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ABSTRACT

Introduction: Elastic fibers are abundant extracellular matrix (ECM) components that provide
tissues such as skin, blood vessels and lungs with elasticity. Elastogenesis presents a cell surface
located hierarchical process that requires the recruitment of several proteins, including fibulin-4
(FBLN4) and latent transforming growth factor beta binding protein-4 (LTBP4). Mutations in
FBLN4 and LTBP4 cause autosomal recessive cutis laxa type B and C, respectively. Knockout
mouse models of FBLN4 and LTBP4 emphasized the roles of these two proteins in elastogenesis.
However, the understanding of FBLN4 and LTBP4 function in elastogenesis is not fully explored.
In particular, the cellular interactions of FBLN4 and LTBP4, and their functions in elastic fiber
formation is unknown. While it is clear that FBLN4 and LTBP4 interact with cells, the required
cell receptors and the respective molecular mechanisms in elastogenesis remain unknown and are
subject of this study.

Results: Skin fibroblasts and vascular smooth muscle cells (SMC) bind strongly to FBLN4 and
LTBP4 demonstrated by real-time and end-point cell binding assays. Both, synthetic and
contractile aortic SMC interacted with FBLN4 and LTBP4. FBLN4 exclusively interacted with
cells as multimers. Using FBLN4 deletion mutants, we identified two cell interaction epitopes on
FBLN4 located in cbEGF2-3 and in the C-terminal domain. FBLN4 multimerization sites were
mapped to cbEGF4-5 and the C-terminal domain, likely representing a contiguous region. We also
mapped a new cell interaction region in LTBP4 within the N-terminal half. Both, FBLN4 and
LTBP4 have high affinity for heparin (an experimental model of heparan sulfate), suggesting that
heparan sulfate proteoglycans mediate these interactions. Cell binding to FBLN4 and to LTBP4
was entirely abolished in the presence of heparin and significantly reduced in the presence of
heparan sulfate or after treating cells with heparinases. Glypicans are not necessary for FBLN4 or
LTBP4 cell interactions. Syndecan-2 or -3 siRNA knockdown in fibroblasts abolished the
interaction with FBLN4, whereas only syndecan-3 knockdown abolished the interaction with
LTBPA4. Direct interactions between FBLN4 and the ectodomains of either syndecan-2 or -3 were
determined. Also, a direct interaction between LTBP4 and the ectodomain of syndecan-3 was
identified. Syndecan-2 or -3 knockdown in fibroblasts resulted in compromised elastic fiber
assembly. To further investigate the underpinning mechanism, we identified that FBLN4 and

LTBP4 stimulated focal adhesion kinase phosphorylation. As well, the presence of FBLN4 and
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LTBP4 significantly increased the contraction of skin fibroblast-cellularized collagen gels. Cell
interactions with FBLN4 or LTBP4 led to a significant increase of Erk1/2 protein levels and
RhoAC™. Furthermore, FBLN4 and LTBP4 both enhanced skin fibroblast migration. These data
suggest that FBLN4 and LTBP4 interactions with their cell receptors promote elastic fiber
assembly by enhancing focal adhesion formation leading to cell contractility through Erk1/2 and
RhoA activation.

Conclusions: Altogether, the data identified the responsible cell-surface receptors interacting with
FBLN4 and LTBP4, and revealed a new cell-interaction role essential for elastogenesis for these

two proteins.
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RESUME

Introduction: Les fibres élastiques, composants majeurs de la matrice extracellulaire (ECM),
fournissent 1’élasticité aux tissus comme la peau, les vaisseaux sanguins et les poumons.
L’élastogenése présente un processus hiérarchique complexe, localisé a la surface cellulaire et
impliquant, plusieurs proteines dont la fibuline-4 (FBLN4) et une protéine de liaison aux facteur
de croissances (LTBP4). Les mutations FBLN4 et LTBP4 sont impliquées dans la cutix laxa,
maladie autosomique récessive de type B et C, respectivement. Les souris knock-out pour FBLN4
et LTBP4 soulignent les roles de ces deux protéines dans 1’¢lastogenese. Cependant, les roles de
la FBLN4 et LTBP4 n’ont pas été entierement explorés. Plus particuliérement, leur rdle des
interactions entre FBLN4 et LTBP4 dans le développement de la fibre élastique reste méconnu.
L’interaction entre FBLN4 et LTBP4, avec les cellules réceptrices requises et les mécanismes
moléculaires dans 1’¢élastogenése sont abordées a 1’étude ici.

Résultats: Les tests de liaison cellulaire en temps réel et en point final ont démontré que les
fibroblastes cutanées et les cellules musculaires lisses vasculaires (SMC) se lient fortement a
FBLN4 et a LTBP4. Les SMC d’origine synthetique ou de 1’aorte contractile interagissent avec
FBLN4 et LTBP4. La FBLN4 interagit exclusivement avec les cellules sous forme multimeéres. En
utilisant des mutants de délétion FBLN4, nous avons identifié deux épitopes d'interaction cellulaire
de FBLN4 situé dans les domaines chEGF2-3 et C-terminal. Les sites de multimérisations de
FBLN4 ont été cartographiés sur coEGF4-5 et le domaine C-terminal, représentant probablement
une région contigué. Nous avons également cartographié une nouvelle région d'interaction
cellulaire de LTBP4 dans au milieu de son domaine N-terminale. De plus, FBLN4 et LTBP4 ont
a la fois une forte affinité pour I'néparine (un modéle expérimental de la sulfate héparane), ce qui
suggere que les protéoglycanes d’héparane sulfate interviennent dans ces interactions. La liaison
cellulaire FBLN4 et LTBP4 était totalement absente en présence d'héparine et significativement
réduite en présence de I'héparane sulfate ou apres traitement des cellules avec I'néparinase. Les
glypicanes ne sont pas nécessaires pour les interactions cellulaires FBLN4 ou LTBP4. La
désactivation des syndécane -2 ou -3 par I’utilisation de siRNA dans les fibroblastes a aboli
l'interaction avec le FBLN4, alors que seul ’absence de syndecane-3 a aboli I'interaction avec le
LTBPA4. Les interactions directes entre FBLN4 et les ectodomaines de syndécanes -2 ou -3 ont été

veérifiées. La désactivation des syndécanes -2 ou -3 dans les fibroblastes a entrainé un assemblage
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compromis des fibres élastiques. Pour étudier plus en profondeur le mécanisme sous-jacent, nous
avons identifié que FBLN4 et LTBP4 stimulaient la phosphorylation de la kinase d'adhésion
focale. De plus, la présence de FBLN4 et de LTBP4 a considérablement augmenté la contraction
des gels de collagene cellulaires fibroblastes cutanés. Les interactions cellulaires avec FBLN4 ou
LTBP4 ont conduit a une augmentation significative des niveaux de protéine Erkl / 2 et RhoA-
GTP. Enoutre, laFBLN4 et la LTBP4 ont tous deux amélioré la migration des fibroblastes cutanés.
Ces données suggerent que les interactions FBLN4 et LTBP4 avec leurs récepteurs cellulaires
favorisent I'assemblage des fibres élastiques en améliorant la formation d'adhérence focale
conduisant a la contractilité cellulaire par I'activation d'Erk1 / 2 et de RhoA.

Conclusions: Dans I'ensemble, les données ont identifié les récepteurs de surface cellulaire
responsables interagissant avec FBLN4 et LTBP4, et ont révélé un nouveau role d'interaction

cellulaire essentiel pour I'élastogenése de ces deux protéines.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

The work presented in this thesis includes new original discoveries contributing to the

knowledge of the function and dominance of cell interactions with the elastic fiber proteins,

FBLN4 and LTBP4. The study established novel and fundamental paradigms that change the

understanding of the roles of FBLN4 and LTBP4 cell binding in elastogenesis. The key

contributions are:

1.

The consistency of FBLN4 and LTBP4 cell interactions is demonstrated with
various elastogenic cells.

The multimerization sites are located in cbEGF4-5 and the C-terminal domain,
likely representing a contiguous region.

The cell interaction sites in FBLN4 are located in the cbEGF2-3 and the C-terminal
domains.

A new cell binding site in LTBP4 is mapped in the N-terminal half of the long and
short isoforms.

Human dermal fibroblast adhesion to recombinant human FBLN4 and LTBP4
occur through cell surface heparan sulfate.

The cell receptors for FBLN4 are SDC2 and SDC3.

The cell receptor for LTBP4 is SDC3.

Underlying cellular mechanisms activated upon the cell interaction with FBLN4
and LTBP4 are documented including focal adhesion formation, cell contraction

and migration, and cell proliferation.

Overall this important characteristic and mechanistic information about how FBLN4 and LTBP4

interact with cells provide important milestones for the overarching principle of elastogenesis
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1. LITERATURE REVIEW AND INTRODUCTION
1.1 Overview

Elastic fibers are abundant extracellular matrix (ECM) components that provide tissues
such as skin, blood vessels and lungs with elastic properties. Electron microscopic analyses have
shown that mature elastic fibers in normal tissues consist of two distinct aspects: an inner elastin
core and an outer mantle of fibrillin-containing microfibrils'. It has been shown that early
interaction of these two major components of elastic fibers occurs at the cell surface® °.
Tropoelastin (TE) monomers, the precursor of mature elastin fibers, are nucleated on the cell
surface by a scaffold of fibrillin-containing microfibrils and then processed into assembled elastic
tissue fibers. This processing represents a highly complex mechanism requiring the recruitment of
several accessory proteins, including fibulin-4 and -5 (FBLN4/5), latent transforming growth
factor beta binding protein-4 (LTBP4), lysyl oxidase (LOX), LOX like-1 (LOXL1), microfibril
associated protein 4 (MFAP4), and elastin microfibril interface-located protein (EMILIN)®,
Mutations in nearly all elastic fiber associated genes lead to heritable connective disorders in
human!. For example, mutations in FBLN4 cause autosomal recessive cutis laxa (ARCL1) type
1B (ARCL1B), characterized by a severe and diverse array of defects including loose and sagging
skin and aortic aneurysms?°, Similarly, mutations in LTBP4 were reported in patients with a
related disorder ‘ARCL1’ type C (ARCL1C)* 8. The underlying cause in both disorders is the
deficiencies of the mutated proteins which severely affect elastic fiber formation. However, the
understanding of FBLN4 and LTBP4 functions in elastogenesis is little explored, in particular, the
cellular interactions of FBLN4 and LTBP4, and the functions of these cell interactions in elastic
fiber formation. FBLN4 interacts with the propeptide of LOX and tether it on TEY. FBLN4 is also
capable of adhering to fibroblasts and smooth muscle cells®®. The cell-surface receptor responsible
for FBLN4 binding to cells remains unknown. LTBP4 is known to be recruited to TE by FBLN4®
20 and FBLN5?L. Similar to FBLN4, LTBP4-cell interacting receptor is also unknown?. The
mechanistic function of FBLN4 or LTBP4 in cell interaction and in turn in elastic fiber formation
remains largely obscure. Therefore, this dissertation addressed the roles of FBLN4 and LTBP4

cell interactions in elastogenesis.



1.2 Extracellular matrix

ECM is the tissue materials expressed by cells and deposited to the extracellular space,
which does not only adheres the cells together, but also acquire biochemical properties that
contributes to tissue organization and functions. ECM varies among body tissues with a wide range
of structures from loose to dense, and from soft to rigid?3. ‘Matrisome’ is the ECM components of
any given matrix, in which about 300 proteins of human proteome have been classified to this
group?*. The core mammalian matrisome comprises fibronectin (FN), fibrillin (FBN), elastin
(ELN), collagen (COL), laminin and proteoglycans, among others®. In addition to the core
proteins, ECM retains a group of enzymatic proteins that function in regulating and remodeling
the ECM, such as the family members of matrix metalloproteinases (MMPs), lysyl oxidase (LOX),
and members of disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)? 26,

ECM proteins frequently contain multiple highly-conserved domains and include a number
of very ancient proteins such as collagens and laminins?’. Also, ECM proteins commonly have
repetitive arrangements of recognizable domains, e.g. the epidermal growth factor like (EGF-like),
calcium-binding EGF-like (cbEGF-like), TGFB-binding protein-like (TB), and immunoglobulin
(1g) domains?’. However, a few known ECM proteins consist of exceptional domain arrangements
such as elastin (ELN) and fibronectin (FN) matrix proteins?* 28,

One of the characteristics of ECM proteins in general is that they are rich in disulfide bonds
within modules and between modules of different molecules, which is important for the protein
conformation stability and proper function?®. In addition, ECM proteins frequently contain glycans
that contribute to protein adhesion to cells and to other proteins, as well as in the tissue stiffness®-
32 Typically, ECM proteins are deposited into the extracellular space after passing through the
secretory pathway and undergoing several post-translational modifications for the correct protein
folding, including disulfide bond formation, glycosylation, carboxylation and others® 34,
However, the modifications of ECM proteins continue toward maturation and activation even after
secretion*. Several ECM proteins form dynamic fibrillar structures®®. These fibrillar structures are
arranged in sophisticated networks in various tissues. They do not differ only in the diverse
molecules compose them, but also in how these molecules are constructed. For example, COL, the
most prevalent component of the ECM in skin and bone, presents distinct arrangements in both of
them®6. While collagen fibers in skin form basketweave organizations of randomly-like oriented

bundles®” %, bone matrix is composed of dense collagen fiber networks stiffened via mineral
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crystals of hydroxyapatite (calcium apatite) that organized in higher hierarchical levels of
supramolecular collagenous structures®. Also, the architectures of elastic fibers vary among elastic
tissues. For instance, elastic fibers presents in wavy mesh-like networks spread through the dermis
layer in skin, continuous sheet-like lamellae in large blood vessels, and thin branched fibers in
lungst.

