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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 Serl27phosphorylation -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.MAGF1
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 MAGt1 as a regulator of the Hippo pathwayWe show that MAGH1land MAGH3 form
a complex with key regulators of the Hippo pathway such as the LATS1/2 kinases, the protein
tyrosine phosphatase PTPN14 and YAP itselin addition, we found that MAGI-1 can the recruit
LATS1/2 and PTPN14 to tight junctiondAGI1and MAGI3 single and doubleDLD-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 MAGH1 is involved in YAP regulation through two a twestep mechanism: (1)
Recruitment of LATS1/2 kinases and PTPN14 at tight junctions for activation of the kinase
cascade atmedium 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.

Page |5



Page |6



Acknowledgment s

First, | would like to express my sincere gratitude to my supervisor, Dr. Kai Erdmann, for
giving me the opportunity to undertake this PhD in biomedical science, a tremendous
challenge for me coming from an engineering school. His continuous support, patience and
guidance were invaluable and made the trarsition smoother. Thank you for believing in me and

pushing me to believe in myself.

| would like to warmly thank my advisors Prof. Elizabeth Smythe and Prof. Peter Andrews
whose support and constructive criticism were precious throughout my PhD. | thank Drr.
Matthieu Piel, Institut Curie and Dr. Henriette Lanz, MIMETAS, as well as their team members,
for welcoming me into their labs and teaching me state of the art techniques. | would like to
thank as well the whole ITNBIOPOL network for the stimulating and captivating scientific

discussions during the annual meetings, andAgnieszkafor successfully organising them.

I would like to thank all past and current Erdmann lab members with whom | shared part
of the journey. This lab gave me room to grow as a scietist by receiving precious advice,
engaging in scientific discussions during lab meetings and all together providing a supporting
environment to complete this PhD. | also would like to acknowledge all the people from the
Biomedical science department of the University of Sheffield who advised me on technical

issues, provided reagents and were generally always happy to help.

A special thanks toAgnieszkafor teaching me all the techniques when | first started and
for her patience and encouragements. A huge hank you to my amazing lab mates, fellow PhD
students and friends, Agnieszka Shruti, Toni, Sindhu, Kinga, Andrew, Lily, Wirda, Judit and
Keith for your emotional and moral support, for simply going through PhD life with me in good

and bad times and for sharing so many entertaining lunches.

Finally, this work would not have been possible without the unwavering support and
trust of my family over the years. | am truly thankful to my mom, my dad and my brother for
bringing the best in me and for their constant love and belief in my abilities to pursue this
research degree. A heartfelt thank you to my grandparents who always encouraged me,

specially my late grandfather who would have been so proud of me.

Page |7



Page |8



Abbreviations
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DLD-1: Human colon adenocarcinoma cell line
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EdU: (5-ethynyl-2-deoxyuridine)
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Erk: Extracellular signatregulated kinase
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FBS: Foetal bovine serum
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Fiji: Fiji Is Just ImageJ
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FWD: Forward

G1 8 (A): MAGH knockout clone

G2 14 (B): MAGL knockout clone

G5+6 bulk or clone 28: MAGI3 knockout bulk population or clone
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GPCRs: GG proteincoupled receptors

GuK: Guanylate kinase

ghr: goat anti-rabbit
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HDR: Homology Directed Repair
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IBD: Imflammatory bowel disease
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IF: Immunosluorescence

IN: Inlet (OrganoPlate®)

Indel: insertion/deletion

JAMs: Junctional adhesion molecules

KanaR: Kanamycin resistant

Kb: kilo base pair

KIBRA: Kidney and brain protein

KO: Knockout

LATS1/2: Large tumor suppressor homolog 1/2 (Drosophila homologue: Warts)
LB:Luria-Bertani

Lgl: Lethal giant larvae

LKB1: Liver kinase B1

LPA: Lysophosphatidic acid

LP/4: Lysophosphatidic acid receptor 2

LRR1: Leucingich repeat protein

MAGLI1: Membraneassociated guanylate kinase inverted 1

MAGH2: Membrane-associated guanylatekinase inverted 2

MAGH3: Membrane-associated guanylate kinase inverted 3
MAGUK: Membraneassociated guanylate kinases

mcs: multiple cloning site

MDCK: Madin-Darby canine kidney cell line

MDCKts-src: MDCK cells with a temperature-sensitive WSRC gene
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mM: mmol/L
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MolDev: Molecular Devices
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MW: Molecular weight
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NEDD4: Neural precursor cell expressed developmentally downregulated protein 4
NeoR: Neomycin resistant

NES: Nuclear exclusion signal

NETN: NaCl, EDTA, Tris, NBO

Nf2: Neurofibromin -2 (gene coding for Merlin protein)

NF¢B: Nuclear factor kappa-light-chain-enhancer of activated B cells

NHEJ: Norhomologous end joining repair
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NHERF2: Na+/H+ exchanger regulatory factor

NLS: Nuclear localisation signal

NP-40: 4-Nonylphenyl-polyethylene glycol, Nonidet PTM 40
Oligos: Oligonucleotides

ORF: Operreading frame

OUT: Outlet (OrganoPlate®)

PAC- puromycin -N-acetyltransferase

PAK:1: Serine/threonine-protein kinase 1

PALS1: Protein Associated with LikSeven 1

PAM: Protospacer adjacent motif

Par-1: Proteinaseactivated receptor 1

PARS3: Partitioning defective-3 protein (mammalian homologue of Bazooka)
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PPxY: Proline/proline/any amino acid/tyrosine

PSD95: Postsynaptic density protein 95

PTEN: phosphatase and tensin homolog

PTP: Phosphatase domain

PTPN14: Receptoitype tyrosine -protein phosphatase zeta
Ptprz: Receptor-type tyrosine -protein phosphatase zeta
PuroR: Puromycin resistant

PY motif: Proline-tyrosine motif

RE: Restriction enzyme

REV: Reverse

RhoA: Ras homolog gene family member A

RIPA: Radioimmunoprecipitation assa

RNA: Ribonucleic acid
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rpm: round per minutes

RPMI: Roswell Park Memorial Institute
RT: Room temperature

S.E.M.: Standard error to the mean

SAV1: Salvador

SCF BTrCP: Skp, Cullin, Fbox containing E3 ubiquitin ligase and its adaptor betatransducin repeat containing

protein

Scr siRNA: Scrambled siRNA

Scrib: Scribble protei
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sgRNA: single guide RNA

SH3: Src homology 3 domain
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siRNA: small interfering RNA
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S-SCAM: Synaptic scaffolding molecule

STXBP4: syntaxin binding protein

Su(dx): Suppressor of Deltex (Drosophila homologue of WWP1)
T7: Endonuclease

TAD: Transactivation domain

TAE: trisacetate buffer

TAZ: Transcriptional co-activator with PDZ binding motif
TBE: TrisBorate-EDTA

TBS: Trisbuffered saline

TBST: Tris buffered saline with Tween20

TEADSs: Transcriptional enhancer factor domains

TEER: Transepithelial and endothelial electrical resistance
TEMED: Tetramethylethylenediamine

TJs: Tight junctions

Tm: Melting temperature

TRIP6: Thyrad receptor interacting protein 6

TRITC: Tetramethyl Rhodamine IseThiocyanate

UV: Ultra violet

VPACL1: Vasoactive intestinal peptide type | receptor variant
WB: Western blot

WST-8: water-soluble tetrazolium salt 8

WT: Wild Type
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WW: Domain with two conserved tryptophan residues

WWC1: WW domaincontaining protein 1 (also known as Kibra)

WWP1: WW domainrcontaining protein 1 (E3 ubiquitin ligase, mammalian homologue of Su(dx))
YAP: Yesassociated protein

Z0: Zonula Occludens
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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 adynamic 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, sked 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 andcell 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 Hippg(9-13)
and Warts (6,7) together with the Sav (14,15)and Mob (16) adaptor proteins regul ate the
inhibition of the downstream effector Yorkie (Figure 11) (17). Unphosphorylated Yorkie
accumulates in the nucleus where is asociates with Scalloped transcription factor to promote
cell proliferation and survival (18,19) Upon activation of the kinase cascade ly 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

D. melanogaster Mammals
m ) MST1/2 )
A\ g g
Proliferation/apoptosis/ Proliferation/apoptosis/
cell fate cell fate

Figure 11| 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 EFigure
11 (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 STE26iike 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
suggestad 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 coactivato r with
PDZbinding motif (TAZ) (30), by LATSmediated phosphorylation and subsequent
cytoplasmic retention (31). When in the nucleus YAP/TAZ bind to transcription factors such
as TEADY32). 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 DNAbinding domains (Figure 12) they need to associate
with transcription factors to regula te gene expression. TEAD# play a major role in mediating

the biological output of the Hippo-YAP pathway(18,19,32,346) by inducing expression of
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many genes involved in cell proliferation, growth and survival(20,32,37-39). Dysreguldion of
TEADs has been linked to tumorigenesig40) . 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).

Protein degradation

Cytoplasmic retention [HSRDESTDSGLSMSSYSVPRTP
143-3binding  PPxY motif PPXY motif .. —_—
binding  binding |\ ung binding
PXXOP _ + + + % 5 +
YAP 1 —m Perich ITEAD BD ww ww cc TAD I—488
[I—
Phosphodegron
14-3-3 LATS1/2 CK15/e 20112
PTPN14 SCFA-TCP MAGI-3
Known AMOTs
interactions Runx1/2

Smad
p73
Protein degradation

G T HSREQSTDSGLGLGCYSVPTTP

14-3-3binding  ppyy motif -
bindvg N\ @ A binding
. l \ % Y 7 +
TAZ 1— TEAD BD ww - ¢cc TAD I—4oo

| R
Phosphodegron
P-rich  proline rich region

14-3-3 LATS1/2 CK1e Z01/2
WW. WW domain Known AMOTs SCFATICP
interactions Runx1/2
'€C| Coiled-coil region B-catenin

? HXRxx$ consensus
phosphorylation site

Figure 12 | Domain structure s of YAP and TAZ downstream effectors of the Hippo pathway .

Both paralogues possess similar domain structures with a TEAD binding domain (BD), WWHomain(s), an SH3
binding site, a coiled-coil domain (C-C), a transcriptional activation domain (TAD) and a PDZbinding 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. Serl27 (Ser89 in TAZ) phosphorylation status regulates binding to @ther TEAD transcription factors
or the 14-3-3 cytoplasmic anchor. Additional phosphorylation of YAP/TAZ on Ser381 (Ser31l in TAZ) in the
phosphodegron induces subsequent ubiquitination and degradation by the SCF TP 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 v ia the WW domains andare not disrupted by

LATSmediated phosphorylation of YAP Ser127 residue (Ser89 in TAZ).

1.2.1.4 YAPWW domains tandem and cognate motifs

One of YAP interaction modules is aWwW domains tandem (Figure 12). AWW 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 cla sses
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depending on their cognate motifs (52,53). YAPand TAZ possesstwo and one WW domains
respectively, which belong to Class | associated with [L/P]KY 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
interaction s within the Hippo pathway and contribute to signal transduction . Indeed, these
modules link YAPto transcription fact ors, as mentioned in the previous section, as well asto
upstream regulators of the pathway. For instance, the LATS kinases possess PPxY motifs and
interact with YAP via its WW domains (31,5759) to exert they negative regulation through
phosphorylation of YAP Ser127 residug8,20,31)

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 asextracellular
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).

(‘P
-~
GM%AVP
-
&,
o @ _ D
®— W)

/
1 EAD
\

L L YAP target genes 7/
/

Figure 13| LATSmediated 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 Savl and MOB1 adaptor proteins to
help activate the LATS1/2 kinass. LATS in turn phosphorylate YAP on Serl27 which promote cytoplasmic
sequestration by the 14-3-3 protein. Additional phosphorylation by the CK1 /¥ kinase induces YAP degradation via
the SCP*TCP ybiquitin ligase. Figure 1b 0f{45,62).
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Many upstream signals converge at the activation of the LATS1/2 kinases and subsequent
YAP/TAZ Seine phosphorylation. As mentioned previously, phosphorylation on YAP Serl27
(Ser89 in TAZ) creates the consensus binding sequence of the 143-3 protein (8,20,30,33)
which results in their cytosolic retention ( Figure 13). LATSmediated phosphorylation of an
additional serine, YAP Ser381 (Ser311 ifA2), induces additional phosphorylation by the CK1
¢ ¥wa{ «~{O{x° yoO©}@¥¥Y} oWyl HAICPFaptoxpfoteir of CF
E3 ubiquitin ligase (Figure 13) (63,64). Endogenous YAP is relatively stable contrary to TAZ
which half-life is less than 2hrs (64), indicating that the aforementioned degradation route
aw°® 8§E£wW°® wW¥ a8l O«w¥« ©) £{ ¥ j wpua ¥~ X

In recent years, the Hippo signalling pathway has becomemore complex than the initially
reported canonical and binary model (Figure 3.22) where phosphorylated YAP Serl27
triggers its cytoplasmic exclusion by binding of the 143-3 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 YAf7). They propose anupdated 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, Serl27 is located in the TER-binding domain which upon phosphorylation
uncovers the 143-3 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 ard contact inhibition.
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1.2.2.1 Regulation of YAP/TAZby junctional complexes
1.2.2.1.1 Epithelial barrier and cell-cell junctions

Epithelial cells assembleinto 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, mostsubstances 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 ofhe paracellular transport is tissue -specific and
depends on the composition of tight junctions; i ts 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 14). This
ensures continuity of the cell monolayer and barrier function i n epithelial tissues while

allowing cells to communicate with one another.

Adherens and tight junctions allow apicatbasal polarisation which consists in an
asymmetrical distribution of prote ins 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 cascadesj } ~« | 2 ¥y «
main components are the Claudins, Occludin and JAMs (junctional adhesion molecules)
transmembrane proteins which associate with many MAGUKSs such as the Zonula Occludens
(20O-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 bxcatenin which binds to h xcatenin, 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. Desmosomesassociate adhesion complexes to intermediate filaments.
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Figure 14 | 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 h- and i -
catenins (97,98). However, the link between the cadherin-catenin complex and the Hippo
signalling is not fully understood. E-cadherin ligation is required fo r the establishment of tight
junctions in epithelial cells (99-103). Moreover, h-catenin provides a link to the cytoskeleton
(90) . EcadherinU fole 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 PTPN14negative regulator of YAP

The non-receptor tyrosine phosphatase PTPN14 has been shown bymany groups to
regulate, both directly and indirectly, YAP subcellular localisation (71-75). PTPN14 is involved
in maintaining adherens junctions by stabilising, via dephosphorylation,b-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 ahe 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 phosphorylatior(75).

PTPN214 role in the HippeYAP pathway is thought to be cell densitydependent (71,72,74)
However, the mechanism activating PTPN14emains unclear. Wang and ceworkers showed,
in MCF10A breast cancer cells, that PTPN14 is kept at low abundance at low cell density by the
CRL2:xE3 ligase complex. Interestingly, they found that the protein levels of the LRR1 adaptor
necessary to spedfically 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 culturg$6) .

1.2.2.1.4 Kibra activates the Hippo cascade

Kibra is a WWcontaining 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 (MST12 homologues) and Warts (LATS1/2
homologues) kinases(106-108). In mammals, Xiao and ceworkers 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 Serl27
subsequent phosphorylation by LATS(109)D m £2 ! ¥ U2 « {dwhe rolg 6f Rigra in | ©w « {
the activation of the LATS cascade and showed that it can act cooperatively withPTPN14, 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 Factin (110112) Merlin acts as a tumour-suppressor,
upstream of the Hippo cascade to regulate contact inhibition of proliferation (113,114Merlin
can activate directly the MST1/2 kinases (106,115,1169r 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 LATSbinding site located in its FERM domain. The AMOT protein binds to Merlin G

terminal domain and thereby releases its dormant conformation, allowing subsequent
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inter action with the LATS kinases. Phosphorylation of Ser518 on the @erminal tail of Merlin ,
partially due to PAK-1 kinaseweakens AMOT binding. They suggest that AMOT acts upstream
and activates the Merlin route via a Ser518 phosphorylationdependent 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 (118120). Furukawa and collaborators show that MerlinU &xit 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 remodellin g 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

j~{ Wcej [Jwe £° 7| 80 «{ ¥2 @y =g 2{z
(80kDa) and p130 (130kDa) as well as angiomotidike-1 (AMOTL1) and angiomotiflike-2
(AMOTL2). All members have tissue and celspecific expression patterns. AMOT proteins
localise at tight junctions (76,121124), bind to F-actin (78,125128)and have been found in the
nucleus (129-132) Literature agrees that AMOT proteins are upstream regulators of the Hippo-
YAP pathway. However, despiteextensive 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 AMOTSs with both LATS1/2 and YAR76,77,95,137139). AMOT p130, AMOTL1 and

AMOTL2 were reported to act as scaffolds to promote LATS activation and subsequent
phosphorylation of YAP Ser121140,141)The AMOT family members are substrates of the LATS
kinases and phosphorylation has been shown to disrupttheir binding to F-actin (78,96,126,142)
Li and al. suggst 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 AlP4
ubiquitin ligase leading to the degradation of YAP (126,142144). 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 AMOTmediated cytoplasmic retention
can occur independently of YAP Serl127phosphorylation suggesting that AMOT and the Hippo
pathway may have both overlapping and separate roles in YAP inhibitior(76,77,138)
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Positive requlators of YAP:Others describe AMOT and AMOTL1 as YAP cofactewhich

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 LATSYAP interaction and
thereby prevent its inhibitory phosphorylation (131,133)

Several studies highlighted the importance of Serl75 of AMOT pl30, residue
phosphorylated by the LATS1/2 kinases, as modulating its function towards YAP
(78,96,126,140,143,145Moleirinho and collaborators depict phosphorylation of the Serl75
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,
LATS1/2YAP 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 egative feedback loop to activate
the Hippo pathway. YARTEAD 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 densitydependent manner

Zonula occludens 2 is a scaffolding protein localised at tight junctions which contains
three PDZ domains. ZO2 possesses several nuclear localisation and export signals (NLS and
NES respectively) indicating a role in the nucleus (151,152)indeed, ZO2 was found to associate
with, in a PDZdependent 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 (153156) This nuclear
cytoplasmic translocation relies on a number of post-translational modifications. A recent
study, published in BioR iv, suggests a role of ZG2 in YAP nuclear exclusion in response to cell
density cues. They show that ZQ2 recruits LATS1/2 to tight junctions in dense cells andacts
as a scaffold to bring together angomotin, 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 apicatbasal 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 complexactivates the Hippo cascade

The SCRIB complex is composed of Scribble, Discs large (DIg) 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 (161164).

1.2.2.2.2 The CRBapical complexrecruits 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 PATJ168) 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 compleactivates YAP at low cell density

The PAR complex is composed of PAR3, PARG proteins and atypical protein kinase C
(aPKC) and is localised at tight junctions (170). PAR3was recently reported to have a dual
effect on YAP. At low cell density PAR3co-localised with YAP in the nucleus where it assembles
LATS1 and protén phosphatase subunit A (PP1A), promoting inactivation of LAT@&nd resulting
in activation of YAP. At high cell density, the PAR3 AP 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 (173175) 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 (176179) Interestingly, mechanical stimuli
constitute a fundamental input on YAP/TAZ regulation. YAP/TAZ have therdore emerged as
mechanotransducer s (180,181) integrating mechanical cues such as cell shape, extracellular
aw«®© ~ 2« || ¥{a2aB y{£f wz~{2 ! ¥0OB WwWff ! | @~
architecture (182-184). The actin cytoskeleton is a key regulator of YAP, yet whether through
Hippo-dependent (185-187)or xindependent 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 signalling189).

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 15). For example, stretching of a confluent monolayer forces
YAP back intothe nucleus instead of its usual cytoplasmic inactive state (Figure 15f) (8,188).
Another example is the cytoplasmic localisation of YAP in single cells cultured on small
adhesive areas or on soft extracellular matrices (Figure 15b and c) (180,188) However, the
mechanism by which Factin cytoskeleton modulates YAP and TAZ activity remains elusive. It
was postulated that mechanical cues are actually tuning the celf fgsponse to Hippo, Wnt and
GPCR signalling. Aragona et al. proposed an alternative model forcontact inhibition of
proliferation : as cells start establishing contacts with one another, junctional proteins trigger
LATS activation and as a consequence YAPe8127 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 smdler areas which induces remodelling of the actin cytoskeleton

and fully triggers growth arrest (188).
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Figure 15 | Mechanical cues affect YAP subcelluladocalisation 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 0f191) b, (180,188) c,(180,188,192199). d,
(8,188). ,(200-204). f,(98,188).

1.2.3 Regulation of the Hippo pathway players bypost-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 gability regulation of afew 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 kinas€75). However,
the mechanism activating PTPN14 remained unclear. Wang et al. showed that PTPN14 protein
level is regulated by an E3 ligase complex: CREZ}(74). Interestingly, they found that the
abundance of the adaptor protein, LRR1, necessary to specifically target PTPN14or
degradation, was changing with cell density. Indeed, the study shows that in sparse cultures,

LRR1 is stable and promotes PTPN14 CRf3!mediated degradation. However, in confluent
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cells, LRR1 levels are significantly reduced while PTPN14 stabilityiicreased. 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 WWPPxY binding. Inthe 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 NEDD4like E3 ligase and human homologue of Su(dx). However,
WWPLmediated 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 knases

NEDDA4 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 NEDDA4 are not fully understood yet. It was suggested that the
protein is auto-inhibited by intramolecular in teraction between domains, dependent on
calcium levels (208). Another potential explanation is that NEDD4 stability is governed by
another E3 ligase,namely SCF"R°P (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 Hppo pathway

governed by a degradation/stabilisation competing mechanism. However, the phenomena
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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 irduce 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 cacerous
behaviour and neoplasia to dysregulation of the Hippo pathway or hyperactivation of YAP/TAZ

(20,37,215217) In various human cancers, YAP nuclear levelare elevated (Table 11).

