from different species, constituted two different isoforms. However, 

excluding the alternatively spliced β and C-terminal regions, the protein sequences share 95% 

identity. WW1 domain is entirely conserved between mouse and human species while the 

linker between both WW domains is longer by 12 aa in the human version (Figure 4.5b). We 

therefore asked whether the interaction was conserved with the human MAGI-1. HEK293 cells 

were transiently co-transfected with GFP-mMAGI-1B or EGFP-hMAGI-1Cβ1 and Myc-PTPN14 

WT. A Myc-Trap® pulldown was performed and the samples were subjected to western 

blotting with anti-GFP and anti-Myc antibodies. EGFP-hMAGI-1Cβ1 could be detected in PTPN14 

protein complex, however, the amount pulled-down was much lower than that of GFP-mMAGI-

1B (Figure 4.5c lanes 4 and 3 respectively). The PTPN14 interaction with human MAGI-1 

seemed less strong than with its mouse counterpart. This could be due to the longer linker 

region affecting the 3D conformation of the protein in this area. 

 

4.3.1.7 PTPN14 localises with hMAGI-1Cβ1 at cell-cell contacts 

To consolidate the biochemistry results on the MAGI-1/PTPN14 interaction, we asked 

whether both proteins were colocalising in epithelial cells. DLD-1 WT cells were transiently co-

transfected with Myc-PTPN14 and EGFP-hMAGI-1Cβ1 expression constructs. Immunostaining 

was performed with an anti-PTPN14 antibody. We found that PTPN14 was localised at the 

plasma membrane as reported in the literature (104) (Figure 4.6a). However, upon EGFP-

hMAGI-1Cβ1 overexpression, the pool of PTPN14 localised at the plasma membrane appeared 

enriched. Taken together, our immunostaining data further supports that legitimacy of MAGI-

1/PTPN14 interaction. Moreover, MAGI-1 may be involved in recruiting PTPN14 to the 

membrane. 
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Figure 4.6 | MAGI-1 appears to enhance PTPN14 plasma membrane localisation.  

DLD-1 WT cells were transiently transfected with the indicated constructs (n=1). Anti-PTPN14 immunostaining was 

performed. Hoechst was used as DNA counterstain. Images were acquired with a confocal microscope in Airyscan 

mode. Scale bars: 10µm. The ‘ZOOM’ corresponds to the area delineated by the white dotted box. a, PTPN14 is 

present at the membrane (Orange arrowheads). b, Upon overexpression of MAGI-1, PTPN14 signal at cell-cell 

contacts is enriched (White arrowheads).  

 

4.3.1.8 PTPN14 interacts with MAGI-3  

The MAGI family contains three members: MAGI-1, MAGI-2 and MAGI-3, that share high 

similarity in terms of modular domains, leading to overlapping protein interaction networks. 

Moreover, Hammad and co-worker observed a compensatory mechanism within the MAGI 

family (322). Based on our data, we strongly suspected, at least partial, redundancy of MAGI-

1’s function within the Hippo-YAP pathway (See Chapter 3). We focused our complementary 

interaction study on MAGI-3.  

MAGI-3 was suggested to interact with PTPN14 by a large-scale proteomics study (345). 

Here, we aimed at confirming the interaction with co-immunoprecipitation experiments. To 

that end, we used an expression construct containing the hMAGI-3b* isoform fused at the C-

terminal with V5 and 6xHis tags, courtesy of Prof. Randy Hall (Figure 4.7a). This version of the 

protein possesses only the first WW domain as the presence of the alternatively spliced * 

region disrupts WW2. Because of the high similarity between MAGI-1 and MAGI-3, we ask 

whether the MAGI-3/PTPN14 interaction was mediated by the WW domains and PPxY motifs, 

as with MAGI-1. HEK293 cells were transiently co-transfected with hMAGI-3b*-V5/His and 

either Myc-PTPN14 WT or PPxY mutant constructs. A Myc-trap® pulldown was performed and 

samples were subjected to western blotting with anti-MAGI-3 and anti-PTPN14 antibodies. We 

found hMAGI-3b* present in both PTPN14 WT and mutant protein complexes (Figure 4.7b 
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lanes 2 and 3). Mutation of PTPN14’s proline-rich regions did not completely abolish, but clearly 

disturbed its interaction with hMAGI-3b (lane 3). Our results confirmed the MAGI-3/PTPN14 

interaction and suggested that the binding is mainly mediated by the WW/PPxY regions, 

similarly to MAGI-1 interaction. 

 

Figure 4.7 | MAGI-3 interacts with PTPN14.  

a, Modular structures of MAGI-3 isoforms. The numbers correspond to the transcripts from Ensembl. Two regions 

are alternatively spliced: the C-ter part (a or b) and a short region that disrupt the WW2 domain, that we will refer 

to as * (Top). The fusion protein used in this study is the b* isoform with C-terminal V5 and 6xHis tags, courtesy of 

Prof. Randy Hall (Bottom). b, HEK293 cells were transiently co-transfected with hMAGI3b*-V5/His and either Myc-

PTPN14 WT or PPxY mutant, as indicated. Cell lysates were subjected to Myc-trap® immuneprecipitation (IP) and 

western blotting (IB) as indicated (n=2).  An empty vector (emyc) was used as control. Protein expression levels 

are confirmed in the input fractions (1.5% of total cell lysates). Theoretical molecular weights are indicated in kDa 

on the right side of the western blots. MAGI-3 interacts with PTPN14 and the binding is reduced with the PPxY 

mutant, indicating that, similarly to MAGI-1, the WW-domains and PPxY motifs may be involved. 
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4.3.2 YAP is in MAGI-1 protein complex. 

4.3.2.1 YAP is part of MAGI-1/PTPN14 complex 

PTPN14 is a well-known negative regulator of YAP (71-75). We therefore asked whether 

YAP was part of the MAGI-1/PTPN14 protein complex. We re-probed membranes from 

previous pulldown experiments with an anti-YAP antibody to detect the endogenous protein. 

YAP was found in the protein complex pulled-down with MAGI-1 full length and containing 

PTPN14 (Figure 4.4b lane 2). Varying amounts of YAP were also precipitated with MAGI-1 WW-

domains deletion constructs (Figure 4.4b lanes 3, 4 and 5) with a pattern that resembled that 

of PTPN14.  Indeed, YAP WW domains are reported to interact with PTPN14 PPxY (74). 

However, YAP was completely absent from GFP-WW1-2 construct pulldown complex (Figure 

4.4b lane 6). Given that both MAGI-1 and YAP are interacting with PTPN14 PPxY motifs, it was 

reasonable to assume that upon overexpression of the GFP-WW1-2 construct, MAGI-1 WW 

domains saturated PTPN14 PPxY motifs, out-competing that of YAP. These results suggest that 

YAP might be pulldown indirectly in MAGI-1 protein complex via PTPN14. However, YAP was 

still found in MAGI-1 protein complex regardless of PTPN14 WT or PPxY mutant overexpression 

(Figure 4.4d lanes 4, 5 and 6). Yet, mutation of PPxY motifs in PTPN14 was reported to abolish 

its interaction with YAP, using the same construct as used in our study (75). Taken together, 

our results suggest an interaction between MAGI-1 and YAP independently of PTPN14. 

 

4.3.2.2 YAP interacts with MAGI-1 C-terminal PDZ domains 

Next, we examined whether MAGI-1 and YAP were interacting directly. HEK293 cells were 

transfected with GFP-mMAGI-1B or GFP-truncated constructs: PZ0-GuK, WW1-2, PDZ1-5, 

PDZ3-5. A GFP-trap® was performed and samples were subjected to western blotting with 

anti-GFP and anti-YAP antibodies. Endogenous YAP was found in the protein complexes of the 

full length MAGI-1 and that of the constructs harbouring PDZ domains (Figure 4.8b lanes 2, 3, 

5 and 6). The strongest interaction was detected with the C-ter2 construct containing mMAGI-

1B PDZ3 and PDZ5 domains. PDZ4 domain, corresponding to the alternatively spliced β-region, 

is spliced out in the mMAGI-1B isoform. We noticed that YAP, when pulled-down with either C-

ter1 or C-ter2 construct was detected higher by the antibody than its usual size. The higher 

molecular weight could be due to a post-translational modification. However, since it did not 

occur in presence of the full length mMAGI-1B, we speculated that it resulted from the ectopic 

expression of a truncated protein and did not investigate further. YAP was barely detectable 

in the pulldown complex of mMAGI-1B WW1-2 domains. This most likely represents the fraction 
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of YAP precipitated indirectly by other WW domain-interactors of MAGI-1 such as PTPN14 or 

AMOT (74,223,224). In summary, our results further suggest a direct interaction between 

MAGI-1 PDZ3 or PDZ5 domains and  YAP. 

 

Figure 4.8 | YAP interacts with MAGI-1 C-terminal PDZ domains.  

a, YAP protein-protein interaction domains. BD: binding domain. MAGI-1 expression constructs used in this figure. 

In mMAGI-1B, the PDZ4 domain (β-region) is spliced out. Details on the constructs can be found in Chapter 2. b, 

HEK293 cells were transiently co-transfected with either of the GFP-mMAGI-1B constructs, as indicated. Cell lysates 

were subjected to GFP-trap® immunoprecipitation (IP) and western blotting (IB) as indicated (n=1).  An empty 
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vector (eGFP) was used as control. Protein expression levels are confirmed in the input fractions (1.5% of total cell 

lysates). Theoretical molecular weights are indicated in kDa on the right side of the western blots. *: increased 

brightness and contrast compared to the corresponding input fraction. YAP was found in the pulldown complexes 

with the MAGI-1 subconstructs harbouring PDZ domains. There is an obvious preference for construct C-ter2 

containing only PDZ3 and PDZ5. The band detected by the anti-YAP antibody is higher in this protein complex than 

the baseline band, suggesting a post-translational modification. 

 

4.3.2.3 YAP is enriched at cell-cell contacts with MAGI-1  

 

Figure 4.9 | MAGI-1 and YAP are both localised at cell-cell contacts.  

DLD-1 WT cells were transiently transfected with the indicated constructs (n=1). Anti-YAP immunostaining was 

performed to detect the endogenous protein. Hoechst was used as DNA counterstain. Images were acquired with 

a confocal microscope in Airyscan mode. Scale bars: 10µm. The ‘ZOOM’ corresponds to the area delineated by the 

white dotted boxes. YAP is localised at cell-cell contacts with (ZOOM 1 – white arrowheads) and without (ZOOM 2 

– orange arrowheads) MAGI-1 overexpression.  

To gain more insight on a potential regulatory mechanism, we looked whether MAGI-1 

and YAP were colocalising at cell-cell contacts. DLD-1 WT cells were transiently transfected 

with EGFP-hMAGI-1Cβ1 and anti-YAP immunostaining was performed to detect the 

endogenous protein. Corroborating our previous data (Chapter 3, Figure 3.1 and Figure 3.4), 

we found that YAP is localised in the nucleus a low cell density and is also enriched at the cell-

cell contacts. Overexpression of EGFP-hMAGI-1Cβ1 did not affect YAP nuclear localisation. 

Moreover, YAP enrichment at the plasma membrane occurred regardless of MAGI-1 

overexpression. To summarise, our immunofluorescence results indicate that YAP is enriched 

at the cell-cell contacts where MAGI-1 is localised, consolidating the potential direct 

interaction between the two proteins. In addition, MAGI-1 does not appear to recruit YAP to 
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the junctions but we cannot rule-out the role of the endogenous MAGI-1 pool in this 

experiment. 

 

4.3.3 MAGI-1 interacts with LATS1/2, key players of the Hippo pathway 

MAGI-1 was found to be in close vicinity of LATS1/2 by a large-scale proteomics study 

aiming at unravelling the Hippo pathway interactome (221). Indeed, MAGI-1 was found among 

the biotinylated proteins when either of the LATS kinases was used as bait using a technique 

of proximity-dependent biotinylation, called BioID (343). Based on the BioID mechanism, MAGI-

1 could be either of the following: (1) a direct interactor, (2) an indirect interactor or (3) simply 

a neighbouring protein which does not interact with the LATS kinases (343). Here, we aimed 

at validating and dissecting this potential interaction between MAGI-1 and LATS1/2 using co-

immunoprecipitation experiments.  

 

4.3.3.1 MAGI-1 is in a protein complex with either of the LATS kinases. 

 

Figure 4.10 | MAGI-1 is in a protein complex with either of the LATS kinases.  
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a, mMAGI-1B and LATS1/2 constructs used in this figure. Details on the constructs can be found in Chapter 2. PDZ: 

Repeat of 80-100 amino acids that was first identified in PSD-95/Dlg/ZO-1/2; GuK: Guanylate kinase domain; WW: 

Domain with two conserved tryptophan residues; UBA: Ubiquitin-associated domain; PDB: Protein binding domain. 

b, HEK293 cells were transiently co-transfected with Myc-LATS1 or Myc-LATS2 and Flag-mMAGI-1B, as indicated. 

Cell lysates were subjected to Myc-trap® immunoprecipitation (IP) and western blotting (IB) as indicated (n=2).  An 

empty vector (emyc) was used as control. Protein expression levels are confirmed in the input fractions (1.5% of 

total cell lysates). Theoretical molecular weights are indicated in kDa on the right side of the western blots. *: 

increased brightness and contrast compared to the corresponding input fraction. MAGI-1 interacts with both LATS 

kinases and seems to have a stronger affinity for LATS2.   

First, we aimed at confirming the interaction between MAGI-1 and either of the LATS 

kinases. To that end, HEK293 cells were transiently co-transfected with either Myc-LATS1 or 

Myc-LATS2 and Flag-mMAGI-1B. A Myc-trap® pulldown was performed and samples were 

subjected to western blotting with anti-Myc and anti-Flag antibodies. This interaction required 

milder pulldown buffer conditions than with PTPN14 to be detected. Optimisation steps are 

described in Annex 7. Flag-mMAGI-1B was found in both Myc-LATS1 and Myc-LATS2 pulldown 

complexes (Figure 4.10b lanes 2 and 3 respectively). Our results confirm that MAGI-1 is in a 

protein complex with either of the LATS kinases and further suggest that these proteins 

interact in a direct or indirect manner. 

 

4.3.3.2 MAGI-1 WW domains are sufficient to bind to the LATS kinases. 

Next, we aimed at further characterising the interaction between MAGI-1 and the LATS 

kinases. Similar to our study with PTPN14, we used MAGI-1 truncated constructs: PDZ0-GuK, 

WW1-2, PDZ1-5 and PDZ3-5, to pin point the domain(s) sufficient to pulldown LATS1 and LATS2. 

HEK293 cells were transiently co-transfected with either Myc-LATS1 or Myc-LATS2 and the 

aforementioned GFP-tagged truncated mMAGI-1B constructs. A GFP-trap® was performed and 

the samples were subjected to western blotting with anti-Myc and anti-GFP antibodies. Firstly, 

LATS1 and LATS2 individually were found in mMAGI-1B protein complex, evidencing the 

reciprocity of the interaction (Figure 4.11b lanes 2 and 8 respectively). Interestingly, both 

kinases were strongly present in GFP-WW1-2 pulldown lanes (lanes 4 and 10), most likely 

thanks to their PPxY motifs. We also noticed distinctive behaviours between LATS1 and LATS2. 

Indeed, only the latter protein was found associated with PDZ domains-containing mMAGI-1B 

constructs (lanes 9, 11 and 12), with a preference for C-terminal PDZ domains (lanes 11 and 12). 

Taken together, our results show that once again, mMAGI-1B WW domains appeared to be the 

main binding site for the MAGI-1/LATS interaction. In addition, LATS2 might be interacting with 

mMAGI-1B C-terminal PDZ domains. 
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Figure 4.11 | MAGI-1 WW domains are sufficient to bind to the LATS kinases.  

a, mMAGI-1B and LATS1/2 constructs used in this figure. In mMAGI-1B, the PDZ4 domain (β-region) is spliced out. 

Details on the constructs can be found in Chapter 2. PDZ: Repeat of 80-100 amino acids that was first identified in 

PSD-95/Dlg/ZO-1/2; GuK: Guanylate kinase domain; WW: Domain with two conserved tryptophan residues; UBA: 

Ubiquitin-associated domain; PDB: Protein binding domain. b, HEK293 cells were transiently co-transfected with 

Myc-LATS1 or Myc-LATS2 and GFP-mMAGI-1B truncated constructs, as indicated. Cell lysates were subjected to 

GFP-trap® immunoprecipitation (IP) and western blotting (IB) as indicated (n=2).  An empty vector (eGFP) was 

used as control. Protein expression levels are confirmed in the input fractions (1.5% of total cell lysates). Theoretical 

molecular weights are indicated in kDa on the right side of the western blots. The reciprocal interaction between 

the LATS kinases and mMAGI-1B is confirmed. mMAGI-1B WW domains are sufficient to bind to both kinases. LATS2 

also display affinity for the PDZ-rich constructs of mMAGI-1B. Both AMOT isoforms are precipitated along with 

MAGI-1 full length and WW-only constructs. 

 

4.3.3.3 LATS1/2 interaction is conserved with the human isoform: hMAGI-1Cβ1. 

 

 

 

Figure 4.12 | LATS1/2 interaction is conserved with the human isoform: hMAGI-1Cβ1.  

a, mMAGI-1B and LATS1/2 constructs used in this figure. In mMAGI-1B, the PDZ4 domain (β-region) is spliced out. 

