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Chapter 1: Thesis Introduction

1.1 Abstract

The laminins (LM) are a family of basement membrane glycoproteins with
essential roles in supporting epithelia, endothelia, nerve and muscle adhesion,
and in regulating a range of processes including cell migration, stem cell
maintenance and differentiation. However, important questions regarding the role
and mechanisms of LM-LM interactions in regulating cell behaviour, and the
dynamics and turnover of LMs at high resolution have not been fully addressed.
In this thesis, | harnessed the power of recent advancements in genome-editing
technologies to create tools to study these questions in ways that have never
before been possible.

LM to LM interaction is dependent on interaction between globular LM N-terminal
(LN) domains. The importance of these interactions is illustrated by genetic
disorders where point mutations in LN domains result in serious, often fatal,
clinical manifestation. However, the mechanisms behind the phenotype of these
disorders could be due to multiple overlapping mechanisms which analysis in
animal models cannot differentiate. To allow mechanistic investigation, | used
CRISPR-Cas9 genome editing to introduce a LN domain disrupting mutation,
E234K, into LMa5 in the human lung adenocarcinoma cell line A549, generating
a cell-model of these diseases. The mutant cells displayed reduced cell surface
expression of LM-binding integrins, reduced attachment rate and strength of
adhesion, reduced force exertion, decreased wound healing, migration
processivity and proliferation in 2D culture. The mutated cells also showed a
reduction in focal adhesion maturation. HEK293 cells cultured on the LMa5
mutant cell-derived matrices also showed a reduced attachment rate and strength
of attachment, whereas culturing mutant cells on wildtype cell-derived matrices
rescued the strength of attachment phenotype, confirming that these aspects of
the phenotype are matrix-driven. Cells cultured on mutant cell-derived matrices
also showed a reduced phosphorylation in multiple signalling components of the
receptor tyrosine kinase pathways, including AKT phosphorylation. Analyses of
the mutant-cell derived matrices identified an increase in LM disorder, as well as
an increase in collagen levels in the matrix and other changes to core
composition.

One of the big advancements in studying LM deposition was plasmid-mediated
expression of fluorescently tagged LMs. However, while extremely useful, these
tools had limitations including difficulty in delivery due to large construct size,
related to the potential issues with physiological relevance related to
overexpression, and being restricted to transient expression. Here, | report two
distinct approaches to generate genome-edited cell lines with endogenous
expression of tagged LMs for conventional and super-resolution fluorescent
microscopy. Using CRISPR-Cas9, | introduced the photoconvertible fluorophore
Dendra2 into the C-terminus of LMB1 in A549 cells. Despite successful
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expression of the tagged protein within cells, no detectable LMB1-Dendra2
protein was deposited to the extracellular matrices or conditioned media of edited
cells. However, all was not lost in the quest for a super-resolution, genome-edited
LM, with the ground-work here laying the foundations for future a photo-
activatable LM tag.

Together, these new tools and data have substantively advanced the field of LM
and basement membrane research. The LMa5 mutant cell line has highlighted
the complex and diverse role of LM polymerisation, a role once thought to be
solely structural.
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1.2 List of Abbreviations
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Abbreviation

(Dulbecco’s) Phosphate Buffered Saline

Adenocarcinomic human alveolar basal epithelial
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Protein kinase B

Basement Membrane(s)

Bone morphogenetic protein
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CRISPR-Associated protein 9

Cytomegalovirus Promotor
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Clustered regularly interspaced short palindromic
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CRISPR RNA
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A549

AKT

BM(s)

BMP

BP230

Cas9

CMV Promoter
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CRISPR

crRNA
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DG
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Extracellular Matrix

Ethylenediaminetetraacetic acid

Epidermal growth factor

Epidermal growth factor-like

Electron microscopy

Filamentous Actin

Focal Adhesion Kinase

Foetal calf serum

False discovery rate

Fibroblast growth factor

Fibronectin

Glycosaminoglycan

Green Fluorescent Protein

Single guide RNA

Homology directed repair

Human embryonic kidney cells

Hepatocyte growth factor

Heparan sulphate

ECM

EDTA

EGF

EGF-like

EM

F-Actin

FAK

FCS

FDR

FGF

FN

GAG

GFP

gRNA

HDR

HEK293

HGF

HS
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Heparan sulphate proteoglycan

Insulin growth factor

Insertion/deletion mutation

Knockout

Laminin four

Laminin coiled-coil domain

Liquid chromatography Mass Spectrometry

Laminin epidermal growth factor like Domain

Laminin globular domain

Laminin(s)

Laminin N-terminal domain

Latent transforming growth factor binding protein

Merosin-deficient congenital dystrophy type 1A

Non-homologous end joining

Nuclear localisation signal

Photo Activated Localisation Microscopy

Protospacer Adjacent Motif

Polymerase chain reaction

HSPG

IGF

Indels

KO

L4/LF

LCC Domain

LC-MS

LE Domain

LG Domain

LM(s)

LN Domain

LTBP

MDC1la

NHEJ

NLS

PALM

PAM

PCR
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Platelet derived growth factor

Phosphoinositide 3-kinase

Arginine-Glycine-Aspartic acid

Receptor tyrosine kinase

Real-time quantitative PCR

Sodium dodecyl sulphate

SDS-polyacrylamide gel electrophoresis

Scanning electron microscopy

Sulphated glycolipids

Tris-acetic acid-EDTA buffer

Transcriptional coactivator with PDZ-binding motif

Tris buffered saline

Transmission electron microscopy

Transforming growth factor

Tumour necrosis factor

Trans-activating RNA

Untranslated region

Yes-associated protein

PDGF

PISK

RGD

RTK

RT-qPCR

SDS

SDS-PAGE

SEM

SGL

TAE

TAZ

TBS

TEM

TGF

TNF

trRNA

UTR

YAP
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1.6 Introduction to thesis

In this thesis, | will describe my investigation into the importance of laminin
polymerisation to extracellular matrices and the biology of the cells that interact
with these matrices. To put this in context, | will first describe what basement
membranes are and why they are so critical to all adherent tissues. | will discuss
the core components of a basement membrane and their roles within cell biology.
| will then focus specifically on laminins their domain architecture, and how these
small molecular building blocks forms the scaffold around which the basement
membrane forms. | will discuss what has been learnt about laminin polymerisation
through the study of genetic diseases and biochemical protein analyses. Finally,
| will discuss how the CRISPR/Cas9 genome-editing technique has allowed
development of new methods to study these non-polymerizing mutations in ways

that were not previously possible.
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Chapter 2: Basement membranes: Laminins and other

components

Some of the work in this literature review was published in Frontiers in Genetics

(1), available in Chapter 9: Appendix 2.
2.1 Basement membrane overview

Basement membranes (BMs) are flexible, usually 40-120 nm thick sheets that
separate cells from underlying connective tissue, and regulate cell behaviours
including determining cell polarity and migration, influencing cell metabolism, and
contributing to defining cellular differentiation and lineage specification (2, 3)
(Figure 2.1.). Most BMs consist of two layers; an electron-lucent layer, lamina
lucida, and an electron dense layer, lamina densa (4). The lamina lucida is
considered to be predominantly comprised of laminin (LMs) and nidogen, while

the lamina densa is predominantly made up of collagen IV and perlecan (2, 3, 5).
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ollagen XVIII

Collagen IV

Perlecan

LN Domains

Agrin

Nidogen

Fibulin

i Q.
LG Domains [ ..\_,.,__.

Integrin Dystrogl
Heterodimer ystroglycan Extracellular

Intracellular

Cell Membrane

Figure 2.1: The Basement Membrane: Adapted (6) example of an archetypical basement membrane. Laminin and
collagen IV networks make up the main structure of the basement membrane, with other major components including the
cell attachment molecules integrins and a-dystroglycan, nidogens, perlecans, agrins, fibulins and glycosaminoglycan
(GAG). Key domains of the laminin and collagen IV networks are also labelled: laminin globular (LG), laminin coiled-coil

(LCC) and laminin N-terminal (LN) domains, as well as the 7S and the non-collagenous (NC1) domains.

BMs assemble through a multistep process, with the current thinking indicating
that the LM network assembles first (7). The initial anchoring interaction of cells

to a nascent BM occurs primarily through LM carboxy-terminal globular (LG)
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domains that are bound by sulphated glycolipids, integrins, dystroglycan, and
heparan sulphates. This cell surface anchorage provides a nucleation point that
enables the accumulation of nidogen, collagen IV, perlecan, and agrin to the LM
scaffold. Non-LM components also have the potential to bind directly to cell
surface integrins and/or dystroglycan, but are not able to accumulate on the cell
surface to any appreciable degree in the absence of LM (8, 9). Importantly,
although the LM network and a collagen IV network can self-assemble in vitro,
this self-assembly in vivo is thought to be initiated by binding of LMs to cell surface
receptors (8-12), meaning that it is the cells themselves that facilitate the
formation of these scaffold matrices, through locally increasing the concentration

of BM components (9, 11, 13).

BMs are not a static structure, but rather are dynamic, changing either through
protein turnover or reorganisation of its different components at different times
(14). These dynamic changes often lead to changes in the mechanical properties

of BM, and can play a part in the BMs varied roles to a tissue’s biology (15).

2.1.1 Basement membrane roles - Structural

Perhaps the most obvious role of the BM is to act as a structural scaffold,
providing support to tissues and allowing cells to organise into higher orders. The
importance of the BM structurally can be seen in many diseases were
components of the BM are absent, such as Pierson syndrome (16) and
epidermolysis bullosa (17, 18) which are described in more detail below. In these
BM-associated conditions, the loss of structural support provided by the BM

results in loss of tissue function due to loss of integrity of the cell-stromal junctions.
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Phenotypic manifestations reflect the distribution of the affected protein, for
example leading to loss of glomerular function in Pierson syndrome, or skin
fragility and blistering in epidermolysis bullosa. However, to simply put these
diseases down to a loss of BM structure could be considered reductionist, and

doesn’t consider the myriad of other roles a BM plays.

2.1.2 Basement membrane roles - Biophysical sensor

The physical features of BMs play an integral role in regulating how cells perceive
biophysical signals (15) via mechanotransduction. Mechanotransduction involves
cell surface receptor proteins (predominantly integrins) binding to the proteins of
the BM and, via an intracellular complex, providing a physical linkage between
the microenvironment and the intracellular actin cytoskeleton. Changes to the BM
biochemical features, such as stiffness/compliance, are “sensed” via these
linkage which then trigger downstream signalling cascades (19, 20). These
mechanical linkage complexes take the form of focal adhesions as linkages to the
actin cytoskeleton and hemidesmosomes as linkages to intermediate filaments
(21-23). These cytoskeletal connections are critical for the cellular reaction to

changes in BMs.

Mechanical effects work bi-directionally. Cells respond to forces on their focal
contacts and hemidesmosomes by remodelling the extracellular matrix (ECM) in
an almost symbiotic manner; whilst the BM properties influence cells from the
outside-in, cells influence the BM through remodelling in an inside-to-outside
directional manner. This is highly relevant to laminins and collagens; however,

the best studied example of this directional remodelling is through the fibronectin
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reassembly in response to stretching (24, 25). When under stretch, cells organise
fibronectin and collagen fibrils along the axis of the force, with fibronectin initially
binding to the integrin under stress (24). Following this binding, the fibronectin is
pulled by cytoskeleton to expose domains that allow for fibril assembly. These
fibrils form an insoluble matrix when stretched, which is later lost when

contractility is lost (25).

There is also evidence of LM and collagen IV remodelling in response to the
extracellular environment by the cells (26). The secretion of ECM-remodelling
enzymes such as metalloproteinases and also their inhibitors can by influenced
by mechanical stresses through actomyosin contractility, in-turn triggered by
upstream integrin signalling (27, 28). Importantly for this thesis, the integrins allow
the cells to sense the mechanical properties of its ECM (29). These forces result

in cells secreting a matrix that can resist the applied forces (30-32).

The interaction between the integrins and the ECM is of particular importance in
this thesis. To understand the importance of laminin polymerisation, it is also
important to understand how a cell might react to networks through their integrin
signalling pathways. LM to integrin signalling will be discussed in greater detail

below.

2.1.2a Cellular Adhesion through Focal Adhesions

Focal adhesions are present in the plasma membranes of cells which lie within
15 nm of an ECM substrate (20, 33). This series of tight interactions between the

cells and their ECM enables the cells to respond to their external environment
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(34). Focal adhesions are very dynamic, with proteins associating and
dissociating continuously as signals are transmitted through the cells. Analyses
of the focal adhesion “adhesome” have revealed that these adhesions can contain
over 150 different proteins, highlighting considerable diversity in function (35).
Within this vast array of proteins, a number of proteins are considered as “core”,
being found in most forms of focal adhesions, these include integrins, talin,

actinins, paxillin, vinculin and focal adhesion kinase (36).

Integrin receptors are integral to all focal adhesions, acting as complex
recruitment centres (34). Each integrin is a heterodimeric protein comprised of an
a and a B subunit, of which there are at least 18 a and 8 3 subunits combining to
form 24 known heterodimeric pairings (37). The resulting heterodimers span the
plasma membrane, with different heterodimers displaying differential affinity to
the components of the ECM (28, 34). In response to ECM-integrin interactions,
talin and a-actinin are recruited to the integrin’s cytosolic domain, where the talin
binding to integrin allows the recruitment of vinculin, paxillin and focal adhesion
kinase (FAK) to the adhesion site (34, 38). Paxillin acts as a signal transduction
adapter protein for focal adhesions, with an N-terminal rich in protein-protein
interaction sites (39, 40). FAK is recruited to the paxillin N-terminal, where it
tyrosine phosphorylates the paxillin, allowing for the further recruitment of focal
adhesion proteins including vinculin (41). Vinculin is typically self-inhibited
through the interaction of its head and tail domains, but the interaction of talin with

vinculin changes vinculin to its active (open) formation (38). This active formation
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then crosslinks the actin cytoskeleton to the focal adhesion (38), triggering signal

transduction between the extracellular environment and the cells.

Focal adhesions play an important and complex role in cellular signalling, with
over 150 components of adhesion-signalling complex so far described (42). Of
these signalling interactions, the interaction between integrin-FAK and protein
kinase B (AKT) is the most studied. Integrins binding to the ECM triggers FAK
recruitment to the focal adhesion, and upon recruitment to the focal adhesion,
FAK phosphorylates phosphoinositide 3-kinase (PI3K), which triggers the
activation of AKT and its respective signalling cascade (43-47). Inhibition of FAK
confirmed this central importance to the AKT signalling pathway, as following
inhibition, AKT signalling was blocked and cell proliferation and migration was
reduced (48). Inhibition of FAK has also been shown to induce apoptosis via the
AKT pathway (49). Quite interestingly, AKT has also been shown to directly
regulate FAK activity through serine phosphorylation, despite FAK typically being

considered an upstream mediator of AKT (50)

2.1.2b Cellular Adhesion through Hemidesmosomes

Hemidesmosomes are small, stud-like structures found in keratinocytes of the
epidermis and other epithelia, and which anchor the keratin filament cytoskeleton
to the extracellular matrices (51). A tightly-ordered complex, hemidesmosomes
contain a core of integrin a6B4 and type XVII collagen, these are bound
intracellularly by plectin and BP230 which connect to the cytoplasmic keratin
intermediate filaments. (22, 23, 52). Type XVII collagen (ColXVIl) is a

homotrimeric transmembrane protein (53) Comprised of three alphal(XVII)-
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chains, ColXVII interacts directly with integrin B4, plectin and BP230 to form
mature hemidesmosomes, (52). Extracellularly, the C-terminus of ColXVII and the
extracellular domains of integrin a6B4 bind to LM332 and are required for the

correct orientation of the LM (54, 55).

Hemidesmosomes are comparable to focal adhesions in that both are primary
forms of attachment of cells to the ECM. However, focal adhesions require an
ECM substrate to lie with 15 nm of the cell’'s plasma membrane and provide
relatively weak but dynamic interactions. In comparison, hemidesmosomes span
much larger areas and provide a much firmer and more stable adhesion of basal
epithelial cells to the underlying basement membrane (56). However,
hemidesmosomes have also been shown to regulate actin remodelling (57), as
well as interacting in cross-talk mechanisms with the focal adhesion complexes

to regulate force transduction (58).

2.1.3 Basement membrane roles - Growth Factor repository and
release

A third important role of the BM is regulation of growth factors. The BM sequesters
a number of growth factors within its protein components, typically through
perlecan and other heparan sulfate proteoglycans. Bound growth factors include
fibroblast growth factor family (FGF’s) (59, 60), hepatocyte growth factor family
(HGFs) (61), platelet derived growth factors A and B (PDGF A and B) (62) and
hematopoietic growth factors (63). These growth factors are typically then
released through the action of enzymes such as thrombins and plasmins (64). In
addition, collagen IV and fibronectin also bind (65) transforming growth factor 3

33



(TGF-B) (66), tumour necrosis factor (TNF-a) (67), PDGF-BB and —AB (62),
insulin growth factors (IGFs) (68), and bone morphogenetic protein (BMP) 2 and
7(69). These growth factors are released by metalloproteinases and degradation

(65).

Growth factor-ECM interactions have a number of major consequences. These
interactions allow for rapid extracellular signalling; with proteolytic release being
a much more rapid response option than de novo synthesis (70, 71). There is also
evidence that growth factors embedded in the ECM could act as cellular memory.
Cells are more susceptible to damage than the matrix structures, and growth
factors embedded in the remaining matrix could instruct cells to form the proper

structures during wound healing (65).

It is not yet known how, or indeed if, LM polymerisation affects growth factor
binding, sequestration and release, but one might predict that formation and
dissolution of LM networks could act directly much like collagen IV, or could act
indirectly via influencing the assembly of the collagen IV network or perlecan

integration to contribute to growth factor regulation.

2.1.4 Basement membrane roles - Barrier

A fourth, and sometimes under-appreciated, role of the BM is the role as a barrier;
separating the epithelium or endothelium from connective tissue. Indeed, the
remodelling or loss of the BM is absolutely required for tumour metastasis, where
cancerous cells must bypass the physical barrier to migrate into the vessels and

access distant organs (72). The BM as a barrier, is not purely binary, it can also
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serve as a semipermeable selective barrier in some tissues, most notably in the

kidneys (73), lungs (74) and brain (75).

2.2 Core components of Basement Membrane (non-laminins)

2.2.1 Collagen IV

Type IV collagen (CollV) is a non-fibrous heterotrimeric protein that makes up
~50% of the mass of mature BMs (2). Unsurprisingly, CollV has an essential
structural role within the BM, with CollV knockout (KO) being lethal at the
embryonic stages of development. Homozygous or compound heterozygous
missense mutations in humans in the genes involved in the formation of the CollV
heterotrimer, COL4A1 and COL4A2, are fatal at the embryonic stage, with
heterozygous mutations presenting with severe defects to the brain, eye and

kidney function, as well as having defects in vascular stability (76).

In addition to its mechanical role, CollV also acts as a scaffold for other
components of the BM, most notably nidogens and perlecan (77-81). CollV
polymers also act as a reservoir for growth factors such as TGFB (82, 83), PDGF

(84) and EGF(85).

2.2.2 Nidogen/Entactin

Nidogens, known also as entactins, are glycoproteins that make up approximately
2-3% of the BM and are a key component of BM assembly (2). Nidogens have a
wide protein-binding repertoire, allowing them to act as a linker protein between
the different components of the BM (86). Most notably, nidogens facilitate the

binding of LMs to CollV (78, 79, 87), in addition to binding fibronectin, fibrinogen
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and perlecan (88, 89). There are two nidogens in humans, both consist of three
globular like domains (G1-3), separated by rods (90). Of these domains, the G3
domain (of nidogen-1) has been demonstrated to be capable binding to LM y1
and y3 (86, 91). Upon formation of this complex, the nidogen is then able to bind

to CollV via their G2 domain (90).

2.2.3 Perlecan

Perlecan is a macromolecular BM-type heparan sulphate proteoglycan (HSPG)
comprised of 5 domains (I —=V) (92). Perlecan plays an important role in growth
and development, it is also implicated in wound repair, cancer invasion and
diabetes (93). Domain | contains three GAG chains, responsible for heparan
sulfate (HS) dependent interactions (94); growth factor binding such as FGF2
(95), ECM molecules such as nidogen (96) and collagen (97). Perlecan domain
Il contains a series of low density lipoprotein repeats that are responsible for the
binding of growth factors such as TGF-3 (98) and connective tissue growth factor
(CTGF) (99). Domain Il consists of three Cys-free laminin-like globular domains,
that alternate with Cys-rich EGF-like domains (100), similar to the laminin a chain
short arm (101), described below. Domain Ill has been implicated in cellular
adhesion through its Arg-Gly-Asp (RGD) sequence (100). Domain IV of perlecan
contains 14 immunoglobulin superfamily modules and has been implicated in
laminin-nidogen complex binding (102), but also supports cell adhesion and focal
adhesion kinase (FAK) activation (implicated in cell spreading) (103). Domain V

is involved in the binding of nidogen-laminin complexes and fibulin-2, as well as
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promoting integrin 1 mediated cell adhesion (96). Domain V also shares

homology with the LG domain of laminin (96).

2.2.4 Agrin

Agrin is a modular proteoglycan, widely expressed in BMs, being of particular
note in neuromuscular junctions, glomerular BM and the liver (104-106). Agrin
consists of a core protein of ~220 kDa, with two potential glycosaminoglycan side
chains, increasing its molecular weight to ~400 kDa (107). Agrin exhibits high-
affinity binding to the coiled-coil domain of LM y1 (107), suggesting an important

role in BM reorganisation (108).

2.2.5 Dystroglycans

Dystroglycans are key cell surface receptor for the LG domains of the LM network.
Whilst integrins typically bind the LG1-3 domains, dystroglycans bind to the LG4
and 5 domains (79). Dystroglycans are composed of two subunits, a plasma
membrane spanning 3 domain, and extracellular LM binding a domain. LM binds
to the highly glycosylated a subunit in a Ca?" and carbohydrate dependent
manner (109, 110). It is believed that dystroglycans play an essential role in the
assembly of the BM, through the binding of soluble LM and aggregating it to the
cell surface where it can form LM networks (111). Indeed, dystroglycan knockouts

lack this LM clustering at the cell surface, and are embryonically lethal (111).
2.3 The Laminin Superfamily

LMs are large heterotrimeric proteoglycans that are an obligatory feature of every

BM. LM encoding genes are subdivided into a, B, and y groups, with each LM
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being a afy heterotrimer (Figure 2.2a). In mammals, five a chains (encoded by
the genes LAMA1 to 5), four 3 chains (LAMB1-4) and three y (LAMC1-3) chains
have been identified (5, 112, 113) (Figure 2.2b). In addition, use of a second
promoter in LAMAS gives rise to two major forms, a short a3a form and a longer
a3b form (Figure 2.2). These two forms are functionally and structurally distinct
and therefore this alternative splicing event effectively increases the number of a
chains to six members (114). If all of the possible afy-chain combinations were
possible, then 72 different heterotrimers could exist, however restrictions in
heterotrimerisation potential, as well as differential tissue distribution patterns,
means that only 16 LM trimers have been identified as existing to date in vitro

(115-119).

LMs are thought to have arisen through a series of gene duplication events, with
the netrins also emerging from common LM ancestral genes through evolutionary
domain loss and shuffling. This complex evolutionary process has allowed for a
diverse repertoire of LMs and netrins to exist in humans and higher order

mammals (120).

Briefly, from the common B-LM ancestral gene, LM 1 and netrin-4 emerged after
a duplication event, with LM (32 later diverging from the LM 31 gene, and LM 33
from LMB2. From the common a/ y/ netrin-1-LM ancestral gene, two further genes
emerged through a duplication event, which then duplicated again giving a1 and
a2, and a3 and a5. In the a3 gene, a second promoter evolved in exon 38
(presumably) after this initial duplication event which allowed for LM a3a to

emerge. From the common y-LM ancestral gene, LM y genes and netrin-1
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emerged after a duplication event, with LM y1 and LM y3 later evolving (120).
This common evolutionary divergence is why such a high conservation of critical
residues within key domains across a, B, and y LM chains. This evolutionary
conservation is relevant to this thesis as it was an important consideration when

designing mutations to introduce.
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2.3.1 Laminin structure overview

As a brief overview; beginning from the amino terminus, the archetypal LM chain
consists of a large globular N-terminal domain (LN domain, previously known as
domain VI), the major role of which is to mediate LM-LM interactions in BMs,
allowing the assembly of higher-order LM polymer networks (79, 121, 122). The
LN domain is followed by rod-like stretches of LM-type epidermal growth factor-
like repeats (LE domains, formerly domain V) which are interspersed with globular
domains (L4 or LF domains) (123). The LE repeats are followed by the defining
feature of all LMs, a LM coiled coil domain (LCC domain) and it is through this
domain that afy heterotrimers form (115-117, 119). In a chains, the LCC domain
is followed by a C-terminal stretch of five LM globular domains (LG1-5), these LG
domain harbour the highest affinity cell-surface receptor sites (124). While this
domain architecture holds true for most family members, it should be noted that
not all LM chains contain all of the domains described. Specifically, the a3A, a4,
B3 and y2 chains, contain shorter amino terminal arms with the a3A, a4 and y2
specifically lacking a LN domain, and are sometimes referred to as “headless” or

“truncated” (5, 125).

LM chains are typically discussed in relation to two pseudo-domains; the so called
‘long” and “short” arms (Figure 2.2a) based on the appearance of heterotrimeric
proteins in rotary shadowing electron microscopy. LM long-arms are highly
conserved, comprised of 561-591 amino acids depending on the chain (112) and
contain the LCC domains (112, 117, 119), the a-chains extra LG domains are

found at the end of this coiled-coil (124). The shorter arms are more diverse,
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varying in length between chains, with the archetypical short arm containing the
LN (228-259 residues), stretches of LE (41-70 residues each) interspersed with
L4 (169-204 residues) domains (112). The LM short arms, and in particular the
LN domains, are essential for the LM-LM interactions that result in polymerisation,

and are the main focus of this body of work.

2.3.2 Laminin structure and function - Long arms

2.3.2a LG domains

The LM globular (LG) domains are a module of 5 domains (LG1-5) totalling
approximately 200 amino acids that are located at the C-terminus of LM a chains
and which contain the highest affinity cell-receptor binding sites (124, 126, 127).
Importantly, not all LMs display the same complement of receptor interactions nor
do they have the same affinities for different receptors (124). Indeed, it is
perceived that the major differences in cellular responses to different LMs is
primarily down to differences in their LG domains. LG1-3 have been shown to be
essential in LM interaction with integrins at the cell surface, with integrins a331,
a6B1, a6B4, a7B1 and a9B1 in particular implicated with LG1-3 (128, 129) LG4-5
fragments have been shown to contain a major heparan-binding site (Figure 2.2b)
(130). LG4-5 assist in LM-receptor interactions by allowing cell surface sulfate

groups to act as co-receptors such as with syndecan family (124).

Interestingly, not only the LM a chains are responsible for the function of LG
domains. A fully intact coiled coil domain was shown to be essential to the function

of the LG modules (131, 132), suggesting that the other chains of the LM plays a
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role in integrin binding. The y chain had been suggested to either bind integrins
directly, or to alter the conformation of LG1-3 into a biologically active
conformation (112, 133). In reality it is likely the former, with recent evidence
showing that the y1 chain lies opposed to the metal ion dependent adhesion site
in integrin B1, allowing the integrin to bind to the bottom face of the LG1-3 domain
(134). Although the role is not as clear, the C-terminal of 8 chains are also

implicated in defining the affinity of integrin binding to LMs (135, 136).

2.3.2b LCC Domains and heterotrimerisation

LM coiled-coil (LCC) domains make up the long arms of LMs and are responsible
for heterotrimer formation (137-140). LM heterotrimerisation occurs intracellularly
in a multi-step process. The best supported mechanism for this process that a
weakly associated heterodimer of the B-chain and y-chain is formed through
disulphide linkages across the LCC domains, before the a-chain is incorporated
into a coiled-coil heterotrimer, with further disulphide linkages through the LCC
domains (139, 141). It is the final incorporation of the a chain that allows secretion

to occur (141).

Of the 45 potential heterotrimer isoforms, only 16 have been confirmed in vivo
(142), suggesting that differential expression alone is insufficient for specific
heterotrimer assembly (141). This specificity of trimerisation has been shown to
be dependent on regions of the LCC (137, 138). From the three LCC domains in
LM heterotrimer (one LCC domain each from an a, B, and y chains), it has been
experimentally demonstrated that the y chain’s LCC domain provides the highly

specific selectivity of which LM heterotrimers are formed (141).

43



2.3.3 Laminin structure and function - Short Arms

2.3.3a LE Domains

LM epidermal growth factor (EGF)-like (LE) domains are short globular repeats
of about 60 residues in the short arms of LM, with 8 highly conserved Cys residues
(143). The conserved Cys residues create multiple loops through disulphide
linkages in the LE repeats (91, 144). These disulphide linkages limit the flexibility
of the LE arrays in the LM short arms (91). The major role of LE repeats therefore
appears to be as rod-like spacers between the short arm globular domains (91).
These LE-spacers vary in length from chain to chain, with the a3A chain
containing only three LE repeats, and the a5 chain containing 22 LE repeats
(112). The variance between the lengths of spacer LE repeats means that the
length of the short arm of the 11 different LM chains differ in a much greater way

compared with the long arms.
2.3.3b L4/F Domains

Within the stretches of LE repeats in the LM short arms lies L4 domains (or LF in
the B1 and B 2 shortarm) (112, 145). The L4 domains are globular domains (146),
inserted between the 3 and 4™ cysteine residues in one LE domain, enlarging
the LE domain. The L4 domains are possibly the least well understood domain in
the LM chain, with their functions still largely unknown (145). However, there is
an obvious importance to these highly conserved domains, as highlighted in
patients with in-frame deletions of 63 residues in the LMa2 L4 domain presenting

with congenital muscular dystrophy, with hypotonia, poor head control and
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stumbling (147). Although a lot milder than patients who suffer a lack of the full
protein (147, 148), these findings highlights an important function of the L4

domains.

2.3.4 The LN Domains and their interactions

LN domains are found at the amino terminus of the a1, a2, a3B, a5, 1, B2, B3,
y1 and y3 laminin. These are globular domains of 252 to 264 amino acids, within
which there is strict conservation of six cysteine residues. There is a 72 % overall
sequence identity between a1 and a2 and 77 % between a3B and a5, 72 %
between LMB1 and LMB2 LN domains, and 64 % between LMy1 and LMy3 LN
domains. Lowest conservation is between LMB3 and the 1 and 2 LN domains

(38 % and 42 % respectively) (149).

The LN domains are essential to the LM-LM interactions that mediate LM
polymerisation. A number of diseases have been associated with the inhibition of
LN-LN domain interactions, and this will be discussed in detail below. However,
in addition to polymerisation, LN domains are implicated in cell adhesion, neurite
outgrowth, perlecan, heparan and heparan sulfate binding (149-152). The LN
domain of LMa1, a2, and a5 can interact with integrins a1p1, a2pf1, and a331,
and presumed between LMa3b and integrin a31 based on antibody inhibition
(153-157). These interactions are lower affinity than LG domain interactions and
likely are involved in localisation to allow polymerisation rather than signal
propagation (1). Nevertheless, there is still much to learn about the roles of LN

domains, besides their role in LM-LM polymerisation and network formation.
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2.3.5LN-LN interactions

Laminins interactions have been studied over many years with important early
work establishing a “three-arm” model; polymerisation can only occur when all
three constituent short arms contain an LN domain (79, 158). Moreover,
interactions must be heterotypic, involving an a, B and y LN domain coming
together into a ternary node (159). The process of LM polymerisation and network
assembly can be divided into a temperature-dependent oligomerisation step and
a calcium-dependent polymerisation step. Calcium ions are required to induce a
conformational change in the LN domains, allowing them to interact with one

another (160).

In line with the three-arm model, LMs that lack one or more LN domain cannot
polymerise independently (79). These include LM332 and LM411, which are
abundantly expressed in many epithelial and endothelial BMs. For these LMs,
alternative methods of interaction with other LM isoforms may be required for BM
assembly. For LM332, incorporation into skin BM can be partly explained by an
interaction between LM332’s B3LN domain with the LE domain of a3 in LM311.
These LM dimers could then self-associate into higher order networks (161, 162).
Non-network forming LM BM incorporation likely also depends on compensatory
interactions with other BM/ECM components, such as the B3LN domain binding
of the NC1 domain of type VIl collagen, or could rely on nidogen binding to y1 LE

repeats for LM411 (132, 162, 163).
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LM111 is able to drive polymerisation of other LN containing trimers, however, no
self-aggregation or co-aggregation with LM111 was seen for LM3a32 or LM3all

(164).

