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Abstract

Laminins are essential components of all basement membranes where they
regulate an extensive array of tissue functions. Alternative splicing from the
laminin a3 gene produces a non-laminin but netrin like protein, Laminin N
terminus a31 (LaNt a31). LaNt a31 is widely expressed in intact human
tissue and is upregulated in epithelial cancers and during wound healing. In
vitro functional studies have shown that LaNt a31 can influence numerous
aspects of epithelial cell behaviour via modifying matrix organization,
suggesting a new model of laminin auto-regulation. However, studies on
LaNt a31 function in epithelial tissue have been limited to observational or

2D in vitro studies.

In this thesis, | describe the first ever in vivo model of LaNt a31 function. |
generated and validated a transgenic mouse line, where the ubiquitin C
promoter was used to drive inducible expression of LaNt a31. Prior to this, |
established two new stable LaNt a31 overexpressing keratinocyte cell lines
and used these in 3D organotypic models to extend the investigation of the
consequences of LaNt a31 dysregulation in epithelia. Further, | determined

LaNt a31 distribution in mouse using newly generated antibodies.

The results revealed that LaNt a31 dysregulation is detrimental to the
epithelial layer integrity in 3D organotypic coculture models of skin and
cornea. When expression was induced in vivo during development, LaNt a31
transgenic animals were not viable at birth, exhibiting localised regions of
erythema. Histologically, the most striking defect was widespread evidence
of extravascular bleeding across multiple tissues. Additionally, LaNt a31
transgene expressing animals exhibited kidney epithelial detachment, tubular
dilation, disruption of the epidermal basal cell layer and of the hair follicle
outer root sheath, and ~50% reduction of cell numbers in the liver,

associated with depletion of hematopoietic erythrocytic foci.

The work detailed herein establishes that LaNt a31 has a potent ability to
influence development and tissue morphogenesis in native tissue
environment, while the methods used extend the toolbox for research into

this exciting but relatively unstudied protein.



“God bless the band.”

— Liam Fray
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Chapter 1: Introduction

The work described within this thesis is focused on the relatively unknown
protein Laminin N-terminus a3 (LaNt a31). Specifically, | present new data
describing the distribution of LaNt a31 in mouse tissue (chapter 4), | detail
the effect of LaNt a31 overexpression in 3D skin organotypic cocultures
(chapter 5), and | present the first in vivo study of LaNt a31 overexpression in

a newly developed mouse model (chapter 6).

The LaNt a31 protein is the newest member, both by evolution and by
structure, of the laminin superfamily. This superfamily includes laminins,
structural components of specialized regions of extracellular matrix known as
basement membranes, and netrins whose major roles are considered to be
axonal guidance but where at least one member can influence laminin
organization. LaNt a31 differs from these two proteins families in important
ways, but studies into laminins and netrins provides a framework to interpret

LaNt a31-related work.

To establish the framework to discuss the new LaNt a31 work, Chapter 2
provides an overview of the core components of basement membranes
before delving deeper into laminin biology, particularly focusing on what is
known regarding the mechanisms behind network assembly. This includes
discussion of the human genetic diseases associated with failure of laminin
network assembly and description of the phenotype of animal models of
these diseases. The relevant features of netrin biology are outlined, including

transgenic animals and finally all the current knowledge of about LaNt a31



are described, particularly its distribution, association with pathology and

results from in vitro functional studies and ex vivo manipulation experiments.



Chapter 2: Literature review
Part of this chapter was published (Appendix V):

Sugden CJT, Shaw LT, and Hamill KJ (2021) LM Polymerization and Inherited
Disease: Lessons From Genetics. Front. Genet. 12:707087. doi:
10.3389/fgene.2021.707087

2.1 Basement membranes

Basement membranes (BMs) are specialized extracellular matrix (ECM)
structures with essential and remarkably diverse roles in most cell and tissue
behaviours; including regulating differentiation, cell adhesion and migration
L2 BMs not only provide the mechanical attachment points that support
sheets of cells to resist stresses but also influence signaling cascades via
direct binding to cell surface receptors, through the sequestration and
controlled release of growth factors, and by providing biomechanical cues, as
reviewed in 34, BMs are also dynamic structures that are remodelled in terms
of composition and structure throughout life, with the most striking changes
occuring during development 58, At the core of every BM are two networks of
structural proteins; type IV collagens and laminins (LMs)’.

2.2 Basement membrane assembly

BMs are composed primarily of LMs, Col IV, nidogen and perlecan. The first
step is LM deposition and polymerization®®., which is followed by nidogen
and perlecan binding, and next followed by col IV network assembly,
resulting in the formation of a mature BM. Each component of the BM is

described individually below%-12,

2.2.1 Nidogen

Nidogen-1 and -2 are sulphated monomeric proteins ubiquitous to all BMs.
Both isoforms contain an N-terminal globule linked to a C-terminal globule by
a stalk consisting of cysteine-rich thyroglobulin homology repeat. Nidogens
are generally viewed as linking molecules within the BM, with the ability to
bind perlecan, collagen IV (Col IV), and the LE repeats of LM y1 and y31314,



2.2.2 Perlecan

Perlecans are large proteins (~470 kDA) consistent of five domains (I-V)
found in the ECM in multiple tissues; specifically smooth muscle, vascular
endothelium, and most epithelium. Perlecan acts as a cross-linker for many
BM components and cell surface molecules including binding the at least LN

domain of LM a1 via perlecan domain V117,

2.2.3 Collagen IV

Col IV is the main type of collagen found across almost all BMs and the most
abundant BM protein'®. Six col IV (a1 — a6) chains have been identified, and
different combinations of these self-assemble into triple-helical molecules
which forms a net-like structure within the BM. Each collagen IV chain
comprises of an N-terminal 7S domain, a middle-triple helical domain, and a
C-terminal globular non-collagenous (NC1) domain. It is through the NC1
domains and triple-helical regions that col iv chains associate together,
forming part of the final BM scaffold8-22, Col IV can associate into the BM in
either directly via binding the LM globular regions, or indirectly via nidogens.
The multiple ways in which col IV can interact with LMs, in conjunction with
the multiple col IV chains, greatly contributes to the heterogeneity of possible
BM compositions?0.

2.3 Laminins (LMs)

2.3.1 Laminin isoforms

Out of the constituent proteins of BMs, the LM family of glycoproteins is
arguably the most important and the most diverse. They are the most
abundant non-collagenous protein in the basement membrane?3. LMs are
composed of a-, - and y- subunits, which are encoded by 12 LM genes
(LAMAL1-5, LAMB1-3, and LAMC1-3). Adding further diversity, an additional
isoform is generated via a second promoter in LAMA3, giving rise to a short
LM a3a isoform, and a longer LM a3b isoform. Additional alternative splicing
mechanisms give rise to further non-LM isoforms including Laminin N-
terminus a31 (LaNt a31), which is the focus of this thesis, and discussed in

depth towards the end of this chapter. Also of relevance is the netrin family of



proteins, which are structurally and ancestrally related to LMs, and share

common features with LaNt a31.

Each mammalian LM exists in a heterotrimeric a——y form, of which there
are 16 trimeric combinations?* (Fig. 2.1). Each LM heterotrimer is named
based on its’ constituent chains i.e. the LM heterotrimer composed of LM a1,
B1,andy 1is known as LM111. Observation of purified LM molecules by
electron microscopy after rotary shadowing indicated that the three chains
assemble to form an asymmetrical cross-shaped structure, with a long arm of
around 75 nm in length, and three short arms of 10 nm — 60 nm?>27, Out of
all possible combinations, LM111, 121, 211, 221, 213, 212, 222, 3a32, 3all,
3a21, 3a33, 3b32, 411, 421, 423, 511, 521, 523%% have been detected in
basement membranes, but their expression is often tissue specific?0,
Although there are many conserved regions between LM isoforms, each LM
chain has a different set of properties, and it in part because of this that BMs
can exhibit such context and tissue specificity.

The specific properties of each LM chain arise from the complex make up of
the LM chains (Fig. 2.1). Working from the C-terminus to the N-terminus, the
archetypal LM chain comprises of LG domains, LCC domains, L4 domains,

LE domains, and LN domains, all of which are described in detail below.
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Figure 2.1. Schematic diagram of possible LM heterotrimers. A) Domain structure of the archetypal LM. B)
Diagram of all described LM heterotrimers arranged by a chain. Yellow boxes highlight perfect homology between
a3b and LaNt a31. C) Diagram of a 3 LN domain LM network. Abbreviations: LN, laminin N-terminal domain; LE,
laminin epidermal growth factor-like repeats; L4, laminin 4 domain; LF, laminin four domain; and LG, laminin
globular domain. Yellow arrowheads indicate aBy ternary nodes. Adapted from Schéele, S., Nystrom, A., Durbeej,
M. et al. Laminin isoforms in development and disease. J Mol Med 85, 825-836 (2007).
https://doi.org/10.1007/s00109-007-0182-5, figure 1%
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2.3.2 Laminin globular (LG) domains

The LM globular domains (LG domains) are five (LG1-5) tandemly arranged
globular domains located at the C-terminus of LM a chains, and are subunits
responsible for the binding and interactions with cell surface receptorss3-34,
The LG domains are a hotspot for post-translational modifications, with N-
glycosylation able to occur at one to three acceptor sites, and processing
occurring between the LG3 and LG4 domains of the a2, a3, and a4

chains33:34,

2.3.3 Laminin coiled-coil (LCC) domains

The LM coiled-coil domain (LCC) forms the basis of the LM ‘long arm’®> and
is essential for LM trimerization31:36, This is facilitated through a left-handed
coiled-coil between the a, B and y chains®’. LM heterotrimerisation is an
intracellular process, whereby the  and y chains form a disulphide linked
dimer3® which is retained in the cell cytoplasm until the incorporation of the a
chain®. Secretion of the trimer is then mediated by the secretion signal of the
a chain®, allowing for deposition into the ECM. It is worth noting that
because the secretion signal on the a chain, it is possible for its secretion
independent of the B and y chains®8, which is particularly relevant when
considering the non-LMs splice isoforms generated from the LAMAS3 gene. In
addition, 33 and y2 chains have been found to be secreted independently in
cancer situations*°. Not all LM chains can trimerise with each other,
suggesting the LCC domain contributes to the which LM chains can trimerise
with each other. Indeed, less LM isoforms than are theoretically possible

based on the number of chains have been identified2>28,

2.3.4 L4 domains

The LM short arms contain domains which are important for LM network
polymerization and have been implicated in cell receptor binding. Located
within the LM short arms are the LM IV (L4/LF), the LM-type epidermal
growth (EGF) factor-like (LE) domains, and the LM N-terminal (LN)
domains®!. L4 domains are found in the short arms of the al, a2, a3b, and

a5 chains separating stretches of LE repeats, and are also found in the BM



protein perlecan!. The functions of the L4 domains are not well understood,
although the structure of the domains is similar to ephrin-binding domain of
ephrin receptors, and MAM adhesion domains in various other eukaryotic
cell-surface proteins, suggesting that the L4 domains could play a role in cell

adhesion in the context of the LM trimer41.

2.3.5 Laminin-type epidermal growth factor-like (LE) domains

Also residing in the short arms of a, 3, and y LM chains are tandem repeats
of LE domains*?. LE repeats are similarly found in LaNts, netrins*3, agrin,
perlecan, usherin and in protocadherins. Though the binding capabilities of
LE repeats remain elusive, LE repeat-induced EGFR signalling has been
suggested from the proteolytically cleaved N-terminus of the LM y2
chain*+%%, although whether this putative interaction is of biological has not
been established. The exact number of LE repeats found in the LM chain
short arms differs between chains, and these domains act as spacers
between the various domains situated within the short arms3L.In addition to
the structural role LE repeats play, they may also bind or signal in different

contexts3!,

2.3.6 Laminin N-terminal (LN) domains

LN domains are globular domains of 252 to 264 amino acids, found at the
amino terminus of the a1, a2, a3b, a5, B1, B2, B3, B4, y1 and y3 LM chains
and in some other ECM proteins including LaNts and netrins, but not in LM
a3a, a4 chains and netrin g2 . Within LN domains there is strict conservation
of six cysteine residues, and 14% of all residues in LN domains are
conserved. Once the domains are stratified into the a,  and y LMs, this
amino acid identity increases to 72% sequence between al and a2 and 77%
between a3b and a5, 72% between 1 and B2 LN domains, and 64%
between the y1 and y3 LN domains?®. The lowest conservation within groups
is between B3 and the B1 and 2 LN domains (38% and 42% respectively).

LM interactions have been studied over many years with important early
work establishing the core “three-arm” model; LM polymerization can only
occur where the LMs involved have LN domains on all three of their
constituent chains 4’. This leads to the situation where LM3a32, the major



LM expressed in skin and LM411, a major blood vessel LM, cannot
polymerize “8. Moreover, the LN interactions must be heterotypic; in
experiments with recombinant LM111 heterotrimers, deletion of any single
LN domain or replacement of f1 LN or y1 LN with al LN abolished

polymerization“®.

The full process of assembly is divided into a temperature-dependent
oligomerisation step and a calcium-dependent polymerization step, with
calcium ions required to induce a conformational change in the yLN domains.
In vitro binding analysis of LM short arm interactions in one study detected
binary interactions with dissociation constants in the 0.01-1 yM (KD) range
for the majority of a-a, a-B, a-y and B-y pairings °. However, the reported a5-
ab, a5-B1 and a5-y1 interactions have not been detected in subsequent
studies, with only weak interactions being detected between the 1 and y1
short arms (KD 25 uM) °. Consistent with the three-arm model, stable
complexes were only observed in vitro when all three short arms (a5, 1 and
v1) were added together (KD 20.8 uM)®° and have revealed that the ternary
node assembly is a two-step process, comprised on an initial rapid but
unstable interaction between 3 and y LN domains that forms and unstable By
pair that is only then stabilized through integration of the a LN chain in a

reaction with slower on/off kinetics 0.

2.3.6.1 LaNt a31 organization

The LAMASLNLI transcript encodes a LaNt a31, a functional protein that
differs in terms of domain organization compared to the LMs®!. LaNt a31 is
comprised of the LM a3 LN domain followed by a short stretch of LE domains
and a unique C-terminal region with no conserved domain architecture. This
protein is relatively unstudied. LaNt a31 is widely expressed in human
tissue®?, influences cell behaviour®'5354 and is associated with breast cancer
cell invasion®® and re-epithelialization during wound healing®3, all of which
are discussed below. The deep biological significance of this protein remains

elusive, and this thesis aims to uncover the role of LaNt a31 in vivo.



2.3.7 LN domain structure

The crystal structures of LM a5LN, B1LN, y1LN domains have been solved
and these indicate that all LN domains share a similar overall structure. Of
particular relevance to this thesis is the structure of the a5 LN domain, as this
is highly homologous with the a3b LN domain in LaNt a31. In addition,
numerous human diseases arise from mutations with the LM LN domain
(Table 2.1), and many have been modelled in mice through making
analogous LN domain mutations. Comparison between the phenotypes of
these animal models and the LaNt a31 transgenics described in chapter 6 is

useful when interpreting the outcomes of LaNt a31 overexpression.

Two regions of the LM a5 LN domain are conserved across vertebrates and
invertebrates; termed the Patch 1 and Patch 2 motifs 0. Patch 1 (“back
face”) is not thought to be involved in LM polymerization, but may play a
structural role in all LN domains %56, The Patch 2 motif (“front face”)
residues contain no potential glycosylation sites and are not conserved with
B- or y-chains, suggesting a role in LM polymerization. Consistent with this,
mutant versions of residues within the patch 2 motif (L230A, E231K and
E234K) all resulted in the inhibition of LM polymerization strongly supporting
a role in the formation of the afy ternary node. The LN domain of LM a5
shares 77% homology with the LM a3b LN domain“®, which is the same LN

domain found in LaNt a315%,

The B and y LN domains are based on the same overall structure as the
alpha. However, key differences exist including the gamma chain including a
calcium binding pocket and an additional loop on the beta chain. These
differences in features are critical to the alpha/beta/gamma ternary node
formation model. Recently the interactions to form this node were further
resolved by negative staining electron microscopy®’ identifying a head to tail
binding to form a triskelion i.e. each LN domain contacts two others at
discrete sites within the LN fold®’ (Fig. 2.2). This triskelion arrangement
becomes particularly important when comparing with netrin 4 as the crystal
structure of netrin 4 revealed non-conservation of one of the binding
pockets®®, the site where the alpha LN domain would normally interact. This

critical difference means that although netrin 4 can interact with gamma

10



chains®8, the alpha chain cannot bind to complete the stable ring (discussed

later in the chapter).

.. 10nm

Figure 2.2. LN domain orientations. Triskelions can be arranged in either a clockwise heel-to-toe (upper row) or a
counter-clockwise (lower row) orientation. This suggests that these structures are flat, lying either on one side or the

other on the carbon support film. Figure taken from 7.

2.4 LM isoforms unable to form afy ternary nodes

Whereas the apy LN domain model sufficiently explains network formation of
‘full-length’ LMs (LM111, 211, 3b11, 511) which contain a, § and y LN
domains, this model suggests chains lacking one or more LN domains
(LM3a11, 3a32, 3a21, 411, 421) either don’t polymerise, polymerise through
another mechanism, or that some tissues do not require a LM network. For
example, LM a3a32 in epithelium lacks the a and y LN domains, yet is a core
part of the epithelial BM®°. Likewise, LM411 is expressed almost ubiquitously
throughout different vessel types, despite also lacking an a LN domain®°. For
example, LM a3a32 in epithelium lacks the a and y LN domains, yet is a core
part of the epithelial BM>°. Likewise, LM411 is expressed almost ubiquitously

throughout different vessel types, despite also lacking an a LN domain®°.

Considering that functional BMs exist without the need for three LN domains,

one must assume polymerization, or at least functionality, is achieved
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through the binding or other ECM components. In the case of LM3a32, it has
been shown to associate with LM31181, collagen V1%, collagen XVI1%3 and
fibulin®485, This array of ECM proteins could play a part in maintaining and
stabilising the LM network, but the exact contributions are not clear.
Additionally, LM321 and LM511 are all present in epithelial and may

contribute to network formation®?.

Alternatively, if it is the case that apy ternary nodes are indispensable for LM
network formation, LMs containing ‘headless’ chains could feasibly gain
missing LN domains from proteolytically released LN domain-containing
fragments or proteins such as LaNt a31. These proteins contain the relevant
LN domains to fulfil the afy ternary nodes, yet do not contain the ‘long arm’
components and the associated domains. To consider the impact of the
importance of LN-domains in different tissues, it is necessary to understand
the different expression profiles of LM isoforms, and the composition of
different BMs.

2.5 LM receptors

Out of all the BM components, LMs are the main proteins involved in cell-
ECM adhesion. The binding capabilities of the different LM isoforms is of
relevance when considering how LaNt a31-mediated changes to the LM

network may affect receptor binding and downstream signalling cascades.

2.5.1 Integrins

Integrins play central roles as cell-LM adhesive devices. All integrins are
composed of an a and a 8 subunit, with each subunit comprising a large
extracellular domain, a single transmembrane domain and a cytoplasmic tail.
Integrins function as transmembrane receptors to transduce bidirectional
signals between extracellular adhesion molecules and intracellular
cytoskeletal and signalling molecules, reviewed in®%7, The binding specificity
of integrins is largely determined by the conformation adopted by the a and 3
subunits, though cellular context is also extremely important; the same cDNA
transfected into two different cell lines can result in the cells acquiring

different binding activities®8-6°,
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At least 24 kinds of integrin heterodimers have been identified®’, and out of
these there are four main integrins are responsible for LM binding through
the C-terminal LG domain of the LMs: a3B1, a6B1, a7B1 and a6p4 °.a7p1
integrin has two isoforms, a7X131 integrin and a7X231 integrin, both of
which have different LM binding properties’:. Specifically, a7X1B1 integrin
binds LM511 with higher affinities than LM111 and LM211, whereas a7X231
integrin binds more avidly to LM111 and LM211 than to LM511%6:72,
illustrating the diversity of molecular binding partners of LMs, all which

impacts cell behaviour.

The different integrins have different binding affinities for particular LMs.
A3B1 and a6B4 integrins have a specificity for LM332 and LM5117374. A6B1
integrin, on the other hand, has a much broader specificity, binding all LM
isoforms but exhibiting a preference for LM111, LM332, LM511 and
LM5217576, a7X1B1 and a7X2B2 integrins do not bind to LM332. a7X1B1
integrin binds all LMs except LM332, with a preference for LM211, LM511
and LM5217t, a7X2B2 integrin binds preferentially to LM111, LM211, and
LM22156, A change in LM organization could in theory change the
downstream signalling cascades and have important biological

consequences.

2.5.2 Signalling through LN domains and proteolytically cleaved fragments
Although integrins bind primarily to the C-terminal of LMs, signalling through
LN domain fragments and LN domain-containing proteins has been
observed. Proteolytic processing of LMs has also been identified as
releasing similar LN domain containing fragments from LM a1 77, LM B1 &,
and LM a3b 7°. Some of the LN domain-containing netrin proteins and cryptic
fragments have cell surface receptor binding capabilities and can act as
signalling molecules. Specifically, the LM a1 LN domain binds to o131 and
a2B1 integrins and to the heparan sulfate-containing domains of perlecan’”.
A LM B1 chain fragment generated by matrix metalloproteinase (MMP) 2
processing has been shown to downregulate MMP2 expression through
interaction with a3B1 integrins”®, and a 190-kDa NHz-terminal fragment
generated by proteolytic cleavage of LM3b32 has been shown to promote

adhesion, migration and proliferation through its interaction with integrin
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a3B17°. Netrin 4 is another LN domain containing protein, discussed shortly,
and a netrin 4/LM y1 complex has been shown to signal through the integrin
a6B1 receptort®. Direct integrin binding of LaNt a31 has not yet been
conclusively proven®#, though these possibilities of LN domain signalling

indeed suggest that LaNt a31 may behave in a similar manner.

The importance of integrin-mediated signalling is made clear in integrin-
mutant transgenic mice. a6 integrin knockout (LM) mice exhibit a range of
defects including defects in kidney and lung development, as well as skin
blistering®L. a7 integrin KO mice develop muscular dystrophy®. 81 integrin
KO mice do not survive past embryonic day (E) 5.5%, and B4 integrin KO
mice also exhibit skin blistering, similar to their a subunit counterparts®*.
These severe phenotypes of integrin KO mice is not withstanding the fact
that these examples are when only one single integrin subunit is knocked
out. It is necessary to consider any non-physical effects caused by
expression or cleavage of LN domain containing proteins, as this gives a
further possible explanations for the phenotypes observed by LaNt a31

overexpression in 3D and in vivo (chapters 5 and 6 of this thesis).

2.5.3 Non-integrin LM receptors

Although integrins are the main and most well characterised LM receptors,
other protein families exist and can also bind different LM subunits®, which
are described below.

2.5.3.1 Dystroglycans

Dystroglycan (DG) is an adhesion complex that links the cytoskeleton to the
surrounding extracellular matrix in skeletal muscle and a wide variety of other
tissues®4. Dystroglycan synthesized as a single polypeptide, and then is
cleaved autoproteolytically to yield a cell-surface a-subunit and a
transmembrane B-subunit®®. Following a series of complex posttranslational
modifications, it is the a dystroglycan subunit responsible for LM binding®*. a-
DG binds tightly and in a calcium-dependent fashion to multiple extracellular
proteins and proteoglycans, each of which harbours at least one, or, more
frequently, tandem arrays of LM-globular (LG) domain. In the case of LMs, a
dystroglycan binds LMs through their LG domains®4, so any situation where
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BM of LM organization is changed or disrupted would have knock on effects
for tissue function. Any abnormalities in the posttranslational processing of a
dystroglycan result in in various congenital and limb-girdle muscular

dystrophies®’. Binding of dystroglycans to LN domains has thus far not been

observed.

2.5.3.2 Syndecans

Syndecans are a type of transmembrane proteoglycans that have more
recently attracted attention for their role in cell migration and adhesion®. The
syndecan family is composed of four members, syndecan-1 and -2 (known
as fibroglycan), syndecan-3 (N-syndecan) and syndecan-4 (also known as
amphiglycan)®®-°4, Syndecans are composed of two domains: a 25 amino
acid hydrophobic transmembrane domain and a 28-34 amino acid long
cytoplasmic domain®+%. Syndecans bind several ECM components,
including LMs, through their transmembrane domain to cell surface receptors

such as integrins and EGF receptors®-°7.

Syndecans bind to multiple different regions on different LM chains and
influence cell migration and attachment. Syndecan-1 and syndecan-4 bind
overlapping but distinct sites of the LG4-5 domain of LM a3, and syndecan-4
also has the capacity to bind the LG4 domain of LM a1%. Syndecan-1,
syndecan-2 and syndecan-4 are all able to bind the y2 short arm of
LM33296:99.100 Syndecans also interact with other LM receptors, with
syndecan-4 able to interact with integrins a5B1, a2B1 and a6p4°1. The
functional implications of these types of interactions have been identified
using LM a3 derived peptides, whereby clustering of syndecan-4 and 31
integrin promoted cell migration'%. In vivo, syndecan-1 and syndecan-4 KO
animals have impaired wound healing!®. Similarly, defective wound repair is
observed in mice overexpressing syndecan-1, suggesting a ‘threshold’ of

acceptable levels of syndecan expressioni®,

Syndecans themselves can also affect LM organization. In keratinocytes
isolated from syndecan-1 mice, the LM332 deposition is dysregulated,
demonstrating the importance of this receptor for correct LM organization'°®,
Although direct interaction with netrins or LN domains has not been detected,
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understanding the phenotypes caused by dysregulated expression of LM
receptors allows for the understanding of the importance of correct BM
organization, and furthermore help to interpret the data presented in the
thesis when analysing phenotypes caused by LaNt a31 overexpression or

dysregulation.

2.5.3.3 LM receptor

The '67 kDa LM receptor’ (LR) is additional cell surface receptor with high
affinity for LMs, and is an important molecule both in cell adhesion to the
basement membrane and in signalling transduction!. The LR is derived
from a 37 kDa protein precursor, though the way the LR is configured is not
yet clear'®, Potential routes of configuration that have been suggested are
that the LR is formed from acylation followed by dimerization of the 37 kDa
precursor by non-covalent bonds°7-199, Although the name suggests
specificity for LMs, the LR also acts as a receptor for viruses, such as sindbis
virus and dengue virus, and is involved with internalization of the prion

proteintos,

The LR receptor has also been implicated in LM related processes in cancer,
including tumour cell attachment, cell migration, angiogenesis, tumour
growth and metastasis''%-113, Studies investigating LR / LM interactions are
somewhat inconclusive but most data indicate interaction via the LCC
region®?. Interactions with netrins or LN domains have not been described.

2.5.3.4 Epidermal growth factor receptor (EGFR)

All LM chain short arms contain LE repeats, and although the functions of
these remain elusive, LMs or LM-derived products have been shown to bind
to EGF receptor in some situations. Of great interest is the LE repeat-
containing fragment of LM y2, which can be generated by MMP2 and MT1-
MMP-mediated processing of LM332, can bind to EGFR and stimulate
downstream signalling events (including EGFR and ERK1/2), MMP2 gene
expression, and cell migration*®. The upregulation of MMP induced by the LE
domain containing fragment of LM y2 suggests the existence of a positive
feedback loop controlled by this mechanism, which may allow for tight
regulation of MMP-mediated ECM degradation and remodelling. There are
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no reports examining signalling from the LE repeats of the LM a3b chain or
LaNt a31

2.6 Expression profiles

The greatest variation in BM make-up comes from the diversity of possible
LM isoforms expressed in the BM. LM chain expression is spatially and
temporally regulated, allowing the context specificity of different BMs. This
leads to situations whereby different tissues have BMs composed of LMs
with different numbers of LN domains; i.e. LM111 containing 3 LN domains,
LM411 containing 2 LN domains, or LM3a32 containing a single LN domain.
LM composition of BMs also changes throughout development, which

presents an adapting and dynamic landscape.

2.6.1 Development

LMs first appeared in multicellular organisms about 500 million years ago
when single cells started to aggregate and form multicellular organisms14.115,
The expression of single LM and y chains can be detected as early as the
2-4-cell embryo stage, highlighting the importance of LMs at the earliest
stages of development. The earliest trimeric LMs expressed during
mammalian embryogenesis are LM111 and LM511 and embryos lacking al
or a5 chains die at an early developmental stage!'¢. The LM a1 chain is
primarily expressed in epithelial tissues during development, and expression
deceases after birth. LM a5, on the other hand, has the most widespread
distribution of all LM chains, with expression observed during development

and in adults?s.

During embryogenesis, the LM a2 chain is expressed along developing
muscles from E1123. The LM B2 chain is dispensable for embryogenesis as
LM B1 substitutes for the absent chain''"*'8, In the embryo, it is upregulated
during organ maturation in glomerular BMs*'®, neuromuscular junctions
(NMJ)*7, and smooth muscle cells in the aorta?®18, In the skin, LM332
expression can be detected as early as E10.5 in embryogenesis In the
embryo, it is upregulated during organ maturation in glomerular BMs*19,

neuromuscular junctions (NMJ)1?, and smooth muscle cells in the aorta?®118,
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In the skin, LM332 expression can be detected as early as E10.5 in

embryogenesis?328,

Additionally, LM332 is expressed in most epithelial tissues, including the
lung, intestine, stomach, and kidney?812°, Expression of the LM a4 chain
begins at E7 of murine embryogenesis and expression peaks at E15-17121,
and expression of LM a4 is ubiquitous to BMs of the vasculature, combining
with B1 and y1'22, At the later stages of development and following birth, LM
a5 is also incorporated into vascular BMs, also combining with 1 and y1122.
The LM a4 chain is also found in the nerves, at the NMJ, in extraocular
muscles, and adipocytes!?3. Clearly, the LM landscape is extremely dynamic
during embryogenesis and changes rapidly. These changes become
increasingly important when considering the investigations of LaNt a31
during development. The following tissues are of particular relevance to

these studies.

2.6.2 Skin

The most abundant LMs in epithelial BMs, including the skin, are LM3a32
and LM511. LM3a32 is expressed abundantly at the dermal-epidermal
junction (DEJ), whereas LM511 is expressed in the dermal vasculature and
abundantly in the BM underlying the interfollicular epidermis 24125 as well as
the DEJ. Whereas LM a5 is incorporated into BMs before gastrulation, LM a3
as well as the B3 and y2 chains are expressed at E10.5 during murine
embryogenesis 126,126, _aNt a31 has also been shown to be present in
human skin®2, and is further explored in mouse skin and epithelia in

chapter 4 of this thesis.

Mice deficient in any of the three chains of LM332 die within 5 days of birth
because of severe skin blistering*?”128, The LM expression profiles observed
in the skin are another example where the two isoforms have distinctly
different properties. LM511 supports maintenance of the hair follicle stem cell
niche. Follicular stem cells differentiate into hematopoietic, adipogenic,
osteogenic, chondrogenic, myogenic, and neurogenic lineages'?®1%, and
epithelial stem cells residing in the bulge region of the hair follicle can
differentiate into sebaceous gland, hair follicles, and epidermis after injury *3-
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133, This is a very different role compared to the LM3a32 network, which acts
as a supramolecular bridge between the basal keratinocytes of the epidermis

and the underlying dermis®34.

LM3a32 also undergoes extensive proteolytic processing. LM3a32 is
secreted as a 460 KDa protein, which is then processed to 440 KDa in low
calcium conditions, and in high calcium conditions it is processed to 400 KDa
135 These processing events result in the LM a3a chain shifting from 190/200
KDa to 160-170 KDa, and processing of the LM y2 chain N-terminus
resulting in a shift from 155 KDa to 105 KDa. The resulting, processed
LM3a32 is considered to be ‘mature’. The LM B3 chain of LM332 is does not
undergo processing'®. The multiplicity of processing events observed in the
LM3a32 chain alone serves as a great example of how apparently subtle
changes to the way that LMs are presented to cells impact many different
cellular functions. This becomes relevant later on in chapters 5 and 6 when
considering how the overexpression of LaNt a31 may change LM

presentation.

2.6.3 Kidney

Another tissue where complex distribution patterns of LMs are seen is the
kidney. Moreover, many LN domain defects have been established as
manifesting in renal pathology. Nephrogenesis is a complex process during
which the unique elements of the glomerular BM (GBM), mesangial matrix,
tubular BM and blood vessels come together to eventually form a functioning
kideny'3’. During nephrogenesis, the glomerular basement membrane
initially contains LM111, is later replaced with LMs 511 and 521, but at
maturity contains only LM5211%8, Studies of mice deficient in LM a5 and B2
chains have revealed that the LM a5 chain is essential for
glomerulogenesis!®®, whereas the LM B2 chain is important for the proper
function of the glomerular filtration barrier, as the lack of LM 2 chain in mice
results in a disorganized glomerular BM'4%-143 and mutations to the B2 chain
lead to a disorder named Pierson Syndome (discussed below). Outside of

the glomeruli, the mesangium is rich in LM211 and LM4111%7,

19



2.6.4 Lungs

LMs are essential for normal lung development, and LM isoforms expression
changes throughout the lung development!#. Studies of embryonic lung
explants and organotypic co-cultures show that LM111 is important for
epithelial branching morphogenesis!#®, and that LM211 has a role in smooth
muscle cell differentiation?4. In vivo studies of LM a5-deficient mice indicate
that this LM chain, found in LMs 511 and 521, is essential for normal lobar
septation in early lung development, normal alveolisation, and distal
epithelial cell differentiation and maturation in late lung development4®. In
epithelial BM of the developing lung, LM a1, a2, a3, and a5 chains are
present but LM a1 is seen only in early stages while LM a2 expression
decreases near the time of birth, and expression of LMs a3 and a5 remain

constant145:147,

In the adult lung, LM a5 is present in airway, alveolar, endothelial, and
visceral pleura BM. Expression of LM a5 is evident beginning in early lung
development and persists into adulthood!4°. The other abundant LM isoforms
in the adult lungs are LM311, whereby LM a3 binds with either a 31 and y1
chain (LM311), providing a 3-LN domain containing network#¢, or LM3a32, a
two LN-domain containing network!4%, In a normal lung, the LM a3 chain is
distributed throughout the BM, and isolated alveolar epithelial cells isolated

from lungs deposit LM311 in a fibrillar pattern48150,

Immunofluorescence staining of lung sections shows that normal distribution
of LM a3 subunit is lost in patients suffering with idiopathic pulmonary
fibrosis!®t, and LM a3 subunit KO mice show worsened mortality, increased
inflammation, and increased fibrosis after intratracheal administration of
bleomycin'®l. Interestingly, the KO mice experienced no developmental
abnormalities, and no detectable phenotype was observed compared to the
control mice'®!. The reason for this is unclear, however this points to the LM
a3 chain having a role in lung function and homeostasis rather than in
development, as mice lacking the subunit still form lungs. Indeed,
considering this, it is reasonable to suggest that any phenotype caused by
LM-related mutations in the lung are likely due to disruption of the LM511 or

LM111 networks during development.
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2.6.5 Vessels

Vessels are another example of where LM expression changes after
development, with multiple LM isoforms expressed each with different
properties®®, LM411, containing two LN-domains, is detectable throughout
development and expression is maintained throughout adulthood. In
contrast, for LM511, a 3-LN domain isoform, expression only begins in the
vasculature at 3-4 weeks'?2. Expression also varies depending on the type of
blood vessel (capillary, venule, postcapillary venule, vein or artery) and their
maturation state®%152.153 |n adults, LM a4 is the most ubiquitous component
expressed as part as LM411 in the vessel wall, followed by wide expression
of LM511. LM a2 expression is observed in some larger vessels, mainly
contributed by the smooth muscle cells surrounding these structures.
Additionally, the LM a3b chain has been detected in blood vessels, including

capillaries, but the role it plays is not yet clear?®4,

Although the postnatal incorporation of LM511 into vascular BMs has been
observed, the functions of vascular LMs are still being uncovered. Leukocyte
transmigration is observed at areas or low LM511 expression®®®, and recent
data has highlighted that LM511 stabilises cell junctions and barrier functions
of the vessel BMs, severely restricting leukocyte transmigrationt®®.

Only LM a4, and not a5, is observed in normal lymphatic vessels?®’. In this
environment, LM a4 actively supports the migration of leukocytes and
promotes leukocyte extravasation®®-161 which is undoubtedly essential for a
functioning lymphatic system. The LM a5 chain is only detected in the lymph
vessels in ovarian carcinomas'®?, where the presence of a5 chain LMs in the
BM region of tumour lymphatic vessels suggests that these LMs could inhibit
cell migration through the endothelium in these vessels. A stark contrast
between LM411 and LM511 is the 2-LN domain network vs. the 3-LN domain
network, whereby the afy ternary node in LM511 results in a more stable
BM, preventing the transmigration of leukocytes. As LM511 appears to inhibit
or block transmigration through the vessel BM, one could envisage a
situation whereby disruption of LM511 could weaken vessels and allowing

transmigration off cells into the surrounding tissues.®°
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Additionally, the LM a3b isoform is expressed throughout vasculature®®4,
though the role it plays there is not well understood. Published data from the
Hamill Lab>? and from chapter 4 of this thesis have revealed that LaNt a31 is
also highly expressed in the vasculature, with the most recent data
suggesting that LaNt a31 has higher expression in larger vessels. The role of
LaNt a31 in vasculature is still being uncovered, although it’s interactions
with the 3-LN domain LM511 or 2-LN domain containing LM411 comes
under the spotlight in this thesis.