Generally, ECM provides cells and tissues with a highly dynamic structural support. ECM
confers a broad functional spectrum including elasticity, rigidity, cell-adhesion, and
differentiation, among others?: 3, Fibrillar ECM structures provide scaffold not only for adherent
cells, but also for the deposition and assembly of other ECM proteins®. Additionally, ECM serves
as a substrate for cell proliferation and migration in embryogenic development, in physiological
processes such as wound healing and in pathological conditions like metastasis*®-42. Importantly,
ECM functions as a reservoir for growth factors and cytokines required for signal transductions,
tissue remodeling, and immuno-response®® 43,

ECM pathology highlighted the indispensable function of ECM in development, survival
and health. Mutations in ECM genes, as well as scant deposition or deleterious aggregates of ECM
proteins have been associated with many diseases* 446, However, there are huge gaps in our
understanding of ECM protein compositions, interactions and functions during physiological and
pathological processes. Importantly, our knowledge about elastic fiber formation is very limited
despite the considerable advances made over recent to uncover the mechanisms that regulate
elastogenesis. Many mechanistic details in all the aspects of elastic fiber formation remain

undefined.

1.3 Elastic fibers

Elastic fibers are major and critical ECM components for dermal, circulatory, and
respiratory tissues®. The amount and the organization of elastic fibers confers the elastic properties
required for tissue function (Fig. i). Elastic fibers in the aorta are arranged in layers of continuous
lamellae alternating with vascular smooth muscle cells, which govern mechanical resistance to the
aortic walls subjected to high hydrostatic pressure*’. Short and thin elastic fiber networks in alveoli
coordinate elasticity and resilience of their constantly expanding and shrinking delicate
walls®.Cutaneous elastic fibers form mesh-like networks of two groups: thick horizontally oriented

fibers in reticular dermis and thinner perpendicular fibers in the papillary dermis®. These
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arrangements of elastic fibers impart to skin the flexibility to extend and recoil, to accommodate
body movements with full protection from the mechanical impacts and pressures.

Elastic fibers are composite ECM elements that are often defined as fibrous structures with
a core of amorphous elastin enveloped by a fibrillin-microfibril coat? 148, In fact, elastic fibers
include several components other than elastin and fibrillin. But the exact composition of mature
elastic fibers is still not clear and needs to be completed*®.

Elastin is the core of mature elastic fibers, which is dense and highly crosslinked form of
tropoelastin (TE), the elastin monomer*°. Elastic fiber formation, termed ‘elastogenesis’ is a highly
complex process and it is not as simple as it was thought years ago that elastin is deposited onto
fibrillin-microfibril scaffold before and during crosslinking®. It became obvious as research
revealed that elastin cannot fully self-assemble and crosslink without assistance from multiple
molecules”*’. However, it is not clear if the molecules that contribute in elastogenesis continue to
constitute a part of the mature elastic fibers in tissues or dissociate in some phases of elastogenesis.

Mutations in elastin and elastic fiber genes result in a variety of heritable disorders
affecting life-sustaining organs and tissues including aorta, cardiac valves, lungs, and skin? %52,
Defects in elastic fibers are associated with aortic aneurysms and dissections, cardiac valvular
failure, emphysema, cutis laxa, arterial tortuosity, cornea malformation and metabolic
abnormalities’ 14 5359,

Elastic fibers have very long lifespan with extremely slow turnover, comparable to human
lifespan®®. However, elastic fibers lose their highly extensible ability through “elastolysis’, where
elastic fiber degradation occurs via elastolytic enzymes such as elastases and MMPs released by
several cell types including macrophages, neutrophils, smooth muscle cells and fibroblasts, among
others®% 6184 In addition, elastic fibers are characterized by insufficient repair and remodeling that
contribute to aging and pathological conditions, such as inflammation, burns, wounds, sun
damages, cigarette smoke and hypertension®-8,

Overall, the step by step process of elastogenesis and proteins involved during this process

remain a challenging problem which likely will require intensive research for the years to come.
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Figure i. Organization of elastic fibers in tissue

Hart’s elastin staining of cross-sections in human skin (foreskin) (A) and umbilical cord vein (B). The dark brown
staining shows elastic fibers. They forms networks spread over the dermis layer in skin. Elastic fibers in the
umbilical vein present one continuous thick layer toward the lumen and a few thinner layers of deposited elastic
fibers under it separated by layers of smooth muscle cells. S: stratum corneum, ED: epidermis, D: dermis, L: lumen,
PV: perivascular region, WJ: Wharton's jelly.

1.4 Elastic fiber proteins

Numerous ECM proteins are involved in each step of elastogenesis guiding and facilitating
elastic fiber formation %1547, Several proteins have been featured as elastic fiber building blocks.
The key elastic fiber proteins include TE, FBN1, FN, FBLN4, FBLN5, LTBP4, LOX, LOXL1,
and EMILINY 11 1t is important to highlight that elastic fiber proteins interact with others and
depend on others in dynamic mechanisms that are still not fully uncovered. These complex
interactions between elastic fiber proteins are essential and defect in them disturb elastogenesis
and result in compromised elastic fibers®. Mutations in nearly all elastic fiber associated proteins
lead to heritable connective disorders in human due to defective non-functional elastic fibers,
which some of the underlying disease mechanisms are confirmed by gene deletion mouse models?
51'

FN dimers assemble in the ECM to a fibrous network in a cell-interaction dependent
mechanism®®-", Fibronectin interactions with cells stimulate focal adhesion formation and cell
contraction events which are required for the assembly of FN fibers’® 7478, Elastic fiber proteins

depend on an existing FN matrix for incorporation into the ECM. A double knockout of both
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cellular and plasma FN affects elastogenesis and survival of the mice, which showed the
importance of FN in elastic fiber formation’. The assembly of FBN1, which forms a scaffold for
elastin deposition 882 is dependent on FN®: 84 Although FBLN4 has affinity to both FN and
FBN1 in vitro®, it has been shown that FBLN4 assembly directly depends on FN, not mediated
via FBN1?°. No information has been reported about FBLN5 dependency on FN. In addition, N-
terminal region of LTBP4 binds to FN(Fig. ii), which is indispensable for LTBP4 matrix
assembly?2. EMILIN1 incorporation into the ECM also requires the presence of FN®,

FBN1 does not only provide the scaffold for elastin deposition, but also FBN1- containing
microfibrils constitute one of the two major components of the mature elastic fibers®' 1. FBN1
forms beads-on-string ECM structures® &8, The assembly of FBN-microfibrils is a multi-step
process that starts by the secretion of FBN1 proprotein which is cleaved at the N- and C-termini
by proprotein convertase, furin®-°2, Then, FBN1 multimerization via the C-terminus leads to bead
like globules®. This facilitates N- to C-terminal interactions forming FBN1-microfibrils in a head-
to-tail arrangement, which are further stabilized in bundles by lateral homotypic interactions
between various regions of FBN1%+%, The stabilization of FBN-microfibril bundles is achieved
by disulfide bond crosslinks and by transglutaminase-derived crosslinks to result in functional
networks®1%, During TE deposition, intermolecular transglutaminase cross-links are also formed
to tightly bind FBN1 to TE%,

Mutations in FBN1 gene results in a failure in elastic fiber formation in elastic tissues,
combined with other phenotypes in non-elastic tissues®’ 82 103 Marfan syndrome is the most
common inherited fibrillinopathy, and one of its multi-tissue phenotype is an abnormal aorta due
to defective elastic lamellae'®* 1%, The necessity of FBN1 in elastogenesis and development has
been emphasized by several mouse models that either lack the expression of the FBN1 protein, or
express either reduced FBN1 or mutated FBN12%1%, The Fbon1” mouse model is characterized
by early postnatal mortality within the first two weeks after birth due to ruptured aortic aneurysms
and compromised lung function'®®. Among a wide range of phenotypes, the hypomorphic mouse
model Fbn1MIRMIR develops aortic aneurysms that eventually undergo aortic rupture results in
mortality around 3-4 months'%’.

ELN is the core elastic fiber protein which is highly homo- and heterogeneously
crosslinked!®-1, TE does not fully acquire the ability to self-assemble and crosslink; but needs

other molecules to facilitate its deposition on FBN-microfibrils and to stabilize it through an
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intensive crosslinking mechanism*% 112, Initially, ELN is secreted into the ECM as soluble TE
monomers that are deposited on FBN-microfibrils by the assistance of FBLN5, FBLN4 and
LTBP4" 13, FBLN4 and FBLNS5 interact with TE'# 15 and with FBN1%® acting as adaptor
molecules between FBN1 and TE. Also, both FBLN4 and FBLNS5 interacts with LTBP4% 2%, Gene
deletion of FbIn4, and FbIn5 as well as Ltbp4 in mice have provided substantial evidence for their
roles in elastic fiber formation and function. FbIn4 total knockout is prenatally lethal due to a
severe elastic fibers failure in aorta and lung'®. Deletion of FbIn5 gene in mice resulted in
disorganized elastic fibers recapitulating cutis laxa phenotype in human which presents loose skin
and tortuous aortae, but the mice have a normal lifespan®'’. Similar to the Fbin4 knockout, elastic
fibers formation is largely defect in a total Ltbp4 knockout mouse model, resulting in neonatal
mortality within two weeks postnatal due to a combined effect of respiratory failure with a
malformed aorta and a cardiac phenotype®®.

During and after TE deposition onto FBN-microfibrils, TE is crosslinked by LOX and other
LOX family members!® 11° which is supported by FBLN4 and FBLN5'" 12, Inactivation of the
mouse Lox gene causes perinatal death with drastically defective elastic and collagen fibers,
leading to aortic aneurysms, cardiovascular dysfunction, and diaphragmatic rupture?® 122,
Although LOXL1 and other members of the LOX family appear to compensate in catalyzing cross-
linking of collagen and elastin!8, they do not fully compensate the total absence of LOX. For
example, LoxI1 null mice are viable but have an abnormal deposition of elastic fibers in the uterine
tract and develop pelvic organ prolapse, enlarged air sacs in lungs, loose skin with a degree of
vascular abnormalities?% 123,

EMILINL1 is another elastic fiber components that locates at the ELN-FBN-microfibril
interface, where elastin and microfibrils are in a close proximity!?* 25, EMILIN1 has binding
affinity to FBLN4, FBLN5 and TE% 126, This suggests EMILIN1 may function to stabilize the
interactions between elastic fiber components. However, FBN1 is required for EMILIN1
deposition within the extracellular space®®. Although Emilinl deficient mice did not fully
recapitulate the same level of life-threatening phenotypes of the FBLN4, FBLN5 or LTBP4
knockout mice!® %17 ‘murine Emilin1 deficiency leads to defects in elastic fibers combined with
irregular elastin deposits between the elastic laminae in the aortic wall®,

Apart from the above mentioned key elastogenic molecules, there are other proteins

associated with elastic fibers such as MFAP4, microfibril associated glycoproteins (MAGP1 and
7



MAGP2, respectively)* ?’. MAGP1 and 2 (encoded by MFAP2 and MFAPS5, respectively) were
first isolated from elastic fiber-associated microfibrils and thought to be involved in
elastogenesis'?1%, However, knockout mouse models of Magpl and Magp2 presented intact
elastic fibers*133, Similarly, MFAP4 was found to colocalize only to FBN-microfibrils associated
with elastic fibers3* 135, Nevertheless, Mfap4” mouse model did not present with any major
defects in elastic tissues and elastic fibers developed normally*3% 136,

Although neither is required for elastic fiber assembly, MAGP1, MAGP2 and MFAP4 may
promote elastin deposition onto microfibrils. In other words, there is still little known about these
three proteins, whether they are essential microfibrillar components and how they might influence
FBN-microfibril associated with different elastic laminae. It has been shown that the addition of
MAGP1 to the N-terminal half of FBN1 accelerated the maturation of elastic-like peptides and
may act as a linker protein between TE and FBN110% 137138 Also, overexpression of MAGP2
increased elastic fiber assembly mediated by FBN1 matrix assembly*3®. While MFAP4 specifically
binds to ELN/TE, desmosine, and FBN1% 10 MFAP4 also interacts with LOX which does not
increase the effect of MFAP4 on TE coacervation®. Interestingly, down regulation of MFAP4
expression has been reported in Marfan syndrome related pathology**L.