A comprehensive analysis of LM short arm interactions detected binary
interactions with dissociation constants in the 0.01-1 uM (Kd) range for the
majority of a-a, a-B, a-y and B-y pairings, indicating that the LM networks might
be less dependent on the classical ternary node formation previously thought
(165), although to date this is the only study to detect these homotypic
interactions. This unusual finding is possibly due to the fusion tag added to these
recombinant mouse LN domains for purification (165) that were not present in
other studies. It is likely that the homotypic interaction seen in the one study was
an artefact of the purification of the murine LN domains (165), where Hiss and
Strep ll-tagged LN domains were used. Earlier studies using proteolytic LM111
fragments found only a single interaction of measurable affinity, that being the
binary B1-y1 or the ternary a1-1-y1 (166). A more recent study failed to detect
the reported a5-a5, a5-B1 and a5-y1 interactions, finding only weak interactions
between the B1 and y1 short arms (Kd =5 yuM) using surface plasma resonance

(167).

In vitro analyses have shown that the apy ternary node assembly involves rapid
but unstable formation of By pairs that are then stabilised through integration of
an aLN domain (Figure 2.3) (167). Specifically, a stable complex was observed
only when all three short arms (a5, B1 and y1) were added together (Kd 20.8 uM)

(Figure 2.3) (167). While in experiments with recombinant LM111 heterotrimers,
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deletion of any single LN domain or replacement of 31 LN or y1 LN with a1 LN
abolished polymerisation (159). Moreover, it was shown that a chimeric protein in
which the LM a1 LN-LEal-4 region was fused to the LM y1 chain-binding region
of nidogen could restore polymerisation to a LM lacking the a1 LN domain, but
not to one lacking the 1 or y1 LN domain (10). All of which combine to support

the three-arm model.

48



¥ FAST By o SLOW afy
ot — @ L Q = oo

KDZ 5uM Kp= 0.8uM

7,
2
SALLTITE T

R

%,
AT

(A

Figure 2.3: LM ternary node and network formation. a) The 2-step interaction that results in the formation of the ternary

node. BLN and yLN domains come together in a rapid intermediate reaction that is relatively unstable. Following this

intermediate reaction, an aLN domain binds to the interacting 3-y LN domains, to stabilise the interaction and form a stable

ternary node. This is the basis of the 3-arm model (b), which expands to give a LM network (c).

2.3.6 Crystal Structure of the LN domain

The crystal structures of a5, 1, y1 LN domains have been solved, and these
combined with conservation of residues between chains (Figure 2.4) allows
inferences as to which regions are involved in domain folding and which are

involved afy ternary node formation. The crystals revealed a similar overall
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structure of an antiparallel B sandwich with eight B sheets forming a jelly roll motif

held in conformation by cysteines C200 and C220 (167, 168).
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Figure 2.4. Conservation of LN domains across the human LM chains and netrins. Sequence alignments of LN
domains from human LM chains, netrin-1 and netrin-4. Yellow, orange and grey highlights indicated conserves cysteines,
fully conserved residues or partially conserved residues. Magenta highlights identify the highly conserved LENGE
sequence, and red squares indicate pathogenic missense mutation sites. * = conserved residue, : = conservation of

residues with strongly similar properties,. = conservation of residues with weakly similar properties
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In the a5LN domain, two conserved motifs, Patch 1 and Patch 2, are of particular
relevance (167). Patch 1 within the conserved B1-p2-B7-p4-p5 “back face”
consists of E178, P189, R265, and R267. These residues are blocked by a glycan
attached to N148 (167), suggesting that Patch 1 plays a structural, non-
polymerizing role (168). Patch 2 is located across the B6-B3-B8 “front face,”
residues W132 and N168, and the 35-B6 loop, residues P229, L230, and E231.
Patch 2 is not glycosylated nor conserved with 8- or y-chains but is important for
polymerisation as mutation the Leucine, proline or glutamic acid residues within
a highly conserved PLENGE residues in the 5-6 loop all result in inhibition of

polymerisation in in vitro assays (167, 168).

The B-sandwiches of B1LN and y1LN domains have similar structure with the
main differences in peripheral regions (168). B1LN contains two particular regions
of functional importance: the Ba-Bb hairpin and the 37-a4 loop. The Ba-Bb hairpin
sits at the top of the domain with S80 a key residue for $-y LN interactions (122).
One notable difference in y1LN domain is a calcium binding site located within a
short a-helix and flanked by highly conserved D106 and T114 (168). Testing
inferences about residue function is a laborious task but elegant in vitro analyses
using LN domain fusion proteins have been performed and improve interpretation

of clinical findings, these are discussed in context below (169).
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Figure 2.5. Crystal Structure of LN domains. View of the front and back face of the 1 chain is shown with features of
conserved patches involved in LN-interaction (patch 2) and required for domain folding (patch 1). Amino acids associated
Pierson syndrome mutations are indicated numbered based on LMB1 with LMB2 equivalent in parenthesis. Crystal

structures derived from (167, 168) and rendered using UCSF chimera (170).
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2.3.7 Cell-to-laminin short arm-dependent interactions

2.3.7a Laminin binding integrins

Within the wider integrin family, lies a subfamily of LM-binding integrins, integrins
a3p1, a6B4 a6B1, a7B1and a9B1, with high specificity for LM long arm binding
(129). In addition, Integrins a1B81 and a2p1 contain an | domain, an independent
ligand-binding motif, which allows the integrins to bind to LMs through the LM
short arms (153, 171). This was demonstrated through use of short arm
recombinant protein fragments and not the native protein and, to date, there is no
evidence of the short arm-integrin interaction occurring when in the presence of
LM C-terminal LG domains, consistent with the C-terminal domains containing a
much higher affinity for the integrins than the short arm. Integrin a1B1 can bind
only to the a2-chain short arm (153), but integrin a231 has a more promiscuous

binding potential, with binding sites for a, f and y LN domains (153, 171, 172).
2.3.7b Heparan Sulphates and Sulphatides

Heparan sulphates (HS) are a collection of linear polysaccharides found in all
animal tissues that also occurs as a proteoglycan (HSPG’s) found in the ECM
(173). One HSPG shown to interact with the fragmented LM y2 short arm is
syndecan-1 (174). Syndecans are a family of cell surface HSPG’s, well known to
cooperate with integrins to regulate actin cytoskeleton organisation and cell
adhesions (174). It has been reported that the LMy2 short arm contains binding
sites for heparan sulfatides, fibulins and nidogens (175, 176). Interestingly,

inhibition of syndecan-1 expression was shown to block the cell adhesion
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activities of the LMy2 short arm, as well as preventing integrin f4 phosphorylation
(174), suggesting an important interaction between syndecan-1 and the LMy2
short-arm. In terms of HSPG’s that interact with the LMa chain short arm, a protein
of particular interest to this study is perlecan (HSPG2) which was shown to bind

to the recombinant LN and LE domains of LMa1 (154).

2.4 LN domains and genetic disease

The biochemical interactions of LM’s with each other, and other BM components,
have been extensively studied and characterised over the last 40-50 years, and
for great reason. What would happen if these LM LN interactions were to fail,
preventing polymerisation? The answer to this question has come from the study

of human disease and mice models.

A number of severe inherited diseases have been identified as a result of
mutations to LM genes, but of particular interest to the focus of this thesis, are the
diseases that occur due to a mutation in the LN domain. Mutations in this region
can prevent the polymerisation of LM either through loss of LN domain/whole
protein or through disrupting the folding of LN domain, or could impact LM function
through disrupting specific interactions made by the LN domain. Beyond in vitro
biochemical assays, studies of these diseases provide evidence of the where,
when and why LN-LN domain interactions are important. This becomes clear
when considering the variety of mutations within the LN domains which lead to
severe disease in humans, or where targeted mutations in mice lead to severe
defects or death (Table 2.1). Thankfully, LN-domain related diseases are rare,

though due the tissue-specific laminin composition of BMs, different syndromic
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disorders are observed depending on which laminin isoform harbours the

mutation.
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Table 2.1: Pathogenic LN domain mutations

Protein Mutation Effect Phenotype Refs
LMal  Y265C LN interaction [mouse] Retinal vasculopathy a77)
LMa2 C79R LM poly/ fold® [mouse] mild muscular dystrophy (178)
c8seyY foldp MDC1A (179)
Y138H LM polyP MDC1A (179)
W152G foldr Limb-girdle—type dystrophy (180)
S157F foldp MDC1A (181)
Q167P LM poly® Limb-girdle—type dystrophy (182)
S204F foldp Mild muscular dystrophy, mild proximal weakness (183)
L243P foldP Mild MDC1A (180)
S277L foldp MDC1A (184)
G284R LM polyP limb-girdle—type dystrophy (180)
LMa5 R286L LM poly¢ Focal segmental glomerulosclerosis, hearing loss, craniofacial dysmorphism, limb (185)
development
LMB1 E215K LM polye [fly] heart development defects (186)
V226E [fly] heart development defects (186)
G286R [fly] heart development defects (186)
LMB2 R246W LM Secretion /End-stage renal disease, nephrotic proteinuria, diffuse mesangial sclerosis, focal and (16, 187,
R246Q Fold segmental glomerulosclerosis, microcoria, lens abnormalities, nystagmus hypotonia, 188)
cognitive defects, muscle delay
V79del LM polyP Retinal detachment, cataracts, progressive vision loss, diffuse mesangial sclerosis, end- (189)
stage renal disease
S80R LM polye Nephrotic proteinuria, atypical diffuse mesangial sclerosis, myopia, retinal (190, 191)
detachment. [mouse S83R] Detrimental on Alport syndrome background
H147R LM foldp Nephrotic proteinuria, diffuse mesangial sclerosis, proliferative glomerulonephritis, (192)
hypertension, heart failure, microcoria, retinal detachment, lens abnormalities
D167Y LM Secretion?  End-stage renal disease, myopia, retinal detachment, severe visual impairment (193)
L139P LM foldp Diffuse mesangial sclerosis, lens abnormalities, severe visual impairment, hypotonia, (16)
muscle delay, cognitive deficits
S179F LM foldp End-stage renal disease, focal and segmented glomerulosclerosis, retinal detachment, (194)
severe visual impairments
LMB3 E210K Splicinge + fold?  Skin fragility, nail dystrophy, alopecia (195)

Ppredicted cconfirmed in vitro assays
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2.4.1 MDCl1la

Based on the two-step model of LM polymerisation, mutations that affect an a
LN domain would be predicted to impair the stabilisation step of ternary node
assembly. The most well understood example is merosin-deficient congenital
muscular dystrophy type 1A (MDC1A), which is caused by mutations to
LAMA2 (LMa2) (196) and therefore affects the LM211 and LM221
heterotrimers, the most abundant LMs in skeletal muscles (197), peripheral

nerves, astrocytes and pericytes in the brain (198).

In LMa2 knockout conditions, MDC1A presents with disabilities of the proximal
and distal limb muscles, with patients unable to walk more than a few steps
unaided (199, 200). Weakness in facial muscles result in reduced sucking and
swallowing capabilities, life-threatening problems can arise from failure of the
respiratory muscles (201), and cases with intellectual disability and epilepsy
have been reported (200-202). In knockout situations, LM411 replaces LM211
in muscle BMs (203). LMao4 lacks an LN domain and is unable to polymerise,
which almost certainly is responsible for a weakened BM. However, LMa4 and
LMa2 also differ in their receptor binding interaction repertoire and affinities
(204), for example, LMa2 binds integrin a7B81 whereas LMao4 cannot, and

LMao4 also has weaker affinity for a-dystroglycan (172).

Comparison between missense mutations and knockout mutations allows for
some differentiation between polymerisation and receptor-mediated effects,
although these inferences are complicated by not every affected tissue

expressing LM411.
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Many mutations have been reported throughout LAMAZ2’s 65 exons in MDC1A
and are catalogued in LAMAZ2 gene variant database (179). The LN domain
contains a cluster of missense and in frame deletions (178, 179). For example,
a point mutation in the highly conserved CxxC motif, C79R, led to a milder
form of MDC1A, which affects the myelination of Schwann cells in spinal roots
and the stability of the skeletal muscles (178). This amyelination was not
attributed to a change in LM211 abundance or mislocalisation, and in
vitro polymerisation assays confirmed a dramatic effect on LM polymerisation
(169). Other pathogenic missense variants include Q167P, Y138H, G284R on
the surface of a2 LN domain and C86Y, W152G, S157F, S277L, S204F,
L243P in the interior (205). The S204F mutation lies at one extreme of the
phenotypic spectrum, whereby the patient was misdiagnosed with a peripheral
neuropathy, presenting with mild proximal weakness. Muscle biopsy revealed
depletion of LMa2 in intramuscular nerve, subtly depleted LMa2 expression in
muscle BMs and diffusely upregulated LMa5 expression (183). To the other
extreme, Q167P maps to near the polymerisation face, and consistent with
this, causes a 60% drop in in vitro polymerisation capability. This mutation led
to ambulatory muscular dystrophy (169). More severe still, G284R caused
proximal weakness, with a loss of functional gait with age accompanied by
frequent falls, and epilepsy. This mutation effect on protein function is yet to
be confirmed in biochemical assays, but is predicted to inhibit LM

polymerisation (180).

2.4.2 Other LMa LN domain diseases

LMa5 is almost ubiquitous to all adult BMs (79). Unsurprisingly, knockout mice

die before birth with a failure in neural tube closure, and no human knockouts
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have been reported (206). However, a patient with R286L in LMa5 LN has
been identified. They presented with a complex syndromic disease
characterised by defects in kidney, craniofacial and limb development (185).
The affected residue (R286L) in this case lies adjacent to the highly-conserved
PLENGE sequence required for LM polymerisation (167), and abrogated in
vitro polymerisation potential (185). However, it should be noted that these
polymerisation studies utilised recombinant truncated LN-LE domains (167),

and not the full-length native protein.

It is not possible to compare the R286L LN mutation against a knockout
phenotype; however, a patient with V3140M in the LG3 domain allows
comparison of the effects on polymerisation vs cell-surface receptor binding
(207). Both the LG3 mutation and R286L led to complex syndromic disorders
with similarity in tissues affected but with notable differences. Specifically, in
the skin V3140M caused alopecia, lack of eyebrows and body hair, features
not present in the R286L patient. V3140M patients also had retinal rod
degeneration whereas the R286L had hearing loss but no sight abnormalities.
Kidney defects were common to both with R286L presenting with atypical focal
segmental glomerulosclerosis progressing to end stage kidney disease
compared with floating kidney syndrome in V3140M. Finally, R286L presented
with  numerous dysmorphic issues include craniofacial dysmorphism,
syndactyly, and pyloric web (1). Therefore, the importance of R268, to the
function of the LN domain cannot be understated, as well as the importance

of its conserved counterparts in all LN-domain containing LMa chains.
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2.4.3 Pierson Syndrome

Pierson Syndrome has become somewhat of a universal term for congenital
nephrotic syndrome as a result of LAMB2 mutations. Despite studies
predicting that LAMB2 mutations are the cause of 2.5% of all congenital
nephrotic syndrome diagnosed within the first year of life (208). Missense,
nonsense, and splice mutations have all been identified, with most mutations
producing a premature stop codon and complete knockout of LAMB2 (16).
These mutations have been found as both compound heterozygous and
homozygous mutations in patients with severe and milder forms of the
disease. Mutations that create premature stop codons are evenly distributed
along the LAMB2 gene (16). However, the presence of recessive indel
mutations in the LN domain of LMB2 have resulted in milder forms of the
disease, with many patients surviving into adolescence and early adulthood
(16). Indeed, it seems point mutations and small in-frame deletion cluster in

the LN domain (16).

Whereas nephrotic syndrome and ocular abnormalities are commonalities of
Pierson Syndrome, the spectrum of related phenotypes arising from mutations
in the LAMB2 gene is vast. Approximately 50 mutations of LAMB2 from 40
unrelated families have been identified, and most of the missense mutations
cluster in or near the LN domain (16). Mutations found within the 2 LN domain
include S80R, L139P, H157R, D167Y, S179F and R246 Q/W (16). Evidence
that specific mutations to the LN domain of laminin 32 are pathogenic was
elegantly demonstrated by Mckee et al. (169), whereby laminin-nidogen

chimeric fusion proteins that bind to recombinant non-polymerizing laminins to
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provide a missing functional LN domain were used to identify non-LN domain

binding mutant residues.

The arginine at position 246 in the LN domain is a hot-spot for Pierson
syndrome causing mutations. Analysis of patients with mutations to R246
suggest that it may reduce the presence of the LM in the BM. R246W was
independently observed in five unrelated families. These mutations led to
reduction in protein expression, as determined by immunofluorescence (188).
Some of this reduction is explained by heterozygous inheritance along with a
nonsense mutation. However, the level of reduction may also suggest that
protein processing may be disturbed by this mutation (16). A further mutation,
R246Q, observed within one family, and this change also impaired the
secretion of LM, as determined confocal microscopy of rat derived R246Q-
LAMB2 protein (209), which together supports that this arginine residue has a

key role in protein folding.

Responsible for a milder form of Pierson Syndrome, the S80R mutation has
proven to be of particular interest in resolving the crystal structure of domains
involved in LM polymerisation. Located within the Ba-Bb hairpin on the top
surface of the LN domain and with high conservation across LM31 and LM[32,
this mutation was found to be responsible for inhibiting LM polymerisation in
fragmented LN domains (168). In a recombinant test, it was shown that
equivalent mutations in LMB1 (S68R), resulted in a similar inhibition of LM
polymerisation (122), highlighting the importance of this conserved hairpin

loop.
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It is likely that the number of mutations with genotype-phenotype correlations
is underreported, owing to Pierson Syndrome being such a severe disease
and because genomic sequencing is either not available, or is not carried out
before death. The majority of reported Pierson Syndrome cases are from
Western countries, and it was not until 2013 that the first typical case from Asia
was reported (210), which showed that the phenotype due to LAMB2
mutations appears to be similar between different ethnic groups (211).
Considering this, it is easy for one to imagine how cases of Pierson Syndrome

may go undiagnosed in economically deprived areas of the world.

2.4.4 Junctional Epidermolysis Bullosa

LMB3 is expressed in most epithelial tissues where it forms part of LM3a32
and LM3b32 (212, 213). The resulting heterotrimers have either one or two LN
domains and are unable to polymerise independently (158, 164). Therefore,
one might predict that LN domain mutations are tolerated for this LM chain
unless they influence protein secretion. However, patients were identified
where the pathogenic mutation leads to E210K and results in a phenotype of
trauma-induced blisters, nail dystrophy and alopecia (mild junctional
epidermolysis bullosa) (17, 195, 214). In comparison, homozygous knockout
of LMB3 leads to much more extensive skin blistering complications and early

lethality (215-218).

Interpretation of the E210K mutation is complicated; the affected base pair is
at a splice junction and in a knock-in mouse model led to skipping of the out-
of-frame exon, and no detectable LMB3 in the skin (195). However, in humans,
miss-splicing has been reported for some, but not all patients, and which can

also be rescued by second-site mutations (219). Numerous alternative splice
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products are produced, including some full-length transcripts. The most
common in-frame deletion is predicted to remove several of the central 3-
strands and disrupt the fold. Modelling of E210K indicates it is unlikely to be
required for laminin polymerisation but also is not predicted to affect protein
folding or secretion (18). Overall, the evidence from these patients does not
point toward a LM polymerisation effect but does suggest a role for the LMB3

LN domain in protein function.

Direct evidence for the importance of the LMB3 LN domain has been obtained
from keratinocytes expressing either full-length or LN domain-deleted LMB3
and grafted as skin equivalents onto immunodeficient mice (220). Here, the
LN deleted versions displayed subepidermal blistering, erosions, and
prominent granulation tissue, not associated with reduced LM332 deposition

and pointing LN domain roles beyond polymerisation in this context (1).

2.5 Unresolved questions

The LN-domain associated diseases are an important model in our
understanding of the importance of LM polymerisation. They have formed the
basis of mouse models, used to directly confirm the drastic affects these
mutations have on different tissues. However, the murine models do not allow
mechanism-level resolution. They are unable to provide answers to questions
about how the different roles of the BM might be affected by the mutation; for
example, how is signalling, structure and biophysical resistance at the cellular
level affected by these mutations? Moreover, recombinant protein biochemical
models are also not sufficient for answering these questions. Indeed, although

incredibly valuable, the biochemical assays have tended to not use the full-
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length protein, rather a recombinant truncated version. These truncated
proteins do not mimic the entire physiological relevance of a native full length
LM heterotrimer, with its functionally diverse domains interacting with a

dynamic ECM.

In this thesis | approached these questions through generating genome-edited
cell model to provide the resolution needed for the finer biological details,
whilst still retaining the physiological relevance of a full length native LM. To

do so, | used CRISPR-Cas9 genome editing.

2.6 CRISPR-Cas9

Clustered regularly interspace short palindromic repeats (CRISPR) are a
family of DNA sequences found in the genome of bacteria, derived from DNA
fragments of bacteriophages that had an infected the bacteria previously.
These DNA sequences act as a rudimentary immune system for the bacteria
(221). These sequences allow for the identification of potential infections,
similar to the acquired immunity system of complex multicellular
eukaryotes. CRISPR-associated protein 9 (Cas9) is an endonuclease that is
guided by the CRISPR sequences to complimentary viral DNA, where the
enzyme then introduces a double stranded DNA cleavage (221). This natural
mechanism has formed the basis of the genome-editing technique CRISPR-

Cas9.

Modern CRISPR-Cas9 technology exploits the guidance of the Cas9 enzyme,
using two factors; trans-activating RNA (frRNA) and CRISPR RNA
(crRNA) (222). crRNA is used to guide the Cas9 machinery to foreign DNA

using complimentary base pairing. To achieve site-specific DNA
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cleavage, trRNA is required to complex with the Cas9 and crDNA (221, 222).
This process has been simplified somewhat by fabrication of chimeric
oligonucleotides combining the CcrRNA and trRNA sequences into
single “guide  RNA” (JRNA) molecules (222). These gRNA have simplified
CRISPR-Cas9 genome techniques to a two-step process, requiring only a
gRNA and Cas9 (221, 222). The complexis guided to a specific
Protospacer Adjacent Motif (PAM) sequences, where the Cas9 nuclease
introduces a double strand break six nucleotides downstream (221). The most
common PAM sequence used in CRISPR genome editing is the 5-NGG-3’
sequence. This two-step process is the simplest form of CRISPR-Cas9, and
disrupts the targeted locus through non-homologous end joining (NHEJ),

resulting in indels (Figure 2.6a).
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Figure 2.6: NHEJ and HDR-mediated CRISPR genome editing. a) Non-homologous end joining (NHEJ) repair-
mediated CRISPR involves just 2 components of gRNA and Cas9 protein, and introduces a random mutation due to
mistakes in the NHEJ machinery after a double strand cleavage is introduced 6 nucleotides downstream of PAM
sites. b) Homology directed repair (HDR) template-mediated CRISPR involves an additional component in the form

a HDR template, which introduces a targeted mutation, by binding through homology arms around the mutation site.

By adding a third component to the process, a more controlled means of
introducing mutations can be achieved. The addition of a donor template with
homology to the targeted locus, the double strand break can be repaired using
homology directed repair (HDR) (223-225). Although less efficient than NHEJ,
HDR-based CRISPR-Cas9 allows for more precise replacement mutations, as
it provides the template for mutation, rather than relying on the natural errors
made by the cellular machinery in NHEJ (Figure 2.6b) (223). The donor
template can be in the form of short single- or double-stranded
oligonucleotides for point mutations, or in the form of a plasmid for larger

inserts (226). For the purposes of this work, a single-stranded oligonucleotide
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was used to introduce mutations via HDR CRISPR-Cas9 genome editing,

while a plasmid was used for tagging with a fluorescent protein.

While CRISPR-Cas9 transfection systems are one of the simpler genome-
editing techniques, compared to more traditional methods such as zinc finger
nucleases (227), they are not without their pitfalls. One of the principle
concerns with the use of CRISPR-Cas9 genome editing is the propensity of
off-target effects, which been difficult to control for, although these problems
are not exclusive to CRISPR techniques (228). Mismatches occur when the
CRISPR-Cas9 complex binds to a section of DNA that doesn’t have a 100%
complimentary match to the gRNA, introducing a double strand break in an
undesired locus (228). However, methods have been adapted to reduce the
chance of these undesirable off-target effects. For example, limiting the time
the Cas9 endonuclease is active within cells has been shown to reduce the
off-target cutting of the complex (229-231). In addition to this, in silico off-
target prediction tools are now available, aiding in the design phase of the

genome-editing (232)

Initial developments in this genome-editing tool involved
transfecting Cas9 into the cell in the form of a plasmid, and using the
cells’ natural transcriptional and translational machinery
to produce the Cas9 protein (221). This transfection method meant it was
difficult to control the amount of Cas9 in the cell at any time while the plasmid
was actively expressed (233). To tackle this issue, Cas9 protein with a nuclear
localisation signal (NLS) was purified, and transfected in lieu of the
plasmid (233). This improvement meant not only could the amount of protein
presentin the cells be controlled in terms concentration, but also the short half-
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life of the protein ensured Cas9 was only present in the cell from 4 to 24 hours
(229, 231). Transfection of pure protein reduces the editing efficiency of the
CRISPR-Cas9 complex; however, it also reduces the risk of the complex
binding to non-complimentary sequences and thereby reduces the frequency

of off-target effects (231).
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2.7 Thesis aims

In this thesis, my aim was to use CRISPR-Cas9 genome editing to create two
new cell lines; a non-polymerizing LN domain mutant cell line (Chapter 4) and
fluorescently tagged laminin protein line (Chapter 6). The mutant cell line
would create a robust cellular model of the diseases of the LN domain and
allow for the study of the important, but as of yet not well understood,
mechanistic analyses of the impact of LM polymerisation (Chapter 5). The
second line would allow live super-resolution microscopy and analysis of

dynamics and half-life of a tagged laminin.
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Chapter 3: Materials and Methods

3.1 Cell culture

A549 lung adenocarcinoma cells (ATCC® CCL-185™) (234) and Human
Embryonic Kidney 293a (HEK293) cells (235) (ATCC® CRL-1573™) were
maintained at 37 °C, 5% COz in high glucose (4.5 g/L) Dulbecco’s Modified
Eagle Media with 2 mM L-glutamine (Sigma-Aldrich, St. Louis, Missouri, USA),
supplemented with 10% foetal calf serum (FCS) (LabTech International Ltd,
Heathfield, UK). A549 cells were used as they predominantly expressed
LM511. HEK293 cells were used as a control, producing minimal LM of their
own, but expressing the integrins necessary for LM-cell binding. For sub-
culturing and seeding, cells were washed with Dulbecco's Phosphate-Buffered
Saline (DPBS) (Sigma-Aldrich) and incubated with 1 x trypsin EDTA (0.05 %
trypsin, 0.02 % EDTA w/v) (Sigma-Aldrich). Upon detachment, the trypsin was
neutralised using FCS-containing media, cells pelleted by centrifuging at 1000
rpm for 5 min and re-suspended in normal growth medium. In the experiments
detailed below, equal numbers of cells were seeded 24 h prior to assay unless
stated otherwise. Cells were kept in culture for no longer than 6 passages after

thawing.
3.2 Laminin RT-gPCR

Primers and cDNA were donated by Dr Lee Troughton (University of Liverpool,
UK). For cell line comparisons, each cell type was seeded into six-well plates
(GreinerBioOne) at a density of 2.5 x 10° cells/well, and RNA extracted after
24 h. RNA was extracted for isoform-specific RT-gPCR using RNeasy mini-
prep spin columns from Qiagen (Qiagen, Venlo, Netherlands). RNA quantities
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and purities were measured using a Nanodrop 2000™ (ThermoFisher)
accepting an optical density 260/280 ratio of between 1.9 and 2.1. 1 ug of total
RNA was reverse transcribed using Precision nanoScript™ 2 Reverse
Transcriptase (Primerdesign, Camberley, UK) using random hexamers and
oligo-DT primers under the following conditions: 65 °C for 5 min, 25 °C for 5
min, 42 °C for 20 min, 75 °C for 10 min. 5 ng of cDNA was used for each 10
uL gPCR reaction, made up of: 1 uM primer pair (Table 3.1), 5 pL Precision
Plus gPCR Mastermix (Primerdesign), 5 ng cDNA, and H20 to 10 pL. The
following run protocol was used for all gqRT-PCR reactions: 1 cycle of 95 °C for
2 min, 40 cycles of 95 °C 15 s, 60 °C 1 min, with a final melt curve analysis.
All RT-gPCR was perform using Roche Lightcyler 480™ or Lightcycler 96™

(Roche, Basel, Switzerland).
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Table 3.1: Primer Sequences, location and amplicon size of LM genes

and reference transcripts for

Troughton, University of Liverpool, UK)

isoform specific RT-qPCR (Dr Lee

Isoform Direction  Sequence Location Amplicon
Size

LAMA1 Forward 5'- GGCTCTGTGACTGCAAACCAAACGTG-3 Ex 20-21 88 bp
Reverse 5'- CAGCCATGGCCTGAGTCCAGC- 3

LAMA2 Forward 5'- CCTCTTGTGTCGCAGAAGGACTTGACG- 3' Ex 31-32 114 bp
Reverse 5'- GCCTGGACTGCCAGTATAGCCAG- 3'

LAMA3A Forward 5'- GCCTCCCGGTCAAAGTCAACTGC- 3' Ex 39-40 118 bp
Reverse 5'- GCAGGGAACACACCGTCCGGTATAC- 3

LAMA3B Forward 5'- GCCACCTGTGTCTCCTTGGCC- 3' Ex 27-28 181 bp
Reverse 5'- CCAGGTGTGGTACACGTCCTCTCA-3

LAMA3LN1 Forward 5'- GGTGGAGGGGTCTGCATTAACTGTCA-3' Ex 8-9e 170 bp
Reverse 5'- CGCTGAGGCAGTACACACAGGC-3'

LAMA4 Forward 5'- CCAGACTCAGTGATGCCGTTAAGCAAC- 3 Ex 17-18 95 bp
Reverse 5'- GGCTTCCTCGGTGATCAGTCTAGACTGC- 3

LAMAS Forward 5'- AGCGGTGTGACGTGTGTGCC- 3' Ex 10-12 132 bp
Reverse 5'- CTGCCGCGCTGCAGTCACAAT-3'

LAMB1 Forward 5'- CATGAGACCCTGAATCCTGACAGCC- 3 Ex 4-6 190 bp
Reverse 5'- GCATAGCAGCTGGACGGAATGTCTTGAAAGTC-3'

LAMB2 Forward 5'- GCCTGTGTGGGCATTTGGTGC- 3' Ex 15-16 132 bp
Reverse 5'- CCACTTCAGATGCAGCTTGTAGGAGA - 3'

LAMB3 Forward 5'- GGAGAAAGAACGGCAGAACACACAGC- 3 Ex 1-3 91 bp
Reverse 5'- GGCAGGGCAAAACACAAGAGGAAGAA- 3!