2.6.6 Stem cell niches

LMs are key constituents of multiple stem cell niches. Indeed, LMs are
commonly used in research as substrates to either cultures different types of
stem cells or to differentiate cells'4. To give an overview of the diverse
functions of LMs in supporting stem cell maintenance and differentiation:
LM111 primes inner cell mass pluripotent stem cells for differentiation'®3, and
is one of the most common substrates for growing pluripotent stem cells.
LM121 supports neurite outgrowth 184, Both LM211 and LM221 initiate
embryonic stem cell differentiation to striated muscle fibres®>, LM411 and
LM421, together with LM521 drives differentiation of human embryonic stem
cells into endothelial cells®6. Both LM511 and 521 can alone support
pluripotency of human embryonic stem cells!®’, and LM521 also maintains
pluripotency and promotes robust proliferation of stem cells'¢’. Moreover,
LM521 enables clonal expansion of pluripotent human embryonic stem
cellst®9:168 | Ms 411, 421, 511 and 521 can all individually support
keratinocyte growth'%, Finally, LM523 induces differentiation into

photoreceptor progenitorst®,

The importance of LMs in stem cell maintenance is clear. Moreover, the
correct LM network is required to maintain stemness, and a change to that
network may cause differentiation defects and lead to deleterious
consequences, something which could be caused by dysregulation of LMs or
LM-related proteins such as LaNt a31.
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2.7 Breaching BMs

The molecular ‘unpicking’ of LM networks becomes increasingly important in
normal physiology when we consider how cells traverse basement
membranes. For example, circulating immune cells are required to travel to
the site in infection or injury which requires passing through one or multiple
basement membranes. How this happens is not fully understood, although it
Is appreciated as a multi-level process involving regulation by the BM

composition, physical dismantling, and enzymatic degradation*’?,

2.7.1 BM itself dictating breach points in normal biology

When considering vascular BMs, containing predominantly LM411 and 511,
it is clear that the LM isoforms within BMs dictate the extravasation
possibilities through vessels. LM511 specifically contributes to endothelial
tightness by stabilizing VE-cadherin at junctions and by downregulating
expression of CD99L2, correlating with reduced neutrophil
extravasation®6,1%6_Moreover, endothelial cells bind preferentially LM511
over 411, further inhibiting cell migration through the vessel wall*°6,15,
Specifically, results suggest that endothelial adhesion to LM511 via 1 and
B3 integrins mediates RhoA-induced VE-cadherin localization to cell-cell
borders, and while CD99L2 downregulation requires integrin 1, it is RhoA-
independent®®®. Whilst vascular BMs are perhaps the most typical BMs
where cellular transmigration is commonplace, there are many more
instances in health and disease where BM breaching occurs, particularly
during angiogenesis or in the progression of inflammatory diseases and

cancer.

2.7.2 Cell dependent breaching (physical methods)

Whereas the tissue-specific composition of BM LMs can influence how easily
a BM can be traversed, different cell types have different features which can
allow them to cross the BM. Neural crest cells, leukocytes, and cancer cells
can all cross the BM*72174, These cells use multiple of mechanisms to open
BMs and/or degrade or rearrange existing proteins to create the portal to

travel through.
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Physical methods of BM breaching have been elegantly studied in vivo using
C. elegans as a model organism. In BM breaching in C. elegans, anchor
cells form invadopodia, which are invasive protrusions found at the matrix-
opposed edge of the cell. This process is not fully understood, but elegant
studies in C. elegans have helped to generate a model of basement
membrane ‘unzipping’, where through physical and enzymatic methods cells
can traverse the BM, with small amounts of reorganization and remodelling,
but with overall minimal amounts of BM degradation'’>.175, In cancer
situations, cancer-associated fibroblasts (CAFs) facilitate the breaching of
the BM in a MMP independent manner. CAFs pull, stretch, and soften the
BM leading to the formation of gaps through which cancer cells can

migrate!’®.

2.7.3 Enzymatic BM disrupting proteins

Many of the mechanisms for breaching the BM overlap, and cells use a
combination of physical and enzymatic, and non-enzymatic methods to
breach the BM. For enzymatic degradation of the BM, MMPs are responsible
for degrading the BM. A hallmark of cervical, oral, and breast cancers is
upregulation of MMPs, which makes it easier for cancer cells to traverse the
degraded BM*"7-179, MMP-mediated LM processing has been discussed
previously, and it is clear the impact that MMP expression has on LM
network modifications. A preprint study has shown that overexpression of
LaNt a31 increases MMP activity, which in turn causes an increase in LM
processing. This finding comes from 2D in vitro studies, so the effect on an
intact 3D membrane is unclear, but there is one would be surprised if BM

integrity and composition in vivo would remain unaffected in vivo®*,

2.8 LN domain interactions in health and disease

LN domain binding is not only interesting from a purely fundamental science
perspective. There are many situations where mutations to the LN domain
cause genetic diseases causing a great amount of suffering. To be able to
cure these diseases in the future, the first step is understanding the effects of
mutations on the LN domain, and the impacts these have on health. The LN
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domain mutations discussed below cause a failure of LM network
polymerization and are included to allow comparison of the phenotypes
caused by these mutations to the phenotype of LaNt a31 dysregulation in

Vivo.

2.8.1 LN domain mutations

Thankfully, LN-domain related diseases are rare, although due the tissue-
specific LM composition of basement membranes, several different
syndromic disorders are observed depending on which LM isoform harbours
the mutation (Table 2.1). Each affected LM results in a distinct set of

syndromic disorders reflecting isoform-specific distribution and functions.
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Table 2.1: Pathogenic LN domain mutations

Protein Mutation Effect Phenotype Refs
LMal  Y265C LN interaction  [mouse] Retinal vasculopathy 180
LMa2 C79R LMpoly/ fold®  [mouse] mild muscular dystrophy 181
c86Y foldP MDC1A 182
Y138H  LMpolyP MDC1A 163
W152G  fold® Limb-girdle—type dystrophy 184
S157F foldP MDC1A 185
Q1l67P LMpoly® Limb-girdle—type dystrophy 186
S204F fold® Mild muscular dystrophy, mild proximal weakness 187
L243P foldP Mild MDC1A 184
S277L foldP MDC1A 188
G284R LMpoly? limb-girdle—type dystrophy 184
LMa5 R286L LMpoly*© Focal segmental glomerulosclerosis, hearing loss, craniofacial dysmorphism, &
limb development
LMB1 E215K LMpoly® [fly] heart development defects 190
V226E [fly] heart development defects 190
G286R [fly] heart development defects 190
LMB2 R246W  LMSecretion/ End-stage renal disease, nephrotic proteinuria, diffuse mesangial sclerosis, =~ 1919
R246Q Fold focal and segmental glomerulosclerosis, microcoria, lens abnormalities,
nystagmus hypotonia, cognitive defects, muscle delay
V79del LMpoly? Retinal detachment, cataracts, progressive vision loss, diffuse mesangial 195
sclerosis, end-stage renal disease
S80R LMpoly® Nephrotic proteinuria, atypical diffuse mesangial sclerosis, myopia, retinal 142,193
detachment. [mouse S83R] Detrimental on Alport syndrome background
H147R LMfoldP Nephrotic proteinuria, diffuse mesangial sclerosis, proliferative 196
glomerulonephritis, hypertension, heart failure, microcoria, retinal
detachment, lens abnormalities
D167Y LMSecretion?  End-stage renal disease, myopia, retinal detachment, severe visual 197
impairment
L139P LMfoldP Diffuse mesangial sclerosis, lens abnormalities, severe visual impairment, 193
hypotonia, muscle delay, cognitive deficits
S179F LMfoldP End-stage renal disease, focal and segmented glomerulosclerosis, retinal 198
detachment, severe visual impairments
LMB3  E210K Splicing® + Skin fragility, nail dystrophy, alopecia 199
foldP
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2.8.2 Pierson syndrome

Pierson syndrome was first described in 19632°° when two siblings presented
with congenital nephrotic syndrome and peculiar eye abnormalities. Such
was the severity and rapid onset of these symptoms, that neither sister
survived the first 2-weeks of life. Pierson syndrome was later discovered to
result from mutations in the LAMB2 gene, which encodes LM 2, and which
is highly expressed in the glomerular basement membrane, multiple
structures in the eye including the lens, retina and cornea, and
neuromuscular synapses 117201203 The two defining symptoms of Pierson
Syndrome are congenital nephrotic syndrome that rapidly progresses to end-
stage renal failure, and microcoria, however not all patients present with both
issues, and many patients develop additional complications of motor delay,
speech difficulties, intellectual disability, and seizures?®4. In humans, the
histopatholgical findings manifest as mesangial sclerosis accompanied by
crescent formation?%®, although these histopathologic characteristics are
tough to reconcile with mouse models where there are no major changes to

the glomerulit9206,

Indeed, the spectrum of related phenotypes arising from mutations in the
LAMB2 gene is vast, with at least 50 discrete mutations from 40 families
identified. The severe forms of the disease are associated with KO
mutations. However, the majority of pathogenic missense and indel
mutations cluster in or near the LN domain and result in milder forms of the
disease, with many patients surviving into adolescence and early adulthood
(Table 2.1).

One of the earliest of LM 2 LN domain mutations characterized was
R246W, which is characterized by severe end-stage renal disease and
microcoria and was independently observed in five unrelated families with
nonsense mutations on the second allele?®’. The high conservation of this
arginine has led to suggestions that mutations hamper LM polymerization
and in vitro studies revealed that although this mutant was able to
polymerize, they did so substantially less effectively than the wild-type
protein'®2, However, mutations to R246 also lead to reduced abundance of

LM in BMs, likely due to protein processing being disturbed!®3. A second
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mutation in the same residue, R246Q, resulted in severe glomerular
abnormalities and impaired the secretion of LM*4, Together these data paint
a picture that this arginine has a key role in protein folding. A second well-
studied missense mutation, S80R, affects the highly conserved Ba-fb and is
known to prevent LN-LN domain interactions and induce loss of
polymerization in vitro 256141193 The importance of this region was further
highlighted by identification of a separate case with a V79del mutation 1%,
Patients with these mutations present with milder cases of Pierson
Syndrome, presenting with atypical diffuse mesangial sclerosis, retinal

detachment and myopia®®®.

Other mutations found within the 2LN domain include H147R, L139P,
D167Y1%, and S179F with variable phenotypes (Table 2.1). H147R was
tested in vitro and yielded similar effect to R246Q in terms of a partial
reduction in polymerization ability. The D167, H147 residues lie adjacent to
core residues R246 and W172 that are involved in LN interaction, suggesting
partial destabilization of these residues, rather than full disruption may
account for the milder phenotypes. L139P and D167Y mutations predicted to
affect the fold of the LN domain are within close proximity to each other, as
well as R246, suggesting this region of the LN domain is particularly
sensitive to changes. L139P, which is expected to cause major LN domain
misfolding due to interference in the hydrophobic core, is associated with a
particularly severe phenotype; all three patients with this mutation did not
survive beyond the first year of life197192194,

2.8.3 MDC1A

As the LM a4 chain lacks an LN domain, it is unable to polymerize and the
result is a weakened BM. LM a4 and LM a2 also differ in their receptor
binding interaction repertoire and affinities, for example, LM a2 can bind
integrin a7B1 whereas LM a4 cannot, and LM a4 has weaker affinity for a-
dystroglycan 6. Comparison between missense mutations and KO mutations
provides a means to differentiate between polymerization and receptor-
mediated effects although this is complicated by not every affected tissue
expressing LM411. Recent work (described below) has begun to exploit the

presence of LM a4 in MDC1A patients to rescue the phenotype.
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In LM a2 KO conditions MDC1A presents with disabilities of the proximal and
distal limb muscles, with patients unable to walk more than a few steps
unaided 298209, Weakness in facial muscles result in patients having weaker
sucking and swallowing capabilities, which may require a feeding tube, and
cases with intellectual disability and epilepsy have been have also been
reported 208210211 | ife-threatening problems arise in MDC1A from failure of
the respiratory muscles, which may require the assistance of mechanical

ventilation 211,

Many mutations have been reported throughout LAMAZ2’s 65 exons in
MDC1A and are catalogued in the Leiden Open Variation Database-powered
LAMAZ2 gene variant database (https://www.lovd.nl/LAMA?2) Of particular
interest here are the point mutations affecting the LN domain, which again
contains a cluster of pathogenic missenses or in frame deletions!8%.182, For
example, a point mutation in the highly conserved CxxC motif, C79R, led to
the onset of a milder form of MDC1A, which showed no mortality in mice but
did affect the myelination of Schwann cells in the spinal roots and the
stability of the skeletal muscles!®l. This amyelination and dystrophy were not
attributed to a change in abundance or mislocalization of LM a2, with normal
protein levels and indirect immmunofluorescence revealing no change in
distribution compared to the WT mice'8l, Despite this, in vitro assays
confirmed a dramatic effect on LM polymerization, although this may be due
to disruption of the domain fold rather than loss of a residue involved in LN-

ternary node formation*8?.

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 212, The S204F mutation lies at one extreme of the phenotypic
spectrum, whereby the patient was misdiagnosed with a peripheral
neuropathy. The S204F mutation causes a mild proximal weakness, and
muscle biopsy revealed subtly depleted LM a2 expression, diffusely
upregulated LM a5 expression, and depletion of LM a2 in intramuscular
nerves 187, To the other extreme, Q167P maps to the face of the LN near the
residues involved in polymerization and causes a 60% drop in in vitro

polymerization capability, and this leads to more severe ambulatory muscular
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dystrophy 2°7. More severe still, G284R causes proximal weakness, with a
loss of functional gait with age, accompanied by frequent falls, and epilepsy.
This is predicted to be caused by defective LM network polymerization,
though this is yet to be confirmed?!8,

2.8.4 LAMB3 - Junctional epidermolysis bullosa (JEB) LN domain mutation
LM B3 is highly expressed in most epithelial tissues where it forms a
heterotrimer with LM a3a or a3b and with LM y2 213214 The resulting
heterotrimers have either one or two LN domains and are unable to form
independent polymers in vitro 47215, One would therefore assume that LN
domain mutations would be tolerated for this LM chain. However, patients
with mild junctional epidermolysis bullosa (JEB) were identified where the
pathogenic mutation caused E210K in combination with a nonsense or frame
shift mutation on the other allele, and a phenotype of trauma-induced
blisters, nail dystrophy and alopecia 1°°216.217 For comparison, homozygous
KO of LM B3 (or LM a3 or LM y2) leads to much more extensive skin

blistering complications and early lethality 127:128.218.219,

Interpretation of the E210K mutation is complicated by the affected base-pair
being at the splice junction of exon 7. The equivalent change in a knock-in
mouse model of JEB led to skipping of the out-of-frame exon 7, generation of
a premature termination codon and no detectable LM 33 in the mice skin.
However, in humans, miss-splicing has been reported for some, but not all
patients, and this miss-splicing can be rescued by second site mutations
leading to revertant mosaicism 22°, Separate analysis has also suggested
that numerous alternative splice products are produced, including some full-
length transcripts. Modelling of the E210K mutation against the LM 33 crystal
structure indicates the change affects a residue on the surface of the LN
domain that is unlikely to be required for LM polymerization, but which is also
not predicted to affect protein folding or secretion 2?1, The most commonly
occurring in-frame deletion, is predicted to remove several of the central (3-
strands and would disrupt the fold. Overall, therefore, the evidence for these
patients does not point toward a LM polymerization effect but does suggest a

role for the LM 33 LN domain in protein function.
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Further evidence indicating the importance of the LM 3 LN domain was
obtained in experiments where skin equivalents were generated from
keratinocytes expressing either full-length LM 33 or LM 33 with the LN
domain deleted and the resulting cultures then grafted onto immunodeficient
mice 222, Analysis revealed that the LN deleted versions displayed
subepidermal blistering and erosions, and prominent granulation tissue.
These phenotypic outcomes were not associated with reduced LM332
Immunoreactivity at the dermal-epidermal junction but with poor quality
hemidesmosome adhesion complexes. Consistent with these data, the LM
B3 LN domain has been shown to directly influence stable adhesion complex
formation 223, Together these data indicate that LN domains matter to tissue
function, but that function may not be entirely dependent on their role in
mediating LM-LM interactions. This consideration is important to keep in

mind when interpreting the data in chapter 6 of this thesis.

2.8.5 LAMAS5 mutations

Of particular relevance to this thesis, a mutation (R286L) within the PLENGE
sequence of the LM a5 LN domain, necessary for LM network
polymerization, was identified in humans giving rise to a syndromic
developmental disorder characterised by defects in kidney, craniofacial, and
limb development, and a range of other craniofacial defects!8®. The
sequence of the affected residue, and those residues up and downstream of
the site are highly conserved in the LM a1, a2, and a5 subunits, allowing
authors to study the impact of this mutation using established protocols for
assessing LM network polymerization. Following identification of this
mutation in a child, authors generated recombinant proteins of LM a1
harbouring the analogous mutation and carried out Schwann cell assays and
solution-based polymerization assays, identifying that the equivalent
mutation in the LM a1 LN domain (R263L) does not allow for
polymerization'®®, Transgenic mice harbouring the analgous mutation
(R291L) were generated using CRISPR-Cas9,and displayed a phenotype

mirroring that seen in humans, discussed below.
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2.8.6 Mouse models of LN domains deletions/mutations

LN domain mutations in humans are rare as they are often incompatible with
life. Transgenic mouse models of LN domain mutations and deletions have
provided and continue to provide an incredible opportunity to gain a deeper
understanding of LN domain functionality in vivo. Mice contain orthologs of
all LM genes found in humans, including splice isoforms such as LaNt a31,
with the mirroring isoforms performing functionally identical roles. Many of
the phenotypes caused from mutations in LMs in humans are recapitulated in

mice, which is described in detail in the following paragraphs.

Mice with LM B2 LN domain mutations or deletion of the LM 32 LN domain
exhibit renal defects, and, although viable at birth, become progressively
weaker and die between postnatal day 15 and 30%17119.224-227 The mouse
LAMB2 S83R in mice (analogous to the human S80R mutation) has been
shown to inhibit LM polymerization on Schwann cells in vitro#2. In humans,
this mutation manifested as late onset proteinuria and mild diffuse mesangial
sclerosis and tubular atrophy. Transgenic mice were generated expressing
the LM B2 S83R mutation under the control of a mouse nephrin promoter on

a Lamb2” background, limiting LM B2 S83R expression to podocytes!*?,

Surprisingly, mice homozygous for the S83R mutation alone did not exhibit
any phenotype. The authors hypothesised that the murine model lacked
contextual factors required to elicit the pathogenicity of the LAMB2 S83R
mutation and may act as a modifier allele in mice. To test this, they crossed
the LAMB3 S83R mice with an existing mouse model of Alport syndrome,
harbouring the Col4a3~~ mutation. On the Col4a3~~ background, even
heterozygous Lamb2*- mice showed a significant reduction in survival
compared with Lamb2**; Col4a3™" littermates, displaying
glomerulosclerosis, crescents, and tubular protein casts in the kidney,
indicating a dominant pathogenic effect of the LAMB2-S83R protein'4?,
highlighting the complex interplay of BM components, and how different

phenotypes can manifest in transgenic mouse models#2,

Additionally, LM a1 Y265C*8 and LM a2 C76R!8! LN domain mutations have
been described in mice. Both of these mutations prevent LM polymerization.

32



The LM a1 Y265C mutation led to retinal vasculopathy in mice, whereas the
LM a2 C79R caused a mild muscular dystrophy!8%181 These mutations have
not been described in humans but again connect LM networks dysfunction
with specific phenotypic outcomes dependent on which LM is affected.

Transgenic mice harbouring the Lama5 R291L to mimic the human LAMAS
patient described above have also been generated using CRISPR-Cas9.
These animals displayed defects in foetal development and growth, as well
as gross developmental defects including syndactyly!®®. Whereas the Lama5
KO mouse phenotype extends to development of exencephaly, defective hair
follicle and tooth morphogenesis, renal agenesis and significant defects in
placental vascularisation??8, all of these features are absent or considerably
reduced in Lama5 R291L mice!®. This further illustrates how mutations
affecting polymerization can have severe consequences that differ from total
LM KOs. The phenotypes observed in the Lama5 R29L mice share
similarities to what is observed in the LaNt a31 transgenic mice described in
chapter 6, and point towards a failure of network polymerization caused by

LaNt a31 overexpression.

2.8.7 Other animals

Non-mammalian animal models provide a further tool to investigate LM
polymerization. Random mutagenesis screens in Drosophila have led to
identification of three LN domain mutations in LM B1 that lead to heart
developmental defects, E215K, V226E, and G286R%°, Of these, E215K was
tested in in vitro assays and reduced polymerization®®’. LaNt a31 has not
been identified in drosophila, but generating transgenic LaNt a31 expressing
drosophila lines could represent a useful model system to gain mechanistic

insight in to LaNt a31 biology.

2.9 Rescuing LN domain defects

The standard toolbox of gene and protein therapy approaches are available
to treat LN domain disorders. However, the large size of the LM genes
coupled to the requirement of producing, purifying and delivering sufficient

guantities of recombinant therapy-grade heterotrimeric LMs presents some

33



additional challenges. Despite these challenges, some work, such as adding
LM521 to blood stream, shows promising results in terms of rescuing some
aspects of Pierson syndrome??°. Another alternative for some LM disorders,
is to upregulate expression of a compensatory LMs, such as LM a1 in LM
a2-deficient individuals. Indeed, some encouraging progress has been made
in this area using guide RNA to target the LM a1 promoter with an inactive
Cas9 coupled to VP160 transcription activation domain which led to
increased muscle expression of LM111 2%,

A particularly innovative solution that exploits the knowledge gained through
studying LM polymerization and which counteracts to some of the inherent
LM size problems is use of smaller protein chimeras to act as linkers 231233,
Two such “Frankenstein” proteins have been created, one which fuses a
functional LN domain with the LM binding region of nidogen, and second that
is either a miniature form of the protein agrin (mini-agrin) containing only the
LM-binding and a-dystroglycan binding regions or fusion between LM-binding
domains of agrin and dystroglycan domain of perlecan. In MDC1A, LM411 is
upregulated but cannot compensate for LM211 dysfunction. Here the
nidogen/LN domain chimeric protein can bind to the y1 chain of LM411 via
the nidogen region and then effectively provides the missing aLN domain

needed to convert LM411 into a polymerization competent protein 232,

The mini-agrin chimera can be used in concert with the nidogen chimera to
compensate for LM a4 relative inability to binding a-dystroglycan 234235, |n
conditions where the patient harbours missense LN mutations, only the
nidogen fusion would be required, whereas for KO both the LN/nidogen and
mini-agrin would be necessary. Very promising results have been observed
with these chimeras in mouse models paving the way for development into
human therapies. Moreover, by switching the LN domain in the fusion from
an aLN to BLN, it is likely to also be effective for other Pierson syndrome
patients. It is through understanding of LN domain interactions that these
therapies are possible. The therapies described all work of the principle of
allowing LM network polymerization. Though our understanding of the role of
LaNt a31 is still developing, one wonders if LaNt a31 may one day turn out to
be a suitable protein to modify LM network polymerization, discussed below.
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2.10 Non-LM LN domain proteins

While the importance of LMs is clear, additional members of the LM
superfamily exist. These LM related proteins are shorter proteins than the
full-length LM chains and contain the LM LN domain, and importantly do not
contain LCC or LG domains, and are not required to form part of a
heterotrimer. These include LaNt a31, netrin 4 and proteolytically released
cryptic LN domain containing fragments. LaNt a31 shares many structural
similarities with the netrin family of proteins. By understanding the biological
function and protein structures of the netrin family, perhaps light can be shed

on the functions and raison d'étre of LaNt a31.

2.10.1 Netrins

The netrins are a family of proteins that are structurally and ancestrally
related to LMs 236237 Netrins are most highly expressed in subsections of the
brain and nervous system during development although netrin 1 can also be
found in spinal cord neurons, oligodendrocytes and in the ovaries, and netrin
4/8 in kidney, ovary, and heart. Epithelial expression has also been identified
in the epithelia of the pancreas, reviewed by 238, Each netrin consists of a LN
domain and short stretch of LE repeats followed by C-terminal regions that
are unique to the netrins 239240 a general protein organization similar to LaNt
a31.

Netrins were traditionally viewed only as axon guidance cues, directing
neurons via binding to their cell surface receptors deleted in colorectal
cancer (DCC), neogenin, and UNC5 family members via their C-
terminus#3241242  This is no longer the picture. Netrins have since been
shown to be involved in cell migration and tissue remodelling processes
through binding to integrins?#3 and interacting with LMs?44. For example,
netrin 1 can regulate epithelial cell adhesion and migration via the netrin 1 C-

terminal binding to a6B4integrins and a3p1 integrins?42.

2.10.2 Netrin 4
Of particular relevance to this thesis is Netrin 4, which can interact with LM
networks through its N-terminal domain. Netrin 4 lacks the ability to

incorporate fully into an aBy ternary node, instead only possessing the ability
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to bind the y LN domain, not the a LN domain®8.58, This results in a situation
where netrin 4 can disrupt pre-existing BMs, but cannot strengthen ternary
nodes lacking an a LN domain. Netrin 4i is most similar to B-type LN
domains but importantly only the yLN domain binding pocket is conserved.
The effect is a potent and dose dependent disruption of LM networks
58,244,245 The physiological implications of this ability are only beginning to be
appreciated; however, recent work has demonstrated that netrin 4
expression levels are a key determinant of basement membrane stiffness
which has knock-on effects to cell behavior and particularly tumour

metastasis °8:24°,

Netrin 4, which contains a beta LN domain, has been shown to dismantle LM
networks due to having a higher affinity LN domain than the native beta LM
LN domain. Not only this, but netrin 4 lacks one of the binding faces of the
LM beta LN domain, which results in netrin 4 having the capacity to disrupt
LN ternary nodes, without possessing the binding domains required to
stabilise the nodes®®. Molecular unpicking of the LM network by netrin 4
leads to a softened BM, which in cancer situations leads to a less favourable
microenvironment for tumour development and metastasis?*6. The effect of
this basement membrane softening outside of a cancer situation is not yet
known, but it is possible that unpicking the LM network could provide an
easier avenue of BM traversion for cells. It is also possible that LaNt a31 has

a similar effect on basement membranes.

2.10.3 Netrin 4 overexpression

Netrin 4 overexpression induces growth of lymphatic vessels and blood
vessels in the skin of transgenic mice?*’, and increases tumour metastasis
through a several (assumed) mechanisms, whereby increased blood supply
to the tumour, and an alteration in properties of the surrounding ECM
microenvironment provide more favourable conditions for tumour
metastasis?*’. In in vitro and in vivo assays netrin 4 has been demonstrated
to increase lymphatic permeability by activating small GTPases and Src

family kinases/FAK, and down-regulating tight junction proteins?4’.
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When adding netrin 4 protein exogenously, the effects on the ECM are even
more clear. Addition of netrin 4 disrupts pre-existing LM networks through a
‘de-coupling’ of LM ternary nodes®8. This network disruption leads to an
overall change in stiffness of BMs, contributing to metastasis-favouring
conditions?46.246_ Moreover, addition of netrin 4 affects angiogenesis through
ECM reorganization, and induces neurite outgrowth?*8, Taken together,
much of these recently discovered roles for netrin 4 highlights the importance
of LN domain containing, non-LM proteins, and shines the spotlight on how

these network mediators can important molecules in ECM homeostasis.

2.11 Laminin N-terminus a31

In recent years, understanding of the impact of LaNt a31 on cellular behavior
has increased tremendously. Through observational experiments in human
and porcine tissue, knockdown and overexpression of LaNt a31 in vitro in
different cell types, and in 3D cell invasion models, it appears that LaNt a31
is dynamically regulated and it is clear that dysregulation of LaNt a31

influences cell migration and can alter ECM organisaton.

LaNt a31 is expressed in the basal layer of epithelia in the skin 51, cornea >3
and digestive tract, the ECM around terminal duct lobular units of the breast
and alveolar air sacs in the lung, and is widely expressed by endothelial cells
249 Increased expression is associated with breast ductal carcinoma and in
vitro adenoviral overexpression leads to a change in the mode of breast
cancer cell invasion through LM-rich matrices, whereby LaNt a31
overexpressing MDA-MB-231 cells favour individual cellular-invasaion into

matrigel, as opposed to multicellular streaming?°C.

LaNt a31 is also transiently upregulated during re-epithelialization ex vivo
burn wounds and in stem cell activation assays 3. Specifically, during active
alkali burn wound repair, LaNt a31 displayed increased expression in limbal
regions of an ex-vivo porcine eye and loss of basal restriction within the
cornea. Distribution returned to predominately basal cell restricted once the

wounded epithelium matured, suggesting a role in wound repair®3.

In epidermal keratinocytes, siRNA-mediated knockdown of LaNt a31 impairs

cell attachment in vitro over 30 minutes, and causes a reduction in 2D

37



scratch wound closure over 15 h%%, In corneal keratinocytes, overexpression
experiments revealed that modulating LaNt a31 levels leads to reduced
migration rates and modifying cell-to-matrix adhesion 5153251 Consistent with
a role in matrix assembly, increased expression LaNt a31 causes striking
changes to LM332, including formation tight clusters beneath cells rather
than diffuse arcs. Enhanced recruitment of Col XVII and bullous pemphigoid
antigen 1e to B4 integrin was observed, indicating early maturation of
hemidesmosomes, and changes to focal adhesion distribution were also
identified by indirect immunofluorescence microscopy®*. In further analysis of
the LaNt a31 overexpression phenotype in corneal keratinocytes, LaNt a31
overexpressing cells exhibited increased proteolytic processing of LM a3 by
MMPs2?52, Inhibiton of MMP activity rescued the LM phenotypes, suggesting
LaNt a31 dysregulation has further downstream consequences to cell

physiology and matrix biology.

2.11.1 Comparisons of LaNt a31 and netrin 4

Whereas netrin 4 can only disrupt ternary nodes®®, LaNt a31 is a perfect a
LN domain®!, and therefore has the potential to have two opposing roles; the
LaNt a31 LN domain could stabilize at By ternary node, strengthening LM
networks containing only 2 LN domains, or conversely the LaNt a31 LN
domain could compete with a chain LMs and disrupt existing or developing

basement membranes, preventing full network polymerization.

This disruption effect may be the case in BMs containing afy ternary nodes,
such as LM521 in the kidney or patches of 511 in vessels. For example, if
LaNt a31 can disrupt LM511, this would lead to a situation in vessels where
any increase of LaNt a31 would weaken the areas of LM511 in vessels
where cell transmigration across vessels is reduced. Weakening the LM511
network, and changing the matrix architecture in this way, could cause the
vessels to become ‘leaky’, allowing an excess of cells to cross the vessel
membrane. This is explored in chapter 6.

LaNt a31 expression is interesting as it is produced by a process of intron
retention and alternative polyadenylation. If LaNt a31 could be implicated in a
signalling pathway causing some sort of feedback loop, the combination of
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this, combined with intron retention and alternative polyadenylation, would
provide an extraordinarily precise mechanism to regulate levels of LaNt a31.
All studies thus far have investigated LaNt a31 in either in vitro or ex vivo
models, but the understanding of the biological importance of LaNt a31 in

vivo is still in its infancy, and it is this question that this thesis will explore.

2.12 This thesis

The importance of LN domains in health and disease is clear. It is only
through our understanding of the fundamental biology of LN domains that
scientists have finally been able to engineer life changing solutions for those
suffering from diseases caused by LN domain mutations. The first step to
being able to improve human lives is first uncovering the secrets of our
biology that have thus far eluded us. This thesis sets out to uncover more
about the LaNt a31 protein. To do this, | have used newly generated
antibodies to uncover more about the distribution of LaNt a31 in mice, | have
generated new stable cell lines expressing LaNta31and used these in 3D
organotypic cocultures, and finally | have for the first time used transgenic

mice to investigate the role of LaNt a31 in vivo.

2.12.1 Specific aims of this thesis
e Assess the distribution of LaNt a31 in mice (Chapter 4).
e To evaluate the effect of LaNt a31 overexpression on
development of skin and corneal 3D equivalent models
(Chapter 5).
¢ Investigate the effects of LaNt a31 dysregulation during

mouse development (Chapter 6).
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Chapter 3: Methods

3.1 General Materials

3.1.1 Antibodies

Rabbit polyclonal antibodies were raised against a synthetic peptide
corresponding to mouse LaNt a31 residues 465-480;
CLNSDSSMFSLSPRML (Eurogentec, Liege, Belgium) conjugated to
Keyhole Limpet Hemocyanin (KLH). Antibodies were screened by ELISA
against the unconjugated peptide then by western immunoblotting against
total protein extracts from mouse keratinocytes. Screened antibodies were
then affinity-purified using the unconjugated peptide. The purified antibody
obtained was used for immunofluorescence (IF) at 1:200. For specificity
testing, antigen depletion was performed by pre-incubating the anti-mouse
LaNt a31 antibodies with the antigenic peptide (1 pM in 15 mM Na2CO3 35
mM NaHCO3 pH 9.6) overnight at 4°C. Rabbit monoclonal antibodies
against the influenza hemagglutinin epitope (HA) (C29F4, Cell Signalling
Technology, Danvers, MA) were used for western immunoblotting at 67 ng
ml%. Rabbit monoclonal antibodies raised against type XVII collagen (clone
EPR18614, ab184996) were used at 10 yg mL*. Rabbit polyclonal
antibodies raised against LM332 (J18)%°2 were used at 1:200 for IF
(generous gifts from Jonathan Jones, Washington State University, WA).
Rabbit polyclonal antibodies against laminin 111 (ab11575, Abcam) were
used at 3.5 ug mLt. Mouse monoclonal antibodies against FLAG were used
at at 5 pg ml* (Sigma Aldrich). Goat polyclonal antibodies against DDDDK
(equivalent to Flag sequence, ab1257, Abcam, Cambridge, UK), rabbit
polyclonal antibodies against 6X-His (ab137839, Abcam), and rabbit
polyclonal antibodies against lamin A/C (4C11, Cell Signalling Technology)
were used at 1 pg ml? for western immunoblotting. Mouse monoclonal
antibodies against LaNt a31 were used at 0.225 ug ml* for western
immunoblotting. Antibodies against laminin a4-subunit (clone 377b) and
laminin a5-subunit (clone 504) were kindly provided by Dr. L. Sorokin
(Institute of Physiological Chemistry and Pathobiochemistry; Miunster
University)?°3. Alexa fluor 647 conjugated goat anti-rabbit IgG recombinant

secondary antibodies were obtained from Thermo Fisher Scientific
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(Waltham, MA, United States) and used at 2 ug ml- for indirect

immunofluorescence microscopy.

3.1.2 Cell lines and culture conditions

Telomerase-immortalised human corneal epithelial cells (hnTCEpi)
cells?>* were cultured in Keratinocyte Serum-Free Medium (KSFM,
ThermoFisher) supplemented with 5 ng mL* EFG, 0.05 mg mL* bovine
pituitary extract (BPE) and 0.15 mM CacCl: (final concentration) (all
ThermoFisher). Immortalised Normal Human Keratinocytes (NHK) were a
kind gift from Alexander Nystrom (Albert Ludwig University of Freiburg,
Germany) and were cultured in keratinocyte SFM (Gibco, Grand Island, NY,
USA) with 50 yg mL* of Bovine Pituitary Extract (BPE, Gibco, USA) and 5
ng mL* of EGF (Gibco, USA). Normal Human fibroblasts (NHF) were a kind
gift from Alexander Nystrom (Albert Ludwig University of Freiburg, Germany),
and cultivated in DMEM (Gibco, USA) with 10% Fetal Bovine Serum (FBS,
Gibco, USA), 1% Antibiotic-Antimycotic (Invitrogen, Waltham, MS, USA), 4
mM of L-glutamine (Gibco, USA), and 1 mM of sodium pyruvate (Gibco,
USA). Cells were cultivated in a humidified incubator at 37°C and 5 %
C0O2.KERA-308 murine epidermal keratinocyte cells?>°, were purchased from
CLS (Cell Lines Service GmbH, Eppelheim, Germany) and maintained in
high glucose (4.5 g L-1) Dulbecco’s Modified Eagle Medium (DMEM, Sigma
Aldrich) supplemented with 10% foetal calf serum (LabTech, East Sussex,
UK) and 2 mM L-glutamine (Sigma Aldrich). HEK293A (ATCC, Manassas,
USA) cells were maintained in high glucose (4.5 g L-1) Dulbecco’s Modified
Eagle Medium (DMEM, Sigma Aldrich) supplemented with 10% foetal calf
serum (LabTech, East Sussex, UK) and 2 mM L-glutamine (Sigma Aldrich).
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3.2 General Methods

3.2.1 Cloning procedures

Restriction digests were set up with 1 pg of plasmid DNA or 100 ng of
gBlock DNA, 20 U of each enzyme and CutSmart buffer (50 mM Potassium
Acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 100 ug mi-1 BSA
(New England Biolabs) and incubated at 37°C for 1 h. Enzymatic activity was
inactivated by 20 min incubation at 65°C. PCR or cloning products were
separated using 1% (w/v) agarose gels (Thermo Fisher Scientific) dissolved
in 1 x TAE electrophoresis buffer (40 mM Tris pH 7.6, 20 mM acetic acid, 1
mM EDTA) containing ethidium bromide, and ran at 120V for 40 minutes. A
1Kb molecular weight marker (New England Biolabs) was used. Gels were
stained with peq green (Thermo Fisher) and visualised using a UV
transilluminator ChemiDoc MP System (BioRad, Hercules, CA). DNA bands
were excised from the gel and purified using GenElute™ Gel Extraction Kit,
following manufacturer’s protocol (Sigma Aldrich, St. Louis, Missouri, United
States). Purified inserts were ligated into vectors at 3:1 molar ratios, either
using Instant Sticky-end Ligase Master Mix (New England Biolabs) following
manufacturers protocol, or using 400 U of T4 DNA ligase and 1X reaction
buffer (50 mM Tris-HCI, 10 mM MgCI2 1 mM ATP, 10 mM DTT, New
England Biolabs) at 16°C overnight, followed by enzymatic inactivation at
65°C for 10 min. Ligated DNA was heat-shock transformed into One-Shot
TOP10 chemically competent E. coli cells (Thermo Fisher Scientific)
following manufacturer’s protocol, then plated onto LB plates containing the
appropriate antibiotic (100 ug ml-1 ampicillin, 50 uyg ml-1 kanamycin or 25 ug
ml-1 chloramphenicol, Sigma Aldrich). Plasmid DNA was extracted from
bacteria using GenElute™ Plasmid Miniprep Kit (Sigma Aldrich), following
the manufacturer’s protocol. Plasmids were sequenced by DNASeq
(University of Dundee, Dundee, UK).