Details on the constructs can be found in Chapter 2. PDZ: Repeat of 80-100 amino acids that was first identified in 

PSD-95/Dlg/ZO-1/2; GuK: Guanylate kinase domain; WW: Domain with two conserved tryptophan residues; UBA: 

Ubiquitin-associated domain; PDB: Protein binding domain. b, HEK293 cells were transiently co-transfected with 
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Myc-LATS1 or Myc-LATS2 and EGFP-hMAGI-1Cβ1 or GFP-mMAGI-1B, as indicated. Cell lysates were subjected to 

Myc-trap® immunoprecipitation (IP) and western blotting (IB) as indicated (n=1).  An empty vector (emyc) was used 

as control. Protein expression levels are confirmed in the input fractions (1.5% of total cell lysates). Theoretical 

molecular weights are indicated in kDa on the right side of the western blots. Similar to the mouse version, human 

MAGI-1Cβ1 interacts with both LATS1 and LATS2 kinases. While mMAGI-1B seems to have similar affinity for both 

kinases, hMAGI-1Cβ clearly has a preference for LATS1.  

We then asked whether the interaction between MAGI-1 and the LATS1/2 was conserved 

with the human version hMAGI-1Cβ1, endogenous isoform of epithelial tissues. To that end, 

HEK293 cells were transiently co-transfected with either Myc-LATS1 or Myc-LATS2 and EGFP- 

hMAGI-1Cβ1. GFP-mMAGI-1B was used in parallel as a positive control. A Myc-trap® was 

performed and samples were subjected to western blotting with anti-Myc and anti-GFP 

antibodies. The human MAGI-1 was found in both LATS1 and LATS2 protein complexes (Figure 

4.12b lanes 5 and 6). However, hMAGI-1Cβ1 showed a stronger affinity for LATS1 (lane 5). 

 

4.3.3.4 The LATS kinases are enriched at cell-cell contacts upon hMAGI-1Cβ1 overexpression 

Next, we asked whether the LATS kinases localisation was affected by MAGI-1. DLD-1 WT 

cells were therefore transiently co-transfected with EGFP-hMAGI-1Cβ1 and either Myc-LATS1 

or Myc-LATS2 expression constructs. We observed that LATS1 appeared to be recruited and 

enriched at the cell-cell contacts upon overexpression of EGFP-hMAGI-1Cβ1, from an 

otherwise cytoplasmic localisation (Figure 4.13a & b). On the other hand, LATS2 was present 

at the plasma membrane, regardless of MAGI-1 overexpression (Figure 4.13c & d). To 

summarise, our immunofluorescence data further supports the validity of the MAGI1/LATS 

interaction in vitro. Moreover, we found that MAGI-1 may have a role in recruiting one of the 

kinases, LATS1, to the cell-cell contacts, coherent with a stronger interaction (Figure 4.12). 
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Figure 4.13 | MAGI-1 and the LATS kinases are localised at the cell-cell contacts.  

DLD-1 WT cells were transiently transfected with the indicated constructs (n=1). Anti-Myc immunostaining was 

performed. Hoechst was used as DNA counterstain. Images were acquired with a confocal microscope in Airyscan 

mode. Scale bars: 10µm. The ‘ZOOM’ corresponds to the area delineated by the white dotted box. a, LATS1 staining 

is cytoplasmic and not particularly enriched at the cell-cell contacts (orange arrowheads). b, Upon overexpression 

of EGFP-hMAGI-1Cβ1, LATS1 is recruited to the plasma membrane where it overlaps with MAGI-1 (white 

arrowheads). c, LATS2 is enriched at the plasma membrane (orange arrowheads). d, LATS2 and MAGI-1 staining 

overlap at the cell-cell contacts.  

 

 



Page | 176  
 

4.3.3.5 LATS1/2 interact with MAGI-3 

 

Figure 4.14 | MAGI-3 interacts with the LATS kinases.  

HEK293 cells were transiently co-transfected with hMAGI3b*-V5/His and either Myc-LATS1 or Myc-LATS2, as 

indicated. Cell lysates were subjected to Myc-trap® immunoprecipitation (IP) and western blotting (IB) as indicated 

(n=2).  An empty vector (emyc) was used as control. Protein expression levels are confirmed in the input fractions 

(1.5% of total cell lysates). Theoretical molecular weights are indicated in kDa on the right side of the western blots. 

MAGI-3 interacts with both LATS1 and LATS2. The yellow dotted line indicates the input protein. In the pulldown 

lanes, MAGI-3 appears to be running higher. The protein could therefore be phosphorylated by the LATS kinases. 

Next, we asked whether MAGI-3 could also interact with the LATS1/2 kinases. Indeed, a 

study, using a WW-domains array, suggested that LATS1 interacted with MAGI-3 WW domains 

(353). Here, we aimed at confirming this interaction with co-immunoprecipitation 

experiments. HEK293 cells were transiently transfected with hMAGI-3b*-V5/His and either 

Myc-LATS1 or Myc-LATS2 expression constructs. A Myc-trap® pulldown was performed and 

samples were subjected to western blotting using anti-MAGI-3 and anti-Myc antibodies. MAGI-

3 was found in both LATS1 and LATS2 protein complexes (Figure 4.14 lanes 2 and 3), similarly 

to MAGI-1 (Figure 4.10 lanes 2 and 3). Moreover, MAGI-3 seemed to have a preference for 

LATS2 (Figure 4.14 lane 3). In the pulldown lanes, we noticed that the band for MAGI-3 was 

slightly higher in LATS1 protein complex (lane 2). After adjusting the brightness and contrast 

settings of the image processing software, MAGI-3 actually appeared in the INPUT fraction as 

a single band while in LATS2 pulldown fraction it was a doublet (lane 3). In LATS1 pulldown 

lane, MAGI-3 was clearly a single band, above the baseline (yellow dotted line – lane 2). This 

could potentially indicate a post-translational modification, such as phosphorylation. However, 

due to limited time, this was not investigated further. Taken together, our results show that, 

similarly to MAGI-1, MAGI-3 interacts with both LATS kinases. 
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4.3.4 PTPN14, LATS1/2, AMOT and YAP are co-precipitated by MAGI-1 

4.3.4.1 PTPN14 competes with LATS1/2 for the binding of mMAGI-1B WW domains. 

 

Figure 4.15 | PTPN14 competes with LATS1/2 for the binding of mMAGI-1B WW domains. 

a, mMAGI-1B, LATS1/2 and PTPN14 constructs used in this figure. Details on the constructs can be found in Chapter 

2. Endogenous YAP protein-protein interaction domains. PDZ: Repeat of 80-100 amino acids that was first identified 

in PSD-95/Dlg/ZO-1/2; GuK: Guanylate kinase domain; WW: Domain with two conserved tryptophan residues; UBA: 

Ubiquitin-associated domain; PDB: Protein binding domain. BD: binding domain; FERM: Named after 4.1, Ezrin, 

Radixin and Moesin proteins, this domain is involved in plasma membrane localisation of the protein. b, HEK293 

cells were transiently co-transfected with GFP-mMAGI-1B, Myc-LATS1 (Left) or Myc-LATS2 (Right), and/or V5-

PTPN14, as indicated. Cell lysates were subjected to GFP-trap® immunoprecipitation (IP) and western blotting (IB) 
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as indicated (n=2 with LATS1 and n=1 with LATS2).  An empty vector (eGFP) was used as control. Protein expression 

levels are confirmed in the input fractions (1.5% of total cell lysates). Theoretical molecular weights are indicated 

in kDa on the right side of the western blots. The individual MAGI-1/PTPN14 and MAGI-1/LATS interactions are 

confirmed. In the triple pulldown lanes (#6 and #12), both LATS1/2 and PTPN14 are pulled-down with MAGI-1. 

However, there seem to be competition for MAGI-1 WW domains binding and PTPN14 shows the strongest affinity. 

YAP is present in all pulldown complexes with mMAGI-1B. 

 So far, we have shown that PTPN14 and the LATS1/2 kinases interact with mMAGI-1B 

WW domains. We then asked whether these proteins were competing to bind to the WW 

domains of MAGI-1. We therefore performed triple pulldown experiments of mMAGI-

1B/PTPN14/LATS1 or mMAGI-1B/PTPN14/LATS2. HEK293 cells were transiently co-transfected 

with GFP-mMAGI-1B, V5-PTPN14 and either Myc-LATS1 or Myc-LATS2. GFP-trap® co-

immunoprecipitation was performed and samples were subjected to western blotting with 

anti-GFP, anti-PTPN14 and anti-Myc antibodies. These experiments confirmed the individual 

mMAGI-1B/PTPN14 and mMAGI-1B/LATS interactions that were used as controls (Figure 4.15b 

lanes 5 & 11, and 4 & 10 respectively). When considering the triple mMAGI-1B/PTPN14/LATS 

pulldowns, similar results were obtained with LATS1 (left side, lane 1-6) and LATS2 (right side, 

lanes 7-12). Indeed, both PTPN14 and LATS1/2 were found simultaneously in mMAGI-1B protein 

complexes (Figure 4.15b lanes 6 and 12 respectively). However, PTPN14 was strongly present 

in the complex (lanes 6 and 12, similarly to mMAGI1B/PTPN14 in lanes 5 and 11) whereas the 

amount of LATS precipitated was greatly reduced compared to mMAGI1B/LATS (lanes 4 and 

10). Moreover, we were able to detect the endogenous PTPN14 in the mMAGI-1B/LATS 

pulldown lanes (lanes 4 and 10). Taken together, our results suggest that LATS1/2 and PTPN14 

are partially competing to bind to mMAGI-1B WW domains and PTPN14 is showing the 

strongest affinity. 

 

4.3.4.2 YAP is part of mMAGI-1B protein complex, alongside PTPN14 and LATS1/2. 

We have previously shown evidence that YAP might interact directly with one of MAGI-1 

C-terminal PDZ domains (Section 4.3.2.2). Moreover, literature extensively reports interaction 

of PTPN14 and LATS1/2 respective PPxY motifs with YAP WW domains (31,57,71-75,354). We 

therefore asked whether YAP was part of the complex with MAGI-1 and PTPN14 and/or LATS1/2 

kinases. We probed the membranes of the triple pulldowns with anti-YAP/TAZ antibody 

(Figure 4.15b). YAP was found in all mMAGI-1B protein complexes (lanes 4, 5, 6, 10, 11 and 12). 

However, the amount of YAP precipitated along with mMAGI-1B and PTPN14 (lanes 5 and 11) 

was greater than that pulled-down in the presence of LATS1/2 (lanes 4, 6, 10 and 12). Taken 
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together, our results show that YAP is precipitated by MAGI-1 alongside PTPN14 and LATS1/2, 

suggesting that they might be in a complex together. 

 

4.3.4.3 AMOT proteins are part of mMAGI-1B complex, alongside LATS1/2, PTPN14 and YAP. 

 

Figure 4.16 | AMOT family of proteins.  

Modular structure and known Hippo pathway interactors of the AMOT family. It comprises four members: the two 

angiomotin (AMOT) isoforms p130 and p80, angiomotin-like1 (AMOTL1) and angiomotin-like2 (AMOTL2) proteins. 

PY indicates the presence of proline-rich regions or [L/P]PxY motifs (green bars). *: indicate the conserved 

consensus sequence for LATS1/2 phosphorylation. Taken and adapted from Figure 1b of (45,355). 

Next, we turned our interest to the motin family, composed of AMOT p130 and p80 as 

well as AMOTL1 and AMOTL2 (Figure 4.16) (further described in Section 1.2.2.1.6). According 

to Patrie’s and Bratt’s teams , AMOT p130, AMOTL1 and AMOTL2 are interactors of MAGI-1 WW 

domains  (223,224). The interaction requires the motins’ [L/P]PxY motifs, which the p80 

isoform lacks thereby preventing interaction with MAGI-1 (224) and other WW-domains 

containing proteins such as YAP (76). The AMOT family of proteins are well known regulators 

of the Hippo YAP pathway (described in Section 1.2.2.1.6) and both angiomotin isoforms 

interact with and exert differential role on LATS (96,140). Moreover, AMOT was identified as a 

PTPN14-associated protein by tandem affinity purification and mass spectrometry analysis 

(74,356).  

We therefore asked whether the AMOT family was part of the protein complex we were 

studying. Membranes of the triple mMAGI-1B/LATS/PTPN14 pulldown were re-probed with an 

anti-AMOT antibody (Figure 4.17b – original experiment in Section 4.3.4.1). This antibody 

recognises the endogenous AMOT C-terminal region and therefore detects both p80 and p130 

isoforms, but does not cross-react with AMOTL1/2 (Cell Signaling Technology). Both isoforms 

were precipitated with mMAGI-1B/PTPN14, mMAGI-1B/LATS1 and mMAGI-1B/PTPN14/LATS1 

complexes (Figure 4.17b lanes 4, 5 and 6 respectively). The presence of the p130 isoform in 

the pulldown lanes could be due to both direct and indirect binding to MAGI-1, through LATS1 
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Figure 4.17 | AMOT proteins are part of mMAGI-1B complex, alongside LATS1/2, PTPN14 and YAP.  

a, mMAGI-1B, LATS1 and PTPN14 constructs used in this figure. Details on the constructs can be found in Chapter 2. 

Endogenous YAP and AMOTs protein-protein interaction domains. The antibody schematics approximately locates 
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the anti-AMOT epitope. PDZ: Repeat of 80-100 amino acids that was first identified in PSD-95/Dlg/ZO-1/2; GuK: 

Guanylate kinase domain; WW: Domain with two conserved tryptophan residues; UBA: Ubiquitin-associated 

domain; PDB: Protein binding domain. BD: binding domain; FERM: Named after 4.1, Ezrin, Radixin and Moesin 

proteins, this domain is involved in plasma membrane localisation of the protein.  b, HEK293 cells were transiently 

co-transfected with GFP-mMAGI-1B, Myc-LATS1, and/or V5-PTPN14, as indicated. Cell lysates were subjected to 

GFP-trap® immunoprecipitation (IP) and western blotting (IB) as indicated.  An empty vector (eGFP) was used as 

control. Protein expression levels are confirmed in the input fractions (1.5% of total cell lysates). Theoretical 

molecular weights are indicated in kDa on the right side of the western blots. Membranes were probed with an 

anti-AMOT antibody which recognises both AMOT isoforms (n=1). AMOT p130 and p80 isoforms are present in all 

pulldown complexes with mMAGI-1B (lanes 4-6).  

or PTPN14. As AMOT possesses a PDZ-binding motif at its C-terminal, common to both 

isoforms, we could have reasonably expected to see an interaction with one of MAGI-1 

numerous PDZ domains. However, we probed for AMOT in the mMAGI-1B/LATS mapping 

pulldown experiment and only found both of AMOT isoforms precipitated along with the FL 

MAGI-1 and the WW-domain construct, with LATS1/2, while none was detected in association 

with the PDZ-domain constructs (Figure 4.11). It therefore suggests that AMOT PDZ-binding 

motif is not able to interact with MAGI-1. The p80 isoform was therefore most likely 

precipitated indirectly. Our results thereby suggest that PTPN14, similarly to LATS1/2, can 

interact with both angiomotin isoforms but the binding site has not yet been elucidated and 

would require further investigation. To summarize, our data show that both angiomotin 

isoforms are part of the protein complex formed around mMAGI-1B. 

 

4.3.4.4 AMOT does not appear to be precipitated alongside MAGI-3. 

Next, we asked whether endogenous AMOT was also part of protein complexes with 

MAGI-3. To that end, we re-probed membranes from the previous pulldown experiments 

between MAGI-3 and either PTPN14 or the LATS kinases. Interestingly, neither of AMOT 

isoforms were found in the protein complexes precipitated with PTPN14 nor LATS1/2 and 

associated with MAGI-3 (Figure 4.18a and Figure 4.18b lanes 2 & 3). Our results therefore 

suggest that AMOT is not part of the complex forming around MAGI-3, unlike MAGI-1. 
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Figure 4.18 | AMOT was not detected in pulldown complexes in the presence of MAGI-3.  

Same experiments and blots as Figure 4.7b and Figure 4.14c. In both cases, membranes were re-probed with an 

anti-AMOT antibody to detect endogenous AMOT. Theoretical molecular weights are indicated in kDa on the right 

side of the western blots. a, Co-immunoprecipitation experiment, in HEK293 cells, of hMAGI3b*-V5/His with Myc-

PTPN14 WT or PPxY mutant using Myc-trap® resin (n=1). The angiomotin isoform p130 appears much less abundant. 

The red arrowhead designates an extra band appearing just above 100kDa marker in this experiment. b, Co-

immunoprecipitation experiment, in HEK293 cells, of hMAGI3b*-V5/His with Myc-LATS1 or Myc-LATS2 using Myc-

trap® resin (n=1). 