LAMC1 Forward 5'- CCCAGCTCCATCAACCTCACGC- 3 Ex 1-2 141 bp
Reverse 5'- CCGTGTGCGCTTGTAAATGGCAAAGC- 3'

LAMC2 Forward 5'- CTGCCTCTGCTTCTCGCTCCTC-3' Ex 1-2 85 bp
Reverse 5'- CTGCCAGGAGTTCCCATTGCTTAGACAGA- 3'

LAMC3 Forward 5'- CCAGCATGGCACCTGTGACC - 3' Ex 12-13 96 bp
Reverse 5'- CCATAGAAACCTGGCAAACAGCGTTC - 3
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RPLPO Forward 5'- GGTGGAGGGGTCTGCATTAACTGTCA-3 Ex 6-7 98 bp
Reverse 5'- GGTGGAGGGGTCTGCATTAACTGTCA-3'
SOX9 Forward 5-CTTTGGTTTGTGTTCGTGTTTTG —-3' Ex 3 101 bp

Reverse 5'- AGAGAAAGAAAAAGGGAAAGGTAAGTT-3'

3.3 CRISPR-Cas9 genome editing

A549 cells were transfected using 400 ng of one of two gRNA’s (gRNA1
CGTGCCCCTGGAGAACGGAG, gRNA2 CGCATCGTGCCCCTGGAGAA),
2 ug of Cas9 2xNuclear Localisation Signal (GeneMill, Liverpool, UK), in a final
volume of 7 yL of Neon™ R Buffer (ThermoFisher, Waltham, Massachusetts,
USA). Cas9-gRNA solutions were incubated at room temperature for 20 min,
1.2 x 10° A549 cells and 600 ng HDR donor template
(GGCCATCTGCACCACCGAGTACTCACGCATCGTGCCCCTTAAGAACGG
AAAGGTGGGCCGGGGAGGGGCAGGGCGGTACGGG) were added, and
the solution electroporated using the Neon™ 10 uL Transfection Kit
(ThermoFisher) with 4 x 20 ms 1200 V pulses, then seeded onto pre-warmed

24-well plate.
3.4 Clonal Expansion

A549 cells transfected with gRNA’s were expanded, and plated to generate
single cell clones (0.4 cell/well in 6 x 96-well Corning® TC-treated plates
(Sigma-Aldrich)). Single cell clones were expanded then dissociated using
trypsin and transferred to a Corning® TC-treated 24-well plate (Sigma-Aldrich)

for DNA extraction.
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3.5 DNA Extraction

Cells were pelleted and digested in 100 pl DNA lysis buffer (50 mM Tris-HCI
pH 8.0, 0.1 M NaCl, 1% SDS, 20 mM EDTA (All Sigma-Aldrich)) and 10 pl of
proteinase K (10 mg/ml, all Sigma Aldrich) for 3 h at 55°C (236). Samples were
cooled, spun at 13,000 rpm for 3 min and the supernatant transferred to clean
1.5 ml tubes (Eppendorf, Hamburg, Germany). An equal volume of
isopropanol (Sigma Aldrich) was added, gently inverted and span at 13,000
rom, and supernatant discarded. Pellets were washed with 500 pl of 70%
EtOH (Sigma Aldrich), then air-dried for 10 min, and resuspended in 20 pl

ddH20.
3.6 Screening

Single cell clones were screened using a dual method: firstly, using PCR to
detect the PLENGK mutation (forward primer AAAGCGTGCAAGGGAGAG,
reverse CCCACCTTTCCGTTCTTA, amplicon 224 bp) in unison with a DNA
quality control PCR (forward primer AAAGCGTGCAAGGGAGAG, reverse
primer GTAGGAGAAATTCATGGCGC, amplicon 537 bp). 25 yL PCRs were
run using 1 ng of genomic DNA, 1 uM primers, 12.5 yL REDTaq® ReadyMix™
PCR Reaction Mix (Sigma-Aldrich), with the protocol; 95 °C for 5 min, 35
cycles of 95 °C for 30 s, 60 °C for 45 s and 72 °C for 1 min, ending with 7 min
at 72 °C using a Veriti Dx Thermal Cycler™ (ThermoFisher). Products were
separated by electrophoresis on a 2 % w/v agarose/TAE gel, and analysed
using a BioRad Gel Doc XR+ System (BioRad, Hercules, California, USA).
Positive hits from the initial screen where then analysed using the

heteroduplex melt-curve analysis (forward primer
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GGACTGTCTGGAGCGGTTC, reverse primer
CACCTTTCCCTTCTCCAGCC, amplicon 205 bp) 10 uL high-resolution melt-
curves were run using 1 ng of genomic DNA, 1 uM primers, 5 yL SYBR®
Green PCR Master Mix (ThermoFisher), with the protocol; 50 °C for 2 min, 95
°C for 2 min, 40 cycles of 95 °C for 15 s (ramp rate: 4.4 °C/s) and 60 °C for 1
min (ramp rate: 2.2 °C/s), ending with 1 cycle of 95 °C for 1 min, 40 °C for 1

min, 65 °C for 1 s and 97 °C for 1 s (ramp rate: 0.07 °C/s).
3.7 DNA Sequencing

PCR products from the clones identified as potentially containing the mutant
sequence were prepared for DNA sequencing. PCR products were run on a 2
% w/v agarose/TAE gel and bands were purified using Monarch® DNA Gel
Extraction Kit (New England Biolabs, Ipswich, Massachusetts, USA) then

sequenced by DNASeq (University of Dundee, Dundee, Scotland).

3.8 Primary and Secondary Antibodies
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Table 3.2: Antibodies

used for Immunoblotting, Immunocytochemistry and Flow Cytometry

Application

Primary antibodies (species)

Supplier

Secondary antibodies

Supplier

Immunoblotting

LM a5 2F7 (Mouse) Sigma-Aldrich WH0003911M1 IRDye® 800cw Goat-anti LiCor Biosciences 926-32210
0.1 pg/mL Mouse, 0.05 ug/ mL

LM B1 (Rabbit) ThermoFisher PA5-27271 IRDye® 680rd  Goat-anti LiCor Biosciences 925-68071
1 pg/mL Rabbit, 0.05 pg/mL

LM B2 CL2979 (Mouse) Abcam ab210956 IRDye® 800cw Goat-anti LiCor Biosciences 926-32210

1 pg/mL

Mouse, 0.05 ug/ mL

Immunocytochemistry

LM a5 4C7 (Mouse)

Gifted by Prof Albrechtsen and

Alexa Flour 488™, Goat-anti

ThermoFisher A-11001

1 pg/mL Prof Wewer mouse IgG (H+L), 2.4 pg/mL
Paxillin (Rabbit) Abcam (Cambridge, UK) ab32084 Alexa Flour 594™ Goat-anti ThermoFisher A-11037
0.4 pg/mL rabbit IgG (H+L), 4 ug/mL

Vinculin Vin-54 (Mouse)
1 pg/mL

Abcam ab130007

Alexa Flour 488™, Goat-anti
mouse IgG (H+L), 2.4 pg/mL

ThermoFisher A-11001

Zyxin 2D1 (Mouse)

Abcam ab58210

Alexa Flour 488™, Goat-anti

ThermoFisher A-11001

1 yg/mL mouse IgG (H+L), 2.4 pg/mL

YAP1 (Rabbit) ThermoFisher PA1-46189 Alexa Flour 594™  Goat-anti ThermoFisher A-11037
2 ug/mL rabbit IgG (H+L), 4 ug/mL

TAZ M2-616 (Mouse) BD BioSciences (Franklin, New Alexa Flour 488™, Goat-anti ThermoFisher A-11001
5 pg/mL Jersey, USA) 560235 mouse IgG (H+L), 2.4 pg/mL

Alexa Fluor™ 488 Phalloidin
1.65 uM

ThermoFisher A12379

Flow cytometry

Integrin a3 ASC-1 (Mouse)
1 yg/mL

Abcam ab228425

Alexa Flour 488™, Goat-anti
mouse IgG (H+L), 5 yg/mL

ThermoFisher A-11001

Integrin a6 MP 4F10 (Mouse)
1 yg/mL

Abcam ab20142

Alexa Flour 488™ Goat-anti
mouse IgG (H+L), 5 yg/mL

ThermoFisher A-11001

Integrin av 272-17E6 (Mouse)
1 yg/mL

Abcam ab18821

Alexa Flour 488™, Goat-anti
mouse IgG (H+L), 5 ug/mL

ThermoFisher A-11001

Integrin 1 12G10 (Mouse)
1 pg/mL

Abcam ab30394

Alexa Flour 488™, Goat-anti
mouse IgG (H+L), 5 pg/mL

ThermoFisher A-11001

Integrin B4 M126 (Mouse)
1 yg/mL

Abcam ab29042

Alexa Flour 488™, Goat-anti
mouse IgG (H+L), 5 ug/mL

ThermoFisher A-11001

77



3.9 Immunoblotting

Cells were seeded in 100 mm tissue culture dishes for 24, 48, 72 or 96 h to
obtain a final population of 2.0 x 108 -at point of harvest (1.0 x 10°, 5.0 x 10°,
2.5 x 10° and 1.25 x 10° seeded per timepoint, respectively). For whole cell
lysates, cells were scraped into 90 uL urea-SDS lysis buffer: 10 mM Tris—HCI
pH 6.8, 6.7 M Urea, 1 % w/v SDS, 10 % w/v glycerol, 7.4 uyM bromophenol
blue, 50 uyM phenylmethylsulfonyl fluoride, 50 yM N-methylmaleimide,
sonicated and 10 % v/v B-mercaptoethanol added (all Sigma-Aldrich). For
ECM preparations, cells were removed with 2 % v/v.ammonium hydroxide
(Sigma-Aldrich) solution prior to scraping into urea SDS lysis buffer.
Conditioned media was collected and concentrated using a 40% wl/v

ammonium sulfate (Sigma-Aldrich) cut.

Table 3.3: Recipe for self-made 7.5 % acrylamide/bis-acrylamide gels

Component (all Sigma-Alrich) Resolving gel (mL) Stacking gel (mL)
Acrylamide/Bis-acrylamide, 30% 2 0.75

Tris, 0.5M, pH 6.8 0 1.25

Tris, 1.5M, pH 8.8 2 0

ddH20 4 3

APS, 10 % w/v 0.1 0.1
TEMED 0.004 0.005

Samples were separated by SDS-PAGE on a 7.5% acrylamide/bis-acrylamide
gel (Table 3.3), transferred to 0.2 ym nitrocellulose membrane (Biorad)
(100 V, 2.5h), blocked for 1 h in 5% w/v Marvel® Milk (Premier Foods,
Hertfordshire, UK) or Odyssey® Blocking Buffer (TBS) (LiCor Biosciences,
Lincoln, Nebraska, USA), then probed overnight at 4 °C with primary

antibodies (Table 3.2). Membranes were washed 3 x 5 min in PBS with 0.1%
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v/v Tween 20 (Sigma-Aldrich), and probed for 1 h at room temperature in the
dark with IRDye® secondary antibodies (Table 3.2, LiCor Biosciences).
Membranes were washed for 3 x 5 min with PBS-Tween20 0.1% vl/v, rinsed
with PBS then imaged using an Odyssey® CLX 9120 infrared imaging system

(LiCor Biosciences).
3.10 Laminin Polymerisation assay

Cells were seeded at a density of 1.0 x 107 in Nunc™ TripleFlask™ treated
cell culture flasks (ThermoFisher) and grown to confluence in normal media.
Once confluent, media was changed to a-lactose containing, low serum
media: DMEM High Glucose, 1 % FCS, 2 mM L-Glut and 30 mM a-lactose.
After 5 days, media was harvested and concentrated with a 40 % ammonium
sulfate cut. Concentrated media was dialysed into Tris Buffer Saline (TBS, 50
mM Tris, 150 mM NacCl, pH 7.2) with 0.1 % v/v Triton® X-100 (all Sigma-
Aldrich). Protein concentration was determined by QuickStart Bradford Assay

(Biorad).

Polymerisation assays were performed in 0.6 mL tubes at a volume of 100 uL
with 1 mg/mL of concentrated conditioned media, 5 mM CaCl2 (Sigma-Aldrich)
in TBS-Triton X-100, as described previously (121). Tubes were incubated at
37 °C for 3 h then centrifuged at 10,000 g for 15 min to pellet precipitant.
Supernatant was carefully removed, and Urea-SDS lysis buffer with 10 % v/v
B-mercaptoethanol was added to both the pellet and supernatant. Samples
were run on 7.5 % SDS-PAGE and immunoblotted for the presence of laminin

ab.
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3.11 Immunofluorescence

2 x 10% cells were seeded on glass coverslips, then fixed using either 100%
ice-cold methanol (University of Liverpool, UK) for 10 min and air-dried for
staining with LMa5 antibodies or fixed in 3.7% v/v paraformaldehyde in PBS
for 10 min and permeabilised in 0.1 % v/v Triton X-100 (all Sigma-Aldrich) in
PBS for 5 min. For ECM analyses, cells were removed by 2% v/v ammonium
hydroxide treatment for 10 min prior to fixation as described previously (237).
Primary antibodies (Table 3.2) were diluted in 5% normal goat serum (Sigma-
Aldrich) PBS and incubated at 37 °C for 2 h. Coverslips were washed 3 x 5 min
with PBS then probed 1 h at 37 °C with Alexa Fluor® secondary antibodies
(Table 3.2, ThermoFisher) diluted in PBS at 2.4 ug/mL. Coverslips were
washed in PBS with 0.05 % v/iv Tween20 then mounted using
VECTASHIELD® Mounting Medium with DAPI (Vectorlabs, Murarrie,
Australia) and fixed with nail varnish (Coco Chanel, Paris, France). Images
were obtained using Zeiss LSM800 confocal microscope (Zeiss, Oberkochen,
Germany), and processed using Zen Blue (Zeiss) and ImageJ (NIH, Bethesda,

Maryland, USA).
3.12 Focal adhesion analysis

Images obtained from focal adhesion immunocytochemistry were exported
using Zen Blue and analysed using Image J. To analyse focal adhesions,
images were converted to 8-bit, and threshold was auto-adjusted. The Analyse
particles function was used to obtain individual measurements for each focal

contact, as well as a summary of results for each image. Unpaired T test was
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carried out using GraphPad Prism 6 (GraphPad Software, La Jolla, California

USA).

3.13 Migration, morphology and scratch assay

For cell morphology analyses and low-density migration assays, cells were
seeded at 2.0 x10* cells/ well onto uncoated 24-well plates (Corning, Sigma-
Aldrich). For morphological analyses, 20X phase contrast images were
acquired on a Nikon Eclipse Ti-E fluorescent microscope (Nikon, Tokyo,
Japan) and cell perimeters of individual cells were manually traced to define
cell area using Image J software. For low density migration assays, cells were
imaged every 2 min over a 2 h period using a 20X objective on a Nikon Eclipse
Ti-E fluorescent microscope adapted for live cell imaging. Individual cells were
then tracked using the MTrackJ plugin on image J, to allow calculation of
migration speed (total distance travelled / time), and cell processivity as a
measurement of migration directionality persistence; defined as total distance

migrated/ distance moved from origin.

For gap closure assays, cells were seeded in a 6-well plate (Corning, Sigma-
Aldrich) at 6.0 x 10* cell/ well. Plates were carefully scratched with a 200 uL
tip after 16 h, cell debris washed away, and the gap margin imaged using a
Nikon TiE epifluorescence microscope with a 10X objective at 0 and 16 h. Gap
closure was measured as a percentage relative to starting area using the

freehand tool in image J.

3.14 Cell cycle analysis

Cells were serum starved for 24 h then seeded at a density of 2.5 x 10° per
well of a 6-well dish. 24 h later, cells were dissociated, pelleted, washed, fixed
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in 70% ethanol for 5 min, then re-suspended in 150 uL of RNase A
(0.5 mg/mL) (Sigma-Aldrich). 150 pL of propidium iodide
(ThermoFisher) (100 pg/mL) was added and incubated at 37 °C in the dark for
30 min. Cells were analysed using BD Accuri C6 flow cytometer (BD
Biosciences, Franklin Lakes, New Jersey, USA). Multiple T test using the

Holm-Sidak method was carried out using GraphPad Prism 6 (237).
3.15 Rapid Cell Adhesion Assay

Cells were seeded at 2.0 x 10° in a T75 flask, 24 h prior to assay for
synchronisation. Cells were dissociated and plated at 1.0 x 10° cells/ well in
TC-treated 96 well plates, with 1 plate per timepoint and at least 5 technical
replicates per plate. After incubation for 5, 10, 20, 30, 45 or 60 min at 37 °C, 5
% COz2, unattached cells were removed by flicking, and attached cells were
fixed at room temperature for 10 min using 3.7 % paraformaldehyde. Plates
were then stained with 0.5 % Crystal Violet solution with 20% methanol (both
Sigma-Aldrich) for 30 min at room temperature and washed extensively with
ddH20. Plates were dried and then treated with 100uL/ well 1 % SDS for 1
hour at room temperature. Absorbance at 595 nm was measured using
SPECTROstar Nano plate reader (BMG Labtech, Aylesbury, UK), and data

were analysed using GraphPad 6.

For rapid adhesion onto cell-derived matrices, A549 and 13C1 cells were
seeded in TC treated 48-well plates (Corning, Sigma-Aldrich) at a density of
1.0 x 10% well, and incubated at 37 °C, 5 % COz2for 120 h. Cells were then
removed with 2 % ammonium hydroxide treatment, and cellular debris was

removed with extensive sterile DPBS washes. HEK293 cells were seeded onto
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the cell-derived matrices at a density of 2.5 x 10%/ well, with the rapid adhesion

assay then being carried out as described above.
3.16 Detachment Assay

A549 and 13CL1 cells were seeded in a TC-treated 48 well plate at a density of
1.0 x 10° cells/well and incubated for 48 h at 37°C, 5 % CO2. Wells were then
treated with dilute trypsin EDTA (0.0005 % trypsin, 0.0002 % EDTA w/v or
0.00025 % trypsin, 0.0001 % EDTA w/v) for 1, 2, 5, 10, 20, 30, 45 and 60 min.
After each timepoint, trypsin EDTA solution was removed carefully without
irrigation, neutralised in serum-containing media and cells were counted. Data

was analysed using GraphPad 6.

For detachment from cell-derived matrices, A549 and 13C1 cells were seeded
in TC treated 48-well plates at a density of 1.0 x 10% well, and incubated at 37
°C, 5 % COz2 for 120 h. Cells were then removed with 2 % ammonium
hydroxide treatment, and cellular debris was removed with extensive sterile
DPBS washes. HEK293 cells were seeded onto the cell-derived matrices at a
density of 2.5 x 10% well, and incubated for 48 h at 37 °C, 5 % CO..

Detachment assay was then being carried out as described above.

3.17 Cross-Matrix Experiments

A549 and 13C1 cells were seeded at density of 1.0 x 10° in TC-treated 48 well
plates for 120 h at 37 °C, 5 % COa. Cells were removed with 2 % ammonium
hydroxide and washed extensively with sterile DPBS to remove cellular debris,
leaving behind A549 cell-derived matrices and 13C1 cell-derived matrices.

A549 and 13C1 cells were then seeded onto 13C1 cell-derived matrices and
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A549 cell-derived matrices respectively, for rapid attachment and detachment

assays.

3.18 Cell surface integrin analysis

A549 and 13C1 cells were seeded in TC-treated 6 well plate (Corning, Sigma
Aldrich) at a density of 5.0 x 10° and incubated for 24 h at 37 °C, 5 % CO..
Cells were dissociated, resuspended in 100 pL of primary antibodies (Table
3.2) with 5 % normal goat serum in PBS, and rotated for 45 min at room
temperature. Cells were pelleted at 100 g for 2 min, supernatant was removed
and cells were washed with 3 x 5 min sterile DPBS. Cells were resuspended
in 100 pL of secondary antibodies dilution (Table 3.2) and rotated for 45 min
at room temperature in darkness. Cells were again pelleted and washed,
before being fixed with 0.5 % PFA and analysed using the BD Accuri C6 flow

cytometer.

3.19 Traction Force Microscopy (TFM)

3.19.1 Amino-salination of dishes

Glass bottom dishes (35 mm, @13 mm, No. 1, MatTek, Ashland,
Massachusetts, USA) were treated with 0.1 M NaOH at room temperature for
5 min. Once dried, dishes were treated with 3-aminopropyltrimethoxysaline
(Sigma-Aldrich) for 2.5 min at room temperature before being extensively
washed with PBS, followed by extensive ddH20 washes. Dishes were treated
with 200 pL of 0.5 % glutaraldehyde (Sigma-Aldrich) and incubated at room
temperature for 30 min. Dishes were extensively washed with ddH20 before

being air dried in a dust cabinet.
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3.19.2 Coverslip preparation

13 mm coverslips, No. 0 (SLS, Nottingham, UK) were washed extensively with
Rain-X (Kraco Car International, Ellesmere Port, UK), and then left to incubate
in Rain-X at room temperature overnight. Coverslips were then washed twice

in 70 % ethanol and air-dried in a dust cabinet

3.19.3 Polyacrylamide gel preparation

20 pL of FluoSpheres Carboxylate-Modified Microspheres, 0.2 pum, yellow-
green fluorescent (505/515 nm), 2 % solids (ThermoFisher) were added to 500
pL of polyacrylamide gel solution (5 % and 21 % polyacrylamide), and vortexed
for 1 min. Setting agents (APS and TEMED) were added to solutions, and 6
pL of gel solution was added to the amino-silinated glass bottom dishes.
Treated coverslips were placed on top of gel solution to create an ultrathin
polyacrylamide gel (100-150 pum), and gels were turned upside down to set for
30 min at room temperature. Coverslips were removed with forceps, and gels
were washed extensively with sterile DPBS to remove residual non-

polymerised polyacrylamide.

3.19.4 Polyacrylamide coating

150 pL of 0.2 mg/mL sulfo-SANPAH (Sigma-Aldrich) was uniformly added to
the polyacrylamide gels, and gels were then exposed to 365 nm UV light at a
distance of 10 cm for 20 min. Gels were rinsed briefly with sterile filtered
HEPES buffer (50 mM pH 8.5, Sigma-Aldrich). Rat-tail collagen | (100 pg/mL
in HEPES buffer) was added to the gels and incubated overnight at 4 °C. Gels

were washed sterile DPBS and sterilised using 365 nm UV light for 20 min.
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3.19.5 TFM seeding, image acquisition and analysis

A549 and 13C1 cells were seeded at a density of 2.0 x 104 on collagen | coated
polyacrylamide gels, and incubated for 24 h at 37 °C, 5 % COa2. Cells were
imaged at 30 designated positions in the brightfield channel, as well as a z-
stack in the 488nm laser channel, using a 3i Olympus Spinning Disk confocal
microscope (Olympus Life Sciences, Waltham Massachusetts, USA). Cells
were then rapidly removed using 20 % SDS, and z-stacks were again taken in
the 30 positions. Images were processed in ImageJ using the TFM macros
“GenerateParameterFile” and “AlignCropPIVForce” as described previously

(238).
3.20 Scanning Electron Microscopy

5 mm x 5 mm silicon wafer chips (AGG3390, Agar Scientific, Essex, UK) were
sonicated in distilled water to remove dust, then sonicated in acetone and dried
on a hotplate at 100 °C. Hot chips were plunged in acetone and dried again
on the hotplate. Clean chips were mounted on aluminium studs (Agar
Scientific) and dried on the hotplate. When dry, chips were plasma cleaned in
the Tescan S8000G Fusion lon Beam/ Scanning Electron Microscope
(Tescan, Brno, Czech Republic), using an oxygen plasma to improve wetting.
The chips were placed in a storage box and allowed to fully dry in a desiccator,

before a final 70 % ethanol wash for cell seeding.

A549 and 13C1 cells were seeded at a density of 2.0 x 10* onto the wafer
chips and incubated at 37 °C, 5 % COz2 for 120 h. Cells were then removed
using 2 % ammonium hydroxide solution, and cellular debris was removed

with extensive DPBS washes. Remaining cell-derived matrices were treated
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with either 4 M guanidine hydrochloride overnight at 4 °C with gentle rocking,
or 0.1 mg/mL Collagenase A with 1 pg/mL proteinase inhibitor cocktail (P1860
cocktail, Sigma-Aldrich) overnight at 37 °C with gentle rocking. Treated
matrices were fixed with 4 % paraformaldehyde 0.1 % glutaraldehyde (Sigma-

Aldrich) in PBS at 4 °C for 2 h.

Samples were treated with chromium sputter for 15 s whilst under rotation, to
achieve a coating thickness of 5-10 nm. The specimens were studied in the
Tescan S8000G Fusion lon Beam/ Scanning Electron Microscope at an
accelerating voltage of 2 kV and a beam current of 15 pA. Micrographs were
acquired at 10 ym, 5 um and 2 um field of view (length of horizontal axis) using

the ET detector. The working distance was approximately 4 mm.

3.21 Liquid Chromatography — Mass Spectrometry (LC-MS)

3.21.1 LC-MS Sample preparation

Cells were synchronised by seeding 4 x 10° cells in T175 flasks in DMEM High
Glucose media containing 1 % FCS and 2 mM L-Glutamine. After 24 h, 2 x
10° cells were seeded in 2 x 100 mm dishes in 1 % FCS media, then
transferred to serum free media for 22 h. Cells were removed used 2 % v/v
ammonium hydroxide for 10 min on ice, and washed with PBS x 5 to remove
cellular debris. Remaining proteins on the two dishes were lysed with 90 uL of
Clear Urea-SDS lysis buffer (6.7 M Urea, 10 mM Tris-HCI, 1% w/v SDS, 10%
wi/v glycerol) and snap frozen using liquid nitrogen (n = 4). Sample preparation
from this point was carried out by the Centre of Proteomics Research
(University of Liverpool, Liverpool, UK). Samples were normalised to the

lowest protein concentration. 7 pg of protein was diluted to a total volume of
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75.3 pL using ammonium bicarbonate, and samples were denatured for 10
min at 95 °C. Cysteine reduction was performed using 5 pL Dithiothreitol
solution (11.1 mg/mL) for 10 min at 60 °C, 600 rpm. Samples were cooled to
room temperature and alkylation was performed by adding 5 uL
iodoacetamide (46.6 mg/mL) and incubated for 30 min in the dark. 20 ng of
SP3 beads were added to the protein solution, followed by 365.2 uL of ethanol
(80% final volume of ethanol). Beads were gently mixed by pipetting and
incubated for 15 min. Samples were placed onto a magnetic rack and left to
settle for 5 min. The eluent was removed and samples were then washed 3 x
5 min with 200 puL of 80 % ethanol. In-solution digestion was carried out by
adding 1 uL 0.02 pg/uL trypsin in 40 yL 25 mM Ambic and incubated at 37 °C
overnight at 1000 rpm. Samples were placed onto a magnetic rack and left to
settle for 5 min. The solution was removed and acidified with 1 pL of
trifluoroacetic acid. Peptide solutions were dried in a vacuum centrifuge and
re-suspended in 20 yL of 97:3 water: acetonitrile + 0.1 % TFA for LC-MS

analysis.

3.21.2 LC-MS Analysis

Injected samples were analysed using an Ultimate 3000 RSLC™ nano-system
(Thermo Scientific) coupled to a Q Exactive™ mass spectrometer (Thermo
Scientific). The sample was loaded onto the trapping column (Thermo
Scientific, PepMap100, C18, 300 um x 5 mm), using partial loop injection, for
seven minutes at a flow rate of 12 L/ min with 0.1 % v/v FA. The sample was
resolved on the analytical column (Easy-Spray C18 75 pm x 500 mm 2 uym
column) using a gradient of 96.2 % A buffer (0.1 % formic acid): 3.8 % B buffer

(79.95 % acetonitrile, 19.95 % water, 0.1 % formic acid) to 50 % A: 50 % B
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over 90 min at a flow rate of 0.3 pL/min (2 h program). The data-dependent
program used for data acquisition consisted of a 60,000-resolution full-scan
MS scan in the orbitrap (AGC set to 3e6 ions with a maximum fill time of 100
ms). The 16 most abundant peaks per full scan were selected for HCD MS/MS
(30,000 resolution, AGC set to 1e5 ions with a maximum fill time of 45 ms)
with an ion-selection window of 2 m/z and normalised collision energy of 30
%. lon selection excluded singularly charged ions and ions with equal to or a

greater than +6 charge state. Samples were analysed in random order.

3.21.3 LC-MS Data analysis

Raw MS data files were analysed by Progenesis QI label-free quantitative
software. Peptide lists were exported and searched using the Mascot search
engine (v 2.7) against the neXtProt database of human reviewed proteins
(42,368 sequences; accessed: 09/08/2021) adjusted to a false discovery rate
(FDR) of 1 %. The data were searched with the variable modification of
methionine oxidation and a fixed cysteine carbamidomethylation modification,
limited to 1 missed cleavage. Peptide mass and fragment mass tolerances

were defined at £10 ppm and +0.01 Da, respectively.

3.22 Cell signalling arrays

Cells were prepared for use with the Human/Mouse AKT Pathway
Phosphorylation Array C1 and the Human RTK Phosphorylation Array C1
(RayBiotech, Peachtree Corners, Georgia, USA). A549 and 13C1 cells were
seeded at a density of 1.0 x 10° in a 6-well TC treated dish and incubated for
120 h at 37 °C, 5 % COzthen the cells were removed with 2 % ammonium

hydroxide treatment to reveal the ECM. Onto the remaining cell-derived
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matrices, HEK293 cells were seeded at a density of 3.0 x 10° and incubated
for 24 h. Cells were lysed under gently rocking for 30 min at 4 °C in 200 L of
Cell Lysis Buffer (RayBiotech), and protein concentration determined by
QuickStart Bradford Assay. Signalling array membranes were blocked with
Blocking Buffer (RayBiotech) for 1 h at room temperature. 300 ug of protein
lysis was loaded onto the membranes and incubated overnight at 4 °C.
Membranes were washed extensively with Wash Buffer 1 and Wash Buffer 2
(RayBiotech) before incubation with the AKT and RTK primary antibody
cocktails (RayBiotech) for 2 h at 37 °C. Membranes were washed with Wash
Buffer 1 and 2 then incubated with HRP secondary antibody cocktails
(RayBiotech) for 2 h at room temperature. Membranes were washed for a final
time before being developed with Detection Buffer (RayBiotech) and imaged
on a BioRad Gel Doc XR+ System. Densitometry was performed using Image

J.
3.23 RNA Sequencing

3.23.1 Sample preparation

A549 and 13C1 cells were seeded at a density of 1.0 x 10° in a 6-well plate
and incubated for 120 h at 37 °C, 5 % CO2. HEK293 cells were synchronised
by seeding 2.0 x 108 cells in a T75 flask 24 h prior to use. After 120 h, cells
were removed with ammonium hydroxide and 3.0 x 10° HEK293 cells were
seeded onto the cell-derived matrices for 24 h. RNA was than extracted from
cells using the Monarch® Total RNA Miniprep Kit (New England Biolabs,
Ipswich, Massachusetts, USA), and RNA was sent to Genewiz (Azenta Life

Sciences, Leipzig, Germany) for RNA sequencing.
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3.23.2 RNA Library Preparation and NovaSeq Sequencing

Samples were processed by Genewiz from this point onwards. RNA samples
were quantified using Qubit 4.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA) and RNA integrity was checked with RNA Kit on Agilent 5300 Fragment
Analyzer (Agilent Technologies, Palo Alto, CA, USA). RNA sequencing
libraries were prepared using the NEBNext Ultra RNA Library Prep Kit for
lllumina following manufacturer’s instructions (NEB, Ipswich, MA, USA).
Briefly, mRNAs were first enriched with Oligo(dT) beads. Enriched mRNAs
were fragmented for 15 min at 94 °C. First strand and second strand cDNAs
were subsequently synthesized. cDNA fragments were end repaired and
adenylated at 3’ends, and universal adapters were ligated to cDNA fragments,
followed by index addition and library enrichment by limited-cycle PCR.
Sequencing libraries were validated using NGS Kit on the Agilent 5300
Fragment Analyzer (Agilent Technologies, Palo Alto, CA, USA), and quantified
by using Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, CA). The sequencing
libraries were multiplexed and loaded on the flowcell on the Illumina NovaSeq
6000 instrument according to manufacturer’s instructions. The samples were
sequenced using a 2x150 Pair-End (PE) configuration v1.5. Image analysis
and base calling were conducted by the NovaSeq Control Software v1.7 on
the NovaSeq instrument. Raw sequence data (.bcl files) generated from
lllumina NovaSeq was converted into fastq files and de-multiplexed using
lllumina bcl2fastq program version 2.20. One mismatch was allowed for index

sequence identification.
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3.23.3 RNA sequencing Data analysis

After investigating the quality of the raw data, sequence reads were trimmed
to remove possible adapter sequences and nucleotides with poor quality using
Trimmomatic v.0.36. The trimmed reads were mapped to the Homo sapiens
reference genome available on ENSEMBL using the STAR aligner v.2.5.2b.
The STAR aligner is a splice aligner that detects splice junctions and
incorporates them to help align the entire read sequences. BAM files were
generated as a result of this step. Unique gene hit counts were calculated by
using feature Counts from the Subread package v.1.5.2. Only unique reads
that fell within exon regions were counted. After extraction of gene hit counts,
the gene hit counts table was used for downstream differential expression
analysis. Using DESeq2, a comparison of gene expression between the
groups of samples was performed. The Wald test was used to generate p-
values and Log2 fold changes. Genes with adjusted p-values < 0.05 and
absolute log2 fold changes > 1 were called as differentially expressed genes
for each comparison. A gene ontology analysis was performed on the
statistically significant set of genes by implementing the software GeneSCF.
The goa_human GO list was used to cluster the set of genes based on their
biological process and determine their statistical significance. A PCA analysis
was performed using the "plotPCA" function within the DESeq2 R package.
The plot shows the samples in a 2D plane spanned by their first two principal
components. The top 500 genes, selected by highest row variance, were used

to generate the plot.
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Chapter 4: Results and Discussion 1: Creating a CRISPR-

Cas9 generated LMa5 mutant cell line

4.1 Introduction

Biological models of non-polymerizing LM diseases such as the Pierson
syndrome, MDC1a and JEB have revealed much about the importance of LM
polymerisation to tissue and organism-level functions. Likewise, biochemical
studies have identified the mechanisms involved in laminin polymerisation and
the residues involved in the process. However, these studies have largely not
addressed an important middle ground, the gap between the biochemical
studies and the tissues; the cells. This middle ground is important. The mouse
models do not have the resolution to differentiate between the multiple
potential contributing mechanisms behind the disrupted tissue functions,
whereas the biochemical assays, due to the fragmented nature of the LN

domains used, also cannot answer how a cell responds to a mutant LM matrix.