Of particular interest of this study, the following sections will further described in details
the three key elastic fiber proteins, ELN, FBLN4 and LTBP4.

1.5 Elastin

Initially, the soluble form of ELN, TE, is secreted to ECM after passing through the
secretory pathway#2. TE is 60-70 kDa protein encoded by a single gene. However, there is a large
variety of tropoelastin isoforms as a result of extensive alternative splicing'#® 144, Secreted TE
possesses 32-34 domains (encoded by 36 exons) in which two major types of domains alternatively
arranged along the protein structure!*>-147(Fig. ii). TE mainly composed of hydrophobic domains
rich in non-polar amino acids, and hydrophilic domains, that involve in crosslinking, rich in lysine
and either alanine, or proline*®(Fig. ii). TE is the most extensible protein with a highly
hydrophobic nature that forms an asymmetric coil with a protruding foot at the C-terminal tail. It
is assumed that TE present a head-to-tail assembly by stacked TE monomers to create a spring-
like structure'*” 48 However, the heterogeneity of TE isoforms contributes to the structural

disorder as a constitutive feature of TE that is required for the elasticity function in which the
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formation of extended secondary structures is restricted4®51, TE tends to partially self-coacervate,
as shown in test tube where a phase separation was observed when the temperature of an aqueous
phase of TE increased from 25 to 37°C*®2, This is due to the intermolecular interactions of solvent

exposed lysines between TE domains number 17-27, especially domain 2653-1%,

FBN1 TE
(Clarke et al, 2005, Biochemistry) (Dyksterhuis et al, 2007, Matrix Biology)
(Rock et al, 2004, JBC)
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Figure ii. TE domain structure and interactions with elastogenic proteins

Schematic presentation of TE shows molecular interaction sites identified in vitro with elastic fiber proteins. The
line encompassing all the domains indicates interactions identified with the full length TE.

Mutations in the ELN gene are associated with a variety of disorders depending on the
affected functional region of the gene that a large part of these mutations is synonymous*®% 157,
The mutational spectrum in the ELN gene has been associated with supravalvular aortic stenosis
(SVAS) including translocation, deletion and point mutations*®. The main feature of SVAS is a
narrowed lumina of large blood vessels caused by thickening of the media and intima in the arterial
wall, including the ascending aorta, pulmonary and coronary arteries*>®. Major deletions of the
ELN gene with other genes on chromosome 7 is linked to Williams-Beuren syndrome*®® defined
as a congenital multisystem disorder characterized by vascular stenosis, mental retardation, and

abnormal facial features!®® 161,



Mutations in the ELN gene are also associated with autosomal dominant cutis laxa (ADCL)
that affected individuals have severe and early onset lung disease, including bronchiectasis and
emphysema, loose skin with sagging facial skin, hooked nose, and everted nostrils, as well as
abnormalities of the aorta, hernias and genital prolapse!®2%4, Also, reported point mutations in the
5’ region of the ELN gene cause a mild form of autosomal recessive cutis laxa (ARCL) phenotype
that is characterized by deficient dermal elastic fibers!®®
studies©®: 167,

The absence of elastin expression in a mouse model led to similar phenotypes compared to

, Which is also supported by cell culture

human elastinopathy. EIn null mice die shortly after birth at PO-P3.5 due to aortic stenosis, and
alveogenesis failure'® %%, Although EIn™~ mice had a normal life-span, ELN insufficiency in this
heterogenous mouse model was associated with small aortic diameter together with other
cardiovascular changes and hypertension. The phenotype was reversed by introducing a bacterial

artificial chromosome expressing human elastin'’®.

1.6 Fibulin-4

The fibulin family consists of eight members associated with elastic fibers, and other ECM
structures*’ 12, FBLN4 is a 53-kDa short fibulin consisting of six tandem calcium-binding EGF-
like (cbEGF) domains followed by the fibulin-type C-terminus, and two N-linked glycosylation
sites'’3(Fig. iii). FBLN4 monomers are arranged in donut-shaped dimers while the multimers
display a spheroidal shape!8. However, the significance of this multimerization for the protein
function has been poorly analyzed. It is shown that FBLN4 multimers, but not monomers or
dimers, interact with heparin®, FN and LTBP4%°,

In addition to self-interactions'® 2°, FBLN4 interacts with many ECM proteins (Fig. iii).
FBLN4 has binding activity with FN, which is the master organizer in ECM scaffolding?°
suggesting a function of FBLN4 as a mediator of several elastic fiber protein deposition to FN.
FBLN4 facilitates elastogenesis and collagen stability by interacting directly with pro-LOX, an
essential enzyme for elastin and collagen cross-linking!” 4. Additionally, FBLN4 binds to the
microfibril component FBN12% 116 174 and to TEM> 1, FBLN4 interacts strongly with
LTBP1forming a stable ternary complex with FBN1, speculating that FBLN4 acts as a linker in
the association of LTBP1 with microfibrils!’>. FBLN4 also binds to LTBP4 which promotes
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elastogenesis'® 2°. FBLN4 has affinity to FBLN5'* and EMILIN1%%, The multimeric form of

FBLN4 binds to heparin in calcium dependent manner:®,
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(Choudhury et al, 2009, JBC) FBLNA known interacting ECM proteins involved in
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{Diokic et a ) solid-phase interacting assays, BlAcore, or CO-IP

as reported in the literature. The line encompassing
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FBLN4 can adhere to skin fibroblasts, lung fibroblasts, as well as artery and vein smooth

muscle cells while it does not contain a conserved arginine-glycine-aspartic acid (RGD)-integrin
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binding sequence®. Consequently, FBLN4 binds to cells not through RGD-dependent integrins
but requires other unknown cell surface receptors.

Mutations in the FBLN4 gene (EFEMP2 as EGF containing fibulin extracellular matrix
protein-2) cause a severe form of ARCL type-1 B (ARCL1B) in human, characterized by a diverse
array of defects, including aortic aneurysms, arterial tortuosity, cutis laxa, skeletal and craniofacial
anomalies, as well as respiratory problems*?2°,

FBLN4-hypomorphic mice (FbIn4®®) are characterized by aneurysms and arterial
tortuosity'’®. Markedly, elastic fiber assembly largely fails in FBLN4 global knockout mice and
mice die prenatal or immediately after birth''®. Interestingly, FbIn4” mice did not develop elastic
fibers. Analysis of elastic laminae in FbIn4”- mouse aortas by electron microscopy showed unusual
elastic fiber aggregation with random distributions and rod-like filaments'®. Lung development

was also incomplete in these mice as a result of the failure in the formation of elastic laminae!!®.

1.7 Latent transforming growth factor-# binding protein-4

LTBP4 is another ECM protein with important functions in elastogenesis. It is one of four
members in the LTBP family!’"1’®, LTBP4 is a 165-187 kDa protein composed of multiple
domains and harbors five N-glycosylation sites'’"1"(Fig. iv). The domains consist of two 4-
cysteine domains unique to LTBP4, three TB domains, one hybrid domain and twenty EGF
domains, seventeen of them are coEGF domains®’’: 18, LTBP4 occurs as two alternatively spliced
isoforms; the long isoform (LTBP4L) and the short isoform (LTBP4S) that contains only one of
the two unique 4-cysteine domains®’’ 178

In addition to its role in mediating TGF-B activity’®®, LTBP4 promotes elastic fiber
assembly by interacting with a number of ECM proteins such as FN?2, FBN1'®, FBLN4'° and
FBLN5?(Fig. iv). Similar to FBLN4, LTBP4 also lacks an RGD-integrin binding motif, but has
cell interaction activities'® 22 while its sequence. However, there has been no information about
the cell surface receptor that interacts with LTBP4.

Mutations in LTBP4 were reported in patients with ARCL1 type C (ARCL1C) that leads
to severe to lethal emphysema, pulmonary arterial stenosis, redundant skin and gastrointestinal
malformations® & 182 183 | thpaS”’ mice exhibit thinner elastic fibers in the lungs but do not
replicate the entire phenotype of human ARCL1C®4, Electron microscopy of Ltbp4S’ lungs

demonstrated large globular elastic fibers that are not completely integrated with microfibrils®.
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The more severe phenotype of the Ltbp4 global knockout mice, lacking both LTBP4 isoforms
(Ltbp4™’), as compared to Ltbp4S™ highlighted the crucial role of LTBP4L in elastogenesis and
postnatal survival'®. In vitro, LTBP4 knockdown in human dermal fibroblasts did not change
MRNA expression levels of elastic fibers proteins including FBN1, LOX, LOXL1, FBLNS5 and
FBLN4, whereas elastin mRNA expression levels were increased?!. The presence of exogenously
added LTBP4S protein enhanced the deposition and assembly of the accumulated elastin?. This
confirm the prominence of LTBP4S isoform along with LTBP4L, that both isoforms play

overlapping but non-redundant roles in elastic fiber formation.

FBLNS (C-term)

(Noda et al, 2009, PNAS) TGFB1-LAP
(Bultmann-Mellin et al, 2015, DMM) (Koli et al, 2004, JCB)

(Saharinen & Keski-Oja, 2000, MBoC)

FBLN4
(Bultmann-Mellin et al, 2015, DMM)
LTBP4L ||N C
LTBP4S N C
—T— T

FBN1 (N-term)

FN . (Isogai et al, 2003, JBC)
Heparin
(Kantola et al, 2008, Experimental Cell Research)
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@D D 3-Cys domains @ T8 domain

Figure iv. LTBP4 domain interactions with ECM proteins

Schematic presentation of LTBP4 showing the known interacting ECM proteins involved in elastic fiber assembly.
The boxes and lines indicate interacting domains of LTBP4 determined by protein-protein interaction analyses as
reported in the literature. The boxes indicate interaction sites mapped using both LTBP4 long and short forms
including the variant sequences between them. Lines represent the identified interaction sites on regions with
identical sequences between the two isoforms.

Interestingly, a double mutant mouse model, Ltbp4S™;FbIn4®R, presents with a severer
phenotype, compared to Ltbp4S™ or FbIn4®R mice, characterized by high perinatal/neonatal
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mortality and severe defects in elastic fibers!® 1'% 18 This emphasizes that the presence of both,

FBLN4 and LTBP4, is critical for elastogenesis and survival*®,

1.8 Elastogenesis

Elastogenesis predominantly takes place in utero and in early childhood producing durable
elastic networks that last until old age'*® 4/, ELN is assembled by a hierarchical mechanism
includes diverse elastic protein interactions, depositions, conformational switches and
crosslinking. Elastogenesis starts as early as TE and other elastogenic proteins are synthesized and
secreted into the extracellular space'®. Numerous TE monomers accumulate on a microfibrillar
skeleton that is laid onto a FN matrix. Then, elastin fibrillogenesis continues close to the cell
membrane until it later results in an amorphous elastin central core tightly enveloped by FBN-
containing microfibrils in tissues® 2 4% 1(Fig. v).

Timer reporters and lentiviral transfection techniques were recruited to follow elastic fiber
synthesis at early elastogenesis in cell culture where labelled-TE was shown to assemble into micro
and macro assemblies deposited on the cell surface* > 187, Nevertheless, how other elastic fiber
proteins are recruited on the molecular level during elastogenesis remains largely unknown. There
are three mechanisms that have been partially elucidated for this multi-step process of elastic fiber
formation regarding the functional involvement of FBLN4 and LTBP4 with other elastogenic
molecules (Fig v B).

FBLN4 binds to both TE and FBN1 acting as a mediator to deposit TE onto FBN-
microfibrils®: 116:174 It has been shown that FBLN4 also interacts with the inactive pre-LOX, and
this interaction activates LOX which consequently enhances TE polymerization!” 1. This
suggests the dual role of FBLN4 in deposition of TE on FBN-microfibrils and in activation of
LOX responsible for crosslinking (Fig. v B, left panel).

The N-terminal region of LTBP4 interacts with both FBLN4 and FBLN5 (Fig. iv)'% 2,
Actually, evidences show a specific functional link between FBLN4 and LTBP4L, and between
FBLNS5 and LTBP4S1% 21184185 | TBP4L depends on FBLN4 for its expression as shown in vivo
using the Ltbp4S~”;FbIn4*R mouse model that resulted in impaired elastogenesis®. Yet, the exact
mechanism remains to be determined. In contrast, FBLN4 depends on LTBP4L while FBLN5
depends on LTBP4S for their assembly/deposition as shown using Ltbp4S™ and Ltbp4~~ mouse

models and cell culture studies®®. These data together distinguish the involvement of LTBP4 in
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elastogenesis in two distinct scenarios; in the first, FBLN4 acts with LTBP4L while FBLNS acts
with LTBP4S in the second (Fig. v B, middle and right panel).
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Figure v. FBLN4 and LTBP4 in early elastogenesis

Diagrammatic representation of elastic fiber assembly elucidates the involvement of FBLN4 and LTBP4 along with
other elastic fiber-associated proteins. (A) Secretion of TE and elastic fiber proteins. (B) Through guidance of
FBLN4 and LTBP4, TE microaggregates are deposited on the assembled FBN-microfibrils that previously
deposited onto a FN matrix, and are also crosslinked by LOX enzymes. (C) The deposition of elastic fiber proteins
takes place close to the cell surface in early elastogenesis before the fully mature elastic fibers separate from the
cell surface to incorporate in tissue in late elastogenesis.