 

4.3.5 MAGI-1 colocalises with its binding partners at tight junctions 

We have shown that MAGI-1 interacts with key players of the Hippo-YAP pathway: 

PTPN14, LATS1/2 and YAP itself. In addition, we have some evidence that all the aforementioned 

proteins localise at the cell-cell contacts in DLD-1 WT cells (Figure 4.6, Figure 4.9 and Figure 

4.13). MAGI-1 being a tight junction protein, we hypothesised that it acts as a scaffolding 

protein to assemble part of the Hippo cascade at the tight junctions. To test that hypothesis 

and rule out the role of the endogenous MAGI-1 in the membrane localisation of its binding 

partners, we used the generated MAGI-1 knockout clone G2 14 (B) and endogenous ZO-1 as a 

tight junction marker. 
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4.3.5.1 MAGI-1 is recruiting PTPN14 to tight junctions 

First, we investigated the localisation of PTPN14. G2 14 cells were transiently transfected 

with Myc-PTPN14 alone or together with EGFP-hMAGI-1Cβ1. Immunostaining was performed 

with anti-PTPN14 and anti-ZO-1 antibodies. We found that PTPN14 did not colocalise with ZO-

1 at tight junctions in cells lacking MAGI-1 (Figure 4.19a). However, in MAGI-1 overexpressing 

cells, PTPN14 was enriched at tight junctions and colocalising with ZO-1 and MAGI-1. Our results 

indicate that MAGI-1 is recruiting PTPN14 to tight junctions.  

 

Figure 4.19 | PTPN14 is recruited to tight junctions by MAGI-1.  

DLD-1 MAGI-1 knockout cells, clone G2 14 (B), were transiently transfected with Myc-PTPN14 alone or with EGFP-

hMAGI-1Cβ1 (n=1). Anti-PTPN14 and anti-ZO-1 immunostaining was performed. Z-stacks images were acquired with 

a confocal microscope. Hoechst was used as a nuclear counterstain. Scale bars: 10µm. The ‘ZOOM’ images 

correspond to the area delineated by the dotted white box. The XZ views were taken along the dotted line. The 
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white arrowheads point at ZO-1-positive tight junctions. a, In MAGI-1 knockout cells, PTPN14 is overall cytoplasmic 

and is not enriched at tight junctions (as indicated by the arrowhead in the XZ view). b, Upon overexpression of 

MAGI-1, PTPN14 is enriched at the tight junctions indicating that MAGI-1 is involved in PTPN14 recruitment.  

 

4.3.5.2 YAP is enriched at tight junctions regardless of MAGI-1 expression 

Second, we looked whether the YAP pool localised at the cell-cell contacts early on 

(Figure 3.1 and Figure 4.9) was MAGI-1 dependent. G2 14 were transiently transfected with 

EGFP-hMAGI-1Cβ1. Anti-YAP and anti-ZO-1 immunostaining was performed to detect the 

endogenous proteins. YAP was found to be enriched at ZO-1 positive tight junctions regardless 

of MAGI-1 expression (Figure 4.20). Our results indicate that MAGI-1 is not necessary to target 

YAP to  tight junctions.  
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Figure 4.20 | YAP is enriched at the tight junctions regardless of MAGI-1 expression..  

DLD-1 MAGI-1 knockout cells, clone G2 14 (B), were transiently transfected with EGFP-hMAGI-1Cβ1 (n=1). Anti-YAP 

and anti-ZO-1 immunostaining was performed. Z-stacks images were acquired with a confocal microscope. Hoechst 

was used as a nuclear counterstain. Scale bars: 10µm. The ‘ZOOM’ images correspond to the area delineated by the 

dotted white box. The XZ views were taken along the dotted line. The white arrowheads point at ZO-1-positive tight 

junctions. YAP signal is enriched at the tight junctions regardless of MAGI-1 depletion (a) or overexpression (b).  

 

4.3.5.3 MAGI-1 is recruiting both LATS kinases to tight junctions 
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Figure 4.21 | LATS1/2 kinases are recruited to tight junctions by MAGI-1.  

DLD-1 MAGI-1 knockout cells, clone G2 14 (B), were transiently transfected with either Myc-LATS1 or Myc-LATS2 

alone or with EGFP-hMAGI-1Cβ1 (n=1). Anti-Myc and anti-ZO-1 immunostaining was performed. Z-stacks images 

were acquired with a confocal microscope. Hoechst was used as a nuclear counterstain. Scale bars: 10µm. The 

‘ZOOM’ images correspond to the area delineated by the dotted white box. The XZ views were taken along the 

dotted line. The white arrowheads point at ZO-1-positive tight junctions. a, In MAGI-1 knockout cells, LATS1 is faintly 

present at the membrane. b, Upon overexpression of MAGI-1, LATS1 becomes enriched at the tight junctions 

indicating that MAGI-1 is involved in LATS1 recruitment. c, In MAGI-1 knockout cells, LATS2 was completely absent 

from the membrane. d, Upon overexpression of MAGI-1, LATS2 is enriched at ZO-1 positive tight junctions, 

colocalising with EGFP-hMAGI-1Cβ1. 

Last, we asked whether the LATS kinases were also colocalising with MAGI-1 at tight 

junctions. G2 14 cells were transiently transfected with either Myc-LATS1 or Myc-LATS2 alone 
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or together with EGFP-hMAGI-1Cβ1. Immunostaining was performed with anti-Myc and anti-

ZO-1 antibodies. We found that neither LATS1 nor LATS2 was present at tight junctions in 

MAGI-1 knockout cells. However, overexpression of EGFP-hMAGI-1Cβ1 resulted in enrichment 

of both kinases at ZO-1-positive tight junctions. Our data indicates that MAGI-1 is recruiting 

LATS1/2 at tight junctions. 

 

4.3.5.4 AMOT is not expressed in colon cancer cell lines 

We did not investigate the localisation of AMOT as this protein is not expressed in DLD-

1 cells (Figure 4.22). 

 

Figure 4.22 | AMOT is not expressed in DLD-1 cells.  

Total protein was extracted from Caco-2, DLD-1 and HEK293 cells. Samples were subjected to anti-AMOT 

immunoblotting. β–tubulin was used as a loading control. The molecular weights indicated in kDa on the right side 

of the western blots correspond to the protein ladder. In HEK293 cells, both AMOT isoforms, p130 and p80, are 

abundantly expressed. AMOT is completely absent in colon cancer cell lines, Caco-2 and DLD-1.  

 

 

Taken together, our immunofluorescence results indicate that MAGI-1 is involved in the 

recruitment of PTPN14 and LATS1/2 and colocalises with YAP at the tight junctions. Based on 

our biochemistry data, we hypothesise that this recruitment occurs by direct interaction of 

MAGI-1 with PTPN14 and LATS1/2. 
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4.4  Discussion 

4.4.1 MAGI-1 interacts with key players of the Hippo pathway 

4.4.1.1 The WW domains, pivotal to mediate these interactions 

Using co-immunoprecipitation experiments, we confirmed and mapped interactions of 

MAGI-1 with key regulators of the Hippo pathway. We found that MAGI-1’s WW domains played 

a pivotal role in mediating those interactions. WW domain-mediated complexes are abundant 

within the Hippo signalling pathway and these modules and their cognate binding motifs, 

[L/P]PxY, have drawn much attention in recent years (357). Indeed, such interaction modules 

offer a versatile platform, linking proteins to a physiologically relevant function. To add to the 

high modularity, researchers believe that tyrosine phosphorylation of either of the cognate 

domains can act as a negative switch for the interaction. For example, Chen et al. used a SPOTs 

peptide array to determine the binding requirements of the proline-rich region of WBP-1 to 

YAP’s WW domains. They reported that phosphorylation of the tyrosine residue PPPpY 

abrogated the interaction of WBP-1 with YAP in vitro (54). In addition, tyrosine residues within 

WW domains can also regulate binding with their cognate motifs. Li and co-workers reported 

that Tyr188 residue located within YAP WW1 domain played an important role in YAP 

regulation. Indeed, they suggested that phosphorylation of the Tyr188 was disrupting YAP 

interaction with its upstream negative regulators PTPN14 and LATS1/2 (358). This further 

suggests a critical role for tyrosine phosphorylation in the regulation of WW-containing 

proteins (359). However, not much is known about the tyrosine kinases that would control 

WW domain-mediated interactions. It is interesting to note that Nishimura et al. identified a 

tyrosine phosphorylation site (Tyr373) within MAGI-1 WW2 domain and suggested that it may 

regulate the binding properties of this domain (234). This particular tyrosine residue within 

MAGI-1 WW2 domain was later found to be dephosphorylated by the protein tyrosine 

phosphatase receptor z (Ptprz) (360). Although the functional significance of this 

phosphorylation site is not known yet, it is suggested to affect MAGI-1 binding properties. It 

would be interesting to investigate whether phosphorylation of this Tyr373 site regulates 

MAGI-1 interaction with the identified players of the Hippo pathway.  

 

4.4.1.1.1 MAGI-1 and PTPN14. 

We found that PTPN14 PPxY motifs were interacting with MAGI-1 WW domains, with a 

clear preference for WW1 (Figure 4.23). Moreover, our results suggested the presence of a 

second, minor, binding site between the two proteins, independent of the WW-PPxY 
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interaction. Apart from the WW1-2 domains constructs, no other part of MAGI-1, N-ter or C-

ter individually, was sufficient to precipitate PTPN14 (Figure 4.2b lanes 3, 5 and 6). We 

therefore speculated that if a second binding site indeed existed, it required both N-ter and 

C-ter parts of MAGI-1 together, in a 3D conformation. 

 

Figure 4.23 | MAGI-1 interacts with PTPN14. 

PTPN14 possesses two PPxY motifs that interact with MAGI-1 WW domains, preferentially with WW1. Another, 

weaker, secondary binding site could not be ruled out. 

 

4.4.1.1.2 MAGI-1 and LATS1/2. 

 

Figure 4.24 | MAGI-1 interacts with both LATS kinases. 

LATS1 and LATS2 possess two and one PPxY motifs respectively, which interact with MAGI-1 WW domains (solid 

arrows). LATS2 C-ter may also interact with MAGI-1 PDZ3 or PDZ5 domains (dotted arrow). 

We found that both LATS kinases were interacting with the WW domains of MAGI-1 

(Figure 4.24). LATS1 and LATS2 possess two and one PPxY motifs, respectively. Such motifs 

are known to associate with WW domains. In addition, LATS2 seemed to show an affinity for 

MAGI-1 PDZ domains, especially those from the C-terminal constructs. If we analyse the last 

few amino acids of LATS2, we find the following sequence: CQPVYV which does not per se 
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correspond to any consensus sequence for a PDZ binding motif (361). However, several PDZ-

domain proteins are listed in Biogrid as interactors of LATS2 alone, such as MPDZ, STXBP4 

and ZO-1 (221). 

LATS1 and LATS2 kinases, as paralogues, share very similar structures and thereby 

overlap on some of their basic functions. However, as we have found here, they display slight 

differences that demonstrates that the two kinases are not simply a genomic duplication. Each 

of them have unique characteristics which supports a more complex pathway with many more 

layers of regulation than in Drosophila for example. 

 

4.4.1.1.3 mMAGI-1B versus hMAGI-1Cβ1. 

Expression constructs derived from the mouse MAGI-1B protein were used for the 

characterisation and mapping of the interactions with PTPN14 and LATS1/2. Excluding 

alternatively split regions, the mouse and human MAGI-1 protein sequences share 95% identity. 

We have confirmed the conservation of the interaction of both PTPN14 and LATS1/2 with the 

human MAGI-Cβ1 version (Figure 4.5b and Figure 4.12b respectively). Slight differences were 

observed in the binding properties of the human and mouse MAGI-1 proteins. First, we found 

that the interaction with PTPN14 was less strong with hMAGI-1Cβ1 than with mMAGI-1B. 

Second, our results showed that, contrary to mMAGI-1B which displayed similar affinities for 

both kinases, the human hMAGI-1Cβ1 presented a stronger interaction with LATS1. The WW 

domains sequence is extremely well conserved between the two species. However, the linker 

region between the tandem WW domains is longer by 12 amino acids in the human form. This 

extra length might affect the 3D conformation and/or flexibility and affect the binding 

properties of the WW domains (Figure 4.25).  

 

Figure 4.25 | hMAGI-1 WW domains are farther apart than in the mouse protein.  

Protein alignment of mMAGI-1B and hMAGI-1Cβ WW domain-tandem regions. In the human protein, the linker 

region between the two WW domains is longer (12 amino acids), potentially allowing more flexibility to the 

structure. 

 

4.4.1.1.4 MAGI-1 and AMOT. 

Most of AMOT family members, AMOT p130, AMOTL1 and AMOTL2, have been reported 

to associate with MAGI-1 via its WW-domains (223,224). Here, we focused on angiomotin 

isoforms p130 and p80. Surprisingly, we found that both AMOT isoforms were precipitated in 
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MAGI-1 protein complexes. AMOT p130 was reported to bind to MAGI-1 via a [L/P]PxY motifs–

WW domains interaction (Figure 4.26) (224). However, the presence of AMOT p80 most likely 

resulted from an indirect interaction since Bratt and co-worker’s found that due to its lack of 

[L/P]PxY motifs, this isoform was unable to bind to MAGI-1 (224). 

 

Figure 4.26 | MAGI-1 interacts with AMOT p130. 

AMOT p130 possesses three [L/P]PxY motifs that interact with MAGI-1 WW domains (224). 

 

4.4.1.2 MAGI-1 interacts with the Hippo pathway downstream effector: YAP 

We found the Hippo pathway downstream effector, YAP, to be precipitated by MAGI-1, 

alongside PTPN14. As PTPN14 is a well-known interactor of YAP WW domains (71-75), we first 

thought that it was indirectly pulled-down by MAGI-1. Yet, YAP could still be precipitated 

regardless of PTPN14 overexpression or PPxY mutation (Figure 4.4d lanes 4 and 6), which had 

been reported to abolish their interaction (74). We therefore investigated whether there 

could be a direct interaction between MAGI-1 and the Hippo pathway downstream effector. 

Endogenous YAP presented the strongest affinity for mMAGI-1B C-ter2 construct harbouring 

PDZ3 and PDZ5 domains (Figure 4.8b lane 6), which had not been sufficient to precipitate 

PTPN14 (Figure 4.2b lane 6). From MAGI-1 and YAP domains, we identified two potential ways 

the proteins could interact in a direct manner: (1) mMAGI-1B possesses two LPxY motifs 

between its PDZ3 and PDZ5 domains that could bind to YAP WW domains, and (2) YAP has a 

PDZ-binding motif on its C-terminal tail which could interact with one of MAGI-1 PDZ domains. 

The first scenario is the less likely as these LPxY motifs are not conserved in the human form 

of the MAGI-1 protein. The second option, on the other hand, appears more likely. Indeed, a 

study reported the interaction of MAGI-3 last PDZ domain with YAP PDZ-binding motif (301). 

They had, before confirming the interaction by co-immunoprecipitation, utilized a 

computational predictor to screen YAP PDZ-binding motif against all human PDZ domains 

(362). MAGI-3 last PDZ domain was ranked first amongst the highest-scoring predicted 

interactors of YAP PDZ-binding domain; hMAGI-1 last PDZ domain, PDZ5, was ranked seventh. 
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Alignment of mMAGI-1, used in this thesis, and hMAGI-1, predicted by Ni and collaborators, 

PDZ5 domain protein sequences yielded 99% identity. Our results are in accordance with the 

prediction (301) and further suggest a legitimate direct interaction between MAGI-1 C-

terminal PDZ domains and YAP (Figure 4.27). 

 

Figure 4.27 | MAGI-1 interacts with YAP. 

YAP may interact with MAGI-1 PDZ5 via its C-terminal PDZ-binding motif. 

 

4.4.1.3 MAGI-1 and Kibra, differential upstream regulators of the Hippo-YAP pathway? 

As discussed previously, we have shown that both PTPN14 and LATS1/2 interact with 

mMAGI-1B WW domains. Interestingly, it has been reported in the literature that both PTPN14 

and LATS1 are interacting with Kibra’s WW domains. In addition, PTPN14 interacts with LATS1 

C-terminus. Wilson et al. therefore suggested that PTPN14, LATS1 and Kibra form a trimeric 

complex as they did not find signs of competition for Kibra’s WW domains (75). Moreover, 

AMOT p130, as well as AMOTL1 and AMOTL2, were identified as strong binding partners of 

Kibra, also called WWC1 (Figure 4.28a) (363). Collectively, MAGI-1 shares a lot of similarities 

with Kibra in terms of [L/P]PxY-containing binding partners: PTPN14, LATS1/2, AMOT p130, 

AMOTL1 and AMOTL2 (Figure 4.28a & b). The difference between Kibra and MAGI-1 resides 

in their other modular domains (Figure 4.28c). Indeed, MAGI-1 is a multi-PDZ domain protein 

that localises at tight junctions while Kibra is associated with apical domain and cell-cell 

junctions in epithelial cells (364). Such similarity in Hippo pathway binding partners and yet 

such distinct modular structures and cellular functions, led us to hypothesize that both 

proteins are regulators of the Hippo pathway but depending on the upstream signal, one 

complex preferentially forms.  
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Figure 4.28 | Kibra (WWC1) shares many binding partners with MAGI-1 due to their tandem WW domains but have, 

otherwise, very different structures. 

a, Figure 4B from (363). Pulldown experiment of Myc-WWC1, also known as Kibra, with the indicated proteins. The 

strongest affinity is demonstrated by AMOT p130. Kibra also interacts with the other members of the motin family, 

AMOTL1 and AMOTL2, with PTPN14 and LATS1. All the interacting proteins possess [L/P]PxY motifs. b, Comparison 

of Kibra and MAGI-1 Hippo pathway interacting networks. Kibra, LATS1 and PTPN14 form a tripartite complex (75). 

c, Modular structures of the Human Kibra and Mouse MAGI-1 proteins. Apart from their tandem WW domains, 

MAGI-1 and Kibra shared very little similarities in terms of other modular domains. Adapted from Figure 2 of (365). 