The aim of this chapter was to produce a cell model where the full-length
mutant protein is produced in a biologically-relevant model and which would
also allow for more subtle questions, including cell mechanotransduction and
signalling, to be addressed. My objectives were to establish a mutant LN
domain model, assess its phenotype in 2-dimensional cultures, and address

how cells respond to a non-polymerizing LM mutation.

For this study, LMa5 was selected as the crystal structure for the LN had been
solved and this crystal identified the critical Patch 2 motif and individual

residues within that motif that are essential to LM polymerisation (167).
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Specifically, the B5-B6 loop and the PLENGE sequence (Figure 4.2.3b).
Substitution of glutamic acid 234 to a lysine residue was sufficient in in vitro
assays to prevent LN-LN domain interactions in LN domain fragments (167).
Specifically, it was shown that a LMa5 LN domain-containing protein fragment
was able to prevent pellet formation in a LM polymerisation assay, whereas
the protein fragment containing the E234K mutation could not do so (167). |

targeted this same E234K mutation within exon 4 of LAMAS for my studies.

This mutation targets the second stage of LM ternary node formation; the
stabilisation step, based on the crystal structure and biochemical assay data.
B and yLN domains would still be able to interact in the fast-intermediate step
of ternary node formation. The hypothesised outcome would be an unstable,
easily disrupted network. However, in a cellular context the effect of this
change was unknown (Figure 4.1), specifically the implications for cell-to-

matrix interaction and cellular responses to a LN domain mutant matrix.

Wildtype Matrices Mutant Matrices

Figure 4.1. Wildtype vs LMa5 LM511 matrices. Wildtype LM511 is likely to form stable ternary nodes in an ordered
network conformation, whereas non-polymerizing LMa5 mutant matrices will only be able to form the rapid

intermediate -y LN domain interaction leading to weak/unstable networks.
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4.2 Creating the cell line

4.2.1 Selecting an appropriate cell line

Before design could start on the CRISPR-Cas9 gRNA’s and donor templates,
an appropriate cell line needed to be selected so that the CRISPR system
could be designed specifically to the selected cell-line’s genome. Here, a cell
line with high expression of the LMa5, LMB31 and LMy1 chains, and low
expression of other LM chains was desired to reduce the potential impact of
other confounding variables by limiting the number of other network-forming

LM heterotrimers present.

RT-gPCR was performed to analyse the expression levels laminin genes in
different immortalised cell lines. Primers and cDNA from A549 (lung
adenocarcinoma cells (234)), HCT-116 (colon cancer cells (239)), MCF-7
(invasive breast ductal carcinoma cells (240)) and MDA-231 (breast
adenocarcinoma (241)) cells (Figure 4.2.1), four cell lines known to express
LAMAS, were kindly donated by Dr Troughton (University of Liverpool). RT-
gPCR analysis showed that of the cell lines tested, A549 cells expressed high
levels of LAMAS, LAMB1 and LAMC1, while also expressing comparatively
low levels of LAMB2. Analysis suggested LM511 would be the predominant
LM heterotrimer expressed in these cells, with relatively low levels of LM3b32,
LM3a32 and LM521 also present. In comparison, HCT 116 expressed a
mixture of LAMA5, LAMA4 and LAMA3A, MCF7 expressed LAMB2 at high
levels, and MDA-231 expressed a mixture of LAMB1, LAMB2 and LAMB3 and

a larger fraction of LAMC2 (Figure 4.2.1).
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Figure 4.2.1. Relative mRNA expression of the LM chains in different immortalised cell lines. A549, HCT-116,
MCF-7 and MDA-231 immortalised cell lines were analysed for their relative levels of each LM chain by RT-qPCR.
Expression of LAMA genes was quantified relative to LAMAS3A expression, LAMB genes relative to LAMB3, and

LAMC genes relative to LAMC2.

Western blots were then performed on cell lysates prepared from A549 cells
for LMa5, LMB1 and LMB2, with the cell lysate controls of ARPE19 (retinal
pigment epithelial), A431 (epidermoid carcinoma) and HaCaT (immortalised
keratinocytes) cells. These analyses analysis confirmed the LMa5 and LM{1
chains as the predominant LMa and 8 chains in A549 cells, and no detectable
LMB2 (Figure 4.2.2). Together, these data show that A549 cells predominantly
express LM511, and, for this reason, A549’s was chosen for the CRISPR-
Cas9 model cell line.
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Figure 4.2.2. A549 cells express high levels of LMa5 and LMBL1. Total cell lysates were processed by western
immunoblotting with anti-LMa5 (mouse), LMB1 (rabbit) and LMB2 (mouse) antibodies. A19, A431 and HaCaT lysates

were included as positive controls for each LM chain analysed.

96



4.2.2 CRISPR Design and Transfection

Two gRNA’s specific to PAM sites within and around LMa5 exon 4 were
designed (167) (Figure 4.2.3). These gRNA’s were screened for potential off-
target loci as part of the design process in attempt to minimise off-target effects
using the Integrated DNA Technologies’s CRISPR-Cas9 gRNA Design
Checker (Supplemental Table 1). An oligonucleotide was used as the HDR
template to introduce the E234K mutation. A549 cells were electroporated with
one of the two gRNA’s in a complex with Cas9 protein (231) and the HDR
template. Transfected populations were screened by PCR for the presence of
E234K (Figure 4.2.4), and gRNA 1 was selected to proceed for single cell

expansion and cloning.

LAMAS LN Domain Exons

CCTCCAAGAGGGACTGT
CTGGAGCGGTTCGGGCC
ACAGACGCTGGAGCGCA
TCACACGGGACGACGCG
GCCATCTGCACCACCGA
GTACTCACGCATCGTGC
CCCTTAAGAACGGAAAG

E234K

Figure 4.2.3. CRISPR-Cas9 targets with LAMAS. a) CRISPR-Cas9 gRNA'’s were designed to target exon 4 (red) of
LAMAS, to introduce the E234K mutation (red, underlined). b) This mutation would target the key 35-6 loop (residues
labelled) in Patch2 of the aLN domain. E234K lies within the PLENGE residues (red). Crystal structure based on

(167).
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Figure 4.2.4. Population screen for E234K mutant. CRISPR-Cas9 transfected populations were screened for the

E234K point mutation through PCR using primers designed to only amplify if the E234K mutation.

4.2.3 Gel screening of clones highlighted potential mutations

Single cell colonies were expanded from gRNAL transfected populations then
screened by endpoint PCR with one set of primers providing a DNA quality
check control (Figure 4.2.5, top gels) to ensure DNA was present, and a
second set of primers designed to detect the presence of the E234K mutation

(Figure 4.2.5, bottom gels).

Initial screening highlighted 12 clonal populations as potential mutants (Figure
4.2.5 red lettering). These positive hits were then screened by heteroduplex

analysis.
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Figure 4.2.5. LMa5 mutant screen. DNA was extracted from all single cell clones and PCR performed to detect the
presence of E234K mutation. Top gels represent a general LAMAS DNA check, to ensure DNA was successfully

extracted, with lower gels identifying the E234K mutation. Positive hit clones are highlighted in red.
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4.2.4 Heteroduplex analysis and sequencing of potential mutants
identified the 13C1 LMa5 mutant cell line

As the successfully edited cells would have substituted a GC base pairing (3
covalent bonds) for an AT base pairing (2 covalent bonds), any LAMA5 PCR
products from a mutant cell would have a lower melting temperature (Tm) than
the equivalent product from a wild-type cell. A high-resolution melt-curve was
conducted on all positive hits from the PCR screen (Figure 4.2.6a). This
analysis showed a reduction in Tm for one clone, 13C1, as well as identifying
the presence of heterozygous double peak in clone 12A10, while other clones
produced the same melt curve profile as wild-type cell (Figure 4.2.6b). DNA
sequencing of the 13C1 clone then confirmed the presence of the homozygous

presence of the E234K mutation (Figure 4.2.7).

88.00 89.00 90.00 91.00 92.00 93.00 94.00
Temperature

Figure 4.2.6. Heteroduplex analysis of positive hits. a) gPCR products from all “positive hits” were analysed in
triplicate using a high-resolution melt curve. b) Example melt-curves from a homozygous mutant in red, a

heterozygous population in yellow and wildtype clones in blue.
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LAMAS Native Sequence (Exon 4)

TTAAGAACGGAGAGGTSG

TTAAGAACGGAAAGGTSG

Y

LAMAS5 Mutant (E234K)

Figure 4.2.7. Sequencing of 13C1 clone confirmed the presence of the E234K mutation. Positive clone 13C1
was sequenced to confirm the presence of the E234K point mutation, highlighted in red. Sequence is shown in

SnapGene.

4.2.5 Implementation of the E234K mutation in LMa5 results in a

loss of LM polymerisation

A polymerisation assay was performed using conditioned media generated
13C1 cells or wildtype A549 and cells and concentrated through ammonium
sulfate cut. The concentrated protein was then incubated for 3 hours at 37 °C
and the polymerised fraction pelleted by centrifugation then analysed by
immunoblotting. These studies identified a reduction in polymerised LMa5 to
near undetectable levels in the pellet of 13C1 cells, ~15 % less compared to

the wildtype cells in the same assay (Figure 4.2.8).
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Figure 4.2.8. Polymerisation assay of wildtype and mutant LM. Conditioned media from A549 and 13C1 cells
was concentrated using ammonium sulfate cut then incubated at 37C for 3h. The resultant pellet and supernatant
(SN) were analysed by immunoblotting with mouse monoclonal antibodies to LMa5 (2F7) and quantified by
densitometry. Red boxes indicate LMa5 pellet bands analysed in densitometry, with Coomassie blue staining of total

protein shown below.

4.3 13C1 Phenotype analysis

4.3.1 LMa5 mutant cells display a reduced LM511 in the ECM

Next, | examined how the overall protein levels of LMa5 were affected by
introduction of the mutation. This was analysed over 96 hours in total cell
lysate, in conditioned media extracts and in ECM extracts through

immunoblotting for LMa5 and LMB1.

These analyses revealed no differences between the A549 and 13C1 LMa5
mutants in terms of LMa5 expression in the total cell lysates cells after 96
hours (Figure 4.3.1), although a slight decrease in LMB1 across all time points

was noted in the mutant cells (Figure 4.3.1). There were also no differences in
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LMa5 or LMB1 in the conditioned media lysates for A549 and 13C1 cells,
suggesting that LM511 was secreted at consistent levels (Figure 4.3.2).
However, there was a pronounced reduction in LMa5 protein in the ECM
extracts generated from the mutant cells compared with wild-type A549 at all

time points (Figure 4.3.3).
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Figure 4.3.1. LMa5 and LMB1 expression in the whole cell lysates. Cell lysates for A549 and 13C1 cells at 24,
48, 72 and 96 hours after plating were prepared through scraping and analysed through immunoblotting. Blots were

probed with mouse monoclonal anti-LMa5 (top) and rabbit polyclonal anti-LMB1 (middle) antibodies, with protein load

balancing Ponceau S stain shown below.
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Figure 4.3.2. LMa5 and LMB1 expression in the conditioned media. Conditioned media for A549 and 13C1 cells
at 24, 48, 72 and 96 hours of culture was concentrated and analysed through immunoblotting. Blots were probed with
mouse monoclonal anti-LMa5 (top) and rabbit polyclonal anti-LMB1 (middle) antibodies, with protein load balancing

Ponceau S stain shown below.
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Figure 4.3.3. LMa5 expression in the ECM is reduced. Extracellular matrix preparations for A549 and 13C1 cells
after 24, 48, 72 and 96 hours of culture were prepared through ammonium hydroxide-mediated osmotic removal of
cells. The remaining ECM was scraped and analysed through immunoblotting. Blots were probed with mouse
monoclonal anti-LMa5 (top) and rabbit polyclonal anti-LMB1 (middle) antibodies, with protein load balancing Ponceau

S stain shown below.
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4.3.2 LMa5 mutant cells display reduced proliferation rates

During routine handling of the cell lines, | noted a reduced growth rate of the
edited 13C1 cells. To formally examine this, cell-cycle analysis was performed.
Wildtype A549 and LMa5 mutant 13C1 cells were serum starved and cultured
for 24 hours then processed for cell-cycle analysis by flow cytometry (Figure
4.3.4). The 13C1 cells had a ~10% larger proportion of cells in GO/G1 phase
compared to the wildtype cells (A549 mean = 49.9 % + 1.1 SD, 13C1 = 59.8
% + 1.0 SD, p = 0.01, two-tailed unpaired t-test). There was also an observed
8.5 % decrease in G2/M phase but this did not reach statistical significance at
a type | error rate of 0.05 (A549 = 25.6 % + 2.4 SD, 13C1 =171 % £ 1.6 SD,
p = 0.08, two-tailed unpaired t-test). The proportion of cells in S phase were
largely unchanged (A549 = 24.5 % + 3.6 SD, 13C1 =23.2 £ 0.6 SD, p = 0.79,
two-tailed unpaired t-test). These data together suggest that although cells are
preparing to undergo mitosis, edited cells are not dividing as quickly as their
wildtype counterparts. However, it is unclear whether this is a matrix-driven

(i.e. LM) or cell-driven (off-target CRISPR effect) phenotype.
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Figure 4.3.4 LMa5 mutants display a reduced proliferation. Wildtype A549 (circles) and LMa5 mutant 13C1
(crosses) cells were synchronised and cultured for 24 hours and then processed for cell cycle analysis by flow
cytometry. Detected using propidium iodide, recorded in the FL2-A channel. Percentage of the cell population in each
stage of the cell cycle was plotted, with representative FI2-A count plots from flow analysis also shown. Asterix’s (*)

highlight statistically significant differences (p < 0.05, two-tailed unpaired t-test).

4.3.3 LMa5 mutant cells showed no difference in cell area relative
to wildtype cells

As the LMa5 mutant 13C1 cells were not dividing as quickly as the wildtype
cells, it was important to ensure the mitosis deficiencies were not having a
negative effect on the overall health of the cells. Hypertrophy is characterised
by the halt in the cell cycle, with continued production of cellular proteins,
which subsequently leads to an increase in cell size (242). To ensure the
mutant cells were not undergoing hypertrophy, cell 2D area was analysed for
both cell types. Wildtype A549 and LMa5 mutant 13C1 cells were seeded at a
low density and imaged using a phase contract microscope after 24 hours
(Figure 4.3.5). There was no difference between the cell area of the wildtype
and mutant cell lines (A549 mean 820 ym?+ 280 SD, 13C1 mean 870 ym? +

270 SD, p = 0.35, two-tailed unpaired t-test).
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Figure 4.3.5. Cell area comparison between A549 and 13C1 cells. A549 and 13C1 cells were seeded at a density
of 2 x 10* cells/well (24-well plate) for 24 hours then phase contrast images were taken. Cell perimeters for individual
cells were manually traced to define cell area, with each cell representing a technical replicate and data point (n=2
independent experiment, 30 cells per experiment). Mean cell area (horizontal line) and standard deviation (error bars)

shown.

4.3.4 LMa5 mutant cells close scratch wounds slower than

wildtype cells

Scratch wound closure of the A549 wildtype and LMa5 13C1 mutant cells was
observed in a 6-well plate, scratched after 16 hours and the gap margin
imaged from 0 and 24 hours (Figure 4.3.6). These assays revealed an ~82 %
increase in the mean gap closure time of 13C1 cells compared to the wildtype
A549 cells (A549 mean gap closure time = 10.8 hours = 1.4 SD, 13C1 mean

19.7 hours + 2.4 SD, p = 0.045, two-tailed unpaired t-test).
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Figure 4.3.6. 13C1 cells display a reduced wound healing rate. A549 and 13C1 cells were seeded at a density of
6.0 x 10° for 16 hours then carefully scratched with a 200 pL pipette tip and imaged over 24 hours. Representative
images at 0, 6, 12 and 18 hours are shown for A549 (top) and 13C1 (bottom) cells. Yellow boxes indicate gaps in the

cell monolayer at each time point. Scale bar is 500 pm.

4.3.5 LMa5 mutant cells displayed reduced migration processivity

A549 and LMa5 mutant 13C1 cells were seeded in a 24-well plate allowed to
attach for 6 hours then imaged for 5 hours (Figure 4.3.7). Two measurements
of the migration were analysed, speed (total distance/ time) (Figure 4.3.7a)
and processivity (distance migrated from origin/ total distance migrated)
(Figure 4.3.7b). There was no difference between the speed of the wildtype
A549 and mutant 13C1 cells (A549 mean speed= 0.37 ym/min £ 0.10 SD,
13C1 mean = 0.32 um/min £ 0.08 SD, p = 0.062, two-tailed unpaired t-test).
However, there was a 29.1 % reduction in the cellular processivity of the
mutant 13C1 cells (A549 mean = 0.73 £ 0.28 SD, 13C1 mean = 0.53 + 0.29
SD, p =0.016, two-tailed unpaired t-test). These data indicate that mutant cells
were migrating in a more circular or tortuous manner rather than the generally

more linear patterns of control cells (Figure 4.3.7c-d).
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Figure 4.3.7. Mutant cells displayed a reduced cellular processivity. A549 and 13C1 cells were
seeded at a density of 2 x 10* cells/well (24-well plate) for 6 hours, and migration paths of individual cells
were tracked manually. a) Cell speed was calculated as total distance/ time (um/min), and b) cell
processivity was calculated as distance migrated from the origin/ total migration distance. Cell migration

tracks plotted as rose plots for wildtype A549 (c) and mutant 13C1 (d) cells. Axis scale = 100 ym.

4.3.6 LMa5 mutant cells show a decrease in rapid adhesion rate

Wildtype A549 and LMa5 mutant 13C1 cells were seeded into 96-well plates
for a series of time points over 60 minutes. At each time point, attached cells
were fixed then stained with crystal violet (Figure 4.3.8). Overall, 13C1 cells
reached 50 % attachment 3 minutes slower than the wildtype A549 cells (31.8
min and 34.8 min respectively) (Figure 4.3.8c). In each of the two independent
experiments, the 13C1 cells attached more slowly than the A549 cells,

however, this did not reach the threshold for statistical significance (Mean of
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differences 4.25 % + 2.0 SD, p = 0.075 two-tailed paired t-test) (Figure 4.3.8
a-b). These data suggest that the mutant cells are still able to attach to culture

plastic effectively, although possibly at a slower rate compared to the wildtype

cells.
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Figure 4.3.8. Rapid cell attachment assay showed a reduced rapid attachment rate in the LMa5 mutant cells.
Wildtype A549 (red) and mutant 13C1 (blue) cells were plated in 96-well dishes and incubated for 5, 10, 20, 30, 45
and 60 min, with remaining cells after each time point quantified. Percentage attached was plotted against time since

seeded, a) and b) are biological replicates and c) mean of the two experiments.

4.3.7 LMa5 mutant cells displayed a reduced trypsin resistance

The attachment assays assessed the impact of the LN domain mutation on
the cells’ ability to rapidly attach to plastic. However, this experiment did not

assess whether the mutant cells are able to form functional adhesions on their
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mutant cell-derived matrix. To assess this, | measured the relative ability of the
cells to resist trypsin dissociation as a crude indicator of adhesion
strength/efficacy. Wildtype A549 and LMa5 mutant 13C1 cells were cultured
for 120 hours to allow for the deposition of LM511 and then were treated with
diluted trypsin at either 1 in 200 or 1 in 100 (2.5 x 10 or 5 x 104 % respectively,
Figure 4.3.9a-c). At both concentrations, the LMa5 mutant 13C1 cells
detached more rapidly than the wildtype cells (1 in 200: mean of differences
6.2 % + 2.5 SD p = 0.04, 1 in 100: mean of differences 8.1 % + 2.8 SD, p=
0.02, two-tailed paired t-test analysis). Specifically, the time to 50 %
detachment decreased by 15 % for the 1 in 200 dilution and 25 % for the in 1
in 100 dilution (A549 mean 18.2 min, 15.5 min respectively, 13C1 mean 15.4

min, 11.6 min respectively) (Figure 4.3.9d).
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Figure 4.3.9. LMa5 mutant cells have a reduced resistance to trypsin. Wildtype A549 (red) and LMa5 mutant

13C1 (blue) cells were cultured for 120 hours then treated with diluted trypsin (5x10“ and 2.5x10* %). At each

timepoint, supernatant was removed and cells were counted. The percentage of cells attached was plotted against

the time since trypsin was added. a-c) are independent biological repeats, d) mean from the three experiments.

4.3.8 LMa5 mutant cells displayed a reduction in cellular traction

force exerted

As the LMa5 mutant cells displayed an apparent reduced strength of

attachment in the crude trypsin-resistance assays, | next compared the forces

the cells were exerting, and whether a change in culture substrate might
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amplify these strength of attachment phenotypes.
Traction force microscopy was conducted under two conditions; hard and soft
substrate. Wildtype A549 and mutant 13C1 cells were cultured onto 5 % and
21 % microbead polyacrylamide gels cross-linked with rat-tail collagen |
(stiffness of approximately ~5000 and ~85000 Pa respectively (243-245)) for
24 hours (Figure 4.3.10a). After incubation, cells and the fluorescent
microbeads in the gel were imaged, and then cells were removed with 20 %
SDS and the microbeads imaged again (Figure 4.3.10b). The displacement
from the “with cells” image compared with without cells images was used to

calculate total displacement magnitude (Figure 4.3.10c).
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Figure 4.3.10. An overview of traction force microscopy methods. a) Cells seeded onto thin polyacrylamide gels
with a functionalised surface (cross-linked with rat-tail collagen 1), containing fluorescent microbeads. After 24 hours,
single cells were imaged along with the beads below (b), before cells were removed with SDS and again after the cell
were removed (b). The total displacement of the microbeads used to calculate particle displacement, PIV plots and

total magnitude and traction of the cells (c).

On the stiffer 21 % polyacrylamide substrate, there was no difference between
the total displacement magnitude of A549 and LMa5 mutant 13C1 cells (A549
mean = 0.20 mPa = 0.08 SD, 13C1 mean = 0.23 mPa = 0.09 SD, p = 0.173,
two-tailed unpaired t-test) (Figure 4.3.11). However, on the softer 5 %
polyacrylamide substrate (Figure 4.3.12), there was a 42 % decrease in total

displacement magnitude in the 13C1 cells compared to the A549 cells (A549
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mean = 0.55 mPa + 0.29 SD, 13C1 mean = 0.32 mPa + 0.15 SD, p < 0.01,

two-tailed unpaired t-test).

Stiff Substrate
2.0- . :
n=1 n=2 n=3
s E 1.5+
€ E i
8o
2% 1o
o= :
c :
2 s
[} ;
E = 0.54
I :
el ==l

0.0 L

Figure 4.3.11. Traction force microscopy of cells on a stiff polyacrylamide substrate. A549 and 13C1 cells were
seeded onto microbead-containing 21 % polyacrylamide gels, functionalised with cross-linked rat-tail collagen I. Cells
were incubated for 24 hours and gels were imaged before and after cell removal to measure microbead displacement
(Total Displacement Magnitude). Each pair of results represents a set of independent experiments (20 cells per
condition per experiment), with box and whisker plots representing the range, interquartile range and mean of A549

(black) and 13C1 (cells).
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Figure 4.3.12. Traction force microscopy of cells on a soft polyacrylamide substrate. A549 and 13C1 cells were
seeded onto 5 % microbead-containing polyacrylamide gels, functionalised with cross-linked rat-tail collagen I. Cells
were incubated for 24 hours and gels were imaged before and after cell removal to measure microbead displacement
(Total Displacement Magnitude). Each pair of results represents a set of independent experiments (20 cells per
condition per experiment), with box and whisker plots representing the range, interquartile range and mean of A549

(black) and 13C1 (cells).

4.3.9 LMa5 mutant displayed reduced cell surface LM-binding
integrin expression

The reduced attachment rate and attachment strength of the 13C1 mutant
cells implied a defect in cell-to-matrix attachment. To investigate whether this
was associated with changes in cell surface integrin expression, wildtype A549
and LMa5 mutant 13C1 cells were cultured for 24 hours and then processed
for flow cytometry (Figure 4.3.13). Analysis revealed a reduced expression of
a3, a6 and B1 integrin on the cell surface of the mutant cells, while there was
no reduction in expression of av and B4 integrin. Integrin a3, a6 and 31 are
well-established as required for rapid attachment of A549s to LM (246),

whereas integrin B4 has been implicated in more long-term attachment and
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hemidesmosome formation (22), and integrin av’s preferred ligands in these
cells are vitronectin and fibronectin (247). These findings suggest that the

reduced attachment could be due to reduced LM-binding integrin surface level

expression.
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Figure 4.3.13. LMa5 mutant displays reduced cell surface a3, a6 and B1 integrin expression. Wildtype A549
and LMa5 mutant 13C1 cells were cultured for 24 h and then processed for flow cytometry with antibodies against
integrin av, a3, a6, B1 or 4. Mouse IgG with FITC-conjugated secondary antibodies were used as a negative control.

FL1-A-count plots. Representative plots of two independent experiments.
4.3.10 LMa5 mutant cells show no difference in paxillin
localisation

The combined flow cytometry and adhesion evidence pointed in the direction
of an integrin/focal adhesion defect as a result of the LMa5 mutation. To

analyse this further | performed a series of indirect immunofluorescence

microscopy analyses of established focal adhesion proteins. In each case,
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wildtype A549 and LMa5 mutant 13C1 cells were seeded at a low density onto

coverslips, incubated for 24 hours then processed with the target antibodies.

Paxillin is a major component in the formation of nascent focal adhesions, and
it induces the recruitment of several enzymes and structural molecules that
control cell movement and migration (248). Analysis of paxillin distribution
(Figure 4.3.14) revealed that there was no difference between in focal contact
area of the A549 and 13C1 cells (A549 mean paxillin area = 0.78 ym?/cell +
0.26 SD, 13C1 mean paxillin area = 0.77 ym?/cell + 0.22 SD, p = 0.88, two-

tailed unpaired t-test).
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Figure 4.3.14. Paxillin focal contact size does not change as a result of the LMa5 mutation. A549 and 13C1
cells were seeded onto glass coverslips for 24 hours, fixed and processed for indirect immunofluorescence with rabbit
polyclonal antibodies raised against paxillin. Image panels are representative image of paxillin staining at a low,
medium and high cell density for A549 (top) and 13C1 cells (bottom), with a 20 um scale bar. Paxillin focal contact
size was measured as paxillin area (um?) per cell, and each point represents the mean cellular paxillin measurements

per image (field of view).
4.3.11 LMa5 mutant cells display a reduced level of active vinculin

Another major focal adhesion scaffold protein is vinculin, which unlike paxillin,

changes length upon activation (38). Vinculin is a protein that transmits,
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transduces and regulates mechanical force between the cytoskeleton and
adhesion receptors (249). Focal adhesion analysis showed that there was a
16 % reduction the average area of vinculin in 13C1 cells compared to A549
cells (Figure 4.3.15, A549 mean vinculin area = 0.49 ym? cell + 0.10 SD, 13C1
mean vinculin area = 0.41 ym?/ cell + 0.08 SD, p = 0.004 two-tailed unpaired
t-test). With vinculin length directly relating to activation of the vinculin, these
data could suggest that more activated vinculin is being recruited to the cell-
to-cell junctions and cell-adhesion receptor junctions in wildtype cells than

LMa5 mutant cells.
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Figure 4.3.15. Vinculin focal contact size is reduced in mutant cells. A549 and 13C1 cells were seeded onto
glass coverslips for 24 hours, fixed and processed for indirectimmunofluorescence with mouse monoclonal antibodies
raised against vinculin. Image panels are representative image of vinculin staining at a low, medium and high cell
density for A549 (top) and 13C1 cells (bottom), with a 20 um scale bar. Vinculin focal contact size was measured as
vinculin area (um?) per cell, and each point represents the mean cellular vinculin measurements per image (field of

view).
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4.3.12 LMa5 mutant cells display reduced zyxin recruitment in
focal adhesions

I next assessed how the mutation affected coupling of the extracellular matrix
to the actin cytoskeleton. Zyxin is a focal adhesion protein that is recruited later
in assembling focal adhesions than paxillin and vinculin, and also can form
clusters at actin-polymerisation complexes, which are distributed along F-actin
fibres (194, 250). Zyxin activity, unlike that of paxillin and vinculin, is directly
related to tensional forces in the extracellular matrix, with lower tensions

resulting in zyxin unbinding from focal adhesion complexes (251).

Focal adhesion analysis showed that there was a 16 % reduction in the mean
area of zyxin in of 13C1 cells compared to A549 cells (Figure 4.3.16. A549
mean zyxin area = 0.63 uym?/ cell £ 0.26 SD, 13C1 mean zyxin area = 0.46
um?/ cell £ 0.11 SD, p = 0.024, two-tailed unpaired t-test). It was also noted
that zyxin distribution in A549 cells was more akin to mature focal adhesions
with zyxin distribution perpendicular to the cell membrane in A549 cells,
whereas in the 13C1l cells, zyxin was distributed more along the cell
membrane (Figure 4.3.16). These data when taken with the vinculin and
traction force microscopy data imply that the LMa5 mutant cells are taking

longer to form mature focal adhesions.
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Figure 4.3.16. Zyxin focal contact intensity is reduced in mutant cells. A549 and 13C1 cells were seeded onto
glass coverslips for 24 hours, fixed and processed for indirectimmunofluorescence with mouse monoclonal antibodies
raised against zyxin. Image panels are representative image of zyxin staining at a low, medium and high cell density
for A549 (top) and 13C1 cells (bottom), with a 20 pm scale bar. Zyxin focal contact size was measured as zyxin area

(um?) per cell, and each point represents mean cellular zyxin measurements per image (field of view).

4.3.13 F-actin abundance is unaffected by the LMa5 mutant
As zyxin is known to cluster at actin-polymerisation complexes that are
periodically distributed along F-actin, | next investigated whether F-actin was

influenced in response to the changes to vinculin and zyxin. One common way
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to assess F-actin distribution is through the toxic cyclic peptide phalloidin.
Phalloidin binds to and stabilises F-actin fibres and prevents depolymerisation
of the actin fibres, due to its high specificity and tight binding to filamentous
actin (252). Wildtype A549 and 13C1 cells were processed with fluorophore
conjugated phalloidin (Figure 4.3.17). There was no difference between the F-
actin intensity in wildtype and LMa5 mutant cells (A549 mean F-actin intensity
=88 AU £ 67 SD, 13C1 mean F-actin = 99 AU £ 65 SD, p = 0.56, two-tailed
unpaired t-test). However, it was noted that at lower cellular densities (left and
centre panels, Figure 4.3.17), A549 cells had a more intense F-actin clustering
at and just within the cell membrane, where zyxin binding is likely to cluster
(251). This finding may suggest weaker focal adhesion maturity and therefore

less tension.
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Figure 4.3.17. F-actin intensity in mutant cells remains unchanged. A549 and 13C1 cells were seeded onto glass
coverslips for 24 hours, fixed and processed for indirect immunofluorescence with 488-conjugated phalloidin. Image
panels are representative image of phalloidin staining at a low, medium and high cell density for A549 (top) and 13C1
cells (bottom), with a 20 um scale bar. Phalloidin was measured as F-actin intensity (AU) per cell, and each point

represents mean cellular F-actin intensity measurements image (field of view).

4.3.14 LMa5 mutant cells display an increase in nuclear YAP/TAZ

Thus far, a picture was developing where the LMa5 mutant cells displayed a
decreased ability to respond to their extracellular matrix, but questions still

remained as to what implications this had upon the signalling pathways that
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allow cells to respond to their environment. An answer could lie within the
YAP/TAZ-Hippo signalling cascade. Yes-associate protein 1 (YAP) and
transcriptional co-activator with PDZ-binding motif protein (TAZ) are
transcriptional co-activators involved in cell proliferation and suppressing
apoptotic genes (253, 254). YAP/TAZ are the primary sensors of the cell’s
physical nature, and respond to the mechanical signals surrounding the
extracellular matrix (255). YAP/TAZ lie at the centre of a complex signalling
nexus known to control cell behaviour in response to shape, location and

environment, by acting as the effectors for the Hippo signalling cascade (255).