Table 11| YAP is upregulated in several types of cancersTable 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 16).

Cell proliferation EMT

e
/N

Cell survival Stem cell maintenance

Figure 16 | 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 kinaseswhich 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 HippoYAP 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 wih 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 lagely elusive.

Mohseni and colleagues identified several proteins of the Hippo pathway kinome,
including MAGF1 a tight junction and multi -PDZ domain scaffolding protein (160), that affected
YAP subcellular localisationin a cell density-dependent manner. Using a HEK293T cell line
stably expressingan mCherry reporter for Hippo -YAP activity (containing several repeats of
the TEAD DNAbinding sequence), they performed a primary siRNA screen of the human
kinome. FACS analysis of the mean fluorescence intensity of cells led to the preselection of
candidate kinases impinging on YAP. A secondsiRNA screen confirmed that individual

knockdown of 16 kinases including MAGt1,enhanced YAPactivity.

Interestingly, MAGH1 has been suggested to interact with PTPN14 and LATS1/2 kinases
by two large scale proteomics screens (221,222) MAGH1 is also reported to interact with the
Motin family of proteins (223,224). However, the mechanism of MAG11 regulation of YARN a

cell density-dependent manner remains to be elucidated.

1.3 MAGI family, multtPDZ domainand tight junction proteins

1.3.1 A unique structure

Membrane-associated guanylate kinase inverted 1 (MAG}1) was identified as a new
member of the membrane-associated guanylate kinase (MAGUK) family(225). MAGUKSs are

known to be scaffolding molecules for protein complexes at cell-cell contacts. MAGE1 presents

Page |40



an inverted and unique organization of protein-protein interaction domains compared to

other typical MAGUKs (Figure 17): a PDZlike domain, the GuK domain, a WWtandem
followed by five PDZ domains.Later two other MAGI protein s were identified with a similar
domain structure, namely MAGI2 (also known as SSCAM- synaptic scaffolding molecule) and
MAGH3 (226,227).
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Figure 17 | MAGI proteins havean inverted domain organisation compared to other prototypical MAGUKs

Prototypical MAGUK proteins such as Dlg, Zonula occludengZO) and PSD95 possess amincterminal (multi -) PDZ
domains followed by an SH3 domain and a Gterminal Guanylate kinase-like domain (GuK:-like). MAGI proteins are
MAGUKinverted 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 domaintandem and the C-terminal tail contains
multiple PDZ domains. PDZ: repeat of 86100 amino acids found in PSBO5, DLG and ZG1. 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 80100 amino acids found in three prototypical
members of the MAGUK family:PSD-95, DLG andZO-1. WW domains arenamed after two
characteristic tryptophan residues and were first identified in mouse YAP65 (29). Both WW
and SH3 domain functions are similar and have been r@orted to bind to proline -rich regions
(229). The GuK domain is not known to be catalytically active in MAGUK proteis but may
rather be a site for protein -protein interactions (230,231)and evenaphospho-peptide -binding

modules (232).
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1.3.2 Splicing variants, subcellular localisation and tissue distribution

1.3.2.1 MAGHL

PDZO  GuK Wwil Ww2 PDZ1 PDZ2 PDZ3 PDZ4 PDZ5

= A

NLS NLS a B I B
\ \/ -oNchéo- c

Alternatively spliced regions

Figure 18 | Alternatively spliced regions of MAGE1.

The C-terminal region of MAGI-1can be 16, 48 or 251 amineacids long in isoform A, B and C respectively. Theh -
region consisting of 29 residues is located between PDZ2 and PDZ3 domains. Thie-region corresponds to mo st

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

MAGL1 possesses three splice variants of its @erminal region leading to isoforms A, B
or C (Figure 18) (225). Two additional alternatively spliced regions were identified: the " and
i regions (233). MAGL1 alternative splicing appears to be tissue specific (Table 12) (233).
MAGLHICi is the endogenous form present in HEK293, Cace2 and MDCK cell lines and more
generally in epithelial tissues(233,234).

Table 12 | Tissue distribution of MAGI-1 alternatively spliced regions MAGL1A is highly abundant in the brain and

pancreas while MAGH1B is mostly expressed in epithelialpoor tissues such as brain and heart. Conversely, MAGI
1C was reported to be strongly present in epithelial tissues. Regarding the alternatively spliced regions,h appears

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

Spliced domains Colon Brain | Kidney | Lung | Skeletal muscle Liver | Pancreas | Heart
A - +++ ++ - - + +++ +
B - +++ - - + - - ++
C +++ + +++ +++ + +++ +++ +
h +/ - +++ - - - - - -
j +++ +++ +++ +++ +++ +++ +++ +++

MAGLH1C was thenshown to co-localise with ZO-1 at tight junctionsin fully polarised cells
(233). MAGH1 interacts with JAM4, junctional adhesion molecule 4, in a PDAlependent
manner. JAM4 was shown to recruit MAGH1 to tight junctions in L, enteroendocrine cells (235).
MAGLH1 was also identified as part of a tripartite complex with i -catenin and E-cadherin at
adherens junctions. Several studies showed that MAGI1 PDZ5 domain was critical for

membrane localisation (233,236,237)

Two nuclear localisation signals (NLS), predicted by PSORTI(234,238), are found in the
GuK and WW?2 domains respectively and theC isoform C-terminus carries three bipartite NLS

(233,239). MAG}1 mutant expression constructs with either of these domains alone was found
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in the nucleus (233,234). However, full length MAGI1 was only observed in the nucleus in a
specific context: abolition of E6 oncoprotein in HPV-positive cells which restored MAGI1
expression at the plasma membrane as well as in the nuteus (See section 1.3.3.2 (240). No
study explaining the potential function of MAGI-1 in the nucleus is available. This suggestbat,
in most cellular contexts, the signal targeting MAGLH1 to cellcell junctions (PDZ domains) is

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

1.3.2.2 MAGI2

PDZ0  GukK WW1 wWw2 PDZ1 PDZ2 @, PDZ3 PDZ4 PDZ5

— - - — — - - — —————————— O

Figure 19 | Alternative START codons give rise to three MAGPR isoforms.

Two alternative START codons were identified by Hirao and coworkers generating three MAGI-2 isoforms that
they namedh,i and‘ (241). Similar to MAGI1, MAGR possesses a very short, alternatively spliced, regn
between its PDZ2 and PDZ3 domaing233).

MAGLI2 protein is predominantly expressed in the brain and kidney. It was first
identified in neuronal tissues and called S-SCAM, for synaptic scafblding molecule, due to its
scaffolding role at synaptic junctions (226). The protein counts three isoforms, h,i and +,
arising from two alternative START codons (Figure 19) (241). Laura and colleagues found an
additional alternatively spliced region between PDZ2 and PDZ3 domains similar to MAGF1h
region (233). The tissue distribution and function of the two shorter i and ! isoforms is
unknown. MAGI2 is known to localise to tight junctions in epithelial cells such as MDCK.
Nuclear staining of MAGF2 was also observed in some cells but its role has not been

investigated (227).

1.3.2.3 MAGI3

MAGLI3 is wbiquitously expressed and possesses two alternatively spliced regions
(Figure 110). 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 UUin this thesis,
disrupts the WW domain tandem. The tissue distribution and function of each of the isofor ms
remains to be elucidated. MAG-3 has also been reported to localise at tight junctions, at the

apical surface andin the nucleus of epithelial cells such as Cace2 (242).
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Figure 110| MAGE3 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 MAGI1/2/3
proteins. Zaessinger and co®| ©¢ { ©?2 | 1 ¥z «~w« cCcw} a ¥- . £-
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 notet been
investigated. In C. elegans MAG!1 is required for proper segregation and stabilisation of

junctional complexes (247,248).

All three mammalian MAGI proteins have been shown to interact with i xcatenin
(225,249-251) Gujralandy ! £ £wx ! Ow« ! ©2 U zw«w 2 -}ikdat@nin with~ w« « ~{
several tight junction proteins, including MAGI-1, contributes to cell-cell contact integrity,
favours cell adhesion and prevents cell proliferation and migration (250). Moreover, MAG}1
overexpression is associated with stabilisation of adherens junctions through E-cadherin and
i xcatenin 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 hfection.
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1.3.3.1 MAGLI1 in apoptosis

MAGF1 was found to interact via its PDZ2PDZ3 domains with RASSF6, a tumour
suppressor that induces apoptosis via both caspasedependent 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, MAGH1 is the target of caspase3 and-7 cleavage(256,257). It was later
found that, in MDCK cells, the Nterminal 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 MAGI1 caspase cleavage products suggesting a gaive role in apoptosis.
MAGLH1 cleavagemost likely disrupting many MAGF1-mediated interactions, appeared to be a

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

1.3.3.2 MAGI proteinstargeted by viral oncoproteins

Two adenoviruses oncoproteins, namely adenovirus type 9 (Ad9) E4AORF1 and highrisk
human papillomavirus (HPV) E6, display tumorigenic potential(258-260) and have been shown
to interact with MAGI -1 in a PDZdependent manner (261). The adenovirus EAORF1 has been
found to aberrantly sequester MAGI-1 in the cytoplasm(261). Highrisk human papillomavirus
(HPV) types 16 and 18 target MAG1 and induce itsproteasome-mediated degradation which
leads to the disruption of tight junctions (240,261,262) Knockdown of E6 or overexpression of
a MAGH1 mutant inhibiting its interaction with E6 in HeLa cells (HP\/positive cervical cancer

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

MAGLI2 and MAGLI3 proteins were also reported to be targeted by the E6 oncoprotein
for degradation (264).

1.3.3.3 MAGiIs role in epithelial arrier integrity

It was reported th at knockdown of MAGI-1 induced a slight but significant decrease of
trans-epithelial electrical resistance (TEER) used to assess the leaktightness of a monolayer
(265). In addition, patients suffering from Microscopic colitis (266) or inflammatory bowel
disease (267) have been shown to have lower MAGIL and MAGI3 expression levels

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

Single-nucleotide polymorphisms (SNPs) in MAGF2 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 MAG ¥Y«©! ¥LB ~w? x{{¥ |!-¥z
disease susceptibility 271D ] ©ow- {2 U z 2 { w2 /| a W¥ W=«
hyperthyroidism. Jia and collaborators suggest that abnormal expression of MAGI2 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 cancersignalling

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

these multi-PDZ domain proteins in suppressing mdignancy.

1.3.4.1 MAGIssuppress Akt signalling through interact ion with the PTEN tumour suppressor

MAGLH1 was identified as an adaptor molecule between the PTEN tumour suppressor and
i -catenin in E-cadherin junctional complexes (253). MAG}1 recruits PTEN to adherens
junctions which reduce s 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 i -catenin to bind the MAGI-1/PTEN signalosome, via MA&Gl PDZ5 domain,
resulting in the destabilisation of E-cadherin junctional complexes and cell invasiveness

through activation of AKt/NF -¢B signalling pathways(275).

MAGLI2 has been reported to stabilise PTEN through maintaining its interaction with i -
catenin (276,277). Similar to MAGI1, MAGR binds to PTEN(278) promoting suppression of
Akt signalling (227), cell proliferation and migration in human hepatocarcinoma cells (279).
Interestingly, Vazquez and collabortors found that phosphorylation of PTEN tail caused a
conformational change, masking its PDZbinding motif and therefore inhibiting its interaction
with MAGI-2, and probably other PDZcontaining proteins (280). The kinase responsible for
the phosphorylation of PTEN tail has been shown to be CK2, casein kinase 281). CK2 has
been reported to be activated by Wnt signalling (282).

MAGLI3 has also been shown to interact with PTEN and indirectly downregulate Akt

signalling. It was proposed that MAGI3 brings PTEN to specific subcellular locations where Akt
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is activated (283). In glioma cells, MAGRB 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, MAG#3, in glioma cells, is also associated with
negative regulation of Wnt signalling via sguestration of i -catenin out of the nucleus, thereby

inhibiting its transcriptional activity (251).

1.3.4.2 MAGL}H1is downregulated in colorectal cancer

MAGLH1 isoften found downregulated in rectal cancers and colorectal adenocarcinomas

and is correlated with metastasis (252,265).

Cyclooxygenase enzyme 2 (COX2, also known as PTGS2) was found elevated in about
50% of colorectal adenomas and 85% of adenocarcinomagq285-287). Zaric et al. reported that
MAGLH1is downstream of and downregulated by COX-2, andconsequently found low levels of
MAGL1 in colorectal cancer (CRC) cells(252). Overexpression of MAGI1 in CRC cells induces
epithelial-like morphology by stabilising cell-cell junctions, promoting actin stress fibres and
adhesion (252). As MAGI1 stabilises -catenin at cell-cell contacts and thereby reduce the level
of free i -catenin, MAG}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 MA@Iknockdown (265).

MAGLH1 thereby displays a tumoursuppressive and antimetastatic activity in CRC cells.

1.3.4.3 MAGIH3is downregulated in colorectal cancer

MAGLI3 expression has been reported to be downregulated in colon adenocarcinomas
while NHERF2 expression showeda reverse trend. Lee and colleagues demonstrated that
MAGI3 and NHERF2 reciprocally regulate the signalling of LRA289), a G protein-coupled
receptor that binds to lysophosphatidic acid (LPA). LPA is known to have tumorigenic potential
through activation of LPA, which is upregulated in various types of cancer, such as CRG290-
292). LPAtogether with NHERF2 activate Akt and Erk1/2 signalling?91), as well as induce cell
proliferation, expression of COX-2 and antiapoptotic behaviour in colon cancer cells
(291,293,294) MAGH3 is thought to oppose NHERF2 in binding LPAand thereby negatively
regulating LPA signalling and inhibiting migration and invasion(289). MAG}3 together with
LPA activate RhoA signalling295,296).
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1.3.4.4 MAGIH3is recurrently mutated in breast cancer

MAGI3 expression was found downregulated in breast cancer cells(297), yet this gene

is not frequently subjected to nonsynonym ous mutations or loss of copy nhumber (298,299).

W ©{y-00{ ¥« }{¥{-MAGIBRO®OWY)} {| =¥ B Kha«w« | ¥B ®Ww:
Banerji and co-workers in triple negative (oestrogen receptors, progesterone receptors an d
HERZ2negative) breast cancers. The resulting fusion protein possesses MAGI3 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 allMAGI3 C-terminal PDZ domains including PDZ2,
known to interact with PTEN and suppress PI3K/Akt signalling(283). MAGI3AKT3 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. MAGH3 was recurrently mutated at the mRNA level. Indeed, they demonstrated
that MAGI-3 was prematurely poly-adenylated (pPA) and truncated, ending within intron10
(MAGI-3"™). The resulting truncated protein retains part of the PDZ2 domain but lacks all
following PDZ domains. The autlors found that truncation of MAGI -3, whether arising from
pPA or other genetic alterations (300), induced YARdependent mammary transformation.
Interestingly, they showed that MAGF3 PDZ5 domain interacts with YAP PDZbinding motif.
They showed that the MAGI-3°" unable to bind to YAP, dimerises with its full length self,
impeding association with YAP and trereby acting as a dominant negative. Their results

suggest MAGI3 as a novel component of the Hippo pathway(301).
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1.4 AIM: Investigate the molecular mechanism by whichMAGI proteins
negatively regulate YAP activityin response to cell density cues

MAGI proteins have emerged as tumour suppressors, limiting cell proliferation and
invasive behaviour. MAGF1 was suggested as a novel negative regulator of YARotentially
interacting with components of the Hippo pathway (160,221,222)ut the mechanism at play
remains to be elucidated. In addition, MAGI3 has recently been shown to negatively control
YAP oncogenic protein in breast cancer cells (301). As MAGIproteins are involved in tight
i ¥y« 1¥20U ow ¥«{¥w¥y{ w¥z ¥«{}© «°B «-edl°®
contacts and the regulation of the Hippo-YAP pathway. Indeed, despite intensive research, the
signal transduction mechanism from up stream regulators, such as tight junctions, to the Hippo

cascade remains largely elusive.

In this study, we aim at:

~ Further establishing MAGF1 as an upstream regulator of the Hippo pathway
And,
~ Unravelling the molecular mechanism at play to provide a nolecular 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 Serl27
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 MAGILL and MAGI3, 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

Class Il Biological Safety Cabinet

ESCO

Galaxy 170S CO2 Incubator

New Brunswick Scientific

NEW INCUBATOR

Panasonic

Cell culture

Neubauer-improved counting chamber

Labor Optik

Universal 320 centrifuge

Hettich Centrifuge

Entris® Analytical Balance

Sartorius

PGW 753M Precision Balance

Adam Equipment Ltd

Buffers
preparation

Jenway 3510 Bench pH/mV meter JENWAY
Sigma 114K Refrigerated Microfuge SIGMA
PerfectSpin mini Peglab
PerfectSpin 24 Plus Peglab
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

Total protein extraction, samples
preparation and western blot

Stuart Equipments

Analogue tube rollers SRT6

Stuart Equipments

Odyssey S#& Infrared Imaging System LI-COR
pegSTAR Dual 48Well PCR Thermal Cycler Peglab
f {©| {y GXSysterAMini M Peglab

BLUE LED illuminator

Nippon Genetics Europe

PCR and
Agarose gel

1{£ ZiyA [p i°2«{m

Bio-Rad Laboratories

Microscopy

ZOETM Fluorescent Cell Imager BioRad
Epifluorescence microscope Olympus
LSM880 Airyscan Confocal ZEISS

Rotina 46 R centrifuge

Hettich Centrifuge

Innova® 44 incubator shaker series

New Brunswick Scientific

Bacteria
culture

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
y e o § £{ «{ ArBe Pfogs&\inhibitor Cocktail | 11873580001 | Roche
PhosSTOP EASYpack 04906845001 | Roche
Protein A agarose P2545 SigmaAldrich (Merk)
GFRTrap®_A gta-20 ChromoTek

9 Myc-Trap®_A yta-20 ChromoTek

é’ Binding Control Agarose bab-20 ChromoTek

§ DC Protein Assay

'E) EEZS::IQ ggggﬂj Bio-rad Laboratories

g Reagent S 500-0115
fw}{h-£{0CA fOf{2«w ¥{z f| 26616 Thermoi y { ¥ « |
Wo{©2-woA fO «cOW¥A FDH | 10600004 Sge':ﬁgghcare Life
m~w«owW¥A y~0©' aw«! } Ow§ ~° | 3030-672 Sge':ig'sthcare Life
Bovine Serum Albumin Fraction V (protease free) 5479 SigmaAldrich (Merk)
Phenol solution bp1751 Fisher Scientific
Proteinase K P8107S Roche
RNeasy Mini Kit 74104 Qiagen
Deoxyribonuclease |, Amplification Grade 18068-015 _¥- «O! }{¥A
SuperScript II RT 18064014 _¥- «O! }{¥A
dNTPs Mix (10mM) R0191 i ~{oa! iy {¥
GoTaq TagHot Start Polymerase M5005 Promega
Phusion High Fidelity DNA Polymerase F530S j ~{©m} iy {¥

§ Quick change XL Mutagenesis kit 2005215 Agilent technologies

'_g T4 ligase ELOO11 j ~{©a} iy {¥

i’ T4 kinase 18004-010 _¥- «O!}{¥A

% Lambda protein phosphatase P0O753S New England BioLabs
Alkaline Phosphatase, Calf Intestinal (CIP) M0290S New England BioLabs
Restriction enzymes Various New England BioLabs
T7 endonuclease | M0302S New England BioLabs
NucleoSpin Gel and PCR Cleatup 740609250 Macherey Nagel
SYBRA Safe DNA Gel Stain S$33102 _¥- «O©! }{¥A
Gel Loading Dye Purple (6X) B7024S New England BioLabs
Quick-Load Purple 100bp DNA Ladder NO551 New England BioLabs
Quick-Load Purple 1kb DNA Ladder NO0468 New England BioLabs
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Quick-Load Purple 2-Log DNA Ladder NO0469 New England BioLabs
GeneJET Plasmid Miniprep Kit k0503 j ~{©a} iy {¥
NucleoBond® Xtra Midi 740410.50 Macherey-Nagel
@ >| Hoechst 33342 H3570 _¥-. «O©!}{¥A
S o ~
é © | Prolong Gold mounting medium p36930 _¥- «O] }{¥A
2.1.2.2 Antibodies
2.1.2.2.1 Primary antibodies
Table 2.3 | List of primary antibodies
IF: immunofluorescence; WB: Western Blot
. Host . Applications .
Al lonal I
ntibody S — Clonality & dilutions Supplier
Anti-AMOT Rabbit Monoclonal WAB (1:1000) Cell Signalng Technology
(D204H #433130)
Anti-i -tubulin Mouse Polyclonal WB (1:5000) Sigma-Aldrich (M8064)
Anti-Flag Mouse Monoclonal | IF (1:1000) Sigma-Aldrich (F1804)
IP (1:500)
WB (1:500)
Anti-GFP Rabbit Polyclonal WB (1:2000) Gift from Andrew Peden (custom made)
Anti-GFP Rabbit Polyclonal WB (1:2000) Invitrogen™ (A-11122)
Anti-MAGH1 Rabbit Polyclonal IF (1:250) Sigma-Aldrich (M5691)
WB (1:500)
Anti-MAGI2 Mouse Polyclonal WB (1:200) Santa Cruz Biotechnology (s¢517008)
Anti-MAGI3 Mouse Polyclonal WB (1:200) Santa Cruz Biotechnology (s¢136471)
Anti-Myc (9E10) Mouse Monoclonal | WB (1:1000) Acro Biosystems (MYGMMYCc)
Anti-Myc (A-14) Rabbit Polyclonal IF (1:40) Santa Cruz Biotechnologies (SG789)
Anti-PhosphoYAP Rabbit Polyclonal WB (1:1000) Cell Signaing Technology (#4911)
Serl27
Anti-PTPN14 Rabbit Monoclonal | WB (1:500) Cell Signalng Technology
(D5T6Y #13808)
Anti-YAP Rabbit Polyclonal IF (1:250) Cell Signaing Technology (#4912)
WB (1:1000)
Anti-YAP/TAZ Mouse Monoclonal IF (1:200) Santa Cruz Biotechnology (s¢101199)
WB (1:200)
Anti-ZO-1(1A12 Mouse Monoclonal | IF (1:100) Invitrogen™ (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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Antibod y Applications Supplier
& dilutions

Donkey anti-rabbit IgG (H+L) Alexa Fluof 488 IF (1:500) ThermoFisher Scientific (A-11034)
Goat anti-mouse IgG (H+L) Alexa Flud? 488 IF (1:500) ThermoFisher Scientific (A-11001)
Donkey anti-rabbit IgG (H+L) Alexa FluoP 568 IF (1:500) ThermoFisher Scientific (A-11A}
Donkey anti-mouse IgG (H+L) Alexa FluoP 568 IF (1:500) ThermoFisher Scientific (A-110Q4)
Donkey anti-rabbit IgG (H+L) Alexa Fluof 594 IF (1:500) ThermoFisher Scientific (A-11012)
Donkey anti-mouse IgG (H+L) Alexa Flud? 594 IF (1:500) ThermoFisher Scientific (A-11005)
Goat anti-mouse IgG (H+L) Alexa Flud? 647 IF (1:500) ThermoFisher Scientific (A-21235)
Donkey anti-rabbit IgG (H+L) Alexa FluoP 680 WB (1:10 000) | ThermoFisher Scientific (A-21109)
DyLight™ 800 4X PEG conjugate antimouse 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 inSection 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.