 

4.4.2 MAGI-1 and MAGI-3 share the same Hippo pathway interactors 

Signalling cascades such as the Hippo-YAP pathway have gotten more complex with 

evolution. Indeed, several players in the Drosophila pathway, for example Yorkie or Warts, have 

multiple homologues in the mammalian pathway: YAP/TAZ and LATS1/2 respectively. In 
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Drosophila Melanogaster, only one MAGI protein exists, while in human, it is a family of three 

members: MAGI-1, -2 and -3 (Flybase). All three human MAGI family members share high 

similarity of modular protein-protein interaction domains. Here, we investigated whether they 

also shared some of MAGI-1 binding network. Based on results obtained and discussed in 

Chapter 3, we focused exclusively our interaction study on MAGI-3.  

Firstly, we have shown that MAGI-3 interacts with PTPN14 and that mutation of PTPN14 

PPxY motifs greatly impaired the binding. We therefore hypothesise that, similarly to MAGI-1, 

MAGI-3 WW domains interact with PTPN14 PPxY motifs.  

Secondly, our results show that both LATS kinases interact with MAGI-3, although LATS2 

displayed a higher affinity. It appeared that after prolonged proximity with a set of proteins, 

potentially the LATS kinases, MAGI-3 may have been subjected to post-translational 

modifications. Since we were investigating the interaction with LATS1/2 which are kinases, we 

hypothesised that MAGI-3 might be one of their substrates. We looked for the LATS/NDR 

consensus sequence, Hx[RHK]xx[ST] (31), within the MAGI-3 protein sequence (Uniprot ID: 

Q5TCQ9) using the Protein Data Bank Protein Feature View. Unfortunately, no such consensus 

sequence was found. However, the following consensus sequence was identified, RxRxx[ST], 

about 70aa ahead of the first WW domain; it is known as the archetypal motif for Akt 

phosphorylation (366-368). Interestingly, MAGI-3 was reported to interact with PTEN and 

together regulate Akt (283), similarly to the other MAGI family members (227,253). The two 

consensus sequences are rather similar and Akt has been shown to phosphorylate YAP on 

Ser127 on an unusual sequence, corresponding to that of the LATS kinases: HxRxxS (33). 

Thirdly, literature reports a direct interaction between MAGI-3 PDZ6 domain 

(numbered 1-6 as opposed to 0-5 for MAGI-1) and YAP C-terminal PDZ-binding motif. 

Moreover, Ni and co-workers investigated the regulatory role of MAGI-3 on YAP and found a 

truncated form of MAGI-3 protein in breast cancer cells. They encountered a new mechanism 

by which alteration of the mRNA can lead to the formation of an oncogenic dominant negative 

protein (301). Indeed, in MDA-MB-231 breast cancer cells, a portion of MAGI-3 mRNA was 

prematurely cleaved and polyadenylated, giving rise to a truncated form of the protein lacking 

the last four PDZ domains. That abnormal protein was no longer able to bind to YAP but could 

interact with its full length self, creating a dominant-negative complex unable to negatively 

regulate YAP activity.  We did not detect this truncated version of MAGI-3 protein in any of the 

cell lines tested, Caco-2, DLD-1 and HEK293 (Figure 3.10).  

Overall, MAGI-3 shares not only similarities with MAGI-1 in terms of modular structure 

but also in terms of Hippo pathway binding partners. Figure 4.29 summarises the MAGI-3 
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interactions investigated in this chapter. These results further reinforce the bases for the 

potential existence of redundancy or of a compensatory mechanism between the members of 

the MAGI family (Chapter 3). 

 

Figure 4.29 | MAGI-3 interacts with key players of the Hippo pathway. 

PTPN14 and LATS1/2 interact with MAGI-3. Due to its similarities with MAGI-1, these interactions are probably 

mediated by MAGI-3 WW domains and cognate PPxY motifs (dotted arrows). YAP C-terminal domain interacts with 

MAGI-3 PDZ5 domain (301). 

 

4.4.3 The MAGIs, scaffolding proteins, assembling part of the Hippo signal 

transduction machinery 

4.4.3.1 MAGI-1, a scaffolding protein, assembling PTPN14, LATS1/2, YAP and AMOT at tight 

junctions 

We have shown that MAGI-1 interacts with PTPN14, LATS1/2 and YAP individually. 

Literature reports another interactor of MAGI-1 WW domains: AMOT p130 (224). Since three 

of these Hippo pathway interactors bind to MAGI-1 WW domains, namely PTPN14, LATS1/2 and 

AMOT p130, we asked if there was competition over the binding. We performed triple 

pulldown experiments where MAGI-1, PTPN14 and/or LATS1/2 were overexpressed and MAGI-

1 was used as bait. Endogenous YAP and AMOT presence was also checked in the pulled-down 

complexes. Our results combined to literature led us to believe that MAGI-1 is in a complex 

with all the aforementioned interactors. 

Firstly, our results showed that the MAGI-1/PTPN14 interaction was stronger than the 

MAGI-1/LATS one. We found less LATS1/2 precipitated by MAGI-1 in the presence of PTPN14, 

while PTPN14 levels were unchanged, suggesting the occurrence of a partial competition 

(Figure 4.15b lanes 6 and 12). As mentioned previously, Wilson and co-workers reported a 

trimeric complex occurring between PTPN14, Kibra and LATS1. They found that Kibra is able 

to bind to PTPN14 and LATS1 PPxY motifs via its WW domains while PTPN14 interacts with 



Page | 196  
 

LATS1 via its C-terminal phosphatase domain (75). We hypothesise that a similar complex 

could form around MAGI-1, depending on the upstream signal.   

Secondly, in our triple pulldown experiments, we found endogenous YAP present in all 

protein complexes, alongside PTPN14, LATS1/2 and AMOT. However, the levels precipitated 

varied depending on the other proteins overexpressed (Figure 4.15b and Figure 4.17). Indeed, 

the amount of YAP was greater when pulled-down with MAGI-1/PTPN14 than with MAGI-

1/LATS. YAP is known to interact with PTPN14 (74), LATS1/2 (31,57-59) and AMOT p130 

(138,139,369). All the aforementioned interactions are mediated by YAP WW domains. We 

could therefore imagine competition happening between MAGI-1 and YAP WW domains for 

the binding of PTPN14, LATS1/2 or AMOT’s PPxY motifs. Yet, MAGI-1, being overexpressed, 

should prevail as we saw in MAGI-1/PTPN14 mapping (Figure 4.4b lane 4). The amount of YAP 

precipitated with MAGI-1/PTPN14 or MAGI-1/LATS, would therefore solely result from the 

direct interaction between MAGI-1 PDZ domains and YAP. However, this hypothesis does not 

explain the variability in the levels of pulled-down YAP. Since they are greater in the MAGI-

1/PTPN14 pulldown lane, it suggests that YAP is pulled-down both in a direct and indirect 

manner, via MAGI-1 and PTPN14 respectively. We therefore hypothesise that MAGI-1, PTPN14 

and YAP can be in a tripartite complex. 

Thirdly, we detected both isoforms of AMOT in our protein complexes precipitated by 

MAGI-1 (Figure 4.16 lanes 4-6). Angiomotin p130 has been reported to interact with MAGI-1 

WW domains through its [L/P]PxY motifs. However, p80, lacking this N-terminal region, failed 

to bind to MAGI-1 (224). The shortest isoform was therefore most likely pulled-down 

indirectly, for example via PTPN14 or LATS1/2. AMOT was identified as a PTPN14-associated 

protein by tandem affinity purification and mass spectrometry analysis (74,356). Moreover, 

both p130 and p80 were reported to interact with LATS2. The study showed that both isoforms 

of AMOT antagonise each other over LATS2 activation and subsequent YAP phosphorylation 

(140). Based on Paramasivam and co-workers’ results, we can hypothesise that our protein 

complex accommodates both AMOT isoforms that cancel each other out until an upstream 

signal determines whether to activate or inhibit the LATS-mediated Hippo pathway. We could 

therefore imagine a similar mechanism of differential regulation of PTPN14 by the AMOT 

isoforms. 
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Figure 4.30 | Hippo multi-protein complex assembled around MAGI-1.  

MAGI-1 interacts and might be in a complex with LATS1/2, PTPN14, AMOT and YAP. Black lines indicate the 

interaction identified (dotted) and mapped (solid) in this thesis chapter. Light blue lines represent the interactions 

reported in the literature. 1: AMOT/YAP – (138,139,369), 2: AMOT/PTPN14 – (74,356), 3: AMOTp130/MAGI-1 – 

(223,224), 4: AMOT/LATS – (96,140,221), 5: PTPN14/YAP – (71-75), 6: LATS/YAP – (31,57-59), 7: PTPN14/LATS – 

(75,221). 

 

To summarise, all the proteins considered in this study interact with each other, as well 

as with MAGI-1 (Figure 4.30). Even though most of these proteins bind to its WW domains, we 

showed that MAGI-1 is able to oligomerise and could thereby accommodate several interactors 

at once. We suggest that MAGI-1 acts as a scaffolding protein, assembling PTPN14, LATS1/2, YAP 

and AMOT. 

 

4.4.3.2 MAGI-3, a scaffolding protein, assembling PTPN14, LATS1/2 and YAP 

The discussion around MAGI-3 is similar to the one for MAGI-1, as it regards the same 

pool of interactors: PTPN14, LATS1/2 (this study) and YAP (301). MAGI-3 was also reported to 

oligomerise by Ni and collaborators (301). However, AMOT was not found amongst the 

proteins pulled-down by PTPN14/MAGI-3 nor LATS/MAGI-3 (Figure 4.18). This was surprising 

as literature reports interaction of AMOT with at least LATS independently of MAGI-1 (140) and 

suggests interaction with PTPN14 (74,356). Moreover, due to the similarity between MAGI-1 

and MAGI-3 modular structures as well as their WW domains binding partners (PTPN14 and 

LATS1/2), we could have expected MAGI-3 to interact with AMOT p130. Competition of AMOT 

with the Myc-tagged overexpressed proteins over MAGI-3 WW domains would not fully explain 

why AMOT p130 and p80 are not pulled-down via LATS or PTPN14 directly, similarly to what 

was happening with MAGI-1 (Figure 4.17b). Indeed, as far as the LATS kinases are concerned, 
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the binding sites for MAGI and AMOT are not overlapping. Paramasivam and co-workers 

reported that the first 307 amino-acids of LATS2 were required to bind AMOT’s coiled-coil 

domain (140), while the PPxY motifs, needed for the MAGI interaction, are located at ~375aa 

and ~555aa for LATS1 and ~515aa for LATS2. In all previous pulldown experiments that were 

probed for endogenous AMOT, GFP-mMAGI-1B was the bait immobilised on the beads. In the 

present experiments, LATS (or PTPN14), with N-terminal Myc tags, were being used as baits. 

We can therefore speculate that the amino-termini of these bait-proteins were rather close 

to the beads and when MAGI3b*-V5/His binds to LATS PPxY motifs, it created steric hindrance 

and hid LATS N-termini from AMOT, and/or other putative interactors. With respect to 

PTPN14’s pulldown complex, the same hypothesis could apply. However, the potential binding 

site is still unknown between PTPN14 and AMOT. Indeed, the interaction was only reported in 

proteomics screens and has not yet been confirmed nor mapped with co-

immunoprecipitation experiments (74,356). To summarise, we suggest a similar complex 

assembling around MAGI-3 and involving several players of the Hippo pathway: PTPN14, 

LATS1/2 and YAP (Figure 4.31). 

 

 

Figure 4.31 | Hippo multi-protein complex assembled around MAGI-3.  

MAGI-3 interacts with LATS1/2, PTPN14 and YAP. Black dotted lines indicate the interactions identified in this thesis 

chapter; we hypothesise that they are mediated by MAGI-3 WW domains. Light blue lines represent the interactions 

reported in the literature. 1: PTPN14/YAP – (71-75), 2: LATS/YAP – (31,57-59), 3: PTPN14/LATS – (75,221), 4: 

YAP/MAGI-3 – (301). 

 

4.4.3.3 MAGI proteins assemble part of Hippo cascade at tight junctions 

In this chapter, we investigated the interaction networks of two members of the MAGI 

family, namely MAGI-1 and MAGI-3. We found that MAGI-1 WW domains were crucial to mediate 
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interactions with PTPN14 and the LATS kinases (Figure 4.2b and Figure 4.11b respectively). 

AMOT p130 isoform was reported to interact with MAGI-1 WW domains (223,224) and was 

detected in our protein complexes along with MAGI-1, PTPN14, LATS1/2 and YAP (Figure 4.17). 

In addition, our results suggest that YAP could bind to MAGI-1 PDZ5 domain (Figure 4.8b). 

This last PDZ domain is also the one binding to β–catenin and targeting MAGI-1 to cell-cell 

junctions. With so many protein-protein interaction domains, MAGI-1 is believed to act as a 

scaffold. Yet, in our study alone, we found four Hippo pathway proteins interacting with MAGI-

1 WW domain, with little competition between them. We have evidenced that MAGI-1, as many 

multi-PDZ proteins (301,350-352), can oligomerise with itself and thereby allow different 

proteins to bind to its WW domains.  

We found that all PTPN14, LATS1/2 and YAP were enriched at tight junctions upon 

overexpression of MAGI-1 (Section 4.3.5). Our results indicate that MAGI-1 is recruiting PTPN14, 

LATS1 and LATS2 to ZO-1 positive tight junctions. Indeed, the aforementioned binding partners 

were absent from apical cell-cell contacts in MAGI-1 knockout DLD-1 cells. Regarding YAP 

localisation, our data showed that YAP was enriched at tight junctions regardless of MAGI-1 

expression. As Ni and co-workers reported interaction of MAGI-3 and YAP (301) and MAGI-3 is 

known to localise at tight junctions, we could hypothesise that YAP enrichment at tight 

junctions is partially governed by MAGI-3. Other proteins such as AMOT or ZO-2 are also 

believed to sequester YAP at tight junctions (69,76). 

We showed that MAGI-3 could also interact with PTPN14 and LATS1/2 kinases (Figure 

4.7b and Figure 4.14 respectively). Ni et al. reported oligomerisation of MAGI-3 and interaction 

with YAP via its last domain (301). AMOT could not be detected in PTPN14 nor LATS complexes 

the presence of MAGI-3, potentially due to steric hindrance (Figure 4.18). It would be 

interesting to investigate the colocalisation of PTPN14, LATS1/2 and YAP in the MAGI1/MAGI3 

double knockout cell lines generated in Chapter 3. 

 

Our findings further establish MAGI-1 and MAGI-3 as potential regulators of the Hippo 

pathway. The fact that MAGI-1 and MAGI-3 share so many binding partners amongst the Hippo 

cascade further support a potential compensatory mechanism or redundancy among the 

MAGI family. We propose a model whereby the MAGIs act as scaffolds, bringing together part 

of the Hippo-YAP pathway machinery to the tight junctions (Figure 4.32) upon a given 

upstream signal. 
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Figure 4.32 | MAGI proteins assemble part of the Hippo signal transduction machinery at the plasma membrane.  

Partial assembly of the Hippo-YAP pathway around MAGI-1 (a) and MAGI-3 (b). Dotted arrows indicate the 

speculated binding domains based on the similarity between MAGI-1 and MAGI-3. Grey arrows were used for YAP 

in the MAGI-3 complex as this was not directly evidenced by western blotting in this study. 
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5 Discussion and future perspectives 

In this study, we provided new evidence that MAGI-1 and MAGI-3 proteins are involved in 

the regulation of YAP in response to cell density. We further established these scaffolding 

proteins within the Hippo pathway with a thorough biochemical analysis of their interacting 

networks. In the following discussion, we bring together our results and attempt to shed light 

on MAGI-1/3 mechanisms of regulation of the Hippo-YAP pathway.  

 

5.1 WW domains at the centre of Hippo signal transduction 

In the Hippo signalling pathway, there are four WW-containing proteins (excluding 

NEDD4 family of E3 ligases): KIBRA, SAV1, YAP and TAZ (44). Here, we report two other WW-

domain containing proteins, namely MAGI-1 and MAGI-3, as regulators of the Hippo cascade.  

We found that MAGI-1 WW-tandem interacts with the LATS kinases and PTPN14 PPxY 

motifs using co-immunoprecipitation experiments. Moreover, we showed that similar 

interactions were occurring between MAGI-3 and the aforementioned Hippo pathway players. 

MAGI-1 WW domains have also been previously reported to interact with the AMOT proteins 

(223,224). Taken together, three known regulators of the Hippo signalling pathway are binding 

to MAGI-1 WW-tandem. This strongly suggests that the WW-WW unit is pivotal for MAGI-1’s 

role in the regulation of the Hippo-YAP pathway.  

Interestingly, KIBRA and YAP have been reported to bind to PTPN14 (71-75), LATS1/2 

(31,57-59,109,370) and AMOT (138,139,363,369) via WW-PPxY interaction. This raises the 

questions of specificity and cue: How can KIBRA, YAP and MAGI-1 all bind to the same subset 

of proteins from the Hippo pathway? What triggers favour one complex over the other? 