Wildtype A549 and 13C1 cells were processed for indirect
immunofluorescence with antibodies against YAP and TAZ (Figure 4.3.18).
Localisation analysis revealed that there was a 27 % increase in nuclear YAP
intensity and 14 % increase in nuclear TAZ intensity in the 13C1 cells relative
to the wildtype A549 cells (YAP: A549 mean nuclear localisation = 20.0 % *
4.3 SD, 13C1 mean nuclear localisation = 25.4 % + 4.2 SD, p < 0.001; TAZ: p
= A549 mean nuclear localisation = 33.3 % * 4.9 SD, 13C1 mean localisation
=37.8 % + 6.3 SD, p = 0.017, two-tailed unpaired t-test). These data indicate
that the LMa5 mutant cells have an increased nuclear localisation of YAP/TAZ,

which implies reduced Hippo signalling (255).
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Figure 4.3.18. Nuclear YAP and TAZ localisation are increased in 13C1 cells. A549 and 13C1 cells were seeded

onto glass coverslips for 24 hours, fixed and processed for indirect immunofluorescence with mouse monoclonal

antibodies raised against TAZ and rabbit polyclonal antibodies raised against YAP. Image panels are representative

image of YAP (left) and TAZ (middle) and a channel merge of YAP (magenta) and TAZ (green) with a DAPI co-stain

(blue). A549 (top) and 13C1 cells (bottom), with a 20 um scale bar. YAP and TAZ intensity were measured for the

entire cell area, with the staining localised to the nucleus also measured as a percentage. The average nuclear YAP

and TAZ measurements per image (field of view) were plotted for analysis.
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4.4 Discussion

In this chapter, | have detailed the work undertaken to establish and
characterise a new non-polymerizing LM cell line. Using CRISPR-Cas9-HDR
genome editing techniques, | was able to successfully introduce a glutamic
acid to lysine mutation (E234K) into the genome of A549 cells, giving rise to
the clonal 13C1 cell line. After heteroduplex analysis and sequencing data
displayed that these LMa5 mutant cells contained a homozygous point
mutation, it was then confirmed that the mutant LMa5 was not polymerizing
using a polymerisation assay. Phenotypic analysis revealed that the LMa5
mutant cells displayed a reduced proliferation rate, migration processivity,
scratch wound closure speed, attachment rate, strength of attachment and
reduced force exertion by TFM analysis. At the protein level, the mutant cells
had reduced surface integrin level compared to the wildtype cells and a
reduction in key focal adhesion proteins at the contact points of the cell. This
data collectively would indicate that the mechanotransduction mechanisms of
the cell which sense the extracellular environment are in some way
compromised. The most likely mechanism of mechanotransduction to be

compromised in the LMa5 mutant cells is the LM binding integrins.

There was a reduction in the surface level of three LM-binding integrins in the
LMa5 mutant cells; integrin a3, a6 and B1. Integrin a6B1 is the integrin known
to have the highest affinity to LM511 of the 24 mammalian integrins (256).
Integrin a3B1 not only binds LM511, but is also reported as the most highly
expressed integrin in wildtype A549’s, as determined by cDNA microarrays
and flow cytometry (246, 256). The cellular findings of the newly developed

cell model align well with data from previous MDCla models, where dy/dy
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mouse models with low levels of LMa2 expression exhibit reduced levels of
integrin a7B1 (257), and the dy2J/dy2J mouse model with aLN domain
mutations also shows a reduced expression integrin a7f1 (257-259). The
findings here might suggest that the reduction in surface level integrins is a
result of the reduced level of LM511 in the ECM of mutant cells, and therefore

a reduction in engaged cell surface receptors for LM511.

The importance of the integrins to the LMa5 mutant cell phenotype cannot be
understated. Although, it was LMa5 that the mutation targeted, this
extracellular protein would be useless to a cell if there were no ways for the
cell to sense it. Here the direct LMa5 mutation could be considered as an
indirect mechanism to inhibit / reduce to integrin activity. Integrin 31 silencing
in A549 cells highlighted the importance of integrin B1 in migration (260).
Additionally, integrin 1 has been shown as a driver of proliferation of lung
cancer cells (261), so a reduction in integrin 1 in the LMa5 mutant cells may
be the cause of the cells reduced proliferation rate. Both integrin 1
heterodimeric partners, a3 and a6 (37), were also reduced in the mutant cells.
Integrins act as a cells major adhesion molecule (262, 263), so a reduction in

the cells major adhesion molecules would result in a weaker attachment.

The reduced focal adhesion phenotype is most likely a consequence of this
reduction in integrin activity. It was initially surprising to see no difference in
paxillin distribution in the 13C1 cells, but upon consideration of the mechanism
of paxillin activation, this can be explained. Paxillin is typically activated
through phosphorylation, and this direct activation is through the integrin

associated FAK (focal adhesion kinase) (248), so perhaps localisation studies
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were not sufficient to analyse paxillin activation. However, the data from the

vinculin and zyxin analysis addressed this point.

Vinculin interacts with paxillin at focal adhesions upon paxillin phosphorylation,
through the C-terminal tail of the former (264). Upon vinculin’s phosphorylation
at Y1065, it converts to its open confirmation (38). This “open” active
confirmation is longer than inactive “closed” formation (250), so the decrease
in the vinculin staining length may suggest that 13C1 cells have a reduced
level of active vinculin. The decrease in active vinculin also indirectly suggests

that the LMa5 mutant cells have lower levels of phosphorylated paxillin.

The decrease in active zyxin recruitment to mature focal adhesions in the
LMa5 mutant 13C1 cells ties the focal adhesion and TFM data together. Zyxin
Is recruited much later than paxillin and vinculin to focal adhesions, and is
closely associated to a focal adhesion interaction with F-actin (250, 251). Zyxin
is also the main focal adhesion protein responsible for transmitting tension-
based signals inside the cell (250). The reduction in zyxin in the LMa5 mutant
cells indicates two findings; firstly, that these cells are slower in their
maturation of focal adhesions, and secondly that the mutant cells have a
reduced ability to exert and sense tension on the extracellular matrix substrate.
This triangulates what was observed in the TFM, where on softer substrates,
the LMa5 mutant cells had a reduced total magnitude displacement. This could
have possibly been the case in the stiffer substrates also, with the softer
substrate just amplifying any affects observed. The 5 % polyacrylamide gels
have a stiffness of around 5 kPa, similar to skin, whereas the 21 %
polyacrylamide gels have a stiffness of 85 kPa, closer to tissue culture plastic
or glass (265, 266), meaning that the findings from the 5 % polyacrylamide
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gels could be considered as the more physiologically relevant for most normal
tissue. Indeed, if all the assays were performed on this softer substrate, the
other observed phenotypes of the mutant cells may have been even more

pronounced.

The YAP/TAZ analysis was a somewhat surprising result, and one more
difficult to explain in the context of other results. YAP/TAZ co-localisation to
the nucleus is generally accepted as a marker of proliferation upregulation and
apoptosis suppression (255). When one considers that the LMa5 mutant cells
had a reduced proliferation in the cell cycle analysis, their increase in nuclear
YAP/TAZ doesn’t make sense at first glance. However YAP/TAZ are part of a
very complex signalling array, and besides their role as the effectors of the
Hippo pathway, not much else is well understood about their mechanism
(255). The YAP/TAZ data here could simply indicate that the Hippo pathway
in the LMa5 mutant cells is inactive, which controls cell proliferation and
apoptosis through YAP/TAZ inhibition (255). It could indicate that the wildtype
A549 cells are better adapted to control their proliferation, through successful
inhibition of YAP/TAZ, and that the proliferation defects of the mutant cells are
not YAP/TAZ related. It is a complex question that requires a more complex
answer. This answer could come through the analysis of signalling pathways
known to inhibit cell proliferation, and whether these signalling pathways are

upregulated in an attempt to counteract the extra nuclear YAP/TAZ activity.

Taken together the data in this chapter strongly indicate a clear pattern. The
E234K mutation to the LN domain of LMa5 results in a lack of incorporation of
LM511 into the mutant cell ECM. This in turn leads to a reduction in the cell
surface levels of LM-binding integrins, which could consequently cause a
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reduction in active focal adhesion maturation with downstream signalling
consequences. The extent of these signalling consequences is addressed in

Chapter 5.

It is important to mention that this model is not without flaws. During the
establishment of the LMa5 mutant cell line, | was only successful in making
one homozygous mutant from >80 different independent single cell
populations. The low genome editing success was to be expected, as | used
purified Cas9 protein to reduce the half-life of Cas9 in the cells, and therefore
reduce off-target effects. However, this low editing efficiency means we cannot
be confident whether the effects observed are solely down to the LMa5
mutation, or whether there are additional effects from the cloning process. Off-
target effects are likely to be minimised or negligible here, as gRNA sequences
were screened for potential off-target loci, the majority of which were non-

coding regions (Supplemental Table 1).

One thing that isn’t clear from these data alone is whether the effects observed
are all due to the matrix-level changes or whether there are any direct cell-
level changes that are independent of the matrix. In Chapter 5, | address these
questions through analysis of the mutant ECM, and how different cells react in

response to the mutant matrix.
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Chapter 5: Results and Discussion 2: Analyses of the

laminin o5 mutant extracellular matrix

5.1 Introduction

LMa5 LN-domain mutant A549 cells displayed phenotypes of reduced
migration speed, proliferation, strength of attachment, surface integrin
expression and focal adhesion maturation. However, from those data alone it
is not possible to identify whether these effects were due to cell-level changes
or a reflection of the mutant extracellular matrix as was hypothesised.
Furthermore, the effect of the LMa5 mutation upon the rest of the extracellular

matrix was not yet known.

In this chapter, my aim was to analyse the effect the LM o5 LN domain
mutation upon other components that make up extracellular matrices and to
assess the effects the mutant-cell derived matrix had upon other cells, thereby

determining the matrix-specific response.
5.2 Protein-level analysis

5.2.1 Scanning electron microscopy revealed an increase in
disorder of the LM and collagen network of LMa5 mutant cells
Immunoblotting analysis of the ECM extracts (Chapter 4.3.1) identified that
LMa5 was not being incorporated into the mutant matrix efficiently. To identify
gross effects of the mutation on the overall organisation of the remaining LM
and collagen networks in the ECM, scanning electron microscopy was
performed. A549 and 13C1 cells were seeded onto wafer chips, incubated for
120 hours, then cells removed using ammonium hydroxide. The cell-derived
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matrices were then treated with either 4 M guanidine hydrochloride to remove
LMs and other proteoglycan material, leaving behind the collagens (267), or
the matrixes were treated collagenase A to remove collagens to leave the LMs

and proteoglycans (267).

In the collagenase treated ECMs, the remaining LM matrices deposited by
wildtype A549 cells contained large, regularly spaced gaps, while in
comparison the LMa5 mutant 13C1 cell-derived matrix had smaller, more

random gaps in (Figure 5.2.1).

Wildtype A549

Wildtype A549

Mutant 1301 i

Figure 5.2.1. Mutant LMa5 matrices contain more disorder than the wildtype LM matrices. A549 and 13C1 cells
were seeded at a density of 2.0 x 10* onto pre-treated wafer chips, incubated for 120 hours. Cells were removed
using 2 % ammonium hydroxide solution, and remaining cell-derived matrices were treated with 0.1 mg/mL
Collagenase A with 1 pL/mL proteinase inhibitor cocktails. Treated matrices were fixed and processed for SEM. Scale

bar = 500 nm. Images with red border are enlarged above.
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For the matrices treated with guanidine hydrochloride, the wildtype matrices
produced an approximately uniform network of protein (Figure 5.2.2), whereas

the mutant matrices had more and larger gaps present throughout (Figure

5.2.2).

Wildtype A549 Mutant 13C1
SR XY AL TR R
R
M1 ¢

o g

A

A

Wildtype A549

i Mutant 13C1

Figure 5.2.2. Mutant matrices contain more gaps in their collagen network than wildtype matrices. A549 and
13C1 cells were seeded at a density of 2.0 x 10* onto pre-treated wafer chips, incubated for 120 hours. Cells were
removed using 2 % ammonium hydroxide solution, and remaining cell-derived matrices were treated with 4M
guanidine hydrochloride overnight. Treated matrices were fixed and processed for SEM. Scale bar = 500 nm. Images

with red border are enlarged above.

5.2.2 Mass Spectrometry shows differences between the ECM
composition of wildtype and LMab5 cells

A549 and LMa5 mutant 13C1 cells were seeded in low FBS (1 %) and cellular
material removed by ammonium hydroxide after 24 hours. The remaining ECM

was lysed and processed for LC-MS.
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Total Peptide Analysis

Protein hits were grouped into ten categories for analysis. Of the 440 proteins
identified by LC-MS, there were 155 plasma membrane proteins (36 % of
unique proteins identified, this does not reflect relative abundance), 27 integrin
or integrin-associated proteins (6.1 %), 45 ECM proteins (10 %), 6 LMs (1.4
%), 11 collagen or collagen binding proteins (2.5 %), 34 growth factors, binders
and receptors (7.7 %), 71 secretory proteins (16 %), 39 cell junction proteins
(8.9 %), 36 actin and actin binding proteins (8.2 %), and 13 cytoskeletal

proteins (3.0 %) (Figure 5.2.3).

Unique Peptides Identified

35.91% Plasma Membrane

6.14% Integrins

10.23% Extracellular matrix

1.36% Laminins

2.50% Collagens

7.73% Growth factors, binders & receptors
16.14% Secretory

8.86% Cell-to-cell Junction

8.18% Actin/Actin binding

2.95% Other Cytoskeletal

QAN RURNRNRNRTE § |

Figure 5.2.3. All peptides detected by LC-MS were sorted into 1 of 10 groups based on similarity. Pie chart

representing the distribution of unique proteins detected by LC-MS.

Next, proteins were sorted by total abundance (peptide intensity) in each cell
derived matrices (Figure 5.2.4). By abundance of the proteins observed in the
matrices preparations (Figure 5.2.4a, b), plasma membrane proteins
comprised more than a quarter of the total mass in the wildtype and mutant

samples (27 % and 23 % respectively), likely predominantly matrix-bound
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membrane left behind by the ammonium hydroxide treatment of the cells
(268). Extracellular matrix proteins, laminins and collagens represented nearly
a quarter of the total mass in the wildtype matrices (25 % total), with a slightly
lower proportion in the mutant matrices (23 %). Growth factors and their
receptors comprised a large proportion of the total mass of the wildtype
matrices (17 %), but it was this subgroup that was the most abundant in the
mutant matrices (23 %). Integrins, secretory proteins and actin/actin binding
proteins also combined to 26 % of the total sample mass of wildtype matrices
(7 %, 9 % and 10 %, respectively). However, in the mutant matrices, integrins,
secretory proteins and actin/actin binding proteins comprised 31 % of the total
mass observed (5 %, 11 % and 15 % respectively). The “Other cytoskeletal”

subgroup was negligible in both samples (A549 = 0.26 %, 13C1 = 0.27 %).
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a) Total A549 Peptide Abundance

27.29% Plasma Membrane

7.20% Integrins

16.46% Extracellular matrix

6.22% Laminins

2.29% Collagens

17.31% Growth factors, binders & receptors
9.31% Secretory

3.93% Cell-to-cell Junction

9.72% Actin/Actin binding

0.26% Other Cytoskeletal
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b) Total 13C1 Peptide Abundance

20.43% Plasma Membrane

4.55% Integrins

13.72% Extracellular matrix

6.12% Laminins

2.72% Collagens

23.49% Growth factors, binders & receptors
10.68% Secretory

3.02% Cell-to-cell Junction

15.01% Actin/Actin binding

0.27% Other Cytoskeletal
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Figure 5.2.4. Peptides abundance by peptide intensity in the A549 and 13C1 cell-derived matrix. Pie chart
representing the total abundance of 10 different groups in the wildtype matrices, as detected by LC-MS analysis. 440

peptides total.

144 peptides were increased in the LMa5 mutant matrices

144 peptides were increased in the LMa5 mutant 13C1 samples compared
with A549 (Figure 5.2.5). Of the increased proteins in the mutant samples, 35
were secretory proteins, 20 extracellular matrix proteins, 8 collagens, 2 LM’s
and 5 integrin related proteins. Additionally, 14 of the detected growth factors

and their binding proteins were increased in the mutant matrices.
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Within the 20 most increased proteins in the mutant matrices, of particular note
are one LM chain (LAMB3: 2.3-fold increase, p = 0.02) and three collagen
chains COL12A1 (4.4-fold, p = 0.02), COL4A2 (4-fold, p < 0.01) and COL4A1
(3.2-fold, p = 0.07). Olfactomedin-like protein 3 (OLFML3), an extracellular
matrix scaffold protein, had the highest fold increase relative to the wildtype

sample (7.5-fold increase, p <0.01, Table 5.1).

Other proteins of interest in this group, were the growth factor related proteins
LTBP2 (2.1-fold, p = 0.002), ILF2 (2.0-fold, p =0.002) and TGFB1 (1.9-fold, p
= 0.002), all of which play important roles in cellular processes including

proliferation and cell response to the matrix (65, 99, 269, 270).

Peptides Increased in 13C1

13.19% Plasma Membrane

3.47% Integrins

13.89% Extracellular matrix

1.39% Laminins

5.56% Collagens

9.72% Growth factors, binders & receptors
24.31% Secretory

6.94% Cell-to-cell Junction

15.28% Actin/Actin binding

6.25% Other Cytoskeletal
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Total=144

Figure 5.2.5. Peptides increased in the 13C1 cells. Pie chart representing the 144 peptides that were increased in

the mutant matrices, as detected by LC-MS analysis.
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Table 5.1: Proteins with the highest fold increase in mutant matrices

Group Protein (Gene code) Mean Fold p value
Increase
Extracellular matrix OLFML3 7.5 <0.001*
Collagens COL12A1 4.4 0.019*
Collagens COL4A2 4.0 <0.001*
Cell-to-cell Junctions DSG1 3.6 0.163
Secretory/ Integrin EDIL3 3.4 <0.001*
binding
Actin/Actin Binding FLNB 3.3 <0.001*
Collagens COL4Al 3.2 0.070
Actin/Actin Binding MYO1F 2.8 <0.001*
Cell-to-cell Junctions CDH6 2.6 0.009*
Plasma Membrane HSP90AB1 2.6 0.257
Secretory PAM 2.3 0.045*
Actin/Actin Binding RDX 2.3 0.035*
Actin/Actin Binding KIF23 2.3 0.020*
Laminins LAMB3 2.3 0.024*
Growth Factors/Binders LTBP2 21 0.002*
Growth Factors/Binders ILF2 20 0.002*
Secretory SLIT3 1.9 0.002*
Actin/Actin Binding MYH9 1.9 <0.001*
Actin/Actin Binding EHD2 1.9 0.002*
Growth Factors/Binders TGFB1 1.9 0.002*

* = p-value <0.05, two-tailed ANOVA

296 peptides were decreased in the LMa5 mutant matrices

296 proteins were decreased in the LMa5 mutant ECM (Figure 5.2.6), of these
140 were plasma membrane associated proteins, 36 secretory proteins, 25

extracellular matrix proteins, 3 collagens, 4 laminins and 22 integrin/integrin
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associated proteins. In addition to this, 20 growth factors and growth factor

binding proteins were decreased in the mutant samples.

Peptides decreased in 13C1

46.96% Plasma Membrane

7.43% Integrins

8.45% Extracellular matrix

1.35% Laminins

1.01% Collagens

6.76% Growth factors, binders & receptors
12.16% Secretory

9.80% Cell-to-cell Junction

4.73% Actin/Actin binding

1.35% Other Cytoskeletal
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Total=296

Figure 5.2.6. Peptides decreased in the 13C1 cells. Pie chart representing the 296 peptides that were decreased

in the mutant matrices, as detected by LC-MS analysis.

STEAP1B, a cell-to-cell junction protein, showed the largest fold reduction in
the mutant matrices (18-fold reduction, p = 0.083) (Table 5.2). The second
most decreased protein, HHIPL2 (16-fold reduction, p < 0.001), is a secreted
protein known to interact with heparan sulfates in the extracellular matrix (271,
272). COL4AG, one of the six subunits that make up type IV collagen, showed
the third largest fold reduction (14-fold reduction, p < 0.001). Other proteins of
note that feature in the 20 most decreased proteins included STAM (IL-2
receptor, 7.7-fold reduction, p = 0.339), FAS (TNF signalling receptor, 5.8-fold
reduction, p < 0.001), FGA (fibrinogen, 4-fold reduction, p < 0.001), MATNZ2
(ECM assembly protein, 3.8-fold reduction, p < 0.001) and CDH17 (ECM

binding protein, 3.7-fold reduction, p < 0.001).
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Table 5.2. Proteins with the highest fold decrease in mutant matrices.

Group Protein (Gene code) Fold decrease p value
Cell-to-cell Junction STEAP1B 18 0.083
Secretory HHIPL2 16 <0.001*
Collagens COL4A6 14 <0.001*
Growth Factor/Binding STAM 7.7 0.339
Secretory NTS 7.6 <0.001*
Plasma Membrane ABCG2 7.1 <0.001*
Growth Factor/Binding FAS 5.8 <0.001*
Plasma Membrane SLC6A6 4.7 <0.001*
Plasma Membrane CEACAMG6 4.6 <0.001*
Plasma Membrane LRRC8D 4.6 <0.001*
Plasma Membrane SLC12A2 4.1 <0.001*
Extracellular Matrix FGA 4.0 <0.001*
Plasma Membrane NT5E 4.0 <0.001*
Plasma Membrane PODXL 3.9 0.042*
Extracellular Matrix MATN2 3.8 <0.001*
Plasma Membrane PLPP2 3.8 0.001*
Extracellular Matrix CDH17 3.7 <0.001*
Plasma Membrane GPRC5A 35 <0.001*
Actin/Actin Binding SNTB2 3.4 <0.001*
Plasma Membrane CALM1 3.4 <0.001*

* = p-value <0.05, two-tailed ANOVA

Laminins were decreased in the mutant matrices

There were five LM chains identified by LC-MS: LMa5, LMB1, LMB3, LMy1
and LMy2 (Figure 5.2.7). Netrin-4 was also included in this group of proteins
due to the presence of an LN domain in netrin (1, 273). Of all LM chains, LMa5
was the most abundant in both the wildtype and the mutant matrices, despite

a 1.2-fold reduction in the mutant matrices (A549 matrix mean = 4.5 x 108,
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13C1 matrix mean = 3.8 x 108, p =0.056). The next most abundant in both
matrices was LMB1, with levels similar between the two matrices (A549 matrix
mean = 2.1 x 108, 13C1 matrix mean = 2.0 x 108, p = 0.77). LM y1 abundance
was also similar in both wildtype and mutant matrices (A549 matrix mean =
1.77 x 108, 13C1 matrix mean = 1.73 x 108, p = 0.81). There was a 1.17-fold
increase in netrin-4 in the mutant matrices, but this increase did not reach the
statistical significance threshold (A549 matrix mean = 2.2 x 107, 13C1 matrix
mean = 2.6 x 107, p = 0.38). LMB3 and LMy2 were detected at much lower
levels than LM511, and no LMa3 was detected by this analysis. This suggests
that although the A549 cells were shown to have mRNA for the chains
comprising LM332 at low levels, this mMRNA was not translated to the LM332

protein or none of this protein was present at this timepoint in the ECM.
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Figure 5.2.7. Most LMs show a reduced abundance in the mutant matrices. Proteins detected in the LC-MS
analysis were grouped based on similarity and groups were analysed individually. Darker grey columns represent

wildtype A549 matrices, with lighter grey columns representing the LMa5 mutant 13C1 matrices.
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All LM-binding integrins were decreased in the mutant matrices

Of the 8 integrin chains identified by LC-MS, all displayed a large reduction in
the LMa5 mutant matrices (Figure 5.2.8). The most abundant of the integrins,
the non-LM binding integrin av, showed the smallest fold reduction in the
mutant matrices, with a 1.4-fold reduction relative to the wildtype (A549 matrix
mean = 2.2 x 108, 13C1 matrix mean = 1.6 x 108, p <0.001). Integrin 1 showed
a 2.24-fold reduction in the mutant matrices (A549 matrix mean = 2.1 x 108,
13C1 matrix mean = 9.2 x 107, p < 0.001). Integrin a2 and a3 which also
displayed large fold reductions in the mutant matrices of 1.7 and 2.2,
respectively, (Integrin a2: A549 mean =6.2 x 107, 13C1 mean = 3.7 x 107, p <
0.001. Integrin a3: A549 mean = 8.4 x 107, 13C1 mean = 3.7 x 107, p < 0.001).
Integrin B4 and a6 also had large fold reductions in the mutant matrices, with
a 1.9- and 2.6-fold reduction respectively (Integrin B4: A549 mean = 4.6 x 107,
13C1 mean = 2.5 x 107, p < 0.001. Integrin a6: A549 mean = 4.5 x 107, 13C1
mean = 1.7 x 107, p < 0.001) as did integrin a5 (1.5- fold reduction, A549 mean
= 4.1 x 10%, 13C1 mean = 2.7 x 10%, p = 0.014) and integrin B5 (1.9-fold

reduction, A549 mean = 1.3 x 107, 13C1 mean = 6.7 x 105, p < 0.001).
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Figure 5.2.8. All integrins showed reduced abundance in the mutant matrices. Proteins detected in the LC-MS
analysis were grouped based on similarity and groups were analysed individually. Darker grey columns represent

wildtype A549 matrices, with lighter grey columns representing the LMa5 mutant 13C1 matrices.

Most collagens were increased in the mutant matrices

Six collagen chains were identified by LC-MS, and were grouped together for
analysis, along with perlecan (HSPGZ2), an important binder of collagens in the
ECM (Figure 5.2.9). Of the six collagens, four were increased in the mutant
matrices; COL4A1, COL4A2, COL5A1 and COL12A1. COL4A1 was increased
3.2-fold (A549 mean = 7.8 x 104, 13C1 mean = 2.5 x 10°, p = 0.070) COL4A2
4.0-fold (A549 mean = 2.4 x 10° 13C1 mean = 9.4 x 10%, p < 0.001), COL5A1
1.3-fold (A549 mean = 6.8 x 105, 13C1 mean = 9.1 x 106, p = 0.136) and
COL12A1 4.4-fold (A549 mean = 1.1 x 10°, 13C1 mean = 4.9 x 10°, p = 0.019).
Two collagens were decreased in the mutant ECM; COL4A6 (14-fold
reduction, A549 mean = 8.2 x 10°, 13C1 mean = 5.9 x 104, p < 0.001) and

COLG6AL1 (1.2-fold reduction, A549 mean = 3.0 x 108, 13C1 mean = 2.5 x 106,
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p =0.297). Perlecan was also decreased 2.2-fold in the mutant matrices (A549

mean = 9.8 x 108, 13C1 mean = 4.4 x 10%, p = 0.007).
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Figure 5.2.9. All collagens except COL4A6 showed an increased abundance in the mutant matrices. Proteins
detected in the LC-MS analysis were grouped based on similarity and groups were analysed individually. Darker grey

columns represent wildtype A549 matrices, with lighter grey columns representing the LMa5 mutant 13C1 matrices.

Growth Factors, their binders and receptors

Growth factors were also assessed using intragroup comparison (Figure
5.2.10). The most abundant of growth factor detected was insulin growth factor
2 (IGF2) which had similar levels in the wildtype and mutant matrices. Other
abundant growth factor-associated proteins included EGFR and IGF binding
protein 3, which were both decreased in mutant matrices (1.2- and 1.5-fold
reduction respectively), as well as LTBP1 (2.3-fold reduction). TGFB1 and 2

were both increased in the mutant matrices, with a 1.9- and 1.2-fold increase
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in expression respectively, as well at IGFBP2 (1.1-fold increase), LTBP2 (2.1-

fold increase), LTBP3 (1.6-fold increase) and LTBP4 (1.2-fold increase).

One of the most striking changes in the growth factor related proteins was that
of the TNF receptor and apoptosis regulator FAS, with a 5.8-fold reduction in
the mutant matrices. No other signalling protein had a fold change above 2.5

in reduction or increase.
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Figure 5.2.10. Growth factors, binders and receptors abundance in the wildtype and mutant matrices. Proteins
detected in the LC-MS analysis were grouped based on similarity and groups were analysed individually. Only direct
binders and receptors of the growth factors were analysed. Darker grey columns represent wildtype A549 matrices,

with lighter grey columns representing the LMa5 mutant 13C1 matrices.
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Other ECM proteins were generally decreased in the mutant matrices

The final group assessed from the LC-MS analysis was the remaining ECM
proteins. The heatmap constructed from the ECM proteins (Figure 5.2.11)
detected shows a difference in expression of all proteins in the wildtype and
mutant matrices. In general, the majority of proteins had a positive row Z-score
in the wildtype samples, and negative row Z-score in the mutant samples. Of
the major ECM/ECM binding proteins detected, there was a reduction in the
levels of fibronectin (FN), dystroglycan 1 (DAG1), CCN2, syndecan 1 and 4
(SDC1/4), perlecan (HSPG2), vitronectin (VTN), and versican (VCAN) in the
LMa5 mutant matrices (Figure 5.2.12). These data indicate that the majority of
the ECM proteins were decreased in the mutant matrices compared to the

wildtype matrices.
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Figure 5.2.11. Heatmap visualisation of differences in peptide counts for ECM proteins detected by LC-MS.

Peptides in red indicate an increase from the mean up to 2 SD, whereas blue indicates a decrease from the mean up

to 2 SD.
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5.3 Cellular response to the mutant matrices

Next, | performed a series of analyses to study how cells respond when plated
onto either the wild-type or LMa5 mutant cell-derived matrixes. The control cell
line used here was the human embryonic kidney HEK293 cells (235). HEK293
cells do not deposit high levels of their own LMs (274-276), but do express the
integrins necessary to bind LMs (277, 278), making them a useful tool for study
into preformed matrices. In these experiments, A549 or the LMa5 mutant 13C1
cells were cultured for 120 hours to allow for the deposition of their matrices
then the cells were removed with ammonium hydroxide treatment as in other

experiments (Figure 5.3).

Culture of control cells
onto cell-dervied matrices

A549 or 13C1 cells Ammonium Extensive PBS
cultured for 120 hours Hydroxide wash to remove
Treatment - cellular debris .
Confluent Cell Monclayer %

Cell-Derived Matrices Cell-Derived Matrices

Figure 5.3. Ammonium hydroxide treatment for isolation of cell-derived matrices. A549 or 13C1 cells were
cultured for 120 hours to allow for the formation of a confluent cell monolayer and the deposition of their cell-derived
ECM. After 120 hours, cells were removed using 2 % ammonium hydroxide treatment for 10 minutes, leaving behind
a cell-derived matrix. After extensive washes with PBS to remove cellular debris, control cells such as HEK293 cells

were cultured onto the remaining cell-derived matrices.

5.3.1 HEK?293 cells reach 50 % attachment more slowly to the
LMa5 mutant matrices

HEK293 cells were used in a rapid adhesion assay onto the preformed cell-
derived matrixes on the wildtype matrices, HEK293 cells reached 50 %
attachment faster on the wildtype matrix than on the mutant matrices, with a
12 % increase in attachment time on mutant matrices (HEK293 on wildtype

matrix = 18.3 min, HEK293 on mutant matrix = 20.5 min, Figure 5.3.1).
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However, there was no difference in overall attachment rate between the
HEK293 cells grown on wildtype and mutant matrices (Mean of differences =
0.6 % %= 6.3 SD, p = 0.84, paired two-tailed t-test). Both conditions reached
100% attachment after 60 min. These data suggest that initial rapid attachment
of HEK293 cells is better facilitated on the wildtype LM matrix, but is still

possible on the mutant LM matrix.
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Figure 5.3.1. HEK293 cells attach more rapidly to the wildtype LM matrices. Wildtype A549 (red) and LMa5
mutant 13C1 (blue) cells were cultured for 120 hours then removed with ammonium hydroxide. HEK293 cells were
then used in a rapid adhesion assay onto the pre-formed wildtype (WT) and mutant ECM. Error bars represent

standard deviation.