Primer name Sequence 5'-3' Length 'I;m

No (bp) °C)
1 | MMAGH1BN(N-ter-Guk) Notl FWD g;AéTATAGCGGCCGCTGGCATAGTCCACCCGGAGA 40 83.9
2 | mMMAGH1Bn(N-ter-Guk) Xbal REV | GCGCGTCTAGATTCACTTCCGGAACACCTTGTGCA 36 | 832
3 | MMAGHLB WWIWW?2 Notl FWD ﬁ'(I;ATAGCGGCCGCTGGCATAGTCCACCCGGAGAA'I 38| 848
4 | mMMAGF1B WWAWW?2 Xbal REV GCGGCGTCTAGATTCACACAACAGATGCATGATCC 37 82.1
5 | MMAGF1B WW1 Notl FWD ATGCTAAGCGGCCGCTTACCTACCTCTTTCTGCAG 37| 805
6 | MMAGF1B WW2 Notl FWD ATATAAAGCGGCCGCTCAGCAGAAGCCTCTGGAAQ 37| 81.9
7 | MMAGF1B WW1 Xbal REV GGGGGCTCTAGATTCATTCTTCCAGAGGCTTCTGC 37| 80.9
3 mMAGH1B WW2 Xbal REV gGGCGGGTCTAGATTCACTGTTCAAGCTGTTTCTT( 38 82
9 | mMMAGH1B FL BamHI FWD GCAGGATCCTCGAAAGTGATCCAGAAGAAG 30| 74.8
10 | mMMAGFH1B FL EcoRI REV GCAGAATTCCTCACTTCCGGAACACCTTGT 30 76.3
11| mMAGHF1B WW22 5'P FWD [Phos]AAGAAACAGCTTGAACAGCAG 21 61.2
12 | mMMAGHLB WW42 5'P REV [Phos]|GTACTGAGGGAACTTCTGAGA 21| 575
13 | mMAGHF1B WW1 5'P FWD [Phos]CAGAAGCCTCTGGAAGAATGT 21| 62.3
14 | mMAGH1B WW2 5'P REV [Phos]ACATTCTTCCAGAGGCTTCTG 21| 62.3
15 | mMAGH1B WW1 EcoRI REV GCAGAATTCCTGAGTACTGAGGGAACTTCTGAGA 34 74.5
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16 | MMAGH1B WW2 BamHI FWD GCAGGATCCAAGAAACAGCTTGAACAGCAG 30| 76.2
17 | mMAGH1B PDZ2 BamHI FWD GCAGGATCCCCACTGGAGAGGAAAGACAGC 30| 793
18 | PX459 Puro Pacl FWD CGCTTAATTAAGTGATGACCGAGTACAAGCCCAC 34 75.5
19 | PX459Puro BstBl REV GCATTCGAAAATTCTCAGGCACCGGGC 27 79.1
20 | pcDNA3.1(+)nNeoR BstBI FWD GCATTCGAAATGACCGACCAAGC 23| 723
21 | pcDNA3.1(+)nNeoR Pacl REV GCATTAATTAAACGATCCTCATCCTGTCTCTT 32| 70.2
22 | hMAGF1A iip h5'P FWD [Phos]CTACCAGATTACCAGGAACAGG 22 61.3
23 | hMAGHLA i1p h5'P REV [Phos]TCGGTTTTCATACATGCTC 19| 58.7
24 | hMAGHD i1 overlap FWD_A TCCAAAGTGATCCAGAAGAAGAACC 25 67.3
25 | hMAGLHD i1 overlap FWD_A Kpnl | GCGGGTACCTCCAAAGTGATCCAGAAGAAGAACC 34 78.6
26 | hMAGHD i1 overlap REV_B CCACCATTCTTAATCAGTTCTATAGCTCG 29| 67.1
27 | hMAGH1G 1 overlap FWD_C CGAGCTATAGAACTGATTAAGAATGGTGG 29 67.1
28 | hMAGH1G 1 overlap REV_D TCAGATACTGAGGTCGGTGCTAC 23 64.3
29 | hMAGFH1Q 1 overlap REV_D EcoRI| GCAGAATTCATCAGATACTGAGGTCGGTGCTAC 33 74.6
30 | GFRhMAGLF1G 1 Hindlll FWD ATGAAGCTTTCGCCACCATGG 21| 70.2
31 | GFRhMAGL}1G 1 EcoRI REV ATGGAATTCATCAGATACTGAGGTCGGT 28 | 69.9
32 | hPTPN14 FL EcoRI FWD GGAGAATTCTGCCTTTTGGTCTGAAGCTC 29 73.2
33 | hPTPN14 FL Notl REV GCAGCGGCCGCTTAAATGAGTCTGGAGTTTTG 32| 80.1

2.1.2.3.2 Mutagenesis

Mutagenesis primers were designed using theweb-based QuikChange Primer Design Program

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

Table 2.6 | List of mutagenesis primers

. Length m
No Primer name Sequence 5'-3' .
(bp) | O
1| hMAGH1G Mini4 muta FWD ACGGCTCAGTACCAGAATATGACCCCAGCAG 31| 77.3
2 | hMAGF1G 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| mMMAGHIB SEQ1 GTCCACCCGGAGAATGAGGAGG 22
2 | mMMAGHIB SEQ2 GATGGTCCTGCCGCACTGGATG 22
3 | mMMAGHIB SEQ3 GCCTGCACACTGCGTCCCCG 20
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4 | mMMAGHIB SEQ4 GGGGAGAACGAGGGCTTTGGG 21
5 | mMMAGHB SEQ5 CTTGGAGTCCAGTTACCCACC 21
6 | MMAGHIB SEQ6 GTAGCACCGACCTCAGCATC 20

7 | hMAGH1GQ 1SEQ1 CTTTACAGCAGCCGATTCTGG 21
8 | hMAGI1Q 1SEQ2 TCCTGCTGCATTGGATGGCA 20
9 | hMAGH1G 1SEQ3 ACAGCACACAGGTGCTCCCCG 21
10 | hMAGH1GQ 1SEQ4 CTGACCGCTGTGGCAAGCTG 20
11| hMAGH1G 1SEQ5 AACTGATTAAGAATGGTGGC 20
12 | hPTPN14 SEQ1 GCATTTTCTTTATGGGGATTTTC 23
13 | hPTPN14 SEQ2 GTACAGCCAACCGGAGATGCG 21
14 | hPTPN14 SEQ3 GTACAGTGCCCAGCTGCAGGCG 22
15| EGFP 5' FW@¥¥) GTCCGCCCTGAGCAAAGACCC 21
16 | CMV primer FWD (*) CGCAAATGGGCGGTAGGCGT 20
17| T7 FWD(~) TAATACGACTCACTATAGGG 20
18 | bGH REV~) TAGAAGGCACAGTCGAGG 18
19 | hMAGFH1 Exonl CRISPR FWR1 | TGTTTCTCCCATGAACAAGCG 21
20 | hMAGH1 Exonl CRISPR RE¥1 GGAGGGAAGCAGGAAATCGAG 21
21 | hMAGLI2 Exon5 CRISPR FWD2 | GACGAGTGAAAGGAGAGCTCA 21
22 | hMAGI2 Exon5 CRISPR REWS CGCCCTTCTCTGTATAGGCC 20
23 | hMAGH3 Exonl CRISPR FWBES | AGACGCTGAAGAAGAAGAAGCA 22
24 | hMAGI3 Exonl CRISPR REA®S GTCTTGAGACGGATGGGCTC 20
25 | U6 primer FWD (*) GACTATCATATGCTTACCGT 20

2.1.2.4 siRNAs
Table 2.8 | List of SIRNAs
No [n:nleﬁt;rgi] Sequence 5'-3' or catalogue number Source
1 Z':l\r:;e;i:iigig\g ;;rl]\:f]l # AM4611 Applied Biosystems
2 | hMAGHLG siMAGH] CCCAAGCAACACAGGAGCAAGATTT (302)

2.1.2.5 sgRNAs

Table 2.9 | List of sSqRNAs

No sgRNA name Sequence 5'-3' Length (bp)
1| hMAGL}1 ExonT51Bbsl Top CACCGGGAGTTTCCGTACGTCGGA 25
2 | hMAGFH1 Exon151Bbsl Bottom AAACCTCCGACGTACGGAAACTCC( 25
3 | hMAGH1 Exon1G2 Bbsl Top CACCGTTGCCCCGCTATGACGTGC] 25
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4 | hMAGI1 Exon152 Bbsl Bottom | AAACAGCACGTCATAGCGGGGCAA 25
5 | hMAGI2 Exon5G9 Bbsl Top CACCGGCTGACTGTACACTGGTGC 24
6 | hMAGI2 Exon5G9 Bbsl Bottom | AAACGCACCAGTGTACAGTCAGCC 24
7 | hMAGI2 Exon5G4 Bbsl Top CACCGCAGACCCATTGCCTGATAA(Q 25
8 | hMAG}2 Exon5G4 Bbsl Bottom | AAACGTTATCAGGCAATGGGTCTG( 25
9 | hMAGH3 ExonlG5 Bbsl Top CACCGGACTTCGGCGCGGAGATC(C 25
10 | hMAGF3 ExonlG5 Bbsl Bottom | AAACCGGATCTCCGCGCCGAAGTC 25
11| hMAGL}3 ExonlG6 Bbsl Top CACCGGTAAACGGGACGCCTGTCA! 25
12 | hMAGI3 ExonlG6 Bbsl Bottom | AAACCTGACAGGCGTCCCGTTTAC(C 25
2.1.2.6 Expression vectors
Table 2.10] List of expression constructs
GOl: Gene of interest.
Vector GOl
No Plasmid name Source and description size Segment
(bp) (bp)
DCDNA3.1(+) pcDNA3:1(+) plasmid with EGFP tag inserted betweenindlll
1 EGEP & Kpnl sites 6167
From the library of the Erdmann Lab
PCDNA3.1(+) pcDNA§.1(+) plasmid with 3xFlag tag inserted between EcoRl
2 3xFla & Notl sites 5496
g From the library of the Erdmann Lab
pcDNA3.1(+) plasmid with myc taginserted between Hindlll &
3 | pcDNA3.1(+) myc| Kpnl sites 5491
From the library of the Erdmann Lab
pFN21A HaloTag

4 ) Purch f P 47 1-3774

hMAGHLA | urchased from Promega 8479 (2-3774)
1432 pcDNA3 flag MAGIbonstruct p urchased from Addgene
(Addgene plasmid # 10714http://n2t.net/add gene:10714 ;
RRID:A 107)42

pcDNA3 2xFlag ddgene_10714280)

5 MMAGHB Mouse MAGIL1 fused to an Ner 2xFlag tag 9836 (4-3516)

Advertised as FlagmMAGLF1C but after reception of the
plasmid, sequencing data showed that it wasactually mMAGFH
1B followed by 3' UTR

pcDNA3.1(+) Cloning of MMAGH1B middle part (69%3252) into (691

6 | 3xFlag mMAGI1B | pcDNA3.1(+) 3xFlag without the Nter part (4 -690) or the C- 8037 3252)
NN-ter & pC-ter | ter part (3253 -3516) using primers #1L& #2 from Table 2.5

A+ . . .

. giglggAfnﬁA)GlB Cloning of MMAGHLB WW1 & WW2 domains (691239) into | .| (69
WWLWW2 pcDNA3.1(+) 3xFlag using primers & & #4 from Table 2.5 1239)
pcDNA3.1(+) . . .

Cloning of mMAGH1B WW1 & WW2 domains (868.170) into

8 -
EGFPmMAGHLB pcDNA3.1(+) EGFP using primers #& #6 from Table 2.5 6464 868-1170
WWZE2
pcDNA3.1(+) . . .

Cloning of mMAGH1B WW1 domain (8681031) into

9 | EGFPMMAGLH1B . ) 6323 868-1031

WW1 m pcDNA3.1(+) EGFP using primers #& #7 from Table 2.5
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pcDNA3.1(+)

Cloning of mMMAGHLB WW?2 domain (10091170) into

10 Sv?/:/:;mMAGHB pcDNA3.1(+) EGFP using primers && #8 from Table 2.5 6323 10091170

11 pcDNA3.1(+) mMAGI—lB FL (43516) recloned in pcDNA3.1(+) EGFP using 9656 (4-3564)
EGFPMMAGLH1B | primers #9 & #10from Table 2.5
pcDNA3.1(+) . .

12 | EGFPMMAGE1B Deletion of WW1 domalh 618?}1011) from pcDNA3.1(+) EGFP 9515 nE871:
PWW1 MMAGL1B construct using primers #13& #12from Table 2.5 1011)
pcDNA3.1(+) Deletion of WW2 domain (n10331152) from pcDNA3.1(+) (1033

13 | EGFPMMAGLI1B | EGFRMMAGLEH1B construct using primers #11& #14from 9536 1152)
nww2 Table 2.5

" Egﬁiﬁjjﬁgle Deletion of WW1 domain 1871:1152) from pcDNA3.1(+) EGFP( | n(87L

MMAGL1B construct using primers #11& #12from Table 2.5 1152)
NnWW2:2
PCDNAS.1(+) Cloning of MMAGLH1B Nter-GuK (4-870) into pcDNA3.1(+)

15 Ei;FPmMAGI-lB EGFP using primers 8 & #15from Table 2.5 7013 4-870
PCDNAS.1(+) Cloning of MMAGH1B PDZE domains (1153516) into

16 (E:SFPmMAGl-lB pcDNA3.1(+) EGFP using primers & #10from Table 2.5 8507 11528516
PCDNAS.1(+) Cloning of MMAGH1B PDZ35 domains (2140-3516) into

17 (E:;;FPmMAGHB pcDNA3.1(+) EGFP using primers #7& #10from Table 2.5 7520 21403516

PuroR gene cloned from PX459 vector using primers #8 &

18 pcDNA3.1(+) myc | #19(from Table 2.5) and pcDNA3.1(+) MyqiNeoR cloned 5087

PuroR using primers #20 & #21(from Table 2.5) were ligated
together to generat e pcDNA3.1(+) Myc PuroR vector
pcDNA3.1(+) vector containing the hMAGI1G 1 isoform found
in epithelial tissues. The cloning steps are listed below and
described in Annex
STEP1Deletion of the h region (2422-2508) from pFN21A
HaloTaghMAGI1A i1 and replacing it with a Leu (CTA) using
primers #22 & #23 from Table 2.5

pcDNA3.1(+) STEP2Amplification of hnMAGI-1 1 (excluding the Gter

19 | EGFRhMAG}H isoform A) 4-n(2422-2508)-3674 using primers #24 & #26 10526 (4-4398)
1G 1 NeoR (Product AB) from Table 2.5

STEP3Amplification of endogenous hMAGF1G C-ter (3562-
4398) from DLD-1 WT cDNA using primers 27 & #28
(Product CD <=> hMAGI1G 1) from Table 2.5
STEP4:Overlapping PCR to join the AB & CD fragments to
obtain AD using primers #25 & #29 from Table 2.5
STEPSLigate h(MAGHLQ 1 into pcDNA3.1(+) EGFP
pcDNA3.1(+) Recloning of EGFPhMAGL1 into pcDNA3.1(+) PuroR

20 | EGFRhMAGH (pcDNAS3.1(+) myc PuroR digested to excludemyc-tag) using | 10333 (4-4398)

1G 1 PuroR primers #30 & #31from Table 2.5
pcDNA3V5-PTPN14wild type purchased from Addgene

pcDNA3 (Addgene plasmid # 61003 ; http://n2t.net/addgene:61003 ;

21 V5-hPTPN14 WT | RRID:Addgene_61003j75) 9035 (1-3564)

Human PTPN14 fused with a Nerminal V5 tag
pcDNA3V5-PTPN14PPxY purchased from Addgene

pcDNA3 (Addgene plasmid # 61006 ; http://n2t.net/addgene:61006 ;

22 | V5-hPTPN14 RRID:Addgene_61006}75) 9035 (1-3564)

PPxY mutant

V5-PTPN14 where the PPPY (56570) & PPEY (749752)
proline -rich motifs ar e mutated to alanines (AAAA)
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pcDNA3.1(+)

hPTPN14 WT (43564) recloned in pcDNA3.1(+) Myc using

(hMAGI-3 Exon1)

(see Section 2.2.4.2for protocol)

23 - -
myc-hPTPN14 primers #32 & #33 from Table 2.5 9034 (4-3564)
WT
pcDNA3.1(+) . .
hPTPN14 WT (43564 loned DNA3.1(+) M
24 | myc-hPTPN14 . (43564) recloned in pc (MIMycusing 1 g5s | (2-3564)
primers #32 & #33 from Table 2.5
PPxY mutant
pSpCas9(BB)}2A-GFP (PX458)purchased from Addgene
(Addgene plasmid # 48138 ; http://n2t.net/addgene:48138 ;
RRID:Addgene_48138(303)
pSpCas9(BB) Human codon-optimi.zed Cas? fused to a nuclear localisation
25 sequence to ensure its targeting to the nucleus and an EGFP | 9288
2A-GFP (PX458) .
sequence separated by a T2A sequence that will be cleaved
during translation to generate two separate polypeptides.
SgRNA cloning site delimited by two Bbsl sites ahead of the
gRNA scaffold sequence.
Gift from Andrew Peden
26 | PSPCasI(BBY s;m; as for SWCaSQ(BB)ZA-GFP (PX458) but theselection | 9175
2A-Puro (PX459) . PSP . .
marker is a puromycin resistance gene.
PX458 sgRNAL SgRNA1 (G}) targeting hMAGL Exonl (#& #? from Table
27 2.9) cloned into PX458 Cas9-GFP vector using Bbsl enzyme | 9291
(hMAGI-1 Exon1) :
(see Section 2.2.4.2for protocol)
sgRNA2 (G2) targeting hMAGIL Exonl (8 & #4 from Table
PX458 sgRNA2 . .
28 2.9) cloned into PX458 Cas9-GFP vector using Bbsl enzyme | 9291
(hMAGI-1 Exon1) .
(see Section 2.2.4.2for protocol)
PX459 SgRNA9 SgRNA9 (GQ) targeting hMAGI2 Exon5 (6 & #6 from Table
29 2.9) cloned into PX459 Cas9PuroR vector using Bbsl enzyme| 9178
(hMAGI-2 Exonb5) .
(see Section 2.2.4.2for protocol)
SgRNA4 (G4) targeting hMAGI2 Exon5 (# & #8 from Table
PX459-sgRNA4 . .
30 2.9) cloned into PX459 Cas9PuroR vector using Bbsl enzyme| 9178
(hMAGI-2 Exonb) .
(see Section 2.2.4.2for protocol)
SgRNADS (G5) targeting hMAGI3 Exonl (# & #10from Table
PX459-sgRNAS | o2 (GS) targeting (8 &#
31 2.9) cloned into PX459 Cas9PuroR vector using Bbsl enzyme| 9178
(hMAGI-3 Exonl) .
(see Section 2.2.4.2for protocol)
SgRNAG6 (G6) targeting hMAGI3 Exonl (A#1& #12from Table
PX459-sgRNA6 . .
32 2.9) cloned into PX459 Cas9PuroR vector using Bbsl enzyme| 9178

2.1.2.7 Mammalian cell lines

Table 2.1]] 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 (Cac® [Caco2] (ATCC®HTB MA ? ?

DLD1 N-ow¥ yl! E£El¥B Z-¢{2a0 «°8{ YB y! £! ©f
DLD-1 is one of the two cell lines isolated byDaniel L. Dexter (307,308)
Supplier: ATCC (DLOL(ATCC® CCLIHH GA ? ?