 

Figure 5.1 | Alignments of WW-tandems of the Hippo pathway 

Alignment of the WW-tandem regions of KIBRA, YAP and MAGI-1/3 proteins. The characteristic tryptophan residues 

(or substitutes) are written in red. YAP and hMAGI-1 have a larger linker region that affect 3D conformation of the 

area and binding affinity (371).  

A recent study published in BioRχiv (371) provided quantitative measurements of each 

of these interactions. Their isothermal titration calorimetry assays using purified WW-tandem 
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and PY motifs confirmed interaction of MAGI-1/3 with PTPN14 and LATS1/2. However, in 

contrast to our study, they showed that the PPxY motifs in PTPN14 contributed very little to 

these interactions. Indeed, the main binding site were two ФPxY motifs (Ф= any uncharged 

amino acid) separated by three amino acids on PTPN14 ahead of the known PPxY consensus 

motifs. Discrepancies between our and their work, might arise from 3D native conformation 

and accessibility of the domains and motifs. Their findings are intriguing as they show that 

PTPN14 and LATS have a higher affinity for KIBRA and MAGI-3 WW-tandems than for YAP’s or 

hMAGI-1’s by at least an order of magnitude (Kd) due to the tandem conformation (Figure 5.1). 

They suggest that PTPN14 or the LATS kinases would primarily bind to KIBRA or MAGI-3 instead 

of YAP. Their study highlights that the system is extremely specific and sensitive to protein 

abundance. Additional work is needed to study the formation of the protein complexes under 

different conditions. However, given that many of the pathway interactions rely on the same 

WW-PPxY binding, it is challenging to use point mutations to investigate the role of one protein 

as this is bound to disrupt several interactions. 

 

5.2 Regulation of the Hippo pathway by the MAGI proteins in response to 

cell density 

MAGI-1 and MAGI-3 proteins have been reported to have reduced expression levels in 

colorectal cancer (252,289). Here, we investigated the effect of complete MAGI-1 and/or MAGI-

3 knockout in a colorectal cancer cell line, DLD-1, with respect to the Hippo-YAP pathway. This 

particular cell line has been reported to have high levels of MAGI-1 protein (252,320). We found 

that YAP was abnormally accumulated in the nucleus in dense knockout cells, which usually 

correlates with its hyperactivity. However, levels of YAP Ser127 phosphorylation were similar 

to that in WT cells at high cell density. Interestingly, we observed that YAP pSer127 levels were 

decreased at medium density in cells lacking either or both aforementioned MAGI proteins. 

These results suggest a complex and 2-fold role of the MAGI proteins in the regulation of YAP.  

As MAGI-1 was studied in more details in this work, we primarily discuss the role of MAGI-

1 in the regulation of the Hippo-pathway.  
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5.2.1 Role of MAGI proteins in the early phase activation of the Hippo cascade upon 

cell density cue 

First, the lower YAP pSer127 levels in cells cultured at medium density upon MAGI 

knockout denotes a defect in the Hippo-LATS cascade activation. We can therefore 

hypothesise that MAGIs, being tight junction proteins, are implicated in the early onset of 

Hippo pathway activation, potentially as soon as TJs are formed.  

We found that MAGI-1 and MAGI-3 interact in vitro with PTPN14 and the LATS1/2 kinases 

via WW-PPxY binding. Moreover, our data suggest that MAGI-1, PTPN14, LATS1/2 and YAP are 

in a complex together, with little competition between PTPN14 and LATS. PTPN14 was reported 

to interact with LATS1, promote its activation, independently of the MST1/2 kinases, and 

subsequent phosphorylation of YAP Ser127 (75).  

We found that MAGI-1 is implicated in PTPN14, LATS1 and LATS2 recruitment to ZO-1 

positive tight junctions at medium density where they colocalise. Interestingly, translocation 

of the LATS kinases to the plasma membrane is reported to facilitate its phosphorylation and 

activation by the MST1/2–Sav1 complex (27) or by the MOB1A adaptor protein (26,372).  

Couzens et al. found PTPN14 in close proximity to the LATS kinases, MOB1A and MOB1B 

proteins (221). Taken together, these results suggest that MAGI-1, by recruiting PTPN14 and 

LATS at the plasma membrane, activate the Hippo-LATS cascade.  

We hypothesise that, early on, when tight junctions start forming, MAGI-1 recruits 

PTPN14 and LATS1/2 at the TJs to promote LATS activation. In a progressive manner, LATS 

kinases phosphorylate YAP on the Ser127 residue which spatially prevents its interaction with 

the TEAD transcription factors as it unveils the 14-3-3 protein binding site for cytoplasmic 

retention.  

We further speculate that in MAGI-1 depleted cells, this early onset of LATS activation 

does not occur. However, as density increases, other mechanisms, later on, activate the LATS 

kinases which catch up on YAP Ser127 phosphorylation. Amongst the proteins that have been 

reported to activate the Hippo-LATS cascade resulting in YAP inhibition upon density cues are 

the E-cadherin/β-catenin complex (97), the AMOT family of proteins (76,96,143), PTPN14 

(72,75), Kibra (75,109), ZO-2 (69) and Nf2 (27,188) together with the circumferential actin belt 

(66). Lack of MAGIs and the associated early onset activation of LATS results in a shift in density 

threshold for YAP nuclear exclusion. Taken together, this suggests that the MAGIs are assisted 

by other mechanisms in the cell density dependent Hippo pathway activation. 
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One of the outstanding question in the field, in front of the many reported junctional 

proteins involved in the activation of the signalling cascade, is whether these events occur in 

parallel or represent interdependent regulatory layers. At least some mechanisms must be 

interdependent otherwise depletion of a single of these proteins would not lead to such severe 

defects in the pathway activation. Our results suggest that activation of the LATS kinases, 

indirectly monitored by YAP pSer127 phosphorylation, requires a MAGI-dependent event 

followed by at least an additional mechanism, potentially involving any of the proteins 

mentioned above.  

 

5.2.2 MAGI proteins implicated in YAP cytoplasmic retention  

Our results showed that YAP pSer127 was inefficiently sequestered in the cytosol leading 

to an abnormal nuclear localisation in cells lacking one, the other or both MAGI-1/3 proteins. 

This led us to hypothesise that MAGI-1 is implicated in YAP cytoplasmic retention either 

directly or indirectly in dense cells. 

1) Directly: We have shown that MAGI-1 and YAP colocalises at tight junctions, 

although MAGI-1 does not appear to be involved in YAP’s recruitment. Yet, we have evidenced 

that MAGI-1 interacts with YAP in a PDZ-dependent manner. Ni and co-workers, reported an 

interaction between MAGI-3 last PDZ domain and YAP PDZ-binding motif. They showed that 

MAGI-3 was involved in the regulation of YAP cytoplasmic localisation through direct 

interaction in breast cancer cells and thereby acted as a tumour suppressor (301). However, 

they found that overexpression of MAGI-3 was sufficient to induce YAP cytoplasmic retention 

in HEK293 cells while our results show that it is not the case for MAGI-1. This points at distinct 

mechanisms of regulation of YAP for MAGI-1 and MAGI-3. It might explain the accentuated 

defect in YAP subcellular localisation we experienced in the MAGI1/MAGI3 double knockout 

cells, rather that it being due to a compensatory mechanism or redundancy. Although it might 

be through different mechanisms, both proteins are involved in the regulation of YAP 

subcellular localisation in response to cell density. As the interaction of YAP with the MAGIs is 

via its PDZ-binding motif, it is probable that it would occur regardless of the Ser127 

phosphorylation status. This raises the question about the trigger for cytoplasmic retention 

which might occur upon post-translational modification of MAGI-1. 

2) Indirectly: If considering an indirect regulation of YAP cytoplasmic retention by 

the MAGI proteins, it potentially implicates other known cytosolic anchors such as PTPN14 or 

AMOT. Our results suggested that MAGI-1 was increasing PTPN14 expression levels at high cell 

density. We hypothesised that it occurred through stabilisation of the protein. Thorough 
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investigation of this speculation is required and could not be done here due to time restriction. 

However, such a hypothesis is in line with our other results. If MAGI-1 indeed increases PTPN14 

protein levels at high cell density, more PTPN14 molecules are available to activate LATS1 and 

sequester YAP in the cytoplasm. Interestingly, Wilson and collaborators found that PTPN14 was 

stabilising LATS1 (75). We can therefore hypothesise that MAGI-1 stabilises PTPN14 which in 

turns stabilises LATS1, ensuring activation and maintenance of activated Hippo pathway, as well 

as cytoplasmic retention of YAP, following a cell density trigger.  

Based on the results from this work alone, we cannot conclude on the nature of the 

involvement of MAGI-1 in YAP cytoplasmic retention at high cell density. However, since we did 

not observe a defect of YAP cytoplasmic retention at medium density upon MAGI knockout, 

our findings suggest that it is regulated by different mechanisms at medium and high density 

pointing at the existence of an additional trigger or density threshold. The latter could be 

sensed by the surface area of each cell in a dense monolayer and thereby implicate the actin 

cytoskeleton as suggested by Aragona and colleagues (Section 1.2.2.3) (188). 

 

5.2.3 Shape change, additional density trigger? 

Colon epithelium is naturally columnar. When cell lines derived from such an epithelium 

are cultured in vitro in 2D, such as DLD-1, individual cells artificially go through three shapes 

that can be related to squamous, cuboidal and columnar with increasing cell density. Indeed, 

in an epithelial monolayer, contractile forces, exerted by the actomyosin cytoskeleton on the 

extracellular matrix, balance adhesion forces such as cell-cell or cell-matrix interactions (373). 

When density increases, intercellular adhesion prevails and induces a shape change, first from 

squamous to cuboidal and then from cuboidal to columnar. In the latter shape, cells are tall 

with a large lateral membrane and a higher expression of adhesion molecules (374,375) while 

the apical and basal domains are restricted. Each shape change triggers a rearrangement of 

the cytoskeleton (188). 

In this work, the medium density condition corresponded to close-to cuboidal cells with 

established cell-cell junctions and polarisation of the ZO-1 protein at tight junctions (Figure 

4.19, Figure 4.20, Figure 4.21). Several studies report that upon establishment of cell-cell 

contacts such as adherens junctions, the Hippo cascade is activated and YAP is driven out of 

the nucleus (80,94-97). Yet, in cells cultured at medium density, we and others find YAP 

distributed between nucleus and cytoplasm (Figure 3.1). Therefore, the presence of 

intercellular junctions and even apical-basal polarisation alone are not enough to induce 
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complete exclusion of YAP from the nucleus. It is possible that the effect of cell-cell contacts 

on the Hippo pathway is strongly increased with the establishment of more junctional 

complexes and a higher abundance of adhesion molecules as it is the case in columnar 

epithelial cells (374,375). The establishment of more cell-cell junctions, the spatial 

confinement or the reorganisation of the cytoskeleton, recapitulated in a shape change, with 

the increase in cell density could therefore constitute additional density triggers in YAP 

regulation. 

One study, by Furukawa and collaborators, reports that contraction of the actin 

circumferential belt due to high cell density triggers YAP inhibition (66). This contraction could 

result from a shape change from cuboidal to columnar. Indeed, they found that increased 

tension between adjacent cells through contraction of the actin bundle, induced remodelling 

of the adherens junctions, releasing Merlin from its interactions with E-cadherin and F-actin. 

Merlin subsequently enters the nucleus and forces YAP to translocate to the cytoplasm (66) 

where it will be phosphorylated by the LATS kinases (8,31) if not already, and sequestered by 

cytoplasmic anchors such as 14-3-3 (8), PTPN14, AMOT (76-79), CRB (95) and potentially the 

MAGI proteins ((301) and this thesis).  

Independently of cell-cell contacts, Dupont’s and Aragona’s teams found that single cells 

cultured on small adhesive areas, recapitulating the spatial confinement of high cell density, 

displayed cytoplasmic YAP (180,188). Their studies point at a mechanism regulating YAP 

subcellular localisation based on cell spreading and independent from junctional cues. They 

proposed a model of contact inhibition of proliferation in two steps: 1) junctional proteins 

activate the Hippo-LATS cascade upon establishment of cell-cell contacts resulting in YAP 

Ser127 phosphorylation and initiating its cytoplasmic retention, 2) as density continues to 

increase slowly, cells are confined to small areas which greatly limit their spreading ; the 

resulting remodelling of the actin cytoskeleton fully leads to YAP exclusion from the nucleus 

and growth arrest (188). The latter step most likely corresponds to a shape change, this time 

not driven by intercellular adhesions but by forced reduction of the cell’s basal domain to 

match the substrate.  

The part played by the junctional complexes in YAP regulation in 2D cultures is most 

likely progressive until a critical confinement of each individual cell is achieved. We speculate 

that this threshold is reached upon a shape change and remodelling of the cytoskeleton to 

columnar epithelium. Once it is reached, YAP is fully excluded from the nucleus.  
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5.2.4 Our model 

Capitalising on our results and literature, we established a model of MAGI-1 regulation 

of the Hippo-YAP pathway which represents our hypotheses (Figure 5.2):  

 

Figure 5.2 | Hypothetical view of MAGI-1 role in the regulation of the Hippo-YAP pathway 

a, At low cell density, YAP shuttles between nucleus and cytoplasm but accumulates preferentially in the nucleus 

where it binds to transcription factors such as TEAD1-4 to promote cell proliferation and survival. b, When cells 

start establishing contacts with one another and upon a given density threshold, MAGI-1 recruits PTPN14 and the 

LATS kinases at tight junctions for activation. LATS, in turn phosphorylate YAP on its Ser127 residue which starts to 

affects the nucleocytoplasmic shuttling of YAP. The unphosphorylated YAP pool slowly gets depleted in favour of 

pYAP pSer127 which is retained in the cytoplasm by the 14-3-3 protein. c, In dense cells, most YAP molecules are 

phosphorylated and sequestered in the cytoplasm by 14-3-3, PTPN14 and other proteins. MAGI-1 stabilises PTPN14, 

thereby increasing its protein levels and ability to retain YAP in the cytoplasm. Moreover, PTPN14 in turns stabilises 

LATS1 (75). 

1) Upon formation of tight junctions, MAGI-1 recruits PTPN14 and LATS1/2 kinases 

for an early onset activation of the Hippo cascade. Membrane localisation allows for activation 

of the LATS kinases through PTPN14 (75) which can subsequently phosphorylate YAP on its 

Ser127 residue. This step is progressive and features a pool of unphosphorylated YAP still 

capable to promote cell proliferation and a pool of phosphorylated Ser127 YAP being retained 

in the cytosol by the 14-3-3 protein (8,20,30,33). 
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2) As density increases, the space available for each cell decreases. The pool of 

phosphorylated YAP outweighs that of unphosphorylated YAP.  

3) Upon a shape change to columnar epithelium or an additional trigger as 

discussed in Section 5.2.3, YAP is fully phosphorylated and sequestered in the cytoplasm by 

pSer127-dependent and independent mechanisms such as via 14-3-3, PTPN14 or AMOT.  

MAGI-1 stabilises PTPN14 which in turns stabilises LATS1 ensuring continuous and 

sustained activity of the Hippo cascade to repress YAP activity. 

Our results suggest several layers of regulation of YAP activity in response to cell density 

with multiple steps, all of which appear to be MAGI-1-dependent to some degree. 

Based on the evidence collected in this thesis and information from the literature, we 

suggest that MAGI-1 and MAGI-3 both play a role in the regulation of YAP through partially 

overlapping functions.  

 

5.2.5 MAGIs in colorectal cancer 

The expression of MAGI proteins has been reported to be altered in cancer. For example, 

they are targeted and degraded by the human papillomavirus (240,261,262,264). In colorectal 

cancers, both MAGI-1 and MAGI-3 were found downregulated (252,289). Interestingly, NHERF2, 

a Na+/H+ exchanger regulatory factor and PDZ containing protein, was reported to oppose 

MAGI-3 for the binding of the lysophosphatidic acid receptor LPA2. In colon adenocarcinoma, 

Lee and co-workers found NHERF2 levels upregulated, while MAGI-3 expression was lower 

than in healthy tissue (289); the NHERF2-LPA2 interaction is therefore favoured and together 

they induce expression of COX2 (294) which is reported to, in turn, downregulate MAGI-1 

expression (252). NHERF2 was described as an oncogenic protein and the blocking of its 

second PDZ domain with a small peptide reduced cancer cell proliferation (376). Interestingly, 

YAP was reported to interact with NHERF1 PDZ2 domain (377), NHERF2 ortholog, and found 

to bind with NHERF2 as well by several high throughput proteomic screens (221,222,344,378). 

It would be interesting to investigate whether NHERF2 interaction with YAP, combined with 

the NHERF2-dependent downregulation of several YAP negative regulators such as the MAGI-

1/3 proteins (252,294) and PTPN14 (376), play a role in colorectal carcinogenesis or cancer 

progression.  
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5.3 Concluding remarks and future perspectives 

In this thesis, we investigated the role of MAGI-1 and MAGI-3 proteins in the regulation 

of the Hippo-YAP pathway. We provided evidence that MAGI-1 and MAGI-3 are involved in 

controlling YAP subcellular localisation in response to cell density, both in the early onset of 

LATS activation and YAP cytoplasmic retention. In parallel, we further established MAGI-1 and 

MAGI-3 within the Hippo pathway by dissecting their interaction with several known players, 

namely PTPN14, LATS1/2 and YAP. We also showed colocalisation of MAGI-1 with these binding 

partners at tight junctions. Rescue of MAGI-1 expression was sufficient to recruit PTPN14 and 

the LATS kinases at tight junctions. Taken together, these results indicate a novel role of MAGI-

1 in the Hippo pathway in relaying cell density cues to regulate YAP subcellular localisation and 

activity.  