5.3.2 Cells cultured on the mutant ECM display reduced trypsin
resistance

HEK293 cells were cultured for 48 hours on the ECM derived from either A549
or the LMa5 mutant 13C1 cells, then a resistance to trypsinisation detachment
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assay performed (Figure 5.3.2). HEK293 cells on the mutant ECM displayed
a reduced resistance to trypsin compared with those on the wildtype A549
ECM (1 in 200: mean of difference 6.1 % + 8.3 SD, p = 0.03, 1 in 100: mean
of differences 5.0 % + 7.4 SD, p = 0.01). Specifically, the time to 50 %
attachment was reduced by 16.6 % in the 1 in 200 dilution, and 13.5 % in the
1 in 100 dilution (A549 16.2 and 14.5 min respectively, 13C1 14.0 and 12.1
min respectively). These data, together with the mutant-cell detachment data,
suggest that the mutation to the LMa5 N-terminal domain results in an ECM

that is sub-optimal for strong cell attachment.
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Figure 5.3.2. HEK293 cells cultured on LMa5 mutant ECM have areduced resistance to trypsin. Wildtype A549
(red) and LMa5 mutant 13C1 (blue) cells were cultured for 120 hours then removed with ammonium hydroxide.
HEK293 cells were then cultured on the remaining ECM for 48 hours before being treated with diluted trypsin. Trypsin
concentrations at 5x10* and 2.5x10* %. At each timepoint, supernatant was removed, and cells were counted. The
percentage of cells attached was plotted against the time since trypsin was added. a-c) are independent biological

repeats, d) mean from the three experiments.

5.3.3 Wildtype matrix rescues adhesion phenotype of LMa5
mutant cells

I hypothesised that aspects of the LMa5 mutant cell phenotype that were
matrix dependent could be rescued by culturing them on wildtype matrices. To

test this, a cross-matrix rapid attachment assay was performed using A549 or
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13C1-derived ECMs then seeding fresh A549 or 13C1 cells onto these ECMs
(as in Figure 5.3). All four conditions had similar attachment rates, with all
conditions reaching 50% attachment between 43.5 and 45.1 min (Figure
5.3.3). These data indicate that there was no difference in the ability of the

A549 and the 13C1 cells to attach to pre-formed matrix.

N=1 N=2

100+ 1004

E 804 g 80+
2 60 § 604
o @«
g 40-| —— WT ECM/ WT Cells g 40 — WT ECM/ WT Cells
8 WT ECM/ Mutant Cells 8 WT ECM/ Mutant Cells
E 20 = Mutant ECM/ WT Cells E 204 - — Mutant ECM/ WT Cells
Mutant ECM/ Mutant Cells ) /" Mutant ECM/ Mutant Cells
: » P ® " » P p
Time (Minutes) Time (Minutes)
N=1,2
100+

o 804

=

Q

S

- -

£ 60

S

£ 40- —— WT ECM/ WT Cells

3 WT ECM/ Mutant Cells

=

n“_’ 204 —— Mutant ECM/ WT Cells

Mutant ECM/ Mutant Cells
0 T T 1
0 20 40 60

Time (Minutes)

Figure 5.3.3. Cross-matrix attachment assay showed no differences in attachment rate onto pre-formed
matrices. Wildtype A549 and LMa5 mutant 13C1 cells were cultured for 120 hours before being removed with
ammonium hydroxide. A549 and 13C1 cells were then used in a rapid adhesion assay onto the pre-formed wildtype

(WT) and mutant LM ECM.
5.3.4 Wildtype matrix rescued the strength of attachment

phenotype of LMa5 mutant cells

| next determined whether the culture of the LMa5 mutant 13C1 cells onto

wildtype LM matrices would recue their adhesion strength defect. A549 or
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13C1 cells were cultured on to wild-type of LM a5 mutant cell-derived matrices
and a detachment assay performed with 0.00025 % trypsin-EDTA (Figure
5.3.4). Wildtype A549 cells on wildtype ECM had the slowest detachment rate
(50 % detachment = 41.1 min). However, mutant cells cultured on the non-
mutant ECM were slower to detach than those cultured on their native mutant
ECM (mean of differences: 4.2 % + 2.3 SD, p = 0.003). Indeed, mutant cells
cultured on wildtype matrices had a similar trypsin resistance to A549 cells
cultured on mutant matrices (mean of differences = 1.6 % + 2.3 SD, p=0.176),
with almost identical 50 % detachment times (Wildtype ECM/ Mutant cells =

37.9 min, Mutant ECM/ Wildtype cells = 37.6 min).
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Figure 5.3.4. Wildtype ECM rescues some of the reduced trypsin resistance in 13C1 cells. Wildtype A549 and
LMa5 mutant 13C1 cells were cultured for 120 hours before being removed with ammonium hydroxide. Wildtype (WT)
A549 and mutant cells (WT membrane/WT cells, WT membrane/Mutant cells, Mutant membrane/ WT cells, Mutant
membrane/Mutant cells) were then cultured on the remaining ECM for 48 hours before being treated with diluted
trypsin (2.5x10* %). At each timepoint, supernatant was removed, and cells were counted. The percentage of cells
attached was plotted against the time since trypsin was added. Top bar graphs are independent biological repeats,

with line graph below representing mean from the three experiments.

5.3.5 No statistically significant differences were observed in the
gene expression of cells grown on the LMa5 mutant and wildtype
matrices

Together the results had indicated that the LMa5 mutant matrix induced a
detrimental phenotype upon cells cultured upon that matrix. To determine if
these effects were direct or indirect, | next assessed the effects of the mutant
matrix upon gene expression. RNA sequencing was performed on HEK293
cells grown for 24 hours on cell-derived matrices from A549 or the LMa5
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mutant 13C1 cells. Gene hit counts were then normalised within each sample
using DESeq?2 (Figure 5.3.5). The normalised box plots showed highly similar
expression values and ranges across samples, indicating that normalisation

was successful.
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Figure 5.3.5. Distribution of normalised reads count for genes. The original read counts were normalised to adjust
for factors such as variations of sequencing yield between samples. These normalised read counts were used to

determine differentially expressed genes.

After normalisation, similarity in gene expression values between the two
samples and their biological repeats were analysed using sample-to-sample
distances (Figure 5.3.6). Sample-to-sample distance showed little variation
between the six biological repeats for the HEK293 cells grown on wildtype

matrix or LMa5 mutant matrix. These analyses also highlighted the global
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similarities in gene expression between cells grown on wildtype and mutant

matrices.
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Figure 5.3.6 Heatmap of sample-to-sample distance. The overall similarity among samples were assessed by the
Euclidean distance between samples. This method was used to examine which samples are similar/different to each
other and if they fit to the expectation from the experiment design (279). The shorter the distance, the more closely

related the samples are. Samples were then clustered using the distance.

This similarity in gene expression is also apparent by the volcano plots (Figure
5.3.7). No genes in the mutant samples showed a log2 fold reduction of more
than 0.34, or a log2 fold increase of more than 0.27. Only one gene showed a
change that reached a statistical significance threshold of 0.05 (KRT17, log2

fold change = -0.34, padgj < 0.001).
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Figure 5.3.7. Volcano plot indicates there is no change in differential gene expression. Each data point in the
scatter plot represents a gene. The log2 fold change of each gene is represented on the x-axis and the log10 of its

adjusted p-value is on the y-axis. Black dots indicate gene changes with a p-value > 0.05.

The top 30 most differentially expressed genes were compared across all
samples (Figure 5.3.8). Even within these 30 genes, all samples showed
similar expression of each gene, with little variation between samples.
Together, these data indicate that LMa5 mutant matrix compared with WT-
ECM does not induce major change in gene expression in HEK293 cells

exposed to that matrix for 24h.
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Figure 5.3.8. Heatmap of top 30 differentially expressed genes. Bi-clustering heatmap was used to visualise the
expression profile of the top 30 differentially expressed genes sorted by their adjusted p-value by plotting their log2
transformed expression values in samples. Yellow colours indicate higher relative expression, while blue colours

indicate lower relative expression.

5.3.6 LMa5 mutant matrices induce a reduction in

phosphorylation of signalling pathways

Next, | investigated whether WT or LMa5 mutant ECM induces differential
activation of cell-matrix signalling pathways. As previously, HEK293 cells were

cultured on cell-derived matrices from A549 and 13C1 cells for 24 hours, then

lysed for analysis.

First, | analysed a broad spectrum of receptor tyrosine kinases using an array
designed to detect changes in phosphorylation of proteins related to receptor

tyrosine kinases (RTKs) (Figure 5.3.9).
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Figure 5.3.9. Mutant matrices result in a reduction of phosphorylation of many signalling molecules
responsible for receptor tyrosine kinase signalling. Heatmap used to visualise changes in phosphorylation of
signalling components in RTK signalling cascades. Proteins in red indicate increased phosphorylation relative to the

protein signal mean, whereas blue indicates a decrease from the mean.
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Changes to the phosphorylation state of these targets were subtle and
frequently varied from assay to assay (Figure 5.3.10-12). However, generally,
phosphorylation of most detected targets in the array were downregulated in
the cells grown on the mutant matrices (Figure 5.3.9). Of particular note was
the downregulation of phosphorylation in focal adhesion kinase (FAK), Janus
Kinase 1 (JAK1) and Fyn Kinase in the mutant matrix cells, with a 66 %, 88 %
and 35 % reduction, respectively (Figure 5.3.10, 5.3.11, 5.3.12). All three
kinases play an important role as some of the first kinases involved in detecting

extracellular ligand binding to cell surface receptors (45, 46, 280-282).
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Figure 5.3.10. Mutant matrices induce areduction in phosphorylation in many RTK signalling pathways (AxlI-
FRK). Wildtype A549 and mutant 13C1 cells were seeded for 120 hours, before removal with ammonium hydroxide.
HEK293 cells were then seeded onto the remaining cell-derived matrices and incubated for 24 hours before being
processed for phosphorylation analysis. Points represent the phosphorylation signal intensity obtained from each
independent experiment, with a line to represent the median for HEK293 cells grown on A549 (black) and 13C1 (red)

cell-derived matrices. Proteins shown alphabetically from AxI-FRK.
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Figure 5.3.11. Mutant matrices induce areduction in phosphorylation in many RTK signalling pathways (Hck-
ZAP70). Wildtype A549 and mutant 13C1 cells were seeded for 120 hours, before removal with ammonium hydroxide.
HEK?293 cells were then seeded onto the remaining cell-derived matrices and incubated for 24 hours before being
processed for phosphorylation analysis. Points represent the phosphorylation signal intensity obtained from each
independent experiment, with a line to represent the median for HEK293 cells grown on A549 (black) and 13C1 (red)

cell-derived matrices. Proteins shown alphabetically from Hck-ZAP70.
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Figure 5.3.12. Mutant matrices induce a reduction in phosphorylation for Fyn Kinase. Wildtype A549 and
mutant 13C1 cells were seeded for 120 hours, before removal with ammonium hydroxide. HEK293 cells were then
seeded onto the remaining cell-derived matrices and incubated for 24 hours before being processed for
phosphorylation analysis. Points represent the phosphorylation signal intensity obtained from each independent
experiment, with a line to represent the median for HEK293 cells grown on A549 (black) and 13C1 (red) cell-derived

matrices. Proteins shown are the three strongest signals.

One of the major signalling pathways responsible for cellular response to
extracellular environment in the AKT signalling pathway (44, 46, 47, 283), so |
performed an additional analysis focused on this pathway using a Phospho-
AKT signalling array assay (Figure 5.3.13). HEK293 cells cultured on the
mutant LMa5 cell-derived matrices showed a 39.1 % reduction in AKT
phosphorylation (HEK293 on wildtype matrix mean = 3100 AU + 2200 SD,
HEK293 on mutant matrix mean = 1900 AU + 1600 SD). The phosphorylation
of AKT acts as the central activation point of the signalling cascade, which
affects the phosphorylation of all the other components analysed by this array

(46) (Figure 5.4.2). These data, therefore, suggest that the reduction of AKT
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phosphorylation in mutant cells leads to a subtle downregulation of the other

components of the AKT signalling pathway.
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Figure 5.3.13. Mutant matrices induce areduction in phosphorylation in the AKT signalling pathway. Wildtype
A549 and mutant 13C1 cells were seeded for 120 hours, before removal with ammonium hydroxide. HEK293 cells
were then seeded onto the remaining cell-derived matrices and incubated for 24 hours before being processed for
phosphorylation analysis. Boxplots represent the minimum and maximum phosphorylation signal intensity for HEK293
cells grown on A549 (black) and 13C1 (red) cell-derived matrices. Dots represent the mean phosphorylation signal

intensity value.
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5.4 Discussion

The results in this chapter have demonstrated that the matrix deposited by
LMa5 LN domain mutant cells differs in organisation and composition
compared with wild-type counterparts, that cells interacting with that matrix
display slower adhesion and reduced adhesion strength and that signalling
cascades activation of cells interacting with the mutant matrix is altered.
Moreover, these results demonstrate that the mutant cells can be rescued at
least as far as adhesion and migration, by provision of a preformed non-mutant
matrix, indicating that at minimum these aspects of the phenotype are likely
predominantly matrix-dependent. On a wider scale, these collective results
indicate that the network forming aspect of LMs are not only structurally
important but also play a wider role in defining matrix composition and in

modifying signalling. Indeed, these roles are likely tightly intertwined.

The HEK293 assays and cross-matrix rescue assays are particularly important
to the story of the LMa5 mutant. One of the main concerns following the
phenotypic analysis of the 13C1 cells was whether the observed phenotype
was cell-driven (i.e. a result of the genome editing and clonal expansion) or
matrix-driven (i.e. a result of the mutant matrix alone). The findings described
in this chapter that the HEK293 cells showed a similar phenotype in response
to mutant matrix as the 13C1 cells did themselves provides a robust indication

that the cellular phenotype was likely to be matrix-driven rather than artifactual.

Knowing that the matrix behaves differently, warranted a deeper investigation
of the reason behind those differences. The SEM analyses indicated a clear

difference in the LM network formed in the mutant matrices. A difference in the
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LM preparation was, of course, anticipated; however, at a first glance, the
decrease in gap size in the mutant network might suggest that a more ordered
rather than less polymerised network is being formed. To interpret these data,
we must consider how SEM sample preparation occurs. Here, sample
coatings were achieved by low-angled heavy metal sputter, a standard
procedure for SEM (284). However, SEM typically has a spatial resolution of
around 50-100 nm (285), so while useful for 70 nm x 40 nm LM heterotrimers
that are perfectly perpendicular to the surface, any angled heterotrimer would
produce a loss in resolution (286, 287). One might expect that if a LM
heterotrimer cannot polymerise, such as from the mutant cells, the abundance
of LMa5-containing heterotrimers perpendicular to the wafer chip would be
decreased. This would present as smaller gaps in the network, as in the SEM
images. Therefore, although the images may ostensibly indicate a more
ordered environment, | believe that these outcomes could also be explained

by the LM network being, actually, more disordered.
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Wildtype Matrices Mutant Matrices

Theoretical observation from aerial perspective

S

Figure 5.4.1. Theoretical matrices formation and how these matrices would be observed from an aerial
perspective, as with an upright microscope. Wildtype matrices are able to form successful ternary nodes, and
these stable ternary nodes in the LM network almost lock the laminin long arm into a perpendicular angle to the
substrate. Compare that to the mutant matrices, whereby no stable ternary node is formed. This lack of a ternary
node allows the long arm (shown in red) more freedom in its angular distribution, making it less likely to be
perpendicular to the substrate. When observing this from an upright perspective, such as SEM would, this will
theoretically result in regular gaps in the wildtype matrices, whereas the mutant matrices is likely to have less regular

and smaller gaps in its network, particularly at the spatial resolution capable with an SEM.

A disordered LM network could also explain the reduced abundance of LMa5
in the ECM of 13C1 cells. I will refer to this as The Bookshelf Hypothesis.
When imagining a bookshelf, if one stacks the books perpendicular to the
bookshelf in an ordered manner, more books can fit on the shelf than if they
were not stacked perpendicular to the bookshelf. With the wildtype LMa5, the
tight ternary nodes could force the long arm of the LM heterotrimer into a
perpendicular orientation, allowing for a tighter packing of LM within the

network. Compare this to the mutant LMa5, whereby ternary nodes are not
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able to form and even binary interactions are not stabilised, which then allows
the long arm of the heterotrimer more angular freedom. This angular freedom
increases the disorder in the LM network, the “books” are placed onto the shelf
randomly, and as such, less space is available to pack the network with LM
(Figure 5.4.1). The Bookshelf hypothesis could consequently partly explain the
reduced surface integrin phenotype in the 13C1 cells. If we posit that fewer LM
heterotrimer long-arms are in a conformation perpendicular to the substrate,
with the substrate here being the cell surface, then fewer LM-binding integrins
would be required to bind to the reduced number of LG-domains presented to
the cell surface. This is under the assumption that LM is first secreted and then
later incorporated into the basement membrane (288, 289), which the data

from the conditioned media blots in Chapter 4 supports.

The lack of space for LM in the ECM provides an explanation for the reduced
levels of ECM proteins observed in the mutant matrices. Accepting the current
dogma that LM is sequentially the first BM protein incorporated and thus its
dynamics controls the later assembly of BM components (7), then a reduction
in LM would also lead to a reduction of other basement membrane
components. By reducing the amount of LM present in the mutant’s ECM, the
available scaffold space for the other ECM components to assemble upon has
been diminished. This simple explanation holds for the majority of the changed
proteins, including perlecan, a core BM and LM-collagen linker protein (94)
and one type IV collagen, COL4A6, which showed a dramatic 14-fold
downregulation. However, there was an unexplained upregulation of most
other collagens in the 13C1 matrices. One explanation could be that the 13C1

cells overcompensate their collagen expression to aid cellular adhesion. This
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excess of collagen could also explain why rapid attachment of A549 and 13C1
cells to mutant and wildtype matrices showed no difference in the phenotypic
rescue experiments; although the mutant matrices were atypical, they still
supported cell attachment. A future experiment to test this might involve
antibody inhibition of collagen and laminin binding integrin to ascertain
whether there is differential requirement of these integrins when attaching to
the different matrixes. The overexpression of other collagens also supports the
increase in disorder seen in the SEM collagen data. The LM-perlecan-collagen
interactions likely drive basement membrane orientation, so with a reduction
in the LM and perlecan, an increase in collagen disorder is likely. To further
assess this in the future, picrosirius red stain (290) or two-photon microscopy
could be used to study the orientation of the collagen networks in the LMa5

mutant cells.

The proteomics findings could also explain the observed downregulation in
matrix-mediated signalling, but in a possibly more nuanced way than first
thought. My initial hypothesis was that growth factors held in the ECM would
be downregulated by disrupting the LM network, and that this would affect
cellular signalling. Looking at points of particular interest, the increase of latent
transforming growth factor binding proteins (LTBPS) in the mutant matrices
agrees with the increase in TGFB1 and 2, as they act as extracellular storage
for latent but secreted TGFB. However, the decrease of LTBP1 in the mutant
cells would be consistent with these finding when one considers it is involved
in the apoptosis pathway (291, 292). The reduction in mutant levels of FAS in
the matrix, as well as the YAP/TAZ data, could suggest that the mutant cells

have a loss of regulation of apoptosis, something which | did not formally
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analyse. However, while it was true that some growth factors were present at
reduced or elevated levels in the mutant matrices, in general, most growth

factor levels stayed consistent.

Interestingly, two groups or proteins in particular were almost exclusively
downregulated in the mutant matrices; the integrins (in agreement with the
flow cytometry data from the 13C1 cells) and the plasma membrane proteins.
Both of these groups play a critical role in signalling. Integrins role in signalling
is controlled by focal adhesion kinase (FAK), a kinase also strongly linked to
perlecan, as well as vinculin and paxillin in focal adhesions (103, 264). FAK
was also shown to have a reduced phosphorylation in the receptor tyrosine
kinase signalling data, which could be explained by the reduction of integrins
present in the mutant samples and, again, agrees with the focal contact
indirect immunofluorescence analyses of Chapter 4. Other receptor tyrosine
kinases were also downregulated in terms of phosphorylation and also as part

of the plasma membrane group in proteomics.

The biggest effects, in terms of signalling, were clearly within the AKT
signalling cascade. The AKT pathway is one of the most diverse and complex
signalling cascades, and is highly conserved across eukaryotes (47). It
controls a multitude of cell behaviours including behaviours observed to be
altered in the 13C1 cells including as proliferation, migration, as well others
including metabolism, autophagy and cell survival (44-47) (Figure 5.4.2). The
activation of this single kinase can control all of these cell behaviours, whilst
also interacting with other signalling pathways through cross-talk and
feedback mechanisms (293). The activation of AKT can be controlled by FAK
upon integrin activation (283), so a downregulation of surface integrin in
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mutant cells, and subsequent downregulation of FAK activation was likely to

lead to a downregulation of AKT activation. Indeed, the level of AKT

phosphorylation reduction was extremely high and this one observation can

substantively explain many of the phenotypes observed in response to the

mutant matrices.
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Figure 5.4.2. Reduction in AKT phosphorylation leads to a reduction in phosphorylation and activation of

downstream signalling kinases. An overview of the downstream signalling kinases affected by a reduction in AKT

phosphorylation, and the cell processes likely to be affected (white boxes).

The findings here combine to a produce a model where without LM

polymerisation, cell adhesion receptors on the cell surface have a reduced

access to LG domains at the C-terminal of the LM heterotrimer. With this
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reduced access to LG domains, surface level integrins reduce, focal adhesions
mature more slowly, and this reduces the ability of FAK and other RTK’s to
induce a signalling cascade. This ultimately results in the detrimental
phenotypes seen in both in the 13C1 cells and in the HEK293 cells grown upon

the mutant matrix.

The work outlined in this chapter acts as a triangulation of all data shown so
far in this thesis, and highlights the importance of LM polymerisation to the
overall function of the cell and the tissues. This work has shown that LM
polymerisation is essential not only to the cell as a scaffold on which a
sufficient basement membrane can form, but also on a molecular and
signalling level. One could summarise this as: If the scaffold structure that cells
and tissues are built upon is faulty, then the way in which the cells and tissue
react to the scaffold will be detrimental to the phenotype. A solid foundation is
essential for the cell, and the data here clearly shows that the non-

polymerising LMa5 mutant weakens that foundation.
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Chapter 6: Making Laminin 31::Dendra2

6.1 Introduction

In this chapter, | describe my attempts to create the first endogenously-
expressed, fluorescently-tagged LM for use in live imaging experiments with
advanced microscopy techniques. Before describing the work undertaken, |
will introduce how LM research has been advanced by the ever-developing
field of microscopy. | will then introduce the fluorescent tools currently
available and in use within the LM field, and how these tools were adapted to
generate my construct. The results part of the work in this chapter has been
published in BMC research notes (237) which can be found in Chapter 9:

Appendix 1.

6.1.1 LM microscopy: the formative years

Advancements in super resolution microscopy provide an exciting opportunity
for those in the field of basement membrane research. In the 1970s and 80s,
brightfield and electron microscopy (EM) were a researcher’s primary tools for
the visualisation of cells and tissue (294). However, the optical resolution of a
brightfield microscope, typically 0.25 um (295), is not small enough to reveal
finer details such as structural features of the ECM (296). The core structure
of LMs that we understand today were generated using high resolution rotary
shadowing EM (166, 276, 297, 298). Rotary shadowing is variant of
transmission EM (TEM) that works by coating a sample from one direction with
a heavy metal, to produce a shadow, before visualising the sample (296).

Areas where the coating is thickest scatter the electrons creating dark areas,
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whereas thinly coated areas produce a brighter area (299). This scattering

allowed the determination the core structure of LM111 (117, 127, 287, 300).

The high resolution of EM provided the vital foundations of LM research; many
principal understandings that still stand to this day, but it is not without its
caveats. One of the major requirements of any traditional EM technology was
the removal of water molecules from the sample on the EM matrix (301). This
sample manipulation can result in artefacts or inadvertent changes. When one
considers that roughly 60-80% of human anatomy comprises of water (302),
observing proteins in a dehydrated environment is akin to comparing grapes
to raisins. Although the level of detail that can be observed by TEM can be
staggeringly complex, the preparation conditions can also lead to structures

observed being misleading.

Fluorescence microscopy brought about the next paradigm-shift in the
understanding of the cell and it's ECM. In the early years of LM research this
took the form of widefield fluorescence microscopy which uses a halogen-lamp
to visualise tagged proteins or antibodies (303-307). Early work using widefield
microscopy focused on visualising LM within whole tissue, while visualising
other components of the ECM such as CollV and FN (308). These methods
typically involved the illumination of the entire sample (Figure 6.1.1a). Although
limited by today’s standards, this work was one of the earliest to use antibodies
to distinguish between CollV and LM in tissue and look at their co-deposition.
However, techniques quickly advanced and tools were developed that allowed

a more detailed understanding of LMs.
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Throughout the latter half of the twentieth century, many attempts were made
to improve the resolution of conventional widefield fluorescent microscopy.
The development of high intensity lasers and electronic sensors sensitive
enough to collect high-resolution information ultimately gave rise to the first
laser scanning confocal microscopes (309). Confocal microscopy differs from
widefield fluorescence in two important ways. Firstly, by focusing the light from
a single point illumination source and scanning the sample this limits the
traditional “flooding” of light used in widefield and aids XY resolution (Figure
6.1.1a) (310). Secondly, the confocal microscope has a pinhole in front of the
detector, which allows only a single plane of light to be detected (311), which
drastically reduces the out-of-focus signal produced in widefield microscopes,
improving resolution in the Z (axial) direction. When used optimally, with high
quality lenses, confocal microscopy can achieve a maximum resolution of

approximately 180 nm laterally and 500 nm axially (312).
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Figure 6.1.1: Widefield vs Confocal differences in sample illumination and resolution. a) With widefield
illumination, the whole sample is exposed to light from a halogen lamp-source, resulting in a relatively large area of
excitation. With confocal microscopy, from the laser is focused through a pinhole for illumination, resulting in a
relatively area of excitation in the sample (310, 311). b) Human corneal epithelial keratinocytes plated on glass
coverslips then processed for indirect immunofluorescence microscopy with antibodies against LMa3, visualised with

widefield and confocal microscope. Scale bar represents 20 um.

The development of confocal microscopy was of particular value to the ECM

field as it allowed for targeted visualisation of specific areas of the basement
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membrane in more natural conformation. Confocal microscopy allowed for the
targeted antibodies probing of the ECM components in fixed cells and tissues,
which were then visualised using fluorescent secondary antibodies (313, 314)
This allowed observations into the distribution of LMs, such as the archetypal
rose-like distribution of LM332 deposited by keratinocytes (Figure 6.1.1b), as
well as the other core components of basement membrane and LM-binding
proteins (174, 315-319). The ability to process samples for multiple proteins at
the same time enabled the visualisation of protein distribution patterns in vitro
and provide support for predicted interactions identified through biochemical
techniques (320, 321) . However, much like with EM, confocal microscopy is

not without its disadvantages.

One of the main limitations of confocal microscopy is the potential for
contamination of signals into other detection channels when the spectral
profiles of fluorophores overlap, commonly known as “bleed through” (312).
However, this can be combatted through careful selection of appropriate
fluorophores with narrow spectral peaks (312). Poor antibody specificity
however cannot be combatted by peak selection, with non-specific staining an
issue that researchers must consider when using antibodies with a confocal
microscope. The issue of non-specific antibody staining is typically tackled with
a blocking step prior to staining after fixation (322), but this is not always
successful with particularly promiscuous or poorly optimised antibodies.
Another area of caution is the potential for oversaturation of samples, which
could result in the loss of data, and is a common mistake when using confocal
microscopy (323). As such, there is a degree of reality checking that must

always be carried out with confocal microscopy. All detection settings should
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be evaluated to minimise the risk of confocal artefacts being produced, with a
suitable control vital to ensure specificity. Although a powerful tool in a
researcher’s arsenal to the present day, confocal images should always be
used in conjunction with other means of analysis to validate the evidence

provided by these microscopes.

Advancements have been made in the development of tools for live-cell LM
experiments. In human cells, adenoviral-mediated expression of the two
smallest LMs, LMB3 and LMy2, with C-terminal fluorescent tags have been
performed (324, 325). These constructs have proven to be a useful tool,
allowing studies into how cells secrete matrix towards the leading edge of the
cells and leave behind a “snail-trail” of matrix as they migrate over their
substrate (324). However, these constructs are at the adenoviral packaging
limit, around 35 kb (326), making it impossible for larger LMs, such as LMa5,
to be tagged using this method. Additionally to this, the adenoviral transduction
allows only for the transient expression of the tagged LM’s (326). Further to
this, the adenoviral vector, containing a strong promoter, such as CMV (324),
results in overexpression of the tagged LM in transduced cells. These
transduced cells still express non-tagged LM through their own native
expression, so any potential matrices are likely to have a mix of fluorescently-
tagged and non-tagged LM. What this work does highlight though, is that a C-
terminal fluorescent tag of around 26 kDa is a feasible target when designing

future fluorescently tagged-LM models.

6.1.2 LM microscopy: a super-resolution revolution

In recent years, the development of stochastic super-resolution microscopy

has seen an increase in the resolution possible by commercial microscopes,
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as well as the ability to now view live samples with a resolution higher than
that of confocal microscopy. By using photoswitchable or photoactivatable
fluorophores these new techniques can achieve an optimal resolution of 20
nm on the XY axis and 50 nm on the Z axis (327, 328). Taking into
consideration the dimensions of LMs (~80-100 nm long arm, with ~20-40 nm
short arms) (112), with appropriate tools, super resolution approaches will
allow questions that were previously impossible to answer to now be

addressed.

The majority of confocal microscopes require the fixation and staining of a
sample with fluorescent antibodies onto glass slides, resulting in the death of
the cells during fixation (329). Even where live imaging is possible, the damage
caused to the cell from the intensity of the laser itself and the photobleaching
effects of the laser on the fluorophore restricts the ability to view live cell
dynamics especially when slow processes such as laminin dynamics require
long-term imaging (330). Advancements in super resolution microscopy limit
photobleaching through the use of photoactivatable fluorophores (331, 332).
With laser intensity limited to periodic bursts of intensity and no need for

fixation, it has become possible to view cell dynamics in real time.

The super-resolution technique of particular interest to this project is photo
activated localisation microscopy (PALM). PALM makes use of fluorophores
with controllable photochromism, such as photoactivatable GFP (paGFP)
(331, 332). Using a widefield excitation source, PALM is based on collecting a
large number of images with a just a few active fluorophores isolated to each

image (328). The low number of fluorophores activated in a dense
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environment of each image allows for higher resolution, as fluorophores

localisation becomes more precise (Figure 6.1.3) (333).

a) Confocal Microscopy
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Figure 6.1.2: Differences between sample observation with confocal and photoactivation localisation
microscopy. a) Confocal microscopy involves the activation of all fluorophores in a specific area. This total excitation
of the area results in a loss of image resolution which could distort the final images structure. b) Photoactivated
localisation microscopy combats this problem by only activating a small number of fluorophores with in a set region,
focusing these fluorophores, and then repeating cycles of activation until a more resolute structure is visible. (Adapted

from (333)).

Originally developed as 2D imaging method, PALM quickly developed 3D
capability through the use of a light sheet excitation (334-336). This
development allowed for the temporal activation of the Z-plane of a sample,
with a resolution of a few hundred nanometres. The employment of multicolour
fluorophores in PALM has enabled the observation of specific interaction
between small molecules at a resolution that previously had not been
distinguishable (336). PALM has been able to show substantive progress in

the real-time observation of slower processes (seconds to tens of seconds),
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such as the reorganisation of focal adhesions (327). PALM provides the tools
to answer some of the lingering questions about the dynamics of LM turnover

and remodelling during development, maturation and tumour invasion.

6.1.3 Dendra2, LMs and PALM

Dendra2 is a protein that emits a green fluorescence similar to GFP under blue
light (331). However, Dendra2 is distinct from GFP in that brief exposure of
short wavelength light (e.g. 405nm) irreversibly photoconverts the Dendra2
protein from green to red (331). In addition to all the standard uses of a
fluorophore for spatial tracking, this photoconversion allows for tracking of
aspects of protein dynamics such as half-life and turnover (328, 331).
Dendra2, under PALM illumination, photobleaches and “blinks” quickly, which

also makes it suitable for PALM-based experiments (328).

The power of using Dendra2 to study LMs has been demonstrated in a series
of elegant experiments in nematode worms where the C-terminus of the worm
LMB chain ortholog was tagged with Dendra2, GFP or mCherry (337-339).
These genome edited nematodes allowed for in vivo observation of basement
membrane turnover, sliding and remodelling during the process of anchor cell
invasion (337, 338, 340). These studies identified a hitherto unknown transient
and non-enzymatic disruption of the basement membrane that could not have
been observed without the advanced imaging tools. However, lam-1 has only
a 40.8% identity match to human equivalent LM. More fundamentally, the
molecular complexity of C. elegans BMs are dramatically less than mammalian
equivalents, meaning that the findings using the nematode model may not
necessarily or completely translate fully to the understanding of mammalian

LM deposition and turnover.