MDCKII Madin-Darby Canine Kidney epithelial cell line
Supplier: ECACC(ECACC 00062107)

Details about cell culture can be found in Section2.2.1
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Table 2.12] List of reagents used for cell culture

DMEM DMEM (1X) + GlutaMAXM-1-Z - £x { yy ! U2 ¢l z | {z [w} £{
[+] 4.50/L D-glucose
[+] Pyruvate
Supplier: Gibco®, Life Technologies™ (10569010)
MEM MEM (1X)- Minimun Essential Medium
gAs [wO£{ U2 |wfg«?
[+] L-Glutamine
Supplier: Gibco®, Life Technologies™ (11095080)
RPMI RPMI1640 Medium (1X)
[+] L-Glutamine
[+] NaHCQ
Supplier: SigmaAldrich® (R8758-500ML)
OPTEMEM Opti-MEM™ | (1X)- Reduced Serum Medium
[+] L-Glutamine
[+] HEPES
[-] Phenol Red
Supplier: Gibco®, Life Technologies™ (11058021)
FBS Fetal Bovine Serum, qualified, heat inactivated, E.Uapproved, South America Origin
Supplier: Gibco®, Life Technologies™ (10500064)
Pen/Strep Penicillin-Streptomycin (5,000U/mL) (100X)
5000units/mL o f penicillin
5000pg/mL of streptomycin
Supplier: Gibco®, Life Technologies™ (15070063)
Trypsin Trypsin-EDTA (0.05%), Phenol red (1X)
Supplier: Gibco®, Life Technologies™ (25300062)
Lipofectamine™ 2000 | b P {y«wo ¥{A HFFF jow¥aa|{y« |¥ {w}{¥
i - 8§88£ {OP _¥- «O!}{¥AB \ a~{© iy {¥«
Poly-L-lysine Poly-L-Lysine solution (0.1% (w/v) in HO)
Supplier: Sigma-Aldrich® (P8920)
Puromycin Supplier: Santa Cruz Biotechnologies (¢-10807)
2.1.2.8 Bacteria
Table 2.13] List of bacteria strain and reagents used for bacteria culture
Strain Description
E.coli NovaBlue | K-12 strain of competent cells used for DNA cloning applications
(XL1) Genotype:recAl endAl gyrA96 thl hsdR17 supE44 relAl Ific proAB lackZnM15 Tni0 Tet")]
Supplier: Stratagene GmbH, Heidelberg, Germany
Reagents Description / Recipe
LB medium 10g/L Peptone
50/L Yeast extract
10g/L NacCl

up to 1L ddrO

LB agar plates 15¢g/Lagar in LB medium
Supplemented with:
100ug/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/
MDCKII Dog Kidney Epithelial
Adherent
Caco-2 Human Colon Epithelial MEM + 10% FBS + 1% P/S + 1x NEA
Adherent
DLD-1 Human Colon Epithelial RPMF1840 + 10% FBS + 1% P/S
Adherent

2.2.1.2 Subculture procedure

Table 2.15]| Subculture procedure for mammalian cell lines

Cell line PBS 1X Trypsin 1X Incubation Complete Centrifugation Passaging
at 37°C medium ratios
HEK293 7mL 1mL 1min 9ImL 320xg for 3min 1:10
MDCKII 7mL 2mL 5min 8mL 320xg for 3min 1:10
Caco-2 7mL 2mL 5min 8mL 320xg for 3min 1:41:8
DLD1 7mL 2mL 5min 5-8mL 130xg for 5min 1:10

Cells were cultured in 10cm dishes (DLDB1 cells) or T-75 flasks (HEK293, Cace?2 and
MDCKcells) in an incubator at 37°C with 5% CQ. Once cells reached 7090% confluency, they
were passaged as follow. First, medium was discarded and cells werewashed 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 aninverted 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 2.15to 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 (SeeTable 2.15 in 10mL of compete growth medium. The cell suspension

inside the new vessel was gently homogenize to favour uniform gowth.
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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 DLD1 cells). Cells cultured in 10cm dshes 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 longterm 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 35min 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 F75). Cells were allowedthe attach overnight in the incubator
at 37°C, 5% CQ@ 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 li ne and on

the application, cells were seeded as indicated inTable 2.16.

Table 2.16] Mammalian cells sealing densities

Cell line 6-well plate 12well plate Density assay
HEK293 | 2.5x10cells/well 1x16cells/well

Caco-2 / | 1.5x1Bcells/well | See Section2.2.6.2
DLD-1 3x1Ccells/well | 1.5x1Bcells/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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Lipofectamine™HFFF | ! ££! ® ¥}

are recapitulated in Table 2.17

ow¥-| wy«-0{ o0

¥28 «©y «

Table 2.17]| Transfection protocols for mammalian cell lines

The amount of DNA(Example for HEK293 cells: 1ug) indicated represent the total amount; if cetransfection of two

plasmids: 1:1 mass ratio; if caransfection of three plasmids: 1:1:1 mass ratid?/S: Penicillin/Streptomycin

DNA transfection
HEK293 2.5x16cells/well in 6-well plate pu Ht FEO04) - %d L I £FEDT AAAOAI
pumt £E04) - %Gl &E. !
In growth medium without P/S
Medium changed for complete medium after 24hrs
Protein expression was assessed after 48hrs
DLD1 3x1Ccells/well in 6 -well plate pumL FEO04) - % I EEDI ERAAOAI
pumt £04) - %-Cl £. !
In growth medium without P/S
Medium changed for complete medium after 24hrs
Protein expression was assessed after 48hrs
siRNA transfection
HEK293 | 1x16cells/well in 12well plate PGUt E04) - %d (| £ZEDI AAAOAI
pcuf E04) - -l IMBER . !
In growth medium without P/S
Medium changed for complete medium after 24hrs
Knockdown efficiency was assessed after 72hrs
Caco-2 1.5x16cells/well in 12well plate | Dayl:
pcyi EO4) - a1 EEDPT AAAOAI
PCUl E04) - DIl ITTABER . !
In growth medium without P/S
Day2:
Changed for complete medium
Day3:
pcuf E04) - a1 £EDT EAAOAI
PCUT E04) - w-nbi ITTBER . !
In growth medium without P/S
Day4:
Changed for complete medium
Day5:
Knockdown efficiency was assessed after 96hrs
DLD1 1.5x16cells/well in 12-well plate | Dayl:
pcuf E04) - wd | £EDT EAAOAI
pPCut £04) - %-nbi IMAED . !
In growth medium without P/S
Day2:
Changed for complete medium
Day3:
pcyi E04) - | EEDPT AAAOAI
PCul E04) - w-nbl IMABER . !
In growth medium without P/S
Day4:
Changed for complete medium
Day5:
Knockdown efficiency was assessed #er 96hrs
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2.2.2 Ribonucleic acid methods

Total RNA was extracted from DLD1 WT cells and used as a template for reverse
transcription. The corresponding cDNA was then used to amplify the endogenous MAGi1 G

terminus to generate the EGFRhMAGLF1G 1 expressionconstruct ( Annex1).

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 16 of Section 2.2.1.2The cell pellet was washed once
in PBS 1xCells 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 RNAZa5.

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

Total RNA was extracted and purified using the Qiagen RNeas$ Mini Kit according to
ow¥-| wy«-0©f{0oU02 ¥2 «©-~y« | ¥2D

2.2.2.2 DNAse | treatment

RNA purification was completed by DNase | tredment 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 | treatment

Components Amount
RNA lug

10X DNase | Reaction Buffer| ML

DNase I, Amp Grade (1U/pL)| 1HL

RNasefree water Up to 10uL

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 hyd rolysis of the RNA.Then, 1uL
of EDTA 25mM was added to the reaction.Finally, samples were incubated for 10min at 65°C

to heat-inactivate the DNase |

2.2.2.3 Reverse transcription x cDNA synthesis

Bench, pipettes, tubes and gloves were treated with RNAZaf. 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 theSuper-

i yO 8«A h{-{02f2jowWw¥Ow®z §awNNUNNMd (UO@D hkw& z| o ~{ "

are a mixture of every possible combination of six bases.

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

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

Table 2.19| Reverse transcription
a, STEP1b, STEP2.

a STEP1 +RT | -RT |° b STEP2 +RT | -RT
Random hexamers | 1pL 1lpL 5X First-strand Buffer 4uL | 4pL
(100pM)

DNase | treated total RNA | 11pL | 11pL 0.1IMDTT 2uL | 2uL
dNTPs mix (10mM) 1lpL luL

First, reactions as described in Table 2.19 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 2.1% were added,
solutions were mixed gently and tubes were incubated at 25°Cfor 2min. 1L (200 units) Super-
i y© 8«A h{-{ ©2 yaspddedtd thy RT &ibe whild 1uL of RNasdree water was
added to the -RT tube. Solutions were mixed by gently pipetting up and downand 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 hMAGL1G 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:

1 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

1 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:

1821 nucleotides annealing to the template DNA,
Optional: Start codon (forward primer) and/or Stop codon (reverse primer) if
needed,

1 Optional: Extra nucleotides to ensure conservation of the open reading frame in the

recipient plasmid when creating fusion proteins,

T i8{y | vy ©f{2«0© y« | ¥nddy extfa®36 bafewdit fllowiny 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 nucleotided)ad a 40-60% GC contentand 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 ddH ,0 to a
concentration of 100uM. For PCR, primers were further diluted in ddH»0 to a working

concentration of 10uM.

Page |66

K (


http://nc2.neb.com/NEBcutter2/

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 fragmentsrequired for molecular cloning were amplified by PCR using the Phusion®

High-Fidelity Polymerase. The highfidelity feature is obtained by fusion of the DNA-binding

domain of the polymerase to a Pyrococcus-like proofreading polymerase. Phusion®

polymerase possesses x | « ~Y3WKUZdW

§! £° o{ ©w? 3¥ 5Uhexonuclease« °

proofreading activity, generating blunt-ended products with very high accuracy.

Reactions were prepared as shown inTable 2.20. During the optimisation phase, 20uL

reactions were used; afterwards 50pL reactions were preferred to yield higher amounts of

amplicon and be able to proceed with subsequent steps. DMSO was aded in particular cases

such as for amplification of large templates (~10kb).

Table 2.20 | Phusion® High-Fidelity PCR reaction mix

Components 20pL reaction | 50pL reaction
5X Phusion Green HF Buffer ¢ontains 7.5mM MgC} and two dyes, auL 100L
yellow and blue, for easy monitoring of gel electrophoresis)
dNTPs (10mM) 0.4pL lpL
Forward primer (10uM) lpL 2.5uL
Reverse primer (10uM) 1L 2.5uL
Template DNA (plasmid DNA) 5-10ng 20-40ng
DMSO (Optional) 0.6pL 1.5uL
Phusion® High-Fidelity Polymerase (2U/L) 0.2uL 0.5uL
* Added last
ddH20 Up to 20pL Up to 50pL

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. Heatlid to 110°C

2. Temp. 98.0°C for 30sx initial denaturation

3. Start cycle, 35x
a. Temp. 98°C for 10sx denaturation step
b. Temp.x°C for 30s x annealing step
c. Temp. 72°C for30s/kb x extension step

4. Close cycle

Temp. 72°C for 10minx final extension
6. Hold at 4°C
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Following PCR amplification, DNA was purified (SeeSection 2.2.3.9 before proceeding with

restriction digestion.

2.2.3.2.1.2 GoTad® Polymerase

GoTad® polymerase was used to amplify small fragments of DNA (< 1kb). Indeed, as a Taq

DNA polymerase, GoTaf lacks the 3 5Uexonucleaseproofreading activity and can introduce

errors if amplifying long fragments. GoTaf'} { ¥ { Ow« { 2

Reactions were prepared as shown inTable 2.21

ZdW wengAoveyhingss ®

Table 2.21| GoTad® PCR reaction mix

}ZdWP } {¥] &8 y ZdWD @ yZdW 2°¥«~{2 2 ©O{wy« | ¥ o =~ «-0{
volume).
Components 20pL reaction 50pL reaction

5X Green GoTaq@ Flexi Buffer (Contains two dyes, yellow aul 10Ul

and blue, for easy monitoring of gel electrophoresis) H H

MgClz (25mM) 3.2uL 8uL

dNTPs (10mM) 0.4pL 1L

Forward primer (10uM) 1lpL 2.5uL

Reverse primer (10uM) 1lpL 2.5uL

Template DNA:

a. gDNA 100ng of gDNA 250ng of gDNA
or
b. cDNA 2L of cDNA* 5uL of cDNA*
GoTad® DNA Polymerase (5U/uL)
* Added last 0.1uk 0-25uL
ddH20 Up to 20uL Up to 50uL

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. Heatlid to 110°C

2. Temp. 95.0°C for 3minx initial denaturation

3. Start cycle, 35x

a. Temp. 95°C for 45sx denaturation step

b. Temp.x°C for 30s x annealing step

c. Temp. 72°C forlmin/kb x extension step

4. Close cycle

5. Temp. 72°C for 10minx final extension

Page |68

« ~

| ©) =


http://www.promega.com/biomath

6. Hold at 4°C
The number of cycles were increased to 40x for cDNA amplification.

GoTad® polymerase was used to amplify the genomic region targeted by the sgRNAs.
Subsequently, samples were either sent for sequencing (See Section 2.2.4.3.8.1L or PCR
purified to proceed with T7 assay (See Sections 2.2.3.4.2and 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 cuting 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 conditi | ¥ 2 O? | |
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
GEb z O©O{y«£f£°®° «! «~{ z } {2« ! -¥ndscoftheyDNA gnd¥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 fig of < DNA in 1 hour when incubated at 37°C.
However, to accommodate variability of DNA, it is recommended to increase the enzyme:DNA ratio 510 folds. As
most enzymes from New England Biolabs Inc. have a 20 units/puL concentration, 1uL/ug of DNA to be digestedas
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 <5pL in a 50uL reaction).

Components Amounts
10X Reaction Biffer 5uL
DNA (vector or PCR product) 500ng-4ug
Restriction enzyme | .
* Added last 1pL per pg of DNA to digest
Restriction enzyme Il .
* Added last 1pL per pg of DNA to digest
ddH20 Up to 50uL
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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 heravas 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 wasthen 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, itwas allowed to cool down to approximately 50°C.
SYBR Safe DNA gel stain washen 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 plaed
into the electrophoresis kit, submerged with TAE 1X bufferand 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 ewery
other lanes of the agarose gelwhen purifying DNA to avoid contamination from adjacent
samples.An appropriate DNA ladder, 100bp, 1kb or Aog, was added to the gel to beable, later
on, to assess the size of the DNA fragments. The gel was run at 8@V until the lower dye line
is approximately 75-80% through the gel. DNA fragments were visualised using aBlue LED
llluminator (GeneFlow, Nippon Genetics Europe, Taiwan) The gelwas exposed for as little
time as possible to minimize DNA damage. The band) of interest were excised from the gel
using a sterile scalpel and the agarose was trimmed as close to the band as possiblerinally,
DNA was extracted using the NucleoSpif Gel and PCR clearup kit (Macherey-Nagel)
wyy, ©z ¥} o« aw¥-hswy « ~©f ©oU2 ¥2 « Oy « |
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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
ZiyA [p (BibRad{ =

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 clearup kit (Macherey -
dw} {£? wyyl ©z ¥} «| ow¥-|wy«-0f{oU?2 ¥2 « @Ay «
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 extrac tion of DNA relies on liquid-liquid phase separation between
an aqueous phase, containing the DNA, and an organic phase, composed of pherohloroform.
Phenol has a higher density (1.07g/cr) than water (1g/cm®) and will therefore constitute the
lower phase. To accentuate the phase separation and reduce crosscontamination of the
aqueous phase, phenol is mixed with chloroform (1.47g/cn?). 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 RNAbeing soluble in the
agueous 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:lsoamyl alcohol pH 8.0 (Lower phase of the
bottle) was added to the aqueous solution (containing the plasmid) and the tube wasinverted
to mix. Phase separation was achieved by centrifugation for 2min at topspeed 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 H 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 agueous
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 pdlet was washed with 1mL of 70% EtOHDNA wasonce againcollected
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 ddH;0 (the volume has to be adjusted to the size of the pellet x
typically 30-50uL). 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 (dH 20 or elution buffer). Absorbance of 1L 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 BeerLambert equation:

0z -

6£dRE 01 Od MER

Where A is the absorbance of the sample at260nm, Uis the wavelength-dependent extinction
coefficient (double-stranded DNA: 50ng.cm/pL, single-stranded DNA: 33hg.cm/pL, RNA:
40ng.cm/ L) and b is the length travelled by light (in cm x 1cmin that case).

Purity of DNA samples was assessed with the A260/280 ratio: between 1-2.0 is considered
U§-©{U ZdW >pHDF | ! © hdw?D

2.2.3.6 Ligation

DNA ligation was performed using a T4 DNA ligase#€L0011 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 topermanently

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 lew? « | ¥{ 8§~ 2-§~1 ©° £\
end, provided by the RE digested inserts, to create anintact phosphodiester bond and thereby

Uo{ sw © &~{ow¥z{xf{xo{wetU

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
§~! 28§~ ©%hdprimers. KU

Control reactions, containing the digested backbone but not the insert, were carried out
in parallel to check for unwanted re -circularisation of « ~ { -{y«] © -ead 2 8 «{

dephosphorylation.

Amounts and backbone:insert ratios were calculated using the following equation that

gives a 1:1 molar ratio:

@ E | QL 58 B OO E O((QSQQO@S [ @ino
i Qi DO QFELD e
a0 DNO QOO F Q

Usually, 50ng of backbone and @ackbone:insert ratio of 1:5 were used in a 2QL 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 buffer400 mMm Tris-HCI, 100 mM 2uL
MgCI2, 100 mM DTT5 mM ATP, pH 7.8 at 25°C
Backbone 50ng
Insert 1:5 molar ratio (see above)
T4 DNA Ligase (5 Weiss U/uL) 1L
* Added last
ddH20 Up to 20pL

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, a50uL aliquot of competent cells (E. coli NovaBlue)was thawed on ice for 10min.In the

meantime, LB agar plates supplemented with the appropriate antibiotic s were pre -warmed at
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37°C.Then, asterile 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. 5uL of a 1QuL ligation reaction (CRISPR)
C. 7L of a 20pL ligation reaction

The tube was incubated on ice for 15minfollowed by a heat shock of 1min at 42°CDuring 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. 500uL of LB medium were added to the bacteria and the tube was incubated
for 30-45min (Amp® plasmids) or 1h15min(Kan&® plasmids) at 37°C under congant 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% (50uL) of the culture.

b. Ligation reaction: Plate 100% of the culture by following these exta steps:
Bacteria were centrifuged for 2min at 3615xg, 400uL of supernatant were
discarded and the bacteria pellet was resuspended in the remaining 1L

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, dates 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 scalewas allowing the screening of several colonies andwas sufficient to run

the validation steps before further propagation of the correct plasmid.

Page |74



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: 500uL of 60% glycerol/ddH >0 were thoroughly mixed with 500uL 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 r RT to pellet bacteria before proceeding with plasmid

isolation.

Plasmids were isolated and purified using the GeneJET Plasmid Miniprep Kitaccording
«l ow¥ -] wy « - O{ @hical yieldt10- 5@ PNA whsteluted in ddHO (typically 30-
50uL) 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 scalewasincreased 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 (prewarmed) 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 200uL 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 made500pL of 60% glycerol/ddH 20 to 500 uL were
thoroughly mixed with 500 pL of culture into a 1mL screwtop tube and stored at -80°C. The
remaining of the culture was centrifuged for 15min at 1000xg r 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
ow¥ - | wy « st@dtiand) Jtypical¥yield 500-750ug). DNA was resuspended in ddHO
(typically 200-300uL 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

theyused« ~{ WSSE£ {z X !2a°a«{oal | M F ZdW WY¥wE£°2a{0© w

Sequencing Kit.

Usually, clean reads of 800900 base-pairs were achieved, however, to be on the safe

side, anaverage of about 700bp was considered and primers were designed accordingly.

Electropherogram data ® { ©{ w¥wf£°2{z -2 ¥} | ¥w8] { ¥{
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 analysedB  w
may indicate a high signalto-noise ratio or the occurrence of two nucleotides at that one
position in the case of a CRISPR heterozygote for example. Often, by manuallpoking at the
y~0! aw«! } ©Owa B | ¥{ ®w?2 wx£{ qrthadlgafticular@ositio¥. {THe

sequences were then compared to the original one using a NCBI nucleotide blast

2.2.4 CRISPRCas9 and stable knockout cell lines

CRISPR (clustered regulaly 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 guideRNA,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 canthen occur to repair the DSB: non-homologous end-joining (NHEJ)
repair or homology-directed repair (HDR) ( Figure 2.1). The first pathway, NHEJ, isvery 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 HDRpathway, on the other hand, uses exogenows repair
templates to precisely modify the gene. In this thesis, the NHEJ routewas used to generate

complete knockout cell lines.

HDR

Genomic 5’ = = — 3

5 = = --3 DNA 3 5
3 == ==5 Repair 5 3
template 3’ _\_/' 5

l Premature l
stop
Indel mutation codon Precise gene editing

B um —— = 3 57t A— ——

31-- __--5/ 3/-- --5/

Figure 2.1] CRISPR/Cas9 gene editing and repair mechanisms

The Cas9directed 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 NorHomologous End Joining (NHEJ) repair wil] in most cases,
introduce some insertion/deletion mutations and t he appearance of a premature stop codon causing a gene
knockout. The Homology Directed Repair (HDR) uses a 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 MAGH}1 knockout

We aimed at generating a complete MAGI1 knockout in DLD1 cells, using the CRISPR
NHEJ repair mechanism.hMAGL1 single guide RNAs targeting Exonl were designed using the
CRISPR MIT dsigntool (http://crispr.mit.edu/ ), developed by the Zhang Lab(303).