3.2.2 SDS-PAGE and western immunoblotting

Cells were homogenized by scraping into 90 pL Urea/SDS buffer: 10
mM Tris-HCI pH 6.8, 6.7 M urea, 1% w/v SDS, 10% v/v glycerol and 7.4 pM
bromophenol blue, containing 50 uM phenylmethysulfonyl fluoride (PMSF)
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and 50 uM N-methylmaleimide (all Sigma Aldrich). For conditioned media
samples, media was either collected and mixed with urea/SDS buffer at a 1:1
ratio, or protein was precipitated out of the conditioned media using 100%
(w/v) trichloroacetic acid (Sigma), before being resuspended in urea/SDS
buffer. Lysates were sonicated and 10% v/v 3-mercaptoethanol (Sigma
Aldrich) added. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using 10% polyacrylamide
gels; 1.5 M Tris, 0.4% w/v SDS, 10% acrylamide/ bis-acrylamide (all Sigma
Aldrich), electrophoresis buffer; 25 mM tris-HCI, 190 mM glycine, 0.1% wi/v
SDS, pH 8.5 (all Sigma Aldrich). Electrophoresis was performed at room
temperature at 40mA until the samples had passed through the stacking gel,
and then 80mA through the resolving gel. Proteins were transferred to a
nitrocellulose membrane using the TurboBlot™ system (BioRad) for 7 mins
(1.3A, 25V) and blocked at room temperature in Odyssey® TBS-Blocking
Buffer (Li-Cor BioSciences, Lincoln, NE, United States) for 1h. The
membranes were probed overnight at 4°C diluted in blocking buffer, washed
3 x5 min in PBS with 0.1% Tween (both Sigma Aldrich) and probed for 1 h
at room temperature in the dark with IRDye® conjugated secondary
antibodies against goat IgG (800CW) and rabbit IgG (680CW), raised in goat
or donkey (LiCor BioSciences), diluted in Odyssey® TBS-Blocking Buffer at
0.05 pg mlt. Membranes were then washed for 3 x 5 min in PBS with 0.1%
Tween, rinsed with ddH20 and imaged using the Odyssey® CLX 9120
infrared imaging system (LiCor BioSciences). Image Studio Light v.5.2 was

used to process scanned membranes.

3.2.3 Image acquisition

H&E images were acquired using a Zeiss Axio Scan Z1 equipped with
an Axiocam colour CCD camera using ZEN Blue software (all from Zeiss,
Oberkochen, Germany). Live cell images were acquired using a Nikon
Eclipse Ti-E microscope (Nikon, Tokyo, Japan). Immunofluorescence images
of tissues were acquired using a Zeiss LSM 800 confocal microscope
(Zeiss).
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3.2.4 Image analysis

Images were processed using either Zen 2.6 (blue edition) (Zeiss) or
ImageJ (National Institutes of Health, Bethesda, MD, United States)?®°.
Immunofluorescence images were manually thresholded, and particles
analyzed. Stardist plugin was used for segmentation of nuclei from H&E
images. Images were thresholded manually to remove areas containing no
tissue in the images in quantification of livers. To quantify expression at the
dermal-epidermal junction, a 4 mm x 6 mm selection was drawn around the
dermal-epidermal junction and mean grey value measured using ImageJ per

individual measurement.

3.2.5 Ethics

All procedures were licensed by the UK Home Office under the Animal
(Specific Procedures) Act 1986, project license numbers (PPL) 70/9047 and
70/7288. Mice were housed and maintained within the University of Liverpool
Biological Services Unit in specific pathogen-free conditions in accordance

with UK Home Office guidelines. Food and water were available ad libitum.

Written informed consent was obtained before the use of healthy
control and patient skin according to the Declaration of Helsinki and the
study using cells approved by the Ethics Committee of Freiburg University,

approval number (425/14).
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3.3 Chapter 4 specific methods

3.3.1 Tissue processing

Mice were culled by cervical dislocation, dissected, and organs fixed
in 4% paraformaldehyde (Merck) overnight at 4°C. Samples were
cryoprotected in 30% sucrose/PBS solutions then in 30%
sucrose/PBS:0O.C.T (1:1) solutions (Tissue-Tek, Sakura Finetek Europe,
Alphen aan den Rijn, The Netherlands), each overnight at 4°C. Samples
were then embedded in OCT compound and transferred on to dry ice.
Embedded samples were sectioned at 8 um using a Leica CM1850 cryostat
(Leica, Wokingham, UK).

3.3.2 Immunohistochemistry

Slides were incubated in ice-cold acetone for 10 min, transferred into
PBS for 10 min, then blocked in PBS containing 10% normal goat serum
(NGS) at room temperature for 1 h. Next, samples were probed with the
primary antibodies diluted in PBS-Tween (0.05%) with 5% NGS at 4°C
overnight. Samples were then washed for 3 x 5 min in PBS-Tween (0.05%),
before being probed with secondary antibodies diluted in PBS-Tween
(0.05%) with 5% NGS at room temperature for 1 h. Samples were washed
for 3 x 5 min in PBS-Tween (0.05%) and mounted with VECTASHIELD®
Antifade Mounting Medium with DAPI (VECTASHIELD®, Burlingame, CA).

3.3.3. Mice

C57BI6CBAF1 females (Charles River Laboratories) between 12 and 16
weeks were used for all tissue stainings in chapter 4 unless otherwise stated
as ‘newborn’, whereby the mice were terminated at PO. Food and water were

available ad libitum.
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3.4. Chapter 5 specific methods
3.4.1 pLenti-LaNta31-PAmCherry-P2A-Puro vector

A gBlock was synthesised (Integrated DNA Technologies, Coralville,
IA) containing EcoRI enzyme site, T7 promoter binding site 257, Kozak
consensus sequence?°8, Igk secretion signal
(METDTLLLWVLLLWVPGSTGD), LaNt a31-encoding cDNA (amino acids
38-488), Flag (DYKDDDDK), HA (YPYDVPDYA) tag sequences, full
PAmCherry-encoding cDNA, with the stop signal removed (amino acids 1-
235), and Nhel. The gBlock DNA was inserted into pLenti-P2A-Puro
(OriGene Technologies GmbH, Herford, Germany) using EcoRI and BamHlI,
producing pLenti-LaNta31-PAmCherry-P2A-Puro.

3.4.2 Cell transduction

Lentiviral particles were produced using pLenti-LaNta31-PAmCherry-
P2A-Puro by OriGene Technologies (GmbH, Herford, Germany). For
transductions, 3 x 10 cells were seeded in a 12 well plate. The following
day, cells were transduced with LaNta31-PAmCherry-P2A-Puro lentiviral
particles using a multiplicity of infection of 10, alongside polybrene at a
concentration of 8 ug mL . The following day, media was replenished. For
puromycin selection of transduced cells, cells were trypsinised and seeded
into a 35mm dish 48h after transduction. Cells were grown in KSFM
(supplemented for either hTCEpi or NHK) containing 0.25 yg mL*
puromycin. Puromycin-containing media was replenished every 14 days, and

cells were maintained in their standard media thereafter.

3.4.3 Photoactivation of PAmCherry

Activation of the PAmCherry fluorphore was performed on an ANDOR
dragonfly microscope (Andor Technology Ltd, Belfast, Ireland). Cells were
exposed to a 405 nm laser for 4000 ms prior to imaging.
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3.4.4 3D organotypic cocultures

2 mg mL! of rat tail collagen (Corning, Corning, NY, USA) was diluted
in 0.1% of acetic acid. 250 yl of Hank’s Balanced Salt solution (HBSS, Gibco,
USA), 2 ml of rat tail collagen, and 250 ul of FBS containing 1 million
fibroblasts were mixed in condition and neutralized with 1M NaOH. 2.5 ml of
the mixture was inserted into a cell culture insert. After solidification a sterile
glass ring was placed on the gel, and the gel was incubated with DMEM at
37°C overnight. 1 million of hTCEPi’s or NHK’s were added into the glass
ring placed on the gel. The cells were cultured for either 1 or 3 weeks with
co-culture-medium containing 500 ml of DMEM, 500 ml of Ham’s F12, 5% of
FBS, 100 U of penicillin, 100 mg ml* of streptomycin, 5 mg ml* of insulin, 0.1
mM of Adenine, 0.4 mg ml! of hydrocortisone, 1 ng ml* of EGF, and 50 mg

ml1 of L-ascorbic acid.

3.4.5 Immunofluorescence microscopy

Cells or ECM deposits were fixed in ice cold methanol for 15 min, or in
3.7% formaldehyde (Sigma-Aldrich) for 10 min followed by 10 min in 0.2 %
Triton-X (Sigma-Aldrich) in PBS to permeabilise where necessary. Samples
were blocked for 40 mins at RT in 10% normal goat serum (Jackson Labs)
diluted in PBS. Primary antibodies were diluted in PBS with 10% normal goat
serum (Jackson Labs) and incubated at 4 °C overnight; coverslips were then
washed 3x for 5 min with PBS containing 0.05 % tween-20 (PBS-T, Sigma-
Aldrich) before probing for 1 h at room temperature with Alexa Fluor 594nm
or 647nm/ Cy5 conjugated secondary antibodies diluted in PBS. Coverslips
were washed 3x for 5 min with PBS-T, counterstained with DAPI
(ThermoFisher Scientific) for 10 min, rinsed thoroughly with PBS and
mounted with Vectashield (Vector Laboratories, Burlingame, California,
USA). Images were obtained using a Zeiss LSM800 confocal microscope
(Zeiss, Cambridge, UK). For staining the cytoskeleton, Rhodamine-Phalloidin
(ThermoFisher Scientific) was used in place of a secondary antibody,

otherwise following the same protocol.
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3.4.6 Single cell phenotypic assays

For cell morphology analyzes cells were seeded at 1 x 10% cells/well
onto uncoated 12-well plates (Greiner-Bio One) and cultured for either 2h or
6h prior to fixation.

For laminin deposition analysis, cells were seeded at 1 x 10*cells/well
on to no. #1 round 456 16 mm glass coverslips (Pyramid innovations Ltd,
Polegate, UK) inside uncoated 12-well plates (Greiner-Bio One) and cultured
for either 2h or 6h, after which cellular material was removed with 0.18 %

NH,OH for 5 min followed by extensive PBS washes, prior to fixation.

3.4.7 In vitro scratch assays

For scratch assays, cells were seeded at 3 x 10° cells/well onto
uncoated 12-well plates (Greiner-Bio One). The following morning, a scratch
was introduced using a sterile 200yl pipette tip, and the cell debris was
washed away, and a brightfield image was taken of the cells every on a
Nikon TiE epifluorescence microscope with a 10X objective at 0, 6 and 16 h
(Nikon, Tokyo, Japan). Gap closure was measured as a percentage relative
to starting area using the freehand tool in Image J (NIH, Bethesda,
Massachusetts, USA).

3.4.8 Organotypic coculture processing

For frozen sections, OTC cultures were placed in 50% sucrose:PBS at
4 °C for 2h, followed by 2M sucrose at 4 °C for 2h, before being placed in
OTC compound. Samples were embedded in OCT compound and
transferred on dry ice. Embedded samples were sectioned at 8 um using a
Leica CM1850 cryostat (Leica, Wokingham, UK).

For paraffin sections, Tissues were fixed in 10% neutral buffered
formalin (Leica,) for 24 h, then processed through graded ethanol and xylene
before being embedded in paraffin wax. 5 ym sections were cut using a
rotary microtome RM2235 (Leica), adhered to microscope slides, then dried

overnight at 37°C. Sections were dewaxed and rehydrated with xylene
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followed by a series of decreasing ethanol concentrations; specifically
immersion in xylene for 5 minutes, followed by immersion in 100%, 95%, and

75% ethanol for 2 x 3 minutes each, and in tap water for 5 minutes.

3.4.9 Immunohistochemistry

Sections were dewaxed and rehydrated with xylene followed by a
series of decreasing ethanol concentrations (described in the paragraph
above). Sections were then stained in Harris hematoxylin solution (Leica) for
5 min, H20 for 1 min, acid alcohol (Leica) for 5 s, H20 for 5 min, aqueous
eosin (Leica) for 3 min, H20 for 15 s, followed by dehydration through
graded ethanol and xylene. Slides were coverslipped with DPX mounting

media (Sigma Aldrich).

3.4.10 Tricholroacetic acid precipitation of proteins

100% (w/v) TCA (Merck) was added to the protein samples to bring the TCA
to a final concentration to 20%. Samples were incubated for 1h on ice. Next,
samples were centrifuged at ~13,000rpm in a microcentrifuge for 10 min.
Protein pellets were washed 3X with a solution of ice cold 0.01 M HCI / 90%
acetone, and pellets were allowed to air dry. Pellets were resuspended
directly in 50ul lysis buffer.
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3.5 LaNt a31 in vivo studies

3.5.1 Generation of pUbC-LoxP-LaNta31-T2A-tdTomato

A gBlock was synthesised (Integrated DNA Technologies, Coralville,
IA) containing Ndel and Ndel restriction enzyme sites, T7 promoter binding
site?®’, Kozak consensus sequence?®, Igk secretion signal
(METDTLLLWVLLLWVPGSTGD)?%, LaNt a31-encoding cDNA (amino acids
38-488)°1, Flag (DYKDDDDK)?%° and HA (YPYDVPDYA)?%! tag sequences,
T2A sequence (EGRGSLLTCGDVEENPGP)?%?, and BamHI. The gBlock
DNA was inserted into pCSCMV:tdTomato (a gift from Gerhart Ryffel,
Addgene plasmid #30530 ; http://n2t.net/addgene:30530;
RRID:Addgene_30530) using Ndel and BamHI (New England Biolabs,
Ipswich, MA), to produce pCS-LaNta31-T2A-tdTomato. LaNta31-T2A-
tdTomato was then removed from this backbone using Nhel and EcoRI, and
inserted into a vector containing the Ubiquitin C (UbC) promoter and a floxed
stop cassette, all flanked by cHS4 insulator elements, producing pUbC-LoxP-
LaNta31-T2A-tdTomato.

3.5.2 Cell transfections

1 x 10° KERA-308 or 4 x 105 HEK293A cells were seeded in 6-well
plates (Greiner-BioOne, Kremsmunster, Austria) 24 h prior to transfection.
For KERA-308 cells, 2 ug of hK14-LaNta31-T2A-mCherry or LaNt-a31-pSec-
Tag and 2 pul Lipofectamine 2000 (Thermo Fisher Scientific) were used. For
HEK293A cells, either 1 pg pCAG-Cre:GFP and 2 pl Lipofectamine 2000, 2
pg of pUbC-LoxP-LaNta31-T2A-tdTomato and 5 ul Lipofectamine 2000, or 2
pg of pUbC-LoxP-LaNta31-T2A-tdTomato, 1 ug of pCAG-Cre:GFP and 7 pl
Lipofectamine 2000 (Thermo Fisher Scientific), were mixed with 2 ml of
Gibco™ Opti-MEM™ Reduced Serum Medium (Thermo Fisher Scientific)
and incubated for 10 min at room temperature. The DNA-lipofectamine
complex was added to the wells, and the media was replaced with DMEM

high glucose after 6 h.
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3.5.3 Explant culture method

Hair was removed from mouse skin tissue using Veet hair removal
cream (Reckitt Benckiser, Slough, UK) and the skin washed in Dulbecco’s
Phosphate Buffered Saline (DPBS) containing 200 U ml* penicillin, 200 U
mlt streptomycin, and 5 U ml* amphotericin B1 (all Sigma Aldrich). The skin
was then dissected into 2-3 mm? pieces using a surgical scalpel and 3 or 4
pieces placed per well of a 6-well dish (Greiner Bio-One, Kremsmunster,
Austria) with the dermis in contact with the dish. 300 pl of DMEM
supplemented with 20% FCS, 2 mM L-glutamine, 200 pg ml* penicillin, 200
ug mlt streptomycin, and 5 pg ml* fungizone (all Sigma Aldrich) was added
to the wells. After 24 h, each well was topped up with 1 ml of media, and the
media was replenished every 48 h thereafter.

3.5.4 Ex-vivo scratch wound assays

For ex-vivo scratch assays, dermal fibroblasts were obtained from
transgenic mice, and cells were seeded at 3 x 10° cells/well onto uncoated
12-well plates (Greiner-Bio One). The following morning, a scratch was
introduced using a sterile 200yl pipette tip, the cell debris was washed away
with PBS, and a brightfield image was taken of the cells every on a Nikon TiE
epifluorescence microscope with a 10X objective at 0 and 16 h (Nikon,
Tokyo, Japan). Gap closure was measured as a percentage relative to
starting area using the freehand tool in Image J (NIH, Bethesda,
Massachusetts, USA).

3.5.5 Transgenic Line establishment

Generation of transgenic mice were carried out based on the protocol
described in%%3. C57BI6CBAF1 females (Charles River Laboratories,
Margate, Kent, UK) between 6-8 weeks were superovulated by
intraperitoneal (IP) injections of 5 IU pregnant mare’s serum gonadotrophin
(PMSG; in 100pl H20), followed 46 h later by 5 IU of human chorionic
gonadotropin (hCG, Sigma Aldrich). Treated females were mated with

C57BI6CBAF1 males overnight. Mated females were identified from the
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presence of copulation plugs, anaesthetised, and oviducts removed and
dissected in M2 media (Millipore, Watford, UK). Day-1 oocytes (C57BL/6Jx
CBA F1) were transferred into clean media by mouth pipetting. Cumulus
cells were removed by hyaluronidase (300 pg mlt, Merck, Darmstadt,
Germany) treatment in M2 media with gentle shaking until detached from the
egg surface. Oocytes were then rinsed and transferred to M16 media

(Millipore, Speciality Media, EmbryoMax) ready for injection.

DNA was diluted to a final concentration of 2 ng pl* in embryo water
(Sigma Aldrich) and filter-purified using Durapore-PVDF 0.22 uM centrifuge
filters (Merck). Injection pipettes were used to pierce the outer layers of the
oocyte and to inject DNA. DNA was injected into the pronuclei of the oocyte.
Undamaged eggs were transferred to clean M16 media and incubated at
37°C until transferred into pseudopregnant CD1 females on the same day.
Meanwhile, pseudopregnant females were obtained by mating vasectomised
CD1 males overnight. Copulation plugs were checked and females were
used 1 day post-coitum. Females were anaesthetised by inhalation of
isoflurane (Sigma Aldrich). 30 injected oocytes were transferred to plugged

pseudopregnant female oviducts through the infundibulum.

In generating the pUbC-LoxP-LaNta31-T2A-tdTomato line, 460 mouse
zygotes were injected over four sessions. 87% of these zygotes survived and
were transferred into 11 recipient CD1 mothers. From these mothers, 42
pups were born. Of the 10 FO mice that gave a positive genotype result, four
passed on the transgene to the F1 generation. Mice that did not pass on the
transgene to the F1 generation were culled, the four FO mice were mated to
expand colonies for cryopreservation, and one line was continued for

investigation.

R26CreERT2 (Jax Lab 008463),%5* mice were purchased from The
Jackson Laboratory (Bar Harbor, Maine, United States).

3.5.6 In Vivo Transgene Induction
Tamoxifen (Sigma Aldrich) was dissolved in corn oil (Sigma Aldrich)

and administered via IP at a concentrations of 25 mg kg™ or 75 mg kg*.
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Progesterone (Sigma Aldrich) was dissolved in corn oil (Sigma Aldrich) and
was co-administered alongside tamoxifen at a dose of exactly half of the

corresponding tamoxifen dose (12.5 mg kg or 25 mg kg™).

3.5.7 DNA Extraction

Four weeks after birth, ear notches were collected from mouse pups
and digested in 100 pl lysis buffer (50 mM Tris-HCI pH 8.0, 0.1 M NaCl, 1%
SDS, 20 mM EDTA) and 10 pl of proteinase K (10 mg ml-1, all Sigma
Aldrich) overnight at 55°C. The following day, 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 rpm, and
supernatant discarded. Pellets were washed with 500 pl of 70% EtOH
(Sigma Aldrich), then air-dried for 10 min, and resuspended in 50 pl ddH20.

3.5.8 PCR

50 ng of genomic DNA was mixed with 12.5 pl of REDtag ReadyMix
PCR Reaction Mix (20 mM Tris-HCI pH 8.3, 100 mM KCI, 3 mM MgClI2,
0.002% gelatin, 0.4 mM dNTP mix, 0.06 unit/ml of Taqg DNA Polymerase,
Sigma Aldrich) and 0.5 uM of each primer; ddH20 was added to make the
reaction mixture up to 25 pl. Primer pairs for genotyping were as follows:
LaNt a31 to tdTomato Forward 5 —ATCTATGCTGGTGGAGGGGT - 3/,
Reverse 5 — TCTTTGATGACCTCCTCGCC - 3’; Cre Forward 5" —
GCATTACCGGTCGATGCAACGAGTGATGAG — 3, Reverse 5’ —
GAGTGAACGAACCTGGTCGAAATCAGTGCG - 3’; Recombination
Forward 5> — TCCGCTAAATTCTGGCCGTT - 3’, Reverse 5’ —
GTGCTTTCCTGGGGTCTTCA — 3'(all from Integrated DNA Technologies).
Cycle conditions were as follows: Genotyping — 1 cycle of 95°C for 5 min, 35
cycles of 95°C for 15 s; 56°C for 30 s; 72°C for 40 s, followed by a final cycle
of 72°C for 5 min. For checking recombination: 1 cycle of 95°C for 5 min, 35
cycles of 95°C for 15 s; 60°C for 30 s; 72°C for 90 s, followed by a final cycle
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of 72°C for 7 min. PCR products were separated by gel electrophoresis and

imaged using a BioRad Gel Doc XR+ System.

3.5.9 Tissue processing

For cryosections, PO pups were culled by cervical dislocation, and
fixed in 4% paraformaldehyde (Merck) overnight at 4°C. Samples were
cryoprotected in 30% sucrose/PBS solutions then in 30%
sucrose/PBS:0O.C.T (1:1) solutions (Tissue-Tek, Sakura Finetek Europe,
Alphen aan den Rijn, The Netherlands), each overnight at 4°C. Samples
were embedded in OCT compound and transferred on dry ice. Embedded
samples were sectioned at 8 um using a Leica CM1850 cryostat (Leica,
Wokingham, UK). For paraffin sections, Tissues were fixed in 10% neutral
buffered formalin (Leica) for 24 h, then processed through graded ethanol
and xylene before being embedded in paraffin wax. 5 um sections were cut
using a rotary microtome RM2235 (Leica), adhered to microscope slides,
then dried overnight at 37°C. Sections were dewaxed and rehydrated with
xylene followed by a series of decreasing ethanol concentrations; specifically
immersion in xylene for 5 minutes, followed by immersion in 100%, 95%, and
75% ethanol for 2 x 3 minutes each, and in tap water for 5 minutes. Antigen
retrieval was performed by microwaving sections in preheated 0.01 M citrate
buffer pH 6 (Sigma Aldrich) for 5 min.

3.5.10 Hematoxylin and Eosin Staining

Sections were dewaxed and rehydrated with xylene followed by a
series of decreasing ethanol concentrations (described in paragraph above).
Sections were then stained in Harris hematoxylin solution (Leica) for 5 min,
H20O for 1 min, acid alcohol (Leica) for 5 s, H20 for 5 min, aqueous eosin
(Leica) for 3 min, H20 for 15 s, followed by dehydration through graded
ethanol and xylene. Slides were coverslipped with DPX mounting media
(Sigma Aldrich).
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3.5.11 Immunohistochemistry

Slides were incubated in ice-cold acetone for 10 min, then transferred
into PBS for 10 min blocking, then blocked in PBS containing 10% normal
goat serum (NGS) at room temperature for 1 h. Next, samples were probed
with the primary antibodies diluted in PBS-Tween (0.05%) with 5% NGS at
4°C overnight. Samples were then washed for 3 x 5 min in PBS-Tween
(0.05%), before being probed with secondary antibodies diluted in PBS-
Tween (0.05%) with 5% NGS at room temperature for 1 h. Samples were
washed for 3 x 5 min in PBS-Tween (0.05%). Slides were mounted with
VECTASHIELD® Antifade Mounting Medium with DAPI (VECTASHIELD®,
Burlingame, CA).

3.5.12 Transmission Electron Microscopy

Kidneys and skin were dissected from the pO mice and placed
immediately into 4% (w/v) paraformaldehyde, 2.5% (w/v) glutaraldehyde in
cacodylate pH7.4 for 30 min at room temperature. Kidneys were then
dissected into 3mm3 pieces and placed into fresh fixative and rotated
overnight at room temperature. Samples were washed 4 x 5 min with 0.1M
cacodylate buffer, before staining with reduced osmium (final concentration
1% (w/v) OsO4, 1.5% (w/v) potassium ferrocyanide, 0.1 M cacodylate buffer)
in a Pelco Biowave®Pro (Ted Pella Inc., Redding, CA). Following this,
samples were washed 5 x 5 min in ddH20, and incubated overnight in
agueous 1% uranyl acetate at 4°C. After further ddh20 washes Samples
were dehydrated through increasing concentrations of acetone (30%, 50%,
70%, 90% for 15 min each then 3 x 100%) Samples were infiltrated in 1:1
acetone TAAB 812 medium resin for 2 d followed by 4 x 100% resin for 1 h
each, before final embedding and curing at 60°C for 48 h. Tissue was
sectioned at 70-75nm on a ultramicrotome (Lieca) and the viewed in a FEI
120Kv Tecnai Spirtit BioTwin TEM (FEI Company, Hillsboro, OR), fitted with

a Gatan RIO16 digital camera (Gatan, Pleaseanton, CA).

55



Chapter 4: LaNt a31 distribution in mice

4.1 Introduction
This chapter focuses LaNt a31 distribution in mice using newly produced

rabbit polyclonal antibodies to the mouse from of LaNt a31.

Previous studies have focused on the human version of LaNt a31, initially at
the mMRNA (LAMA3LN1) and then protein level. LAMA3LN1 expression was
identified in a wide array of tissues including the heart, brain, placenta, lung,
pancreas, spleen, thymus, prostate, testis, ovaries, small intestine, and in

leukocytes®?.

At the protein level, LaNt a31°1:5354 was identified in the basal layers of the
skin and corneal epithelia with localised enrichment in limbal epithelial sub-
populations, and in stromal structures including blood vessels. Upregulation
of the protein was observed during ex vivo corneal wound repair and in stem
cell activation assays 515354, A more recent study, published during the work
in this thesis, expanded these analyzes to reveal more widespread
distribution including epithelial, vascular and stromal cells throughout most
tissues, and neurons in the central nervous system®2, This distribution was
wider than that of LM a3, despite LaNt a31 and LM a3 sharing the same
promoter. These human studies have been incredibly important on shedding

the localization of LaNt a31 in normal biology.

No study thus far has investigated the distribution of LaNt a31 in mice. One
may predict a similar distribution pattern to that seen in humans, and one
may also draw inspiration from previous studies of the distribution of the LM
a3 chain in mice. In situ hybridization revealed that the LM a3a and LM a3b
chains are present in nasal epithelia, and in the basement membrane of the
upper gastrointestinal tract 2%°. The Lama3a transcript was preferentially
expressed in the basement membrane of skin, and in the developing
neurons of the trigeminal ganglion, where LAMASB transcripts are also found
265 The Lama3b transcript was preferentially expressed in salivary glands
and developing teeth where Lama3a transcripts were also found. Lama3b
MRNA was exclusively detected in the bronchi and alveoli of developing

lung, the whisker pads, stomach and intestinal crypts, and in the central
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nervous system. In the developing brain, Lama3b transcripts were observed
in the neuroectoderm and expression in the thalamus, Rathke's pouch, and
the periventricular subependymal germinal layer, and further studies
confirmed that the LM a3 chain was expressed preferentially in epithelial

basement membranes!?!,

Gaining an insight into the distribution of LaNt a31 in mice becomes relevant
for transgenic and future KO studies in mice. Knowing the localization of
LaNt a31 in mice provides a guide into where one might expect the most
severe phenotypes. When the LaNt a31 distribution is viewed in context of
the tissue-specific laminin isoforms expressed in BMs, one can start to
hypothesise how an a-LN domain containing protein may factor into the
tissue biology. Whereas most in vitro data thus far has been in keratinocytes
or cancer cell lines, the function LaNt a31 has may be different in non-
epithelial or non-cancerous tissues. Considering the context-specific
functions of laminins, it would follow that LaNt a31 also has tissue specific
effects. Uncovering the localization of LaNt a31 in the mouse is the first step

to being able to postulate context specific roles of LaNt a31.

Investigating the localization of LaNt a31 in a different species, using a
distinct antibodies preparation, recognising a different epitope, allows one to
triangulate data on LaNt a31 distribution and increase confidence of any
conclusions made, while also providing potential to determine distribution in
a wider selection of normal tissue and developmental states and for use in

disease and genetic model tissue.

4.1.1 Aim
Validate a new rabbit anti-mouse LaNt a31 antibody and determine LaNt a31

distribution in mouse tissue.

4.1.2 Objectives
)] Validate a new anti-mouse LaNt a31 antibody

i) Investigate where LaNt a31 is expressed in mouse tissue
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4.2 Results
4.2.1 Antibody design and screening

Rabbit polyclonal antibodies were raised against a synthetic peptide
corresponding to mouse LaNt a31 residues 465-480;
CLNSDSSMFSLSPRML conjugated to KLH. These amino acids are derived
from intronic sequence relative to the full length laminin protein, and are
therefore unique to the LaNt a31 protein. Local alignment using BLAST?%, of
the synthetic peptide vs all other mouse LM chains did not provide any hits to
suspect cross reactivity with other chains based on sequence. Indeed, the
sequence used to generate the synthetic peptide is not conversed in any
other LM. These specific residues are not conserved in human LaNt a31.
Antibodies were screened by ELISA against the unconjugated peptide by
Eurogentec, then by western immunoblotting against total protein extracts
from mouse keratinocytes (Fig. 4.1). Only final bleed antibodies produced
positive bands via western immunoblotting, which were not observed when
using the pre-immune sera. The rabbit 1336 antibodies were used in all
subsequent experiments in this chapter (Fig. 4.1, second and third lanes).
Screened antibodies were affinity-purified using the unconjugated peptide

prior to use in downstream applications.

95 kDa

72 kDa

52 kDa

42 kDa

34 kDa

Figure 4.1. Screening of pre-immune sera and final bleed Rbt anti-MsLaNt a31 antibodies by western
immunoblotting. Western immunoblotting using pre-immuni sera and final bleed sera Rbt anti-MsLaNt a31
antibodies at various concentrations probing primary mouse keratinocytes whole cell extract. Yellow box inidicates
a band at the predicted size (~64 kDa).
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4.2.2 The Rbt anti-MsLaNt a31 antibody recognises a protein of the
predicted size by western immunoblotting

Western immunoblotting using the Rabbit anti-MsLaNt a31 antibodies
yielded a ~64 kDa band in lysates from whole mouse eE18.5 embryo. This
size corresponds with the predicted molecular weight. No bands were
detected in lysates from human HaCaT cells that are known to express
human LaNt a31 (Fig. 4.2).

anti-mouse LaNt

50 kDa

Ponceau
Figure 4.2. Rbt anti-MsLaNt a31 antibodies recognise a protein of the correct size only in samples from

mice. Western immunoblotting using Rbt anti-MsLaNt a31 antibodies at the indicaticated concentrations probing
against either HaCaT cell lysates or E18.5 whole mouse lysates. Yellow box inidicates a band at the predicted size
(~64 kDa).
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4.2.3 Peptide depletion of the Rbt anti-MsLaNt a31 antibody prevents anti-
LaNt a31 immunoreactivity.

To ensure that Rbt anti-MsLaNt a31 antibodies specifically recognised the
original LaNt a31 antigen used for immunization during antibody generation,
a peptide blocking experiment was carried out using the original antigen
(CLNSDSSMFSLSPRML peptide). Specifically, Rbt anti-msLaNt a31
antibodies were incubated with the peptide overnight at 4°C prior to probing
tissues. These antibodies were then used to probed OCT sections of mouse
tongue tissue, as this tissue contains structures where strong LaNt a31
positivity is expected (vessels), and other structures where LaNt a31
reactivity is not expected (muscle). Rbt anti-MsLaNt a31 antibodies clearly
recognised vessles, and this vessel signal was not detected in IgG only
processed tissue (Fig. 4.3 top and middle rows). Tissues probed with the
peptide-blocked Rbt anti-MsLaNt a31 antibodies did not yield any positive
signal around vessels in mouse tongue tissue (Fig. 4.3). Indeed, the only
signal obtained from the blocked sample closely matched that of the 1gG

control.
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Rbt IgG

anti-LaNt a31

b\

Peptide blocking

Figure 4.3. Peptide blocking using the peptide used to generate the anti-MsLaNt a31 antibodies prevents
any anti-LaNt a31 immunoreactivity. Wild-type mouse tongue OCT sections (10 ym) processed for
immunohistochemistry using Rbt IgG (top), Rbt anti-MsLaNt a31 antibodies (middle) or peptide-blocked Rbt anti-
MsLaNta31 antibodies (bottom). Yellow arrows indicate vessels. Scale bar = 100um.
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4.2.2 Epithelium

After confirming that the Rbt anti-MsLaNt a31 antibodies lost
immunoreactivity following peptide blocking, | next processed sections of
whole mouse tongue to determine LaNt a31 distribution. Rbt anti-MsLaNt
a31 immunoreactivity was observed throughout basal layer of the
epithelium, with areas of localised enrichment (Fig. 4.4A). No
immunoreactivity was observed in the underlying stroma, with the exception
of some vessels which displayed strong immunoreactivity against the anti-
LaNt a31 antibodies (Fig. 4.4B,C). No LaNt a31 positivity was observed in
the muscle tissue within the tongue (Fig. 4.4B). Next, | processed adult
mouse tongue tissue in OCT for cryosectioning. In humans, the LaNt a31
protein has been shown to be present in the BM of skin and enriched in
basal epithelial cells of the corneal limbus®3, while in situ hybridization
demonstrated that the mRNA (LAMA3LNL1) is enriched in the basal layer of
the epidermis and hair follicles®!. More recent data confirmed LaNt a31
protein expression in the basal layer of the epidermis with localised
enrichment in a sub-population of cells®?. LaNt a31 follows a similar
distribution in mouse epithelium, displaying staning of the basal epithelium,
as well as areas of localised enrichment (Fig. 4.4A). No staining was
observed in the underlying stroma, with the exception of specific vessels
which displayed strong immunoreactivity against the anti-LaNt a31
antibodies (Fig. 4.4B,C). No LaNt a31 positivity was observed in the muscle
tissue within the tongue (Fig. 4.4B).
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Tongue
1gG anti-LaNt a31

Muscle Vasculature

Figure 4.4. LaNt a31 is present in the basal epithelium and vasculature in tongue tissue. Wild-type mouse

Epithelium

anti-LaNt a31

tongue OCT sections processed for immunohistochemistry with Rbt IgG antibodies (left) or Rbt anti-MsLaNta31
antibodies (right). Scale bar = 500 um. Yellow boxes indicate areas of increased magnification (bottom panel).

Scale bar = 50 um. Red arrows represent location of basement membranes.
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4.2.3 Kidney

Next, | continued to investigate tissues where LaNt a31 expression has been
confirmed in humans. In the mouse kidney. LaNt a31 immunoreactivity was
observed in the Bowman’s capsule parietal epithelium basement membrane
(Fig. 4.5). Immunoreactivity was also observed in collecting ducts, with
varied staining intensity between ducts. Weak immunoreactivity was
observed in proximal and distal tubules (Fig. 4.5). No anti-LaNt a31
iImmunoreactivity was observed in the kidney cortex (Fig. 4.5). Dtrong signal

was again obtained throughout the kidney vasculature (Fig. 4.5)

Anti Ms LaNt a31

Glomerulus

Glomerulus

Cortex

Vasculature

Figure 4.5. LaNt a31 is present in the bowman’s capsule parietal epithelium basement membrane, proximal
tubes, and vasculature. Wild-type mouse kidney OCT sections (10 ym) processed for immunohistochemistry with
Rbt IgG antibodies (left) or Rbt anti-MsLaNta31 antibodies (right). Yellow asterisks indicate glomeruli. Scale bar =

50 uym. Red arrows represent location of basement membranes.



4.2.4 Lungs

Strong anti-LaNt a31 immunoreactivity was observed throughout the lungs
(Fig. 4.6). Specifically, cells within the simple cuboidal epithelium
surrounding bronchioles, and the tissue area beneath the epithelium
exhibited strong LaNt a31 immunoreactivity (Fig. 4.7, left), as well the
surrounding elastic fibres (Fig. 4.7, left) and glands (Fig. 4.7, middle). Anti-
LaNt a31 signal was observed throughout the alveolar epithelium, with

enrichment is sub-populations of alveolar cells (Fig. 4.7, right).

Lung
LaNt a31

Figure 4.6. LaNt a31 is widely expressed throughout the lungs. Wild-type mouse lung OCT sections (10 pm)
processed for immunohistochemistry with Rbt IgG antibodies (left) or Rbt anti-MsLaNta31 antibodies (right).