This work lays the foundations towards understanding the role of MAGI-1 within the 

Hippo signalling pathway in response to cell density cue. It provides insights on how signal 

transduction occurs between tight junctions and nucleus. We presented a novel layer of 

regulation of the Hippo-YAP pathway. MAGI-1 and MAGI-3 proteins have been reported to be 

downregulated in colorectal cancers which promotes migration and invasiveness, two 

hallmarks of metastasis (252,289). They therefore emerge as potential tumour-suppressors.  

MAGIs are multi-PDZ domain scaffolding proteins, however, in this study, we report a 

role mainly mediated via their WW-tandem. It will be interesting to investigate the potential 

cross-talk between PDZ-binding and WW-binding proteins. Indeed, MAGI-1 PDZ-binding 

partners provide a link between tight junctions and RhoA, Wnt, Erk, Akt and Nf-κB signalling 

pathways. MAGI proteins stand at the centre point, integrating and transducing signals from 

many different natures. They therefore present great potential as anti-cancerous therapeutic 

targets. 
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ANNEX 1: Generation of hMAGI-1Cβ1 cDNA using overlapping PCR 

I. Overlapping PCR 

Overlapping PCR is a technique used to assemble individual DNA fragments together. In 

this thesis, overlapping PCR was used to synthesize hMAGI-1Cβ1 (workflow shown in Figure A. 

1). 

 

 

Figure A. 1 | Synthesis of hMAGI-1Cβ1 using overlapping PCR.  

First, the α region was deleted from pFN21A HaloTag-hMAGI-1 Aαβ1 using Phusion® 

polymerase and primers #22 and #23 from Table 2.5. Then, hMAGI-1 β1 was amplified 

(excluding the C-terminal region A) using Phusion® polymerase (amplicon AB) and primers A 

(#24) and B (#26 from Table 2.5). In parallel, the C-terminal region C of hMAGI-1 Cβ was 

amplified from DLD-1 WT cDNA using GoTaq® polymerase (amplicon CD) and primers C (#27) 

and D (#28 from Table 2.5). Primers B and C are complementary over 29bp. As amplification 

with GoTaq® polymerase generates 3’end A overhangs, primer C was designed to start after a 

T base.  

To assemble together the hMAGI-1 β1 (AB) and C-ter region C (CD) parts, overlapping 

PCR using Phusion® polymerase was performed. A mixture of 1:1 molar ratio of AB:CD was 

prepared in ddH20 using the following formula: 

𝑛𝑔 𝑜𝑓 𝐴𝐵 ∗  
𝑙𝑒𝑛𝑔𝑡h 𝑜𝑓 𝐶𝐷 (837𝑏𝑝)

𝑙𝑒𝑛𝑔𝑡h 𝑜𝑓 𝐴𝐵 (3587𝑏𝑝)
= 𝑛𝑔 𝑜𝑓 𝐶𝐷 
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The PCR reaction mix, as described in Table A. 1, was prepared (without primers). 

Table A. 1 | Reaction mix for Phusion® overlapping PCR. 

Primers were added later. 

Components 50µL reaction 

5X Phusion Green HF Buffer  10µL 

dNTPs (10mM) 1µL 

Template DNA (1:1 molar ratio of AB:CD) 10ng AB + 2.3ng CD 

DMSO  1.5µL 

Phusion® High-Fidelity Polymerase (2U/µL) 

* Added last 
0.5µL 

ddH20 Up to 45µL 

The overlapping 29bp of the AB and CD fragments were annealed and Phusion® polymerase 

created double stranded fragments (no amplification yet) using the following programme in a 

thermocycler:  

i. Heat lid to 110°C 

ii. Temp. 95.0°C for 3min – initial denaturation 

iii. Start cycle, 3x  

1. Temp. 95°C for 10s – denaturation step 

2. Temp. 60°C for 30s – annealing step 

3. Temp. 72°C for 30s/kb (2min) – extension step 

iv. Close cycle 

v. Hold at 8°C 

Then, primers A_KpnI (#25) and D_EcoRI (#29 from Table 2.5), containing restriction sites, 

were added to the reaction mix (2.5µL namely 0.5µM final concentration each). Double 

stranded AD fragments were amplified by Phusion® polymerase using the following 

programme in a thermocycler: 

i. Heat lid to 110°C 

ii. Temp. 98.0°C for 30s – initial denaturation 

iii. Start cycle, 35x  

1. Temp. 98°C for 10s – denaturation step 

2. Temp. 68°C for 30s – annealing step 

3. Temp. 72°C for 30s/kb (2min30s) – extension step 

iv. Close cycle 

v. Temp. 72°C for 10min – final extension 

vi. Hold at 4°C 
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Finally, the AD PCR product was purified on an agarose gel before being subcloned with 

restriction enzymes into the desired vector, here pcDNA3.1(+) EGFP. 

 

II. Site-directed mutagenesis 

Site-directed mutagenesis is a common technique to introduce or correct point 

mutations in an expression vector. 

Following hMAGI-1Cβ1 cloning in pcDNA3.1(+) EGFP vector and sequencing verification, a 

point mutation, 3635A>G - Glu1212Gly, was detected in the portion that had been amplified by 

the GoTaq® polymerase. This point mutation was corrected using the QuikChange II XL Site-

Directed Mutagenesis Kit from Agilent Technologies and Pfu Ultra High-Fidelity DNA 

polymerase. 

Table A. 2  | Reaction mix for mutagenesis. 

Conversion of nanograms into picomoles of oligonucleotides was achieved using the following equation: 

125𝑛𝑔 𝑜𝑓 𝑜𝑙𝑖𝑔𝑜

330 ∗  # of bases in oligo
 ∗ 1000 = X 𝑝𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑖𝑔𝑜𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒 

Components Amounts 

10X Reaction Buffer 5µL 

dsDNA template (plasmid) 10ng 

Forward primer 125ng 

Reverse primer 125ng 

dNTP mix (10mM) 1µL 

QuickSolution 3µL 

PfuUltra HF DNA Polymerase (2.5U/µL) 

* Added last 
1µL 

ddH20 Up to 50µL 

First, mutagenesis primers #1 and #2 (Table 2.6) were designed using the QuickChange 

Primer Design Programme (www.agilent.com/genomics/qcpd). Both primers contained the 

desired mutation flanked by 15bp of correct DNA sequence and annealed to opposite strands 

of the plasmid. The melting temperature of the primer-pair should be ≥78°C. The following 

reaction described in Table A. 2 was prepared and site-directed mutagenesis was carried out 

in a thermocycler using the following programme: 

a. Temp. 95°C for 1min – initial denaturation step 

b. Start cycles, 18x 

i. Temp. 95°C for 50s – denaturation step 

ii. Temp. 60°C for 50s – annealing step 

iii. Temp. 68°C for min/kb (11min) – extension step 

http://www.agilent.com/genomics/qcpd
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c. Close cycle 

d. Temp. 68°C for 7min – final extension step 

e. Hold at 4°C (for at least 2min) 

The parental methylated template was subsequently digested by the DpnI endonuclease by 

adding 1µL of DpnI enzyme (10U/µL) directly to the amplification reaction followed by an 

incubation of 1hr at 37°C. Mutated plasmids were then purified by column purification. Finally, 

the purified DNA was transformed into E. coli NovaBlue, isolated and verified by sequencing. 
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ANNEX 2: Supplement to Figure 3.1 and Figure 3.4 

 

Figure A. 2 | Specificity of the YAP antibody for immunofluorescence 

Immunofluorescence images showing the secondary-only controls.  

Supplement to Figure 3.1: a-c, HEK293 (a), MDCK (b) and Caco-2 (c) cells were stained only with DAPI (blue) and 

the secondary antibody Goat anti-mouse IgG (H+L) Alexa Fluor® 488 (green) (Table 2.4). Images acquired with an 

epifluorescent microscope. Scale bars: 20µm. d, DLD-1 cells were stained only with Hoechst (blue) and the 

secondary antibody Donkey anti-mouse IgG (H+L) Alexa Fluor® 594 (red) (Table 2.4). Images were acquired with 

a confocal microscope. Scale bars: 20µm. Secondary antibodies tested do not give any unspecific staining indicating 

that the results presented in Figure 3.1 reflect YAP/TAZ (Santa Cruz Biotechnology sc-101199, Table 2.3) 

subcellular localisation.  

Supplement to Figure 3.4: HEK293 (e) and Caco-2 (f) cells were stained only with DAPI and the secondary antibody 

Donkey anti-rabbit IgG (H+L) Alexa Fluor® 488 (green) (Table 2.4). No unspecific staining was detected  from the 

secondary antibody tested indicating that the results presented in Figure 3.4 reflect YAP (Cell Signaling Technology 

#4912, Table 2.3) subcellular localisation.   
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ANNEX 3: Generation of MAGI2 single and MAGI1/MAGI2 double 

knockout in DLD-1 cells 

I. Single guide RNA design for MAGI-2 knockout 

We aimed, once again, at reaching a complete knockout of all MAGI-2 isoforms. Ensembl 

lists only two isoforms of the protein with an alternatively spliced Exon13. However, Hirao and 

co-workers found in CHO cells two alternative START codons yielding three isoforms that they 

denominated α, β and γ (Figure A. 3) (241). As even the shortest isoform, γ, still possesses the 

WW domains and PDZ domains, it is highly probable that it would conserve most of MAGI-2 

full length interactions and function. We decided to design sgRNAs targeting Exon5 of the gene, 

after all potential alternative START codons. We selected two sgRNAs targeting MAGI-2 Exon5: 

G9 and G4 (Figure A. 4 & Table A. 3). G9 in the first half of Exon5 and G4 that coincided with 

the beginning of WW1 domain (Figure A. 4). A primer pair was designed to amplify the G9 and 

G4 targeted region, FWD9-4 and REV9-4 (#21 and #22 in Table 2.7). G9 and G4 were individually 

cloned into PX459-Cas9-Puro vectors. 

 

 

Figure A. 3 | Potential MAGI-2 alternative START codons and three isoforms. 

Adapted from Figure 1 of (241). a, Immunoblot showing MAGI-2 in the synaptic plasma membrane fraction of CHO 

cells recognised either by an anti-WW (lane 1) or an anti-PDZ0 antibody (lane 2). b, Three MAGI-2 isoforms with 

two alternative START codons leading to proteins of 159, 140 and 134kDa (theoretical molecular weights). S-SCAM 

is an alternative name of MAGI-2. 
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Figure A. 4 | Two sgRNAs targeting MAGI-2 Exon5. 

Top, Schematic representation of the MAGI-2 targeted genomic region with associated sgRNAs, G9 and G4, and 

primer pair (FWD9-4 and REV9-4). Bottom, At the protein level, Exon5 codes for the part just before WW1 and 

almost spans the whole domain.  

 

Table A. 3 | MAGI-2 sgRNAs targeting Exon5 

Table recapitulating the two single guide RNAs selected to induce MAGI-2 knockout along with the primers designed 

to amplify the targeted region (illustrated in Figure A. 4). BbsI site. Oligonucleotide numbers (#) refer to Table 2.9 

(sgRNAs) and Table 2.7 (primers) of Chapter 0. (\Rev) indicates that G9 targets the reverse strand of DNA. 

Single guide RNA Targeted Sequence_PAM Exonic off-targets 

sgRNA9 (G9) 

(#5 & #6) 

GGCTGACTGTACACTGGTGC_AGG (\Rev) 

Top: 5' - CACCGGGCTGACTGTACACTGGTGC - 3' 

Bottom: 5' – AAACGCACCAGTGTACAGTCAGCCC - 3' 

Duplex:  

5' - CACCGGGCTGACTGTACACTGGTGC - 3' 

          3’ – CCCGACTGACATGTGACCACGCAAA – 5’ 

DEPDC5 (NM_014662.5) 

CCTGCACCAGTATGAAGTCAGCA 

KCNN4 (NM_002250.3) 

CCAGCACCAGTGCCCAGCCGGCC 

SGSM2 (NM_014853.3) 

CCTGCACCAGTCTGCAGAGAGCC 

PER1 (NM_002616.3) 

GGCTGACTGTTCACTGCTGCGGG 

EPHA10 (NM_001099439.2) 

CCTTGGCCAGTGTCCAGTCAGCC 

FOXO3 (NM_001455.4) 

CCAGCAGCAGTCTCCTGTCAGCC 

KIF13B (NM_015254.4) 

GGCTGACTGCACCATGATGCGGG 

SMTNL1 (NM_001105565.2) 

GGCTGACTGTGCTCAGCTGCTGG 

ARHGEF38 (NM_001242729.2) 

GGCTTACTCCACACTTGTGCCGG 

sgRNA4 (G4) 

(#7 & #8) 

CAGACCCATTGCCTGATAAC_TGG 

Top: 5' - CACCGCAGACCCATTGCCTGATAAC - 3' 

Bottom: 5' - AAACGTTATCAGGCAATGGGTCTGC - 3' 

Duplex:  

/ 
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5' - CACCGCAGACCCATTGCCTGATAAC - 3' 

          3’ – CGTCTGGGTAACGGACTATTGCAAA – 5’ 

Sequences of primers to amplify the sgRNAs targeted region 

FWD9-4 (#21) 5’ – GACGAGTGAAAGGAGAGCTCA – 3’ Intron4 

REV9-4 (#22) 5’ – CGCCCTTCTCTGTATAGGCC – 3’  Exon5 

 

 

Figure A. 5 | Sense and anti-sense strand targeting and sgRNA oligo design.  

sgRNAs predicted by the CRISPOR webtool can be targeting either the sense (Left) or the anti-sense (Right) strand 

of genomic DNA. The targeted sequence needs to be followed by a PAM motif (NGG). When cloning the sgRNAs into 

the Cas9 vector, the targeted sequence (either sense or anti-sense) becomes the Top oligo sequence (5’ to 3’) and 

the Bottom oligo is then the reverse complement. Both oligos are supplemented with the BbsI restriction sites to 

allow easy insertion in the recipient vector. The top strand of the sgRNA in the vector is directly followed by the 

sgRNA scaffold sequence which allows the Cas9 enzyme to dock and cut the targeted sequence approximately 

three nucleotides ahead of the PAM. Adapted from Figure 4 of (303) and Figure 2 of (379). 

One of the selected guide, G9, was targeting the reverse strand of the genomic DNA. Figure 

A. 5 shows how to design sgRNA targeting either the sense or the anti-sense strand of a target. 

In both cases, the targeted strand is the one containing the PAM motif (NGG). The top oligo 

then corresponds to the 5’ to 3’ sequence of the targeted region; the bottom oligo is the 

reverse complement. That way, once annealed and inserted into the Cas9 vector via BbsI 
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restriction sites, the targeted region is followed by the sgRNA scaffold that allow binding to the 

Cas9 enzyme. 

 

II. Generation of MAGI-2 and MAGI1/MAGI2 knockout bulk populations 

 

Figure A. 6 | Assessment of MAGI2 and MAGI1/MAGI2 bulk populations.  

a, Western blot analysis of the MAGI-2 single and MAGI1/MAGI2 double KO bulk populations with the anti-MAGI-2 

(m) antibody. It confirms that the MAGI-1 clones, A=G1 8 and B=G2 14, used to generate the subsequent cell 

populations, are still complete knockouts. On the other hand, the MAGI-2 antibody detects two bands that could 

correspond to the α and γ isoforms. However, the blot does not show much difference between the WT cells and 

the bulk populations. M = protein ladder. b, Schematic representation of G4 and G9 targeting Exon5 along with the 

9-4 primer pair to amplify the targeted region. The total amplicon size is 373bp. The values indicated represent the 

predicted sizes of cleavage fragments by the T7 endonuclease enzyme. c, PCR products from DLD-1 WT cells, G9+4, 

A9+4 or B9+4 bulk populations, amplified with the 9-4 primer pair. The WT sample was used as a negative control 

and shows the complete PCR amplicon of 373bp (black arrow). The bulk populations, on the other hand, show 

multiple PCR products, with potential big insertions or deletions (red and blue arrows), suggesting good efficiency 

of the sgRNAs. The main lower band (red arrow) is present in all bulk populations and is approximately 100bp lower 

that the WT band. It could correspond to a deletion of the whole region between the two guides. 

To improve efficiency, we used both G9 and G4 simultaneously. DLD-1 WT, G1 8 or G2 14 

cells were co-transfected PX459-G9 and PX459-G4 vectors to obtain MAGI-2 single and 

MAGI1/MAGI2 double knockouts. The populations were denominated as follow: G9+4 for single 
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MAGI-2 KO, A9+4 and B9+4 for MAGI1/MAGI2 double KO obtained from G1 8 (A) and G2 14 (B) 

clones respectively.  