FBLNS5 is known also to interact with LOXL1%?° and with TE® ¥"* while LTBP4 has no
affinity to TE but to FBN18! and to FBLN5* 2, This suggested the possible mechanism in which
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LTBP4S guides FBLN5/LOXL1/TE complex to be deposited on FBN1-microfibrils (Fig. v B,
middle panel). Recently, it was shown that a transient binding of FBLN4 to LTBP4L causes a
conformational change in the LTBP4 protein from a compact to an extended shape?. This leads
to an increased TE deposition in which FBLN4 tethers TE to LTBP4L and, in turn, the extended
LTBPA4L assists FBLN4/TE complex deposition onto FBN-microfibrils (Fig. v B, right panel).
While FBLN4 and LTBP4 are involved in interaction with and deposition of elastogenic
proteins, they also interacts with cells!® 22, on the plasma membrane where early elastogenesis
takes place (Fig. v C). By now, it is known that FBLN4 and LTBP4 play diverse vital roles in
elastin fibrillogenesis with a possible involvement of FBLN4 or LTBP4 cell interactions in a
mechanistic function in elastogenesis. However, how elastic fiber formation is initiated near the

cell membrane to produce mature fibers in tissue remains elusive.

1.9 Cell interactions with extracellular matrix proteins

Cells in connective tissues are surrounded by ECM. Therefore, it is not surprising that cells
and ECM molecules, including elastogenic proteins, establish defined connections,
communications and transduce signals through cell surface receptors. In fact, there has been
significant efforts to identify the cell surface receptors that interact with the ECM molecules, and
to define how cells and ECM interpret the transduced information between them®. Receptors on
the cell membrane respond to specific extracellular recognition that further affects several cellular
events. The downstream of ECM cell interactions includes focal adhesion formation, cytoskeleton
organization, cell migration, cell growth and proliferation, as well as apoptosis®1% ECM
constitutes the cell microenvironment in which cell adhesions and spreading on ECM influence
tissue development, angiogenesis and tumor metastasis!®% 19,

For many years, tissue engineering and cell biology research have progressed with
considering the advantages of understanding the ECM-cell interfaces. For example, cell adhesions
to FN and collagen have been used as tools in cell culture optimization'®>%, Cell responses to
interactions with MMPs have been used in applications to construct engineered tissues®® 1%,
Precoated beds with FN have been utilized to promote tissue repair and wound healing based on
its cell interactions'®,

ECM proteins interact with cells directly or indirectly through diverse cell receptors. FN

interacts strongly with cells through several integrins and heparan-sulfate proteoglycans, such as
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osP1, ovfs, and syndecan-4 (SDC4)% 197 198 EN cell interactions trigger RhoA activity and
promote focal adhesion formation and cell contractions, which in turn provide mechanical forces
required for FN fibrillogenesis'®” 18, Similar to FN, FBN1 interacts with several cell receptors
including asp1, avPs and awPs, as well with heparan sulfate proteoglycans!®®-2%%, Cell adhesion to
FBN1 regulates focal adhesion formation and actin cytoskeletal assembly?®*. Inhibiting FBN1
adhesion to heparan sulfate negatively affected the assembly of FBN1 into a microfibrillar network
suggesting the function of FBN1 cell interactions in microfibrillar assembly?%,

TE interacts directly with several types of cell surface receptors; TE binds to avps, avps,
glycosaminoglycans (GAGs), and elastin receptor complex (ERC) that contains elastin binding
protein and neuraminidase-12°>2%, The functional contribution of TE cell interactions with
integrins and GAGs have not been investigated. However, it has been shown that ERC has
preponderant role in elastic fiber formation involving in the secretion and deposition of TE?%% 210,
Disturbing ERC results in impaired elastic fibers which is associated with metabolic and
cardiovascular pathology?!!. In addition, TE indirectly interacts with cells via other elastic fiber
proteins such as FBLN4, FBLN5, and LTBP418: 22 117:206,

FBLNS5S cell interactions are mediated by integrins avBs, avfs and agP1 through its N-
terminal domain®'’. FBLNS5 cell adhesion play roles in cell migration and invasion®!2, Although
the significance of integrin binding has been shown in FN fibrillogenesis, disturbed FBLN5-
integrin binding did not affected elastic fiber assembly in the FbIn5R®ERCE mouse model?3. The
cell interactions of FBLN4 and LTBP4 have been previously addressed® 22, but the responsible
cell surface receptors have not been discovered. Additionally, the role of FBLN4 or LTBP4 in cell
interaction and in turn in elastic fiber formation remains largely unknown.

Heparan sulfate proteoglycans and integrins have been frequently reported in cell
interactions with ECM proteins particularly with elastic fiber proteins. In the following section,

existing literature about these two groups of cell receptors are described.

1.10 Heparan sulfate proteoglycans

Heparan sulfate proteoglycans (HSPGs) form a large group of glycoproteins. They serve
as cell surface receptors, co-receptors and adaptors. All HSPG share a common characteristic of
carrying one or more covalently attached heparan sulfate chain?'4. Along with heparan sulfate
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oligosaccharides, HSPGs also can carry other types of GAG chains such as chondroitin sulfate?**

215.

Heparan sulfate is a type of GAGs that is composed of a complex unbranched carbohydrate
chain identical to heparin in the chemical backbone, yet it is undersulfated®®. Heparan sulfate and
heparin (unconjugated-to-cell/free GAG) are synthesized in the secretory pathway passing through
significant modifications, including deacetylation and sulfation, requiring the recruitment of
several enzymes in a tightly regulated process?’-?'°. The modification process conducted on
heparan sulfate polysaccharides continue extracellularly by specific enzymes (e.g. sulfatases and
heparanases) to remodel the contents of their chains, and consequently the function??%-222, Also,
the extracellular domains of HSGPs are exposed to protease-mediated process, shedding them off
the cell surface into the ECM?2 224, Proteolytic shedding of HSPG extracellular domains may
cause loss of Heparan sulfate function as receptors, or may change their function to role as
antagonists instead??% 226,

Heparan sulfate produced roughly by all body cell types and encoded by several genes.
However, only one core protein (encoded by a single gene) carry heparin is produced by very
certain cell type, mast cells??” 228, Heparin functions differently from heparan sulfate, as it is a
crucial anticoagulant that binds to and activates antithrombin, leading to accelerated inhibition of
the coagulation cascade??®. Heparan sulfate on proteoglycans binds to a plethora of ligands
including ECM proteins, growth factors, cytokines and other cell-surface receptors on the same
cell membrane or in cell-to-cell communication?!4. Heparan sulfates vary in their length, location
and distribution patterns on the protein core, which all contribute in their affinity to the binding
epitopes. As well, the widely spaced sulfated regions over the polysaccharide chains display
conformational versatility?'® 2% 231 This diversity in the sulphation patterns and the length of
heparan sulfate chains are necessary for the specific function in protein interactions?%:232, Heparan
sulfates adopt very fine structures that accommodates a large number of specific interactions with
protein ligands as theoretically analyzed using fitting models?*3. Some HSPGs present at the cell
surface such as SDCs and glypicans (GPCs)™®% 23 2% and others are secreted to the ECM as
adaptors link between ECM proteins and/or between ECM proteins and cell-surface receptors such

as perlecan, agrin, and collagen XV111%.
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1.10.1 Syndecans

The SDC family consists of four distinct members, SDC1-4 that share similar structural
domain arrangements. Each SDC has an extracellular domain (ectodomain) at the amino-terminal
end, followed by a transmembrane domain and tail-like intracellular domain (cytoplasmic domain)
at the carboxyl-terminal end?*’. The SDC domain structure is highly conserved cross all syndecans
with an ancient history as evolved from one coding gene in C. elegans to 4 copies present in Homo
sapiens®®® 2% Each SDC protein is embedded in the cell membrane to serve as cell surface receptor
in homo- or hetero-dimers with other SDC members?4°. SDCs also display hierarchal clustering
that homotypic and heterotypic interactions form larger oligomers of SDC2%°. SDC
dimerization/oligomerization occurs via non-covalent links between their transmembrane
domains?*. In addition, SDCs form receptor complexes with other cell membrane proteins such
as integrins?#,

The ectodomains of SDC have the most variable sequences between the four members,
which carry heparan sulfate, and some of the SDC ectodomains possess also chondroitin
sulfates®*®. The distribution of covalently attached heparan and chondroitin sulfates on SDC
ectodomains divides SDC into two groups. One group consists of SDC1 and 3 that carry heparan
sulfate chains located at the distal ends of the ectodomain and chondroitin sulfate chains at the
proximal end near the cell membrane. The other group of SDCs includes SDC2 and 4 that each
contains only heparan sulfate chains at the distal end toward their N-termini??% 2?8, The ectodomain
of all mammalian syndecans shed from the cell surface as an intact proteoglycan into the ECM
cleaved by proteases after a specific duration of cell-surface associated life-span??%2°, As the SDC
ectodomains provide the ability to interact extracellularly with many proteins, the cytoplasmic
domains endow them with the capacity to response intracellularly initiating signaling processes?*.
SDC cytoplasmic domain has three regions: conserved domain-1, variable domain, and conserved
domain-2. The variable domain differentiates a unique cell signaling to each SDC. The SDC
transmembrane domains are the anchoring units span the plasma membrane and the most
conserved domains cross SDCs?%,

So far, it is not clear if mutations in any SDC in human can lead to a disease. The absence
of reports about disease conditions associated with SDC genes is possibly due to compensatory
mechanisms between SDCs which makes disease phenotypes subtle or undetectable. However,

variants in the expression patterns of SDC proteins have been associated with cardiac fibrosis,
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fibrodysplasia ossificans progressive (a disabling disorder of progressive heterotopic bone
formation), muscular dystrophy, and lung cancer, among others?46-2%0,

Knockout animal models have been described for Sdcl, 3 and 4, but not for Sdc2. Sdcl
deficiency in mice has been utilized to analyze the role of its ectodomain in tumorigenesis and in
the inflammatory response as a cell membrane protein and as a soluble ectodomain (CD138) in
the blood stream?®*2%3, Sdc1 null mice develop normally?®* 252, However, Sdcldeficiency in mice
was associated with dysregulation of inflammatory markers and aggravation of leukocytes in the
ocular vasculature and kidney after treatments to enhance inflammation2 2%3, In addition, a study
included Wnt-1 signaling to induce mammary gland tumorigenesis showed that SDC1 is a critical
modulator in breast carcinogenesis?!. Sdc1 null mice subjected to corneal and skin wound healing,
showed defects in cell proliferation and variations in integrin expression and localization at the
wounded tissues combined with prolonged hypoplasia®?. In addition to inhibited angiogenesis,
delays in wound healing were observed in Sdc1” mice as well as in Sdc4” mice?>. A remarkable
decrease in ADAMTS-5 activity in Sdc4” mice have been linked to the regulatory role of SDC4
in inducing collagen type X-producing chondrocytes, and in inhibiting the breakdown of cartilage
matrix during osteoarthritis via a direct interaction with ADAMTS-5%%°. The Sdc3”- mouse model
was exclusively analyzed for brain development and shown to have impaired neural migration?®.
Sdc knockdown in both C.elegans and Drosophila caused disrupted neuronal migration and
defected axon guidance®’: 28,

The long evolutionary history of SDCs is indicative of important functions. However, these

functions have not been profoundly investigated elastogenesis.

1.10.2 Glypicans

GPCs constitute with SDC the two major families of cell surface HSPGs?®°. GPCs contain
six GPC members, GPC1-6, that share a similar protein core domain structure with moderately
conserved amino acid sequences?® %!, GPCs evolutionarily old. Human has six members while
there are two GPCs in Drosophila (referred as division abnormally delayed, Dally, and Dally-like),
and one in C. elegans??: 262265 The GPC protein structure consists of two domains, cysteine-rich

N-terminal domain and hydrophobic C-terminal domain?®

. All GPC core proteins have fourteen
conserved cysteine residues that engage in forming disulfide bonds resulting in a highly compact

globular protein core of the N-terminal domain (globular domain)?®. GPCs are peripheral
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membrane proteins situated on the extracellular side of the plasma membrane. GPCs are covalently
linked to the cell membrane at their hydrophobic C-termini via a glycosylphosphatidylinositol
(GP1) lipid anchor?°. Unlike SDCs, heparan sulfate chains on GPC are located at the C-terminal
domain close to the cell membrane, rather than the distal location on SDC ectodomains®®.
However, GPCs also undergo shedding into the extracellular space through cleavage of the protein
core at a furin cleavage site or by removal of the GPI lipid anchor?®’: 268,

Distinct GPC proteins present cell surface receptors that mediate significant functions by
active interactions with other molecules at the cell membrane extracellularly and intracellularly?%®
210 By that, GPCs modulate the signaling of multiple pathways influenced by interactions with
ECM proteins and growth factors, such as bone morphogenetic protein (BMP), yes associated
protein (Yap) and hedgehog (Hh) signaling?/%-%"3.