Table 2.24 | MAGF1 sgRNASs targeting Exonl

Table recapitulating the two single guide RNAs selected to induce MAGIL knockout. Bbsl site. Oligonucleotide

numbers (#) refer to Table 2.9.

Single guide RNA Targeted Sequence_PAM Exonic off -targets
sgRNAL (G1) GGAGTTTCCGTACGTCGGAGGG None
(#1and #2) Top:5'- CACOGGGAGTTTCCGTACGTCGGAR'

Bottom: 5'- AAACCTCCGACGTACGGAAACTCG 3

Duplex:
5'- CACGGGAGTTTCCGTACGTCGGAG'
| WCCCTCAAAGGCATGCAGCCTRAAAXK U
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SgRNA2 (G2) TTGCCCCGCTATGACGTGCTGGG SIPAL(NM_006747)

(#3 and #4) Top: 5'- CACOGTTGCCCCGCTATGACGTGCT3! TTTGCCCACTATGACGTGC

Bottom: 5'- AAACAGCACGTCATAGCGGGGCEA 3' | CNTN5 (NM_00124327Q

TTGCTTAGCTATGAAGTGCTAA
Duplex:

5'- CACGGTTGCCCCGCTATGACGTGCT3!
| YCAACGGGGCGATACTGCACGAAAXK U

Two sgRNAs were selected amongst the highest scores with an extrariterion 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 MAGi2

Table 2.25 | MAGI2 sgRNAs targeting Exob

Table recapitulating the two single guide RNAs selected to induce MAGR knockout. Bbsl 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 -target s
sgRNA9 (G9) GGCTGACTGTACACTGGTGBGG(\Rev) DEPDC5 (NM_014662.5)

CCTGCACCAGTATGAAGTCAGCA
(#5 and #6) Top: 5'- CACCGGGCTGACTGTACACTGGTGE'

Bottom: 5'x AAAGGCACCAGTGTACAGTCAGCG 3' | KCNN4 (NM_002250.3)
CCAGCACCAGTGCCCAGCCGGC

Duplex:
5'- CACCGGGCTGACTGTACACTGGTG 3
| YCCCGACTGACATGTGACCACRAAXK U

SGSM2 (NM_014853.3)
CCTGCACCAGTCTGCAGAGAGC(

PERI(NM_002616.3)
GGCTGACTGTTCACTGCTGCGG(

EPHAL0(NM_001099439.2)
CCTTGGCCAGTGTCCAGTCAGC(

FOXO03 (NM_001455.4)
CCAGCAGCAGTCTCCTGTCAGC(

KIF13B(NM_015254.4)
GGCTGACTGCACCATGATGCGG

SMTNL1 (NM_001105565.2)
GGCTGACTGTGCTCAGCTGCTG(

ARHGEF38 (NM_001242729.2)
GGCTTACTCCACACTTGTGCCGG

SgRNA4 (G4) CAGACCCATTGCCTGATAATGG /

(#7 and #8) Top: 5'- CACOGCAGACCCATTGCCTGATAAG
Bottom: 5'- AAAGGTTATCAGGCAATGGGTCTS 3'

Duplex:
5'- CACGGCAGACCCATTGCCTGATAAG
| YCGTCTGGGTAACGGACTATTRAAXK U
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We aimed at generating a complete MAGI2 knockout in DLD-1 cells, using the CRISPR
NHEJ repair mechanism. Ensembl lists only two isoforms of the protein with an alternatively
spliced Exonl3. However, Hirao and cavorkers reported two alternative START codons
yielding three isoforms that they denominated h,i and* (241). As even the shortest isoform,
4, still possesses the WW domains and PDZ domains, it is highly probable that it would
conserve most of MAGI2 full length interactions and function. We decided to design sgRNAs
targeting Exon5 of the gene, after all potential alternative START codons. Asie MIT webtool
was no longer operating, we used the CRISPOR webtoo(312) (http://crispor.tefor.net/ ) to

design two sgRNAs targeting MAGR 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 MAGI3

Table 2.26 | MAGE3 sgRNASs targeting Exoft

Table recapitulating the two single guide RNAs selected to induce MAGRB knockout. Bbsl site. Oligonucleotide
numbers (#) refer to Table 2.9. IncRNA: Log non-coding RNA.

Single guide RNA Targeted Sequence_PAM Exonic off -targets

SgRNAS (G5) GACTTCGGCGCGGAGATCCGGG GON4L (NM_032292.5

CCTCGGAGCGCCGCGCCGCAGT
(#9 and #10) Top:5'- CACOGGGACTTCGGCGCGGAGATCCGE'

Bottom: 5'x AAACCGGATCTCCGCGCCGAAGTS 3 | HINC00543 (NR_135254)IncRNA

CCCCGCACCTCCGCGCCGTAGTT
Duplex:

5'- CACGGGACTTCGGCGCGGAGATCCGE'
| YCCTGAAGCCGCGCCTCTAGGIRAAAXK U

RP1118J21.25No protein)
GGCCTCGGCGCAGAGATCCTAG(

RP11401P9.7 (No protein)
CCTCAGGTCTCCGCACTGAAGTC

SgRNAG (G6) GTAAACGGGACGCCTGTCAGGG PLCL1(NM_006226.4)

CCGCTGCCGGGCGTCCCGCTTT(
(#11and #12) Top: 5'- CACOGGTAAACGGGACGCCTGTCAG!

Bottom: 5'- AAACCTGACAGGCGTCCCGTTTAC- 3 | CPAL(NM_001868.9

CCTATGAAGGGCGTCCCATTTAC
Duplex:

5'- CACGGGTAAACGGGACGCCTGTCAG!
| YCCATTTGCCCTGCGGACAGTIAAAXK U

LINCO1134(NR_024455.) IncRNA
CCCCTGAGAGGCTTACCGTTTCC

We aimed at generating a complete MAGI3 knockout in DLD-1 cells, using the CRISPR
NHEJ repair mechanism. Ensembl lists four transcripts: MAGI3201, 202, 203 and 204, leading
to three isoforms of the protein. CRISPOR webtool (312) (http://crispor.tefor.net/ ) was used
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to design two sgRNAs targetingexonl Table 2.26). The criteria of selection were the same as
previously for MAGI1 and MAGR. G5 is targeting the beginning of Exonl and has four
predicted exonic off-targets. G6, on the other hand, targets the end of Exonl 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
j ~{ 8wO« WEE®° yl o8f£{o{¥«w®©° | £ }!| ¥-endBdn« 2z {2

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

§~1 28~ ©O°EL£w« | ¥ || «~{ V£ }I2a KU {¥z2 x° «~{
denaturation of the mixtur e was achieved by a 5min incubation at 98°C in a heat block=inally,

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 ( >L)
SgRNA TOP (100M)
SgRNA BOTTOM (1Q0M)
T4 DNA ligase Buffer 10x

(400mM Tris-HCI, 100mM MgC{, 100mM DTT, 1
5mM ATP, pH 7.8 at 25°TC

T4 Polynucleotide Kinase (PNK) 1
ddH20 6
Total 20

2.2.4.2.2 Digestion of the Cas9 vector

PX458 Cas9GFP and PX459 Cas%uroR vectors were digested using the restriction
enzyme BbsI(GAAGACNNMNNNNY), where N is any of thefour bases. These vectors contain
two different Bbsl sites that allow cloning of the sgRNA between the U6 promoter and the
gRNA scaffold Figure 2.2).
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v Bbsl Bbsl v sgRNA scaffold

I 1 T
insertion site

3- . TETGECCCAGAAGCTCTTCTGGA ATCTCGATCTTTATCGTTCAATTT. . -5

A A
3x GFP or
ue CBh FLAG NLS SpCas9 2A Puro NLS bGH pA
pSpCas9(BB)-2A- Bbsl Bbsl

GFP or Puro

Figure 2.2 | Bbsl cloning site in pSpgCas9(BB) vectors
Taken from (303).

First, pSpCas9(BB) vectors were digested asindicated in Table 2.28 for 1hr at 37°C.
i ~{ z } {2 «{ zendswsretthenh, dephosphdrylated by adding 1uL 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.%or detailed protocol.

Table 2.28 | Bbsl restriction enzyme digestion of pSpCas9(BB) vectors

Components Amount ( pL)
pSpCas9(BB) vector (2ug) X
Cutsmart Buffer 10X 5
BbskHF 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 SQRNAs into pSias9(BB) vectors

*: Added last.
Components Amount ( pL)

pSpCas9(BB)digested vector (100ng) X
Diluted oligo duplex 1
T4 DNA ligase Buffer 10x

(400mM Tris-HCI, 100mM MgC{, 100mM DTT, 1
5mM ATP, pH 7.8 at 25°C

T4 ligase* 0.5
ddH20 Upto 10
Total 10
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The annealed sgRNAs were ligated into the Bbsl digeste¢pSpCas9(BB) vectors. A ne
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 1uL of
oligo to 199uLof room temperature ddH >O. 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

a sgRNA insertion

BbsI  Bbsl
_pollll terminator

chicken B-actin promoter

e promnter ~ / §
gRNA Scatryy MV -

pSpCas9(BB)-2A-GFP (PX458)
9288 bp

AAV2 ITR

EcoRI

_ e G1 Bbel_

Cc GT GG G GAC G CACCG GG AGTTTCCGTACGTCG GAGGITTT G GCT G / / GC G T

Ebsf G 2 Bbsl

G GA AGGAC G/ WCACCGETTGCCCCGC T/ GACGTGCTBITTTTAGAGCTAGAAATAGCAAGTT

A_/\/\f\ /‘/\m porAAARMMAANAMAAAARAANAEARANAA N AANAND

Figure 2.3 | Molecular cloning of G1 and G2 into PX458Cas9-GFP vector.

a, SnapGene map of the pSpCas9(BBRA-GFP vector, also called PX458, used as backbone to insert the sgRNAs
(303). The sgRNA insertion site, lined on both sides by Bbsl 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 Il 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 péj# 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 sgRNAG 1) and sgRNAZG2) within the PX458
vector using the U6 primer (# 25in Table 2.7).

First, 5pL of the ligation reaction were transformed into E. coliNova bluecompetent cells
with using the heat-shock protocol ( See Section 2.2.3.7for detailed protocol). The bacteria
were plated onto an LB plate containing 100ug/ 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 inocwdted into 5mL of LB medium supplemented with
100ug/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: 500pL of 60% glycerol/ddH0 were thoroughly mixed with 500puL 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 MiniprepKiwy y | ©z ¥} «| ©w¥-| w
instruction s. 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(sgRM\) vector, a 100mL culture of LB medium
supplemented with 100ug/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 cultureusing aNucleoBond® Xtra Midi kit according

« | aw¥ | wy « -~ ©f GDde agai¥ the resgnee df ¥hé EYRNA 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 selectedto generate CRISPR knockouts.

First, hMAGI1 knockout clones were generated using the pSpCas9(sgRNARA-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 hMAGH2 or hMAGLE3 knockouts were performed by transfecting validated
hMAGI-1 KO clones, G1 8A) and G2 14 (B), with PuroRCas9 vector (#26 of Table 2.10)
containing sgRNAs. In parallel, single MA& and MAG#3 knockouts were generated from DLD-

1 WT cells. To increase the efficiency of gene editing, G9 & G4 were used simultaneously for
MAGI2 and G5 & G6 for MAGI3. 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
pSpCas9(sgRNALRA-GFP(#27) (G) DLD-1WT

hMAGI-1
pSpCas9(sgRNA2)2A-GFP(#28) (G2) DLD-1WT
pSpCas9(sgRNA9)2A-Puro (#29) DLD-1WT

hMAGI -2 + (G9+G4) | DLD-1 G1 §A) hMAGH1 KO
pSpCas9(sgRNA4Y2A-Puro (#30) DLD1 G2 14B) hMAGHL KO
pSpCas9(sgRNA5)2A-Puro (#31) DLD-1WT

hMAGI -3 + (G5+G6) | DLD-1 G1 §A) hMAGH1 KO
pSpCas9(sgRNAB)2A-Puro (#32) DLD-1 G2 14B) hMAGH1 KO

One day prior to transfection, cells were seeded at 2.5x10cells/well in 6-well plates (2
wells/sgRNA). Cells were then transfected with Lipofectamine2000 as follow in antibiotics -
free medium:

pumE "Q 9 "Y'OO 'OWf & "0 "Qn £ "QQ aomIaniQe Q
puTE Q0 "YOD O "@ "Q "Yn GdiQYO) 0
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 (hnMAGI
1) or selected using puromycin (hnMAGI2 and hMAGH3).
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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. Puromycincan 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 res istance
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-1WT cells,
a kill-curve was performed. Eight puromycin concentrations were tested on duplicate wells:
[0; 0.5; 1; 1.5; 2; 2.5; 5; 7ug/mE]rst, DLD-1 WT cells were seeded at 1.5x3¢ells/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: 2ug/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 MAG}
3 single, hMAGI1/hMAGI2 and hMAGHIL/hMAGH3 double KO. In parallel to the
pSpCas9(sgRNA2A-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 2ug/mL of puromycin. Medium was refreshed every two days. The
selective pressure was alleviated once all the nontransfected control cells were dead. The

bulk populations were then cultured in complete RPMI medium.

2.2.4.3.3 lIsolation of single clones by FACS
Cells were sorted with a FACSArid" llu cell sorter with technical support at the Flow

cytometry facility of the University of Sheffield Medical School.

96-well plates were prepared beforehand with 200uL 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 (seeTable 2.15for specific volumes):

First, cells were washed with PBS 1XDissociation 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 1x16cells were aliquoted into a new 15mL
tube. Cells were centrifuged for 5min at 130xg and resuspended in 500uL of OPTIMEM
(flu orescent 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 cdls
Cells were transfected and prepared as described above. The following samples were

prepared:

DLD-1 WT untransfected cells

DLD-1 pSpCas9(sgRNALR2A-GFP

DLD-1 pSpCas9(sgRNA2PA-GFP

Directly before sorting, the viability dye, TO-PRCP-3, was added to the cells to a final
concentration of 50nM. Figure 2.4 shows the EGFP and T&PRGO 3 spectra. TO-PRG 3 dye only
stains nucleic acids ofthe cells when the membrane integrity has been compromised and is

therefore used to label dead cells.

EGvFP TO»PvRO-Zi
100 A
‘\;‘ 75
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©
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Wavelength (nm)

Figure 2.4 | Excitation and emission spectra of EGFP and TEPRG 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 nontransfected cells. A doublet-discrimination
parameter was applied to consider single cells only. The TGPRGO3 dye was used to exclude
dead cells. The brightest 2% of GFRpositive single live cells of each sample were sorted into
single cells (2x 96well plates/sample). The rest of the cells was sorted into bulk GFP-positive
(brightest 2%) and GFRnegative populations to later determine the overall efficiency of the

guides (SeeSection 2.2.4.3.6for T7-assay protocol).

2.2.4.3.3.2 Sorting of live cells
After generation of hMAGI2 and hMAG13 single KO as well ahMAG1/hMAGH2 and
hMAGF1/hMAGI3 double KO bulk populations by puromycin selection, live cells were sorted

to obtain single clones.

The following samples were prepared:

hMAGI2 DLD-1G9+G4 bulk

hMAGHF1/hMAGI2 DLD-1 G1 8 G9+G4 bulk
DLD-1 G2 14 G9+G4 bulk

hMAGI3 DLD-1 G5+G6 bulk

hMAGI1/hMAGIH3 DLD-1 G1 8 G5+G6 bulk
DLD-1 G2 14 G5+G6 bulk

To be calibrated with:

WT DLD-1 WT

hMAGHL DLD1 G1 §A) MAGF1 KOclone
DLD-1 G2 14B) MAGH1 KOclone

Directly before sorting, the viability dye, Propidium lodide, was added to the cells to a
final concentration of 0.25ug/mL. Figure 2.5 shows the Propidium iodide spectrum. Similar to
TO-PRG3, 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 celss appropriate. A doublet-
discrimination parameter was applied to consider single cells only. The Propidium lodide was
used to exclude dead cells. Each sample was sorted into single live cells into 94vell plates (2x

96-well plates/sample).
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Figure 2.5 | Excitation and emission spectra of Propidium lodide.

Graph generated by ThermoFisher Fluorescence SpectraViewer.

2.2.4.3.4 gDNA extraction

Genomic DNA (gDNA) was extracted for each individual clone to check themutations
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 resid ues, targeted by the Proteinase K, that would otherwise rather be

unreachable at the core of protein s.

Cells preparation for gDNA extraction:

First, the cell suspension was transferred (typically the equivalent of either 3x 96-well
wells, 1x 12vell well or 1:10 from a 10cm dish) into a 1.5mL tube&ells were pelleted by a 5min-
centrifugation at 130xg and the pellet was washed once with PBS 1XCells were pelleted once
again by a 5mincentrifugation 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-HCI pH 8.0
200mM NacCl

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 100ug/ml. The volume of lysis buffer needed to be adjusted to the quantity of
cells to be lysed. As an indication, 500uL/sample were used for cellscollected 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
50uL). 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 GoTad® polymerase.

Primers used are listed in Table 2.31

Table 2.31| Primer pairs to amplify CRISPRCas9 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) i { " =a{¥y{ KU| Guides | Annealing T °C
FWD12 (#1 TGTTTCT ATGAACAA

(#19 GTTTCTCCCATGAACAAGCG| . o -, 64°C
REVI2 (#20) GGAGGGAAGCAGGAAATCGA
FWD49 (#2 ACGAGTGAAAGGAGAGCT

(#2)1) GACGAGTG GGGGCCGQ&G4 62°C
REV49 (#22) CGCCCTTCTCTGTATAGGCC
FWD56 (#23

( ) AGACGCTGAAGAAGAAGAAG(C G5 & G6 62°C
REV56 (#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 availablex 50uL 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 | GoTad® amplification of gDNA

*: Added last.
Components 20pL reaction | 50uL reaction
5x Green Buffer 4uL 1quL
MgCl (25mM) 3.2uL 8uL
dNTPs (10mM each) 0.4uL uL
FWD primer (10uM stock solution) JuL 2.5uL
REV primer (1QuM stock solution) uL 2.51L
Template gDNA 100ng 250ng
GoTaq polymerase (5U/pL) * 0.juL 0.25uL
ddH20 Up to 20uL Up to 50uL

Samples were incubated in a thermocycler using the following programme:

a. Heatlid to 110°C
95°C for 3min
c. Start cycle, 35x:

i. 95°C for 45s x denaturation

ii. Annealing T°C for 30s SeeTable 2.31) x annealing step

iii. 72°C for 1minx extension step
d. Close cycle
e. 72°C for 10minx final extension step
f. Hold at 4°C

Table 2.33 | GoTad® master mixes
*: Added last.

Master Mix 1

5x Green Buffer

GoTaqg polymerase*

Master Mix 2

ddH20

MgCl

dNTPs

FWD primer (10>M stock solution)

REV primer (10>M stock solution)

gDNA template
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Proper amplification of the amplified fragments was verified by loading 5u L of the PCR reaction

in a 1% agarose gel iTAE 1X Buffealong 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 1 M).

b. For bulk population characterisation , the remaining PCR reaction was purified using

Macherey-Nagel NucleoSpin PCR Cleatup kit wy y | ©z ¥} « | « ~{

instructions.

2.2.4.3.6 T7-assay

The efficiency of a single guide RNA was assessed using a-Endonuclease assay on the
PCRamplified targeted region of a bulk population (GFP-positives sorted cells or puromycin
selected cells). T7-endonuclease Irecognizes and cleavesmismatched DNA therefore the

more indels generated by NHEJ, the more intense will be the cleaved fragmentson an agarose

gel.

First, gDNA was extracted from bulk populations, including all appropriate controls (WT
cells and GFPnegative population when applicable). The target region was amplified by PCR
using GoTaq polymerase (50LL reaction). See Section 2.2.4.3.5for complete protocol. Then,

the following mixture was prepared in duplicates for each sample:

200ng-500ng of PCR amplified DNA fragment in 7L of ddH.0
+ 2uL of 10X NEBuffer 2

DNA fragments were hybridized to form hetero -duplexes in a thermocycler using the following
programme:

a. Heatlid to 110.0°C

b. Temp. 95°Cfor 5min x denaturation

95-85°Cwith a ramp of -2°C/s x annealing

o

d. 85-25°Cwith a ramp of -0.1°C/sx annealing
e. Hold at 4°C
Next, 1L of T7-endonuclease | was added to one of the duplicates (+T7 sample) while
1L of ddH»0 was added to the other duplicate (-T7 sample). The reaction was incubated for
1hr at 37C and was then stopped by adding 0.750 of 0.5M EDTA and mixing thoroughly. AL
of 6X Purple Loading dye, containing SDS, were added to the samples which were run on a 2%

agarose gel inTBE 1X Buffe(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.

CRISPR/Cas9 induced NHEJ\

~CRISPR/C359

DSB

Cell population

G () G
GDOED @D

‘ Genomic DNA
amplification

Indel mutations

=

‘ Denaturation & re-annealing

Mix of homo &
heteroduplex

‘ T7 endonuclease |
cleavage

Mismatch cleavage

Figure 2.6 | T7 assay workflow.