183



6.1.4 Aims

In the C. elegans model, the lam-1::Dendra2 constructs were stably expressed
after injection of plasmids to produce a transgenic line. This was non-targeted
integration into the C. elegans genome with expression driven by part of the
lam-1 promoter, which, while functional, could have implications for expression
level compared with endogenous proteins. In starting my project, the
advancements in genome-editing techniques such as CRISPR-Cas9, meant it
was possible to integrate a construct into the genome of cell lines, which would
allow expression to remain under the native gene control mechanisms,

ensuring expression at near endogenous levels.

Here, | aimed to generate a stable human line incorporating the Dendra2
fluorescent tag in the human ortholog of lam-1; LAMBL1. In this line and in
combination with PALM, it would be possible to visualise live dynamics of the
LM network, its development and maturation. Furthermore, if applied to an
invasive cancer line, the nature of BM remodelling during tumour progression

could be observed.
6.2 Chapter Specific Methods

6.2.1. Dendra2 conversion test

HEK293 cells (ATCC® CRL-1573™) were transfected using 2.5 pL
Lipofectamine2000 (ThermoFisher) with a LifeACT Dendra2 plasmid (200ng)
(Addgene, Plasmid #54694, Watertown, MA, USA) in serum free DMEM High
Glucose media (4.5 g L) supplemented with 2 mM L-Glutamine for 6 hours.
After 6 hours, media was replaced with serum containing media (10 %). 5 x

10* transfected cells were seeded onto uncoated 35 mm glass bottomed
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dishes (MatTek Corporation, Ashland, Massachusetts, USA) for 16 hours and

imaged using a BioAFM (Zeiss).

BioAFM was setup in confocal mode running Zen Black (Zeiss), with the 63x
1.4NA oil lens. Two channels (Dendra2-Green and Dendra2-Red) were made
using very low laser power (1%) and a fully open pinhole. Scan area was set
at 1024x1024. A range of switching parameters were tried, including changing
the laser (405 nm, 488 nm), laser power (5, 10,100 %) and scan speed (speed

=4 or5).

6.2.2 CRISPR-Cas9 gRNAs and HDR template

A HDR plasmid template (total length 2.7 kb) was designed containing
homology arms for the genomic sequence surrounding LAMB1 exon 34, with
the sequence for a 15 amino acid linker sequence and the Dendra2 cDNA

inserted immediately before the translational stop site of LAMBL1.

Three gRNAs were designed to target different PAM sequences around exon
34 of LAMB1 human (Table 6.1). Design of gRNA’s was assisted by Dr James
Johnson (GeneMill). gRNA'’s were designed relative to the genomic sequence

of the lung adenocarcinoma cell line, A549.

Table 6.1: gRNA Sequences and their target region within LAMB1

(79439 bp)
gRNA Sequence Target Region
1 ATAGCACATGCTTGTAACAG LAMB1: 79289 - 79308
2 AAAAATGGCTGAGGTGAACA LAMB1: 79318 - 79337
g TTATATCCTTTAGGAGTGAA LAMB1: 79251 - 79270
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LMB1::Dendra2 HDR-Donor Plasmid was generated by GeneMill (GeneMill)
and provided as a purified plasmid. This plasmid was transformed into TOP10
competent E. coli (ThermoFisher, Waltham, Massachusetts, USA) and
expanded in LB broth before extracting and purifying using the NEB miniprep

kit (New England BioLabs, Ipswich, Massachusetts, USA).

6.2.3 PCR Screening

Populations were screened using PCR to detect the LAMB1-Dendra2 insert
(forward primer TGGGTCTTTTCACACAGGCT, reverse
CAGGGCCATGTTGATGTTGC, amplicon 785 bp). Single cell clones were
generated by seeding 0.4 cells/well and expanding, then screened using PCR
primers in LAMB1 exon 34 and 3' untranslated region (3'UTR) (Forward
GGAGAAGTCCGTTCACTCCT, reverse
AAGGGATTCATCAACAATCAGTGA: 274 bp amplicon in non-edited cells,
967 bp with Dendra2 insert). 25 yL PCRs were run using 1 ng of genomic
DNA, 1 uM primers, 12.5 yL REDTaq® ReadyMix™ PCR Reaction Mix
(Sigma-Aldrich), with the protocol; 95 °C for 5 min, 35 cycles of 95 °C for 30 s,
60 °C for 45 s and 72 °C for 1 min, ending with 7 min at 72 °C using a Veriti
Dx Thermal Cycler™ (ThermoFisher). Products were separated by
electrophoresis on a 2% agarose/TAE gel, and PCR bands purified using
Monarch® DNA Gel Extraction Kit (New England Biolabs, Ipswich,
Massachusetts, USA) then sequenced by DNASeq (University of Dundee,

Dundee, Scotland).
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6.3 Results

6.3.1 Dendra2 imaging test

Before embarking on a genome-editing process | first confirmed that | could
visualise and photoconvert dendra2 tagged proteins. HEK293a cells were
transfected with a Dendra2-LifeACT plasmid, and photoconverted from green
to red using the 405nm laser at 5% power (Figure 6.3.1.). Cells with a high
expression of Dendra2-LifeACT were easy to convert, attempts to activate the
lower expressing cells using up to 100% laser power resulted in
photobleaching (not shown). However, it was possible to fully photoactivate a

whole cell with high levels of Dendra2 expression.
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Figure 6.3.1: Photoconversion of Dendra2-LifeACT. HEK293A cells transfected with dendra2-LifeACT were

Full Cell
Photoswitch

seeded onto glass-bottomed dish and subject to a 405nm laser at 5% power. Regions of the HEK293a Dendra2-
LifeACT transfected cell were photoconverted (shown in yellow), with before (left panels) and after (right panels) the
photoconversion shown for both Dendra2:Green (top panels) and Dendra2:Red (middle panels). An example of a full

cell photoswitch is also shown (bottom panels). Scale bars represent 20 pm.
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6.3.2 LMB1::Dendra2 design

Two important design considerations were made to generate the
LMB1::Dendra2 construct. Firstly, the position of the tag, with two obvious
options; the N-terminus or C-terminus of LMB1. Interference with the LM
network formation had to be avoided, making the N-terminus not an attractive
option. However, at the C-terminus, there were potential issues with folding
with regard the LCC domain and LG domains. However, in the studies
involving the LMB1 ortholog, lam-1 in C.elegans (340), the Dendra2 and GFP
tags were engineered at the C-terminus. As these studies demonstrated that
a BM-incorporated protein was produced which worked for super-resolution

microscopy, tagging the C-terminus of LM31 was selected.

A second consideration in the design was avoiding disruption of the cysteine
residue in the 3" position (119) from the end of the LCC domain of LMB1. This
cysteine is essential for the formation of the LM coiled-coil heterotrimer with
the LMa and y chains, and thus for the secretion of the heterotrimeric protein
(289, 341). To help avoid interference with the heterotrimerisation process, a
small linker sequence (GSGSNTPGINLIKED) was inserted between the LMB1
C-terminus and the Dendra2 sequence. This linker sequence was designed to
contain a small, mostly non-polar residues to avoid distortion of native protein

folding (Figure 6.3.2a).

A549 lung adenocarcinoma cells were selected as | confirmed previously that
they expressed mainly LM511 and LM332, with a higher abundance of LM511
(Chapter 4). This means that mutations caused to LM511 are less likely to

result in the cells “switching” to a different LM heterotrimer such as LM521.
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Figure 6.3.2: Design of LAMB1::Dendra2 HDR donor template. 1a) Diagram of desired insertion of Dendra2. b)
Linearised sequence map of the LAMB1-Dendra2 HDR template donor, with gRNA PAM sites highlighted in pink and

linker sequence in yellow.

6.3.3 Establishment of LMB1::Dendra2 clonal line

A549 cells were transfected with a LAMB1-Dendra2 HDR donor template and
one of three different gRNA, each specific to different protospacer adjacent
motif (PAM) sites within exon 34 or 3’ UTR of LMB1 (Figure 6.3.2b). Each
gRNA was screened for mismatches and had greater than three mismatches

within other genes (Supplemental Table 2)

DNA was extracted from the transfected cells and screened for the presence
of Dendra2 between exon 34 and the 3’'UTR of the LMB1 gene. PCR from
transfected cells showed a band matching the LAMB1-Dendra2 HDR template
positive control for gRNAL1 and a weaker band with gRNA3 (Figure 6.3.3a).
Cells from all three gRNA populations were also visually screened by confocal
microscopy, which also indicated that gRNA1 had a higher proportion of green

cells compared to the gRNA3 (Figure 6.3.3b).
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Amplicon: 785 bp

LAMB1 gRNA3

LAMB1 gRNA1

Figure 6.3.3: Transfection and selection of gRNA for cloning. a) Gel image from PCR performed on DNA from
transfected cells and using primers designed to amplify only when the Dendra2 sequences was inserted in the
appropriate genetic location. c) Transfected cells were seeded onto glass coverslips and fixed 48 h later, then

counterstained with DAPI and imaged by confocal microscopy. Scale bars represent 20 ym.

gRNA1 was selected for single cell cloning (Figure 6.3.4a): >500 clonal
populations were expanded and screened in a two-step procedure. First, by
microscopy for green protein expression (Figure 6.3.4a), then second, by PCR
using primers designed to generate two potential products; 967 bp when
Dendra2 was located between exon 34 and the 3'UTR, and 274 bp from non-
modified LAMB1 (Figure 6.3.4b). These primers also allowed detection of
whether the clones were heterozygous or homozygous, with heterozygous
clones displaying both the 967 bp and 274 bp bands. Despite screening over
500 clones, this screening only identified a single clone, 59B2, as
heterozygous for the LAMB1-Dendra2 (Figure 6.3.4b). DNA sequencing of the

967 bp band confirmed it to be LAMB1-Dendra2 (Figure 6.3.4c).
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Figure 6.3.4: Establishment of the LMB1::Dendra2 clonal line. a) Diagram highlighting the screening workflow of
>500 single cell clones. Cells were expanded from single cells then screened based on green protein expression.
Green clones were expanded then further screened using PCR. b) Representative PCR gel from secondary screen
on green clones using primers designed to give two potential products, a short (274 bp) and a full (967 bp) product in
successfully edited cells only. c) Positive clone 59B2 was sequenced to confirm for the presence of Dendra2. Start
of the Dendra2 insert shown in SnapGene (LMB1::Dendra2), with the sequence for exon34 and the 3'UTR of LMB1

shown for reference.
6.3.4 LMB1::Dendra2 is expressed but not secreted from edited
cells

To confirm expression of the LMB1 protein tagged with the Dendra2, whole
cell extracts, matrix only and concentrated conditioned media extracts were
collected from wild-type A549 cells and 59B2 LMB1::Dendra2 cells (Figure
6.3.5a, b). Consistent with heterozygous expression of LMB1::Dendra2, a
second band above the native LM31 band was obtained in whole cell extracts
from the edited clone but not controls (Figure 6.3.5a). However, in ECM
preparations and conditioned media extracts, there was no evidence of the
LMpB1::Dendra2 band although LMB1 was detected, indicating the tagged
protein either was not secreted or the tag was proteolytically removed (Figure

6.3.50).
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Next, the green signal from the edited clones was analysed using confocal
microscopy. Z stack of images from 59B2 cells revealed the Dendra2 signal to
be restricted to within the cytoplasm around the nucleus and translational
organelles (Figure 6.3.5c) and not in the characteristic LMB1 distribution
patterns beneath the cells. Moreover, processing with antibodies against
LMa5, the major heterotrimeric partner of LMB1 in A549 cells (342) revealed
a similar deposition pattern both in the edited and the control cells (Figure
6.3.5). Finally, cells were removed from coverslips using ammonium hydroxide
to visualise the ECM (Figure 6.3.5€). Although LMa5 was detected in the ECM,
there was no detectable Dendra2 signal within the ECM of the 59B2 cells

(Figure 6.3.5e).
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Figure 6.3.5: LMB1::Dendra2 is expressed inside cells, but no secretion of LMB1::Dendra2 was observed. a)
Total cell lysates from A549 or 59B2 LMB1::Dendra2 edited cells were processed by western immunoblotting with
anti-LMB1 antibodies. Red box represents an enlarged section of the blot. Arrowed indicates additional upper LMB1
band consistent with LMB1::Dendra2. b) Conditioned media and extracellular matrix lysates prepared for the indicated
times then processed for immunoblotting with anti-LMB1 antibodies. ¢ and d) Control A549 or 59B2 cells were seeded
on coverslips for 72 h then either fixed and imaged with a z-stack (panel c) or processed for indirect
immunofluorescence microscopy with antibodies against LMa5 (panel d). In €), LMB1::Dendra2 cells were cultured
for 72 h on glass coverslips then removed with ammonium hydroxide to reveal only the extracellular matrix, then

processed with antibodies against LMa5. All scale bars represent 20 um.

6.3.5 LMB1::Dendra2 results in a drop in S and M phase

During routine culture of the edited cells, | became aware that the 59B2 cells
appeared to exhibit a reduced growth rate compared with the parental A549
or non-edited clones. Cell cycle analysis confirmed this, revealing a reduced

proportion of the LMB1::Dendra2 cells in S phase and M Phase relative to
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A549 (8.6 % + 0.5 SD, and 8.2 % £ 0.5 SD reduction compared with parental

A549 respectively, both p-value < 0.01) (Figure 6.3.6).
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Figure 6.3.6: Cell cycle analysis of 59B2 cells showed a decrease of cells in S and M phase. Cell cycle analysis
of 59B2 cells (x’'s) against wildtype A549 cells (circles) analysed 24 h after serum shock. Proportion of cell population

in each phase of the cell cycle was then plotted. Data was plotted in GraphPad.

6.4. Discussion

The findings in this chapter demonstrate that although tagging LMB1 with
Dendra2 at the C-terminus in human cells is possible, the protein is not
deposited at detectable levels, which precludes its use for investigating BM
assembly and dynamics and which causes detrimental effects to cell

proliferation.
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There are many potential reasons for the failure in deposition. The most
obvious is simply that addition of the Dendra2 tag inhibits either the post-
translational processing of the LMb1 protein or interferes with LM trimerisation.
Indeed, the presence of LMa5 in the ECM in the edited cells suggests it is only
the non-edited LMB1 that is forming a heterotrimer with LMa5, and, as LM
deposition is thought to be driven primarily by the a chain (276), this seems
most likely. Note that, based on the C. elegans and human fluorescent LMs
studies, the design of the construct included a linker sequence in the LMB1 C-
terminus before the Dendra2, in an attempt to avoid this problem. The
ineffective secretion and deposition here suggest a fundamental difference in
human LMB1, but the reason for this difference is unclear. One hypothesis is
that the proline in the linker sequence has caused the linker sequence to kink
in a way that blocks the C-terminal LCC domain. It is also possible that the
linker sequence was not sufficient for the LMB1 chain, as it was based solely

on previous adenoviral work with the LMB3 chain.

Dendra2 was selected for two reasons. The first is it is a monomeric protein,
rather than multimeric like most other fluorescent proteins. This suggests that
Dendra2 mediated-self-aggregation was unlikely to be responsible for the
observed aggregation of fluorescent proteins inside the 59B2 cells. The
second reason was due its high contrast photoconversion, making it possible
to distinguish between unconverted and converted fluorescence (331).
However, its photoconversion proved to be a challenge. Dendra2 irreversibly
converts from green to red upon the breakage of covalent bonds within its
monomeric tertiary structure. However, in the edited clones | was unable to

produce this photoconversion as in the Life-ACT Dendra2 controls. This could
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have been a result of mis-folding of the Dendra2 as a tag, or the stabilisation
of the confocal bonds through interactions with either the LM long-arm or the
linker sequence. With this taken into consideration, any future work should

explore the possibility of other photoconvertible or photoactivatable tags.

In these studies, only a single clone containing the successful LMB1::Dendra2
edit was obtained, despite screening a large number of clones. This is most
likely explained by the cell cycle defect in the edited cells. It appeared that all
fluorescent signal was localised within the cell’s endoplasmic reticulum (ER),
which would have resulted in high levels of ER stress within the cell, consistent
with a reduced proliferation (343). An alternative explanation is that the cell
cycle defect is due to a reduction in LM511 available to the 59B2 cells (half as
much LM511), which could have resulted in reduced outside-in signalling
through the AKT signalling pathway, and such a reduced proliferation of the
cells, as in Chapter 5. Finally, | cannot rule out an unknown off-target genome
edit. To lessen this potential problem, the purified Cas9 protein was used
which is known to reduce the frequency of off-target cleavage (229), and
gRNAs with low non-specific binding potential. Irrespective of the mechanism,
the cell cycle defects would presumably be more severe in homozygous

mutants, which could also explain the low number of clones obtained.

If future work were to focus on LMB1, an alternative to tagging the C terminus
would be to insert the tag within the short arm of the protein, thereby
preventing any issue with LM trimerisation. This approach would require
something which did not disrupt the LN domain or secretion signal and which
would leave the LE repeats intact. Intriguingly, recent data suggests that this
could be possible. Specifically, the crystal structure of the L4 domain was

197



solved (146) and it was determined that it was not required for the LE repeats
to be folded correctly, Thus, if designed correctly, one could potentially replace
the L4 domain with the fluorescent protein or insert the protein within this
domain. This concept isn’t ideal; although not much is known about the
function of the L4 domain, it may have ephrin binding capability. Furthermore,
substantial in-frame deletions of the L4 domain in LAMA2 has been described
in patients with congenital muscular dystrophy (147). However, in these
patients the LM containing this mutated L4 domain was still secreted
suggesting it is structurally sound, and that any phenotype would be due to
the loss of L4 domain function (147, 344). Therefore, although this approach

might be effective, the interpretation would have to consider those caveats.

Although ultimately this work was unsuccessful in terms of my primary aim, it
was still of value. It demonstrated that it is possible to introduce large protein
tags into the LM genome, although it illustrates that where and how those tags
are introduced is very important. When one considers that for many years
expression of fluorescently tagged LMs has been restricted to plasmid-driven
expression, often at or near the packaging limits of viral delivery systems. The
concept of stably expressing a fluorescent LM was still very attractive. Thanks
to the lessons learned here, the groundwork was laid for the creation of the
LMB3 tagged with photoactivatable GFP, which will be discussed in Chapter

7.
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Chapter 7: Discussion

The main questions addressed by the work in this thesis addressed the roles
of LM polymerisation; whether polymerisation is important from solely a
structural perspective or whether there were additional, more intricate systems
at play. The importance of the LM polymerisation was clear, highlighted by the
severity of phenotypes in diseases that lack polymerisation such as MDCla
(345), Pierson Syndrome (346) and specifically relevant here, the syndromic
disorder caused by a LAMA5 LN domain mutation (347). However, little else
besides its role as a structural scaffold was well understood. The studies
detailed here have established that LM polymerisation affects many important
aspects of cell behavior, not only as a structural scaffold, but also as a

component of complex signalling cascades.

The data on the LMa5 mutant cell phenotype has shown that the inhibition of
LM polymerisation has a severe detrimental effect on a cell’s ability to thrive.
The LMa5 mutant cells had a reduction in proliferation, migration distance,
attachment rate, and strength of attachment. Importantly, HEK293 cells
cultured on the mutant cell-derived matrices shared these phenotypes
indicating it is a matrix-driven response. These phenotypes can likely be
explained by another key observation in this study; the reduced surface
abundance of LM-binding integrins, their subsequent focal adhesion
maturation and the impacts of this upon downstream signalling in the cells
Integrins were known to have a prominent role in signalling processes of the

cell (261, 325), as well as acting as the major binder of LM through LG domains
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(128), but how the polymerisation state of the LM network affected the role of

integrins had not previously been studied.

LM-binding integrins are the ultimate extracellular matrix sensor. They are
intimately involved in the attachment of cells to the extracellular matrix (124,
128, 256), the recruitment of focal adhesion proteins to the cell membrane in
response to the extracellular matrix (250), and acting as the receptor that
signals to activate the AKT signalling cascade (46, 47, 283). Without the
integrins, cells would not actually sense any changes to their extracellular
environment in the mutant cells. The findings in this thesis strongly indicate
that the integrins detected a fault in the extracellular scaffold in the mutant
cells, and communicated this to the cell through reduced signalling cascades.
Of course, the LN domains bind a multitude of different ECM related proteins
that were not tested for in this study such as the heparan, heparan sulphates
and sulphatides (348). However, it is unlikely that the binding potential of these
proteins would have been affected enough to induce the phenotypic changes

seen in the 13C1 cells as LN domains were still present in the mutant ECM.

These data highlight that although there is a strong structural component to
the LM, there is much more to the story as a complete system. LMs are the
substrate the cell responds to, but it’s the integrins that initiate this response.
In some ways, an inhibition of LM polymerisation is actually an inhibition of

integrin function.
7.1 Interpreting the cell-based experiments relative to MDCla

One the primary objectives in conducting the cell-based analyses of the LMa5

mutant cells was to help provide mechanistic explanation of the drivers for the
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pathology of LN domain mutant patients and animal models. The main
symptoms of MDCla include hypotonia, muscle weakness and muscle
wasting (148, 178, 345, 349); all of which can be explained by data seen in
the LMa5 mutant cells. In healthy individuals, muscles require a tight control
of force generation, with forces dependent on not only the length of the muscle,
but also its shortening velocity (350), and muscles are under a constant
tensional force, even when resting (350). One might naturally associate this
weakness to the structural defect in BMs associated with weak laminin
networks. However, the LMa5 mutant cells themselves had reduced strength
of attachment and reduced ability to generate force onto their matrixes. From
a structural perspective, this force reduction was already anticipated, but a
reduced force was also observed on cells platen on collagen gels. Although
the time-course from plating to analysis meant that there would be laminin
deposited onto those gels, these assays do suggest that at least part of the
force reduction phenotype is connected to the cellular-level changes. In a
larger tissue system, cellular changes of this type are likely to have a
detrimental effect on a muscles ability to exert force, a likely hitherto unknown

contributor to the hypotonia and muscle weakness seen in MDC1la patients.

A second key observation that aids the understanding of LN domain disease
is the slower maturation of focal adhesions in LM mutant cells. Skeletal
muscles can respond to rapid changes in workload (351). These changes are
primarily detected through cytoskeletal tension such that appropriate signals
can be generated within the cell (351). One of the main transducers of these
signals are the focal adhesion complexes which FAK is recruited to (40). In

skeletal muscles, focal adhesion complexes are densely located in the
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costamere (352, 353) and the myotendinous junction (354), the main
transducers of the skeletal muscles. In particular, the costamere transmits
forces laterally to the extracellular matrix (351, 353). In the LMa5 mutant cells.
I hypothesise that the reduced surface abundance of LM-binding integrins
leads to a slower maturation of focal adhesion complexes and therefore signal
transduction. This is likely the case in LMa2 deficient MDC1a patients, and a
reduced ability to detect changes in tension within the muscles and react

accordingly would lead to muscle weakness in patients.

Many MCDC1la patients experience defects in the central nervous system
(CNS) (355). LM-integrin interactions are one of the central drivers of
development of the CNS through mediation of nerve cell migration and
proliferation (356). One of the more unusual symptoms of MDCla is the
hypointensity of white matter in the brain (357). This is still as of yet
unexplained, but there are two hypotheses as to the cause. The first is that the
abnormal white matter is a result of increased water content due to impaired
selective filtration caused by the LMa2 deficiency (358, 359). The second is
that these white matter changes are due to structural changes in the white
matter tracts, with LMa2-containing heterotrimers playing an integral role in
their development (43, 360). However, when one considers that white matter
stem cell differentiation into neurons is guided by the ECM, in particular a tight
network of collagen fibrils (361), then the increased disorder in the collagen

deposited by LMa5 mutant cells could support for the latter hypothesis.

One of the more complex pathological symptoms of MDC1a patients is the
increased and somewhat rampant fibrosis (148, 362, 363). In short, an
increase in fibrosis drivers such as TGF-f and renin-angiotensin result in

202



myofibroblast transdifferentiation and matrix remodeling (362). Unlike in
Duchenne’s muscular dystrophy, where fibrosis develops during the later
stages of disease progression, MDCla patients see a surge of fibrotic
inflammation shortly after birth, as early as 20 days after birth (362, 364). It
has been posited that this fibrosis is the main driver of the laminin-deficient
pathology, severely altering the myomatrix and having a deleterious impact on
post-natal muscle growth (365). The data in this thesis supports this increase
in fibrosis with an increase of many collagens as seen in the mass
spectrometry data in the mutant cells, likely leading to a fibrotic effect in a 3D
culture environment. Indeed, one might interpret the SEM findings are the

early stages of an almost fibrotic environment.

The proteomics data leads me to a hypothesis that the increase in collagen
protein levels in the mutant cells’ ECM is a response to the lack of LM network
in the ECM. With the lack of a LM network, the strength of attachment in cells
is reduced, and this is transduced to the cell through the reduced integrin
signalling. In response to this reduction in integrin signalling, | hypothesise that
the cells over-compensate the expression other components of the
extracellular matrix, such as collagens, to aid in stronger attachment of the
cells. However, the degradation rate of this overexpressed collagen is
superseded by the rate of secretion of new collagen by the cells, leading to
the formation of fibrotic tissue in MDC1la patients. Concurrent with this
hypothesis, previous evidence from Lama3 lung-specific KO mouse models
suggests that a loss of LM in the ECM leads to an increase in TGFB activity
and pulmonary fibrosis (366). This would then have a detrimental effect on the

muscle tissue of MDC1la patients, with extensive interstitial connective tissue
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and a lack of regenerating fibers, leading to muscle wastage, and weakness.
The lack of LM-integrin interactions in the muscle fibers would lead to a
reduced focal adhesion complex maturation in MDC1la patients, and this

combined with the fibrosis in the muscles of patients, would lead to hypotonia.

Of course fibrosis is considered to be primarily driven by myofibroblasts (362)
and the studies highlighted in this thesis have focused on epithelial cell
responses to the ECM. Therefore, it is difficult to predict the extent that the
observed changes to collagen deposition has upon a patient’s pathology.
Indeed, BM integrity is likely to be compromised but how this excessive
collagen and reduced LM in the mutant cells would affect myofibroblasts is
currently unknown. To directly investigate this in the future, it would be
valuable to assess the fibrotic response of myofibroblasts in a mutant LMa5
3D culture model with co-culture of the LMa5 mutant cells and THP-1 cells, a
monocyte cell line which promotes fibrogenic activity in response to fibrogenic

sensitisers (367).

7.2 Translating these findings to other LM diseases

Although this study was into the effects of a point mutation that prevented
polymerisation in LMa5, it is possible to extrapolate how these finding might
apply to other diseases where the pathogenic mutation affects LM
polymerisation, such as Pierson Syndrome. Pierson syndrome is a disease
that effects the LMB2 chain (346), a LM chain responsible for the initial
interactions in LM ternary node formation (122). For this reason, one might
expect the phenotype of the mutant LMa5 cells to be less severe than the

equivalent Pierson syndrome-associated mutation as the latter are unlikely to
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have any form of LM network, stable or otherwise (122). This hypothesis is
somewhat supported by the more severe morbidity rates of Pierson Syndrome
patients, who often don’t survive infancy (191), compared to MDC1la patients
who often reach late childhood (368), although the different distributions of the
affected laminin chains, of course, complicates this comparison. ((369), Figure

7.1), LMB2 is much more broadly expressed throughout the body.

Without the intermediate LMB-LMy interaction, the LM deposition of Pierson
Syndrome patients is likely to be even more disordered than in 13C1 cells,
with a completely random deposition and orientation of LM heterotrimers.
When applying my Bookshelf Hypothesis, this would result in even less space
in the ECM for LM, resulting in a severe reduction of LM in the ECM.
Considering the severe fibrosis seen in infants with Pierson Syndrome (370),
itis likely that this lack of LM in the ECM would be accompanied by an extreme
upregulation of collagen following a similar but more dramatic version of

overcompensation mechanism outlined above.
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Figure 7.1: LMa2 and LMB2 expression in different organs. Image credit: Human Protein Atlas (LMa2 (LAMA2,

top and LMB2 (LAMB2, bottom) images available from proteinatlas.org).

7.3 Relating 13C1 data to existing mouse models

A useful tool in the characterisation of MDC1a pathology were the dy3*/dysk
LMa2 deficient mice (371). These mouse models allowed the study of the
effects of LMa2 deficiency in development, muscle morphology (344), organ
morphology and disease progression (371), whilst also providing a useful
model for potential MDC1a therapeutic studies (355, 372). Whilst an important
resource in the understanding of LMa-chain mutations in disease, this model
has not been without its limitations from a cell biology standing. Mouse models
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do not have the resolution required to investigate the impact on individual cells
these diseases cause. Furthermore, many of these models are complete LMa-
chain knockouts, so therefore are studies into the absence of LM, rather than
the absence of polymerisation (373). Quite interestingly, MDCla mouse
models with complete Lama2 KO show a compensatory upregulation of
Lama4 (374, 375), whereas previous mouse models with a2LN mutations
(C79R) do not show this same compensation (178). The LN domain mutant
mice had a milder phenotype than models with complete KO, as LMa2 was
still present in the BM (178, 373). The model | have made is more a study of
LN domain failure than LM absence, and highlights the critical roles controlled
by a functioning LN domain. However, the LMa5 LN mutant cell model

provides further support for previous findings in these MDC1a mouse models.

One of the findings from the mass spectrometry data was a 1.8-fold increase
in the signalling protein TGF-B1 in 13C1 cells. TGF-B1 has been described as
the master regulator of fibrosis, responsible for driving fibrosis in most, if not
all, forms of chronic kidney disease (376). It has also been identified as a driver
of fibrosis in muscles, responsible for inhibiting the regeneration capacity in
muscle (377). The new cell data presented in this thesis correlates with LMa2
deficient mouse models, where a substantial increase in TGF-f signalling was
detected (378). Interestingly, TGF-B signalling was suppressed by treatment
with a losartan derivative (an angiotensin Il receptor antagonist), and this was
able to reduce fibrosis in the skeletal muscles of the mice (378). It would be
interesting if treatment of the 13C1 cells with the losartan derivative could also
suppress TGF-B signalling in the cells, and whether this treatment would

recover the fibrotic collagen expression in the cells.
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One way in which the MDC1a mouse models and the 13C1 cell models differ
is in the state of apoptosis within the models. Dy3K/dy3K mice have been shown
to have a severe increase in apoptotic cell death, hampering the regeneration
of muscle fibers (371). Interestingly the LMa5 mutant cells did not share this
phenotype, with no evidence of cell senescence or apoptosis. The LMa5
mutant cells cells did, however, proliferate at a slower rate than the wildtype
cells. The likely explanation lies within the mutations present within both
models. 13C1 cells simply contain a point mutation in the LN domain of LMa5
that prevents polymerisation. Compare this to the Lama2 knockout MDC1la
mouse models, where LMa2 is completely absent, and taking into
consideration that LMa chains are the driving force for heterotrimer secretion,
then is it likely that the abundance of three-armed LM in the ECM of mice is
even lower than in the ECM of LMa5 mutant cells. This is despite the
upregulation of the two-armed LM411 in the mice models (375). There is also
likely a physiological component to this, when considering the dynamic
tensions cells are under in a skeletal muscle tissue (379), compared to the
relatively constant tension of tissue culture plastic. Perhaps the reduced LM in
the LMa5 mutant cells-derived ECM is sufficient for cells on tissue culture
plastic to avoid the apoptotic response seen in the mouse models, and that
the network formed by the compensatory LM411 is not sufficient for the forces

exerted in muscles.

Of particular interest with LMa5 mutant cells is the identification of signalling
pathways that have not yet been identified in the MDC1a mouse models. AKT
signalling, as well as other receptor tyrosine kinase (RTK) signalling cascades,

were downregulated in the LMa5 mutant cells, which provide biochemical
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explanations for the MDCla pathology. These signalling pathways have not
yet been identified as drivers for pathology in MDC1a, but the distinct changes
in signalling may provide new potential therapeutic avenues. Upregulation of
AKT signalling pathways may be difficult due to its over-activation being
strongly linked to cancers, but the therapeutic potential of the RTKs could be

investigated using the MDC1a mouse models.