67



Bronchiole Seromucous Glands Alveoli

IgG

LaNt a31

Figure 4.7. LaNt a31 immunoreactivity is observed around bronchioles, glands, and alveolar epithelium.
Wild-type mouse whole lung OCT sections (10 pm) processed for immunohistochemistry with Rbt IgG antibodies
(top) or Rbt anti-MsLaNta31 antibodies (left). Scale bar = 100 ym. Red arrows represent location of basement
membranes.

4.2.5 Heart

The heart was not previously investigated in humans. | wanted to assess
LaNt a31 presence in heart tissue, as presence within the blood vasculature
is a common feature in all tissues investigated. Interestingly, anti-LaNt a31
immunoreactivity was observed throughout cardiac muscle, which was not
seen in other types of muscle (Fig. 4.8A). As expected, strong LaNt a31
immunoreactivity was observed in vasculature within the heart, and cellular

positivity was observed in epicardiac tissue (Fig. 4.8B,C).
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Heart

LaNt a31

Scale bar = 100um
Figure 4.8. LaNt a31 is observed in multiple structures throughout the heart. Wild-type mouse heart OCT

sections (10 ym) processed for immunohistochemistry with Rbt IgG antibodies (left) or Rbt anti-MsLaNta31
antibodies (right). Yellow boxes indicate areas of increased magnification (smaller boxes, bottom row). Scale bar =
100 pm.

4.2.6 Brain

An advantage of using mouse tissue is that | was able to look at expression
across the entirety of the brain. The only areas positive for LaNt a31 were
the large vessels within the brain (Fig. 4.9, 4.10). Anti-LaNt a31
immunoreactivity was observed in any area where large vessels were
present within the brain, and was not restricted to vessels within a particular
sub region of the brain (Fig. 4.10A,B,D,F).
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Brain

Anti Ms LaNt a31/

ALl

Figure 4.9. LaNt a31 is present in the brain. Wild-type mouse whole brain OCT sections (10 uym) processed for immunohistochemistry with Rbt IgG antibodies (left) or Rbt anti-MsLaNta31

antibodies (right). Yellow boxes indicate areas of increased magnification (following figure). Scale bar = 500 um.
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Brain
Rbt IgG/DAPI Anti Ms LaNt a31/DAPI

Figure 4.10. LaNt a31 immunoreactivity is observed only in the vasculature in the brain. Wild-type mouse
brain OCT sections (10 um) processed for immunohistochemistry with Rbt IgG antibodies (left) or Rbt anti-

MsLaNta31 antibodies (right). Yellow arrow indicates vessels running longitudinally. Scale bar = 50 ym.
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4.2.7 Skin (newborn)

Next, | next assessed if LaNt a31 was present in the skin of newborn mice,
as all human studies in skin and cornea had come from adults. LaNt a31 has
been shown to be present in the BM of adult skin and enriched in corneal
epithelial cells, while in situ hybridization demonstrated that the mRNA is
enriched in the basal layer of the epidermis and hair follicles. Consistent with
the findings in adult human tissues, LaNt a31 immunoreactivity was
observed throughout the epidermis and hair follicle, with enrichment

observed in the outer root sheath (Fig. 4.11, bottom).

4.2.8 Blood vasculature

As LaNt a31 antibodies had consistently recognised the vasculature in
multiple tissue types, | next compared the distribution of LaNt a31 to a known
vessel marker, CD312%7, by processing serial sections of newborn mouse
skin. Whereas CD31 immunoreactivity was observed in all vessels, as
expected, strong anti-LaNt a31 immunoreactivity was observed only in larger
vessels (Fig. 4.11) and in individual pericyte cells surrounding and
embedded in the vessel wall. Further investigation is required to find out
specifically which types of vessels LaNt a31 is present. In comparison with
CD31 immunoreactivity highlighted that LaNt a31 was either not present, or

was expressed at a much lower lever, in smaller vessels (Fig. 4.11).
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PO skin

CD31

LaNt a31

Figure 4.11. LaNt a31 is present in large, but not small vessels. Wild-type mouse lung OCT sections (10 pm)
processed for immunohistochemistry with Rbt anti-CD31 antibodies (top row) or Rbt anti-MsLaNta31 antibodies

(bottom row). Yellow boxes indicate areas on increased magnification (middle and right columns).
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4.3. Discussion

The results presented in this chapter show that LaNt a31 has widespread
distribution in mice, and the Rbt anti-MsLaNt a31 antibodies used in this
chapter represent a new tool for further investigation of the role LaNt a31
plays in mice. From the selection of tissues investigated, it is clear that LaNt
a31 distribution in the mouse closely mimics that of humans. These findings
have highlighted the strong vasculature expression of LaNt a31, and further
illustrated the localization of LaNt a31 to structures within the kidney. The
ability to image the entire mouse lung has made it clear to see the how LaNt
a31 is located across most features of the lung. Along with the recent
publication investigating LaNt a31 distribution across human tissues®?, it is
clear that LaNt a31 is expressed more widely than initially thought, and is

expressed in tissues where LM a3 expression is not observed.

One surprising result in this chapter comes from the comparison of LaNt a31
distribution compared to that of the pan-vascular marker CD312682%9, Indeed,
LaNt a31 appears to be present only in larger vessels, with no positivity
observed in microvessels within the skin. At this point it is difficult to predict
why this is the case. Laminin 411 is a major component of all vessels?7°,
though laminin 511 is only found in patch-like distributions in large
vessels?8121,122,125,153,.271,272 | gNt a31 being in the same locations as vessels
where laminin 511 may be expressed is interesting, as 511 contains 3 LN
domains3®'48, and LaNt a31 would be placed in a situation where it may
disrupt the 511 ternary nodes at high concentrations®. The effect of this as
yet unknown, although this may have the potential to reduce the integrity of
basement membranes, or the vessel as a whole, in locations where 511 is

expressed.

Future directions related to the localization of LaNt a31 must co-stain tissues
with different laminin components to see how these tie together. LM a3b has
been shown to be present in blood vessel BMs!®4. The role of this protein in

vessels is not well understood, but it is interesting in the fact the LaNt a31 is

produced from the same promoter®!. The LM a3b isoform is down-regulated

in malignant skin cancers!®4. Comparisons of LM a3b and LaNt a31 in

malignant cancers may reveal an interesting interplay between the two
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proteins; ie. Is the down regulation of LM a3b a result of a change in splicing,
in which case would one see an upregulation of LaNt a317? It is known that
LaNt a31 is upregulated in invasive ductal breast cancer and changes the
mode of tumour invasion, and perhaps the potential BM-disrupting

capabilities of LaNt a31 would contribute to the cancer phenotype®®.

One point that must be appreciated is that there appears to be some tissues
where LaNt a31 is present where laminin a3 is not known to be produced.
This is the case for the kidney, where LaNt a31 immunoreactivity is observed
in the glomerular basement membrane. The presence of LaNt a31 would
suggest a unique function in the kidneys, and removes a LaNt a31-laminin
a3 connection, as laminin a3 is absent from glomeruli, tubules, and
vasculature of the renal cortex'?!. As far as the mature GBM is concerned,
the major LM in the glomerular BM is LM 521. However, during the
processes of GBM formation and maturation that occur during
glomerulogenesis, there are developmental transitions in laminin trimer
deposition, briefly summarized as LM-111 to LM-511 to LM-521121.273-275_ A]|
of the laminin chains within these heterotrimers contain an LN domain, and
are therefore capable of polymerising into a LM network, and presence of
LaNt a31 provides an additional a LN domain which could potentially
compete for a chain interactions. The importance of this in normal biology is
not yet known, although consequences of LaNt a31 dysregulation in the

kidney are investigated in chapter 6.

4.3.1 Limitations

No single tool is perfect, and each tool comes with their own set of
limitations. To validate an antibody, it must be shown to be specific and
reproducible?’8. With regards to the newly generated Rbt anti-MsLaNt a31
antibody, it benefits from being able to triangulate the data with that obtained
from existing tools, primarily the anti-human LaNt a31 antibodies®?. One
expected to see a similar distribution profile to that seen in humans, and the
data in this chapter show that indeed that is the case. IgG controls were
included for all tissues, which did not produce positive immunoreactivity.
Moreover, peptide-blocking experiments prevented any immunoreactivity
from the Rbt anti-MsLaNt a31 antibodies. In this chapter, OCT frozen
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sections were used throughout, as the anti-MsLaNt a31 is not compatible
with paraffin sections. This is not uncommon, particularly with antibodies
against ECM proteins, potentially because of the harsh processing, which
can be more damaging to the exposed ECM proteins. This presents an
added difficulty with sample generation, handling, and storage. Nonetheless,
the use of OCT sections does not undermine the validation of the anti-
MsLaNt a31 antibodies.

All of these methods of validation allow one to be confident in the specificity
of the LaNt a31 antibody. Additionally, the stringent screening procedures
followed when producing the antibodies are described in the chapter 2. If one
wanted to further validate this new antibody, a pull-down assay could be
performed followed by mass spectrometry, to be sure of which proteins the
antibody binds to. Additionally, this protein should be further tested in
reducing vs non-reducing conditions, as posttranslational modifications may
affect the interpretation of the results. Nonetheless, the with the validation
shown in this chapter, and the triangulation with LaNt a31 distribution in
humans, one can be confident that the findings in this chapter are real and

robust.

4.3.2 Next steps

In the same vein, the localization of LaNt a31 in mice reflects what is seen in
human strengthens the existing data that LaNt a31 has a widespread
distribution particularly in the vasculature and epithelial basement
membranes. Comparison to vascular marker CD31 has revealed LaNt a31 is
present in larger, but not small vessels. The significance of this is yet to be
appreciated, though future studies should co-stain tissue sections with anti-
MsLaNt a31 antibodies and other anti-laminin antibodies, as well as other
vascular markers to truly determine the type of vessel in which LaNt a31 is
present. Moreover, future studies should address LaNt a31 distribution
during development, and to see how, if at all, the expression of LaNt a31
changes from the embryo to the adult. Doing so will shed light on how
basement membranes are regulated and deepen fundamental understanding

of mammalian biology.

76



Considering LaNt a31 is produced by intron retention and alternative
polyadenylation from the LAMA3 gene, a change in LaNt a31 expression
from embryo to adult would suggest a tightly regulated and unappreciated
mechanism of basement membrane regulation by LaNt a31. With the data
generated here, together with the human LaNt a31 distribution study®?, there
are new target tissue types to investigate with regards to the role LaNt a31

plays in the context of the composition of the surrounding ECM.

4.3.1 Conclusion

LaNt a31 has widespread protein distribution in mice, and based on its
distribution, potentially plays a role in vascular homeostasis, as well as
epithelial basement membranes. The new antibodies validated in this
chapter adds to the growing toolbox of methods to enhance understanding of

LaNt a31 and, in turn, basement membrane biology.
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Chapter 5: Investigating the effects of LaNt a31
overexpression in 3D organotypic corneal and skin

equivalents

The work presented in this chapter was in part supported by a research
scholarship awarded by The German Academic Exchange Service (DAAD)

and took place at Universitat Freiburg, Germany.

5.1. Introduction

The published studies 515355 and preprints >* on LaNt a31, have examined
LaNt a31 function in epithelial keratinocytes, have described its distribution in
human adult tissues and describe changes in breast cancer. 51-5355 and
preprints > on LaNt a31, have examined LaNt a31 function in epithelial
keratinocytes, have described its distribution in human adult tissues and
describe changes in breast cancer. Functional studies including knockdown
and overexpression experiments in vitro point toward a role for LaNt a31 in
skin and corneal keratinocyte adhesion and migration 553, and in modifying
ECM deposition and organization °. In ex vivo models of wound repair and
stem cell activation, observational studies indicated LaNt a31 was
upregulated during the re-epithelialization process then redistributed to the

basal epithelium as the wounds healed®3.

Although the prior work all point toward LaNt a31 being a potentially
important functional protein, at the start of this PhD, all the manipulative
studies had been performed only in 2D cell culture. The effect of LaNt a31
had not yet moved into more physiologically complete 3D tissue-equivalent

models.

This chapter describes the establishment and validation of two newly
generated LaNt a31 stable overexpressing cell lines, and then the use of
those lines to study the effect of LaNt a31 overexpression upon 3D

organotypic cocultures.
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5.1.1. Aim
To evaluate the effect of LaNt a31 overexpression on development of

skin and corneal 3D equivalent models.

5.1.2. Objectives
i) Assess the phenotype caused by stable LaNt a31 overexpression in

2D culture

i) Investigate the effects of long-term LaNt a31 overexpression using

3D organotypic coculture models of epithelial tissues
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5.1.3. Overexpression construct overview

Previous functional studies investigations have used transient adenoviral

overexpression to study LaNt a31 function®3%5. To investigate LaNt a31 in
long-term 3D organotypic coculture models, it was necessary to generate

new tools to allow stable expression.

| designed a lentiviral construct for constant LaNt a31 overexpression. The
construct contained a CMV promoter driving expression of the human LaNt
a31 cDNA with its native secretion signal replaced by mouse immunoglobulin
K leader sequence, and Flag and HA epitope tags and photoactivatable
mCherry fused to the C-terminus. Following the LaNt a31-PAmCherry fusion
protein was a P2A element and puromycin resistance gene, The entire
construct was flanked by HIV-1 long terminal repeats (LTR), allowing for

integration into the target cell line genomes?’? (Fig. 5.1).

Kozak consensus
sequence

Flag HA P2A
IgK secretion signal

Puromycin CDS [~

EcoRI Spel BamHI Nhel

Figure 5.1. Diagram of the LaNta31-PAmCherry fusion protein. Diagram of the expressed gene once integrated
into the cell genome. LaNt a31-PAmCherryl is expressed as a fusion protein, whilst puromycin is cleaved due the

‘self-cleaving’ mechanism of the P2A element.

5.1.3.1. Human cytomegalovirus (CMV) promoter

The CMV promoter has been successfully used before to drive expression in
primary keratinocytes and in keratinocyte cell lines (HaCaT and hTCEpi)
5354278 ‘making it an attractive choice to drive lentiviral-mediated gene
expression in skin 3D cultures. The CMV promoter is a commonly used
constitutive promoter for strong mammalian expression 27°. Although the
CMV promoter generally provides robust gene expression across tissues, it
is susceptible to silencing in some cell types such as neurons?®°. Despite
this, many lentiviral constructs use the CMV promoter to drive gene
expression, in part due to its small size and strength 272281, The CMV
promoter has been successfully used before to drive expression in primary

keratinocytes and in keratinocyte cell lines (HaCaT and hTCEpi) 5354278,
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making it an attractive choice to drive lentiviral-mediated gene expression in
skin OTC cultures.

5.1.3.2. Murine Immonoglobulin (Ig) kappa (k) chain secretory leader
sequence (IgK leader sequence)

| primarily wanted to study the effects of LaNt a31 as an extracellular matrix
molecule. Therefore, | chose to design in features to a) increase the
proportion of LaNt a31 in the ECM, and b) reduce potential for cellular effects
associated with any build-up of intracellular LaNt a31. Protein secretion is
strongly mediated by the N-terminal signal peptide?8?. Therefore to enhance
LaNt a31 secretion, | replaced the native secretion signal with a strong

secretion signal from the murine immunoglobulin kappa (1gK)22.

5.1.3.3. LaNt a31

The human LaNt a31 coding DNA sequence was synthesised with some
additional changes. A T7 promoter binding site was added 5’ to the IgK
sequence. ‘SignalP - 6.0’ in silico software was used to predict the LaNt a31
secretion signal. This was replaced with the IgK sequence, and the rest of
the LAMA3LN1 CDS was included.

To allow cloning, specific restriction sites BamHI and Scal within the LaNt
a31 sequences were destroyed by making single nucleotide changes at
wobble bases. Ndel, EcoRlI, Hpal, EcoRV and Nhel sites were added 5’ to
the LaNt a31 transcript and BamHI, Spel and Kpnl sites were added 3’ to the
LaNt a31 sequence. These edits did not cause any change of the LaNt a31
amino acid sequence but were designed to maximise flexibility for using this
construct going forward.

5.1.3.4. HA and Flag tags

HA and Flag epitope tags were appended in frame to the C-terminus of the
LaNt a31 transcript to increase detection and purification options. The HA tag
is derived from the human influenza hemagglutinin (HA) molecule
corresponding to amino acids 98-106, and the Flag-tag was the first epitope
tag designed for fusion proteins, with amino acid sequence DYKDDDK 260,261,
Both epitope tags have been studied extensively, with a wide variety of well-

characterised commercial antibodies available260.261,
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5.1.3.5. PAmCherry fluorophore

Genetically encoded photoactivatable proteins make up a small category of
fluorescent proteins?®3, and have now become an established tool for super-
resolution microscopy techniques?®4. PAmCherryl is a 26.8 kDa
photoactivatable red fluorescent protein derived from Discosoma sp.?®°. The
PAmCherry fluorophore is initially dark until it is activated by 405nm
wavelength light, thereafter it exhibits an excitation maximum of 564nm and
an emission maximum of 595 nm?28, The photoactivatable property of
PAmMCherry makes the protein suitable for superesolution microscopy
technigues such as photoactivated localization microscopy (PALM)?286,
fluorescence photoactivated localization microscopy (FPALM)?8” and
stochastic reconstruction microscopy (STORM)?88, This was tag included as
a directly-fused protein tag 3’ of the LaNt a31, to provides the option for
studying the spatial distribution and dynamics of LaNt a31. Genetically
encoded photoactivatable proteins make up a small category of fluorescent
proteins?83, and have now become an established tool for super-resolution

microscopy techniques?®.

5.1.3.6. 2A element

Porcine teschovirus-1 2A peptides, (sequence ATNFSLLKQAGDVEENPGP)
are part of a family of 18-22 amino acid 2A oligopeptides that mediate
cleavage of polypeptides during translation in eukaryotic cells, allowing for
the expression of multiple non-fusion proteins from the same promoter28%.290,
Multiple 2A peptides are commonly used 2%, derived from different virus,
although all share a highly conserved sequence at the C-terminus of the
peptide GDVEXNPGP, which is essential for the ‘self-cleaving’ mechanism in
these peptides. Essentially where the ribosome does not form a peptide
bond between the Gly and Pro at the C-terminus of the peptide 29229, The
inclusion of this element allowed for the co-expression of the LaNt a31-
PAmCherry fusion protein and a puromycin resistance cassette as two

separate proteins.

5.1.3.7. Puromycin resistance cassette
Puromycin is an antibiotic which is toxic to eukaryotic cells and leads to rapid

death of non-resistant cells. The inclusion of a puromycin resistance
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cassette, encoded by the gene puromycin N-acetyl-transferase, allowed for
selection by puromycin for rapid identification of cells that had taken up and

expressed the transgene.

5.1.4.8. Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE)

The woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) increases expression from viral vectors, particularly when placed
downstream of the transgene, proximally to the polyadenylation signal®®*. To
achieve maximal expression of the transgene following incorporation into the
host cell genome, | included the WPRE element 3’ of the LaNt a31-

PAmCherry and puromycin sequences.
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5.2. Results

5.2.1. Lentiviral LaNt a31 overexpression construct validation

A gBlock containing a Kozak sequence, the LAMA3LN1 coding sequence,
Flag and HA tags, and the PAmCherry coding DNA sequence was
synthesized and inserted into the pLenti-P2A-puromycin (Fig. 5.2).

Two cell lines were used for these studies; hTCEpi, a hTERT immortalised
limbal-derived corneal epithelial cell line that was used in functional
adenoviral studies®* and which has previously been used by others in 3D
culture studies?®*, and human papillomavirus16 E6/E7 immortalized normal
human keratinocytes (NHKs), which have been used extensively in skin
equivalent models?®® , and have been shown by proteomic analysis to
display high phenotypic stability, keep cell linage—specific characteristics,

and show only minor changes compared with primary keratinocytes295:2%,

hTCEpi and NHK cells were transduced with the CMV-LaNta31--PAmCherry-
P2A-puromycin lentiviral particles, and antibiotic selected to obtain a pool of
hTCEpi or NHK cells expressing the LaNta31-PAmCherry-P2A-puromycin
gene. Expression and functionality of the LaNta31-PAmCherry-P2A-
puromycin gene was confirmed by western immunoblotting, indirect
immunofluorescence, and live cell imaging before and after photoactivation
of PAmCherry (Fig. 5.3).

Western blotting using monoclonal anti-HA antibodies confirmed expression
of the predicted ~81 kDa band from cell lysates from transduced and
selected cells and conditioned media, also confirming cleaving of the
puromycin resistance gene by the P2A element (Fig. 5.3A,B). One additional
smaller band (~70 kDa) was observed in cell lysate samples (Fig. 5.3B).
Transduced cells were prepared for indirect immunofluorescence microscopy
and processed with monoclonal anti-HA antibodies (Fig. 5.3C). Anti-HA
immunoreactivity was observed only in cells transduced with the LaNta31-
PAmMCherry-P2A-puromycin transgene. The intensity of anti-HA
immunoreactivity varied greatly from cell to cell within the population.
PAmCherry signal was observed in samples transduced with LaNta31-

PAmMCherry-P2A-puromycin lentiviral particles following activation with 405
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nm wavelength light, signal strength was heterogenous among cells,
mirroring the heterogeneity seen in the samples processed for indirect
immunofluorescence (Fig. 5.3D). No difference was observed in the growth
of WT vs LaNt OE cells, though this was not formally tested. A proliferation

assay should be done in the future to confirm.

Taken together, these results demonstrate the transduction with CMV-
LaNta31-LaNta31-PAmCherry-P2A-puromycin lentiviral particles generates
cells that express the LaNt a31-PAmCherry fusion protein.
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Figure 5.2. Cloning steps for pLenti-CMV-LaNta31-PAmCherryl-P2A-puro. A) A gBlock was synthesised
containing the IgK sequence, LaNt a31 CDS, Flag and HA tags, and the PAmCherry1 CDS was inserted into
pLenti-CMV-P2A-puro between EcoRI and Nhel cloning sites, producing pLenti-CMV-LaNt-PAmcherry-P2A-puro.
B) Vector map showing relevant features of pLenti-CMV-LaNt-PAmcherry-P2A-puro. C) Diagnostic restriction
enzyme digests confirmed correct size of pLenti-CMV-LaNt-PAmcherry-P2A-puro and correct orientation of the
insert.
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Figure 5.3. Lentiviral LaNt a31 overexpression construct validation. A) Diagram of the predicted size of the

hTCEpi

LaNta31-PAmCherry fusion protein. B) Western blot of lysates and conditioned media from lenti-GFP or LaNt OE
NHKs processed with anti-HA antibodies. Molecular weight ladder is shown in the left lane. C) NHK (top) and
hTCEpi (bottom) cells processed for indirect immunofluorescence microscopy using anti-HA antibodies. D)
Fluorescence microscopy of LaNt OE hTCEpi cells pre-activation (left box) and post-activation with 405 nm light

(middle and right boxes). White arrowhead indicates the same cell in all images.

5.2.2. LaNt a31 overexpression leads to changes in NHK cell morphology
and a reduction in migration rates

LaNt a31 overexpression causes changes in cell morphology and cell
migration in primary limbal-derived corneal epithelial cells®3 and in
hTCEpi's®. The newly generated lentiviral overexpressing NHK cells allowed
the opportunity to triangulate these findings in a new cell line while
simultaneously confirming that the new lentiviral construct produced a
functional protein. | analyzed the shape and migration of cells
overexpressing the LaNta31-PAmCherry gene (Fig. 5.4). In NHKs, LaNt OE
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cells were compared against NHKs transduced with a GFP-encoding
lentivirus, to control for any variables related to the transduction and
antibiotic selection process, as well as any phenotype caused by the

overexpression of fluorescent proteins.

There was no statistically significant change in 2D cell area compared to
GFP controls at 2h or at 6h after seeding (mean + SD size um? 2h GFP =
130 £ 57 N=158, LaNt a31 OE = 140 + 73 N=158, p = 0.09, 6h GFP = 283
N=94 t 141, LaNt a31 OE = 292 + 149 N=73, p = 0.71) (Fig. 5.4C). However,
LaNt a31 OE cells were less round at 2h compared to GFP controls (mean +
SD cell roundness GFP = 0.81 £ 0.13 N=158, LaNt a31 OE = 0.72 £ 0.18
N=158, p = <0.001). This difference was not present once the cells had been
allowed to spread for 6h (mean = SD cell roundness GFP = 0.73 £ 0.13
N=95, LaNt a31 OE = 0.75 + 0.13 N=73, p = 0.22)(Fig. 5.4D).
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Figure 5.4. LaNt a31 overexpression leads to changes in NHK cell morphology. A) Representative images of
NHK cells processed for indirect immunofluorescence microscopy using phalloidin and DAPI at 2h (top row) and 6h
(bottom row) after seeding, cell area and roundness plotted in (C) and (D). B) Representative image analysis
method of determining cell area and cell roundness. C and D) Cell area (C) and cell roundness (D) was measured
in lenti-GFP or LaNt OE NHKs 2h (left) or 6h (right) after seeding. N= at least 99 individual cells across 3 separate
experiments. *** in (D) denotes p< 0.001 between lenti-GFP and LaNt OE, determined by a two-tailed t test.
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Figure 5.5. LaNt a31 causes a reduction in NHK migration rates. A) lenti-GFP or LaNt OE NHK cells were
plated overnight at confluence and a scratch wound introduced 16 h later. A) Representative images from
immediately after scratching (0 h, left panels) and at 6 h (middle panels) and 16 h (right panels) of recovery. Yellow
lines indicate wound margins. B) Gap area closure measured at 6 h (left) and 16 h (right) after wounding plotted as
percentage of the initial wound area with each point representing an independent experiment with either 2-3

technical repeats per experiment. * denotes p<0.05 compared with controls determined by a two-tailed t test.

2D scratch assays revealed a 48% reduction in scratch wound closure in
LaNt a31 stable cell lines as measured 6h after scratch compared to the
GFP control cells (mean £ SD scratch closure % GFP = 23 + 5, LaNt a31 OE
=11 + 8 N=4, p = 0.045), and a 16% reduction at 16h (GFP =89 + 7 N=4,
LaNt a31 OE =75 + 11 N=4, p = 0.095)(Fig. 5.5A,B).

In hTCEPI cells, adenoviral LaNt a31 overexpression causes a clustering of
LM332 when deposited®. Indirect imnmunofluorescence microscopy was
used to determine if a similar phenotype was observed in NHKs
overexpressing LaNt a31. Whereas GFP-expressing NHKs deposited LM332
in broad arcs and contiguous lines, NHKs cells overexpressing LaNt a31
deposited LM332 into tight, small clusters (Fig. 5.6).
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Figure 5.6. LaNt a31 overexpression causes LM332 clustering. A) lenti-GFP or LaNt OE NHK cells were plated
at low density on uncoated glass coverslips then processed for immunofluorescence microscopy with antibodies
against LM a3 after 6 h. Insets represent areas of higher magnification. Scale bar = 50 ym. B) Representative
image analysis method of determining LM332 deposition perimeter and area. C) LM332 deposition perimeter (left)
and area (right) was measured in lenti-GFP and LaNt OE NHKs. N= at least 80 individual cells across 3 separate
experiments. * denotes p<0.05 compared with controls determined by a two-tailed t test.
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5.2.3. Validation of LaNt a31 overexpression in 3D organotypic cocultures.

I next used the newly generated stable cell lines to establish 3D organotypic
cocultures?®’. These consisted of a ‘dermis’ composed of primary normal
human fibroblasts (NHFs) from three different donors with | next used the
newly generated stable cell lines to establish 3D organotypic cocultures?®’.
These consisted of a ‘dermis’ composed of primary normal human fibroblasts
(NHFs) from a different donor per coculture embedded in a collagen gel, and
an epithelium composed of either the lentiviral transduced hTCEpi or the
NHK cell lines (Fig. 5.7). The co-cultures were raised to the air/surface
interface then cultured for 7 days to generate organotypic skin equivalents
(OSE) or corneal equivalents (OCE). These were then embedded in paraffin
or OTC medium for histological and immunofluorescence analysis.

Expression of the LaNt a31 transgene was again confirmed by anti-FLAG
and anti-HA immunoreactivity, with fluorescence observed only in the
epithelial layers of the OCE (Fig. 5.8A) or OSE (Fig. 5.8B) from cultures

generated using the stably expressing cell lines.

1. Culture cells

Normal human fibroblasts (NHF) 2. Seed NHFs embedded in 3. Seed hTCEpis/NHKs on

‘ collagen gel top of NHF ‘dermis’

24h

1
4

NHK or hTCEpis (overexpressing vs ctrl)

4-‘ DMEM high glucose OTC medium
=)/

Figure 5.7. Schematic of OSE and OCE culture set up. NHKs or hTCEpis were cultured in normal conditions.
Next, normal human fibroblasts were embedded in a collagen gel and placed into cell inserts in DMEM high glucose

culture media. Finally, NHKs or hTCEpis were seeded on top of the normal human fibroblasts after 24 h.

91



A B

hTCEPiI NHK

anti-HA / anti-HA /
Wt lenti-GFP
- N .-

Figure 5.8. Confirmation of LaNt a31 overexpression in OSE and OCE cultures. hTCEpi organotypic corneal

LaNt OE

equivalents (OCE) or NHK organotypic skin equivalents (OSE) were embedded in OCT medium after 7 days and
processed for immunohistochemistry. OCE (A) and OSE (B) sections (8 um) were probed with anti-HA antibodies

and costained with DAPI in the merged image. Scale bars 100um.
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5.2.4. LaNt a31 overexpression causes the formation of cyst-like structures
in 7-day OCE cocultures.

Paraffin sections of the OCE cultures were stained with haematoxylin and
eosin. Large cyst-like structures were observed in the epithelium of LaNt a31
overexpressing cultures in the hTCEpi OCEs, (Fig. 5.9, yellow arrows).
These were not restricted to a particular position within the epidermal
structure. LaNt a31 overexpressing hTCEpi cells also appeared to be larger
than the WT counterparts in the outer layers of the epithelium structure (Fig

5.9). No difference was observed between different NHF donors.

5.2.5. LaNt a31 overexpression causes the formation of gaps between basal
keratinocytes in 7-day OSE cocultures.

Similar differences were observed between the GFP and LaNt a31
overexpressing epithelium in NHK OSEs as for the OCEs; however,
generally, the changes were more subtle (Fig. 5.10). In LaNt a31 OSEs,
gaps formed between basal keratinocytes, which were generally not present
in the GFP OSE (Fig. 5.10, yellow arrows).
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Figure 5.9. H&E stained sections of 7-day OCE cocultures. H&E staining of FFPE sections (5 pm) of WT (left
two columns) and LaNt OE (right two columns) 7 day OCE cocultures. Black squares indicate areas of increased
magnification. Each row shows OCEs with normal human fibroblasts from different donors. Yellow arrows indicate

cyst-like structures. Scale bar = 200 um.
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Figure 5.10. H&E stained sections of 7-day OSE cocultures. H&E staining of FFPE sections (5 pm) of WT (left

two columns) and LaNt OE (right two columns) 7 day OSE cocultures. Black squares indicate areas of increased
magnification. Each row shows OSEs with normal human fibroblasts from different donors. Yellow arrows indicate

cyst-like structures Scale bar = 200 ym.
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5.2.6. LaNt a31 overexpression causes the formation of cyst-like structures
in 4-week OSE and OCE.

To assess how the observed phenotype progressed, whether the
disorganization became more severe or was recovered, OCE’s and OSE’s
were cultured for 4 weeks. At this timepoint, for both OCE’s and OSE'’s,
epithelial disorganization was observed in the control and LaNt OE
conditions, making it difficult to draw robust conclusions. However, the most
“disorganised” samples were in LaNt OE OCE’s, with cyst-like features and

cell enlargement being a prominent feature.

4 week hTCEpi

WT LaNt OE

NHF 100310 =

NHF 220910
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Figure 5.11. H&E stainéd sections of 4-week OCE cocultures. H&E staining 6f FFPE sections (E; um) of WT (Ieff
two columns) and LaNt OE (right two columns) 4-week OCE cocultures. Black squares indicate areas of increased

magnification. Each row shows OCEs with normal human fibroblasts from different donors. Scale bar = 200 pm.

4 week NHK
lenti-GFP LaNt OE
‘ .

NHF 100310

NHF 071091

Figure 5.12. H&E stained sections of 4-week OSE cocultures. H&E staining of FFPE sections (5 um) of WT (left
two columns) and LaNt OE (right two columns) 4-week OSE cocultures. Black squares indicate areas of increased

magpnification. Each row shows OSEs with normal human fibroblasts from different donors. Scale bar = 200 pm.
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5.2.7. LaNt a31 overexpression disrupts LM332 deposition at the stromal-
epithelial junction.

Cryosections from 7-day OCE cocultures were processed using anti-LM332
antibodies (Fig. 5.13). This revealed a difference in LM332 distribution along
the stromal-epithelial junction, with a loss of contiguity in the LaNt
overexpressing samples (Fig. 5.13, arrows). LM332 deposition at the
stromal-epithelial junction was also thicker, with immunoreactivity observed
penetrating into the epithelial cell layer, compared to in WT samples where
LM332 deposition was limited to the basal aspect of the bottom layer of

keratinocytes.

7 day hTCEpi (OCE)
DAPI LM332 DAPI/LM332

WT

Figure 5.13. LaNt a31 overexpression causes disorganised LM332 deposition in OCE cultures. hTCEpi
organotypic corneal equivalents (OCE) were embedded in OCT medium after 7 days and processed for
immunohistochemistry. WT (top row) or LaNt OE (bottom row) OCE sections (8 um) were probed with anti-LM332
antibodies and DAPI. Yellow boxes indicate areas of increased magnification. Yellow arrows indicate LM332

positivity at the stromal-epithelial junction. Scale bar = 50 pm.
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5.3. Discussion

The findings presented here demonstrate stable overpexpression of LaNt
a31 influences cell morphology, migration rates and LM deposition in vitro in
corneal keratinocytes and in normal human skin keratinocytes and that LaNt
a31 dysregulation is detrimental to the epithelial layer integrity in 3D
organotypic coculture models of skin and cornea. These findings further
support that LaNt a31 can regulate cell behaviour in vitro and provide a first

suggestions of what this might mean for tissue function.

5.3.1. LaNt a31 dysregulation is detrimental to 3D OCE and OSE epithelial
health

The main advantage of generating and validating stable expressing skin and
corneal cell lines was to be able to observe the effect of LaNt a31 in long
term 3D studies. Based on prior 2D results suggesting stronger cell
adhesion, one would have predicted more mature OSE and OCE cultures,
particularly in the 7-day cocultures. However, the findings here cast doubts
upon this hypothesis. Indeed, the histological observation indicate that
epithelial LaNt a31 overexpression was detrimental to the integrity of 3D
OSE and OCE cultures. Moreover, LM332 localization is disrupted at the
stromal-epithelial junction of LaNt a31 OSE cocultures. The reason for both
of these outcomes may be two-fold. Indeed, a disruption to the BM in LaNt
a31 OE cultures points towards a direct, physical interaction preventing LM
from being deposited in the correct manner; instead of forming a single,
contiguous network, which would be clear from immunostaining, there is a
dysregulated, broken network. To assess what the reasons for this, next
steps would include electron microscopy to assess BM ultrastructure and

integrity, as well as comparing hemidesmosome structure.

Why would LaNt a31 disrupt the epidermal-dermal BM? The answer may lie
in the specificities in the LM332 isoforms. In hTCEpis and NHKSs, the
predominant isoform is LM3a32, along with smaller amounts of LM511, 311,
521, and 111 202.214,298-302  Although not enough is known yet about LM
polymerization in these tissues to draw definite conclusions, there are data to
indicate a covalent interaction between LM311 and LM321 with LM332. It is
through these LM332 interactions that a LM network can form in epitheliab?. If
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this method of network formation is the correct, and allows for ternary nodes
to form and a full LM network to be established, LaNt a31 may compete for
aLN interactions, once again bringing us back to the network disruption

hypothesis.

5.3.1.1. Does LaNt a31 overexpression cause differentiation defects?

The phenotype observed in LaNt a31 OSE and OCE cultures resemble
keratinocyte differentiation defects. The reason for this is yet to be dissected,
although any direct disruption to the LM network would affect integrin-
mediated cell signalling. Moreover, LaNt a31 may possess direct signalling

capabilities through integrin binding.

It has been previously reported that the cleaved N-terminal of LM a3b binds
to a3B1 integrin, and inhibiting this interaction blocks the ability of the LM a3b
LN domain to influence cell migration and adhesion”®. Not only would this
direct binding to integrin a3B1 directly influence signalling, it may also
prevent LM3a32 binding to the receptor, which in turn could increase
LM3a32 binding to a6p4 integrin. Although data suggests this leads to earlier
hemidesmosome maturation®*, it is difficult to predict the phenotype this
would cause in a 3D skin equivalent model where excess LaNt a31 is
present. Moreover, LM N-terminal domain-mediated signalling has been
observed with LM 1. Specifically, LM 1 N-terminus was shown to bind
a3B1 integrin on embryonic stem cells, where it induced MMP9 and E-
cadherin expression, key proteins associated with epithelial-mesenchymal
transition’®. If LaNt a31 acted in a similar way and could bind integrins or

other receptors, this could cause differentiation defects.

5.3.2. LaNt a31 modulates normal human skin keratinocyte morphology,
behaviour, and ECM deposition.

One of the additional benefits of the new lentiviral expression system is that it
allowed validation and triangulation of results from previous studies. | also
expanded the epithelial cell types investigated into immortalised normal
human skin keratinocytes (NHKSs) derived from a healthy patient. The

lentiviral overexpression is a different system; integrating into the genome,
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and with some small difference in the expressed protein; inclusion of the IgK
secretion signal and a PAmCherry C-terminal tag. However, the phenotype
caused by stable LaNt a31 overexpression in NHKs and hTCEPis was
extremely similar to the phenotype using adenoviral overexpression although
the differences in cell shape, migration, and LM deposition were generally
less pronounced in the new stable LaNt a31 cells. This is not surprising, as
although lentivirus can result in strong expression at high MOls, adenovirus
typically results in the highest expression due to very high copy number.