Workflow diagram of a T7 endonuclease | assay. Within a cell population subjected to CRISPR/Cas9 gene editing,
the PCRamplified 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 | digestion.
Cleaved and uncleaved DNA fragments are then resolved on an agarose gel. Adapted fram

https://www.genecopoeia.com/product/t7 -endonuclease-i-assayKkit/

2.2.4.3.7 Clones expansion

After FACS sorting, the 96well 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: 150uL of medium out of 20uL

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 100.L of PBS 1XThen,30uL 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

Page |92


https://www.genecopoeia.com/product/t7-endonuclease-i-assay-kit/

progress was checked under the inverted microscope and the plate was incubated longer if
necessary. Once cells appeared rounded and loose, 17Quof complete medium were added to
stop the action of trypsin and cells were resuspended thoroughly. Complete cell dissociation
was verified under inverted microscope . Next, 100y of the cell suspension (1:2) was
transferred into a new 96 -well plate (1x wdl) for freez ing (Plate A) while 5x 20uL of the cell
suspension (5x 1:10) were pipetted into5 wells of another 96-well plate for propagation of the

clonal lines (Plate B).Volume was topped-up to 200uL in each wells.

Plate A (96-well plate containing very early passage number of eah 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 30pL, 70uL 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 1®uL of freezing medium (90% FBS +
10% DMSO) ineach 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 extracton. First, cells were collected and resuspended in 170|L of complete medium, as
described above. The cell suspensionof 3x wells (out of 5) were transferred into a 1.5mL tube
(600 L in total) for gDNA extraction and genotyping (See Sections 2.2.4.3.4and 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
transferr ed 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 dishesStocks

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 PCRamplified region of interest (See Section 2.2.4.3.9 was sent for sequencing to
the Core Genomic Facility of the University of Sheffield with the forward primer used for PCR

amplificatio n (Final concentration 1pMm).
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Figure 2.7 | Example of manual reading of sequencing results from a heterozygousCRISPR 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 Exonl. The boxes below indicate the ORF.
G2 14 chromatogram is displaye@ (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 (). STEP1: fe last few base pairs (bp) of the Exonl (CAAG)
were identified for each allele. STEP2: AlleleA 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 neardiploid with 46 chromosomes occurring in 86% of the cells,
according to ATCC which means that in mog cases, there are two alleles to mutate. This also
means that each allele can be mutated in a different way:

1 Clean sequencing chromatogram (single peaks) were analysed against the WT
sequence using NCBI nucleotide blast to check for homozygous mutations @ the two alleles.

1 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 wer e 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 sequ ence, 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 imable 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
MAGLH1 Exonl
G1 8(A) aa85
132_133insG
AsH MAGH Exonl Allele A: aal25
G2 14(B) Allele A: Allele B: Allele B: aa124
257_258del 254 _259del
MAGE2 Exond Allele A: aa283
hMAGI -2 + . .
G9+4 clone3 " Allele A Allele B: Allele B: 22275
824delC 823_917del
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MAGLI2 Exon5
A9+4 clone9 aa281
822_823insG

MAGLI2 Exon5

hMAGI-1/hMAGI -2

Allele A: Allele B: Allele A' 22280
B9+4 clonel0 | g23 g29del | 818C>T Allele B: 22281
819 825del
830_832del
MAGI3 Exonl
hMAGI -3 G5+6 clone28 aa64
99 235del
MAGI3 Exonl
A546 clone7 83 234del aab3
hMAGI-1/hMAGI -3 236T>A
MAGI3 Exonl
B5+6 clone2 aal09
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  CRISPRpopulations

Dish Volume of Lysis buffer
35mm 100pL
60mm 200pL

Protein concentration was measured using DC assay(Section 2.2.5.3 and samples were
prepared to contain equal amount of proteins ( 40-60ug). Samples were denatured by addition
of 4x Laemmli buffer, 5min boiling at 98°C andrun on an 8% polyacrylamide gel (Sedion
2.2.5.9. Proteins were then transferred on a nitrocellulose membrane (0.2um pores) for
90min at 250mA (Section 2.2.5.5. Membranes were subjected to western blotting (Section
2.2.5.9 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, hMAGR or
hMAGI3 antibody while the bottom part (lower molecular weights) was blotted wit hi -tubulin
antibody (loading control). Blocking of the membrane was performed 1hr in 5% MIK/PBST 1X
at room temperature after which m embranes were incubated overnight with primary
antibody (MAGI-1, MAGER or MAGE3) in 23mL of 5% Milk/PBST 1X at 4°C (SeTable 2.40 for

antibody dilutions). Excess antibody was removed by three washes oflOmin in PBST 1X\ext,
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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, nembranes were allowed to dry for a few minutes in a dark environment. Finally,

proteins were detected using the Odyssey S& Infrared Imaging System from LLCOR

2.2.4.3.8.3 Immunofluorescence
hMAGLH1 knockouts were assessed by immunofluorescence. Refer toSection 2.2.6for

complete protocol.

First, cells were seeded at 3x16cells/well on coverslips in 12well plates (clones
alongside WT cells). Immunostaining (Section 2.2.6.9 was carried out 48hrs after seeding
using anti-hMAGE1 rabbit antibody (1:250 dilution) and d'r 488 secondary antibody (1:500
dilution) and cells were imaged using a ZEISS Airyscan Confocal microscope $ection
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 NacCl, 2.7mM KCI, 10mM G4, 1.8mM KHPO4, pH 7.4

50mM HEPES pH 7.5, 150mM NacCl, 1.5mM MgdmM EDTA, 10%
HEPES Lysis Buffer 1% Triton | glycerol, 1% Triton %100,

*1x protease cocktalil inhibitor

50mM HEPES pH 7.5, 150mM NacCl, 1.5mM MgdmM EDTA, 10%
HEPES Lysis Buffer 0.5% Triton| glycerol, 0.5% Triton X-100,

*1x protease cocktalil inhibitor

50mM HEPES pH 7.5, 150mM NacCl, 1.5mM MgQimM EDTA, 10%
HEPESNash Buffer 0.1% Triton | glycerol, 0.1% Triton %100,

*1x protease cocktail inhibitor

100mM NacCl, 20mM TrisHCI pH 8.0, 0.5mM EDTA, 0.5% (v/v)
NETNLysis Buffer 0.5% NP40 Nonidet P-40 (NP-40, #211-100BioVision),

*1x protease cocktalil inhibitor

100mM NaCl, 20mM TrisHCI pH 8.0, 0.5mM EDTA, 0.1% (v/v)
NETNWash Buffer 0.1% NP40 Nonidet P-40 (NP-40, # 211100 BioVision),

*1x protease cocktail inhibitor

50mM Tris pH 7.5, 150mM NaCl, ImM EDTA, 0.1% SDS, 0.5%
Sodium deoxycholate, 1% NP0 (v/iv) (NP-40, #2111100
BioVision),

*1x protease cocktail inhibitor

RIPA Buffer
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4x Laemmli Buffer 250mM Tris-HCI pH 6.8, 40% glycerol, 8% SDS,
20%i -mercaptoethanol, 1% bromophenol blue

10X Running Buffer 192mM Glycine, 25mM Tris, 0.1% SDS (w/v)

1X Running Buffer 10X diluted 16fold in dH20

10X Transfer Buffer 192mM Glycine, 25mM Tris

1X Transfer Buffer 10X diluted 10fold in dH20 + 20% MeOH

Ponceau S 30% Tricholoacetic acid, 2% Ponceau S

1X PBST 0.05% Tween20, PBS 1X

10X TBS 137mM NaCl, 20mM TrisHCI pH 7.6(CST recipe)

1X TBST 0.1% Tween20, 10X TBS diluted i@ld in dH20

2.25.1 Celllysis

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
transfe ction) 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, ells were
washes twice with ice-cold PBS 1Xlce-cold lysis buffer freshly supplemented with 1X protease
cocktail inhibitor was added onto the cells. Volumes of lysis buffer used can be found inTable
2.37.Volumes were adjusted if necessary based on cell densityCells 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. Lys 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 wa 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 100-150(L | 200-300pL
Overexpressing cells 250uL /
Knockdown cells 150 /
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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 antibody coupled to Lysis: HEPES 0.5% Triton
FlagmMAGLF1B / V5PTPN14 ) ) )
Protein A agarose resin Washes: HEPES 0.1% Trito
EGFRPRMMAGH1B / MycPTPN14 Lysis: HEPES 0.5% Triton
] GFRTrap®_Aor Myc-Trap®_A )
hMAGF1G 1/ Myc-PTPN14 Washes: HEPES 0.1% Tritor

Lysis: HEPES 0.5% Triton
Washes: HEPES 0.1% Tritor
Lysis: HEPES 0.5% Triton
Washes: HEPES 0.1% Tritor

EGFRPRMMAG}H1B /FlagmMAGLI1B GFRTrap®_A

EGFPMMAGH1B /endogenous YAP | GFRTrap®_A

FlagmMAGLH1B / MycLATS1/2 Myc-Trap®_A Lysis: NETN 0.5% N0

EGFRPRMMAG}1B / MycLATS1/2 GFRTrap®_A Washes: NETN 0.1% NBO

EGFRPRMMAGH1B / MycPTPN14 Lysis: NETN 0.5% NRO0
GFRTrap®_A

Myc-LATS1/2 Washes: NETN 0.1% NBO

Lysis: HEPES 0.5% Triton
Washes: HEPES 0.1% Trito
Lysis: NETN 0.5% N0
Washes: NETN 0.1% NBO

hMAGI3b*-V5/His / Myc-PTPN14 Myc-Trap®_A

hMAGI3b*-V5/His / Myc-LATS1/2 Myc-Trap®_A

HEK293 cells were seeded at 3x1@ells/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 2.2.1.5wnith 1pg total DNA per well, for 48hrs.Cell lysate (250pL/well) was harvested
and the wells containing the same sample werepulled together. The volume was topped up to
1mL with Lysis buffer, this ensuread optimal mixing during incubation with the beads. Detailed
protocol for cell lysis can be found in Section 2.2.5.1Lysates were cleared of cell debris by
centrifugation for 15min at 16600xg at 4°C5-10% 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 (10uL 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. 25uL of
slurry were used for Protein A-agarose resin and 1015uL for Binding control
agarose beads.Beadswere washed with 200uL of ice-cold lysis buffer and tubes
were centrifuged for 2min at 3615xg, 4°CThe supernatant was carefully discarded
without disrupting the beads . The washing steps were carried out twice more. The
last wash was only removed when tre 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(25pL of slurry).

If performing a pulldown using commercially available Myc-Trap® A or GFR

Trap® A:

The supernatant was carefully transferred to an ice-cold 1.5mL tube containing

pre-equilibrated Myc-Trap®_A(20uL of slurry) or GFP-Trap®_A(10-15puL of surry).

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 he 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
500uL 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 60puL of 2X Laemmli buffer. Pipetting up and down was avoided in order to
avoid losing beads in the pipette tip; instead, the Leemmli 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 PULLDOWNSamples 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 ceip, 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 andpun to ensure
proper homogenisation of proteins . PULLDOWN saples 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 theBio-Rad DCProtein Assay
based on the improved Lowry method. The assay was carried out according to the
ow¥-| wy«-0{0©o0? ¥2 «O-y« | ¥2 w¥z «~{ wx?] Oxw¥y{

microplate reader from BMG LabTech.

First, astandard 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 Omg/mL (6 points). Absorbance values (yaxis) were plotted against Albumin
concentr ation (x-axis) and a linear regression was applied. If the Rvalue was above 0.95, the
equation 8 6 "YMZ M€ &€ Q¢ 0 | cshvassed to determine the protein concentration of
each samples based on their absorbance value. Measures were performel at least in
duplicates and the absolute values averaged Samples were prepared to contain the same

amount of proteins ( 30-60pg) and volumes were adjusted using the appropriate buffer.
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2.2.5.4 SDSPAGE

e e = = = =
Stacking gel Gly a
5%, pH 6.8
5%, p or ly
cIr-
Gly~
[/ Gly"
[/
Resolving gel
6-15%, pH 8.8
Gly~
cr
L+ H H H LH L+

Figure 2.8 | Protein migration and ion fronts in a denaturing discontinuous system.

Adapted from Fig. 2.2 from BioRad Bulletin_6040A, Samples are loaded into the wells.B, Voltage is applied to the
system (50-90V) and the samples enter the gel. The Clions, present in the gel (Tris-HCI) 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 charg@ 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 . =, At the end of the running, individual proteins are organised into band

patterns according to their size.

Protein samples were run on SDSPAGE §odium 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 i -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).

SDSPAGE 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. SDSPAGE were run in the BioRad MiniPROTEAR Tetra Cell according to
ow¥-| wy«-0©{ ©02 ¥2 «©-y« | ¥2D

Table 2.39 | Composition of stacking and resolving gels for SDSPAGE

Stacking gel Resolving gel

Components 10mL 10mL
5% 8% 10%

dH20 6.15mL 5.4mL 4.9mL
40% acrylamide
37.5:1 acrylamide/bisacrylamide L.2oml amt 2-5mt
Tris-HCI pH 6.8 2.5mL / /
Tris-HCI pH 8.8 / 2.5mL 2.5mL
10% SDS 100pL 100pL 100pL
10% APS (ammonium persulfate) 100pL 50uL 50uL
TEMED 10uL 5uL 5uL

Samples were loaded into the gel along withaf w} { h=£{ ©A f ©{ 2 «w ¥{ z

(10-180kDa or 10250kDa) and run with 1Xrunning 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 ClI" 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 (0.2pum pore size) using Mini

Trans-Blot°[ £{ y«©! §~! ©{ « y jow¥?2|{© Y{££2 wyy! Oz

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 stain ing the membrane with
Ponceau S solution which waspoured 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 proteirs is reversible and was washed away using PBST 1X or TBST 1X
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for 5min under constant rotation. Itis important to note that Ponceau S staining can introduce

some background during fluorescence detection.

2.2.5.6 Western Blotting procedure

was performed. All incubation steps were performed under gentle agitation.

To detect specific proteins of interest on the membrane, the western blotting technique

Table 2.40 | List of antibodies used for Western blot and associated buffers

Antibody

Buffers

Dilution

I -tubulin (mouse)

Blocking and antibody incubation:
Washing: PBST 1X

5% Milk/PBST 1X

1:5000

AMOT (rabbit)

Blocking and antibody incubation:

Washing: TBST 1X

5% Milk/TBST 1X

1:1000

Flag (mouse)

Blocking and antibody incubation:

Washing: PBST 1X

5% Milk/PBST 1X

1:500

GFP (rabbit)

Blocking andantibody incubation:
Washing: PBST 1X

5% Milk/PBST 1X

1:2000

MAGH1 (rabbit)

Blocking and antibody incubation:

Washing: PBST 1X

5% Milk/PBST 1X

1:500

MAGF2 (mouse)

Blocking and antibody incubation:

Washing:PBST 1X

5% Milk/TBST 1X

1200

MAGE3 (mouse)

Blocking and antibody incubation:

Washing: PBST 1X

5% Milk/PBST 1X

1:200

Myc (mouse)

Blocking and antibody incubation:

Washing: PBST 1X

5% Milk/PBST 1X

1:1000

Phospho-YAP Ser127

(rabbit)

Blocking and antibody incubation:

Washing: TBST 1X

5% BSA/TBST 1X

1:1000

PTPN14 (rabbit)

Blocking and antibody incubation:

Washing: TBST 1X

5% Milk/TBST 1X

1.500

YAP (rabbit)

Blocking and antibody incubation:

Washing: TBST 1X

5% BSA/TBST 1X

1:1000

YAP/TAZ (mouse)

Blocking and antibody incubation:

Washing: PBST 1X

5% Milk/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

« ~{
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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 BXRT. The membrane was
allowed to dry for a few minutes in a dark environment. Proteins were detected ( Section
2257)1

2.2.5.7 Protein detection and quantification

2.2.5.7.1 Protein detection
Proteins were detected using the Odyssey S& Infrared Imaging System from LFCOR

with a 200um 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
inthe image._ s w} { i « - softward 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 usingthe _ s w} { i « -softward Réctanglés 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.

Band to quantify

/
L
]-"?”;]

Background region

Figure 2.9 | Western blot guantification using Image Studio™ Lite software.
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This was done for the loading control (i -tubulin) and the protein signal to quantify. First,
i -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 associatedi -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 Serl27 antibody was assessed prior to using it for

characterisation. The protoco | was supplied by Cell Signaing Technology.

First, total protein was extracted from DLD-1 WT and MAGI knockout clones G1 8 (A)
and G2 14 (B) using RIPA buffer supplemented with PhosSTOP tabletSection 2.2.5.). Samples
were prepared with equal amount of total protein: 40ug ( Section 2.2.5.3 and run in duplic ate
(WT_G18 G2 14WT_G1 8_G2 14) on a 8% SPDRAGE EGection 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 asindicated 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 2.2.5.6with the PhosphoYAP Ser127
primary antibody.

Table 2.41| Phosphatase treatment after transfer

Components CIP/"APhosphatase Negative control
ddH20 700puL 800uL
10X NEBuffer for Protein MetalloPhosphatases (PMP) 100pL 100uL
10XMnCl2 100pL 100pL
Alkaline Phosphatase Calf Intestinal CIP, 10,000 units/mL) 50uL /
Lambda Protein Phosphatase ¢#00,000 U/mL) 50pL /

2.2.5.8.2 PhosphoYAP Serl27 assay

The aim of this assay was to assess the proportion of phosphorylated YARN the Serl27

residue with respect to cell density.
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First, cells were seeded in 60mm dishes at 0.75x10cells/cm? (medium density) and
2x10cells/cm? (high density) . 24hrs later, total protein was extracted with NETN Buffer (0.5%
NP-40) supplemented with protease cocktail inhibitor and PhosSTOP (Section 2.2.5.1L
Samples were prepared and run identically on two 8% SDSPAGE Gections 2.2.5.3and 2.2.5.9.
Western blot was performed with anti -PhosphoYAP Serl127 & anti -tubulin antibodies on one
membrane, and anti-YAP (total YAP) & antii -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 -
tubulin signal. Then, the proportion of PhosphoYAP Ser127 (PhosphoYAP Serl27 / 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 PolyL-lysine to undergo the immunostaining process without too much
cell loss. The following steps were performed under sterile conditio ns in a tissue culture hood.
First, Poly-L-lysine 0.1% solution was diluted 1€fold in ddH20 and 1mL of 0.01% Polt-lysine
solution was added on top of each coverslip (in 12well plate). The PolyL-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 YAPcell density dependent subcellular

localisation.

2.2.6.2.1 Density assay in wildtype cell lines

The density assay in wild-type cell lines (as shown inFigure 3.1) were performed as follow .

First, cells were seeded in 12well plates on coverslips (coated with Poly-L-lysine in the case of
HEK293 cellsx Section 2.2.6.) 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 inSection 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 wildtype cell lines

The surface area of a well in 12well plate is 4cm?.

WT cell lines LOW MEDIUM HIGH Days of culture

HEK?293 0.15x1Ccells/cm? | 0.25x16cells/cm? | 0.75x1Gcells/cm 2 3 days
Caco-2 0.25x10cells/cm? | 0.5 x1Gcells/cm? | 1.25x1Bcells/cm? 6 days
DLD1 0.0625x1Gcells/cm? | 0.25x1Gcells/cm? | 0.75x108cells/cm? 3 days
MDCK 0.125x16cells/cm? | 0.25x1Gcells/cm? | 0.75x10cells/cm? 3 days

2.2.6.2.2 YAP subcellular localisation upon MAGIL knockdown at high density

YAP subcellular localisation was then assessed in Cac@, HEK293 and DLEL cell lines
upon MAGL1 transient knockdown. Cells were seeded in 12well plates on coverslips (coated
with Poly-L-lysine in the case of HEK293 cellsx Section 2.2.6.) for siRNA transfection as
indicated in Table 2.16. Then, siRNA transient transfection was performed using MAGF1 siRNA
and Scrambled siRNA (described inTable 2.8) as detailed in Table 2.17 Cells were fixed and
subjected to anti-MAGFL and antiYAP or anttYAP/TAZ immunostaining (Section 2.2.6.9.
Finally, mages 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 densitiegn DLD-1 cells
upon MAGHL and/or MAGI3 stable knockout. Cells were seeded in 12well plates on
converslips at MEDIUM and HIGH densities (as indicated iTable 2.43) and cultured for 24hrs.
Anti-YAP immunostaining was performed as described in Section 2.2.6.4and 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 12vell plate is 4cm?.

MEDIUM HIGH

0.75x108cells/cm? | 2x1CGcells/cm?2
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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 MAGIL KO cloneG2 14) were seeded at 3x1®ells/well in 6-well
plates. Transfection or co-transfection was performed 24hrs after seeding as described in
Section 2.2.1.5The next day, transfected cells were split and re-seeded on coverslips in 12well
plates at 3x10cells/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 Fluof™ 488, Alexa Fluof™ 568 and Alexa Fluof" 647.
Finally, mages were acquired with an Airyscan confocal microscope. For the colocalisation
experiment in DLD-1WT cells, asingle slice was acquired in Airyscan mode while for the
colocalisation experiment in MAGI1 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 NacCl, 2.7mM KCI, 10mM NROs, 1.8mMKHPQy, 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 %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 unde 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 beingiixed with 4% PFA/PBS 1X for 15min under a fume hoodExcess PFA
was removed by washing the cells once with PBS 1X. Any unaeted aldehyde molecules were
then quenched by incubating cells with 0.1M Glycine/PBS 1X for 5mirCells 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 1XNext, cells were blocked in
0.5% FBS/0.01% Tween20/PBS 1X for 1lhr to reduce unspecific bindingSamples were
incubated with primary antibody overnig ht in a humidity chamber at 4°C. A piece of Parafiln

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 35uL 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 1XCoverslips 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 X to remove the excess antibody. Then,
coverslips were washed once with PBS 1Xand once with dH 20 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 6L Prolong gold anti-fade mounting medium. Slides were left to cure
(solidify) for 24hrs at room temperature in a dark environment. The next day, he 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 aLSM880 Airyscan Confocalusing a 63X oil immersion

objective. Images were acquired with the ZEISS ZEN Digital imaging software.