7.4 Limitations

Although the results presented herein have added to the understanding of the
importance and varied roles of LM polymerisation, the work is not without
limitations. It is important to note here that the majority of the experiments in
this study were 2-dimensional experiments, done on tissue culture plastic or
glass, with the exception being the 2.5-dimensional traction force microscopy
experiments. These experiments, while very useful to our understanding of the
cellular biology of LM polymerisation, are not the most accurate
representations of a physiological structure like a muscle tissue. The glass and
plastic substrates used in these experiments have a tensional force much
higher than those seen in physiological tissues (265). However, when one
considers that many of the phenotypes seen in the LMa5 cells correlate with
those seen in mouse models, it is likely that any affects seen on glass and
plastic will only be amplified on a softer, more physiologically relevant
substrate. It is also worth noting here that a functional physiological tissue
contains many different cell types, whereas here, the model was much simpler,
containing only one cell type. The most relevant drawback of a monolayer

culture system stems from the lack of complex, multicellular
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microenvironments that exist within a tissue (380). Future work will likely look

at the effects of the LMa5 mutant cells in more complete model systems.

One of the main limitations to this work was the low success rate of the
CRISPR-Cas9 genome editing. Steps were taken in the design of this study to
limit the off-target effects of the Cas9 by transfecting it as a protein using
electroporation. The rationale behind this was that Cas9 enzyme has a
relatively short half-life when transfected as a protein compared when
expressed from a plasmid (381). By reducing the time the Cas9 enzyme spent
in the cell, this should reduce off-target cleavage. However, as well as
reducing off-target effects, there was the risk-reward element of a possibly
much lower transfection rate and/or lower editing efficiency. Also taking into
the relatively low success of HDR editing compared to NHEJ editing by
CRISPR-Cas9 (231), this was always likely to be a risk. Having extra clones
to support the 13C1 and Dendra-59B2 data, and rule out clonal expansion
phenotypes, would have been useful. However, the cross-matrix and HEK293
data, as well as the supporting data in Chapter 5, increases the confidence
that the phenotypes observed were matrix-derived and not cell-derived. It
would have been ideal to complete the integrin and focal adhesion assays on
either the cross-matrix assays or the HEK293 cells. In any future HEK293
integrin assay, it is likely that surface integrin expression will also be reduced

as itis in the 13C1 cells and conducting these experiments is a priority.
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7.5 LMa5 mutant future work

The work in this thesis has laid the ground for a number of future studies. The
most obvious study to follow up this work would be into the establishment of a
non-polymerizing LMB1/2 mutant. A LMB mutant would triangulate the LMa5
mutant data and further test the hypotheses laid out in this discussion. A LM
mutant would provide data on the effects of blocking the formation of the
intermediate LMB-LMy chain interaction and should block the subsequent LMa
chain stabilisation and ternary node formation. A S68R LMB1 mutation was
attempted in A549 cells at the beginning of this study, but these attempts
proved unsuccessful. This was possibly due to low genome editing success,
as seen with the LMa5 mutant. However, the field of CRISPR-Cas9 genome
editing is constantly evolving. Future work could attempt to make use a Cas9
protein with selection tool, such as the pSpCas9(BB)-2A-GFP plasmid, which
expresses a GFP-tagged Cas9 protein where it is possible to clone in gRNA
(382). In addition to this fluorescent tag, this plasmid also contains an
ampicillin selection gene (382). Although off-target effects of the genome
editing may be increased by use of this plasmid, the increased efficiency of

the on-target genome editing would justify this risk.

Once a non-polymerizing LM mutant has been established, the next obvious
course of action would be to start more complex, physiologically relevant
culture models. In particular, the use of 3D culture models for both the LMa5
and LMB1 mutants could provide a useful tool for the study of LM
polymerisation in a more physiologically relevant setting. A549 cells, an
alveolar cell line and parental cell line for 13C1’s, have been used in 3D culture

models previously, forming almost alveolar 3D spheroids over 7 days in a
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hanging drop culture (383). It would be interesting to see whether the 13C1
cells could form similar spherical structures in 3D culture, despite their

compromised ECM.

Mutant cell models could also be used to investigate the effects of the
compromised extracellular matrices on cells of other lineages. Pierson
Syndrome and MDCla are known to affect multiple different tissues and
organs (355, 384). These organs were not the central focus of this study, but
future work could investigate the effects of the mutant ECMs on cells from the
kidney or lens epithelium for example, with organoids from both having been
used in the past for BM experiments (95, 385, 386). This work could follow the
approach of the cross-matrix and HEK293 cell assays, where cells containing
the point mutation were removed for the culture of different cell lines on top of
the remaining cell-derived matrices. These assays could even incorporate
aspects of the 3D studies. For instance, kidney cells cultured on non-
polymerizing LMB ECM could be used to recreate the interplay seen in the
glomerular filter (6, 73, 387). This model could incorporate a flow mechanism
over the top of the cells, to study how efficiently the cells cultured on mutant
matrices retain macromolecules and cells, but allow the filtration of smaller
molecules and water. Another example would be the culture of lens cells on
mutant membranes. Bovine lens capsules provide a useful scaffold for the
culture of cells, containing many growth factors essential for cell maintenance
(388), and having the unique distinction of having a very simple basement
membrane (389, 390). This lens basement membrane could be treated with
guanidine hydrochloride (as with the SEM work in this thesis and previous

studies (391)) to remove the LM but leave the collagen scaffold. The LAMAS5
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mutant cell models could then be cultured until they deposit their own LM,
removed as described previously, and lens cells cultured on top to study the

effects of mutant matrices on a 3D BM assembly.

With the extensive fibrotic collagen expression of the 13C1 cells, itis likely that
the mutant cells are presenting with pro-inflammatory antigens on the cell
surface. These antigens, such as IL-8 (392), IL-B (393) and others, could be
identified using flow cytometry. The identification of these pro-inflammatory
markers could provide new potential therapeutic avenues to target fibrosis in

MDC1a and Pierson Syndrome.

On the subject of therapeutic avenues, an interesting finding that requires
further investigation was the potential for rescuing the pathological phenotype
of the cells. Cross-matrix studies showed a marked improvement in strength
of cell attachment. Although not possible to directly recreate in in vivo models,
it does support the idea that if the ECM can somehow be rescued, the severity
of the disease will be decreased. Two therapeutic options could exist here;
LaNt a31 and peptide treatment. Laminin N-terminal domain (LaNt) a31 is
naturally produced short protein consisting of an a LN domain with a unique
C-terminus that arose from an intron retention and alternative polyadenylation
event (125). Previous work has shown that replacing the missing LN domain
through short LN domain-containing chimeric proteins has reduced the
severity of MDC1a in vivo (394), but LaNt a31 has the benefit of occurring
natively. This short protein has the potential to integrate into LM networks and
to stabilise the LMB-LMy interaction (395), which could provide a therapeutic
avenue to lessen the severity of MDC1la. Potential therapeutic avenues could
increase the expression of LaNt a31 in a tissue-specific manner (396). With
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Pierson Syndrome lacking LMB2, LaNt a31 would not be a suitable
therapeutic. Instead, the rescue of the Pierson Syndrome phenotype could
involve the use of peptides based on the BLN domains. Short fragmented BLN
domains have been used in the past for in vitro studies (168), and synthetic
peptides derived from the a5 LN have been used to enhance cell attachment
in the past (397, 398). Recent work suggests that two binding sites (for both
the LNa and LNy domains) rather than one would need to be mirrored in such
a peptide, however (399). A peptide could likely disrupt one of the binding sites
through competition, but it is unlikely that it would bind to both binding sites
and therefore compensate for the loss. One might predict that a peptide based
off the Ba-Bb hairpin loop of BLN domains may be able to bind the LNy domain,

but without the LNa binding site, it is likely to have little therapeutic use.

7.6 LMB1-Dendra2: Future avenues

In Chapter 6, it was shown the introduction of photoactivatable Dendra 2 tag
to the C-terminus of LMB1 inhibited the secretion of the LM511 heterotrimer.
Although ultimately this work was unsuccessful in terms of my primary aim of
creating a photoactivatable LM, it was still of value. It demonstrated that it is
possible to introduce large protein tags into the LM genome, although it
illustrates that where and how those tags are introduced is very important to
the formation and secretion of the LM heterotrimer. However, when one
considers that for many years expression of fluorescently tagged LMs has
been restricted to plasmid-driven expression, often at or near the packaging
limits of viral delivery systems, the concept of stably expressing a fluorescent
LM was still very attractive. Thanks to the lessons learned here, it paves the

avenue for some incredibly exciting future work.
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The first interesting avenue to take this work in the future would be to base our
photoactivatable fluorescent tag more strongly on the original adenovirus
(324). In my study, LM511 was the desired heterotrimer to tag as the data
would have connected with the LN domain mutant work. My design was based
on work on the introduction of an mCherry tag to LMB3 (LM332) (324).
However, this proved more complicated that initially envisioned, possibly due
to the blocking of the cysteines in the LCC domain by the large Dendra?2 tag.
However, my work had showed it was possible to tag LM using CRISPR-Cas9
for the stable expression of a fluorescent LM, as a permanent natively

expressing LM.

Following the initial disappointment, | generated a new design to introduce a
PA-GFP tag prior to the 3’ UTR of the LAMB3 gene, creating a stably
expressed LMB3-PAGFP (Figure 7.2a-b). This design is based directly upon
the LMB3-mCherry adenovirus (324); with a small 20 amino acid linker was
introduced prior to the inclusion of the PA-GFP tag (Figure 7.2b). This was
designed to result in two tagged LM heterotrimers, the two-armed LM3B32,
and the one-armed LM3A32 (Figure 7.2a). Following initial test run
transfections, human corneal epithelial cells (hnTCEpi cells) were successfully
transfected and provided first evidence of a photoactivatable LM that is stably
expressed (Figure 7.2c). Due to time constraints, this was as far as this work

was carried out by myself, but this work will be continued in the future.
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The work has therefore laid the groundwork for the permanent expression of
the photoactivatable LM. An exciting potential for this study lies within the
potential use of the tagged LMB3 as a tool for high throughput drug screening
(Figure 7.3). In the severe blistering disease JEB, mutations to the LAMB3
gene account for 79 % of all cases, and of these cases, a single point mutation
is responsible for 64 % of cases; R635X (400). This hotspot mutation is of
particular interest as the introduction of an early stop codon makes it a
candidate for treatment with stop-codon read-through drugs (401), although to
date, no high-throughput screening method exists. This is one area where a

tagged LM could provide an exciting tool.
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The prevalence of the R635X mutation as a hotspot mutation has meant in
vitro models of this mutation currently exist (Figure 7.3a) (402). It would
however it would be unlikely that homozygous mutant cells could survive due
to their lack of attachment to tissue culture plastics. Instead, if we were able to
create a GFP tagged LMB3 and then introduce the R635X mutation as a
secondary course of genome editing, a tool for high-throughput screening
method would arise (Figure 7.3b). R635X-meGFP-LMB3 mutant cells would
be seeded into a multi-well plate and would not immediately fluorescence due
to the premature stop-codon. Cells would then be treated with stop-codon
read-through drugs, in an attempt to restore expression and thereby generate
the meGFP signal (7.3b). Using the JEB hotspot mutation as a model, this tool
could be adapted to other diseases caused by hotspot mutations, such as
cystic fibrosis (F508X in the CFTR gene) or, indeed other laminin knockout
mutations (403). The cell-based screening platform would allow for mass

compound library screens to identify potential future therapeutic compounds.
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a) In vitro model of JEB
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Figure 7.3. Potential model for a JEB drug discovery cell line. a) In vitro models of JEB currently exist using the
R635X hotspot mutation, which causes an early stop-codon and premature mRNA degradation and LAMB3 knockout
(KO). b) However, using what we have learnt about the introduction of fluorescent tags, we could introduce the R635X
mutation into the tagged LAMB3 gene. This could then be used for the high-throughput screening of stop codon read-
through drugs such as gentamicin, in an attempt to recover green signal. This would then be used in compound library

screens for potential therapeutics.

7.7 Conclusion

Throughout this scientific adventure, | have investigated the roles of LM
polymerisation and the importance of a highly ordered LM network to the
maintenance and behaviors of a cell. These cellular behaviors form the basis

of all life, and lead to the construction of higher order structures such as
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tissues, organs and eventually multi-cellular eukaryotic beings. It is
remarkable to think that the interactions of a simple cross-shaped protein has
such an important role to play in the development and ability to thrive as an
organism. It is hoped that the work outlined in this thesis has gone someway
to understanding the intricate and subtle roles that this simple interaction plays
in life. A role once thought to be solely structural but is actually part of a much
larger and more dynamic picture that we, as a field, have only just really started

to fully understand.
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Chapter 8: Supplemental data

Supplemental table 1: gRNA sequences and potential off-target loci for
the LMa5 PLENGK mutant gRNAs: Off-target
sites as identified by Integrated DNA Technologies’ CRISPR-Cas9 gRNA
Design Checker with mismatches (#MM) threshold set to
3. PAM = Protospacer adjacent motif sequence with only those recognised
by purified Cas9 protein (NGG) shown. Off-target genes shown as — represent

non-coding regions of the genome.

gRNA  Sequence PAM #MM Gene Locus

1 CGTGCCCCTGGAGAACGGAG AGG LAMAS chr20:-62352243
CGTGGCCCATGGAGAACAGAG AGG 3 chrX:-113262256
CCTGGCTGTGGAGAACGGAG CGG 4 chr11:+65915473
CCTGGCTCTGAAGAACGGAG AGG 4 chr1:+59540756
CCCGCCTGTGGAGAACGGAG AGG 4 chr13:+52933988
TGTTCCCCTGGGAGAACGGAG GGG 3 chrY:+1609267
TGTTCCCCTGGGAGAACGGAG GGG 3 chrX:+1609267
AGTGACCCTGAAGGACGGAG GGG 4 chr13:+111580101
CATGACCCTGAAGAACGAAG TGG 4 LOC107986865 chr8:+2665354
GGGGCCCTTGGAGGACGGAG TGG 4 chrl3:+112176752
AGTGCCAGTGGAGAATGGAG AGG 4 chr10:+78650608
TCTGCCCTTGGAGAAAGGAG GGG 4 chr10:+101230773
AGGGCCCATGGAGAACAGAG AGG 4 chr10:+132107931
GGTGCCAGGGGAGAACGGAG GGG 4 chrl6:-557195
CCTGCCCTCTGGAGAAAGGAG AGG 3 chrl5:+33412525
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AGTGCCCCTGGAGAGTGGAG

TGTTCCCCGGGAGAACAGAG

ACTGCCACTGGAGAACTGAG

TGTG-CCCTGGAGAACTGAG

CCTGCCCCTGAAGAGAGGAG

CGTAACCCTGCAGAACGAAG

CATGGCCCTGCAGAATGGAG

CCTGCCCCTGGAGGACAGTG

CCTCCCCCTGGGGAATGGAG

CGAGGCGATGGAGAACGGAG

CCTGCCCCTGGAGGAAGGAG

ACTGCCCCTTGATAACGGAG

AGTGCCCCTCGAGAATGGAG

CGCGCCTCGGGAGAGCGGAG

GGTGCCCCTGGGGAGAGGAG

GGTGCTCCTGCAGAACGGAG

CCTGCCACTGGAGAACGGGA

CGAGTCCCTGGAAAAAGGAG

CATCCCCATGGAGAACGGCG

CGTGTCCCCGGAGGAAGGAG

CGTGTCCCCGGAGGAAGGAG

TCTGCCCCTGGAGAGGGGAG

CGTGTCCCCGGAGGAAGGAG

CGTGACCCTGGGGAACGGTT

TGTGCCTCTGGAGAACAGGG

CGTGCACCTGCAGGACAGAG

AGG

AGG

AGG

CGG

AGG

AGG

GGG

TGG

GGG

CGG

GGG

GGG

TGG

GGG

TGG

TGG

GGG

AGG

TGG

CGG

CGG

GGG

CGG

AGG

TGG

AGG

RNF223

CMTM6

LOC107987137

KCNJ11

GXYLT1P3

LOC105378042

chr15:+81410693

chr11:-36279537

chr2:+138829599

chrl:+1066832

chrl1:+117735460

chr10:-128864453

chr1:-205477719

chr2:+100819571

chr2:-17912639

chr3:-32502732

chrl0:+98294775

chr2:-121323071

chr9:-134209091

chr2:+96116751

chrl8:-9732112

chrX:-115906989

chr8:-38404379

chrl7:-57863401

chrl1:-17387361

chr9:+40348677

chr9:+64488678

chrl:+29453640

chr9:-66027620

chrl6:+81676084

chrl:-164157348

chr6:-146857358
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GGTCCCCCTGGAGAAGGGAA AGG chrl:+36135431
GGTGGCCCCGGAGAAGGGAG AGG ATG2A chr11:-64909085
CATGCCCCTGGAGAACCAAG CGG chrl7:+66823119
CGGGCCCCCAGAGAAAGGAG TGG chr18:+75863503
CGTGGCCCTGAAGAAGGGAA TGG chr19:-14584745
CGTGGCCCTGAAGAAGGGAA TGG chr19:-14589006
CGTGCCCTTGGAGGACACAG TGG chr12:-53217348
CGTTGCCATGGAGACCGGAG AGG chrl6:-24686144
GGTGCCCCTGG-GAACCGAG GGG chrl7:+18968710
CGTGAGCCTGGAAAACGGAG GGG chr16:+88158630
GGTGCCTCTGGAGAAGAGAG AGG chr20:-23600786
CTTGCTCCTGAAGAAAGGAG AGG chr8:-20150922
CCTGCCCCAGGAGAACAGAT CGG chr8:+138833247
CGTGCAACTGGAGAGCGCAG AGG PFKP chr10:+3104863
CGCATCGTGCCCCTGGAGAA CGG LAMAS chr20:-62352248
CGGCTCGCGCACCTGGAGAA GGG chr21:-36693172
CCCAGCATGTCCCTGGAGAA GGG chr7:+154775731
CTAATCATGTCCCTGGAGAA GGG chrl7:-28510977
TGCACC-TGCCCCTGGAGAA GGG chr13:-29976796
AGCCTCGT-CCCCTGGAGAA CGG chr19:+44792807
TACATCTTGCCCCTGAAGAA GGG chr15:-100531313
CCCAACTTCCCCCTGGAGAA GGG chrl:+225769505
AGCTTCCTGCCCCTGGAGAA GGG chr13:-51801806
GGCAGCGTGTCCCTGGGGAA GGG chrl6:+11670388
GGCACCGTGCACCTGGAGAT CGG B9D2 chr19:-41354745
CGCTGCGTGTCCCTGGAGAG GGG chr18:-77342302
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CGCTGCCTGCACCTGGAGAA AGG 4 PDZD3 chr11:+119188065

CTCATCGTCTCCATGGAGAA GGG 4 chr10:-77526600
GGCCTCTTGCCCCAGGAGAA GGG 4 chrX:-72354928
CCCATCATTCTCCTGGAGAA AGG 4 chrl:+224700676
CACAGCGTTCCCCTGGAGAG AGG 4 chr6:-34110936
CGCACCGGGCCCCAGGAGTA GGG 4 chr5:-759347
CTCTTCTTGCCCCTGGAGAC AGG 4 chrl:+47948449
CACATCTGTGCCCCAGGAGAA TGG 3 chr8:+123678994
CACATCTTGTCCCTGGAGCA GGG 4 chr4:+107893782
TGCATCGTGCCCTCTGGAGAG AGG 3 chr16:-67216809
CGCATC-TGCACCTGGGGAA AGG 3 chr2:-73720264
CGTAT-GTGCCCCTGGAGAG AGG 3 chr18:-78424091
CCCATCTTGTCCCAGGAGAA GGG 4 chr11:+133657512
CTCCTCGTGCCCTGGGAGAA GGG 4 chr12:+130450087
CGAATCTTGTGCCTGGAGAA GGG 4 chr20:+19391937
CGCACCGTGGACCTGGAGTA GGG 4 chr15:+96323381
GGCATGGAGCACCTGGAGAA CGG 4 chr2:-217880995
CGCATTGGGCCCATGAAGAA TGG 4 chr8:+109379013
AGCCTCGTGCCCCTGGACAT AGG 4 chrl:-175670204
CTCACCGTGCTCCTGGAGGA CGG 4 chr2:+236309827
CTCATCCGGCCCCTGGAGCA AGG 4 chrl:+200888541
CACTTCCTGCCCCTGGAGCA TGG 4 chrl:-188382651
AGCATCGGACCCCAGGAGAA AGG 4 chrl13:-28819633
TGCAGCCTGCCCCAGGAGAA AGG 4 chr5:+78639982
AGCATAGTGACCCTGGGGAA GGG 4 chr20:-48246560
CACATTTTACCCCTGGAGAA TGG 4 chr8:+50860939
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CTCATCGTGCTCCCAGAGAA

CGTATCGTGCCCCTG-AGGA

GGCCTCGTGCCCCTGGACAC

CGCAGCATGCCGCTGGAGGA

CGCACTGTCCTCCTGGAGAA

GGCATCGAGCCACTGTAGAA

GGCATCGTGTCCCAGGAGAG

CTCATCGTGACCTGGGAGAA

CTCATCTTGCCCCTGGTGAG

GGCATCTTGCCCCTTGAGAT

AGG

AGG

AGG

TGG

GGG

AGG

AGG

GGG

GGG

AGG

chrl6:+66236654

chr16:-8043924

chr6:-3888549

chrl:-226890371

chrl7:-75493405

chr10:-127447120

chr8:+142409375

chrl7:+39139821

chr8:-96032639

chr5:-81254167
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Supplemental table 2: gRNA sequences for LAMB1 3’UTR and potential
off-target loci: Off-target sites as identified by Integrated DNA Technologies’
CRISPR-Cas9 gRNA Design Checker with mismatches (#MM) threshold set
to 3. PAM = Protospacer adjacent motif sequence with only those recognised
by purified Cas9 protein (NGG) shown. Off-target genes shown as — represent

non-coding regions of the genome.

gRNA  Sequence PAM #MM Gene Locus

1 ATAGCACATGCTTGTAACAG AGG - LAMB1 chr7:-107923947
ATAGCAC-TGTTTGTAACAG AGG 2 - chr20:-54489778
CCAGCA-ATGCTTGTAACAG GGG 3 - chrX:-11679804
ATGGAA-ATGCTTGTAACAG AGG 3 - chr2:-132853996
GTAGC-CTTGCTTGTAACAG AGG 3 - chr3:-165621411
AAAGCACATGCCTGAAACAG AGG 3 PRAMEF18 chrl:+13223043
AAAGCACATGCCTGAAACAG AGG 3 - chr1:-13005892
ATGGGACATGCTTGGAACAG TGG 3 - chr1:+201360309
AAAGCACATGCCTGAAACAG AGG 3 PRAMEF19 chrl:+13368778
ATAGCCCATCATTGTAACAG GGG 3 - chr1:-150169073

2 AAAAATGGCTGAGGTGAACA AGG - LAMB1 chr7:-107923918
AAAAATAGCAGAGGTGAACA CGG 2 - chr4:-185889429
AAACATGGCTGA-GTGAACA TGG 2 - chrX:+72314675
AATAATGGCTGAGGCTGAACA CGG 2 - chr22:+18396314
AATAATGGCTGAGGCTGAACA CGG 2 - chr22:+18645927
AATAATGGCTGAGGCTGAACA CGG 2 - chr22:-21349335
AATAATGGCTGAGGCTGAACA CGG 2 - chr22:-18228229
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AATAATGGCTGAGGCTGAACA CGG 2 - chr22:-18723516

GAACATGGCTGAGGTAAACA TGG 3 - chr6:+137830010
AAAAATGCCTAGGGTGAACA  AGG 3 - chr7:-61764339
AATAAT-ACTGAGGTGAACA  TGG 3 - chr15:+34472088
AAAAATGCCTAGGGTGAACA  AGG 3 - chr7:-62183366
AATAATG-CTGCGGTGAACA  TGG 3 - chr5:-9711216
AATAATG-CTGAAGTGAACA  TGG 3 - chr3:-192694445
AATCATGGCTGAAGGTGAACA AGG 3 - chr11:+69188108
ATACATGGCTG-GGTGAACA  AGG 3 - chr2:-99577573
AAACTTGGCTGA-GTGAACA GGG 3 - chr13:+20246396
AATAAT-GCTGCGGTGAACA  TGG 3 - chr2:+227929112
AAAAATG-CTGCAGTGAACA  TGG 3 - chr14:-90224265
AAAAATG-CTGCAGTGAACA  TGG 3 - chrg:-143542501
AAAAATGCCTATGGTGAACA  AGG 3 - chr5:-46283174
AATAAT-GCCGAGGTGAACA  TGG 3 - chr15:+76464689
ATAAATG-CTGTGGTGAACA  TGG 3 - chr4:-82865451
GAAAATGGCAGAAGTGAACA TGG 3 - chr8:+60466821
AATAAT-GCTGAGATGAACA  TGG 3 - chr9:+2409871
AAAAAT-GCCAAGGTGAACA  AGG 3 - chr10:+128141546
AATAATGG-TGAAGTGAACA  TGG 3 - chr6:+39528402
TAAAATGGC--AGGTGAACA TGG 3 - chr21:-13962038
TAAAATGGC--AGGTGAACA TGG 3 ANKRD20A9  chr13:-18862737
P
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CAAAATGGCTCACGGTGAAC

A

AGG

chr5:+46013513

TTATATCCTTTAGGAGTGAA

AAATATCCTTTAGGAGTGAA

AAATATCCTTCAGGAGTGAA

AAATATCCTTCAGGAGTGAA

AAATATCCTTTAGGAATGAA

AAATATCCTTTAGGAATGAA

TAATATT-TTTAGGAGTGAA

TTCT-TCCTTTAGGAATGAA

CTATA-CTTTTAGGAGTGAA

TCATA-CCTTAAGGAGTGAA

CTAGATCCTTTAGGAGAGAA

TAAAATCCTTTAGGAGTTAA

CGG

GGG

GGG

AGG

GGG

GGG

AGG

AGG

GGG

TGG

AGG

GGG

LAMB1

chr7:+107923985

chr3:-188016088

chrl4:-92066542

chrX:+72436480

chr19:+33982373

chr2:-46894629

chr2:-155009215

chrl8:-27661308

chr21:-32994567

chr13:+29911258

chrX:+13414781

chr9:+11381550
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Chapter 9: Peer-reviewed publications

Appendix 1: BMC Research Notes 2020

aw et al. es No &
Mipadfdoiorg 10 1860413104020 049562 BMC Research Notes

RESEARCH NOTE Open Access

CRISPR-Cas9-mediated labelling 2
of the C-terminus of human laminin 31 leads
to secretion inhibition

L Shaw’, R. L. Williams and K. J. Hamill

Abstract

Objectives: The laminins (LM) are a family of basement membranes glycoproteins with essential roles in supporting
epithelia, endothelia, nerves and muscle adhesion, and in regulating a range of processes including cell migration,
stem cell maintenance and differentiation. However, surprisingly little is known about the mechanisms of turnowver
and remodelling of LM networks due to lack of appropriate tools to study these processes at the necessary resolution.
Recently, the nematode C elegans ortholog of human the LMB1 chain was labelled at the C-terminus with the photo-
convertible fluorophore Dendra2. Here we used genome editing to establish a similar system in a mammalian cell line
as proof of concept for future mammalian models.

Results: CRISPR-Cas9 was used to introduce the Dendra2 sequence at the C-terminus of LMB1 in the human lung
adenacarcinoma cell line A545. Despite expression of the tagged protein within cells, no detectable LMB1-Dendra2
protein was deposited to the extracellular matrices or conditioned media of edited cells. Moreover, the edited cells
displayed reduced proliferation rates. Together, these data suggest that, in humans, addition of C-terminal Dendra2
tag to LMB1 inhibits LM secretion, and is not a viable approach for use in animal models.

Keywords: Laminin, Basement membrane, Dendra2, Genome editing, CRISPR-Cas9

https://bmcresnotes.biomedcentral.com/articles/10.1186/s13104-020-04956-

4

228



Appendix 2: Frontiers in Genetics 2021

, frontiers
in Genetics

MINI REVIEW

dox 1

OPEN ACCESS

Edited by:

Torn Vian Agtmac!,
Unversity of Glasgow;

United Kingdom

Reviewed by:

Patncia Roussale,

Cantre Natona! de & Secherche
Scentifique (CNRS), France
Ncolna Cristna Samanting,
Tolethon insttute of Genetics
and Meckaina (TIGEM), kay
*Comrespondence:

Kovin J. Hamdt
Mami@harpoolac uk

! These authors have contrbuted
oquady 1o this wark and share frst
autharship

Laminin Polymerization and Inherited
Disease: Lessons From Genetics

Liam Shawt, Conor J. Sugdent and Kevin J. Hamill*

Insatute of Life Course and Madical Sciences, Unvevsity of Livevpool, Lverpodl, Unted Kingdom

The laminins (LM) are a family of basement membranes glycoproteins with essential
structural roles in supporting epithefa, endothelia, nerves and muscle adhesion, and
signaling roles in regulating cell migration, proliferation, stem cell maintenance and
differentiation. Laminins are obligate heterotrimers comprised of a, p and y chains that
assemble intracellularly. However, extracellularty these heterotrimers then assemble into
higher-order networks via interaction between thelr laminin N-terminal (LN) domains.
In vitro protein studies have identified assembly kinetics and the structural motifs
involved in binding of adjacent LN domains. The physiological importance of these
interactions has been identified through the study of pathogenic point mutations in LN
domains that lead to syndromic disorders presenting with phenotypes dependent on
which laminin gene is mutated. Genotype-phenotype comparison between knockout
and LN domain missense mutations of the same laminin allows inferences to be drawn
about the roles of laminin network assembly in terms of tissue function. In this review,
we will discuss these comparisons in terms of laminin disorders, and the therapautic
options that understanding these processes have allowed. We will also discuss recent
findings of non-laminin mediators of laminin network assembly and their implications in
terms of basemant membrane structure and function.

https://www.frontiersin.org/articles/10.3389/fgene.2021.707087/full
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Application of SPF moisturisers is inferior to
sunscreens in coverage of facial and eyelid
regions
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Gabriela Czanner'-%, Yalin Zheng', Kevin J. Hamill = '#*, Austin G. McCormick™

1 Deparment of Eye and Vision Scionos, InsSiuio ol Ageing and Chronic Diseasa, Univessity ol Livarpool,
Liverpood, Uriied Kingdom, 2 Deparimant of Applied Mafhamatics, mmumqm'rm
Liverpood John Moones University, Livarpon!, Unbed King 3 Duy gy, Adriros
Univarsity Taaching Hospital, Liverpoal, Unitad Kingdom

§ Thasa authors ans joint Supansdsors on this work.
* inamil S Iverpodl. ac. Lk

Abstract

Mary moisturisens contain sun probection lactors (SPF) equivalent b those found in sun-
screans, However, there is a lack ol research inlo how SPF moislurser application com-
panes o sunsereans in terma of coverage achisvad and protection alorded. Previsusly we
demonstrabed thal users incomplebely covenad Their eyelid regions during routing sunscresen
application. Here, we aimed bo determine il SPF moisluriser users also displayed these tan-
denses. A study population of B4 paficipants (22 males, B2 lemales, age 18-57) wers
exposed o LWV rediation and pholographed using a tnped mounbed UV sansilive DSLA cam-
era on hwo separate vigils. Al visil one, images wera acquined belane and after applying
either SPF30 sunscreen or maisburises, Then al visil two the siudy was repeated wilh the
otfer lormulaion. Images were processed Tor lacial landmark idenlification followed by seg-
menlation mapping of hue saluralion values to idenlily areas ol the lace thal wearedwere nol
covered. Analyses revealed thal apphcalion of moisturiser was significanily worse than sun-
serean in lenms area of the whole face missed (11.1% missed with sunsenean compared by
16.6% for SPF moisturiser prc0.001 paired i-best). This diference was primarily duwe 1o
decreased omverage of the eyelid regions (14.0% missed with sunscreen, 20.5°% mosturi-
=er, p=<0.001 ). Analysis ol 8 post-siudy queslionnaire revealad paricipants to be unaware of
theirincomplete coverage. Secondaly analyses revealed imphoved coverage i males (p =
0,05}, and, with moisturiser anly, in parcpants with daiker skin lones (p = 0.02). Together
fhese data indicate thal, despile polantial edvaniages in terms of increased fegquency of
applicalion of mossturiser, the areas of e lace that are at higher cancer risk ane Bely nol
Being prolecled, and thal parlicipants are unaware thal they are al risk. As such, allemative
sun-protection slrategies should be promated.

https://journals.plos.org/plosone/article/comments?id=10.1371/journal.pone.0

212548
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