Previous data indicate that LaNt a31 driven phenotypes occur predominantly
at early timepoints of cell attachment and subsequently LM deposition®4, an
effect that is mirrored in stable LaNt a31 overexpression in NHKs. Why this is
the case is unclear, though it is possible that the addition of an extra LM a3
LN domain aids the rapid maturation of the LM network, allowing for strong
attachments to the cell substrate, which is why cells overexpressing LaNt
a31 migrate less rapidly and have a more clustered LM deposition pattern

early on.

As LaNt a31 is produced by alternative splicing from LM genes, these new
data support that control of LaNt a31 to LM ratio adds a layer of self-
regulation of LM function. Combined with LaNt a31 protein being enriched in
numerous adult tissues®?, also shown in chapter 4 of this thesis, the results
here continue to support that LaNt a31 may be part of a LM autoregulatory
mechanism that could have widespread implications particularly for wound
repair and other situations where BM remodelling is required, such as tissue

morphogenesis and development.

Combined with LaNt a31 protein being enriched in numerous adult tissues®?,
also shown in chapter 4 of this thesis, the results here continue to support
that LaNt a31 may be part of a LM autoregulatory mechanism that could
have widespread implications particularly for wound repair and other
situations where BM remodelling is required, such as tissue morphogenesis
and development. For example, could LaNt a31 be important for the early
stages of BM network formation, creating a more favourable
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microenvironment for cells to initially attach and migrate before remodelling

and completing a mature BM? These are open questions.

5.3.3. Two new stable expressing epithelial lines established.

The tools generated in this study will be useful for the community and
researchers. These include the two new stable LaNt a31 overexpressing cell
lines. These have important advantages over the current systems used for
LaNt a31 overexpression. Firstly, stable overexpression removes any
variables caused from the cellular stress during and shortly after adenoviral
transduction of plasmids. Secondly, using stable expressing lines now allows
for long-term studies to be conducted Using transient systems, transgene
expression generally peaks around 48h-72h, and then begins to drop off 303,
though the protein half-life is likely longer than this. Whilst these systems are
very useful, stable expressing lines allow the research to be sure that the

transgene expression remains constant.

A specific further advantage of a stable cell line is that using these cell lines
can mimic pathological situations where LaNt a31 is chronically upregulated.
Unpublished findings have highlighted that LaNt a31 is upregulated in
squamous cell carcinomas?%8, so modelling this in vitro or in 3D models
requires stable overexpression to observe the impact of long-term
overexpression on cell behaviours. Unpublished findings have highlighted
that LaNt a31 is upregulated in squamous cell carcinomas?®, so modelling
this in vitro or in 3D models requires stable overexpression to observe the
impact of long-term overexpression on cell behaviours. Although the normal
keratinocytes used here do not model the full SCC profile, the lentiviral tools
have now been validated and further cell lines can be generated using the

same constructs.

The LaNt a31 transgene expressed has a C-terminal PAmCherry tag, and
this will allow researchers to ask questions about LaNt a31 localization,
especially in regard to laminin 332, which was not previously possible with
existing constructs or technologies. The design of the construct also includes

additional restriction enzyme sites for maximum utility, whereby any of the
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components (LaNt a31, HA and Flag tags, PAmCherry) can be switched out

with simple cloning procedures.

5.3.4. Caveats

The lentiviral overexpression construct uses a CMV promoter to express the
LaNt a31 gene, which generally provides much higher levels of expression
than is seen in normal biology. This leads to the question of i) are cells
negatively affected by the high levels of protein production of this gene and
i) are the ECM phenotypes observed down to the large amounts of LaNt
a31, which may not be observed in normal biology. Option i) can be
reasonably ruled out, as a control lentivirus expressing GFP was used to
account for lentiviral overexpression defects. On top of this, the LaNt a31 OE
cells were a heterogenous population, so each cell would have a different
integration point of the lentivirus in the genome, meaning any negative
effects caused by the random integration of the lentivirus would be diluted.
The question of high expression from the CMV promoter is harder to
address. For future experiments, different lentiviral constructs containing
different promoters could be used, such as CAG, Ubiquitin C, or Keratin 14,
to titrate levels of expression. Alternatively, purified recombinant LaNt a31
protein could be used and added exogenously, which would also help to
differentiate between phenotypes caused by extracellular vs intracellular
LaNt a31 expression, although this may not be unsuitable for long-term

coculture experiments depending on the half-life of the protein.

5.3.5. Next steps

This keratinocyte-fibroblast model allows for the investigation of keratinocyte-
specific expression, and has revealed the profound phenotype caused by
dysregulated LaNt a31 levels but the mechanism behind the severe
disruption seen in LaNt a31 overexpressing OCE’s and OSE'’s is yet to be
ascertained. To maximise the data obtained from these corneal and skin
equivalent models, further analysis of BM proteins should be performed,

including LM a5, further LM332, Col IV and Col XVII staining, accompanied
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by ultrastructural examination of the BM by transmission electron microscopy
(TEM)3%4, The difference in cell morphology may point towards a keratinocyte
defect, in which case OCE’s and OSE’s should be examined for
differentiation markers, such as different keratins as markers such as
involucrin, loricrin, transglutaminase, filaggrin, and caspase 14305-308,
Additionally, analysis of the keratinocyte cell junctions using markers such a
Z0-1 and occludin will also shed light on any differentiation defects3%° as well
as making it possible to automate cell morphology analysis on ImageJ or
similar programs. Furthermore, the newly established stable cell lines in this
chapter had not been cloned out. By doing so in future, one can investigate
LaNt a31 overexpression in a dose-dependent manner, whereby LaNt a31
overexpression can be quantified, and multiple cell lines can be established

ranging from baseline to high levels of overexpression.

Despite the benefits of these OSE and OCE models, the system is still
extremely simplistic when compared to LaNt a31 expression in vivo. Indeed,
the epithelium is much more than just keratinocytes and fibroblasts, and is a
complex composition of ECM proteins, which develops and grows throughout
embryogenesis. Recent data on LaNt a31 localization in humans®? and mice
(Chapter 4) reveal that LaNt a31 is much more widespread than initially
thought. LaNt a31 is expressed throughout the blood vasculature, terminal
ducts, kidney, pancreas, liver, spleen, reproductive organs and in neurons.
To begin to understand the biological significance of LaNt a31 in vivo, | next
generated an inducible LaNt a31 transgenic mouse model, as discussed in

the next chapter.

5.3.7 Conclusion

The stable-LaNt a31 overexpressing OSEs and OCEs represent the
beginnings of a robust model to investigate LaNt a31 in epithelial tissues.
From the data presented in this chapter, it is clear that LaNt a31
dysregulation is detrimental to tissue structure of OSEs and OCEs, further
demonstrating the importance maintaining normal levels of this protein.
These models will further serve researchers in the future, and will perhaps

begin to allow researchers to understand the role of LaNt a31 in normal
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epithelial homeostasis, as well as providing a platform to investigate the

dynamic redistribution of LaNt a31 in wound healing3°.
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Chapter 6: Laminin N-terminus a31 expression during
development is lethal and causes widespread tissue-

specific defects in a transgenic mouse model.

The work presented in this chapter has been published:

Sugden, CJ, lorio, V, Troughton, LD, et al. Laminin N-terminus a31
expression during development is lethal and causes widespread tissue-
specific defects in a transgenic mouse model. FASEB J. 2022; 36:€22318.
doi:10.1096/f].202002588RRR

6.1. Introduction
In this chapter, | investigate the expression of LaNt a31 for the first time in
vivo, generating and validating a transgenic mouse model to determine the

role of LaNt a31 in mammalian development.

Basement membranes in vivo are multilayered, tightly regulated, and fined
tuned biological structures, of which we are still developing our
understanding. The complexities of BMs can not be truly recreated in vivo.
Whilst studies have shown that LaNt a31 can modulate cell behavior, it is
impossible to know the impact, or function, LaNt a31 plays in normal biology
without studying this protein in vivo, in particular the role it plays in matrixes
that are actively being remodeled. Previously, it was attempted to generate
transgenic mice constitutively overexpressing LaNt a31 under the driven by
the keratin 14 promoter, for epitheial-specific expression, although
researchers were unable to generate ay offspring expressing the LaNt a31
transgene3!1. It should be noted, however, that litter sizes obtained from FO
mice were unusually small, and although not possible to confirm, it is likey
that constitutive overexpression of LaNt a31 is not compatible with life. To

overcome this concern, a new inducible LaNt a31 overexpressing transgenic
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mouse model was developed. This chapter describes these in vivo studies of
LaNt o313,

6.1.1. Aims
e Generation and validation of an inducible LaNt alpha 31
overexpressing mouse model.
¢ Investigate the effects of LaNt a31 overexpression across

development.
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6.1.2. LaNt a31 transgene construct design and construct features

To investigate LaNt a31 in vivo, | designed an inducible overexpression
construct with features to enable temporally controlled overexpression of
LaNt a31 while co-expressing a non-directly tagged fluorescent reporter. The
expression constructs in chapter 5 and this chapter differ greatly in their
features. Indeed, the only sequence they share is the IgK-LaNta31 sequence
and HA and Flag tags. The features of the construct desgined for in vivo use
are described below:

6.1.2.1. Human ubiquitin C promoter (UBC)

To achieve transgene expression across all cell types, | included the human
ubiquitin C promoter to drive overexpression of the LaNt a31 transgene.
Ubiquitin proteins have been found in all eukaryotic cell types3!?, therefore
require promoter activity across all tissues. The human ubiquitin C promoter
has been shown to direct high ubiquitous expression of transgenes in
mice3!3, is less prone to silencing than other commonly used promoters such

as CMV and the chicken beta-actin promoter314-316,

In this study, the choice of using the UBC promoter to drive transgene
expression was based on the broad expression across many tissues.
Combining the use of a ubiquitous promoter in a cre-lox system with other
regulatory elements driving cre recombinase was essential in allowing spatial

and temporal control over LaNt a31 overexpression.

6.1.2.2 Floxed stop cassette

The Cre-LoxP system is a commonly used method to create inducible
expression constructs®!’. Cre recombinase (Cre) is a tyrosine site-specific
recombinases, which recognises specific DNA fragment sequences termed
‘locus of x-over, P1’ (LoxP) sites. Cre mediates the site-specific deletion of
sequences flanked by the LoxP sites. Here, for the purpose of inducible gene
expression, a cassette containing a series of polyA sites were flanked the
LoxP sequences (‘floxed’), and this floxed stop cassette inserted
immediately following the promoter of an expression construct. This means
that even when the promoter is active, transcription will cease when it

reaches the stop cassette. However, when Cre recognises the LoxP sites
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and removes the floxed stop cassette, the rest of the transgene can be
transcribed. Put simply, this means mice would not overexpress LaNt a31

until exposed to Cre recombinase.

As administering Cre enzyme is a logistical challenge in vivo, systems have
been developed for the expression of Cre recombinase, described below.
Briefly, the use of mice expressing a modified version of the Cre enzyme are
bred with mice harbouring floxed stop cassettes, whereby expression can
then be induced using tamoxifen?%4, providing either temporal or spatial
control. The R26Cre-ERT mouse line used in this study express Cre
recombinase (Cre) fused to a mutant estrogen ligand-binding domain (ERT2)
that requires the presence of tamoxifen for activity?64318, In the presence of
tamoxifen, the ERT-bound Cre recombinase translocates to the nucleus,

where it can excise DNA that is flanked by LoxP sites32,

6.1.2.3. LaNt a31 sequence
| primarily wanted to study the effects of LaNt a31 expression has as an
extracellular matrix molecule, so replaced the native LaNt a31 secretion

signal with the mouse IgK secretion signal, described in chapter 5.

6.1.2.4. tdTomato fluorophore

In this expression construct, the tdTomato sequenced was cloned
downstream of the T2A element, allowing visualization of cells where the
construct is active, without directly tagging LaNt a31.To improve the LaNt
a31 construct for in vivo use, | included the tdTomato fluorophore as a
reporter. tdTomato is a constitutively 54.2 kDa fluorescent orange fluorescent
protein derived from Discosoma sp.., with an excitation maximum at 554 nm
wavelength, and an emission maximum at 581 nm3'°. The tdTomato gene
consists of two copies which are fused of the extremely bright mTomato,
which when translated forms an intramolecular dimer, so is considered
monomeric3'®, tdTomato is the brightest commercially available orange-red
fluorescent protein3'®, a with a rapid maturation time (tos = 1 hr), and has the
same photostabiltiy as the commonly used mCherry31°, These properties
make tdTomato and extremely useful reporter for use in transgenic animal

studies, and has been used to great effect for live-imaging studies in mice
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320, In this expression construct, the tdTomato sequenced was cloned
downstream of the T2A element, allowing visualization of cells where the

construct is active, without directly tagging LaNt a31.

6.1.2.5. Simian virus 40 late polyadenylation (SV40 polyA) signal
sPolyadenylation signals (polyA) are sequences that are terminate
transcription when recognised by RNA polymerases. These then facilitate the
addition of the poly(A) 3’ tail, and initiate the process of releasing newly
synthesised RNA from the transcription machinery®?t, The addition of the
polyA tail is extremely important for the stability of the transgene mRNA, as
well as nuclear export and degradation®?!, so including a polyA sequence in
expression constructs in favourable for transgene expression. The SV40
polyadenylation signal as used as it contains additional helper sequences
compared to other commonly used polyA signals (such as hGH and BGH),

making it more efficient at terminating transcription322:323,

6.1.2.6. HS4 chicken B-globin (cHS4) insulator

Generating transgenic animals using pronuclear microinjection of the
transgene DNA leads to random integration of the transgene. Because of the
random integration into the host genome, transgenes introduced by
pronuclear microinjection are susceptible to transcriptional silencing and
positional effects depending on the chromosomal DNA sequences at their
integration site324.324, To combat this, insulator sequences were included in
the transgene construct, flanking the entire transgene, to negate any
undesirable effects arising from the random integration of the transgene. The
cHS4 insulator possesses both enhancer- and barrier-blocking effects3?4,
and has been used successfully to enhance transgene expression. The
inclusion of these cHS4 elements would provide a better chance of
transgene expression, regardless of where the transgene DNA landed in the

mouse genomes324.325,

Altogether, the design of this construct allows for temporal and tissue specific
control of LaNt a31 overexpression in mice, establishing a tool to investigate

the roles LaNt a31 plays in vivo for the first time.
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6.2 Results

6.2.1. Cloning steps for generating pUbC-LoxP-LaNta31-T2A-tdTomato
To investigate the consequences of LaNt a31 overexpression in vivo, an
inducible system for conditional LaNt a31 transgene expression was
generated (Fig. 6.1). Cloning methods for generating the intermediate and
final LaNt a31 constructs are describe full in chapter 3. All intermediate
constructs were validated by restriction digest, and final constructs were

sequenced to confirmed the predicted sequence was correct (Fig. 6.1A-F).
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A Cloning Step 1: Insertion of LaNt-a31-T2A into pPCSCMV:tdTomato

LaNt-a31-T2A gBlock

Nhel Flag
LaNt-a31
I |
pCSCMV:tdTomato

Ndel BamHl EcoRI

C pCS-LaNt-a31-T2A-tdTomato
Nhel F|ag

Ndel |HA BamH| ECTRI
LaNt-a31

pCS-LaNt a31-T2A-tdTomato

D

Cloning Step 2:
Insertion of LaNt-a31-T2A-tdTomato into pUbC-LoxP-neo-IRES-TIMP2 1xSA
pCS-LaNt-a31-T2A-tdTomato
Nhel F|ag
|HA BamHi EcoRI

LaNt-a31

!

pUbC-LoxP-neo-IRES-TIMP2 1xSA
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loxP  loxP
X p IRES {—T
F pUbC-LoxP-LaNta31-T2A-tdTomato
Nhel F|ag
loxP  loxP |HA BamHI
X P, LaNt-a31
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pUbC-LoxP-LaNt-T2A-tdTomato
10kb!

6kb

3kb

1.5kb

I_'_I
Nhel + EcoRI + Spel

EcoRI
V40pA

Figure 6.1. Cloning strategy for pUbC-LoxP-LaNta31-T2A-tdTomato. A) LaNt-a31-T2A, including IgK, 5' UTR,
HA and Flag tag, was inserted into pPCSCMV:tdTomato vector using Ndel and BamHl, to give pCS-LaNt-a31-T2A-

tdTomato. B) Diagnostic restriction enzyme digest to verify pCS-LaNt-a31-T2A-tdTomato ligation products ran on a

1% agarose gel, using Nhel + EcoRI, and BamHI + EcoRI. C) LaNta31-T2AtdTomato sequence, including IgK, 5'

UTR, HA and Flag tag, was excised from pCS-LaNta31-T2A-tdTomato using Nhel and EcoRI and inserted in place
of IRES-TIMP2 into pUbC-LoxP-neo-IRES-TIMP2 1xSA, producing pUbC-LoxP-LaNta31-T2A-tdTomato. D)
Diagnosticmrestriction enzyme digest to verify pUbC-LoxP-LaNta31-T2A-tdTomato ligation products ran on a 1%

agarose gel, using Nhel + EcoRI + Spel.
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6.2.2. Validation of genotyping primers

Two primer pairs were designed for genotyping by PCR for the
presence of the LaNt a31 transgene or the tdTomato reporter (Fig. 6.2A).
Primer specificity was checked using NCBI Blast, and optimal primer
conditions were determined by gradient PCRs. Both primer pairs generated
products from the LaNt a31 construct and nothing from wild-type mouse
genomic DNA (Fig. 6.2B).

A

loxP  loxP

3x p LaNt-a31

1000bp)
500bp
S
O \as S
R > Q,\r'bo@'b
o 8
0@ o Oq/?:\.
Q
@ \50 \§
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Figure 6.2. Genotyping primer validation. A) Primers were designed from LaNt -> tdTomato. Mouse GAPDH

primers were also designed to use as a positive control. B) a PCR was performed using these primers on mouse
DNA, and the pUbC-LoxP-LaNt-a31-T2A-tdTomato and ran on a 1% agarose gel.

6.2.3. Inducible LaNt a31 construct generation and validation

To confirm the construct expressed only following exposure to Cre
recombinase, the pUbC-LoxP-LaNta31-T2A-tdTomato was co-transfected
alongside pCAG-Cre:GFP, encoding GFP-tagged Cre recombinase?®?®, into
HEK293A cells. tdTomato signal was observed only in cells transfected with
both plasmids (Fig. 6.3A). To confirm the construct expressed only following
exposure to Cre recombinase, the pUbC-LoxP-LaNta31-T2A-tdTomato was
co-transfected alongside pCAG-Cre:GFP, encoding GFP-tagged Cre
recombinase?®?%, into HEK293A cells. tdTomato signal was observed only in

cells transfected with both plasmids (Fig. 6.3A).
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PCR using primers flanking the STOP cassette further confirmed that the
cassette was removed only in cells transfected with both plasmids (Fig.
6.3B,C).

Western blotting using polyclonal anti-Flag antibodies yielded a ~57 kDa
band in the co-transfected cell lysates, (Fig. 6.3D), the predicted size of the
LaNt a31 construct after cleavage of the T2A element and release of the
tdTomato tag. To further validate Cre-induced expression of the LaNt a31
construct, fluorescence of co-transfected cells was observed over 28h. Cre-
GFP expression was observed as soon as 6h following transfection, followed
by expression of the LaNta31-T2A-tdTomato transgene 12h post-transfection
(Fig. 6.4), these data further confirmed that the LaNt a31 transgene

expression was dependent on Cre-induction.
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Figure 6.3. UbC promoter drives the expression of LaNt a31 and tdTomato when cotransfected into cells
expressing Cre recombinase in-vitro. A) HEK 293A cells were either untransfected or transfected with pUbC-
LoxP-LaNt-a31-T2A-tdTomato, pCAG-Cre:GFP, or pUbC-LoxP-LaNt-a31-T2A-tdTomato and pCAG-Cre:GFP and
imaged on a Nikon Tle microscope 48h after transfection. DNA and protein was then extracted from HEK293 cells
transfected with various plasmids. B) primers were designed flanking the floxed stop cassette to check for DNA
recombination after being exposed to cre recombinase. C) A PCR was performed using these primers on DNA
extracted from HEK293A cells co-transfected with pUbC-LoxP-LaNt-a31-T2A-tdTomato and pCAG-Cre:GFP. PCR
products were ran on a 1% agarose gel and stained with EtBr. D) A western blot was performed using lysates from
HEK293 cells either untransfected or transfected with CMV-LaNt-a31-T2A-Dendra2, or pUbC-LoxP-LaNt-a31-T2A-
tdTomato and pCAG-Cre:GFP and samples were probed with an anti-flag polyclonal primary antibody and a donkey

anti-goat fluorescent secondary antibody.
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Figure 6.4. Timelapse of Cre recombinased-induced expression of LaNt a31-T2A-tdTomato. HEK 293A cells
were transfected with pUbC-LoxP-LaNt-a31-T2A-tdTomato and pCAG-Cre:GFP and imaged at 2 hour intervals
between 6 and 28 hours after transfection. Cells exhibit green fluorescence first, followed by red fluoresence. Scale
bar =100 yM
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6.2.4. Generation and validation of a LaNt a31 transgenic mouse line.

To prepare the pUbC-LoxP-LaNta31-T2A-tdTomato for microinjection,
plasmid DNA was linearised with Asel and Sacl enzymes to remove the
plasmid backbone, and digestion products visualized on a 1% agarose gel to
confirm size and DNA quality (Fig. 6.5A,B). The linearised transgene was
then isolated, column purified, and eluted in ultrapure embryo water. Purified
linearsed DNA was then ran against a A-DNA/Hindlll ladder for quantification
(Fig. 6.5C). Three separate preparations of purified linear DNA were
produced, and four rounds of embryonic microinjections were performed.
(Table 6.1). Three UbC-LaNta31 transgenic mouse lines were generated
(line 3.1, line 7.5, and line 9.3) Transgenic line 3.1 was selected for further
breeding, based on expression levels determined by western blotting. All
lines were cryopreserved using simple vitrification of mouse embryos

(appendix VII).
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Figure 6.5. Preparation of linearised pUbC-LoxP-LaNta31-T2A-tdTomato DNA for pronuclear microinjection.
A) pUbC-LoxP-LaNt-a31-T2A-tdTomato was digested to linearise the DNA and remove the backbone. Digestion
products were ran on a 1% agarose gel and stained with EtBr. The linearised construct band (red box) was then gel
purified. B) Representative diagram of restriction enzyme site locations C) Purified linearised pUbC-LoxP-LaNt-a31-
T2A-tdTomato DNA was then ran on a 1% agarose gel against dilutions of a A-DNA digest and stained with EtBr, to
quantify prior to injection.
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Table 6.1. Records of pronuclear microinjections

Date No. embryos | No.embryos | No.embryos | Survival (%)
isolated injected survived

26.04.18 150 140 120 86

02.05.18 110 100 90 90

03.05.18 140 130 110 85

09.05.18 100 90 80 89

To confirm transgene expression, FO mice were mated with WT (C57BL/6J)

mice and embryos were collected at E11.5. mEFs were then isolated from

the embryos. Presence of the UbC-LoxP-LaNta31-T2A-tdTomato transgene
(hereafter UbCLaNt) was confirmed by PCR (Fig. 6.6A). mEFs were

transduced with an adenovirus encoding codon-optimised Cre recombinase

(ad-CMV-iCre). Analysis by immunoblotting with anti-HA-antibodies (Fig.

6.6B) revealed a ~57 KDa band and fluorescence microscopy confirmed

tdTomato expression only in the samples containing both the UbC-LaNt
transgene and the ad-CMV-iCre (Fig. 6.6C).
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+ Ad-CMV-Cre

UbC-LoxP-LaNta31-T2A-tdTomato +/-
mEFs (B3 WT mEFs (B4

Phase Contrast tdTomato - Phase Contrast tdTomato
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Figure 6.6. Validation of LaNt a31 transgene presence and expression in UbC-LaNta31 F1 embryos. A) PCR
amplicons produced using primers amplifying the UbC-LoxP-LaNt-a31-T2AtdTomato transgene from gDNA of F1
UbC-LoxP-LaNt-a31-T2A-tdTomato embryos . B) Western blot of protein lysates from explanted F1 mouse
embryonic fibroblasts processed with anti-HA antibodies. C) Fluorescence microscopy images of explanted cells
from UbCLoxP-LaNt-a31-T2A-tdTomato F1 mice. Scale bar = 100 pm.

Male UbCLaNt mice were generated by pronuclear microinjection into
oocytes and mated with females from the tamoxifen-inducible ubiquitous Cre
line R26CreERT22%%4. Transgene expression was induced by gavage of
tamoxifen at E13.5, and embryos collected at E19.5. PCR from tail
shipsMale UbCLaNt mice were generated by pronuclear microinjection into
oocytes and mated with females from the tamoxifen-inducible ubiquitous Cre
line R26CreERT22%%4. Transgene expression was induced by gavage of
tamoxifen at E13.5, and embryos collected at E19.5. PCR confirmed that
Cre/LoxP mediated recombination only occurred in the embryos with both
the UbCLaNt and the R26CreERT?2 transgenes (Fig. 6.7A). Explants were
generated from the skin of these embryos, and only the explants grown from
double transgenic embryos exhibited tdTomato expression by fluorescence

microscopy (Fig. 6.7B) and HA-tagged LaNt a31 expression by western
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immunoblotting (Fig. 6.7C). Together, these data confirmed the generation of
tamoxifen-inducible LaNt a31 mouse line, without detectable leakiness
(UbCLaNt::R26CreERT2).
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Figure 6.7. Validation of LaNt a31 transgene presence and expression in UbC-LaNta31 x R26CreERT2 mice.

PCR products on DNA extracted from transgenic mouse from UbCLaNta31 x R26CreERT2 mating embryos using
Cre primers, LaNt a31 primers, and primers flanking the stop cassette. B) Phase contrast and fluorescence
microscopy images of explanted cells from UbCLaNta31::R26CreERT2 embryos. Scale bar = 100 pm. C) Western
blot of lysates from UbCLaNta31::R26CreERT2 embryo explants processed with anti-HA antibodies.
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6.2.5. mEFs isolated from UbCLaNta31::R26CreERT2 embryos display
reduced migration rates

Scratch wound closure assays were performed using the mouse embryonic
fibroblasts isolated from UbCLaNta31::R26CreERT2 embryos, These
experiments revealed that the LaNt a31 expressing cells displayed a ~22%
less scratch wound closure at 16h compared to non-expressing meFs.
(mean = SD scratch closure % non-expressing = 73 £ 6 LaNt a31 OE = 52 +
6, N=6, p=0.0002)(Fig 3E, F).
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Figure 6.8. LaNt a31 overexpressing mouse embryonic fibroblasts display reduced migration rates. Mouse
embryonic fibroblasts from either LaNt a31 overexpression mice or littermate controls were plated overnight at
confluence and a scratch wound introduced 16 h later. A) Representative images from immediately after scratching
(0 h, left panels) and at 16 h (right panels) of recovery. Yellow lines indicate wound margins. B) Gap area closure
measured at 16 after wounding plotted as percentage of the initial wound area with each point representing one
technical repeat.

6.2.6. UbCLaNt::R26CreERT?2 expression in utero causes death and
localised regions of erythema at birth.

To determine the impact of LaNt a31 during development, tamoxifen was
administered to pregnant UbCLaNt::R26CreERT2 mice at E15.5 via gavage
and pregnancies allowed to continue to term. Across three litters from three
different mothers, two from six pups, three from five pups, and one from five
pups respectively were intact but not viable at birth, while the remaining

littermates were healthy. Endpoint PCR genotyping using primers amplifying
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the LaNt a31 transgene and Cre recombinase transgene confirmed mice

possessed both transgenes (Fig. 6.9).
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LaNt -> tdTomato

Figure 6.9. Genotyping of mice used in this study. A) PCR amplicons produced using primers amplifying either the Cre recombinase gene or UbC-LoxP-LaNt-a31-T2A-tdTomato transgene on
gDNA extracted from transgenic mouse embryos from the mating of UbCLaNta31 x R26CreERT2 mice.
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The non-viable pups displayed localised regions of erythema with varying
severity between the mice but were otherwise fully developed and the same

size as littermates (Fig. 6.10A).

To confirm that the lack of viability was associated with transgene
expression, OCT-embedded skin sections of UbCLaNt::R26CreERT2 were
imaged using confocal microscopy, revealing tdTomato fluorescence only in
the non-viable animals (Fig. 6.10B) and skin explants were established and
tdTomato fluorescence in explants from non-viable pups was confirmed by

microscopy (Fig. 6.10C).

Western immunoblot analysis of total protein extracts from the explanted
cells and from whole embryo lysates also confirmed transgene expression in
non-viable pups, with expression levels differing between the mice (Fig.
6.10D). Together these data confirmed that only non-viable mice expressed

the LaNt a31 transgene.

Hereafter, UbCLaNt::R26CreERT?2 animals are therefore labelled as either
as “LaNt a31 TG-expressing” or, for non-expressing animals, as “littermate

controls”.
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Figure 6.10. - Transgenic mice overexpressing LaNta31 are not viable at birth and display localised regions
of erythema. A) Representative images of UbCLaNta31::R26CreERT2 embryos. Animals subsequently confirmed
as expressing the LaNt a31 transgene are labelled as LaNt a31 TG expressing. Yellow asterisk indicates regions of
visible erythema. B) Representative fluorescence microscopy of UbCLaNta31::R26CreERT2 OCT sections
exhibiting tdTomato fluorescence. Scale bar = 100 um. C) Fluorescence microscopy images of explanted cells from
LaNt a31 TG expressing mice. D) Western blot of tissue lysates from WT, UbCLaNta31::R26CreERT2 embryos or
explanted cells processed with anti-HA antibodies. HEK293A cells cotransfected with the LaNt a31 transgene

expression construct and Cre-GFP expression construct are included as a positive control.
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To identify LaNt a31 effects at the tissue level, the pups were formalin-fixed
and paraffin-embedded then processed for H&E staining and
immunohistochemistry. All organs were present in the mice and appeared
intact at the macroscopic level. A consistent feature in every transgenic
animal was extensive evidence of bleeding within tissues. Indeed, although
there was mouse-to-mouse variability in extent of this bleeding, every major

organ in all animals were affected to some extent.

| focused our attention on kidney, skin and lung as examples of tissues
where the BMs have with distinct differences in LM composition and where
LaNt a31 could, elicit context-specific effects. Specifically, the predominant
LMs in the kidney contain three LN domains, and mutations affecting LM
polymerization lead to Pierson syndrome 141.192,193.327.328 \yhereas the major
LM in the skin contains one LN domain, LM332, and loss of function leads to
skin fragility, reviewed in 134, and granulation tissue disorders3?°3%, |n the
lung, LM311, a two LN domain LM, is enriched**"*%°, and absence of LMa3

is associated with pulmonary fibrosis®!.
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6.2.7. LaNt a31 overexpression leads to epithelial detachment, tubular
dilation and interstitial bleeding in the kidney and disruption of capillary BM
integrity.

Dissected kidneys from the transgene-expressing animals were markedly
darker than non-expressing animals (Fig. 6.11A). Histological examination
confirmed that this difference reflected differences in the vessels of the
kidney, with extensive bleeding into the interstitial and subtubular
surroundings (Fig. 6.11B, yellow arrows). Detachment of the lining epithelia
in collecting ducts and uteric bud segments was also apparent (Fig. 6.11B,

black arrows).

Indirect IF processing of tissue using pan-LMantibodies revealed LM
localization to be largely unchanged (Fig. 6.11C). However, ultrastructural
examination by transmission electron microscopy not only identified that the
majority of extravascular red blood cells present in the tissue were outside of
capillary structures (Fig. 6.12A), but also that the BMs of capillaries appeared
disrupted in the LaNt a31 TG expressing animals (Fig. 6.12B).
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Figure 6.11. LaNt a31 overexpression leads to epithelial detachment, tubular dilation and interstitial
bleeding in the kidney. A) Representative images of whole kidneys of newborn UbCLaNta31::R26CreERT2
mouse kidneys from non-expressing littermate controls (top) or LaNt a31 TG expressing animals (bottom). B)
Representative images of H&E stained FFPE sections (5 um) of newborn littermate controls of LaNt a31 TG
expressing mouse kidneys. Right column shows areas of increased magnification. Black arrows point to areas of
epithelial detachment. White arrows point to tubular dilation. Yellow arrows point to areas of interstitial bleeding. C)
FFPE sections (5 pm) from littermate controls or LaNt a31 TG expressing animals processed for
immunohistochemistry with pan-laminin polyclonal antibodies. Right column shows areas of increased

magnification. Scale bars = 100 pm.
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LaNt a31 TG expressing

red blood cells

expressing kidney, extensive red blood cell infiltration is labelled. Scale bar = 10 pm. B) Transmission electron

micrographs of littermate controls and LaNt a31 TG expressing capillary structures. Asterisks indicate red blood
cells. Scale bars 1 pm.
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6.2.8. LaNt a31 overexpression disrupts epidermal basal cell layer
organization.

Histological examination of the dorsal skin of the LaNt a31 TG expressing
mice revealed localised disruption of the epidermal basal cell layer, with a
loss of the tight cuboidal structure of the stratum basale (Fig. 6.13A). Basal
layer disruption was also observed in the outer root sheath of the hair
follicles (Fig. 6.13A). There was no evidence of blistering at the dermal-
epidermal junction. However, extravascular erythrocytes were observed

through the skin (Fig. 6.13A, yellow chevron).

Indirect IF processing revealed that the localization of LM a5, LM332, and
type IV collagen was unchanged in LaNt a31 TG expressing animals, though
increased immunoreactivity of LM a5 was observed (Fig. 6.14A,B). This
increase in immunoreactivity was also observed in samples processed with a
pan-LMantibody (Fig. 6.14B). The immunoreactivity of LM a4 appeared
unchanged in vessels; however, LM a4 was also detected at the dermal-

epidermal junction in LaNt a31 TG expressing animals (Fig. 6.14A).

A Skin H&E Epithelium Follicle
Littermate control . ] d

Figure 6.13. LaNt a31 overexpression disrupts epidermal-dermal cell organization. A) H&E staining of FFPE
sections (5 pm) of newborn UbCLaNta31::R26CreERT2 transgenic mice dorsal skin. Upper panel non-expressing

littermate controls, lower panels LaNt a31TG expressing animals. Yellow chevrons indicate areas of extravascular
erythrocytes. Middle and right columns show increased magnification of the epithelium or hair follicles respectively.

Yellow arrows indicate basal layer of epithelial cells. Scale bar = 100 pm.
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Figure 6.14. Indirect immunofluorescence staining for of LaNt a31 transgenic mouse skin. A) Littermate
controls (left) or LaNt a31 TG expressing OCT sections (10 pm) processed for immunohistochemistry with anti-
laminin 111 (pan-LM), anti-laminin a4 (LM 04), 910 anti-laminin a5 (LM a5), anti-laminin 332 (LM332) and anti-Type
IV collagen (Col 1V). Scale bar = 50 um. B) Mean gray intensity of immunofluorescence intensity of different anti-
laminin antibodies at the dermal-epidermal junction. Each box and whisker plot represents at least ten individual

measurements.
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Ultrastructural analyzes of the dermal-epidermal junction revealed no major
disruption to the BM but some subtle differences. Specifically, in the LaNt
a31 TG specimens, hemidesmosomes were larger (Fig. 6.15A, chevrons,
Fig. 6.15B, littermate median 0.11 95%CI 0.09-0.12 um, LaNt a31 TG
median 0.26 95%CI 0.24-0.28 um, p<0.001 Mann-Whitney test).
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Figure 6.15. LaNt a31 overexpressing mice possess fewer, but larger, hemidesmosomes. Transmission
electron micrographs of littermate control or LaNt a31 TG expressing skin sections imaged at the dermal-epidermal
junctions. Chevrons indicate hemidesmosomes. Scale bar = 0.5 pm. B) Box and whisker graphs of quantification of
hemidesmosome number per pm of basement membrane (n=12 and 17 images), and of size of the hemidesmome
measured as the length of the electron dense plaque at the cell membrane (n=67 and 81 hemidesmosomes). Boxes

represent 25th -75th percentile with line at median, whiskers 5th and 95th percentile. Dots represent outliers.

132



6.2.9. Mice expressing the LaNt a31 transgene display structural differences
in the lung and a reduction of hematopoietic colonies in the liver.
Erythrocytes were present throughout the lung tissue (Fig. 6.16) and liver
tissue of transgene expressing animals (Fig. 6.17A). Structural differences
were also apparent in the lungs, although it should be noted that the lungs of
PO mice were not inflated prior to fixation and are not ideal for direct
comparison. Mice expressing LaNt a31 displayed fewer, and less densely
packed alveolar epithelial cells (Fig. 6.16).