In human, mutations in GPC genes have been only reported in GPC3, GPC4 and GPC6274
215 Deletion and duplication mutations in SDC3 and SDC4 genes are associated with Simpson-
Golabi-Behmel syndrome (SGBS) that manifests withprenatal and postnatal overgrowth and
morphological phenotypes including craniofacial and skeletal abnormalities?’®-2’8, SGBS causes
in some individuals additional phenotypes affecting several body tissues such as congenital heart
defects, dysplastic kidneys, hernias, vertebral and rib abnormalities?’’. Deletion mutations in
GPC3 found in many SGBS families have been associated with Wilms’ tumor, the most common
kidney carcinoma in children, particularly males?”®. Mutations in GPC6 cause recessive
omodysplasia characterized by skeletal dysplasia with severe limb shortening and facial
dysmorphism?".

Gene deletion mouse models have been generated for all Gpc genes, except Gpc5. Some
of them were found to be viable and fertile, except Gpc3” mice that died before weaning, and
Gpc6” mice that display embryonic lethality?80-282 283285 \Mice lacking Gpcl showed a highly
significant reduction in the brain size which was associated with a transient decrease in fibroblast
growth factor signaling during embryonic brain development?°. A null mutation in murine Gpc2
was found with no abnormalities?®. Consistent with the phenotype observed in human, Gpc3”
mice were affected by overgrowth, limb defects, and renal cystic dysplasia®®. These phenotypes
are due to impaired Wnt and BMP signaling pathways?8¢-2¢8, Mutations in the C. elegans Gpc (lon-
2), closely related to human GPC3, also produced increased body size phenotype with a

significantly greater body length due to irregular BMP-like signaling®®®. Gpc4 knockout mice
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exhibited juvenile hyperactivity and adult social interaction deficits caused by a damage in the
synaptic transmission system?? 28% 290 podocyte-specific or systemic Gpc5 knockdown mice
showed resistance to podocyte injury in the nephrosis model?®t 292, Gpc6- null mice died before or
at birth, and the embryos showed reduced body size and bone abnormalities?®®>. Chondrocyte-
specific Gpc6 null mice survived to adulthood but displayed shorted long bones, confirming the
reported phenotype in human due to the mutated GPP6 gene that causes autosomal-recessive

omodysplasia?®,

1.11 Integrins

Integrins constitute a large family of cell adhesion receptors which in total are encoded by
26 distinct genes in mammalians®®3, Integrin genes code for 18 alpha (a) subunits and 8 beta (B)
subunits that all fully span the plasma membrane?**. Integrins form non-covalently associated
heterodimers of a and B subunits, that in total form 24 different integrins?®2.

Integrins are larger comparing to SDC and GPC core proteins. Both o and B integrins
consists of three major domains: the N-terminal ectodomain, the single-pass transmembrane
domain, and the cytoplasmic tail that contains the C-terminus®®. The total protein sequence of
each integrin varies between 750-1000 amino acid residues but typically a integrin subunits are
larger than B subunits®®. All o subunits have four to five ectodomains starting at the N-terminus
with a seven-bladed p-propeller domain, a thigh domain, two calf domains. Nine o integrins have
an a-1 domain inserted in seven bladed B-propeller®®’. The extracellular region of B integrins
contains eight ectodomains, a plexin-semaphorin-integrin (PSI) domain toward the N-terminus, a
hybrid domain inserted in the PSI, -1 domain which is inserted in the hybrid domain, all are
followed by four EGF domains and one B-tail domain’,

The divalent cations such as Ca?*, Mg and Mn?* affect integrin function, i.e., ligand
binding affinity to integrins is strikingly regulated in divalent cations-dependent manner29: 2%,
Divalent cations are essential for stabilizing integrin heterodimers, and modulating integrin-ligand
binding by either activating or suppressing?%% 3%,

Integrin-ligand bindings have been intensively investigated, including integrin-ECM
proteins, -growth factors, and -cells?®®. These interactions of integrins mediate cell attachment,

focal adhesion formation, cytoskeletal remodeling, and transmit various downstream/upstream
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signals?®*. Importantly, integrins have a predominant role in cell sensing and responding to ECM
microenvironment shown in cell contraction, migration, differentiation and survival®®,

A number of ECM proteins contain an RGD motif, which mediates cell-matrix interactions
by binding toRGD-dependent integrins®®2. However, other integrin-binding motifs have been
identified such as LDV or GFOGER sequences®?% 303, ECM protein binding to integrins causes
conformational changes in the cytoplasmic domains that results in recruiting different cytosolic

proteins®®

. A significant mechanism is that talin links the cytoplasmic domain of integrins to the
cytoskeleton upon ECM interaction with integrin ectodomains®®. Important components of this
signaling complex are Src-family kinases, focal adhesion kinase (FAK), vinculin and paxillin®®
305.

Human mutations have not been reported in av, $1, and fs integrins. However, alteration in
the expression of some of these integrin genes have been reported in other gene mutations and
disease conditions like in Marfan syndrome, autosomal dominant osteoporosis and cancers3°6-30°,
Mutations have been reported in other integrin genes like as, as, azn, B2, and f3. Reported mutations
in az integrin confer pulmonary fibrosis, epidermolysis bullosa (fragile blistering skin disease) and
major renal developmental faluire3'% 3!, Missense mutations in as integrin also cause a sever form
of epidermolysis bullosa®'?. Mutations in the 8, subunit caused an absent or reduced expression
are associated with leukocyte adhesion deficiency syndrome. This syndrome is characterized by a
massive leukocytosis with defective T cell activation, absent neutrophils extravasation into
infected tissues and impaired wound healing®®®. Mutations in the az, and B3 subunits result in
Glanzmann's thrombasthenia, an inherited bleeding disorder due to defective platelet function3“,

It became obvious that each of the 26 integrin subunits plays specific, non-redundant
important roles as evidenced by the phenotypes of the respective knockout mice. Ablation of
murine integrin genes resulted in various phenotypes in vivo, which some of them are lethal,
including the deletion of as, as, as, as, as, o, f1, fa and Bs>2°. Knocking out integrins in mice
displayed a wide spectrum of malformations from variations in collagen synthesis, and
cardiovascular development to defects in lungs, skin, kidneys, brain, inflammatory response and
circulatory systems3% 317 Although mice could survive the gene deletion of several integrin genes,
they showed multiple severe to moderate phenotypes except the deletion of fs. These mice were
normal and fertile with no apparent phenotype®!8. However, loss of s in estrogen-deficient mice

accelerated osteoclastogenesis indicative of its inhibitory role in osteoclast formation3°,
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1.12 Rationale

The complex mechanisms that synthesize highly crosslinked elastin associated with
fibrillin-containing microfibrils initially takes place close to the cell membrane of elastogenic
cells® 5 187320 Thijs suggests that cellular interactions with elastin and elastic fiber associated
proteins are critical for this process. Despite the fact that mutations in human FBLN4 and LTBP4
cause genetic disorders, including ARCL1B and ARCL1C characterized by deficiencies in
elastogenesis, the molecular roles of these elastic fiber associated proteins are not entirely
understood. Especially, the molecular consequences of their cell interactions on elastogenesis
remains completely unknown. Based on the importance of FBLN4 and LTBP4 in elastogenesis
and the paucity of mechanistic insights, the focus of this project is on the roles of these two
important proteins in elastogenesis. The study seeks to decipher the biochemical and functional
properties of FBLN4 and LTBP4 in relationship to cells and elastogenesis. The hypothesis is that

FBLN4 and LTBP4 cellular interactions play critical roles in elastogenesis.

1.13 Objectives
The project has two main goals which are to address the identity of the FBLN4 and LTBP4
cell receptors, and to explore their roles in elastogenesis.
To fulfill the main goals, the project splits in five specific aims:
1) To produce and characterize FBLN4 and LTBP4 recombinant proteins.
2) To analyze cell interactions of FBLN4 and LTBP4.
3) To map cell interaction sites on FBLN4 and LTBP4.
4) To identify cell receptors for FBLN4 and LTBPA4.
5) To determine the functional consequence of the FBLN4 and LTBP4 cell receptor

interaction related to elastogenesis.
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2. MATERIALS AND METHODS
2.1 Cell culture

We employed various human primary elastogenic cells including normal skin fibroblasts
(NSF), aortic smooth muscle cells (HASMC), umbilical arterial and venous smooth muscle
cells(SMC and CRL-2481, respectively). The used NSF and SMC were collected from different
donors. The ethical approval number for NSF is PED-06-054 while SMC were gifted by the donor.
Fetal-HASMC were purchased from ScienCell (CAT# 6110, LOT#21330) obtained from a 21-
week-fetal age, no information about sex or race are available. While adult HASMC were
purchased from ThermoFisher Scientific (CAT# C0075C, LOT# 1807979) obtained from a 28-
year-old American-Asian male donor. CRL-2481 cells were obtained from American Type Culture
Collection (ATCC®, CAT# CRL-2481™),

NSF and CRL-2481 were maintained in Dulbecco's Modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS), and penicillin/streptomycin (antibiotic/antimycotic)
supplemented with L-Glutamine (PSG) at final concentrations of 100 IU, 100 pug/ml and 2 mM;
respectively. Both HASMCs were cultured in 231 medium (Gibco, CAT# M231500)
supplemented with 10% FBS, PSG and Smooth Muscle Growth Supplement (SMGS, Gibco,
CAT# S-007-25) which provides 5% more serum. While SMC were maintained in DMEM:F12
1:1 ration containing heat-inactivated 10% FBS (HI-FBS) and PSG. HI-FBS were prepared by
incubating FBS in water bath at 56°C for 30 minutes with gently shaking every 10 minutes.

To differentiate HASMCs from synthetic to contractile phenotype, cells were cultured to
reach 70-80% confluency in media containing 15% serum. Then, cell monolayers were washed
with PBS and maintained in 231 medium supplemented with 1% FBS and 1% PSG for 7 days
before performing a differentiation related experiment. HASMC differentiation from synthetic to
contractile phenotype was confirmed by positive immunofluorescence (IF) staining for alpha
smooth muscle actin (aSMA).

In addition, two Chinese hamster ovarian cell lines: CHO-WT and CHO-677 were used in
this study. CHO-WT refers to the wild type cells whereas CHO-677 is mutant lacking the
expression of two enzyme activities (N-acetylglucosaminyltransferase and glucuronyltransferase)
that are required for synthesis of heparan sulfate®?*. Both CHO cell lines were obtained from ATCC
(CAT# CHO-K1 CCL-61™ and pgsD-677 CRL-2244™, respectively), and were cultured in

DMEM:F12 1:1 ration supplemented with 10% FBS and PSG.
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Human embryonic kidney (HEK) cell lines 293 (DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH, CAT# ACC 305) and 293-EBNA (ATCC, CAT# 293
c18 CRL-10852™) were used for transfection and producing recombinant proteins including
FBLN4, LTBP4 and syndecan ectodomains. HEK cell lines were maintained in DMEM containing
10% FBS and PSG. The culture medium contained 250 pug/ml G418 as a selecting marker for 293-
EBNA since they express recombinant EBNA1 by a plasmid containing G418 resistance element.

All used cells were maintained in the respective media contents (outlined above) at 37°C
in humidified incubator supplied with 5% CO>. Cell cultures were regularly examined using an
inverted microscope.

Upon reaching confluency, cells were subcultured using trypsinization. Cells were briefly
washed with phosphate buffered saline (PBS) after discarding from the culture media. Then, cell
monolayers were treated with 0.05%Trypsin containing 0.53 mM EDTA for 1-3 minutes at 37°C
incubator to allow cell detachment. Trypsin was neutralized by addition of serum containing
medium followed by a proper homogenization of the suspended cells. The cells were centrifuged
to obtain the cell pellets, which were re-suspended into fresh medium and distributed in new
culture flasks. In addition, cells were counted for experimental setting after trypsinization using a

hemocytometer.

2.2 cDNA cloning of FBLN4 and LTBP4 full length and deletion mutants

To analyze the cell interactions of FBLN4 and LTBP4 with their cell receptors, we
produced human recombinant proteins. In previous work, FBLN4 full length (F4_FL) and
subfragments F4_N1, F4 2-5and F4_6C, as well as full lengths of both LTBP4 isoforms long and
short (L4L and L4S, respectively) were designed and recombinantly produced successfully!® 2
(Fig. 3 A & Fig. 5 A).