Following Puromycin selection, proteins were extracted and samples were subjected to 

western blotting with an anti-MAGI-2 antibody (Figure A. 6a). The results obtained did not 

show much variation in the MAGI-2 presumed band between WT and bulk populations. The 

antibody used against MAGI-2 recognises the middle of Exon10, between PDZ1 and PDZ2 

domains. One possibility would be that our guides are inefficient. The other possibility would 

be that the antibody is not specific, although it recognises two bands that could correspond 

with MAGI-2α and γ isoforms. The third isoform, β, was much less abundant in Hirao and co-

workers’ study (241) and could be below the detection levels here.  

To assess the gene-editing efficiency of G9 and G4 guides, we prepared samples for a T7 

assay. Genomic DNA was extracted from DLD-1 WT and bulk populations and the targeted 

region was amplified by PCR using the 9-4 primer pair. When checking PCR products purity 

on agarose gel (Figure A. 6c), we already observed doublets and noticed that the lower band 

(other than the WT one – red arrow) was always the same size. We therefore hypothesised 

that since we used both guides simultaneously, a long fragment of approximately the distance 

between the two guides was removed in most cases. Products of other sizes were observed 

suggesting additional substantial indel mutations in the bulk populations. We did not proceed 

with a T7-assay as we would be comparing fragments of various sizes that would not be able 

to anneal properly. Analysis of the bulk populations at the genomic level revealed the 

introduction of substantial indel mutations at the site targeted by the CRISPR/Cas9 system. 

One hypothesis would be that the ~100bp-deletions evidenced were not inducing frameshifts 

and therefore did not affect protein synthesis. 

 

III. Generation of isogenic clones from bulk populations 

Despite the mixed results from the gene editing efficiency of the guides, we decided to 

sort the bulk populations into single cells. Having isogenic clones will allow better 

characterisation of the mutations induced and assess antibody specificity. G9+4, A9+4 and 

B9+4 bulk populations were sorted into single cells by FACS.  

Clones were first screened by sequencing. Figure A. 7 recapitulates the mutations of 

one validated genomic knockout clone per population. Proteins were then extracted from 

DLD-1 WT, G9+4 derived validated clones, G2 14 (B) and B9+4 10 clone. G9+4 3, 4, 8 and 12 all 

had the same genomic mutation and must have originated from the same cell during the 
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Puromycin selection. Once again, the top band recognised by MAGI-2 did not vary in intensity. 

Our western blot results were therefore inconclusive and pointed towards antibody 

unspecificity.  

      

Figure A. 7 | Screening of MAGI-2 single and MAGI1/MAGI2 double knockout clones.  

a, Sequencing results of MAGI-2 and MAGI1/MAGI2 clones. Alignment of the targeted region (Exon5) of the validated 

clones against WT sequence. A1 = allele 1, A2 = Allele 2, arbitrarily numbered. All frameshifts occur before the start 

of the first WW domain (302aa). b, Cells from clones validated at the genomic level were lysed and 60µg of total 

protein were run on an 8% PAGE. Western blot was performed and the membrane was detected with anti-MAGI-2 

and anti-β-tubulin (loading control) antibodies. The bands that we considered as MAGI-2 are still present in the 

genomic KOs. M1 = MAGI-1, M2 = MAGI-2, KO = knockout. M = protein ladder, the molecular weights indicated 

correspond to the protein marker. 
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In parallel, we further tested the anti-MAGI-2 antibody using an HA-MAGI2 construct 

(Courtesy of Prof. Hall) and comparing the detection of the endogenous and overexpressed 

MAGI-2 proteins. HEK293 cells were transiently transfected with the HA-MAGI2 construct and 

proteins were extracted, alongside HEK293 untransfected cells. Samples were subjected to 

western blotting with anti-MAGI2 or anti-HA antibodies. This experiment confirmed that the 

band detected in the untransfected cells by the anti-MAGI2 antibody corresponded to the size 

of the HA-MAGI2 construct (Figure A. 8c, red dotted line). Indeed, molecular weight 

difference brought in by the HA tag is negligible (Figure A. 8b). These new results would tend 

toward specificity of the antibody contrary to the CRISPR results.  

 

Figure A. 8 | MAGI-2 overexpression and antibody specificity.  

a, Schematic representation of MAGI-2 full length and HA-tagged construct, kindly provided by Dr. Randy Hall. 

Adapted from Figure 1 of (380). b, HA-MAGI2 construct was transfected into HEK293 cells, followed by cell lysis 

48hrs later. 60µg of total protein were loaded on an 8% PAGE. The membrane was probed with either anti-MAGI-2 

(Left) or anti-HA (Right) antibodies and β–tubulin was used as loading control. The anti-MAGI2 antibody recognises 

something in the untransfected cells of the same size as the construct (red dotted line) that would most likely be 

the endogenous protein. M = protein ladder. 

  

To summarise, we managed to identify MAGI2 single and MAGI1/MAGI2 double knockout 

clones at the genomic level but unfortunately, we were unable to confirm MAGI-2 KO at the 

protein level. 
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ANNEX 4: Proliferation and immunostaining in the OrganoPlate® 

I. Balance between cell proliferation and cell death to maintain tubules 

Before proceeding with functional assays, we aimed at monitoring cell growth and tubule 

maintenance of the various cell lines. MAGI-1, MAGI-3 and MAGI1/MAGI3 CRISPR knockout 

clones were cultured alongside DLD-1 WT cells in the OrganoPlate®.  

First, we aimed at assessing the proportion of proliferating cells at an early (Day4) and 

relatively late stage (Day10) of the tubule using an EdU assay (Chapter 2 Section 2.2.8.4). Each 

cell line was seeded in triplicates in the first 3-lane OrganoPlate®. Six days later, the second 

plate was seeded in a similar manner, with triplicates of each cell lines. The EdU assay was 

performed simultaneously on both plates, on Day10 and Day4 respectively (Figure A. 9). This 

experiment was carried out once and therefore constitute preliminary data which are 

presented in Figure A. 10.  
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Figure A. 9 | EdU signal in DLD-1 WT tubules at early and late stage in 3-lane OrganoPlate®.  

Example of fluorescent images following an EdU assay on DLD-1 WT tubule. a, 3-lane OrganoPlate® design. Samples 

were imaged through the Observation Widow (OW – green box). During image processing, images were cropped 

to keep only the top channel containing cells (dotted blue box). b & c, DLD-1 WT tubule at Day4 (b) and Day10 (c). 

Sum projection of Z-stacks images acquired with a MolDev confocal microscope 20x objective after EdU assay. 

Hoechst was used as nuclear counterstain and EdU was conjugated to a Cy5 secondary antibody, represented in 

red here. Scale bars: 100µm. At Day4, many cells are proliferating while at Day10, in a relatively old tubule, very few 

still enter the cell cycle. 

 Number of nuclei per picture: We observed that the cell number in tubules at Day4 of 

culture was homogenous in MAGI knockout clones and DLD-1 WT. At Day10, the cell number 

seemed slightly more varied among samples (Figure A. 10b). As this assay was carried out on 

two independent plates, we can only carefully interpret the tendency between early and late 

stage tubules. Our preliminary data suggests that MAGI-3 KO might negatively affect cell 

number between Day4 and Day10. The MAGI1/MAGI3 double KO clone B5+6 2 follows that 

trend as well. 

 EdU-Cy5 intensity per nucleus: Samples were incubated for 4hrs with the EdU 

compound during which time the modified thymine analogue was incorporated in the newly 

synthesised DNA at each division. Since mammalian cells are believed to divide approximately 

every 24hrs (381), our incubation time only allowed maximum one division per cell. For all the 

cells that divided and went back to G1 phase, the intensity of the EdU-Cy5 signal should be 

identical. Regarding cells that were undergoing division at the time of fixation, the EdU-Cy5 

signal detected should be somewhat dimer depending on which phase they were in. 

Normalising the total EdU-Cy5 intensity per picture to the number of nuclei gives an average 

intensity per cell which reflects the proportion of dividing cells per sample. At Day4, even 

though DLD-1 WT show very similar cell number in both replicates (Figure A. 10a), the EdU-

Cy5 signal is quite different (2-fold), leading to a high standard deviation (Figure A. 10d). If 

considering DLD-1 WT mean ±S.E.M., all mean values from the other cell lines fit within that 

range, except for MAGI-3 KO clones. MAGI-1 KO clones, G1 8 and G2 14, show similar EdU signal 

as DLD-1 WT. G5+6 28, MAGI-3 single KO clone, on the other hand is at the lower end of the 

WT range. Both MAGI1/MAGI3 double knockout clones, A5+6 7 and B5+6 2, seem to show 

slightly elevated EdU signal compared to WT and this difference is magnified when compared 

to MAGI-3 single KO. Between Day4 and Day10, we observed an overall dramatic decrease of 

the proportion of proliferating cells across all cell lines (Figure A. 10f), indicating a growth 

arrest between early and late stages tubules. However, when looking more closely to the Day10 

EdU quantification, we notice a tendency of MAGI-3 and the MAGI1/MAGI3 double KO clone 
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B5+6 2 to have a higher proportion of proliferating cells compared to WT or MAGI-1 knockout 

(Figure A. 10e).  

 

Figure A. 10 | Growth arrest of cells in OrganoPlate® between Day4 and Day10.  

DLD-1 WT and derived CRISPR knockout cell lines were seeded in triplicates in two 3-lane OrganoPlate® six days 

apart. An EdU assay was performed on both plates simultaneously, on Day4 and Day10 respectively (n=1). Data are 

represented in a bar graph with each dot corresponding to each replicate. Some of the pictures had very dim 

Hoechst staining (nuclear counterstain) impairing the quantification. These values were excluded leading to a single 

value (or no values at all for G1 8 (A) Day10) for some samples. Means are indicated by the height of the bar and 

error bars correspond to the standard error to the mean (±S.E.M.). The mean (dotted lines) ±S.E.M. (yellow and 

green coloured bands) of DLD-1 WT are indicated as point of comparison. a, b & c, Number of nuclei per picture 

on Day4 (a), Day10 (b) or both combined (c). The cell number in the tubules is quite homogenous at early stage 

(Day4). Small variations between samples can be observed at a later stage (Day10). d, e & f, EdU signal intensity 

normalised by the number of nuclei per picture on Day4 (d), Day10 (e) or both combined (f). Although the cell 

number in the tubule does not change much between early and late stage, the number of proliferating cells 

dramatically drops. 

Taken together, our preliminary results appear to show that all cell lines have a very 

similar number of cells in the tubules at Day4. Even though, tubules are fully-formed at Day4, 

cells still heavily undergo proliferation. Surprisingly, the cell number, at least for DLD-1 WT, 

was very similar at a later stage on Day10. At this point, the proportion of proliferating cells is 

very low throughout all cell lines considered. Since the cell number remains mostly unchanged, 

tubules must be keeping a perfect balance between cell proliferation and cell death. 

Second, we asked whether MAGIs were affecting cell viability in tubules. MAGI-1, MAGI-3 

and MAGI1/MAGI3 CRISPR knockout clones were cultured alongside DLD-1 WT cells in the 

OrganoPlate® for seven days. A WST-8 assay was performed (See detailed protocol in Section 

0). The absorbance measured was directly proportional to the number of live cells present in 

the tubules. Data are shown in Figure A. 11b. No major difference was observed between DLD-
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1 WT and any of the cell lines. Our preliminary data show that the overall cell number in tubules, 

resulting from a balance between cell proliferation and cell death, after seven days of culture 

is similar in DLD-1 WT and in MAGI knockouts, corroborating our EdU results at Day4 and 

Day10. 

 

Figure A. 11 | MAGI knockouts do not affect cell viability.  

DLD-1 WT and derived cell lines were seeded in triplicates in a 3-lane OrganoPlate®. A WST-8 assay was performed 

on Day7 (n=1). One extra DLD-1 WT chip was used as a negative control without WST-8. Absorbance was measured 

at 450nm and normalised to the cell-free control (blank). Data are represented in a bar graph with each dot 

corresponding to each replicate. Means are indicated by the height of the bar ±S.E.M. No major difference was 

observed. 

To summarise, we found that the cell number in tubules from DLD-1 WT and MAGI 

knockouts is similar from Day4 until Day10.  

 

II. The loss of barrier integrity in B5+6 2 clone correlates with defect in Occludin 

Epithelial tissues are characterised by their ability to form a selective barrier between 

their apical and basal sides. Cells are sealed to one another by tight junctions that restrict the 

paracellular passage of molecules. Here, we found that at least one of our MAGI1/MAGI3 double 

knockout clone had lost this paramount barrier function (Figure 3.20). However, ZO-1 staining 

was intact in this clone (Figure A. 14). We therefore asked if other proteins essential for 

assembly of the tight junctions or maintenance of the barrier function was affected by MAGI 

knockouts. We focused on (1) Occludin which is known to play a critical role in both 

aforementioned functions (85,382-386) and (2) E-cadherin which is a major component of 

adherence junctions and is believed to regulate signalling towards the assembly of other 

junctions such as TJs (387). Moreover, E-cadherin is also a known epithelial marker as loss of 

E-cadherin for N-cadherin is a sign of epithelial to mesenchymal transition (EMT) (388,389).  
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Figure A. 12 | E-cadherin and Occludin staining in DLD-1 tubules in the 3-lane OrganoPlate®.  

Day4 DLD-1 tubules were stained with an anti-E-cadherin (Green) and an anti-Occludin (Red) antibody (n=1). Z-

stacks were acquired using a confocal microscope, with a 20x objective. Scale bars: 50µm. A single slice is shown: 

apical view of the bottom cell layer of the tubules. E-cadherin staining is localised at the plasma membrane. The 

white arrows indicate Occludin at the cell-cell junctions. B5+6 2 clone does not seem to express Occludin.  

In light of these paramount functions of both Occludin and E-cadherin in epithelial 

tissues, we stained Day4 tubules to verify their expression and localisation. Z-stacks were 

taken using a confocal microscope with a 20x objective. All images were acquired and 

processed identically. A single slice corresponding to the apical view of the bottom cell layer 

(Figure A. 13c) is shown in Figure A. 12. 

 Occludin: Overall, the antibody presented a very punctuated signal. Most cell lines 

presented an Occludin staining properly localised at the cell-cell junctions (white arrows). 

However, B5+6 2 displayed a very noisy punctuated signal with no particular enrichment at the 

membrane, suggesting a potential loss of Occludin in this MAGI1/MAGI3 double knockout 

clone. That could explain B5+6 2 behaviour in the BI assay and its loss of barrier function 

(Figure 3.20).  

E-cadherin: All cell lines considered presented an E-cadherin signal properly localised at 

the cell membrane. These results are contradicting Zaric and collaborators results who found 

defect in E-cadherin upon MAGI-1 transient knockdown (252). 



Page | 228  
 

Taken together, our results show that MAGI1/MAGI3 double knockout clone, B5+6 2, has 

an impaired barrier function and it correlates with a lack of Occludin at the cell-cell contacts. 

MAGI knockouts does not appear to affect E-cadherin nor ZO-1 localisation. 

 

III. MAGI knockout does not appear to disturb F-actin cytoskeleton 

MAGI-1 knockdown in SW480 cells was reported to disturb actin stress fibres formation 

(252). Actin cytoskeleton plays a major role in YAP mechanosensing and regulation, in several 

cases, independently of the core Hippo cascade.  For example, YAP translocation from nucleus 

to cytoplasm has been shown to be triggered in single cells by a reduction of the available 

adhesive surface (180,188). The cell density trigger encompasses two components: (1) 

formation of tight junctions and proper polarisation of cells and (2) reduction of the space 

available to each cell. We therefore asked whether MAGIs knockouts were affecting the actin 

cytoskeleton in 3D cultures.  

 

Figure A. 13 | Immunostaining of a DLD-1 WT tubule.  

Day4 DLD-1 tubule stained with Hoechst (nuclear counterstain, Blue), ActinGreenTM (Green) and anti-ZO-1 (Red) 

antibodies. Images acquired with a confocal microscope, 20x objective. Scale bar: 50µm. a, Single slice of a Z-stack 

corresponding to the bottom layer of cells. b, Cross section of the tubule from the Z-stack along the yellow dotted 

line. c, 3D reconstruction of a tubule showing ActinGreenTM staining. The positions of the lumen, PhaseGuideTM and 

ECM are indicated. The microscope acquires images from below the plate (indicated by the white arrow and the 

M). 
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Figure A. 14 | DLD-1 tubules in the OrganoPlate® show proper F-actin and ZO-1 polarisation.  

Day4 DLD-1 tubules were stained with the ready probe ActinGreenTM (Green) and an anti-ZO-1 antibody (Red) (n=1). 

Z-stacks were acquired using a confocal microscope, with a 20x objective. Hoechst: nuclear counterstain (blue). 

Scale bar: 50µm. Two slices are shown: apical and basal views of the bottom cell layer of the tubules (Figure A. 13). 

F-actin stress fibres are observed in the basal view while the apical view shows the circumferential actin belt and 

ZO-1 staining limited to the junctions. a, DLD-1 WT cells. b, G5+6 28, MAGI-3 knockout clone. c, G1 8 (A), MAGI-1 

knockout clone. d, A5+6 7, MAGI1/MAGI3 double knockout clone. e, G2 14 (B), MAGI-1 knockout clone. f, B5+6 2, 

MAGI1/MAGI3 double knockout clone. 
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We looked at the actin cytoskeleton’s integrity. DLD-1 WT cells, MAGI-1 KO, MAGI-3 and 

MAGI1/MAGI3 knockout clones were seeded in a 3-lane OrganoPlate®. After four day of culture 

under bilateral flow, tubules were subjected to anti-ZO-1 and ActinGreenTM immunostaining. 