The livers of mice expressing the LaNt a31 transgene exhibited a reduction
in hematopoietic foci (Fig. 6.17A, B, yellow arrows). This reduction
corresponded to a >33% reduction of total cell number (mean = SD
nuclei/mm? littermate controls = 11.0 £ 0.52, LaNt a31 expressing = 5.8 +
0.50, p = < 0.0001 determined by unpaired t test; Fig. 6.17C, D). The bile
ducts, sinusoid endothelium and hepatocyte morphology were histologically

unchanged.
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Lung H&E

Figure 6.16. Mice expressing the LaNt a31 transgene display structural differences in the lung. H&E staining
of FFPE sections (5 pm) of newborn UbCLaNta31::R26CreERT2 transgenic mice lungs. Yellow boxes indicate

areas of increased magnification of the alveolar epithelium.
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Figure 6.17. LaNt a31 transgenic mice display a reduction of hematopoietic colonies in the liver. A) H&E
staining of FFPE sections (5 pm) of newborn UbCLaNta31::R26CreERT2 transgenic mouse liver. Upper panel non-
expressing littermate controls, lower panels LaNt a31 TG expressing animals. Right columns show increased
maghnification. Yellow arrowheads highlight areas of increased cell density. Scale bars = 100 um. B) DAPI staining
of littermate controls or LaNt a31 TG expressing mouse livers. C) Representative image analysis method of
determining nuclei count. D) Quantification of nuclei. Each point represents the mean of the quantification of
nuclei/mm? from 2 separate microscope slides at different sectioning depths per mouse.
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6.3. Discussion

6.3.1. Synopsis

This study has demonstrated that LaNt a31 overexpression ubiquitously
during development is lethal, causing widespread blood exudate throughout
most tissues as well as changes to the tubules of the kidney and the basal
layer of the epidermis, depletion of hematopoietic colonies in the liver, and
evidence of BM disruption at the dermal-epidermal junction. These findings
substantiate the prior in vitro and ex vivo work that have implicated LaNt a31
in the regulation of cell adhesion, migration, and LM deposition5%:53251, The
findings described in this chapter provide the first in vivo evidence that this
little-studied LAMAS3-derived splice isoform and newest member of the
laminin superfamily has biological importance in BM and tissue formation

during development and provide a valuable platform for onward investigation.

6.3.2. LaNt a31-mediated LM network disruption as a cause of the transgenic
mouse phenotype

There are several plausible overlapping reasons that can explain the
phenotype. As LM network assembly requires binding of an a, g and y LN
domain®47:50.56.331 "the presence of an a LN domain within LaNt a31 could
influence LM-LM interactions and therefore BM assembly or integrity. Indeed,
LaNt a31, contains a perfect match to the LM a3b LN domain and
biochemical assays have shown that the LM a3b LN domain is the most
potent of the LM LN domains at disrupting LM111 polymerization in vitro*®.
Consistent with network disruption, much of the LaNt a31 TG phenotype
resemble those from mice where LM networks cannot form due to LN

domain mutations®47:50.56,331

Specifically, here | propose a mechanism whereby overexpression of the
LaNt a31 protein is disrupting BMs through inhibition of network formation by
competing for aLN domain interactions. In comparison with other LN-domain
specific mutant lines, the LaNt a31 TG expressing animals BM-associated
defects are somewhat similar although the overall effect is more severe and

affects more tissues than each individual LN mutant line as anticipated by
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the more widespread expression of the transgene driven by UBC and R26

promoter activities.

No LaNt a31 KO mouse lines exist to date. Indeed, due to the complex splice
regulation of the LAMAS3 gene, it is not currently possible to knock out LaNt
a31 without causing a total LMa3b KO. Work is ongoing to uncover the
elements regulating LAMAS3 gene splicing, which may allow a LaNt a31 KO
line to be generated in future. Despite this, many of the phenotypic features
of LaNt a31 overexpressing mice mirror what is observed in other LM mutant

mice.

The LaNt a31-overexpressing transgenic animals die at birth and exhibit a
range of BM-related defects across multiple tissues. When comparing this to
studies using non-polymerising LM a5 it is plausible that the isoform
specificity of the LM a5 LN mutant mice, whilst having a similar cause behind
the phenotypes (inability for LM network to polymerise), prevents these mice
from exhibiting the same catastrophic phenotypes seen in the LaNt a31
transgenic mice. That is to say, the global expression of LaNt a31 means
that the LaNt a31 LN domain, homologous to the LM a3B LN domain, means
that there is the potential to compete with any a LN domain, or disrupt any
network work the LaNt a31 LN domain has a binding affinity to the relevant 3

and y LN domains.

Transgenic mice harbouring the analgous mutation (R291L) were generated
using CRISPR-Cas9, and LM a5 LN domain mutants were born at term with
some animals surviving for weeks or months after birth8. The LM a5 LN
domain mutant mice exhibited defective lung development and vascular
abnormalities in the kidneys33?, which are similar to the defects observed in
the LaNt a31 transgenic mice. Although the severity of the LM a5 mutant
mice phenotype was varied, a number of transgenic animals died peri- or
neonatally?®. Out of seven homozygous mice, five were found dead at or
shortly after birth, one mouse died at P15, and the other survived until four
months of age. Both surviving mice were smaller than their littermates. Mice
that had died at or around birth had empty stomachs, indicating that they had
not fed*8,
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LaNt a31 transgenic mice share kidney defects observed in LM a5 LN
domain mutant mice. LM521 is a major component of the glomerular BM,
and a lack of polymerization here, as well as in other BMs, would likely
defects in glomerular BM integrity and renal function. Indeed, TEM
examination of the glomerular BM of E18.5 LM a5 transgenic mouse kidneys
revealed intermittent areas of BM disorganization®®. Due to the severity of
the phenotype, further studies of renal phenotype in aged mice was not
possible. The kidney defects here resemble those seen in LaNt a31

overexpressing mice, alluding to a similar mechanism behind the phenotype.

The defects observed in the glomeruli of the LM a5 LN domain mutant mice
were largely vascular, which becomes particularly interesting when we begin
to compare the phenotype with the LaNt a31 overexpressing mice. Although
both the LaNt a31 transgenic mice and the LM a5 LN domain mutant mice
exhibit somewhat similar defects, particularly when assessing kidney BMs by
TEM, the phenotypes are not directly comparable.

Similarities between LaNt a31 transgenic mice and LM a5 LN domain mutant
mice point towards a network disrupting role for LaNt a31. For example, in
LM521 containing networks in LM a5 LN domain mutant mice, network
disruption occurs because of the inability of the aLN domain to facilitate
polymerization. Similarly, overexpression of LaNt a31 in LM521 containing
networks would allow the LaNt a LN domain to compete for aLN interactions
with the native LM a5 LN domain. Though through different mechanisms, it is
easy to imagine how this could result in similar organizational changes and
therefore similar phenotypic changes, discussed further in the next chapter.
This represents two different causes behind a disruption of LM511 or 521
networks.

6.3.3. Does LaNt a31 play a role in vascular homeostasis?

LaNt a31 OE mice may exhibit phenotypes on any LM network containing
compatible B and y LN domains, such as the case with LM411. LM411 is
expressed throughout all haem and lymphatic vessels, and is the main

vascular LM throughout development and vasculogenesis, and one might
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have anticipated that the LaNt a31 LN domain could compensate for the
“missing” a LN domain in the vasculature and stabilise the weak, transient By
LN dimers made by the LM B1 and y1 LN domains*/°%:56, However, the
observed phenotype of blood exudate throughout the mouse tissues and
capillary BM disruption evident by TEM suggests instead indicates that the
LaNt a31 has a disruptive rather than stabilising role. Additionally, previous
studies have shown that the LM y2 LN domain can increase vascular
permeability and is implicated in aberrant vascular functions in cancer
tissues333, so a vascular leakage defect caused by LN-domain containing
proteins are not unprecedented.

6.3.3.1. LaNt a31 could disrupt vascular LM511 networks

One possible explanation for this indeed relates back to the complex
composition of BM LMs in the vasculature. In lymph and early blood vessels,
LM411 is the main BM component, but as vessels mature LM511 is
produced and becomes part of the vascular BM. Whereas LM411 is a ‘two-
headed’ LM, containing only a 31 and y1 LN domain, LM511 is able to
polymerise as it can form the apy ternary node. Previous elegant studies has
shown that endothelial LM a5 contributes to junctional tightness, inhibiting T-
lymphocyte migration into the brain and inhibits general leukocyte

transmigration both directly and indirectly*56:334,

Overexpression of LaNt a31 indeed provides a scenario whereby the areas
of LM511 networks in the vasculature are disrupted due to competition with
the LaNt a31 LN domain, leading to a weakened basement membrane in
areas where LM511 would normally be inhibiting cell migration through the
vessel walls, providing a simple yet incomplete explanation of why vascular
leakage is observed in LaNt a31 transgenic animals. This explanation
however only addresses the physical mechanisms through which LaNt a31

may act in a disruptive manner.

LMs have been implicated in cell signalling in a great number of situations,
ranging from development to disease situations, largely mediated through
integrin binding. LM511 affects endothelial barrier function by stabilizing VE-

cadherin at junctions and downregulating expression of CD99L2, correlating
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with reduced neutrophil extravasation®®. Binding of endothelial cells to
laminin 511, but not laminin 411 or non-endothelial laminin 111, enhanced
transendothelial cell electrical resistance (TEER) and inhibited neutrophil
transmigration'®6. Data suggest that endothelial adhesion to laminin 511 via
B1 and B3 integrins mediates RhoA-induced VE-cadherin localization to cell-
cell borders, and while CD99L2 downregulation requires integrin p1, it is
RhoA-independent*®®.

Though it appears that disruption of the LM511 network would have both
direct and indirect consequences for cell migration through vessels, it
becomes more difficult to envisage the effects of LaNt a31 binding would
casue in LM411 networks. LM a4 lacks an LN domain, so the LM411
heterotrimer posses only B and y LN domains. LaNt a31 possesses the
domains to bind to 81 and y1 LN domains. Indeed, current models of
LMternary node formation state that first LMs assemble into a B-y dimerin a
rapid interaction and is then stabilised by the a LN domain, forming the
ternary node. Based on this, LaNt a31 would in theory provide the necessary

a LN domain to form a stable complex.

LaNt a31 transgenic mice share some phenotypic resemblance to Lama4
null mice3%. Absence of LM a4 weakens the capillary BM, and consequently
ruptures the microvascular walls causing haemorrhages as demonstrated by
bleeding throughout embryonic development33. Specifically, in Lama4 null
mice, haemmorhages could be observed in E11.5 mice, but were most
apparent in newborn mice, possibly aggravated by the physical stress of
parturition, and authors of the study observed that haemorrhages were
concentrated in the soft tissues of the head and lower back; tissues which
are subject to heavy mechanical stress during delivery33>. Though mortality
in the first 2 days after birth in Lama4 null mice was only slightly elevated,
the haemorrhaging described is similar to what is observed in LaNt a31

transgenic mice.

The less severe phenotype observed in Lama4 null mice compared to LaNt
a31 transgenic mice may be explained by finding that these mice expressed

normal LM a5, and mice lacking LM a4, show a compensatory even
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distribution of laminin 511 in all endothelial cell basement membranes. It
remains to be seen why in both these scenarios (Lama4 null vs LaNt a31
OE) transgenic mice are born with varying degrees of visible haemorrhaging.
Despite this, disruption of the normal LM411 network could be a cause of the
haemorrhaging phenotype, which illustrates that vascular BM interactions

and homeostasis are even more complex than is currently thought.

6.3.3.2. Does LaNt a31 fine-tune vascular BMs?

For what reason would LaNt a31 have evolved in the context of vascular
regulation? Indeed, an alternative splice isoform generated through a
complex process of intron retention and alternative polyadenylation would
provide a mechanism for the fine-tuning of BMs, especially if small amounts
of LaNt a31 could cause profound effects on the surrounding contextual
microenvironment. In this study the UbC promoter was used to replicate
more physiological levels of overexpression, rather than a strong promoter
such as CMV or CAG. Even with this, a deleterious phenotype is observed,
illustrating how potent LaNt a31 can act upon the vasculature. Considering
LaNt a31 is expressed in normal vasculature, it is situated in a position to
play a role in vessels. Increased levels of LaNt a31 may provide a
mechanism where vasculature can be temporarily weakened or disrupted to
allow for extravasation of immune cells in times of inflammation or infection,

without major changes in gene expression.

6.3.4. LaNt a31 acting in a non-disruptive manner

Within the model of LaNt a31 inhibiting LM network assembly, there remains
the question of how LaNt a31 influences tissues where there the expressed
LMs do not contain an a LN domain, and therefore are not able to
polymerise®. For example, The LM composition present within vessel BMs
during development and lymph vessels is rich in the non-polymerising LM411
122,157,270 Here it should be noted that transgenic mice expressing the potent
LM network disrupting protein netrin 4 under the control of the K14 promoter
were born smaller, redder, and with increased lymphatic permeability?*”.
Whereas netrin 4 can only disrupt, as it lacks one of the necessary LN
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domain binding regions, LaNt a31 contains a perfect LN domain, endowing it
with the ability to either compete for LN-LN interactions, or indeed stabilise
LM networks in situations where the LM isoforms do not possess afy LN
domains. Out of the 12 LM chains, LMs a3A, a4, and y2 do not possess LN
domains. This leads to LMs 3A32 lacking an a and y LN domain, and LM411
lacking just an a LN domain. In these situations LaNt a31 may replace the

‘missing’ a LN domain and help to stabilise networks.

6.3.5. LaNt a31 may play a role in cell signalling

It is also possible that the LaNt a31 transgene effects represent a signalling
rather than structural role. Integrin-mediated signalling from LaNt a31-like
proteolytically released LN-domain containing fragments from LM a3b, a1,
and B1 chains have been reported’”-"® and some aspects of the
UbCLaNt::R26CreERT2 phenotype are consistent with LaNt a31 acting in
this way. For example one of the most striking phenotypes observed in the
LaNt a31 transgenic mice was depletion of hematopoietic colonies in the

liver, an essential stem cell niche during development336-338,

Integrins a6 and 1 are highly expressed in hematopoietic stem cells, and
are central to the process of migration both in and out of the fetal liver33%-341,
A netrin 4/laminin y1 complex has been shown to signal through the integrin
a6B1 receptor to ERK1/2 and regulate neural stem cell proliferation and
migration®®. LaNt a31 is also enriched in human and porcine limbal stem cell
niche of adult corneas, with expression further upregulated upon ex vivo
stem cell activation and wound repair®3. While these combined data suggest
that direct signalling effects are possible with LaNt a31 binding to cell surface
receptors, indirect effects are also probable. The biological activity of the

LaNt a31 C-terminus is currently unknown.

6.3.5.1. LaNt a31 C-terminus signalling

We do not at this moment know of the signalling capabilities of the C-
terminus of LaNt a31. If indeed LaNt a31 forms a ternary node complex with
LM411, the question remains whether or not the exposed C-terminus of Lant

a31 plays a role in signalling which could add further Though speculative,
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any binding of LaNt a31 to existing LMnetworks would not only modify the
network and the subsequent biological activity, the C-terminus of LaNt a31
would also be present and may bind to as of yet unidentified receptors,
further modifying cell or tissue behaviour.

6.3.6. Growth factor sequestration

Altering ECM structural organization changes cell signalling through various
avenues such as through changing the presentation of ligands or by directly
cleaving aspects of the ECM or bound growth factors allowing them to affect
tissues outside of the ECM342344, The ECM may sequester many different
growth factors such as epidermal growth factor (EGF), fibroblast growth
factor (FGF) and other signalling molecules (such as WNTs, transforming
growth factor- (TGFB) and amphiregulin). ECM degradation or
reorganization may also begin a feedback loop whereby components
released through ECM cleavage also regulate ECM architecture and
influence cell behaviour. Moreover, cells are constantly rebuilding and
remodelling the ECM through synthesis, degradation, reassembly and
chemical modification34>. These processes are complex and need to be
tightly regulated to maintain tissue homeostasis, particular during

development and in response to injury and inflammation346.

6.3.7. LaNt a31 as a regulator of stem cell niches

Indeed, LM networks are critical for maintaining progenitor cell “stemness”
167,347-349 Dissecting the direct versus indirect roles of LaNt a31 in intact
tissue contexts is now a priority and the new transgenic line provides a
valuable resource to facilitate those onward investigations. As alluded to
above, LaNt a31 transgenic animals display a reduction in hematpoietic stem
cell colonies in the liver. Whether this is due to vascular leakage or signalling
defects is currently unknown, though both provide plausible explanations.
The main LMreceptor are the integrins. Any changes in integrins may lead to
a cascade of signalling and mechanical defects within cells and tissues, the

effects of which would be amplified during development.
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During development the liver acts as the main reservoir for hemaopoietic
stem cells, before the cells migrate into the bone marrow in late development
and after birth. The consequences of defective integrin signalling in relation
to fetal hematopoietic stem cells are obvious. The 1 integrin subunit in fetal
hematopoietc stem cells is involved in colonization of the fetal liver, spleen,
and bone marrow. Migration, but not the differentiation, of hematopoietic
stem cells into these tissues is impaired in animals lacking the 31 integrin
subunit340. Integrin B1 is expressed as a dimer with integrin a6 in the liver
and is highly expressed, and this integrin has been shown to be the one of
the main receptor for LMs 411, 511, and 5213°°. A LaNt a31-induced change
in organization of these LMs may indeed have knock-on effects for integrin-
mediated signalling and in turn have consequences for the migration of

hematopoietic stem cells.

Outside of the liver, LMs play an essential role in maintaining almost every
stem-cell niche in both development and during normal homeostasis.
Recombinant LMs are commonly used as a differentiation substrate in 2D
and 3D cell cultures, and simply the LM isoform used can determine the fate
of multipotent or pluripotent stem cells. On top of this, LMs are often used to
maintain the stemness of cells in culture. In animals, of course the role of
LMs is far more complex, though it is easy to see that a disruption of LM
networks caused by overexpression of LaNt a31 may lead to negative

consequences.

So far, we cannot determine which effects seen in LaNt a31 transgenic mice
are caused by physical, signalling, or a combination of both possibilities.
Even in the skin of LaNt a31 transgenic mice, the difference observed in the
skin and keratinocytes may be related to differentiation defects. It is now a
focus points of future work to determine the specific binding partners of LaNt
a31, and to biochemically determine the effects of LaNt a31 on
polymerization. Partnering this, it ascertaining the signalling capabilities of
the LaNt a31 protein will be of paramount importance for our understanding

of the significance of LaNt a31 in wider BM and ECM biology.
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6.3.8. Conclusion

Moving forward, the role of LaNt a31 can now be determined in a tissue and
context specific manner. Considering the widespread expression of LaNt
a31%2, and the dramatic effects observed in this study, it is now important to
determine effects in adult animals in normal conditions and following
intervention and under lineage specific control. These studies should also
include tissues where no overt LaNt a31-induced phenotype was observed.
For example, although we did not observe muscle effects in these animals,
LM network integrity is critical to muscle function, with the effects of LMa2 LN
domain mutations or deletions developing muscular dystrophy and peripheral
neuropathy with time3%1-3%3; therefore, longer-term studies may reveal further

phenotypes once tissues are placed under stress.

Inherited disorders driven by variants to a LN domain have robustly
established that LN domains are important for tissue function142.181,193,212,332
However, the findings here add a new layer to this regulation. LaNt a31 is a
naturally occurring protein generated from a laminin-encoding gene via
alternative splicing. The findings here now show that LaNt a31 is functional
within a biological context. This is important as it raises the possibility of
active regulation of LaNt a31 production via control of the splicing event as a
mechanism to influence BM assembly/disassembly or matrix-signalling by
titrating LaNt a31 levels®!. Alternative splicing rates often change in normal
situations during development and tissue remodelling, or in response to
damage such as in wound repair, and are frequently dysregulated in
pathological situations including frequently in cancer3>4-3%6, Considered in this
way, the finding the LaNt a31 is biologically active in vivo has exciting and

far-reaching implications for our understanding of BM biology.
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Chapter 7: Final summary

The findings described in this thesis all point towards LaNt a31 being an
potent disruptor of normal tissue homeostasis and mammalian development
when overexpressed. Indeed, the dramatic phenotype observed in OSE and
OCE models in chapter 5, and the phenotype of the transgenic mice in
chapter 6, underline the biological significance of LaNt a31. The work
presented in this thesis should serve as a springboard for future studies
rather than an endpoint, and although this research represents a significant
contribution to the field of ECM biology, it is clear there are many questions

that remain unanswered.

The phenotypes seen in different tissues of the LaNt a31 overexpressing
mice all point towards a disruption of LM network integrity. It is unknown at
this stage the precise molecular mechanism behind this, but here | present

the following models of LaNt a31-mediated BM membrane disruption.
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7.1 The role of LaNt a31 in 3 LN domain-containing networks

A Normal levels of LaNt a31

LN

\ LaNt a31

X

Excess LaNt a31 competes with a LN domains and partially weakens network, reduces BM stiffness, but does not
lead to major structural disruption. May create localised pores. (eg. LM 211 in muscle, LM 111 in development)

Figure 7.1. Proposed model of LaNt a31 interactions at normal levels and in excess in 3 LN domain

containing LM networks. A) Normal levels of LaNt a31 contributes to normal BM homeostasis. B) Excess levels of
LaNt a31 competes for with a LN domains and partially weakens LM network. Yellow boxes highlight comparable
areas between A) and B). Yellow arrowhead points to a ternary node where LaNt a31 is preventing normal LM

binding.

LaNt a31 is likely to play different roles in different tissue BMs depending on
the LM composition. It is rarely the case that any single BM contains entirely

one single isoform, and it is this interplay of different LM isoforms that
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contributes to the complexity of BMs. If we consider a 3 LN domain network,
such as LM211 in muscle or LM111 during development, it is possible that at
normal levels, LaNt a31 is a part of the network and is required to modulate
the stiffness of the BM (Fig. 7.1A). In situations where LaNt a31 is
overexpressed, however, the increased concentration of LaNt a31 may
compete for a LN domain interactions, reducing BM stiffness and creating
larger, localised pores?#®. Despite this, network polymerization would still be
possible, and one would not observed major structural disruption (Fig. 7.1B).
Because LM polymerization would still be possible to an extent, this is
perhaps why although LaNt a31 mice were not viable at birth, they continued

to develop after transgene induction.
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7.2 The role of LaNt a31 in 2 LN domain-containing networks (venules,

veins)

A Normal levels of LaNt a31: LaNt a31 stabilises By interactions between LM 411 chains, compensating for the
lack of an a chain. Low levels of LM 511 creates bridges between rods of LM 411.

% LaNta3t
,}N\, ] r‘h\\x! 4"\"" ™
. K LM 511
x\x\/ x -\r‘\ /\ a7
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Excess LaNt a31 disrupts LM 511 ‘bridges’, resulting in a dramatically weakened BM and ‘leaky’ vessels.
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Figure 7.2. Proposed model of LaNt a31 interactions at normal levels and in excess in 2 LN domain
containing LM networks. A) Normal levels of LaNt a31 stabiles By interactions in LM411 networks. B) Excess
levels of LaNt a31 disrupts LM511 bridges, destabilising the BM and compromising vessel structure. Yellow boxes
highlight comparable areas between A) and B). Yellow arrowhead points to a ternary node where LaNt a31 is

preventing normal LM binding.

One of the prominent phenotypic features of LaNt a31 transgenic mice was
the presence of blood exudate throughout multiple tissues. All vessels
contain LM411, and LM511 is present but greatly enriched in arteries and

arterioles. Previous datal30 and chapter 4 of this thesis have also
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highlighted that LaNt a31 is present throughout many vessels, indicating that
it is likely to play a role in these structures. | suggest that at normal levels,
LaNt a31 stabilises LM411 By interactions, compensating for the lack of an a
LN domain. Here, small amounts of LM511 creates bridges between the
LM411 polymers, allowing for normal tissue function (Fig. 7.1A). When LaNt
a31 is overexpressed in these tissues, the excess LaNt a31 competes for the
a LN domain interaction provided by LM a5, and destroys or prevents the
LM511 ‘bridges’ from linking LM411 polymers, resulting in a dramatically
weakened BM. It is because of this disruption ‘leaky’ vessels are observed in
the LaNt a31 transgenic mice. If this is the case, LaNt a31 would appear to

be an important modulator of vascular BMs, a role hitherto unexplored.
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7.3 The role of LaNt a31 in vessels with high levels of LM511 (arteries,

arterioles)

A Low levels of LaNt a31 allows integration of LM 411 into LM 511 network. More highly connected network is stiffer
and better able to resist stress..

% LaNta3t

LM 411

y o

B Excess LaNt a31 disrupts some connections, partially disrupts LM network but likely still retains function.
May see a phenotype at regions of high stress.
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Figure 7.3. Proposed model of LaNt a31 interactions at normal levels and in excess in 2 LN domain
containing LMnetworks. A) Normal levels of LaNt a31 allows integration of LM411 into networks of LM511. B)
Excess levels of LaNt a31 partially disrupts LMnetwork but the LMremains functional. Yellow boxes highlight
comparable areas between A) and B). Yellow arrowhead points to a ternary node where LaNt a31 is preventing

normal LM binding.

LM511 is also a component of some vessel, particularly in arteries or
arterioles. How the LM411 and LM511 isoforms integrate within these
networks is not yet fully understood, but here | propose a mechanism

whereby LaNt a31, at normal levels, allows the integration of LM411 into
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LM511 networks. On one hand, LaNt a31 may stabilise By interactions of
LM411 and LM511. On the other hand, LaNt a31 may compete for LN
domain interactions of the LM511 a chain, temporarily weakening the
network, and enabling integrations of LM411 into the network. With LaNt
a31, LM511, and LM411 all present, this provides a situation where a highly
interconnected network can form, which would hypothetically be stiffer than a
LM411 network alone and would be better able to resist stress (Fig. 7.3A).
When LaNt a31 is overexpressed in this situation, some disruptions of the
network may occur, but the combined LM511 and LM411 composition of the
network would likely still allow the network to retain its function, though a

phenotype may be seen at regions of high stress (Fig. 7.3B).

7.4 LaNt a31 is a potential mediator of BM stiffness, composition, and
architecture

The 3 models outlined above illustrate the role LaNt a31 may play in different
networks. The work in this thesis investigated the role of LaNt a31 during
development, but the models described may be extended to other situations.
If LaNt a31 can weaken networks, this could in turn affect the stiffness of BM.
It has long been known that changes in ECM stiffness regulate the hallmarks
of cancer®’, and it has been shown recently that specifically BM stiffness

determines metastases formation?46,

LaNt a31 is upregulated in invasive ductal breast cancer and changes the
mode of tumour invasion®®, and the models above may help to explain some
of the mechanisms behind this. LaNt a31 is upregulated in invasive ductal
breast cancer and changes the mode of tumour invasion®®, and the models
above may help to explain some of the mechanisms behind this. On top of
changing BM stiffness, by competing for a LN domain interactions, LaNt a31
may also change the architecture of BMs, introducing different pore sizes
and allowing different LM isoforms to integrate with one another. The
consequences of pore size and LM integration is hard to predict at this stage,
though it would likely affect receptor binding and cell extravasation through

networks, to name but two.
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7.5 Concluding remarks

Importantly, this thesis has shown not only that LaNt a31 is widespread in it's
distribution, but that the protein is biologically relevant in vivo, and normal
homeostasis is required for healthy tissue function and structure in vivo and

in 3D organotypic models.

Future research should now focus on the biochemical mechanisms behind
LaNt a31 mediated disruption, and indeed how this influences BM stiffness
and architecture. Furthermore, it is abundantly clear that LaNt a31 is present
within the vasculature. The role of LaNt a31 in vascular homeostasis and
angiogenesis should be uncovered, as doing so will greatly increase our

understanding of fundamental mammalian biology.

The importance of the LaNt a31 protein cannot be understated, as
dysregulation of LaNt a31 during development is lethal and causes
widespread tissue-specific defects, with a more severe phenotype than was
expected. When one considers that LaNt a31 is produced through a tightly
regulated process of intron retention and alternative polyadenylation>12%8,
one can only marvel at the elegance and complexity of how this splice
isoform may be a part of an elegant auto-regulatory mechanism that controls
the properties of LM networks. A protein that has such influence of BM
homeostasis, by extension, is a protein that is of major importance to

mammalian biology.
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Appendices
Appendix |: LaNta31-PAmCherry1l-P2A-Puro amino acid sequence and

protein alignments
LaNtoa31l-PAmCherryl-P2A-Puro

BETDTLLLWVLLLWYPGSTGDDPGAAAGLSLHPTYFNLAEAARTWATATCGERGPG
EGRPQPELYCKLVGGPTAPGSGHTIQGQFCDYCNSEDPRKAHPVTNATDGSERWWQ
SPPLSSGTQYNRVNLTLDLGQLFHVAYILIKFANSPRPDLWVLERSVDFGSTYSPW
QYFAHSKVDCLKEFGREANMAVTRDDDVLCVTEYSRIVPLENGEVVVSLINGRPGA
KNFTFSHTLREFTKATNIRLRFLRTNTLLGHLISKAQRDPTVTRRYYYSIKDISIG
GQCVCNGHAEVCNINNPEKLFRCECQHHTCGETCDRCCTGYNQRRWRPAAWEQSHE
CEACNCHGHASNCYYDPDVERQQASLNTQGI YAGGGVCINCQHNTAGVNCEQCAKG
YYRPYGVPVDAPDGCIRKFHFKLVYLSLCVLPQRSHQANFGSVNNFLHALSLQOSIS
CARYVTSVTYTVSLNFGFIACKWKTSDYKDDDDKYPYDVPDYAGSHVSKGEEDNMA
T IKEFMRFKVHMEGSVNGHVFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFTWDILS
PQFMYGSNAYVKHPADI PDYFKLSFPEGFKWERVMKFEDGGVVTVTQDSSLODGEF
TYKVKLRGTNEPSDGPVMOKKTMGWEALSERMY PEDGALKGEVKPRVKLKDGGHY D
AEVKTTYKAKKPVQLPGAYNVNRKLDITSHNEDYTIVEQYERAEGRHSTGGMDELY
KASGPTRTRPLVWVGSGATNFSLLKQAGDVEENPGPHTEYKPTVRLATRDDVPRAV
RTLAAAFADYPATRHTVDPDRHIERVTELQELFLTRVGLDIGKVWVADDGAAVAVH
TTPESVEAGAVFAEIGPRMAELSGSRLAAQQQMEGLLAPHRPKEPAWFLATVGVSP
DHQGKGLGSAVVLPGVEAAERAGVPAFLETSAPRNLPFYERLGFTVTADVEVPEGP
RTWCMTRKPGAR

155



Protein alignments for pLenti-LaNta31-PAmCherryl-P2a-Puro
LaNt a31 sequence

plenti-LaNta31l-PAmCherryl-P2A-puro sequence LaNtoa3l
sequencing alignment with original IgK-LaNtoa3l design

Seq 1 1 METDTLLLWVLLLWVPGSTGDDPGAAAGLSLHPTYFNLAEAARIWATATCGERGPGEGRP 60
FEEEEEE e et r e e e e e e e e e e e e e e e e e

Seq 2 1 METDTLLLWVLLLWVPGSTGDDPGAAAGLSLHPTYFNLAEAARIWATATCGERGPGEGRP 60

Seq_1 61 QPELYCKLVGGPTAPGSGHT IQGQFCDYCNSEDPRKAHPVTNAIDGSERWWQSPPLSSGT 120
FEEEEEE e e e e e e e e et e e e e e e e e e e

Seq 2 61 QPELYCKLVGGPTAPGSGHTIQGQFCDYCNSEDPRKAHPVTNAIDGSERWWQSPPLSSGT 120

Seq 1 121  QYNRVNLTLDLGQLFHVAYILIKFANSPRPDLWVLERSVDFGSTYSPWQYFAHSKVDCLK 180
Frrrrrrrerrrrrrerrrrrrer e e e e e e e e e e e e e
Seq 2 121  QYNRVNLTLDLGQLFHVAYILIKFANSPRPDLWVLERSVDFGSTYSPWQYFAHSKVDCLK 180

Seq 1 181 EFGREANMAVTRDDDVLCVTEYSRIVPLENGEVVVSLINGRPGAKNFTFSHTLREFTKAT 240

Frrrrrrrerrrrrrer e e e e e e e e e e e e e e e e e
Seq 2 181  EFGREANMAVIRDDDVLCVTEYSRIVPLENGEVVVSLINGRPGAKNFTFSHTLREFTKAT 240

Seq 1 241 NIRLRFLRTNTLLGHLISKAQRDPTVTRRYYYSIKDISIGGQCVCNGHAEVCNINNPEKL 300

FEEEEEE e e e e e e e e e e e e e e e e e e e e e
Seq_2 241  NIRLRFLRTNTLLGHLISKAQRDPTVTRRYYYSIKDISIGGQCVCNGHAEVCNINNPEKL 300

Seq 1 301 FRCECQHHTCGETCDRCCTGYNQRRWRPAAWEQSHECEACNCHGHASNCYYDPDVERQQA 360

FEEEEEE e e e e e e e e e e e e e e e e e e e e e
Seq 2 301  FRCECQHHTCGETCDRCCTGYNQRRWRPAAWEQSHECEACNCHGHASNCYYDPDVERQQA 360

Seq 1 361 SLNTQGIYAGGGVCINCQHNTAGVNCEQCAKGYYRPYGVPVDAPDGCIRKFHFKLVYLSL 420

FEEEEEE et et e et e e e e e e e e e e e e e e
Seq 2 361  SLNTQGIYAGGGVCINCQHNTAGVNCEQCAKGYYRPYGVPVDAPDGCIRKFHFKLVYLSL 420

Seq 1 421 CVLPQRSHQANFGSVNNFLHALSLQSISCARYVTSVTYTVSLNFGFIACKWKTSDYKDDD 480

FEEEEEr e e e e e e e e e e e e e e e e e e e e e
Seq 2 421  CVLPQRSHQANFGSVNNFLHALSLQSISCARYVTSVTYIVSLNFGFIACKWKTSDYKDDD 480

Seq_ 1 481 DKYPYDVPDYA 491

EERREREEN
Seq_2 481  DKYPYDVPDYA 491
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PAmCherryl sequence

plenti-LaNta31-PAmCherryl-P2A-puro sequence alignment to
PAmCherryl (Uniprot)

Similarity : 236/236 (100.00 %)

Seq 1 1 MVSKGEEDNMAI IKEFMRFKVHMEGSVNGHVFEIEGEGEGRPYEGTQTAKLKVTKGGPLP 60
FEEEEEE e e e e e e e e e e e e e e e e e e e e e
Seq 2 1 MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHVFEIEGEGEGRPYEGTQTAKLKVTKGGPLP 60
Seq_1 61 FTWDILSPQFMYGSNAYVKHPADIPDYFKLSFPEGFKWERVMKFEDGGVVTVTIQDSSLQD 120
FEEEEEE et e e e e e e e e e e e e e e e
Seq 2 61 FTWDILSPQFMYGSNAYVKHPADIPDYFKLSFPEGFKWERVMKFEDGGVVTVIQDSSLOD 120

Seq 1 121 GEFIYKVKLRGTNFPSDGPVMQKKTMGWEALSERMYPEDGALKGEVKPRVKLKDGGHYDA 180

Frrrrrrrrrrrrrrrr e rrr e e e e e e e e e e e e
Seq 2 121  GEFIYKVKLRGTNFPSDGPVMQKKTMGWEALSERMYPEDGALKGEVKPRVKLKDGGHYDA 180

Seq 1 181 EVKTTYKAKKPVQLPGAYNVNRKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK 236

CEEEErrrrr e e e e e e e e e e e e e e e
Seq 2 181  EVKITYKAKKPVQLPGAYNVNRKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK 236
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Appendix Il: LaNta31-T2A-tdTomato amino acid sequence

IETDTLLLWVLLLWVPGSTGDDPGAAAGLSLHPTYFNLAEAARIWATATCGERGPG
EGRPOPELYCKLVGGPTAPGSGHTIQGQFCDYCNSEDPRKAHPVTNAIDGSERWWQ
SPPLSSGTQYNRVNLTLDLGOLEFHVAYILIKFANSPRPDLWVLERSVDEGSTYSPW
QYFAHSKVDCLKEFGREANMAVTRDDDVLCVTEYSRIVPLENGEVVVSLINGRPGA
KNFTEFSHTLREFTKATNIRLRFLRTNTLLGHLISKAQRDPTVTRRYYYSIKDISIG
GOCVCNGHAEVCNINNPEKLFRCECQHHTCGETCDRCCTGYNQRRWRPAAWEQSHE
CEACNCHGHASNCYYDPDVERQQASLNTQGIYAGGGVCINCQHNTAGVNCEQCAKG
YYRPYGVPVDAPDGCIRKFHEFKLVYLSLCVLPORSHOANEFGSVNNELHALSLQSIS
CARYVTSVTYTVSLNFGEFIACKWKTSDYKDDDDKYPYDVPDYATGTREGRGSLLTC
GDVEENPGPGTINWDPATIVSKGEEVIKEFMRFKVRMEGSMNGHEFEIEGEGEGRP
YEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYKKLSEFPEGEFKW
ERVMNFEDGGLVTVTQODSSLODGTLIYKVKMRGTNEPPDGPVMOKKTMGWEASTER
LYPRDGVLKGETHQALKLKDGGHYLVEFKTIYMAKKPVQLPGYYYVDTKLDITSHN
EDYTIVEQYERSEGRHHLELGHGTGSTGSGSSGTASSEDNNMAVIKEEFMREFKVRME
GSMNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKH
PADIPDYKKLSFPEGFKWERVMNFEDGGLVTVTQODSSLODGTLIYKVKMRGTNEPP
DGPVMOKKTMGWEASTERLYPRDGVLKGEIHQALKLKDGGRYLVEFKTIYMAKKPV
QLPGYYYVDTKLDITSHNEDYTIVEQYERSEGRHHLFLYGMDELYK*
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Laminin Polymerization and Inherited
Disease: Lessons From Genetics

Liam Shaw', Conor J. Sugden' and Kevin J. Hamill*

Institute of Life Course and Medical Sciences, University of Liverpool, Liverpool, United Kingdom

The laminins (LM) are a family of basement membranes glycoproteins with essential
structural roles in supporting epithelia, 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, f and y chains that
assemble intracellularly. However, extracellularly these heterotrimers then assemble into
higher-order networks via interaction between their 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 therapeutic
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 basement membrane structure and function.