2.2.6.6 Image processing x Fiji

After acquisition, images were exported as TIFF files and further processed with the Fiji

software. All images from a same experiment were processed inthe 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 oneway 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
zw«w 8! ¥«2D j~{ E£w««{p&B.05), {fesultefl frofna wide°varibbflity §f¥ { U2  « {
values between repeats. Moreover, the normalisation to either WT or one density condition,
necessary to compare several western blots, artificially set th e variance for the control group
to zero. This prevented the use of a modified one-way ANOVA, robust to unequal variances,

such as BrownForsythe 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 anbysis: 1) Normal distribution (most likely due to the low n
¥-ox{©? w¥z H? [ " -wf -woO w¥y{2a >b{-{¥{Ua «{23«?D
sample size. Therefore, a BrowrForsythe one-way ANOVA was performed instead A Brown
Forsythe one-way ANOVAconsists in transforming the data by taking the absolute deviation of
each data point from the median of the group (transformed value = ABS(original value x
median of the group)) before running a one-way ANOVAThis test indicated a statistically
significant difference amongst cell lines (a: F(6,6.018)=379.062, p<0.0001land b:
F(6,8.085)=290.310, p<0.0001L To determine where this difference laid, a post hoc Games
Howell multiple comparisons Uest 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 w} w ¥B «~{ zw«w?2{« 8§O0{2a{¥«{z -¥{" -wE
0.0001) and unequal sample sizes. Therefore, a BrowsForsythe one-way ANOVA was
performed which indicated a statistically significant difference in nuclear YAP amongst
micropatterns sizes (F(5,914.161)=142.460, p<0.000Tp determine where this difference laid,
w 8! 38« ~ly Jwo{a Al @®{E£f ©v-£« 8§E£{ y!o8wO 2! ¥aU «{
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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 (Figur e 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 Phaseguid€¥ 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 PhaseGuide™ 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 (Figur e 2.10b-d).

10 ol = \
[Po %o §0° &og 00]
ECM gel
\
e . b :

R Flow
ECMgel channel

Caco-tube
with flow

Figur e 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. PhaseGuides™ are indicated

by dotted lines. b, Exampe of a guttubule made with Caco-2 cells. The middle channel is used for the extracellular
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matrix (ECM). Cells are then seeded in the top channel while the bottom channel is left free for medium perfusion.
¢, 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 cellshaveformed a tubule. b-d, Taken from Figure 1 0{314).

2.2.8.2.1 Collagen| coating

The Collagen! (Culturex 5mg/mL, #3440-100-01, Lot# 4242%18 4mg/mL solution was
prepared on ice, as follow, immediately prior to dispensing it in the 3-lane middle channel. The
final HEPES/NaHCGQCol -1 ratio is 1:1:8, volume to volume.

First, HEPES 1M was mixed with NaHGOB7g/mL. Salts were used to increase the
solutionU pH and allow polymerisation of Collagen-I. Then, Collagen-| 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 (2uL/chip) within ten
minutes. Plates were incubated at 37°C, 5% C®@for 15min to allow polymerisation of the
Collagenrtl. Finally,30uL of HBSS were added to the gel inlés to keep the ECM hydrated until

cell seeding.

The gel channel is lined on both sides with Phaseguide¥”. Once the Collagen! had

polymerised, it created permeable barriers between channels ( Figure 2.1).

Top channel

Middle channel

Bottom channel

Figure 2.11] Phase contrast images of a 3lane design from the observation window (Top view).

(Left) Empty chip. (Right) Collagen-1 has been dispensed in the middle channel allowing menisci to form on the

PhaseguidesM 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 OrganoPlaté
DLD-1 cells were used to form guttubules (Table 2.45).

Cells were trypsinised and collected into 15mL tubes. 10uL of cell suspension was mixed
with 10uL of Trypan blue and half was added into each side of a counting slide§vS050, VWR.

The cell number of each population was measured in duplicate using anautomated cell
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counter ([ | [ AB d Wwd)e Lxdfcglla for each population were aliquoted and pelleted
(200xg, 5min) into micro -centrifuge tubes. Cells were resuspended in 100uL of RPMtomplete
medium to reach a concentration of 1x10dcells/uL. The cell suspension was then thoroughly
homogenised prior to seeding in the channels. 2uL of cell suspension at 1xf6ells/uL were
dispensed into the top channel inlet. One chip per plate was left cell-free to use as a negative
control in assays. Next, 50uL 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% GJCfor
3hrs to force cells to sediment onto and atta ch first to the ECM. Once cells had attached to
their substrate, 50uL 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 bidirectional 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
DLD1 WT P32-38 wWT
G1 8 (clone A) P45-50

MAGI1 KO

G2 14 (clone B) P43-49
G5+6 clone 28 P45-50 MAGI3 KO
A5+6clone 7 P55-60 MAGI1/MAGI3 double KO derived from
B5+6 clone 2 P5358 MAGLH1 KO clone A or B

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 tlhough the epithelial layer
have to enter the cells, by diffusion or active transport, which grants high selectivity to these

tissues.

Barrier integrity (Bl) assays were performed to assess the leak-tightness of the tubules.
It consisted in monitoring the d iffusion 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 TRIT&extran 4.4kDa fluorescent probes. The celtfree

chip served as positive control for a leaky chip.
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Bl assays were performed as follow. First, # 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 FITGDextran 150kDa Gigma, 46949 and TRITGDextran 4.4kDa Sigma,
T1037 in RPMI complete medium to a final concentration of 0.5mg/mL. Then, 40uL of
fluorescent solution were dispensed in the top inlets and while only 30uL were pipetted to the
outlets to allow quick perfusion. The middle and bottom channel inlets and outlets were filled
with 20uL 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 ofthe 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 wavelengthovertime. The ratio Fluoce/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.
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—— Leak-tight tubule
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Figure 2.12| Example of quantification of the barrier integrity assay in OrganoPlate®.
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a, Example of leaktight (gut tubule x Top) and leaky (cell free control x 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 (Fluocel) is
normalised to the fluorescence in the top channel (FluoTor) 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 lte gel channel, until reaching a value of ~1.0 at
steady-state. ¢, Bar graph representing the value of the fluorescence ratio at the last time point considered (b x

purple dotted box).

2.2.8.4 EdU proliferation assay

An EdU assay ThermoFisher Scientific, Click-if A f £-2 [zk WE{ w \ £-! OA
#C10640 was used to determine the number of cells proliferating in early (Day4) and late
(Dayl0) stages DLD-1 tubules. This assayrelies on the incorporation of a modified thymine
analogue, EdU, into newly synthesed DNA. The detection is then possible through a click
reaction catalysed by copper, between the alkyne residue of the EAU and the azde from the

Alexa Fluof® dye, creating a covalent bond between the two molecules (Figure 2.13) (315317)

Alexa Fluor®

Copper-catalysed azide-alkyne cycloaddition

N N=—p
Z NG -— Cu(l) V¢

¢ SN +
Alexa Fluor \,;‘ dl N

=

Alexa Fluor®
Edu

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 FluoP probe containing an azide residue. Copper catalyses the click reaction between the two moieties,

linking them covalently. b, lllustration of the click cycloaddition. Adapted from (45,318).
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The first 3-lane OrganoPlaté® 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 Dayl0 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 Fluof 647

Reaction buffer additive

The EdAUY | ¥y { ¥« Ow« | ¥ WwW¥z ¥y-axw« | ¥ « w#of ®{ ©f
instructions and MIMETAS protocol. First, the EdU compound was fed to the cells and
incubated for 4hrs (37°C, 5% CQ, 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 ClickT® 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 nie were stained with Hoechst® 33342
(supplied in the kit) at a working concentration of 5ug/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 &w imaging. Zstacks 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 vere excluded.
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Table 2.47 | Parameters used in the MIMETAS plugin to process EdU assay

Nuclei size 7um

Magpnification/ 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 kit8, #96992) was used to assess the
number of viable cells in the DLD1 tubules on Day7 after seeding. The watessoluble
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.

j~{ wraw° ®wd y!¥z-y«{z wyy!Oz ¥} «} «~{
protocol. Two types of negative controls were used: cell-free control and no WST-8 reagent

control.

First, a1:10 working dilution of WSTF8 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, asorbance 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 (r abbit) 1:100 711500, Invitrogen™

ZO0-1 (rabbit) 1:250 61730Q Invitrogen™

E-cadherin (mouse) | 1:300 610181, BD Biosciences

MAGF1 (rabbit) 1:250 M5691, SIGMA Aldrich (Merk)
(previously described in Table 2.3)

YAP/TAZ (mouse) 1:200 Sc-101199, Santa Cruz Biotechnologie
(previously described in Table 2.3)
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Immunostaining of cells in the OrganoPlaté® 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% FBSPBS). Next, cells were
permeabilised for 20min 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
ActinGreen™ 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. Zstacks 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 wer processed with the same parameters.

Table 2.49 | Fluorescent antibodies used for immunostaining in the OrganoPlate®.

Antibody /Probe Dilution Cat#, Company
ActinGreen™ 488 ReadyProbe$® 2 drops/mL | R37110.ifeTechnologies
Goat anti-rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa FluoP 555
Goat anti-Mouse IgG (H+L) CrossAdsorbed
Secondary Antibody, Alexa FluoP 488

1:250 | A21428, InvitrogernM

1:250| A-11001nvitrogen™

Hoechst 33342 1:2000 | H3570, Invitrogen™
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Figure 2.14| Confocal imaging of gut tubules in a 3lane OrganoPlate®.

a, Top view of a 3-lane chip (schematic representation) with the top (Tubule), middle (Collagen-I) and bottom
(Medium) channels, separated by PhaseGuide8". The turquoise box indicates the bottom layer of cells (XY plane)
that is imaged with an inverted microscope (example shown in c). The orangebox 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 DLD1 WT tubule stained
with Hoechst (nuclear counterstain, Blue), anti-YAP (Green) and anttMAGLF1 (Red) antibodies. Images acquired
with a confocal microscope, 20x objective. Scale bar: 50um.The images show only the top channel, containing the
tubule and part of the gel channel. The positions of the lumen, PhaseGuidéM and Collagen| 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.
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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 densty 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 143-3
(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).

MAGL1, aight junction and multi -PDZ domain protein, was recently identified in a Hippo
pathway kinome RNAI screen(160). Their findings indicate that MAGF1 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 MAGL regulation of YAP
subcellular localisation. First, we asked whether MAGt1 was a universalregulator of cell
density-dependent Hippo signaling in epithelial cells. Then, weestablished a stable system to
study the effects of MAGLE1 on YARSerl127 phosphorylation status andsubcellular 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 MAGF2 and MAGI3 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

MAGH1L, a multiPDZ 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 MAGIG U 2 £ ¥¢ <«AP pattwfay

remains elusive.

3.3.2 YAP localisation is cell density dependentin 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-] - « b oWf U2 wy « - «°D m{
immunofluorescence qualitative assay to assess YAP subcellular localisation aoss different
cellular densities. Two kidney and two colon adenocarcinoma epithelial cell lines, namely
HEK293, MDCKII, Cace2 and DLD1(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 cytoplasmbut mainly accumulates in nuclei to promote cell proliferation;
2) as density increases, celicell 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 MDCKII, Cao-2 and DLDB1 cells we
observed that YAP was enriched at celicell contacts (White arrowheads) already in sparse
cultures. Taken together, our results show that YAP subcellular localisation is celldensity
dependent in HEK293, MDCKII, Caco?2 and DLDB1 cdl 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 | Epithelial Normal

Human Embryonic Kidney Adherent

MDCKII Dog Kidney Epithelial Normal

Madin-Darby Canine Kidney Adherent

Caco-2 Human Colon Epithelial Colorectal
AdenoCArcinoma of the COlon Adherent adenocarcinoma

DLD-1 Human Colon Epithelial Dukes' type C, colorectal
Daniel L. Dexter Adherent adenocarcinoma
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a HEK293 b MDCK
DAPI YAP/TAZ Overlay DAPI YAP/TAZ Overlay

LOW
LOW

MEDIUM
MEDIUM

HIGH
HIGH

c Caco-2 d DLD-1
DAPI YAP/TAZ Overlay Hoechst YAP/TAZ Overlay

LOW
LOW

MEDIUM
MEDIUM

HIGH
HIGH

Figure 3.1| YAP subcellular localisation is cell density dependent in epithelial cells

HEK293 (n=3) @), MDCK:-1I (n=1) (), 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 anttYARTAZ antibody. Images were acquired
with an epifluorescence (a-c) or a confocal (d) microscope. Scale bars: 20um. At low cell density(LOW), YAP is
mostly nuclear. When density increases (MEDUM), YAP becomes distributed between nucleus and cytosol and in
dense cultures (HIGH), YAP is excluded from the nucleus (arrows). In MDCKII (b), Caco-2 (c) and DLD-1 d) cells,
YAP is localised atcell-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. MDCHl (b) images taken by DhruvRitesh
Shah, undergraduate student. Secondary-only controls are shown in Figure A. 2.
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3.3.3 MAGL1 depletiondrives YAP into the nucleus at high cell density

3.3.3.1.1 MAGL1 transient knockdown promotes YAP nuclear localisation at high cell density
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Figure 3.2 | MAGE1 transient knockdown in HEK293, Cace2 and DLD1 cells

HEK293 (n=3) @ & 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. ScramblediRNAwas used as a negative control. MAGL knockdown efficiency
was assessed by western blot using an antMAGF1 antibody andi xtubulin was used as loading control (b, d & f).
Quantification of MAGF1 knockdown efficiency was performed in each cell line. Individual data points are shown
and the bars represent the mean value +S.E.M. MAGILL levels were first normalised to the associatedi xtubulin

signal. Scrambled siRNA control represent 100%.

Next, we investigated the consequence of MAGI1 transient depletion on YAP
nucleocytoplasmic shuttling using the previously described density read-out assay. HEK293,
Caco-2 and DLD1 cells were seeded to reach high density within 96hrs or 120hrs depending

on the cell line (See Chapter 2, Section2.2.6.2.2for protocol details). Transient transfection
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was performed with either MAGI -1 or Scrambled siRNAKnockdown efficiency was assessed
by western blotting using an anti-MAGF1 antibody andi xtubulin as a loading control (Figure
3.2). We reached, in all three cell lines, a 70% reduction of the MAGIL expression levels upon

siRNA transfection.

Q0

HEK293
DAPI YAP Overlay Zoom

DAPI YAP Overlay Zoom

Scrambled
siRNA

MAGI-1
siRNA

o

Caco-2

Scrambled
siRNA

MAGI-1
siRNA

]

Hoechst YAP/TAZ Overlay

Scrambled
siRNA

MAGI-1
siRNA

Figure 3.3 | MAGL1 transient knockdown induces nuclear localisation of YAPat high cell density.
HEK293 (n=2) @), 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. ScramblediRNAwas used as a negative control.

MAGL1 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 densecultures. Images were acquired with an
epifluorescence (a & c) or a confocal (d) microscope. Scale bars: 20um. In samples transfected with the Scrambled
siRNA, YAP localisation is mainly cytoplasmic as expected. However, MAGIltransient depletion drives YAP to the
nucleus at high density in all three cell lines. The white arrowheads (d) indicate MAGI1 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 MAG!1 siRNA transfected cells Figure 3.3). HEK293 and Cace2 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 antiMAGLI1 antibodies and imagd with a confocal microscope. We
observed the same YAP phenotype in confirmed MAGI1 knockeddown cells. Our results are
in line with the work of Mohseni and co-workers (160) and show that transient depletion of
MAGLH1 drives YAP into the nucleus at high cell density. Taken together, our data show that
MAGL1 plays a role in the regulation of YAP subcellular localisation. We therefore hypothesized
that MAGI-1 could either act by promoting LATSmediated 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 MAGH}1 overepression does not promote cytoplasmic retention of YAP in sparse
cells

Next, we asked whether overexpression of MAGI1 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 localistion from nuclear to cytoplasmic, should there be one.
PTPN14 was used here as a positive controFirst, HEK293 cells were transiently transfected
with either Flag-mMAGF1B or V5PTPN14 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 expectedh 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, MAGI1
overexpression did not induce translocation of YAP from nucleus to cytoplasm. We observed
the same behaviour in DLD1 cells Figure 3.4b). Interestingly, we noticed that overexpression
of MAGL1 in HEK293 was enriching YAP at cetlell contacts (Arrowheads) which is not the
case in WT cells Figure 3.1a and Figure 3.4atop panel). In DLD1 cells, on the other hand, as
noticed previously (Figure 3.1d), YAP was already enriched at the plasma membrane at low

density regardless of MAGI1 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 ow cell

density, unlike PTPN14MAGH!1, being a tight juncton 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 MAGL1 contributes to YAP being enriched at celtcell contacts in HEK293 cells

a HEK293

V5-PTPN14 WT Untransfected

Flag-mMAGI-1B

EGFP-hMAGI-1CB1

Flag-mMAGI-1B

Figure 3.4 | MAGL1 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 FlagnMAGF1B
(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), antiYAP/TAZ (endogenous), anttPTPN14 or anti

Flag antibodies as indicated. Hoechst was used as nuclear counterstain. Images were acquired with an

epifluorescence microscope. Scale bars: 20um. In untransfected cells, YAP is normby nuclear in sparse cells. Upon
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overexpression of PTPN14, YAP is forced out of the nucleus, corroborating literature (73,74). mMAGIH1B
overexpression does not induce YAP exclusion from the nucleus at low cell density Arrowheads point at enriched

YAP at the celtcell contacts upon MAGL1 overexpression.b, DLD1 cells were kept at low density and transiently

transfected with either EGFP-hMAGF1G 1 or FlagmMAGL1B constructs as indicated (n=1). Immunostaining was
performed with an anti -YAP antibody (endogenous) and antiFlag antibody when appropriate. Hoechst was used
as nuclear counterstain. Images were acquired with a confocal microscope. Scale bars: 20um. The white asterisks
indicate cells overexpressing MAG}1.Here again, MAGIL overexpression does not affect YAP nuclear localisation at
low cell density. In DLD1 cells, YAP is enriched at the plasma membrane regardless of MA&l 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 MAG}1 transient depletion, we aimed at generating
MAGLH1 stable knockout cell lines using CRISPR/Cas9 technique to further characterise the

nature and mechanism of MAG}1 regulation of YAP.

The DLDB1 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 MAGLF1 at tight junctions (Figure 3.5)

3) Expresses high levels of MAGL(320)

4) YAP nucleocytoplasmic shuttling based on cell density is conserved Figure 3.1d)
5) DLD-1 cells are 9095%diploid (321)which make them suitable for CRISPR/Cas9

technique.

Hoechst / EGFP-hMAGHCpB1 Hoechst / Hoechst / EGFP-hMAGIICB1 /

Figure 3.5 | MAGE1 colocalises with ZG1 at tight junctions.

Confocal images of DLD1 cells acquired with a 60x objective. DLB1 cells were transiently transfected with EGFR
hMAGLF1G 1 (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 Zstacks, 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 MAGH1 colocalises with ZO1. Scale bars: 20pum.

We aimed at generating complete MAG}1 knockout in DLD1 cells, using the CRISPR NHEJ
(Non-homologous end-joining) repair mechanism. We therefore designed single guide RNAs
within Exonl 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 Exonl to increase the chances of efficiency. Primers to
amplify the targeted region were designed using NCBI Primer Blast tool (Primers #19and #20
from Table 2.7, Chapter 0). Each sgRNA was cloned into a PX458as9-GFP vector (See
Chapter 0 for detailed proto col).

I:> , Exoni = — Intron1

O ——— - - - - Genomic level

]
ATG

PDZO  GuK PDZ1 PDZ2 PDZ3 PDZ4 PDZ5  Ppotein level

- A

ATa ﬂ* \7 == B — C

Alternatively spliced regions

Figure 3.6 | Design of two sgRNAs targeting MAGIL Exonl

(Top) Map of MAGG -WKTH, Exonl 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:h, i and C-terminal tail. Targeting Exonl, 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 | MAGH1 sgRNASs targeting Exonl

Table recapitulating the two single guide RNAs selected to induce MAGIL knockoutalong with the primers designed
to amplify the targeted region (illustrated in Figure 3.6). Bbsl site. Oligonucleotide numbers (#) refer to Table 2.9
(sgRNAs) andTable 2.7 (primers) of Chapter 0.