2.2.1 Cloning strategy

The protein yield for F4_N1 was high (~1.2 mg/L), whereas F4_2-5 and F4_6C vyielded
very little protein (~0.1 mg/L) which was difficult to purify. We reasoned that the addition of the
first N-terminal domain might help in protein synthesis/secretion. Therefore, several new deletion
fragments were designed with most of them containing the N-terminal domain, but without several
other domains: F4_N1-3, F4_N1-5, F4_N1,C, F4 N1,6C, F4_N1,4-6C and F4_4-6(Fig. 3 A).
Similarly, a set of LTBP4 recombinant constructs were designed (Fig. 5 A) to produce the LTBP4
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N-terminal half for both isoforms (L4L-N and L4S-N, respectively) and the C-terminal half (L4-
C).

To ensure proper translation into the endoplasmic reticulum, protein folding and secretion,
all FBLN4 and LTBP4 constructs were designed to contain signal peptide sequence at the 5 end.
FBLN4 constructs were designed with a heterologous signal peptide (from BM40). LTBP4
deletion mutants L4L-N and L4S-N were constructed with the endogenous signal peptide,
however, the L4-C construct was designed with a BM40 signal peptide.

All FBLN4 and LTBP4 constructs were engineered to contain eight consecutive histidine
residues on their carboxyl terminus to facilitate protein purification using nickel-chelating
chromatography. For some constructs for which existing antibodies were not sufficiently reactive
were designed with an additional V5 epitope at the carboxyl terminus preceding the His-tag, to
facilitate specific detection.

We used two vectors for cloning FBLN4 and LTBP4 fragments: pCEP4 and pcDNA3.1(+),
respectively. Both vectors contain an ampicillin (Amp) resistance element sequence for bacterial
selection. However, the transfected mammalian cells with pCEP4 plasmid are selectable using
hygromycin B (Wisent Inc, CAT# 450-141-XL) whereas pcDNA3.1(+) plasmid are selectable
using G418 (Wisent Inc, CAT# 450-130-QL). Stable 293-EBNA clones were generated for all
FBLN4 constructs cloned in the episomal pCEP4 plasmid, while stable recombinant 293 clones
were generated for LTBP4 constructs cloned in pcDNA3.1(+) plasmid. For each FBLN4 and
LTBP4 fragment, the transfected HEK cells were tested for recombinant protein expression using
Western blotting and SDS-PAGE.

2.2.2 Insert to vector ligation

The vectors pCEP4 and pcDNA3.1(+) were used to clone FBLN4 and LTBP4 recombinant
proteins, respectively. Designed gBlocks contained the sequence of the recombinant cDNA of each
FBLN4 fragment. Unique restriction enzymes were used to linearize the vectors for inserting each
gBlock appropriately. For LTBP4, the same restriction enzymes were used to digest gBlocks and
to linearize pcDNAS3.1(+) plasmid. The linearized plasmids were ligated to each insert using
Gibson assembly strategy for FBLN4 gBlocks to pCEP4, while T4 DNA ligase was used to ligate
LTBP4 gBlocks to pcDNA3.1(+).

For Gibson assembly, NEBuilder HiFi DNA Assembly Cloning Kit (New England

BioLabs, CAT# E5520S) was used. The kit allows different sizes of DNA fragments with overlap
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sequences of 15-80 bp to ligate in the presence of DNA ligase, 3’ exonuclease and DNA
polymerase in the same reaction buffer. This strategy worked efficiently with FBLN4 gBlocks
ligation to pCEP4 vector. However, the sequences of LTBP4 gBlocks were GC-rich and long
which makes Gibson assembly less efficient. In order to overcome this limitation, T4 DNA kit
containing 10 mM ATP in the reaction buffer (New England BioLabs, CAT# M0202S) was used
for LTBP4 gBlock ligation into the pcDNA3.1(+) vector. The vector:insert ratio used in the
ligation was 1:3 for FBLN4 constructs and 1:10 for LTBP4 constructs. The ligation reaction was
performed according to the manufacturer’s instructions using 50 ng vector for each reaction.
Ligation products were freshly used for subsequent transformation of competent bacteria.

2.2.3 Competent bacteria transformation

The competent cells for transformation were chemically competent E.coli strain NEB 5-
alpha, High Efficiency (New England BioLabs, CAT# C2987H). For each ligation product, 2 pl
of the chilled assembled plasmids, containing about 25-50 ng DNA were transferred to one vial of
50 pl competent cells thawed on ice, mixed gently by flicking the tube 4-5 times avoiding
vortexing. The mixture of each was placed on ice for 30 minutes, followed by heat shock at 42°C
for 30 seconds and promptly placed back to ice for 2-5 min. Then, 250 pl of room-temperature
SOC outgrowth media (New England BiolLabs, CAT#B9020S) were added to each vial. A
suspension of transformed bacteria with SOC media was transferred to a 13 ml bacterial vial and
incubated at 37°C for 60 minutes tilted and shaken vigorously at 250 rpm. From each transformed
bacteria vial, a volume of 20-200 ul was spread on selecting agar plates (10% Tryptone, 5% Yeast
Extract, 10% NaCl, pH 7, 20% agar, 100 pug/ml ampicillin). The plates were warmed to room
temperature prior plating. The bacteria suspension growths were evenly spread to allow growth of
well-spaced colonies. Bacterial clones grown on the agar dishes were counted in a relation to the
clone number of bacteria grown on the background agar plates which were transfected with ligation
products of vector only (without inserts). A number of 4-10 individual clones were picked and
each transferred to one 13ml bacterial tube containing 2 ml selecting Amp-Lysogeny Broth (LB:
10% Tryptone, 5% Yeast Extract, 10% NaCl, pH 7, with 100 pg/ml ampicillin), and incubated at
37°C to grow for 8-10 hours with shaking vigorously at 250 rpm. Then, 1 ml of the bacterial growth
for each clone was used for mini DNA preparations using NucleoSpin Plasmid Kit (MACHEREY -
NAGEL, CAT# 740588.250) according to the manufacturer’s instructions. The DNA minipreps

for each clone were analyzed by restriction analysis with appropriate enzymes. Digested plasmid
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products were analyzed using agarose gels to determine the positive clones. Then, 2-3 positive
clones per construct were Sanger sequenced at the McGill University and Genome Quebec
Innovation Centre (Montreal, Québec, Canada). For each FBLN4 and LTBP4 recombinant
construct, at least one clone was confirmed with the correct DNA insert and the absence of any
mutations. High quality plasmid DNA was prepared using NucleoBond Xtra Maxi Kit
(MACHEREY-NAGEL, CAT# 740414.10) according to the manufacturer’s instructions. The
DNA from these purifications were used for subsequent transfection of HEK cells.

2.2.4 HEK cell transfection

For recombinant protein production in the mammalian system, HEK cells were transfected
with 50 pg plasmid DNA of the FBLN4 or LTBP4 constructs when reached about 25% confluency
in T175 flasks. The circular pCEP4 plasmids of FBLN4 constructs were transfected to 293-EBNA
cells because pCEP4 contains the EBNA element. Whereas pcDNA3.1(+) plasmids of LTBP4
fragments were linearized first, and transfected to 293 cells. The pcDNA3.1(+) plasmid of LTBP4
constructs were linearized using a unique restriction enzyme that can cut the plasmid DNA only
in one site where is not located in the insert sequence, the promoter region, or G418 sequence.
Pvul restriction sequence was found only in one site in all LTBP4 plasmids in the Amp resistance
sequence. For that, Pvul-HF (New England BioLabs, CAT# R3150S) was used to linearize the
pcDNAS3.1(+) plasmids containing LTBP4 constructs overnight at 37°C. Fully linearized plasmids
were confirmed on analytical agarose gels prior to the enzyme heat inactivation at 62°C for 20
min. The linearized pcDNA3.1(+) plasmids of LTBP4 constructs were ethanol precipitated in two
steps. First, the linearized plasmids were incubated with a mixture of 1:10 3M sodium acetate, pH
5.2 and 3 volumes of absolute ethanol at -80°C for 30 minutes, followed by spinning at 12,000 x
g for 15 minutes at 4°C. Second, after discarding the supernatant, the DNA pellets were washed
twice with 70% ethanol followed by centrifugation at 12,000 x g for 15 minutes at 4°C at each
wash. The DNA pellets were air dried and resuspend in sterile d.H2O.

The circular pCEP4 plasmids for FBLN4 constructs as well as linearized pcDNA3.1(+)
plasmids for LTBP4 constructs were used to transfect into HEK cells using Lipofectamine 2000
(Invitrogen, cat#11668-019). HEK cells were first cultured in T175 flasks to reach about 50%
confluency for transfection. For each plasmid, 75 pl Lipofectamine 2000 was diluted with 1250 pl
Opti-MEM medium (Gibco, CAT#31985-062). Similarly, the 50 ng of each plasmid DNA was

diluted in 1250 pl Opti-MEM medium. The diluted DNA and Lipofectamine 2000 were mixed
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gently in a 1:1 ratio and incubated for 20 minutes at room temperature. HEK cells from one T175
flask were detached using trypsinization and suspended in 12.5 ml fresh culture media for each
plasmid transfection. The pre-incubated plasmids/Lipofectamine 2000 mixture was then added to
the cell suspension, followed by cell seeding to a new T175 flask. The transfected cells were
incubated for 48-72 hours and monitored every day. The transfection media was replaced by fresh
selection media containing the selection marker appropriate for each HEK cell line and according
to the transfecting plasmid. The selection markers are G418 and hygromycine for the transfected
cells with the plasmids of FBLN4 constructs, and only G418 for the transfected cells with the
plasmids of LTBP4 constructs (media information detailed in section 2.1 Cell culture). The
selection was performed on subconfluent cells which were subcultured to new flasks upon reaching
to 70-90% confluency. After 7 days of selection, the transfected cells were tested for the
recombinant protein expression (see section 2.2.5 Test for recombinant protein expression).
Transfected cells confirmed for the expression of the recombinant proteins, were further expanded
in cultures for protein purification.

2.2.5 Test for recombinant protein expression

For each transfection with a plasmid of FBLN4 or LTBP4 constructs, a spare T75 flasks
was used for protein expression screening. When cells reach 90% confluency, the selecting
medium was discarded and cells were washed with HEPES buffer (20 MM HEPES, 150 mM NaCl,
2.5 mM CaCly, pH 7.4, autoclaved) and then 12 ml of serum free conditioned media were added
for 2-3 days. The conditioned medium was then collected and analyzed for the recombinant protein
secretion. The total protein in the collected conditioned media was precipitated using
trichloroacetic acid (TCA). To every 1 ml of conditioned media, a 391 ul amount of freshly
prepared TCA/Triton X-100 mixture (139 ul of 1% Triton X-100 in H20 + 252 pl of 55% TCA)
was added, followed by vortexing for 30 seconds and incubated for 10 minutes on ice. The tubes
were then centrifuged at the maximum speed (12,000 x g) for 10 min at RT. Supernatants were
discarded and the precipitated protein pellets were washed two times with 100% acetone, each
followed by centrifugation at the maximum speed for 10min at room temperature. Protein pellets
were air dried and resuspended in 1x SDS-loading buffer (5x SDS-loading buffer: 250 mM Tris
pH 6.8, 30% glycerol, 10% SDS, 0.1% bromophenol-blue) either under non-reducing or reducing
conditions by the addition of 100 mM dithiothreitol (DTT). TCA-precipitants were separated on
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sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE) and analyzed using

Coomassie Brilliant Blue staining and Western blotting.

2.3 Recombinant FBLN4 and LTBP4 protein preparations and purification

All recombinantly engineered FBLN4 and LTBP4 constructs are histidine tagged on their
carboxyl terminus (C-terminus). Inclusion of a His-tag facilitates protein purification by
immobilized metal affinity chromatography (IMAC) using His Trap columns that contains pre-
charged Ni?* Sepharose medium (GE Healthcare). Recombinant FBLN4 and LTBP4 proteins were
purified from the collected conditioned media from the transfected HEK cells grown on triple layer
flasks. This allowed the recombinant FBLN4 and LTBP4 proteins to have the signal peptide
cleaved, and to undergo proper folding and post translational modifications.

The transfected HEK cells expressing the recombinant proteins were expanded to eight
T175 triple layer flasks, each contains 60 ml selection complete medium. When the transfected
cells reach 100% confluency, the cells were first washed with HEPES buffer (20 mM HEPES, 150
mM NaCl, 2.5 mM CaCl2, pH 7.4, autoclaved), followed by the addition of 60 ml serum free
medium supplemented with PSG per flask. The conditioned medium was collected every 2-3 days
and replaced with fresh medium until the cell monolayers detached after ~12-15 media collections.
The collected conditioned medium was centrifuged at 6000 rpm at 4°C. Cell pellets were discarded
and the medium was treated with 100 uM phenylmethylsulfonyl fluoride (PMSF) under stirring
for 15 min at room temperature, to be stored in -80°C until the subsequent recombinant protein
purification.