Keywords: laminin, netrin, Pierson sy MDC1A, | epidermolysis bullosa

INTRODUCTION

Basement membranes (BMs) are flexible 40-120 nm sheets that separates cells from underlying
connective tissue and regulate important cell behaviors such as cell polarity and migration,
metabolism, and in inducing differentiation (Paulsson, 1992). Most BMs consist of two layers; an
electron-lucent layer, lamina lucida comprised predominantly of laminins (LMs) and nidogens, and
an electron dense layer, lamina densa of type IV collagen (col IV) and perlecan (Paulsson, 1992).
BMs assemble through a multistep process, with the LM network assembling first (Kalb and Engel,
1991; Smyth et al., 1998; Li et al., 2002, 2005; McKee et al., 2007, 2009) via anchoring of the LMs
cell surface receptors (Kalb and Engel, 1991; Smyth et al., 1998; Li et al., 2002, 2005; McKee et al.,
2007, 2009). Anchorage increases local LM concentration, allows polymerization and recruitment
of other components to the LM scaffold.
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THE LAMININS

Laminins are an obligatory feature of every BM. Each LM is an
afy heterotrimer comprised of one of five a chains (encoded by
LAMAL1-5), one of four o chains (LAMBI1-4) and one of three y
(LAMCI1-3) chains (Aumailley et al., 2005; Domogatskaya et al.,
2012; Aumailley, 2013). Use of alternative promoters in LAMA3
gives rise to either the short LMa3A or the longer LMa3B form,
which are functionally and structurally distinct (Ryan et al,
1994; Ferrigno et al., 1997). Restrictions in heterotrimerization
potential means that only 16 afychain combinations are possible
(Paulsson et al., 1985; Engel et al.,, 1991; Nissinen et al., 1991;
Utani et al,, 1994). These are differentially expressed and play
context specific roles. For example, a1f1yl (LM111) is essential
for embryonic development and knockout of any of those genes
is not compatible with life, whereas a3AB3y2 (LM332) is highly
expressed in mature epithelial tissues and loss of function leads to
epidermal fragility.

The LM family has arisen by gene duplication and
rearrangement, and common structural motifs are shared
between members (Figure 1A). Archetypal LM chains consists of
a laminin N-terminal domain (LN domain) followed by rod-like
stretches of epidermal growth factor-like repeats (LE domains)
interspersed with globular domains (L4 or LF domains) and
followed by a coiled coil domain (LCC domain) through which
apy heterotrimers form (Paulsson et al., 1985; Engel et al.,
1991; Nissinen et al., 1991; Zimmerman and Blanco, 2007). In a
chains, the LCC domain is followed by five LM globular domains
(LG1-5), which harbor the highest affinity cell surface receptor
sites (Timpl et al., 2000). While this architecture holds true for
most LMs, not all chains contain all domains. Importantly, the
a3A, a4, and y2 chains contain shorter amino terminal arms
lacking LN domain (Aumailley et al., 2005; Hamill et al., 2009).

LN Domains

Laminin N-terminal domain are 252-264 amino acid globular
domains found not only in LMs but also other ECM proteins
including netrins. 14% of all residues in LN domains are
conserved with strict conservation of six key cysteines. There is
72% homology between LMal and LMa2, 77% between LMa3B
and LMa5, 72% between LMB1 and LMB2, and 64% between
LMyl and LMy3 LN domains. Lowest conservation is between
LMP3 and the B1 and B2 LN domains (38 and 42%, respectively)
(Garbe et al., 2002).

Laminins interactions have been studied over many
years with important early work establishing a “three-arm”
model; polymerization only occurs when all the constituent
chains contain LN domains (Yurchenco and Cheng, 1994;
Hohenester and Yurchenco, 2013). Moreover, interactions
must be heterotypic, involving an o, f and y LN domain
(McKee et al,, 2007). The assembly process is divided into a
temperature-dependent oligomerization step and a calcium-
dependent polymerization step. In vitro analyses have further
shown that the afy ternary node assembly involves rapid but
unstable formation of By pairs that are then stabilized through
integration of an «LN domain (Hussain et al., 2011; Figure 1B).
In line with the three-arm model, LMs that lack one or more
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LN domain cannot polymerize independently (Hohenester and
Yurchenco, 2013). 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 (Champliaud et al., 1996; Rousselle
and Beck, 2013). 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 VII collagen, nidogen binding to
the y1 LE repeats (Chen et al., 1997; Rousselle et al., 1997;
Rousselle and Beck, 2013).

The crystal structures of o5, Bl, yl LN domains have
been solved, and these combined with conservation of residues
between chains allows inferences as to which regions are
involved in domain folding and those involved afy ternary node
formation (Figure 1C). The crystals revealed a similar overall
structure of an antiparallel p sandwich with 8 § sheets forming
a jelly roll motif held in conformation by cysteines C200 and
C220 (Figure 1D; Hussain et al.,, 2011; Carafoli et al., 2012).
In the a5LN domain, two conserved motifs Patch 1 and Patch
2 are of particular relevance (Hussain et al., 2011). Patch 1
within the conserved B1-B2-B7-$4-p5 “back face,” consists of
E178, P189, R265, and R267. These residues are blocked by
a glycan attached to N148 (Hussain et al, 2011), suggesting
that Patch 1 plays a structural, non-polymerizing role (Carafoli
et al., 2012). Patch 2 is located across the $6-p3-p8 “front face,”
residues W132 and N168, and the B5-B6 loop, residues P229,
1230, and E231. Patch 2 is not glycosylated nor conserved
with B- or y-chains but is important for polymerization as
mutation of PLENGE residues in the B5-B6 loop all result in
inhibition of polymerization (Hussain et al., 2011; Carafoli et al.,
2012). The B-sandwiches of BILN and y1LN domains have
similar structure with the main differences in peripheral regions
(Carafoli et al., 2012). B1LN contains two particular regions of
functional importance: the Ba-Bb hairpin and the $7-a4 loop.
The Pa-Bb hairpin sits at the top of the domain with S80 a key
residue for B-yLN interactions (Purvis and Hohenester, 2012).
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 (Carafoli et al., 2012). Testing inferences about
residue function is a laborious task but elegant in vitro analysis
using LN domain- fusion proteins have been performed and
improve interpretation of clinical findings, discussed in context
below (McKee et al., 2018).

Laminin N-terminal domains, in addition to polymerization,
are implicated in cell adhesion, neurite outgrowth, perlecan,
heparin and heparan sulfate binding (Nielsen and Yamada, 2001;
Nomizu et al., 2001; Garbe et al., 2002; Kunneken et al., 2004).
The LN domain of LMal, a2, and o5 can interact with integrins
alpl, a2fl, and «3Pl, and presumed between LMa3b and
integrin «3p1 based on antibody inhibition (Pfaff et al., 1994;
Colognato et al., 1997; Ettner et al., 1998; Kariya et al., 2004;
Hozumi et al., 2012). These interactions are lower affinity than
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FIGURE 1 | (A) Diagrammatic representation of archetypal LM structure. Yellow ovals «LN domains, red = LN domains and blue = yLN domains. LE, laminin-type
EGF-like repeat; LCC, laminin coiled coil domain; LG, laminin globular domains. (B) Two-step laminin network bly. Secreted LMs iated with cell surface
receptors, predominantly via their LG domain regions, p — y LN domain interactions are then facilitated in a reaction with rapid on/off kinetics, then in the propagation
step p — y interactions are stabilized via incorporation of an «-chain leading to a stable cell-associated network. (C) Sequence alignments of LN domains from
human laminin chains, netrin-1 and netrin-4. Yellow, orange, and gray highlights indicated conserved cysteines, fully conserved residues, or partially conserved
residues. Magenta highlight identifies LENGE region. Red squares indicate pathogenic missense mutations. (D) Crystal structures 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 LMp1 with LMB2 equivalent in parenthesis. Crystal structures derived from Hussain
et al. (2011) and Carafoli et al. (2012) rendered using UCSF chimera (Pettersen et al., 2004). * = conserved residue, : = conservation of residues with strongly similar
properties, . = conservation of residues with weakly similar properties.
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LG domain interactions and likely are involved in localization to
allow polymerization rather than signal propagation.

Laminin LN Domains and Human Genetic

Disease

The importance of LN domains to tissue function becomes
apparent when the variety of LN domains mutations which lead
to human disease are considered. Each affected LM results in
a distinct set of syndromic disorders reflecting isoform-specific
distribution and functions (Table 1).

LAMB2 Mutations (Pierson Syndrome)

Pierson syndrome first described in 1963, is a severe congenital
nephrotic syndrome with eye abnormalities (Pierson et al,
1963), caused by mutations in LAMB2 (LMB2). LMB2 is highly
expressed in the glomerular basement membrane, multiple ocular
structures (lens, retina, and cornea), and neuromuscular synapses
(Hunter et al., 1989; Noakes et al., 1995; Libby et al., 2000;
Bystrom et al., 2006). In addition to the defining features
of congenital nephrotic syndrome that rapidly progresses to
end-stage renal failure, and microcoria, many patients develop
complications of motor delay, speech difficulties, intellectual
disability, and seizures (Bowen et al., 1964). Indeed, the spectrum
of LAMB2-related phenotypes is vast. The severest forms of
the disease are associated with knockout mutations, whereas
the majority of missense and indel mutations cluster to the LN
domain and result in milder forms of the disease (Table 1).

One of the earliest studied LMB2 LN mutations, R246W, is
characterized by severe end-stage renal disease and microcoria
(McKee et al, 2018). Similarly, R246Q, resulted in severe
glomerular abnormalities and impaired secretion (Chen et al.,
2011). Conservation of this arginine led to predictions that
mutations impair LM polymerization, and in vitro this mutant
polymerize substantially less effectively than the wild type
protein (Zenker et al., 2004). However, R246W also reduced
abundance of LM in BMs, likely due to disturbed protein
processing (Matejas et al., 2010). Together these data indicate
that this arginine has a role in protein folding. A second highly
studied missense mutation, S80R, affects the highly conserved
Ba-b and directly prevents LN-LN domain interactions with
polymerization disrupted in vitro (Matejas et al., 2010; Carafoli
et al., 2012; Purvis and Hohenester, 2012). Again, the importance
of this region was further highlighted by an adjacent V79del
patient (Matejas et al., 2006), presenting with milder symptoms
of atypical diffuse mesangial sclerosis, retinal detachment,
and myopia.

Other B2LN mutations with variable phenotypes include
H147R (Mohney et al., 2011), L139P (Matejas et al., 2010), D167Y
(Kagan et al., 2008), and S179F (Choi et al., 2008). Similar to
R26Q, H147R caused a partial reduction in polymerization ability
in vitro. L139P and D167Y mutations are near each other and are
predicted to affect LN domain folding, and together suggest this
region to be particularly sensitive to changes. L139P interferes
with the hydrophobic core, is associated with a particularly
severe phenotype. In contrast, the D167, and H147 result in
milder phenotypes.

Laminin LN Domains and Disease

LAMA2 Mutations - (Merosin-Deficient Congenital
Muscular Dystrophy Type 1A)

Mutations affecting a LN domains affect the stabilization step
of ternary node assembly. The best example is merosin-deficient
congenital muscular dystrophy type 1A (MDCIA), caused by
mutations to LAMA2 (LMa2) (Helbling-Leclerc et al., 1995). This
affects LM211 and LM221, the most abundant LMs in skeletal
muscles (Ehrig et al., 1990), peripheral nerves, astrocytes and
pericytes in the brain (Voit et al., 1995).

In LMa2 knockout conditions, MDCIA presents with
disabilities of the proximal and distal limb muscles, with patients
unable to walk more than a few steps unaided (Philpot et al.,
1995; Jones et al., 2001). Weakness in facial muscles result
in reduced sucking and swallowing capabilities, life-threatening
problems can arise from failure of the respiratory muscles
(Mendell et al., 2006), and cases with intellectual disability and
epilepsy have been reported (Philpot et al., 1995; Muntoni and
Voit, 2004; Mendell et al., 2006). In knockout situations, LM411
replaces LM211 in muscle basement membranes (Ringelmann
et al, 1999). LMo4 lacks an LN domain and is unable to
polymerize, resulting in a weakened BM. LMo4 and LMa2
also differ in their receptor binding interaction repertoire
and affinities (Talts et al, 2000), for example, LMu2 binds
integrin 71 whereas LMa4 cannot, and LMa4 has weaker
affinity for a-dystroglycan (Nishiuchi et al., 2006). Comparison
between missense mutations and knockout mutations allows
differentiation between polymerization and receptor-mediated
effects, although these inferences are complicated by not every
affected tissue expressing LM411.

Many mutations have been reported throughout LAMA2’s 65
exons in MDCIA and are cataloged in LAMA2 gene variant
database' (Oliveira et al., 2018). Again, the LN domain contains
a cluster of missense and in frame deletions (Patton et al.,
2008; Oliveira et al, 2018). For example, a point mutation
in the highly conserved CxxC motif, C79R, led to a milder
form of MDCIA, which affects the myelination of Schwann
cells in spinal roots and the stability of the skeletal muscles
(Patton et al., 2008). This amyelination was not attributed
to a change in abundance or mislocalization, and in vitro
assays confirmed a dramatic effect on LM polymerization
(McKee et al., 2018). 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
(Yurchenco et al., 2018; Table 1). 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
LMaz2 in intramuscular nerve, subtly depleted LMa2 expression
in muscle BMs and diffusely upregulated LMa5 expression (Chan
et al, 2014). To the other extreme, Q167P maps to near the
polymerization face, and consistent with this, causes a 60% drop
in in vitro polymerization capability. This leads to ambulatory
muscular dystrophy (McKee et al., 2018). More severe still,
G284R causes proximal weakness, with a loss of functional
gait with age accompanied by frequent falls, and epilepsy. The

'https://www.lovd.nl/LAMA2
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TABLE 1 | Pathogenic LN domain mutations.

Laminin LN Domains and Disease

Protein Mutation Effect Phenotype References
LMa1 Y265C LN interaction [mouse] Retinal vasculopathy Edwards et al., 2010
LMa2 C79R LM poly/fold® [mouse] mild muscular dystrophy Patton et al., 2008
c8eY fold® MDC1A Oliveira et al., 2018
Y138H LM poly? MDC1A Oliveira et al., 2008
W152G fold? Limb-girdle-type dystrophy Gavassini et al., 2011
S157F foldP MDC1A Geranmayeh et al., 2010
Q167P LM poly® Limb-girdle-type dystrophy Di Blasi et al., 2005
S204F fold® Mild muscular dystrophy, mild proximal weakness Chan et al., 2014
L243P fold® Mild MDC1A Gavassini et al., 2011
8277L fold? MDC1A Beytia Mde et al., 2014
G284R LM poly? limb-girdle~type dystrophy Gavassini et al., 2011
LMa5 R286L LM poly® Focal segmental glomerulosclerosis, hearing loss, craniofacial dysmorphism, Jones et al., 2020
limb development
LMp1 E215K LM poly® [fty) heart development defects Holifelder et al., 2014
V226E [fiy) heart development defects Holifelder et al., 2014
G286R [fly] heart development defects Hollfelder et al., 2014
LMp2 R246W R246Q LM Secretion/Fold End-stage renal disease, nephrotic proteinuria, diffuse mesangial sclerosis, Zenker et al., 2004;
focal and segmental glomerulosclerosis, microcoria, lens abnormalities, Hasselbacher et al., 2006;
nystagmus hypotonia, cognitive defects, muscle delay Bredrup et al., 2008;
Matejas et al., 2010
V79del LM poly? Retinal detachment, cataracts, progressive vision loss, diffuse mesangial Matejas et al., 2006
sclerosis, end-stage renal disease
S80R LM poly® Nephrotic proteinuria, atypical diffuse mesangial sclerosis, myopia, retinal Matejas et al,, 2010;
detachment. [mouse S83R] Detrimental on Alport syndrome background Funk et al., 2018
H147R LM fold? Nephrotic proteinuria, diffuse mesangial sclerosis, proliferative Mohney et al,, 2011
glomerulonephritis, hypertension, heart failure, microcoria, retinal detachment,
lens abnormalities
D167Y LM Secretion® End-stage renal disease, myopia, retinal detachment, severe visual impairment Kagan et al., 2008
L139P LM foldP Diffuse mesangial sclerosis, lens abnormalities, severe visual impairment, Matejas et al., 2010
hypotonia, muscle delay, cognitive deficits
S179F LM fold? End-stage renal disease, focal and segmented glomerulosclerosis, retinal Choi et al., 2008
detachment, severe visual impairments
LMp3 E210K Splicing® + fold? Skin fragility, nail dystrophy, alopecia Mellerio et al., 1998

Ppredicted ®confirmed in vitro assays.

mutation effect is yet to be confirmed but predicted to inhibit LM
polymerization (Gavassini et al., 2011).

LAMAS Mutations (Kidney, Craniofacial, and Limb
Development Syndrome)

LMas5 is almost ubiquitous to all adult BMs. Unsurprisingly,
knockout mice die before birth with a failure in neural tube
closure, and no human knockouts have been reported (Miner
et al,, 1998). However, a patient with R286L in LMu5 LN
has been identified. They presented with a complex syndromic
disease characterized by defects in kidney, craniofacial and
limb development (Jones et al., 2020). The affected residue lies
adjacent to the conserved PLENGE sequence required for LM
polymerization (Hussain et al, 2011), and R286L abrogated
in vitro polymerization potential (Jones et al., 2020). We cannot
compare the LN mutation against knockout; however, a patient
with V3140M, in the LG3 domain has been reported (Sampaolo
et al,, 2017). Both the LG3 mutation and R286L lead 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.

LAMB3 Mutation (Junctional Epidermolysis Bullosa)

LMB3 is expressed in most epithelial tissues where it forms part
of LM3a32 and LM3b32 (Matsui et al., 1995; Ferrigno et al.,
1997). The resulting heterotrimers have either one or two LN
domains and are unable to polymerize independently (Yurchenco
and Cheng, 1994; Cheng et al, 1997). One would assume
that LN domain mutations are tolerated for this LM chain.
However, patients were identified where the pathogenic mutation
caused E210K, which gives rise to a phenotype of trauma-
induced blisters, nail dystrophy and alopecia (mild junctional
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epidermolysis bullosa) (McGrath et al., 1995; Mellerio et al., 1998;
Posteraro et al., 2004). In comparison, homozygous knockout of
LM§B3 leads to much more extensive skin blistering complications
and early lethality (Pulkkinen et al., 1994; Kuster et al.,, 1997;
Ryan et al., 1999; Meng et al., 2003).

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, and no detectable
LMB3 in the skin. However, in humans, miss-splicing has been
reported for some, but not all patients, which can be rescued
by second-site mutations (Pasmooij et al., 2007). Numerous
alternative splice products are produced, including some full-
length transcripts. Modeling of the E210K mutation indicates it
is unlikely to be required for laminin polymerization but also is
not predicted to affect protein folding or secretion (Mittwollen
et al,, 2020). The most common in-frame deletion is predicted
to remove several of the central B-strands and disrupt the fold.
Overall, the evidence from these patients does not point toward
a LM polymerization 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 (Sakai et al., 2010). Here, the LN deleted versions displayed
subepidermal blistering, erosions, and prominent granulation
tissue, not associated with reduced LM332 deposition pointing
LN domain roles beyond polymerization.

Non-human LN Domain Mutations

LMa1 is extremely important for developmental processes, with
knockout mice embryonic lethal. However, Y256C mice are
viable with retinal defects of vitreal fibroplasia, vascular tortuosity
and hypervascularization, and abnormalities to the retinal inner
limiting membrane (Edwards et al., 2010). No reduction in LMa1
was noted, and a two-hybrid screen identified the mutation affects
LN-LN interaction. Random mutagenesis in Drosophila has
identified three LN domain mutations in LMB1 that led to heart
developmental defects, E215K, V226E, and G286R (Hollfelder
et al,, 2014). Of these, E215K was tested in in vitro assays and
reduced polymerization (McKee et al., 2018).

LM Network Regulators: Netrin-4 and

LaNt 31

The netrins family of proteins are structurally and ancestrally
related to LMs (Tessier-Lavigne and Goodman, 1996; Fahey
and Degnan, 2012). Each netrin comprises a LN domain
and stretch of LE repeats followed by a unique C-terminal
region (Kappler et al, 2000; Yurchenco and Wadsworth,
2004). The LN domains of most netrins have diverged that
they do not influence LM network assembly. However, for
netrin-4 the situation is dramatically different where the
B-type LN domain of netrin-4 can potently disrupt LM
networks (Schneiders et al., 2007; Reuten et al., 2016, 2021).
The physiological implications of this ability are beginning to
be appreciated; recent work has demonstrated that netrin-4
levels are a key determinant of basement membrane stiffness

Laminin LN Domains and Disease

with knock-on effects to cell behavior and tumor metastasis
(Reuten et al., 2016, 2021).

Whereas netrins have evolved as independent genes,
alternative splicing from LM genes or proteolytic processing
of LM proteins leads to generation of LN domain containing
fragments (Kariya et al., 2004; Hamill et al., 2009; Horejs et al.,
2014). These fragments contain “perfect” LN domains that
are likely to compete for binding sites (with reduced potency
compared with netrin-4). One LAMA3-derived alternative splice
isoform, Laminin N terminus a31 (LaNt a31) has widespread
expression in human tissues (Troughton et al, 2020b), is
upregulated during wounding and corneal limbal stem cell
activation (Barrera et al,, 2018) and emerging data indicate
that it can modulate LM organization in vitro (Troughton
et al., 2020a). In vivo overexpression is embryonic lethal during
development with tissue defects that resemble LM network
disruption phenotypes (Sugden et al., 2020).

From an evolutionary perspective, netrin-4, LaNt «31
and proteolytically released LN fragments represent multiple
mechanisms to fine-tune LM network assembly. Although
human diseases directly associated with loss-of-function
mutations have not been identified, a SNP in the netrin-4 gene
(causing Y205H) has been associated with late onset Alzheimer’s
disease (Saad et al, 2015), and dysregulation of expression
appear to contribute to tumor pathogenesis and point toward
an additional important aspect of BM biology (Schneiders et al.,
2007; Reuten et al., 2016, 2021; Troughton et al., 2020c).

Rescuing LN Domain Defects

Although the standard gene and protein therapy toolbox are
available to treat LN domain disorders, the large size of LM
genes and associated challenges of producing and delivering
recombinant therapy-grade LM protein presents challenges.
However, promising results have been obtained recently from
delivering the 800 kDa LM521 to the blood stream of LAMB2-
null mice which rescues some aspects of Pierson syndrome.
The delivered LM521 accumulated in the glomerular basement
membrane in the correct orientation and led to reduced
expression of the podocyte injury markers, and delayed the
onset of proteinuria. However, the exogenous LM521 did not
migrate to the podocytes nor fully restore the glomerular
filtration barrier. Smaller, or hybrid proteins, may be a solution
to overcome these challenges (Lin et al,, 2018). For some LM
disorders, upregulating expression of a compensatory LM may
be a viable option. While there are differences, LMl and LMa2
are very similar both structurally and functionally, therefore in
LMo2-deficient MDCIA, increasing LMal could compensate
for the lack of functional LMa2. LMal expression is usually
downregulated following development; however, encouraging
progress has been made here using guide RNA to target the LMa1
promoter with inactive Cas9 coupled to VP160 transcription
activation domain. In mouse models, electroporation of the
gRNA-containing plasmids into the tibialis anterior of 4-week old
animals led to increased expression of LM111 with appropriate
localization 2-weeks post-electroporation (Perrin et al., 2017).
This data provides an encouraging base for development that may
be exploitable for other conditions using a similar approach.
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A particularly innovative solution exploiting the knowledge
gained from studying LM polymerization and counteracting
the inherent LM size problems is using protein chimeras to
act as linkers (McKee et al., 2009, 2017; Reinhard et al,
2017). Three such “Frankenstein” chimeric proteins have been
created, a fusion of a functional LN domain to the LM binding
region of nidogen, a miniature form of agrin (mini-agrin)
containing only the LM-binding regions and a-dystroglycan
binding regions, and a fusion between LM-binding domains
of agrin and the dystroglycan binding domain of perlecan. As
LM411 is upregulated in MDCIA but cannot compensate for
LM211 dysfunction, the nidogen/LN domain chimeric protein
can be used to bind the y1 chain of LM411 via the nidogen region
and provide the missing «LN domain needed to allow LM411
polymerization (Reinhard et al., 2017). The mini-agrin/perlecan
chimeras can be used in concert with the nidogen chimera to
compensate for a-dystroglycan binding (Talts et al., 2000; Moll
et al., 2001). Where patients harbor LN mutations, only the
nidogen fusion would be required, whereas for knockout both
the LN/nidogen and mini-agrin would be necessary. Promising
results have been observed with these chimeras in mouse
models. Moreover, switching the LN domain from an aLN to
BLN, this approach is likely to also be effective for Pierson
syndrome patients.
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DISCUSSION AND PERSPECTIVES

Comparison between knockout and missense mutation
associated phenotypes in LM genes has provided valuable
information to identify which LMs are essential for individual
tissues, but also which domains are involved. Rather than a
binary outcome caused by ability or inability to polymerize, we
see system-wide differences highlighting the multifaceted roles of
LN domains. The variety of pathologies arising from mutations
within a stretch of ~250 amino acids illustrate the importance of
LN domains to tissue function.
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Abstract

Laminins (LMs) are essential components of all basement membranes where
they regulate an extensive array of tissue functions. Alternative splicing from the
laminin a3 gene produces a non-laminin but netrin-like protein, Laminin N ter-
minus a31 (LaNt «31). LaNt a31 is widely expressed in intact tissue and is upreg-
ulated in epithelial cancers and during wound healing. In vitro functional studies
have shown that LaNt a31 can influence numerous aspects of epithelial cell be-
havior via modifying matrix organization, suggesting a new model of laminin
auto-regulation. However, the function of this protein has not been established in
vivo. Here, a mouse transgenic line was generated using the ubiquitin C promoter
to drive inducible expression of LaNt a31. When expression was induced at em-
bryonic day 15.5, LaNt «31 transgenic animals were not viable at birth, exhibiting
localized regions of erythema. Histologically, the most striking defect was wide-
spread evidence of extravascular bleeding across multiple tissues. Additionally,
LaNt a31 transgene expressing animals exhibited kidney epithelial detachment,
tubular dilation, disruption of the epidermal basal cell layer and of the hair fol-
licle outer root sheath, and ~50% reduction of cell numbers in the liver, associated
with depletion of hematopoietic erythrocytic foci. These findings provide the first
in vivo evidence that LaNt a31 can influence tissue morphogenesis.
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basement membrane, development, laminin, netrin

Abbreviations: BM, basement membrane; DMEM, Dulbecco’s Modified Eagle Medium; ECM, extracellular matrix; hK14, human keratin 14; IP,
intraperitoneal injection; LaNt «31, laminin N-terminus «31; LE, laminin-type epidermal growth factor-like domain; LM, laminin; LN, laminin
N-terminal; mEFs, mouse embryonic fibroblasts; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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1 | INTRODUCTION

Basement membranes (BMs) are specialized extracellular
matrix (ECM) structures with essential and diverse roles
in regulating cell and tissue behavior; including differ-
entiation, cell adhesion, and migration.l’2 BMs not only
provide the mechanical attachment points that support
sheets of cells to resist stresses but also influence signal-
ing cascades via direct binding to cell surface receptors
or indirectly through the sequestration and controlled re-
lease of growth factors, or mechanically by providing bio-
mechanical cues, as reviewed in.>* BMs are also dynamic
structures that are remodeled in terms of composition and
structure throughout life, with the most extensive changes
occurring during development.>® At the core of every BM
are two networks of structural proteins; type IV collagens
and laminins (LMs).7

Each LM is an obligate apy heterotrimer formed from
one of five a chains (LAMAI-5), one of three p chains
(LAMBI1-3) and one of three y chains (LAMCI-3), with
each chain displaying spatio-temporal distribution pat-
terns, as reviewed in.®'' Assembly of LM structural
networks involves LM-LM interactions via their lami-
nin N-terminal (LN) domains forming a ternary node
comprised of one LN domain from each of the o, p and
a y chains.!*"> These afy LN ternary nodes assemble in
a two-step process involving an initial rapid formation
of unstable By LN intermediate which is then stabilized
through the incorporation of an o LN domain."*"7 The
biological importance of these LN-LN interactions is
exemplified by a group of human disorders where mis-
sense mutations affecting the LN domains of the LAMA2,
LAMB2 or LAMAS genes give rise to syndromic disor-
ders; muscular dystrophy in merosin-deficient muscular
dystrophy for LAMA2, kidney and ocular developmental
defects in Pierson syndrome for LAMB2, or defects in kid-
ney, craniofacial and limb development for LAMAS.!8-2
Although these disorders demonstrate that LM network
assembly is essential for homeostasis of numerous tissues,
not all LM chains contain an LN domain. Specifically,
LMad4, which is expressed at high levels in the vasculature,
and the LMa3a and LMy2 chains, which are abundant in
surface epithelium including the skin, have shortened
amino termini which lack this domain but yet still form
functional BMs.**% This raises questions of whether LN
domains are important in all tissue contexts or whether
additional proteins compensate for the intrinsic inability
of these LMs to form networks.

Alongside their main LM transcripts, the LAMA3
and LAMAS genes produce short transcripts encoding
proteins that are unable to trimerize to form LM hetero-
trimers, but which contain LN domains as their char-
acteristic feature.”* At least one of these “laminin N

terminus” (LaNt) proteins encodes a functional protein,
LaNt a31, comprised of the LMa3 LN domain followed
by a short stretch of laminin-type epidermal growth
factor-like (LE) domains and a unique C-terminal region
with no conserved domain architecture. In addition to
the LaNt proteins, the laminin-superfamily includes the
netrin genes which also encode proteins with either a
B or y laminin-like LN domain, stretches of LE repeats
and unique C-terminal regions (as reviewed in Ref.
[28]). Furthermore, proteolytic processing of LMs has
also been identified as releasing similar LN domain con-
taining fragments from LMa1,” LMp1,* and LMa3b.!
Some of the LN domain-containing netrin proteins and
cryptic fragments have cell surface receptor binding ca-
pabilities and can act as signaling molecules (reviewed
in Ref. [32]). However, netrin-4 also has LM-network
disrupting capabilities due to its unusually high affinity
for the LMy1 LN domain®** and when netrin-4 is over-
expressed in vivo, it causes increased lymphatic permea-
bility.*> The netrin-4 LN domain has greatest homology
with LM B LN domains whereas LaNt a31 contains an
exact version of the LMa3b LN domain, which has lower
affinity for LN domains; therefore, although LaNt a31
could act similarly to these proteins, it likely plays a dif-
ferent role depending on the LM context.

LaNt o31 is expressed in the basal layer of epithe-
lia in the skin,ZA cornea®® and digestive tract, the ECM
around terminal duct lobular units of the breast and al-
veolar air sacs in the lung, and is widely expressed by
endothelial cells.”” Increased expression is associated
with breast ductal carcinoma and in vitro overexpression
leads to a change in the mode of breast cancer cell inva-
sion through LM-rich matrices.*® LaNt a31 is also tran-
siently upregulated during re-epithelialization of ex vivo
corneal burn wounds and in limbal stem cell activation
assays.*® In epidermal and corneal keratinocytes, knock-
down or overexpression experiments revealed that mod-
ulating LaNt a31 levels leads to reduced migration rates
and changes to cell-to-matrix adhesion.”** Increased
expression LaNt «31 also caused changes to LM332, in-
cluding formation of tight clusters beneath cells and in-
creasing the proteolytic processing of LMa3 by matrix
metalloproteinases.”

Although the previous in vitro findings all support
LaNt a31 as being a mediator of cell behavior, the in vivo
impact is as yet unknown, in particular the role it plays
in matrixes that are actively being remodeled. Here, we
present the first in vivo study of LaNt 31 overexpression
in newly developed mouse transgenic models. Analysis
revealed that induction of LaNt 31 expression during
embryogenesis leads to widespread extravascular red
blood cell accumulation associated with capillary BM
disruption.
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2 | MATERIALS AND METHODS

2.1 | Ethics

All procedures were licensed by the UK Home Office
under the Animal (Specific Procedures) Act 1986, project
license numbers (PPL) 70/9047 and 70/7288. All mice were
housed and maintained within the University of Liverpool
Biological Services Unit in specific pathogen-free condi-
tions in accordance with UK Home Office guidelines.
Food and water were available ad libitum.

2.2 | Antibodies

Rabbit monoclonal antibodies against the influenza
hemagglutinin epitope (HA) (C29F4, Cell Signalling
Technology) were used for immunoblotting at 67 ng/
ml. Goat polyclonal antibodies against DDDDK (equiv-
alent to Flag sequence, ab1257, Abcam), rabbit poly-
clonal antibodies against 6X-His (ab137839, Abcam),
and rabbit polyclonal antibodies against lamin A/C
(4C11, Cell Signalling Technology) were used at 1 pg/
ml for immunoblotting. Mouse monoclonal antibod-
ies against LaNt a31%® were used at 0.225 pg/ml for
immunoblotting. Rabbit polyclonal antibodies against
mCherry (ab183628, Abcam) were used at 2.5 pg/ml
for immunofluorescence. Antibodies against laminin
a4-subunit (clone 377b) and laminin «5-subunit (clone
504) were kindly provided by Prof. L. Sorokin (Institute
of Physiological Chemistry and Pathobiochemistry;
Miinster University).*’ J18 polyclonal antiserum was
raised in a rabbit using rat LM 332 purified from ECM
preparations of 804G cells, as previously described.*!
Alexa fluor 647 conjugated goat anti-rabbit IgG recombi-
nant secondary antibodies were obtained from Thermo
Fisher Scientific and used at 2 ug/ml for indirect immu-
nofluorescence microscopy.

23 | pUbC-LoxP-LaNta31-T2A-tdTomato
A gBlock was synthesized (Integrated DNA Technologies)
containing Ndel and Nhel restriction enzyme sites, T7
promoter binding site,*? Kozak consensus sequence,"3
Igk secretion signal (METDTLLLWVLLLWVPGSTGD),*
LaNt a31-encoding cDNA (amino acids 38-488),% Flag
(DYKDDDDK)* and HA (YPYDVPDYA)*® tag sequences,
T2Asequence(EGRGSLLTCGDV'EENPGP),“andBamHI.
The gBlock DNA was inserted into pCSCMV:tdTomato
(a gift from Gerhart Ryffel, Addgene plasmid #30530;
http://n2t.net/addgene:30530;  RRID:Addgene_30530)
using Ndel and BamHI (New England Biolabs), to

;EASEBJOURN/\LJ—

produce pCS-LaNta31-T2A-tdTomato. LaNta31-T2A-
tdTomato was then removed from this backbone using
Nhel and EcoRI, and inserted into a vector containing
the Ubiquitin C (UbC) promoter and a floxed stop cas-
sette, all flanked by cHS4 insulator elements, producing
pUbC-LoxP-LaNta31-T2A-tdTomato.

2.4 | Cloning procedures

Restriction digests were set up with 1 pg of plasmid DNA,
1 ug of PCR product, or 100 ng of gBlock DNA, 20 U of each
enzyme and CutSmart buffer (50 mM potassium acetate,
20 mM Tris-acetate, 10 mM magnesium acetate, 100 pg/
ml BSA (New England Biolabs) and incubated at 37°C for
1 h. Enzymatic activity was inactivated by 20 min incu-
bation at 65°C. PCR or cloning products were separated
using 1% (w/v) agarose gels (Thermo Fisher Scientific)
dissolved in 1 x TAE electrophoresis buffer (40 mM Tris
pH 7.6,20 mM acetic acid, 1 mM EDTA) containing ethid-
ium bromide (Sigma Aldrich), and visualized using a UV
transilluminator ChemiDoc MP System (BioRad). DNA
bands were excised from the gel and purified using the
GenElute™ Gel Extraction Kit, following manufacturer's
protocol (Sigma Aldrich). Purified inserts were ligated
into vectors at 3:1 molar ratios, either using Instant Sticky-
end Ligase Master Mix (New England Biolabs) following
manufacturers protocol, or using 400 U of T4 DNA ligase
and 1x reaction buffer (50 mM Tris-HCI, 10 mM MgCl,
1 mM ATP, 10 mM DTT, New England Biolabs) at 16°C
overnight, followed by enzymatic inactivation at 65°C
for 10 min. Ligated DNA was heat-shock transformed
into One-Shot TOP10 chemically competent E. coli cells
(Thermo Fisher Scientific) following manufacturer's pro-
tocol, then plated onto LB plates containing the appropri-
ate antibiotic (100 pg/ml ampicillin, 50 pg/ml kanamycin
or 25 pg/ml chloramphenicol, Sigma Aldrich). Plasmid
DNA was extracted from bacteria using the GenElute"
Plasmid Miniprep Kit (Sigma Aldrich), following the
manufacturer's protocol. Plasmids were sequenced by
DNASeq (University of Dundee).

2.5 | Cell culture

KERA-308 murine epidermal keratinocyte cells,*® were
purchased from CLS (Cell Lines Service GmbH) and
maintained in high glucose (4.5 g/L) Dulbecco's Modified
Eagle Medium (DMEM, Sigma Aldrich) supplemented
with 10% fetal calf serum (FCS, LabTech) and 2 mM L-
glutamine (Sigma Aldrich). HEK293A cells were main-
tained in DMEM supplemented with 10% FCS and 4 mM
L-glutamine.
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2.6 | Cell transfections

1 x 10° KERA-308 or 4 x 10° HEK293A cells were seeded
in 6-well plates (Greiner-BioOne) 24 h prior to transfec-
tion. For KERA-308 cells, 2 ug of hK14-LaNta31-T2A-
mCherry or LaNt-a31-pSec-Tag and 2 ul Lipofectamine
2000 (Thermo Fisher Scientific) were used. For HEK293A
cells, either 1 ug pCAG-Cre:GFP and 2 ul Lipofectamine
2000, 2 ug of pUbC-LoxP-LaNta31-T2A-tdTomato and 5 ul
Lipofectamine 2000, or 2 pg of pUbC-LoxP-LaNta31-T2A-
tdTomato, 1 ug of pCAG-Cre:GFP and 7 pl Lipofectamine
2000 (Thermo Fisher Scientific), were mixed with 2 ml of
Gibco™ Opti~MEMm Reduced Serum Medium (Thermo
Fisher Scientific) and incubated for 10 min at room tem-
perature. The DNA-lipofectamine complex was added to
the wells, and the media was replaced with DMEM high
glucose after 6 h.