Z-stacks images were acquired with a confocal microscope through the glass bottom of the 

OrganoPlate® (Figure A. 13). Figure A. 14 recapitulates the apical and basal view of the bottom 

cell layer. All images were acquired and processed identically. On the basal side of each cell 

line, we observed actin stress fibres while on the apical side, facing the lumen, was the 

expected circumferential actin belt (66). ZO-1 staining was localised at the cell-cell junctions 

in the apical view, coinciding with the F-actin, and the staining was noisier on the basal view. 

Some samples, such as G2 14 (B) displayed quite faint ZO-1 staining altogether. To summarise, 

unlike Zaric and collaborators, we did not observe a defect in actin stress fibres upon MAGI 

knockout (252).   
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ANNEX 5:  Spatial confinement of single cells induces cytoplasmic 

YAP past a certain threshold  

 

This part was performed in the lab of Dr. Matthieu Piel at Institut Curie, Paris, France. 

YAP nucleocytoplasmic shuttling is cell-density dependent, yet, single cells restricted to 

a small adhesive area, less than 300µm2, were shown to display cytoplasmic YAP (180,188). It 

was suggested that micropatterns restrict single cell spreading to a degree comparable to high 

cell density condition. 
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Figure A. 15 | Effects of 2D spatial confinement on YAP subcellular localisation in HEK293 cells.  

a, Micropatterning on glass: 1) A glass coverslip is passivated with a layer of Polyethylene glycol (PEG) grafted onto 

Poly-L-Lysine (PLL) chains, 2) The glass coverslip is illuminated with deep UV through a quartz mask which 

represent the negative of the desired micropatterns. 3) The PLL-PEG has been removed in the illuminated areas. 

4) The glass coverslip is then incubated with a solution of 488-fibrinogen/fibronectin to cover the free areas 

(desired micropatterns). This technique was used to produce fibronectin-coated islands of various sizes: 

Radius=47, 34, 25, 15, 10 and 6µm. b, Example of 488-fibronectin-coated islands of R=47, 15 and 6µm (from left to 

right) observed with an epifluorescence microscope. Scale bars: 100µm.  c, Full microscope field of HEK293 cells 

seeded onto the R=15µm 488-fibronectin islands and stained with an anti-YAP/TAZ antibody (Yellow) and 594-

Phalloidin. DAPI: nuclear counterstain. Scale bars: 100µm. d, HEK293 cells were subjected to immunostaining with 

DAPI, anti-YAP/TAZ antibody (Yellow) and 594-Phalloidin. Cells were observed with an epifluorescence 

microscope. Quantification of the nuclear YAP was performed using DAPI to create a mask in Fiji. The mean YAP 

nuclear value for each cell was then multiplied by the nucleus area. Values for each micropattern area were 

collected from n cells: n= 213 (47µm), n= 230 (34µm), n= 173 (25µm), n= 315 (15µm), n= 170 (10µm), n= 33 (6µm). 

The graph shows the quantification of nuclear YAP with respect to the available adhesive area. Each value is 

represented by a dot, the bars represent mean values ±S.E.M., n=1. A Brown-Forsythe one-way ANOVA was 

performed (F(5,914.161)=142.46, p<0.0001) followed by Games-Howell’s multi comparisons test. Nuclear YAP in the 

two smaller patterns was significantly lower than in the four bigger ones (****, p<0.0001). e, Zoom in on a single 

pattern per condition. On the bigger islands, R=47µm to R=15µm, cells are able to spread and YAP is clearly enriched 

in the nucleus. On the R=10µm and R=6µm islands, cells’ size and spreading are restricted by the available adhesive 

area (fibronectin). The cell shape is rounder and YAP appears to be evenly distributed between the cytoplasm and 

the nucleus. Scale bars: 10 µm. 

Here, we used fibronectin-coated circular micropatterns with areas ranging across the 

established threshold of 300 μm². The method to achieve micropatterns is described in Figure 

A. 15a. We tested six conditions: Radius=47, 34, 25, 15, 10 and 6µm (Figure A. 15). HEK293 cells 

were seeded onto the patterns for 24hrs before being subjected to immunostaining with an 

anti-YAP/TAZ antibody and 594-Phalloidin. On the islands of radius between 47µm to 15µm, 

cells are able to spread out and YAP was localised predominantly in the nucleus. However, for 
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smaller patterns (R=10 and 6µm), cell size was reduced and their shape appeared rounder as 

they were restricted by the small adhesive area available. In these two conditions, YAP 

appeared evenly distributed between nucleus and cytoplasm. Quantification of the mean 

fluorescence intensity of nuclear YAP multiplied by the area of the nucleus showed a significant 

decrease of nuclear YAP for the R=10 and 6µm conditions compared to the four bigger islands 

(Games Howell multiple comparison’s test, p<0.0001). The islands with a 10µm radius 

correspond to 314µm2. We therefore found a threshold comparable to that of the literature 

(180,188). 
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ANNEX 6: Is MAGI-1 stabilising PTPN14? 

Over all the pulldowns performed, we noticed that the exogenous PTPN14 protein levels 

were increasing along with MAGI-1 overexpression. The pattern varied depending on which 

mMAGI-1 sub-construct was co-expressed. For example, the overexpression of MAGI-1 WW 

domains together with PTPN14 WT appeared to enhance PTPN14 protein levels. This effect was 

obliterated upon mutation of PTPN14 PPxY motifs (Figure 4.3, input lanes). This effect could 

be occurring at the mRNA or at the protein level. We hypothesised that MAGI-1 interaction with 

PTPN14 was stabilising the latter protein. Interestingly, two E3 ligase complexes are reported 

in the literature to target PTPN14 for proteasomal degradation: CRL2LRR1, that acts at low 

density (74) and WWP1, a NEDD4-like E3 ligase (206) (Figure A. 16a & b).  

 

Figure A. 16 | PTPN14 is targeted for degradation by two E3 ubiquitin ligases.  

a, The E3 ligase complex CRL2LRR1 is driving PTPN14 ubiquitination and subsequent degradation in sparse cells. CRL2 

is composed of multiple subunits: the scaffolding protein Cullin2 (Cul-2), Roc1 which recruits the ubiquitin-

conjugating enzyme 2 (E2), two adaptor proteins Elongin B and Elongin C (BC) and a substrate-recognising adaptor 

LRR1. Figure adapted from (390). b, In Drosophila, Su(dx) targets Pez, PTPN14’s homologue, for degradation which 

can be rescued by Kibra. This mechanism relies of WW-PPxY binding between Kibra and Pez. Figure adapted from 

(206). 

 

I. CRL2LRR1 complex 

The experiments conducted in this thesis that led to the observation that overexpression 

of MAGI-1 increased PTPN14 protein levels were conducted at high cell density. In these 

conditions, according to the paper, CRL2LRR1 should no longer be able to target PTPN14 for 

degradation, due to the adaptor protein LRR1 being itself degraded at high density (74). 

Moreover, overexpression of MAGI-1 at low density failed to induce cytoplasmic retention 

unlike overexpression of PTPN14 (Figure 3.4). It is therefore probable that MAGI-1 does not 

antagonise CRL2LRR1 over PTPN14 degradation as MAGI-1 overexpression did not phenocopy 

that of PTPN14. 
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II. WWP1 E3 ubiquitin ligase 

In Drosophila, PTPN14 homologue, Pez, was reported to interact with and be targeted 

for degradation by Suppressor of Deltex (Su(dx)), a member of the NEDD4 (neural precursor 

cell-expressed developmentally downregulated gene 4) E3 ligase family. Wang et al. showed 

that Pez can be rescued from Su(dx)-mediated degradation via interaction with Kibra, another 

upstream regulator of the Hippo pathway, in a PPxY-WW manner. In mammalian systems, this 

mechanism is partly conserved with the proteins’ homologues (Figure A. 17). However, in the 

mammalian system, Kibra (WWC1) could not rescue PTPN14 from WWP1-mediated 

degradation (206). It opens the possibility for another WW-domain containing protein to fulfil 

the role of rescuing PTPN14 from WWP1-mediated degradation in mammalian cells. We 

hypothesised that MAGI-1 could be the protein stabilising PTPN14. 

 

Figure A. 17 | MAGI-1 could be the protein rescuing PTPN14 from WWP1-mediated degradation in human.  

a, In Drosophila, Pez is targeted for proteasomal degradation by the E3 ligase Su(dx). Kibra can rescue Pez from 

Su(dx)-mediated degradation via its WW domain interaction with Pez PY motifs. Adapted from Figure 5a and 5d of 

(206). b, In Human, the mechanism is partially conserved with the proteins’ homologues. Indeed, PTPN14 is 

subjected to WWP1-mediated degradation. However, WWC1 is not able to rescue PTPN14, leaving this role open for 

another potential WW-containing interactor’s of PTPN14 such as MAGI-1. Adapted from Figure 5a and 

Supplementary Figure 8g of (206). 

The NEDD4 E3 ligases family comprises nine members, such as WWP1, Smurf2 and 

NEDD4-2, and has a specific domain structure displayed in Figure A. 18. In particular, WWP1 

possesses a C2 domain, known to mediate membrane localisation (391), four WW domains 

with which it binds to its substrates, such as PTPN14, and an HECT domain containing the 

catalytic cysteine, C890, allowing ubiquitination (Figure A. 18). The catalytic cysteine located 

in the HECT domain is essential to mediate proteasomal degradation of the substrate as Wang 

and co-workers reported that Su(dx)C917A failed to trigger Pez degradation (206).  
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Figure A. 18 | Modular structure of the NEDD4 family of E3 ubiquitin ligases.  

All nine members of the NEDD4 family present the same modular structure with a C2 domain followed by 2 to 4 

WW domains and a C-terminal HECT domain. C2: thought to be involved in calcium-dependent phospholipid 

binding (392), HECT: Homologous to the E6-AP Carboxyl Terminus. Adapted from Figure 1 of (393). 

Interestingly, several studies report autoinhibitory mechanism of the NEDD4 family 

members (Figure A. 19) (394-396). They suggested that a similar mechanism could potentially 

occur with other members of the NEDD4 family. 

 

Figure A. 19 | Autoinhibition mechanisms of E3 ligases of the NEDD4 family.  

a, Smurf2 is in an inactive state through a disulfide bond forming intramolecularly between its C2 and HECT 

domains. Adapted from Figure 6 of (394). b, NEDD4-2 possesses a LPxY motif within its HECT domain that interacts 

weakly with its own WW domains and thereby autoinhibits its activity. Adapted from Figure 9a of (395). c, Itch and 

WWP2, other members of the NEDD4 E3 ligase family, are in an ‘OFF’ conformation through an intramolecular 

interaction between their WW domain region and their HECT domain, preventing the docking of the E2 and 

subsequent transthiolation. Adapted from Figure 11 of (396). 

We found, when mapping the interaction between MAGI-1 and PTPN14, that the WW1 

domain was interacting with while the WW2 domain was “stabilising” PTPN14 (Figure 4.1c). 

This suggests that MAGI-1 does not need to bind to PTPN14 in order to potentially stabilise it. 

Interestingly, WWP1 E3 ligase possesses two LPxY motifs in its HECT domain, one of which 

(LPPY) is only a few amino acids downstream of the catalytic cysteine (C890). Building on the 

information found in the literature, MAGI-1’s WW domains could potentially bind WWP1 on this 

particular site and transiently inactivate it (Figure A. 20). By creating steric hindrance around 

the catalytic cysteine of the E3 ligase, MAGI-1 could be interfering with the E3-E2 

transthiolation, transiently inhibiting WWP1 and preventing PTPN14 degradation. This 

mechanism would have to be investigated and the model validated. In addition, it would be 

interesting to assess whether PTPN14 stabilisation by MAGI-1 is dependent on upstream signals 
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and cellular context. Indeed, Nishimura et al. discovered a tyrosine phosphorylation site 

(Tyr373) within MAGI-1 WW2 domain (234). Although the kinase involved remains unknown, 

Ptprz phosphatase was later identified to dephosphorylate that particular residue (360). The 

phosphorylation status of this tyrosine residue within MAGI-1 WW2 domain is believed to affect 

its interactions and could thereby modulate its ability to rescue PTPN14 from degradation. 

 

Figure A. 20 | Potential rescue mechanism of PTPN14’s WWP1-mediated degradation by MAGI-1.  

a, WWP1 is active. PTPN14 PY and PPxY motifs bind to WWP1’s WW domains and the C890 mediates subsequent 

ubiquitination and degradation. b, WWP1 is potentially inhibited by MAGI-1. PTPN14 PPxY motifs interact with both 

WWP1 and MAGI-1. The interaction between MAGI-1 and PTPN14 being mediated via WW1 only, the second WW 

domain is free to bind to the C-terminal LPxY of WWP1, thereby shielding PTPN14 from the catalytic cysteine. In 

that speculated configuration, MAGI-1 is preventing PTPN14’s WWP1-mediated degradation.   

 

Unfortunately, due to time restriction, this model could not be validated nor investigated 

further.  
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ANNEX 7: Optimisation of pulldown experiments for MAGI1/LATS 

interaction 

Chronologically, MAGI-1’s interaction with the LATS kinases was the first to be 

addressed. We wanted to investigate whether there was a physical interaction between the 

afore mentioned proteins on top of the close proximity reported by a large scale proximity-

dependent biotinylation study of the Hippo pathway (221). The only MAGI-1 construct 

available on Addgene was the mouse Flag-mMAGI-1B (280), endogenous isoform to brain and 

heart tissues (233). To begin the study, we performed a Myc-trap® pulldown of Flag-mMAGI-

1B with Myc-LATS1/2, with the co-IP buffer commonly used in the laboratory: HEPES lysis 

buffer, 1% Triton X-100, supplemented with protease cocktail inhibitor. That first attempt was 

only successful in precipitating low amount of Myc-LATS1 or Myc-LATS2 and Flag-mMAGI-1B 

was barely detected in the pulldown complexes (Figure A. 21a). To address the issue of low 

efficiency, the second attempt was carried out using more Myc-trap® beads. This measure 

improved the quantity of Myc-tagged proteins pulled-down compared to the INPUT fractions. 

However, Flag-mMAGI-1B could not be detected in the pulldown lanes (Figure A. 21b). 

Couzens et al. reported that MAGI-1 was found in close proximity of the LATS kinases using a 

Bio-ID assay (221). This did not necessarily entail that the proteins interact but rather that they 

were close enough to allow biotinylation. Other possibilities would be that the interaction is 

transient, therefore not represented using this co-IP technique, or rather weak and requires 

different and milder buffer conditions. To address this point, we decided to compare the 

results obtained with HEPES buffer, to two other solutions commonly used in co-

immunoprecipitation experiments (Figure A. 21c). For this optimisation phase, we focused on 

only one of the LATS kinases: LATS2. Increasing the pH of the buffer from 7.5 to 8.0 and 

switching from Triton X-100 to NP-40, a milder non-ionic detergent, resulted in Flag-mMAGI1B 

being successfully pulled-down along with Myc-LATS2 (Figure A. 21d). The interaction 

between MAGI-1 and LATS most likely required gentler buffer conditions to be detected. The 

strongest interaction was found using the NETN lysis buffer, containing EDTA rather than 

glycerol, and was therefore chosen to continue the study. We performed a Myc-trap® 

pulldown experiment of MAGI-1 with either Myc-LATS1 or Myc-LATS2. MAGI-1 was present in 

both protein complexes confirming interactions with LATS1/2 (Figure A. 21e). 
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Figure A. 21 | MAGI-1 interacts with both LATS1 and LATS2 kinases.  

The indicated plasmids were transfected into HEK293 cells. Cell lysates were subjected to immunoprecipitation 

(IP) and western blotting (IB) as indicated.  Empty vectors (eMyc) were used as control. Protein expression levels 

are confirmed in the input fractions (1.5% of total cell lysates). Theoretical molecular weights are indicated in kDa 

on the right side of the western blots. *: increased brightness and contrast compared to the corresponding input 

fraction. The buffer used for the lysis and pulldown is indicated below each panel. a, First, co-immunoprecipitation 

experiment attempted of Flag-mMAGI-1B with Myc-LATS1 or Myc-LATS2 using Myc-trap® resin. MAGI-1 is very faintly 

detected in both LATS kinases pulldown complexes. b, Second, co-immunoprecipitation experiment attempted of 

Flag-mMAGI-1B with Myc-LATS1 or Myc-LATS2 using Myc-trap® resin. Even when increasing the image brightness 

and contrast, MAGI-1 is not detected in any of the pulldown complexes. c, Table containing the composition of the 

three lysis buffers tested during the optimisation of the MAGI1/LATS pulldowns. d, Co-immunoprecipitation 

experiments of Flag-mMAGI-1B with Myc-LATS2 using Myc-trap® resin and performed in parallel with two different 

buffers. MAGI-1 is clearly detected in the pulldown complex of LATS2 with both buffers (n=2). The NETN buffer 

conditions seem to favour the strongest interaction and is therefore chosen for the following steps. The red arrow 

points out an unspecific band of the Myc antibody. e, Co-immunoprecipitation experiment of Flag-mMAGI-1B with 

either Myc-LATS1 or Myc-LATS2 using Myc-trap® resin (n=1). MAGI-1 interacts with both LATS kinases and seems to 

have a stronger affinity for LATS2. NETN buffer.  
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