2.3.1 Crossflow filtration

Since purifying our recombinant FBLN4 and LTBP4 proteins requires collection of large
volumes of conditioned media, there was a need to dialyze and concentrate. Thus, recombinant
proteins in the conditioned media were concentrated using crossflow filtration (tangential flow
filtration)3?? prior to chromatographic purification. This allows to concentrate about 2-3 L of
conditioned medium to 40-50 ml for the next step of nickel-chelating chromatography.

2-3L of collected conditioned medium containing the secreted recombinant protein were
thawed and filtered through 5.0 pm nitrocellulose filter membrane (Millipore, CAT#
SMWP09025). Then, KrosFlo Automatic Backpressure Valve System (Spectrum Laboratories Inc,

RESEARCH Il TFF Model) was used for crossflow filtration. The crossflow system was
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connected with a fiber filter and a suitable size of Masterflex® L/S® pump tubing (Cole-Parmer,
CAT# ZN-96242). An appropriate dialysis fiber filter was selected to have pore size two times
smaller than the molecular weight of the targeted recombinant protein. After connecting the
crossflow system, the fiber filter was washed with 500 ml d.H-O, followed by a wash with 500 ml
HEPES-NaCl buffer (20 mM HEPES, 500 mM NaCl, pH 7.2). Then, the conditioned medium was
passed through the fiber filter, followed by 2 L of HEPES-NaCl buffer. The concentrated
recombinant protein in the filter fiber was flushed back with 30 ml HEPES-NaCl buffer to the
reservoir bottle to collect the concentrated start material (SM). The SM was centrifuge at 5000 x
g for 15 min at 4°C. Then, the SM supernatant was filtered using 0.45 pum SFCA filter (Corning
Inc, CAT#431220) and transferred to a new tube, ready for recombinant protein purification that
is detailed next (see 2.3.2 Nickel-chelating chromatography).

2.3.2 Nickel-chelating chromatography

Recombinant proteins were purified from SM through Ni-chelating chromatography. An
AKTA Avant liquid chromatography system (GE Healthcare Life Sciences, Model# 25) with the
UNICORN software (GE Healthcare Life Sciences, Version# 7.0, Workstation for AKTA avant)
was used for chromatographic purification using a His Trap HP (1 ml) column (GE Healthcare
Life Sciences, CAT#17524701).

All required buffers were freshly prepared and filtered through 0.22 um nitrocellulose
membrane filter (Millipore, CAT# GSWP04700). His Trap HP 1 ml columns were stored in 20%
ethanol. Therefore, at the start of the purification process, the His Trap column was washed in
three steps with d.H20, the elution buffer, and the binding buffer at a flow rate of 1 column volume
(CV)/min for 5 CV, and a maximum column delta pressure of 0.3 MPa. Next, the purification
method program was performed automatically including three phases: binding, washing, and
elution. First, the SM passed over the His-trap column at a slow flow rate (0.2 CV/min) to
maximize the binding of the recombinant His-tagged protein to the column matrix. Then, the
column was washed before elution with a flow rate of 0.5 CV/min. Both phases of binding and
washing were performed in HEPES-NaCl buffer. The elution of His-tagged proteins was achieved
by competition with imidazole. To maximize the purity of the recombinant His-tagged protein, the
elution phase was strategized to be performed 0-500 mM imidazole gradient in HEPES-NaCl
buffer at a slow flow rate of 0.2 CV/min. This allowed the weakly binding His-containing proteins

to elute in the early fractions while the strongly binding recombinantly His-tagged protein was
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eluted in later fractions. Each fraction contained 1 ml eluent. Upon the completion of the
purification, the His Trap column was washed with d.H>O and with 20% ethanol, each with a flow
rate of 1 CV/min for 5 CV. Then, the column was stored in 4°C. Each column was used five times
for protein purification. The flow through and the fractions were analyzed comparing to the SM
on SDS-PAGE followed by Coomassie Brilliant Blue staining. The fractions containing the
recombinant protein in high purity (>80%) were pooled. The purified protein present in the pooled
fractions was dialyzed against TBS, Ca?* buffer (50 mM Tris Base, 150 mM NaCl, 2 mM CaCly,
pH7.4) using a dialysis tubing made of a cellulose membrane with a pore size at least two times
smaller than the protein molecular weight (Spectrum Laboratories Inc, CAT#25225). Dialysis of
the purified protein was performed twice at 4°C under stirring, for 8 hours and for 16 hours to

ensure a complete dialysis of the elution buffer.

2.3.3 Storing purified recombinant protein

The concentrations of the purified recombinant proteins were using Pierce BCA Protein
Assay Kit (ThermoFisher Scientific, CAT# 23225) according to the manufacturer’s instructions.
The purified proteins were either used immediately for experimental analyses, or stored in -80°C

until usage.

2.4 Syndecan ectodomains

The constructs for the ectodomains of syndecan 2, 3 and 4 (SDC2-ED, SDC3-ED, and
SDC4-ED respectively) were obtained from Dr. Sylvie Ricard-Blum lab (ICBMS UMR5246 -
Université Lyon 1, France). The syndecan ectodomains were inserted into a modified episomal
expression vector pCEP-Pu®?®, Each SDC-ED construct contained the sequence of the BM40
signal peptide at the 5’ of the construct followed by an N-terminal 6-His tag sequence. FLAG tag
sequence was located at the 3° end of each SDC-ED construct prior to the stop codon.

Stable recombinant 293-EBNA clones were generated for each SDC-ED plasmid with
culture media containing 2-6 pg/ml puromycin as a selecting antibiotic for pCEP-Pu plasmids, and
tested for the expression of recombinant SDC-EDs using Western blotting and SDS-PAGE.
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2.5 Protein characterizations of fibulin4, Itbp4 and syndecan ectodomains

As detailed in the next parts, the purified proteins were characterized using SDS-PAGE,
followed by Coomassie Brilliant Blue staining and Western blotting with specific antibodies.
Structural characterization was performed by dynamic light scattering to analyze protein

multimerization.

2.5.1 SDS-PAGE

Protein lysates were resolved by SDS-PAGE. A protein sample was prepared in 1x SDS-
loading buffer either under non-reducing or reducing conditions by the addition of 100 mM DTT
or 5% of 14.3 M pure liquid B-mercaptoethanol (BME) (Millipore Sigma, CAT# M3148). All
samples prepared in loading buffer were incubated at 99°C for 10 minutes which is necessary for
denaturing the polypeptides and addition of a negative charge from the anionic detergent, SDS.
SDS-PAGE was performed using 4% staking, and 6-12% resolving minigels either in a gradient
or a single concentration. Minigels were prepared in designed glass cassettes first by pouring the
resolving gel layer at the bottom topped with 300 ul isopropanol until fully polymerized. The
isopropanol was then discarded, and a layer of stacking gel was poured followed by inserting a gel
comb to create wells for protein loading. Resolving gels were made of 25% 1.5 M Tris solution
pH 8.8, 0.2% SDS, 0.15% TEMED and 0.1% ammonium persulfate (APS) mixed with volumes
of d.H2O and polyacrylamide solution (Bio-Rad, CAT# 1610148) according to the required
concentration to be prepared. Stacking gels were made of 12% 1 M Tris solution pH 6.8, 0.1%
SDS, 0.2% TEMED, 0.05% APS and 4% polyacrylamide solution. The SDS gel cassettes were
placed in 1x Tris-glycine running buffer (10x Running Buffer was prepared by dissolving 30 g
Tris, 144 g glycine and 10 g SDS in 1L d.H20, pH 8.3). Protein samples and markers were loaded
into the gel wells and electrophoresed for 2-3 hours at 80 Volt in Bio-Rad Mini-PROTEAN vertical
electrophoresis cell connected to a power supply (Bio-Rad, CAT# 1658005 and 1645050). The
resolved proteins on the gels were subsequently analyzed by Coomassie Brilliant Blue staining or

Western blotting.

2.5.2 Coomassie Brilliant Blue staining
After running the protein samples with a selection of globular marker proteins on a minigel

using SDS-PAGE, gels were gently transferred out from the cassettes to a small container to be
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stained for 10 min by Coomassie Brilliant Blue dye (10% Acetic Acid, 45% Methanol, 2.5%
Brilliant Blue G250). Then, the dye was removed and the minigels were subsequently washed for
30 minutes with a sufficient amount of destaining solution (40% methanol, 10% acetic acid) for
3-4 times until the stained protein bands visualized with a clear background. Protein bands were
imaged using an ultraviolet transilluminators (KODAK, Model# Gel Logic 200 Imaging System).

2.5.3 Western blotting

Protein samples resolved by SDS-PAGE were blotted onto a 0.2 um nitrocellulose
membrane (GE Healthcare Life Science, CAT# 45004024) in a wet transfer system using Mini
Trans-Blot Electrophoretic Transfer Cell (Bio-Rad, CAT# 1703930). First, the protein transfer
buffer (borate buffer: 10 mM sodium tetraborate decahydrate, pH not adjusted) was prepared and
cooled at 4°C for 2 hours before the assembly of the transfer cassette. The nitrocellulose
membrane, 2 filter papers and 2 fiber pads were soaked in the transfer buffer. The transfer
sandwich was comprised of a foam pad (Bio-Rad, CAT# 1703933), a filter paper, the minigel, the
nitrocellulose membrane, another filter paper and a fiber pad, as arranged from the negative charge
side to positive charge side. Then, the transfer cassette was secured and placed in the protein
transfer cell containing a frozen icepack to run at 0.4 Ampere with stirring for 75 minutes at room
temperature.

The blot membrane was then washed briefly with TBS buffer containing 0.05% Tween-20
(TBST), followed by a protein staining using Pierce™ Reversible Protein Stain Kit
(ThermoFisher, CAT# 24580) according to the manufacturer’s instructions to enable protein
detection on nitrocellulose membranes after transfer. Blot membranes were incubated in blocking
buffer (5% non-fat dry milk in TBST) for 45 minutes at room temperature, and then exposed to
the desired primary antibody in 2% non-fat dry milk-TBST at 4°C overnight (refer to table 1 for
the information of all the used antibodies in this study). The blotting membranes were washed in
TBST vigorously for 15 min on a shaker for three times. Post washing, the blots were treated with
the proper HRP-conjugated secondary antibody against the primary antibody in 2% non-fat dry
milk-TBST at room temperature for 2 hours. The membranes were washed in TBST for 15 min on
shaker for three times and immunoreactive bands were visualized using a colorimetric signal
developing method or an enhanced chemiluminescence detection. In the colorimetric method, the
immunostained protein bands were developed using a freshly prepared solution of 17.5 mg 4-

chloro-1-napthol in 6 ml absolute methanol with 23 pl H202 in 29 ml 1x TBS until the bands show
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a grey black color. Then, the developing solution was removed, the membrane was washed with
TBST briefly and imaged in white light using a gel imaging system (Bio-Rad, Model# ChemiDoc
MP Imaging System). In the enhanced chemiluminescence method, the signal of HRP-conjugate
on a specific protein was developed by incubating the blot membrane for 30-60 second in the
working developing solution prepared freshly using SuperSignal® West Pico Chemiluminescent
Substrate Kit (ThermoFisher, CAT# 34079). The blots were imaged under ultraviolet light using
the ChemiDoc™ Imaging System (Bio-Rad, Model#12003153).

2.5.4 Dynamic light scattering

To determine the distribution of sizes and molecular conformation of particles/populations
constituting the protein in solution, dynamic light scattering (DLS) experiments were performed
with freshly purified recombinant proteins in TBS, Ca?* buffer using DynaPro® Molecular-Sizing
Instrument (Wyatt Technology, Model# DynaPro 99-E-50 Protein Solutions) equipped with the
Dynamics software (Version 6) of the manufacturer. The light source in the DLS instrument is a
semiconductor diode laser emitting at circa 830 nm wavelength. The light scattered by the protein
sample is collected and guided via fiber optics to an actively quenched solid-state single photon
counting module. Photons were converted to electrical pulses and correlated. The measurements
are conducted at 90-degree scattering angle with respect to the incident beam.

The protein concentrations used in DLS experiments ranged from 100-350 pg/ml. A
volume of 15 pl of each protein sample was loaded into a clean and dry cuvette made of high
transparency quartz. The cuvette was then placed in the instrument in the sample holder and DLS
analysis was performed atroom temperature. Cuvette cleaning was performed with d.H,O
followed by a wash with 100% ethanol and then again with d.H2O. After that, the cuvette was left
to dry in air at ambient condition.