2.7 | Explant culture method

Hair was removed from mouse skin tissue using Veet hair
removal cream (Reckitt Benckiser) and the skin washed in
Dulbecco's phosphate buffered saline (DPBS) containing
200 U/ml penicillin, 200 U/ml streptomycin, and 5 U/ml
amphotericin Bl (all Sigma Aldrich). The skin was then
dissected into 2-3 mm? pieces using a surgical scalpel and
3 or 4 pieces placed per well of a 6-well dish (Greiner Bio-
One, Kremsmiinster, Austria) with the dermis in contact
with the dish. 300 ul of DMEM supplemented with 20%
FCS, 2 mM L-glutamine, 200 pg/ml penicillin, 200 pg/
ml streptomycin, and 5 pg/ml fungizone (all Sigma
Aldrich) was added to the wells. After 24 h, each well was
topped up with 1 ml of media, and the media was replen-
ished every 48 h thereafter.

28 | Transgenic line establishment

Generation of transgenic mice were carried out based on
the protocol described in Ref. [49] C57BI6CBAF1 females
(Charles River Laboratories) between 6 and 8 weeks
were superovulated by intraperitoneal (IP) injections of
5 IU pregnant mare's serum gonadotrophin (PMSG; in
100 ul H,0) (Sigma Aldrich), followed 46 h later by 5 IU
of human chorionic gonadotropin (hCG, Sigma Aldrich).
Treated females were mated with C57BI6CBAF1 males
overnight. Mated females were identified from the pres-
ence of copulation plugs, anaesthetized, and oviducts
removed and dissected in M2 media (Millipore). Day-1
oocytes (C57BL/6Jx CBA F1) were transferred into clean
media by mouth pipetting. Cumulus cells were removed by
hyaluronidase (300 pg/ml, Merck) treatment in M2 media

(Millipore, Speciality Media, EmbryoMax) with gentle
shaking until detached from the egg surface. Oocytes
were then rinsed and transferred to M16 media (Millipore,
Speciality Media, EmbryoMax) ready for injection.

DNA was diluted to a final concentration of 2 ng/
ul in embryo water (Sigma Aldrich) and filter-purified
using Durapore-PVDF 0.22 uM centrifuge filters (Merck).
Injection pipettes were used to pierce the outer lay-
ers of the oocyte and to inject DNA. DNA was injected
into the pronuclei of the oocyte. Undamaged eggs were
transferred to clean M16 media and incubated at 37°C
until transferred into pseudopregnant CD1 females on
the same day. Meanwhile, pseudopregnant females were
obtained by mating vasectomized CD1 males overnight.
Copulation plugs were checked and females were used 1 d
post-coitum. Females were anaesthetized by inhalation of
isoflurane (Sigma Aldrich). Thirty injected oocytes were
transferred to plugged pseudopregnant female oviducts
through the infundibulum.

In generating the pUbC-LoxP-LaNta31-T2A-tdTomato
line, 460 mouse zygotes were injected over four sessions.
87% of these zygotes survived and were transferred into
11 recipient CD1 mothers. From these mothers, 42 pups
were born. Of the 10 FO mice that gave a positive genotype
result, four passed on the transgene to the F1 generation.
Mice that did not pass on the transgene to the F1 gener-
ation were culled, the four FO mice were mated and one
line was continued for investigation.

R26CreERT2 (Jax Lab 008463)50 mice were purchased
from The Jackson Laboratory.

2.9 | Invivo transgene induction
Tamoxifen (Sigma Aldrich) was dissolved in corn oil
(Sigma Aldrich) and administered IP at 25 or 75 mg/kg.
Progesterone (Sigma Aldrich) was dissolved in corn oil
(Sigma Aldrich) and was co-administered alongside ta-
moxifen at half of the corresponding tamoxifen dose (12.5
or 25 mg/kg).

2.10 | DNA extraction

Four weeks after birth, ear notches were collected from
mouse pups and digested in 100 ul lysis buffer (50 mM
Tris-HCI pH 8.0, 0.1 M NaCl, 1% SDS, 20 mM EDTA)
and 10 pl of proteinase K (10 mg/ml, all Sigma Aldrich)
overnight at 55°C. The following day, samples were
cooled, spun at 13 000 rpm for 3 min and the superna-
tant transferred to clean 1.5 ml tubes (Eppendorf). An
equal volume of isopropanol (Sigma Aldrich) was added,
gently inverted and spun at 13 214 g, and supernatant
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discarded. Pellets were washed with 500 pul of 70% EtOH
(Sigma Aldrich), then air-dried for 10 min, and resus-
pended in 50 pl ddH,0.

211 | PCR

50 ng of genomic DNA was mixed with 12.5 ul of REDtaq
ReadyMix PCR Reaction Mix (20 mM Tris-HClpH 8.3,100mM
KCl,3mMMgCl,,0.002% gelatin, 0.4 mM dNTP mix,0.06 unit/
ml of Tag DNA Polymerase, Sigma Aldrich)and 0.5 uMof each
primer; ddH,0 was added to make the reaction mixture up to
25 pl. Primer pairs for genotyping were as follows: LaNt a31
to tdTomato Forward 5'-ATCTATGCTGGTGGAGGGGT-3',
Reverse 5'-TCTTTGATGACCTCCTCGCC-3; Cre Forward
5'-GCATTACCGGTCGATGCAACGAGTGATGAG-3’,
Reverse 5-GAGTGAACGAACCTGGTCGAAATCAGTGC
G-3’;RecombinationForward 5-TCCGCTAAATTCTGGCCG
TT-3', Reverse 5'-GTGCTTTCCTGGGGTCTTCA-3' (all from
Integrated DNA Technologies). Cycle conditions were as fol-
lows: Genotyping - 1 cycle of 95°C for 5 min, 35 cycles of 95°C
for 15 s; 56°C for 30 s; 72°C for 40 s, followed by a final cycle of
72°C for 5 min. For assessing recombination: 1 cycle of 95°C
for 5 min, 35 cycles of 95°C for 15 s; 60°C for 30 s; 72°C for
90 s, followed by a final cycle of 72°C for 7 min. PCR prod-
ucts were separated by gel electrophoresis and imaged using a
BioRad Gel Doc XR+ System.

212 | Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-
PAGE) and western immunoblotting

Cells were homogenized by scraping into 90 ul Urea/
SDS buffer (10 mM Tris-HCI pH 6.8, 6.7 M urea, 1%
w/v SDS, 10% v/v glycerol and 7.4 uM bromophenol
blue, containing 50 uM phenylmethysulfonyl fluoride
and 50 uM N-methylmaleimide, all Sigma Aldrich).
Lysates were sonicated and 10% v/v p-mercaptoethanol
(Sigma Aldrich) added. Proteins were separated by
SDS-PAGE using 10% polyacrylamide gels; 1.5 M
Tris, 0.4% w/v SDS, 10% acrylamide/bis-acrylamide
(all Sigma Aldrich), electrophoresis buffer; 25 mM
tris-HCI1, 190 mM glycine, 0.1% w/v SDS, pH 8.5 (all
Sigma Aldrich). Proteins were transferred to a nitro-
cellulose membrane using the TurboBlot™ system
(BioRad) and blocked at room temperature in Odyssey”
TBS-Blocking Buffer (Li-Cor BioSciences) for 1 h. The
membranes were probed overnight at 4°C diluted in
blocking buffer, washed 3 X 5 min in PBS with 0.1%
Tween (both Sigma Aldrich) and probed for 1 h at room
temperature in the dark with IRDye® conjugated sec-
ondary Abs against goat IgG (800 CW) and rabbit IgG

;EASEBJOURN/\LJ—

(680 CW), raised in goat or donkey (LiCor BioSciences),
diluted in Odyssey” TBS-Blocking Buffer at 0.05 pg/ml.
Membranes were then washed for 3 X 5 min in PBS
with 0.1% Tween, rinsed with ddH,0 and imaged using
the Odyssey” CLX 9120 infrared imaging system (LiCor
BioSciences). Image Studio Light v.5.2 was used to pro-
cess scanned membranes.

2.13 | Tissue processing

For cryosections, PO pups were culled by cervical disloca-
tion, and fixed in 4% paraformaldehyde (Merck) for 2 h
at 4°C. Samples were cryoprotected in 30% sucrose/PBS
solutions then in 30% sucrose/PBS:0.C.T (1:1) solutions
(Tissue-Tek, Sakura Finetek Europe), each overnight at
4°C. Samples were embedded in OCT compound (Tissue-
Tek) and transferred on dry ice. Embedded samples
were sectioned at 10 pm using a Leica CM1850 cryostat
(Leica). For paraffin sections, Tissues were fixed in 10%
neutral buffered formalin (Leica,) for 24 h, then processed
through graded ethanol and xylene before being embed-
ded in paraffin wax. 5 pm sections were cut using a rotary
microtome RM2235 (Leica), adhered to microscope slides,
then dried overnight at 37°C. Sections were dewaxed and
rehydrated with xylene followed by a series of decreasing
ethanol concentrations.

2.14 | Hematoxylin and eosin
(H&E) staining

Sections were dewaxed and rehydrated with xylene fol-
lowed by a series of decreasing ethanol concentrations.
Sections were then stained in Harris hematoxylin solution
(Leica) for 5 min, H,O for 1 min, acid alcohol (Leica) for
5 s, H,0 for 5 min, aqueous eosin (Leica) for 3 min, H,0
for 15 s, followed by dehydration through graded ethanol
and xylene. Slides were coverslipped with DPX mounting
media (Sigma Aldrich).

215 | Immunochistochemistry

Slides were incubated in ice-cold acetone for 10 min, PBS
for 10 min, then blocked in PBS containing 10% normal
goat serum (NGS) at room temperature for 1 h. Samples
were probed with the primary antibodies diluted in PBS-
Tween (0.05%) with 5% NGS at 4°C overnight, washed for
3 X 5 min in PBS-Tween (0.05%), then probed with sec-
ondary antibodies diluted in PBS-Tween (0.05%) with 5%
NGS at room temperature for 1 h. Samples were washed
for 3 X 5 min in PBS-Tween (0.05%), then mounted with
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VECTASHIELD" Antifade Mounting Medium with DAPI
(VECTASHIELD®).

2.16 | Image acquisition

H&E images were acquired using a Zeiss Axio Scan.
71 equipped with an Axiocam colour CCD camera using
the ZEN Blue software (all from Zeiss). Live cell images
were acquired using a Nikon Eclipse Ti-E microscope
(Nikon). Immunofluorescence images of tissues were ac-
quired using a Zeiss LSM 800 confocal microscope (Zeiss).

2.17 | Transmission electron microscopy
Kidneys and backskin were dissected from the p0 mice
and placed immediately into 4% (w/v) paraformaldehyde,
2.5% (w/v) glutaraldehyde in cacodylate pH7.4 for 30 min
at room temperature. The samples were then dissected
into 3 mm° pieces and placed into fresh fixative and rotated
overnight at room temperature. Samples were washed
4 x 5 min with 0.1 M cacodylate buffer, before staining
with reduced osmium (final concentration 1% (w/v) OsO,,
1.5% (w/v) potassium ferrocyanide, 0.1 M cacodylate
buffer) in a Pelco Biowave® Pro (Ted Pella Inc.). Following
this, samples were washed 5 x 5 min in ddH,0, and incu-
bated overnight in aqueous 1% uranyl acetate at 4°C. After
further ddH,0 washes Samples were dehydrated through
increasing concentrations of acetone (30%, 50%, 70%, 90%
for 15 min each then 3 X 100%) Samples were infiltrated in
1:1 acetone TAAB 812 medium resin for 2 days followed
by 4 x 100% resin for 1 h each, before final embedding
and curing at 60°C for 48 h. Tissue was sectioned at 70—
75 nm on a ultramicrotome (Leica) and the viewed in a
FEI 120 Kv Tecnai Spirtit BioTwin TEM (FEI Company),
fitted with a Gatan RIO16 digital camera (Gatan).

218 | Image analysis

Images were processed using either Zen 2.6 (blue edition)
(Zeiss) or Fiji/Image] (National Institutes of Health).*!
Stardist plugin®® was used for segmentation of nuclei
from H&E images. Images were thresholded manu-
ally to remove areas containing no tissue in the images.
Hemidesmosome number per pm in transmission electron
micrographs was determined using the freehand selection
tool on Fiji/Tmage] to measure BM length per image and
manually counting hemidesmosomes. Hemidesmosome
size was determined using the freehand selection tool
to measure the length of electron dense plaques at the
plasma membrane.

3 | RESULTS

3.1 | Inducible LaNt a31 construct
validation

To investigate the consequences of LaNt «31 overexpres-
sion in vivo, an inducible system for conditional LaNt 31
transgene expression was generated (Figure 1A). An ex-
pression construct was created containing the ubiquitin
C promoter driving expression of the human LaNt a31
cDNA. To focus our studies on extracellular role of LaNt
a31, the native secretion signal was replaced by mouse im-
munoglobulin k leader sequence.* This signal sequence
has been used to increase protein secretion efficiency in
mammalian cells.”** Flag and HA epitope tags were
added to the C-terminus of the LaNt «31 coding region.
A T2A element was included to enable expression of td-
Tomato from the same transgene but not directly fused to
LaNt a31.*7 A floxed stop-cassette was inserted between
the promoter and the start of the construct to prevent
transgene expression until Cre-mediated removal of this
cassette. The entire construct was flanked with the cHS4
f-globin insulator to protect against chromatin-mediated
gene silencing®® (Figure 1A). Restriction enzyme digests
and plasmid sequencing confirmed the assembled pUbC-
LoxP-LaNta31-T2A-tdTomato plasmid.

To confirm the construct expressed only following ex-
posure to Cre recombinase, the pUbC-LoxP-LaNta31-T2A-
tdTomato was co-transfected alongside pCAG-Cre:GFP,
encoding GFP-tagged Cre recombinase, into HEK293A
cells. tdTomato signal was observed only in cells trans-
fected with both plasmids (Figure 1B). PCR using primers
flanking the STOP cassette also confirmed that the cassette
was removed only in cells transfected with both plasmids
(Figure 1C). Western blotting using polyclonal anti-Flag
antibodies confirmed expression of the predicted ~57 kDa
band in co-transfected cell lysates (Figure 1D), this also
confirmed that the T2A element was cleaved in the final
product releasing the tdTomato tag. Together, these re-
sults demonstrated that the pUbC-LoxP-LaNta31-T2A-
tdTomato plasmid allows for the Cre-inducible expression
of LaNt «31 and tdTomato.

3.2 | Generation and validation of a LaNt
31 transgenic mouse line

The pUbC-LoxP-LaNta31-T2A-tdTomato construct was
linearized, and transgenic FO mice generated by pronu-
clear microinjection into oocytes. To confirm transgene
expression, FO mice were mated with WT (C57BL/6])
mice, embryos were collected at E11.5, and mouse
embryonic fibroblasts (mEFs) were isolated from the
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FIGURE 1 Validation of UbCLaNt Cre-inducible construct in vitro. (A) Diagram of the pUbC-LoxP-LaNt-a31-T2A-tdTomato construct.
(B) HEK 293A cells were transfected with pUbC-LoxP-LaNt-a31-T2A-tdTomato, pCAG-Cre:GFP, or pUbC-LoxP-LaNt-«31-T2A-tdTomato
and pCAG-Cre:GFP and imaged 48 h after transfection. Scale bar 100 um. (C) PCR products using primers flanking the stop cassette on
DNA extracted from HEK293A cells co-transfected with pUbC-LoxP-LaNt-a31-T2A-tdTomato and pCAG-Cre:GFP. (D) Western blot of
lysates from HEK293 cells either untransfected or transfected with CMV- LaNt-a31-T2A-Dendra2 (positive control), or pUbC-LoxP-LaNt-
«31-T2A-tdTomato and pCAG-Cre:GFP then probed with anti-Flag antibodies
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embryos. Presence of the UbC-LoxP-LaNta31-T2A-
tdTomato transgene (hereafter UbCLaNt) was confirmed
by PCR (Figure S1A). mEFs were transduced with an
adenovirus encoding codon-optimized Cre recombinase
(ad-CMV-iCre). Analysis by immunoblotting with anti-
HA-antibodies (Figure S1B) revealed a ~57 KDa band and
fluorescence microscopy confirmed tdTomato expression
in samples containing both the UbC-LaNt transgene and
the ad-CMV-iCre only (Figure S1C).

Male UbCLaNt mice were mated with females
from the tamoxifen-inducible ubiquitous Cre line
R26CreERT2. Transgene expression was induced by IP
injection of tamoxifen at E13.5, and embryos collected
at E19.5. PCR confirmed that Cre/LoxP mediated re-
combination only occurred in the embryos with both the
UbCLaNt and the R26CreERT2 transgenes (Figure 2A).
Explants were generated from the skin of these embryos,
and only the explants grown from double transgenic
embryos exhibited tdTomato expression by fluorescence
microscopy (Figure 2B) and HA-tagged LaNt a31 expres-
sion by western immunoblotting (Figure 2C). Together,
these data confirmed the generation of tamoxifen-
inducible LaNt «31 mouse line, without detectable leak-
iness (UbCLaNt::R26CreERT2).

3.3 | UbCLaNt::R26CreERT2 expression
in utero causes death and localized
regions of erythema at birth

To determine the impact of LaNt a31 during devel-
opment, tamoxifen was administered to pregnant
UbCLaNt::R26CreERT2 mice at E15.5 via gavage and
pregnancies allowed to continue to term. Across three
litters from three different mothers, two from six pups,
three from five pups, and one from five pups respec-
tively were intact but not viable at birth, while the re-
maining littermates were healthy. The non-viable pups
displayed localized regions of erythema with varying
severity between the mice, but were otherwise fully de-
veloped and the same size as littermates (Figure 3A).
Endpoint PCR genotyping using primers amplify-
ing the LaNt o31 transgene and Cre recombinase
transgene confirmed mice possessed both transgenes
(Figure S2A). To confirm that the lack of viability was
associated with transgene expression, OCT-embedded
skin sections of UbCLaNt::R26CreERT2 were imaged
using confocal microscopy, revealing tdTomato fluo-
rescence only in the non-viable animals (Figure 3B)
and skin explants were established and tdTomato
fluorescence in explants from non-viable pups was
confirmed by microscopy (Figure 3C). Western im-
munoblot analysis of total protein extracts from the

explanted cells and from whole embryo lysates also
revealed transgene expression in non-viable pups,
although expression levels varied between the mice
(Figure 3D). Together these data confirmed that only
non-viable mice expressed the LaNt a31 transgene.
Hereafter, UbCLaNt::R26CreERT2 animals are there-
fore labeled as either “LaNt a31 TG-expressing” or, for
non-expressing, “littermate controls”.

To identify LaNt a31 effects at the tissue level, the pups
were formalin-fixed and paraffin-embedded then pro-
cessed for H&E staining and immunohistochemistry. All
organs were present in the mice and appeared intact at
the macroscopic level. A consistent feature in every trans-
genic animal was extensive evidence of bleeding within
tissues. Indeed, although there was mouse-to-mouse vari-
ability in extent of this bleeding, every major organ in all
animals were affected to some extent.

We focused our attention on kidney, skin and lung
as examples of tissues where the BMs with distinct
differences in LM composition and where LaNt «31
could elicit context-specific effects. Each of these three
tissues also express LaNt a31 in adult human tissue,
and are, therefore, tissues where dysregulation of ex-
pression regulation could be physiologically relevant.?”
Specifically, the predominant LMs in the kidney con-
tain three LN domains, and mutations affecting LM po-
lymerization lead to Pierson syndrome,'*¥ % whereas
the major LM in the skin contains one LN domain,
LM332, and loss of function leads to skin fragility, re-
viewed in,”" and granulation tissue disorders.”® In
the lung, LM311, a two LN domain LM, is enriched*®*
and absence of LM a3 is associated with pulmonary
fibrosis.®®

3.4 | LaNt 31 overexpression leads
to epithelial detachment, tubular
dilation and interstitial bleeding in the
kidney and disruption of capillary

BM integrity

Dissected kidneys from the transgene-expressing ani-
mals were markedly darker than non-expressing animals
(Figure 4A). Histological examination confirmed that
this difference reflected differences in the vessels of the
kidney, with extensive bleeding into the interstitial and
sub tubular surroundings (Figure 4B, yellow arrows).
Detachment of the lining epithelia in collecting ducts and
uteric bud segments was also apparent (Figure 4B, black
arrows). Indirect IF processing of tissue using pan-LM an-
tibodies revealed LM localization to be largely unchanged
(Figure 4C). However, ultrastructural examination by
transmission electron microscopy identified that the
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FIGURE 2 UbCLaNta31 x R26CreERT2 ER transgenic mice express the UbC-LaNta31 transgene following exposure to tamoxifen. (A)
PCR products on DNA extracted from transgenic mouse from UbCLaNta31 x R26CreERT2 mating embryos using primers flanking the
stop cassette. (B) Phase contrast and fluorescence microscopy images of explanted cells from UbCLaNta31::R26CreERT2 embryos. Scale
bar =100 um. (C) Western blot of lysates from UbCLaNta31::R26CreERT2 embryo explants processed with anti-HA antibodies
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FIGURE 3 Transgenic mice overexpressing LaNta31 display localized regions of erythema. (A) Representative images of
UbCLaNta31::R26Cre ERT2 embryos. Animals subsequently confirmed as expressing the LaNt «31 transgene are labeled as LaNt «31 TG
expressing. *Indicates regions of visible erythema. (B) Representative fluorescence microscopy UbCLaNta31::R26CreERT2 OCT sections
tdTomato fluorescence. Scale bar =100 um. (C) Fluorescence microscopy images of explanted cells from LaNt «31 TG expressing. Scale
bar =100 um. (D) Western blot of tissue lysates from WT, UbCLaNta31::R26CreERT2 embryos or explanted cells processed with anti-HA
antibodies. HEK293A cells cotransfected with the LaNt «31 transgene expression construct and Cre-GFP expression construct are included

as a positive control

majority of extravascular red blood cells present in the tis-
sue were outside of capillary structures (Figure 4D).

3.5 | LaNt a3l overexpression disrupts
epidermal basal cell layer organization

Histological examination of the dorsal skin of the LaNt
a3l TG expressing mice revealed localized disruption of
the epidermal basal cell layer, with a loss of the tight
cuboidal structure of the stratum basale (Figure 5A).
Basal layer disruption was also observed in the outer
root sheath of the hair follicles (Figure 5A). There was
no evidence of blistering at the dermal-epidermal junc-
tion. However, extravascular erythrocytes were ob-
served through the skin (Figure 5A, yellow chevron).
Indirect IF processing revealed that the localization of
LMa5, LM 332, and type IV collagen was unchanged in
LaNt a31 TG expressing animals, although increased
immunoreactivity of LM a5 was observed (Figure 5B,
Figure S3). This increase in immunoreactivity was also
observed in samples processed with a pan-LM antibody
(Figure 5B). The immunoreactivity of LMo4 appeared

unchanged in vessels; but this laminin chain was also
detected at the dermal-epidermal junction in LaNt
a31 TG expressing animals (Figure 5B). Ultrastructural
analyses of the dermal-epidermal junction revealed
no major disruption to the BM. However, in the LaNt
a3l TG specimens, hemidesmosomes were larger
(Figure 5C, chevrons, Figure 5D, littermate median 0.11
95% CI0.09-0.12 um, LaNt a31 TG median 0.26 95% CI
0.24-0.28 um, p <.001 Mann-Whitney test).

3.6 | Mice expressing the LaNt a31
transgene display structural differences
in the lung and a reduction of
hematopoietic colonies in the liver

Erythrocytes were present throughout the lung tissue and
liver tissue of transgene expressing animals (Figure 6A,B).
Structural differences were also apparent in the lungs,
although it should be noted that the lungs of PO mice
were not inflated prior to fixation. Mice expressing LaNt
a3l also displayed fewer, and less densely-packed al-
veolar epithelial cells. The livers of mice expressing the
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(B) Kidney H&E

Littermate control

(C) pan-LM
Littermate control
2 . ’
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red blood cells

FIGURE 4 LaNta31 overexpression leads to epithelial detachment, tubular dilation and interstitial bleeding in the

kidney and disruption of capillary basement membrane integrity. (A) Representative images of whole kidneys of newborn
UbCLaNta31::R26CreERT2 mouse kidneys from non-expressing littermate controls (top) or LaNt «31 TG expressing animals (bottom).
(B) Representative images of H&E stained FFPE sections (5 pm) of newborn littermate controls of LaNt «31 TG expressing mouse
kidneys. Right column shows areas of increased magnification. Black arrows point to areas of epithelial detachment. White arrows point
to tubular dilation. Yellow arrows point to areas of interstitial bleeding. (C) FFPE sections (5 pm) from littermate controls or LaNt a31 TG
expressing animals processed for immunohistochemistry with pan-laminin polyclonal antibodies. Right column shows areas of increased

magnification. Scale bars =100 pm

LaNt a31 transgene exhibited a reduction in hematopoi-
etic foci (Figure 6B,C). This reduction corresponded to
a >33% reduction of total cell number (mean + SD nu-
clei/mm? littermate controls =11.0 + 0.52, LaNt a3l

expressing =5.8 + 0.50, p =<.0001 determined by un-
paired t test; Figure 6D,E). The bile ducts, sinusoid
endothelium and hepatocyte morphology were histologi-
cally unchanged.
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3.7 | Keratin 14-driven constitutive LaNt
«31 induces a low offspring number

We generated an additional construct using the human
keratin 14 (K14) promoter to drive expression of human
LaNt «31, followed by a T2A element and a mCherry re-
porter (Figure S4A). The K14 promoter is expressed in
the skin and the epithelia of tongue, mouth, forestomach,
trachea, thymus and respiratory and urinary tracts,”’ %’
and has been described in the oocyte.”” The new construct
was validated by transfecting into KERA 308 mouse epi-
dermal keratinocytes and visualizing the mCherry fluo-
rescence (Figure S4B) and immunoblotting for the LaNt
a31 protein (Figure S4C). K14-LaNta31 transgenic mice
were generated by pronuclear microinjection. However,
unusually small litters were obtained from recipient
CD1 mothers and mice containing the transgene DNA
(Figure S4D) did not express the transgene at the pro-
tein level (Figure S4F,G). The unusually low offspring
sizes, combined with the lack of protein expression in
genotype-positive mice suggests that expression of LaNt
a31 under the control of the K14 promoter is lethal during
development.

4 | DISCUSSION

This study has demonstrated that LaNt a31 overexpres-
sion ubiquitously during development is lethal, causing
widespread blood exudate throughout most tissues as well
as changes to the tubules of the kidney and the basal layer
of the epidermis, depletion of hematopoietic colonies in
the liver, and evidence of capillary BM disruption. These
findings build upon previous in vitro and ex vivo work
that have implicated LaNt a31 in the regulation of cell ad-
hesion, migration, and LM deposition.***** Importantly,
they provide the first in vivo evidence that this little-
studied LAMA3-derived splice isoform and newest mem-
ber of the laminin superfamily has biological importance
in BM and tissue formation during development and pro-
vide a valuable platform for onward investigation.

Thereare several plausible overlapping reasons thatcan
explain the phenotype. As LM network assembly requires
binding of an «, f, and y LN domain," """ the presence
of an aLN domain within LaNt «31 could influence LM-
LM interactions and therefore BM assembly or integrity.
Indeed, LaNt a31, contains a perfect match to the LMa3b
LN domain and biochemical assays have shown that the
LMua3b LN domain is the most potent of the LM LN do-
mains at disrupting LM111 polymerization in vitro.” In
vivo, the LaNt a31 protein would occupy By nodes but be
unable to complete the polymer as a sheet-like structure
and, especially at locally high concentrations, would dis-
rupt the laminin network. Consistent with this network
disruption model, much of the LaNt a31 TG phenotype
resemble those from mice where LM networks cannot
form due to LN domain mutations. Specifically, whereas
LMas5 knockout animals die at E17, LMa5 LN domain
mutants were born at term with some animals surviving
for weeks or months after birth. The LN domain mutant
mice exhibited defective lung development and vascu-
lar abnormalities in the kidneys.” Mice with LM 2 LN
domain mutations or deletion of the LM p2 LN domain
both exhibit renal defects, and although viable at birth,
become progressively weaker and die between postnatal
day 15 and 30.7*” In comparison with the LN-domain
specific mutant lines, the LaNt a31 TG expressing animals
BM-associated defects are somewhat similar although the
overall effect is more severe and affects more tissues than
each individual LN mutant line as anticipated by the more
widespread expression of the transgene driven by UBC
and R26 promoter activities.

Within the model of LaNt a31 inhibiting LM network
assembly, there remains the question of how LaNt «31 in-
fluences tissues where the expressed LMs do not contain
an a LN domain, and therefore are not able to polymer-
ize.!® For example, The LM composition present within
vessel BMs during development and lymph vessels is
rich in the non-polymerizing LM411.°*? Here it should
be noted that transgenic mice expressing the potent LM
network disrupting protein netrin-4 under the control of
the K14 promoter were born smaller, redder, and with

FIGURE 5 LaNta31 overexpression disrupts epidermal-dermal cell organization. (A) H&E staining of FFPE sections (5 pm) of
newborn UbCLaNta31::R26CreERT2 transgenic mice dorsal skin. Upper panel non-expressing littermate controls, lower panels LaNt «31TG
expressing animals. Yellow chevrons indicate areas of extravascular erythrocytes. Middle and right columns show increased magnification
of the epithelium or hair follicles respectively. Yellow arrows indicate basal layer of epithelial cells. Scale bar =100 pm. (B) Littermate
controls (left) or LaNt «31 TG expressing OCT sections (10 pm) processed for immunohistochemistry with anti-laminin 111 (pan-LM),
anti-laminin a4 (LM «4), anti-laminin o5 (LM «5), anti-laminin 332 (LM 332) and anti-Type IV collagen (Col IV). Scale bar =50 ym. (C)
Transmission electron micrographs of littermate control or LaNt a31 TG expressing skin sections imaged at the dermal-epidermal junctions.
Chevrons indicate hemidesmosomes. Scale bar =0.5 pm. (D) Box and whisker graphs of quantification of hemidesmosome number per

um of basement membrane (n = 12 and 17 images), and of size of the hemidesmome measured as the length of the electron dense plaque
atthe cell membrane (n = 67 and 81 hemidesmosomes). Boxes represent 25th-75th percentile with line at median, whiskers 5th and 95th

percentile. Dots represent outliers
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increased lymphatic permeabilityA35 In contrast, one might ~ the LMp1 and y1 LN domains. "™ However, the ob-
have anticipated that the LaNt «31 LN domain could com- served phenotype of blood exudate throughout the mouse
pensate for the “missing” « LN domain in the vasculature tissues instead indicates that the LaNt 31 has a disruptive
and stabilize the weak, transient fy LN dimers made by  rather than stabilizing role.
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FIGURE 6 Mice expressing the LaNta31 transgene display structural differences in the lung and a reduction of hematopoietic colonies
in the liver. (A) H&E staining of FFPE sections (5 pm) of newborn UbCLaNta31::R26CreERT2 transgenic mice lungs (A) and liver (B).

Upper panel non-expressing littermate controls, lower panels LaNt «31TG expressing animals. Right columns show increased magnification.

Yellow arrowheads highlight areas of increased cell density. Scale bars =100 pm. (C) DAPI staining of littermate controls or LaNt «31 TG
expressing mouse livers. (D) Representative image analysis method of determining nuclei count. (E) Quantification of nuclei. Each point
represents the mean of the quantification of nuclei/mm? from 2 separate microscope slides at different sectioning depths per mouse
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It is also possible that the LaNt a31 transgene ef-
fects represent a signaling rather than structural role.
Integrin-mediated signaling from LaNt a31-like pro-
teolytically released LN-domain containing fragments
from LM a3b, a1, and p1 chains have been reported” "
and some aspects of the UbCLaNt::R26CreERT2 phe-
notype are consistent with LaNt a31 acting in this way.
For example one of the most striking phenotypes ob-
served in the LaNt a31 transgenic mice was depletion
of hematopoietic colonies in the liver, an essential stem
cell niche during development.®~* Integrins a6 and p1
are highly expressed in hematopoietic stem cells, and
are central to the process of migration both in and out
of the fetal liver.®*** A netrin-4/laminin y1 complex
has been shown to signal through the integrin a6p1
receptor to ERK1/2 and regulate neural stem cell pro-
liferation and migration.*” LaNt «31 is also enriched in
human and porcine limbal stem cell niche of adult cor-
neas, with expression further upregulated upon ex vivo
stem cell activation and wound repair.’® While these
combined data suggest that direct signaling effects are
possible with LaNt «a31 binding to cell surface recep-
tors, indirect effects are also probable. Altering LM
network structural organization changes matrix stiff-
ness, as has been demonstrated for netrin-4,%° and also
could influence outside-in signaling through changing
presentation of ligands or by modifying growth factor
sequestration and release rates.”! Indeed, LM networks
are also known to be critical for maintaining progen-
itor cell “stemness”.”"" Dissecting the direct versus
indirect roles of LaNt a31 in intact tissue contexts is
now a priority and the new transgenic mouse line pro-
vides a valuable resource to facilitate those onward
investigations.

Moving forward, the role of LaNt «31 can now be
determined in a tissue and context specific manner.
Considering the widespread expression of LaNt a31,””
and the dramatic effects observed in this study, it is
now important to determine effects in adult animals
in normal conditions and following intervention and
under lineage specific control. These studies should
include tissues where no overt LaNt a31-induced phe-
notype was observed. For example, although no muscle
defects were observed in the animals in this study, LM
network integrity is critical to muscle function, with
the effects of LM a2 LN domain mutations or deletions
developing muscular dystrophy and peripheral neu-
ropathy with time’®™%; therefore, longer-term studies
may reveal further phenotypes once tissues are placed
under stress. Importantly, the biological function of
LaNt a31 may be different at lower compared to higher
concentration. At low concentrations, LaNt a31 may
exploit the existing -y LN domains to enable BM

;%ASEBJOURNALJ—

attachment in order to deliver a new receptor ligand
to the BM. Therefore, a knockout model would also
be valuable as well as further in vitro and biochemical
analyses to dissect function.

Inherited disorders driven by variants to « LN domain
have robustly established that LN domains are important
for tissue function.!®**9%1% The findings here add a
new layer to this regulation. LaNt «31 is a naturally oc-
curring protein generated from a laminin-encoding gene
via alternative splicing. These new results show that LaNt
a31 is functional within a biological context. This is im-
portant as it raises the possibility of active regulation of
LaNt a31 production via control of the splicing event as
a mechanism to influence BM assembly/disassembly or
matrix-signaling by titrating LaNt 31 levels.”* Alternative
splicing rates often change in normal situations during
development and tissue remodeling, or in response to
damage such as in wound repair, and are frequently dys-
regulated in pathological situations including frequently
in cancer.'”"®® Considered in this way, the finding the
LaNt «31 is biologically active in vivo has exciting and
far-reaching implications for our understanding of BM
biology.
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Appendix VII: Cryopreservation records of LaNt a31 transgenic mouse

lines.

Liverpool Cryopreservation Record

Date: 24/01/19
Name of User: Conor/GBG

Strain Name: Ubc-LaNt (Line 7.5)

Age of Male:

Age of Female: 8-10 wks

Time of PMS/hCG: 12:30pm/1pm

No. of Male/Female: 4/6

No. of females plugged: 3

No. of embryos collected/frozen: 56/90 2-cells (1st medium)

Storage Bank:
Can: 10

Cane: 43

Vial: 43-1, 43-2
Contents: 28, 28
Date removed:

Method:
Simple Vitrification of Mouse Embryos
http://card.medic.kumamoto-u.ac.jp/card/english/sigen/manual/ebvitri.htm

Liverpool Cryopreservation Record

Date: 28/02/19
Name of User: Conor/GBG

Strain Name: Ubc-LaNt (Line 3.1)
Age of Male:
Age of Female: 8-10 wks
Time of PMS/hCG: 12:30pm/1pm
No. of Male/Female: 8/8
No. of females plugged: 5
No. of embryos collected/frozen: 120/120 1-cell (1st) The embryos looked
like fertilised 44-1-3
100/100 1 cell (1%) The embryos looked like
fertilised 45-1
Storage Bank:
Can: 6
Cane: 44
Vial: 44-1, 44-2, 44-3, 45-1
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http://card.medic.kumamoto-u.ac.jp/card/english/sigen/manual/ebvitri.htm

Contents: 40, 40, 40, 100
Date removed:

Method:
Simple Vitrification of Mouse Embryos
http://card.medic.kumamoto-u.ac.jp/card/english/sigen/manual/ebvitri.htm

Liverpool Cryopreservation Record

Date: 05/09/19
Name of User: Conor/GBG

Strain Name: UBCLaNTRoseCre (Line 9.3)
Age of Male:

Age of Female: 7 wks

Time of PMS/hCG: 12:30pm/1pm

No. of Male/Female:9/9

No. of females plugged: 6

No. of embryos collected/frozen: 200/140 1-cell (1st)
Storage Bank: 2

Can: 6

Cane: 54 & 55

Vial: 54-1, 54-2, 55-1, 55-2

Contents: 35, 35, 35, 35

Date removed:

Method:
Simple Vitrification of Mouse Embryos
http://card.medic.kumamoto-u.ac.jp/card/english/sigen/manual/ebvitri.htm
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