Single guid e RNA Targeted Sequence_PAM Exonic off -targets
sgRNAL (G1) GGAGTTTCCGTACGTCGGAGGG None
(#1& #2)

Top:5'- CACCGGGAGTTTCCGTACGTCGGAG'
Bottom: 5'- AAACCTCCGACGTACGGAAACTCLG 3'

Duplex:
5'- CACGGGAGTTTCCGTACGTCGGAG'
| YCCCTCAAAGGCATGCAGCCTRAAXK U
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SgRNA2 (G2) TTGCCCCGCTATGACGTGCTGG SIPAL(NM_006747)
(#3 & #4) TTTGCCCACTATGACGTGCAAA

Top: 5'- CACOGTTGCCCCGCTATGACGTGCT3'

Duplex:
5'- CACGGTTGCCCCGCTATGACGTGCT3!
| YCAACGGGGCGATACTGCACGAAAXK U

Bottom: 5'- AAACAGCACGTCATAGCGGGGCEA 3' | CNTN5 (NM_00124327Q
TTGCTTAGCTATGAAGTGCTAA

Sequences of p rimers to amplify the  sgRNAs targeted region

FWD212 (#19 K ¥TGTTTCTCCCATGAACAAGCE U I U k j h
REV12 (#20) K ¥GGAGGGAAGCAGGAAATCGAG U Intronl
a
MAGI-1 knockout clones
Gl 8 (A)
G1 XGA PAM
WT 200 GCGGAGCACGGEEGACGTITCCETACETE - BCCGTGGCGGCGGTCGAGGCAGCGGGGCTTCCCGGCGGL 268 a FIameShi ft
PEErrrrrerreerrrrrer et e rrr e et e e e e e e e bt STOP at 85aa
GL 8 200 GCGGAGCACGGGGAGTTTCCGTACGTCGGGAGCGGTGGCGGCGGTCGAGGCAGCGGGGCTTCCCGGCGGE 269
G2 14 (B)
G2 PAM
G2 14 a1 320 GGTCCGGGTGTCCGGCTTGCCCCGCTATGAC--GCTGGGGGTCATCGACAGCTGCAAGGAGGCCGTC 384 X
PEErrrrrreeeerrrrrrrrrrr e tt=20 0t teerrr e et et ernnt Frameshift
< STOP at 125aa
WT 32( GGTCCGGGTGTCCGGCTTGECCCECTATCACCTECTCGGGGTCATCGACAGCTGCARGGAGGCCGTC 386 X
PECUEEEUEEEE T LR U EE e = FEEEEEEE L e e > Frameshift
STOP at 124aa
G2 14 A2 320 GGTCCGGGTGTCCGGCTTGCCCCGCTA=-~-=-=TGCTGGGGGTCATCGACAGCTGCAAGGAGGCCGTC 381
b c
DLD1 MIKO  MIKO MAGI-T Hoechst / MAGI-1
WT G18(A) G214 (B)
1B: MAGI-1=T™8 170kDa
-
2
IB: B-tubulin | M— SR — 55102 -
9
(=)
[eo]
5]
s
o
O
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Figure 3.7 | Validation of MAGIH1 knockout clones G1 8 (A) and G2 14 (B).
a, Sequencing results of G1 8 (A) and G2 14 (B) MAdI knockout (KO) clones. Alignment with WT sequence of the

targeted region. G1 8, a homozygote clone, countsa one-nucleotide addition that leads to a frameshift and a
premature STOP codon after 85aa. G2 14 is a heterozygote KO clone. One allele (Al) suffered a tviase pair
deletion while the other (A2) underwent a five -nucleotide deletion. Both alleles have a pemature STOP codon at
125 and 124aa respectively. The numbers in red indicate the extent of the mutation in nucleotidesb, Proteins were
extracted from MAGI-1 KO clones and DLEL WT and samples were subjected to western blotting with an ant-MAGF
1 antibody. i xtubulin was used as a loading control. The red arrow points at the MAG}1 band which is gone in the
KO clones.c, MAGH1 KO clones and DLEL WT cells were cultured on coverslips and subjected to anttMAGH1
immunostaining. Images were acquired with a confocal microscope. Hoechst was used as a nuclear counterstain.
Scale bars: 20um. The white arrow indicates MAGI1 junction localisation with is no longer visible in MAGI1 KO

clones.

DLD-1 WT cells were transfected with either PX458-G1 or PX458G2 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 inFigure 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, SIPAL1 and CNTN5, were checked by sequemgj in

G2 14. No mutation was found in either of these genes.

3.3.3.1.4 MAGL1 stable depletion mildly affect YAP subcellular localisation at high cell density
Using the freshly generated MAG}1 knockout clones, we repeated the density assay.
DLD-1 WT cells alongsid G1 8 (A) and G2 14 (B) MAGI 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
MAGLI1 KO clones alike showed nuclear YAP/TAZ at low cell density. However, some
divergences appeared at higher densities. While there was a striking differe nce between
medium and high density in WT cells, MAGI1 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 altures observed in MAGF1 KO
clones (Figure 3.8) was milder than in MAGL1 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 MAGH1 depletion.
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Figure 3.8 | MAGL1 knockout mildly affects YAP subcellular localisation at high cell density.

MAGL1 KO clones and DLEL WT cells were cultured on coverslips and subjected to anti YAP/TAZ immunostaining
(n=3). Images were acquired with a confocal microscope. Scale bars: 20um. DLB1 WT cells display the normal YAP
phenotype with a nuclear localisation in sparse cells and a progressive cytoplasmic retention increasing with
density. In MAGH1 KO clones, in dense cultures, YAP is still distributed betwen nucleus and cytoplasm. This

phenotype is milder than in MAGE1 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 structure s and interacting
network s (Chapter 4). Interestingly, Hammad et al. observed a compensation effectbetween
MAGH1 and MAGI3 for the regulation of Corticotropin -releasing factor receptorl (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 MAGHL and MAGI2 in DLD1 cells

MAGI2 has mostly been studied andcharacterised in kidney and brain. However, a study
reported a negative regulation of MAGI2, also known a SSCAM, on VPAE a GPCRIin intestinal
epithelial cells (323).
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3.3.4.1.1 Expression ofMAGI2 in DLD 1 cells
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Figure 3.9 | MAGF2 expression inCaco-2, DLB1 and HEK293 cell lines.

MAGI2 expression in Cace2, DLB1 and HEK293 cell lines. Cells were lysed and 60ug of total proteins were loaded

on an 8% PAGE. The membrane was probed with artMAGF2 antibody andi 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 MAGI2
(158kDa). M = protein ladder.

MAGLI2 expression in gut cells has been reported by Gee and ceworkers who were able
to detect and knockdown MAGI-2 in T84 cells (323). These cells are immortalised colon
wz{¥  ywOy ¥, aow y{££2 «~w« ~wz &f «wiedDul, ifdafsa «; «
from a colon adenocarcinoma. To verify MAGI2 expression in DLD1 cells, proteins were
extracted alongside two other cell lines, Caco-2 and HEK293. Samples were subjected to
western blotting with an anti -MAGF2 antibody. MAG12 theoreti cal molecular weight is 158kDa.
A prominent band, above the 170kDa marker, was observed in all three cell linesKigure 3.9,
red arrow ). As a point of comparison, MAGL1 protein of 161kDa also runs above the 170kDa
marker ( Example inFigure 3.7b). DLD-1 cells appear to have a higher expression of MAGE
than HEK293 and Cace2.

3.3.4.1.2 Generation of stable MAGI2 and MAGI1/MAGI2 knockout cell lines using
CRISPR/Cas9 technique
In Annex 3, we describe the generation of MAGI2 single and MAGI1/MAGI2 double

knockouts bulk populations and isogenic clonesin DLD-1 cels.

Unfortunately, MAGI-2 knockout in clones could only be confirmed at the genomic level
(Annex3). In the meantime, a recently submitted thesis work reported correlation between
cancer metastasis and reduction of MAGLF2 expression levels in their cohort of patients
suffering from colon adenocarcinoma. However, they evidenced the absence of MAGI2 mRNA
expression in three colorectal cancer cell lines, namely HT-115, RKO and HRIB (265).
Interestingly, the DLD-1 and HRT18 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, MAGR

may not be expressed in DLD1 cells either (265). To properly answer the question of
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expression of MAGH2 in DLD1 cells, further experiments would be required such as gPCR.

However, due to time restriction, we did not investigate the MAGI-2 track further .

3.3.5 Depletion of both MAGI1 andMAGI3 accentuates YAP defect at high cell density
MAGL3 is the third member of the MAGI family. Its expresdon is ubiquitous in epithelial
cells and has been shown to localise at tight junctions(242). MAGI3 hasbeen implicated as a
potential new regulator of the Hippo -YAP in breast cancer cells (301). Moreover, as
investigated in Chapter 4, MAGH1 and MAGI3 share many binding partners within the Hippo

pathway which further suggest a potential compensatory mechanism or redundancy.

3.3.5.1.1 Expression of MAG13 in DLD 1 cells
First, we checked MAGI3 expression in DLD1 cells.Total protein was extracted from

DLD-1 cells along with Cace2 and HEK293 cells. Samples were subjected to western blotting
with an anti-MAGF3 antibody. A band was detected in all three cell lines Figure 3.10, Red
arrow) which size matched the longest MAGH3 isoform, MAGH3a (Figure 3.12a). The most
prominent band in HEK293 cells was running just above the 130kDa marker Kigure 3.10,
Orange arrow) and would correspond to the shortest isoform, MAGI-3b. MAGH3 expression
levels were altogether low in Caco-2. However, in DLB1 cells, a good signal was observed for

MAGL}3a which we can speculate is the predominant isoform in this cell line.
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Figure 3.10| MAGL3 expression in Caco-2, DLD1 and HEK293 cell lines

Cells were lysed and 60ug of total proteins were loaded on an 8% PAGE. The membrane was probed with anti
MAGI3 antibody andi xtubulin was used as loading corirol. The band above the 170kDa marker (Red arrow) is
present in all three cell lines and matches the size of MAGI3a (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 MAGH3 protein expression levels were affected upon MAGFH1
knockout. Total protein was extracted from DLD -1 WT and MAGIL KO clones, G1 8 (A) and G2
14 (B) and subjected to anttMAGF1L and antiMAGI3 western blotting (Figure 3.1).
Surprisingly, MAGI3 protein levels were not increased as a consequence of MAGIL knockout.

On the contrary, they appeared slightly decreased in G1 8 (A) clone. However, the other clone
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showed no difference. MAGF3 expression levels have been reported b 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 clon respectively, already displayed
different levels of MAGI3 protein. Our hypothesis therefore shifted towards redundancy

rather than compensation between MAGI-1 and MAGI3, as no upregulation was observed.
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Figure 3.11] MAGL3 protein levels are not upregulated upon MAGF1 knockout.

MAGLI3 expression in MAGH1 knockout clones. Cells were lysed and samples were subjected to western blotting
using ant-MAGH1 and anttMAGLI3 antibodies. | xtubulin was used as loading control.a, Example of membrane
showing MAGI3 protein levels in MAGHL knockout clones. The membrane contained more samples that have been
cropped out. The full western blot is shown in Figure 3.13a. Red arrows: MAGI3a andb. Turquoise arrow: MAGF1
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 MAGH3 signal (as shown in a) was taken into account for the quantification. MAGI-3 signal was
normalised to its i xtubulin signal and is represented as a percentage of DLB1 WT. Bars represent meantS.E.M.

MAGLI3 is not upregulated in MAGH1 knockout clones.

3.3.5.1.2 Generation of stable MAGI3 and MAGI1/MAGI3 knockout cell lines using
CRISPR/Cas9 technique

a

PDZ0 GuK wWwi-2  PDZi PDZ2 PDZ3 PDZ4 PDZ5
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MAGI3-201 [ " E s Y e C O Y -
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1163kDa

MAGI3-202&3 123.3kDa

(=] ‘—""l

MAGI3-204 126kDa

Genomic level

WW1-2  PDZI PDZ2 PDZ3 PDZ4 PDZ5 .
Protein level

= —— s e Al cOiesss X )’
G5 G6

Figure 3.12| Two sgRNAs targeting Exonand all isoforms of MAGE3.
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a, Ensembl lists four MAGI3 transcripts giving rise to three isoforms. The Gterminal 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 MAGI3204 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 and REV56). (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 MAGR in the
regulation of the Hippo-YAP pathway, we aimed at generating MAGB single and MAGI1/MAGI3
double knockout cell lines. Similar to MAGF1, MAGI3 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 Exonl, namely
G5 and G6 figure 3.1 & Table 3.3). The 56 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 PX459Cas9-Puro vector (See Chapter 0 for detailed protocol ).

Table 3.3 | MAGE3 sgRNAs targeting Exonl

Table recapitulating the two single guide RNAs selected to induce MAGB knockout along with the primers designed
to amplify the targeted region (illustrated in Figure 3.12b). Bbsl site. Oligonucleotide numbers (#) refer to Table
2.9 (sgRNASs) andTable 2.7 (primers) of Chapter 0.

Single guide RNA Targeted Sequence_PAM Exonic off -targets
SgRNA (G5) GACTTCGGCGCGGAGATCCEGG GONA4L (NM_032292.5
(#9 & #10) CCTCGGAGCGCCGCGCCGCAGT!

Top:5'- CACGGGACTTCGGCGCGGAGATCCE!

Bottom: 5'x AAACCGGATCTCCGCGCCGAAGTS 3 | HINC00543 (NR_135254)IncRNA

CCCCGCACCTCCGCGCCGTAGTT
Duplex:

5'- CACCGGGACTTCGGCGCGGAGATCCG!
| YCCTGAAGCCGCGCCTCTAGGIAAAXK U

RP1118J21.25No protein)
GGCCTCGGCGCAGAGATCCTAG(

RP11401P9.7(No protein)
CCTCAGGTCTCCGCACTGAAGTC

SgRNA (G6) GTAAACGGGACGCCTGTCAGGG PLCL1(NM_006226.4)

(#11& #12) CCGCTGCCGGGCGTCCCGCTTT(
Top: 5'- CACCGGTAAACGGGACGCCTGTCAG

Bottom: 5'- AAACCTGACAGGCGTCCCGTTTAC- 3 | CPAL(NM_001868.9

CCTATGAAGGGCGTCCCATTTAC
Duplex:

5'- CACGGGTAAACGGGACGCCTGTCAG!
| YCCATTTGCCCTGCGGACAGTIAAAX K U

LINC01134(NR_024455.) IncRNA
CCCCTGAGAGGCTTACCGTTTCC

Sequences of p rimers to amplify the  sgRNAs targeted region

FWD56 (#23) K YAGACGCTGAAGAAGAAGAAGEA U Exonl

REV56 (#24) K ¥GTCTTGAGACGGATGGGCTC U Exonl
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First, we aimed at generating bulk populations by Puromycin selection. DLD1 WT, G1 8
(A) and G2 14 (B) were transfected with both PX459 G5 and PX459G6 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, MAG}3 KO bulk population and clones derived from
WT cells will bereferred to as G5+6while MAGI1/MAGI3 doubleKO bulk population and clones,
A5+6 or B5+6 when derived from MAGH1 KO clones G1 8 (A) or G2 14 (B) respectivelffter
Puromycin selection, the efficiency of the bulk MAGI3 knockout was assessed by western
blotting (Figure 3.13). The intensity of both MAGI3 bands (Red arrows) substantially
decreased in both MAGI1/MAGI3 bulk populatiors, indicating very efficient bulk MAGI3
knockouts. However, the G5+6 MAGI3 bulk population showed a less pronounced reduction

of MAGI3 signal.

a o o
& ¥
S} o \s o &
&
AN
9 W e s 8 ¥
R i @vg’ W é‘g;ﬁ M
B MAGLs [ == 170kDa
p—— g— [ — 130kDa
1B: MAGI-1 = E B S St | 170kDa
1B: B-HUDUIIN | — — — — — — 00kDa
b MAGI-3 KO MAGI-1 MAGII/MAGI3 MAGI-1 MAGI1/MAGI3 KO
KO KO WT KO
G5+6 G5+6 G5+6 GI8  A5+6  A5+6 G214 B5+6 B5+6 B5+6 B5+6 Iy
27 28 32 » 7 25 (B) 2 3 9 13
[ p— — S| — — 0
1B: MAGI-3 : - _— - =
W = * || 130k0a
IB: B-tubulin ‘—-— —— R i H }:'ﬁkna

e __ﬂkna

IB: B-tubulin ‘ —— q _l— JI JI ” I—- I |- 55kDa

Figure 3.13]| Validation of MAGI3 single and MAGI1/MAGI3 double knockout at the protein level.

Western blot analysis of MAG#3 single and MAGI1/MAGI3 double knockout bulk populations 4) or isogenic clones
(b). Proteins were extracted from each cell line (as indicated). Samples were subjected to western blotting with

anti-MAGI3, anttMAGI1 and anti xtubulin antibodies. M indicate s the molecular weights of the protein ladder used.
MAGE1 knockout is confirmed in all clone A or Bcderived populations (Blue arrow). Red arrows/brackets: MAGI3 a
and b isoforms. a, MAG}3 bulk KO was very efficient in A5+6 and B5+6 bulk populations butdss 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 MAGH#1, clones were screened at the genomic
level using sequencing and at the protein level with western blotting (Figure 3.13). Among

the validated MAGI3 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{gure 3.13, green boxes.

Mutations at the genomic level for the selected clones are recapitulated in Figure 3.14

a| MAGI-1 knockout clones

Gl 8 (A)
Gl jq PAM
WT 200 GCGGAGCACCCHENES - JCBE TCGCGECGGTCGAGGCAGCGGEECTTCCCEGCGEC 268 3 Frameshift
FECEREEEEEEEE R R s L e e STOP at 85aa
Gl 8 200 GCGGAGCACGGGGAGTTTCCGTACGTCGGEAGCEGTGECGECGETCGAGGCAGCGGEECTT 269
G2 14 (B)
G2 PAM
G2 14 Al 320 GGTCCGGGETGTCCGGCTTGCCCCGOTATGAC -GCT GEGEGTCATCGACAGCTGCARGGAGGCCGTC 384 >
Frameshift
FEEREEEETE e e i e e e e et =2 e e e e e e e e ety STOP at 125
a Saa
WT 320 GGTCCGEGTGTCCGECIIBECEEECT AT CACETEETGEEC CTCATCGACAGC TGCAAGGAGECCGTC 386 X
2 Frameshift
FEELEEREEEREEEE e -s (AR RN STOP at 124aa
G2 14 A2 320 GGTCCGGGTGTCCGGCTTGCCCCGCTA=---=T6CTGGGEGTCATCGACAGCTGCAAGGAGGCCGTC 381
b|MAGI-3 knockout clone
G5+6 28
GH PAM
WT 54 TCCTGEGCCEGECCCCCEEECBAL! TTCCCC 123
RN R NN AR RN AR RN RN E
@5+6 28 54 TCCTG G 9.
WT 124 TACCTE0AC0aCTCCACANIEAACCOREC00GR0CACCTOCTOCTCOTCTCOBACARAECACCCABE 193 3 o s oy
= STOP at 6daa
@546 28 02 mm e e e e 92
G6 PAM
WT 194  CCAGGCGATGTGCTGCTGGAGHIAANCEEEACEECTETEABCGGGC TCACCAACCGGGACACCCTGGCT 263
FEEEEEEEEEEEr e e rerreery
G546 28 93 mmsm s ss s seeessseeseoooee TCAGCGGGCTCACCARCCGGGACACCCTGECT 124

C|MAGI1/MAGI3 double knockout clones

A5+6 7
G5 PAM
WT 54 TCCTGEEGCCEEE0CCCCEEECBALY ccc 123
A5+6 5 79
WT 124 TACCTGGGGCGGCTCCGCGAGGAGC CCGGCGGGGGCACCTGCTGCGTCGTCTCGGGCAAGGCGCCCAGE 193 .
2 Frameshift
s STOP at 53aa
B546 T 19 mmmmmmmm e o e 79
G6 PAM
WT 194  CCAGGCGATGTGCTGCTGGAGHIANACGEGACEECTETCABCGGGC TCACCAACCGGGACACCCTGGCT 263
FEEREEEERERE e rerreerty
A5+6 B et ACCAACCGGGACACCCTGGCT 110
B5+6 2
G5 PAM
WT 54 TCCTGGGCCGGGCCCCCGEGC GALT TTCCCC 123 .
= Frameshift
I I I (A RRRRARRRARAY I I 2 FEREREERREr e STOP at 53aa
B5+6 2 54 TCCTEEGCCGEEC0CCCGEECEACT TORGOGCEGAGAT -~ GCGETEGCGCEGAGCETGECEAGTTCOCE 121

Figure 3.14| Mutations of MAGI-3 single and MAGI1/MAGI3 double knockout clones.

Sequencing results of MAGHL, MAGI3 and MAGI1/MAGI3 knockout clonesa, Alignment of G1 8 (A) and G2 14 (B)
MAGEH1 KO clones with WT sequence at the targeted region (MAGIL Exonl)b-c, Alignment of G5+6 28 MAGI (b)
and A5+6 7 & B5+6 2 MAGI1/MAGI&) KO clones with WT sequence at the targeted site (MAGH3 Exon1l). In the ase

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 nucle otides.

3.3.56.1.3 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 MAG}1 knockout. We started by testing the
MAGI3 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. MAGI3 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 displged a more serious defect in YAP localisation. Indeed, the

double knockout appeared to enhance YAP nuclear localisation at high cell density.

hMAGI-1KO hMAGI-1KO

e MAGI-3 bulk KO hMAGI-3 bulk KO

A5+6 bulk B5+6 bulk

MEDIUM
DENSITY

HIGH
DENSITY

Figure 3.15| MAGI1/MAGI3 double knockout enhances YAP defecttehigh cell density.
MAGH3 and MAGI1/MAGI3 bulk populatios (Figure 3.13a) and DLD-1 WT cells were cultured on coverslips and

subjected to anti-YAP/TAZimmunostaining (n=2). Images were acquired with a confocal microscope. Scale bar:
20pm. In DLD1 WT cells, YAP is normally distributed between nucleus and cytoplasm at medium density and
completely excluded from the cytosol at high density. MAGF3 KO bulk population still presents equally distributed

YAP, much like MAGH KO clones Figure 3.8). MAGI1/MAGI3 double KO bulk population show mainly nuclear YR

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 MAGH in their regulation
of YAP subcellular localisation at high cell dengty. 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] MAGiIs single and double knockout appear to push back to threshold for high cell densitysensing

MAGHL, MAGI3 and MAGI1/MAGI&nockout clones (Figure 3.13a) as well asDLD-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: 20um. In DLB1 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.

Page |140


















































































































































































































































































