Forty acquisitions of 10-second-long readings were recorded for each measurement and
averaged. Each protein sample from different batches were measured in triplicates and the
scattering parameters determined were the mean of the values recorded from the 40 acquisitions.
Time scales of the scattered light intensity fluctuations were analyzed using the autocorrelation
function; i.e. the convolution of the intensity with itself as a function of time. Translational
diffusion coefficients (D) of the molecules were determined in real time from the decay of the

intensity autocorrelation function. The hydrodynamic radius (Rn) of the scattering molecules was
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then derived from D using the Einstein—Stokes equation using a hard (rigid) non-deformable

sphere model.
Rh=keT/6nn D

kg is the Boltzmann constant, T is the temperature, = value is approximately 3.14, 1 is the solvent

viscosity, D is the molecule translational diffusion coefficients.

Molecular mass estimations were made from the measured hydrodynamic radii by applying
globular (compact) and linear (extended) models for protein shape using calibration curves,
provided by the manufacturer and developed from standards of known molecular weight and size.
The results from mass distribution data were averaged.

2.6 Gel filtration chromatography

Freshly purified F4_FL recombinant was separated for different populations (multimers,
dimers & monomers) using gel filtration chromatography with an AKTA Avant liquid
chromatography system. First, Superose 12 10/300 GL column (GE Healthcare Life Sciences,
CAT#17517301) was packed according the manufacturer’s instructions and washed in two steps
with d.H.0 and TBS, Ca?* buffer, respectively at a flow rate of 0.1 ml/min, and a maximum
column delta pressure of 0.7 MPa. Then, pooled fractions of purified recombinant F4_FL from
Ni2*-chelating chromatography were immediately loaded manually using a syringe onto the
Superose 12 10/300 GL column within a volume of 0.5-2 ml containing 0.25-0.5 mg protein. After
loading the protein sample, the column was operated at a flow rate of 0.1 ml/min with TBS, Ca?*
buffer. Fractions of 0.5 ml volume containing the separated high, intermediate and low molecular
mass protein assemblies were collected. The fractions were analyzed using SDS-PAGE followed
by Coomassie Brilliant Blue staining under non-reducing conditions. This allowed determination
of the enrichment protein population in each fraction for further analysis. The Superose 12 10/300

GL column was washed with d.H20 and stored at room temperature in 20% ethanol after each use.

2.7 Lectin affinity chromatography
For functional analysis of FBLN4 glycosylation in cell binding, purified recombinant

deletion mutant proteins were passed through a lectin affinity column to separate the glycosylated
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populations from the non-glycosylated proteins. The separation was conducted using HiTrap Con
A 4B 1 ml column (GE Healthcare Life Sciences, CAT# 28952085) on an AKTA Avant liquid
chromatography system according to the manufacturer’s instructions. Buffer used for lectin
chromatography were filtered through 0.22 pm nitrocellulose membrane. A protein sample was
from freshly pooled fractions of purified recombinant protein from Ni*? chromatography. The
sample was treated to contain 1 mM MnClz and 1 mM CacCl; before loading to the HiTrap ConA
4B column as a preparation for optimal binding conditions to the column medium (Concanavalin
A). Prior to lectin affinity chromatography, a HiTrap Con A 4B 1 ml column was washed with
d.H20, and equilibrated with the binding buffer (20 mM Tris-HCI, 0.5 M NaCl, 1 mM MnCl, 1
mM CaCly, pH 7.4) at a flow rate of 1 ml/min, maximum column delta pressure of 0.3 MPa for 10
CV. Then, 0.5-1 mg protein was loaded using superloop into the column at a low flow rate of 0.15
ml/min. The collected flow through contained the unglycosylated protein. To elute the bound
glycosylated protein, the column was first washed with the binding buffer for 10 CV at a flow rate
of 1 ml/min. Then, the glycosylated protein protein was eluted from the column in 0.5 ml fraction
volumes at 0.5 ml/min flow rate with 20 CV of the elution buffer (0.1-0.5 M methyl-a-D-glucoside,
20 mM Tris-HCI, 0.5 M NaCl, pH 7.4). Eluted fractions were subsequently analyzed using SDS-
PAGE followed by Coomassie Brilliant Blue staining to determine the fractions containing the
glycosylated and non-glycosylated protein. The column was washed the end with d.H20 and stored
in 20% ethanol.

2.8 N-Deglycosylation assay

Purified recombinant F4_FL and deletion mutant proteins were deglycosylated at their N-
glycosylation sites by peptide-N-glycosidase (PNGase F, New England BioLabs, CAT# P0704S).
A 20 pl solution containing 10 pg protein was prepared with 1 ul (300 unit) of PNGase F and 1x
glycoprotein denaturing buffer provided in the PNGase kit. The solution was incubated for 1 hour
at 37°C in 1x SDS-loading buffer. The samples were then denaturated at 95°C for 5 min and
separated on SDS-PAGE, followed by Coomassie Brilliant Blue staining.

2.9 Crystal violet cell attachment assay
Cell adhesion to FBLN4 and LTBP4 recombinant proteins was tested by either with an

end-point cell binding assay using crystal violet staining or a real-time cell binding assay (detailed
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in the next section below, 2.10 Electrical Cell-Substract Impedance Sensing). For the crystal violet
cell attachment assay, 96-well Nunc plates (ThermoFisher Scientific, CAT# 439454) were used.
Wells were coated with FBLN4 and LTBP4 recombinant proteins in triplicates at 4°C overnight.
Plasma FN (pFN) and bovine serum albumin (BSA) coats were used a positive and a negative cell
binding control, respectively. In addition, wells coated with TBS, Ca?" buffer served as a
background for cell binding since protein coating was performed in TBS, Ca?* buffer. The coated
wells were blocked for 45 min at 37°C incubator with 100 ul 2.5 mg/ml heat- denatured (80°C for
11 min) BSA in TBS buffer. Cells upon reaching 70-80% confluency were washed with PBS and
trypsinized briefly allowing only sufficient detachment of cells and preventing cleavage of cell
receptors by trypsin. Fresh complete medium was added to the cell suspension to inhibit trypsin
activity, followed by centrifugation. Cell pellets were then re-suspended in fresh serum free
medium. The process was repeated twice to ensure complete removal of serum and trypsin
residues. Cell counting was performed using a homocytometer. Blocking buffer was removed from
the wells, 15000 cells/well were seeded in 200 pul/well serum free medium, and cells were
incubated for 1 hour of cell adhesion at 37°C to allow cell adhesion. All subsequent steps were
performed at room temperature. Non-attached cells were gently washed with TBS buffer and the
attached cells were fixed with 100ul/well freshly prepared 5% glutaraldehyde solution in TBS for
10 min. Fixed cells were stained with 80 ul/well crystal violet solution (0.1% crystal violet in 200
mM 2-(4-morpholino)-ethane sulfonic acid, pH6) for 45 min. excess crystal violet solution was
removed and wells were washed gently for 3-4 times with 200 ul/well TBS buffer. Attached cells
were examined under the microscope using 20x objectives. The dye was solubilized from the
attached cells with 100 pl/well 10% glacial acetic acid in TBS, incubated for 10 min on shaker at
500 rpm. The absorbance was measured at 570 nm in a spectrophotometer microplate reader
(Beckman Coulter, Model# DTX 880). Reads from wells coated with TBS, Ca?* buffer were
averaged and considered background crystal violet staining readings, which were subtracted from

experimental cell percentage readings.

2.10 Electric cell-substrate impedance sensing
Electric cell-substrate impedance sensing (ECIS) is a real-time technology implemented

for biophysical analyses to measure cellular impedance/resistance of an electric current. It is
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designed for analyzing the changes in-vitro of the electric impedance due to adhering and
spreading cells on special cell culture wells with circular gold electrodes. ECIS cell culture plates
are available with different shapes and sizes of electrodes to be used for analyzing a wide range of
cell functions, including cell adhesion, spreading, migration and contractility. Here, ECIS was
employed for two different assays: 1) to analyze the cell interactions with FBLN4 and LTBP4, and
2) to examine the effect of FBLN4 and LTBP4 cell interactions on cell migration. An ECIS Z6
instrument (Applied Biophysics, Model# ZTheta 16 or 96 Well Array Station) equipped with the
manufacturer ECIS software (Version 1.2.186 PC, 2015) was used for the indicated assays.

2.10.1 ECIS for Cell Binding

ECIS culture wells type 96w20idf (Applied Biophysics, CAT#96W20idf PET, 96 Well
Array) were used for real-time cell binding assays. These culture plates are designed to hold 96
wells where each well has two interdigitated microelectrodes, one generator and one collector. The
electrode configuration is designed to record impedance readings throughout the cell adhesion
surface, and it is optimal to study ECM protein-cell interactions and cell proliferation.

Wells were coated overnight at 4°C with a volume of 100 pl containing 10 pg/ml FBLN4,
LTBP4, pFN and BSA in TBS, Ca?* buffer. Wells were coated with TBS which served as a
background control. Next day, all coated wells were blocked for 45 min at 37°C with 100 ul 2.5
mg/ml heat- denatured BSA in TBS buffer. Similar to the crystal violet cell binding assay, 70-80%
confluent cells were trypsinized briefly, the cell suspension was centrifuged and cells were
resuspended in serum free medium trice. BSA blocking buffer was gently aspirated from the wells
and 100 pl serum free medium was added to each well. The ECIS plate was then connected to the
ECIS station on the 96-well array stage located inside 37°C CO- cell culture incubator. Prior to
cell seeding, a base line was established for the wells for 10 minutes. Then, reading the impedance
was paused for about 2 minutes, during which 15000 cells/well were seeded in a total volume of
200 pl/well serum free medium. Post cell seeding, changes in impedance were recorded for 4-6
hours to analyze cell adhesion and spreading. All ECIS cell binding assays were measured for

electric impedance (ohm; Q) reads at 32000 Hz frequency.
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2.10.2 ECIS for Cell Migration

ECIS culture plates type 8W10E (Applied Biophysics, CAT# 8W10E, 8 Well PC) were
used for studying cell migration. This is an 8-well chamber slide, where each well contains one
large counter electrode that has 10 small active electrodes. Each active electrode creates an
electrical fence pulsing constantly with 1 mA electric current at 40,000 Hz frequency, which
prevents cell adhesion and spreading on the areas of these active electrodes. When a cell monolayer
is formed on the large electrode surface, the small active electrodes created gaps for cell migration
to be measured after deactivating the electric fence.

To determine cell migration through ECIS, wells were coated in duplicates with a volume
of 100 pl containing 25 pg/ml protein or only TBS, Ca?* buffer overnight at 4°C. The proteins
included FBLN4, LTBP4, pFN, BSA. Cells upon reaching 70-80% confluency were serum starved
for 18 hours prior to seeding into the ECIS plates. Serum starvation is imperative to stop/minimize
cell proliferation. This ensures that the cells covering the electrodes exclusively due to cell
migration. Coated wells were then blocked for 45 min at 37°C with 100 pl 2.5 mg/ml heat-
denatured BSA in TBS buffer. At the time of blocking, cells were trypsinized briefly and washed
for two times with serum free medium, each wash followed by centrifugation. Then, cells were
resuspended in serum free medium and counted using a hemocytometer prior to cell seeding. The
blocking buffer was removed and 200 pl serum free medium was added to each well. The plate
was connected to ECIS station on the 16-well array stage located inside a 37°C CO- incubator. A
base line was established for the wells before cell seeding for 10 minutes with the electrical fence
feature active. Then, recording the impedance was paused for about 2 minutes during which 75000
cells/well were seeded in a total volume of 400 ul serum free medium per well. Then, the base
lines were recorded for 10 hours allowing cells to form a monolayer binding to the coated protein
and spreading on the culture surface. Within the time of cell monolayer formation, the small active
electrodes were in electric fence mode, which created gaps in the cell monolayer for subsequent
cell migration. After 10 hours of cell monolayer formation, the electric fence was deactivated and
cell migration to the gaps on the small electrodes was measured for 30 hours. All ECIS cell

migration assays were measured for electric impedance reads at 64,000 Hz frequency.
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2.11 Live-cell imaging

Live cell imaging was recruited for studying cell adhesion and spreading, as well as cell
migration on culture plates coated with FBLN4 and LTBP4 using differential interference contrast
(DIC) microscopy. For this purpose, cells were live-imaged in culture vessels under an inverted
microscope (Leica, Model# DMI6000B) provided with a digital camera (Leica, Model# DFC365
FX Cooled B&W). The imaged cell cultures were placed on the microscope stage inside a
humidified incubation chamber connected to an incubation system (TOKAI, Model# HIT INU-F1
Incubator System) set at 37°C and 5% COo.

2.11.1 Imaging Cell Adhesion and Spreading

Wells in 24-well plates (Corning, CAT# C3524) were coated at 4°C overnight with a
volume of 300 pl/well containing 25 pg/ml FBLN4, LTBP4, pFN or only TBS, Ca?* buffer. Then,
wells were blocked with 2.5 mg/ml heat-denatured BSA for 45 minutes at 37°C incubator. At the
same time, 70-80% confluent cells were trypsinized briefly and washed for twice with serum free
medium, each wash followed by centrifugation. The blocking buffer removal was followed by the
addition of 250 pl serum free medium. Then, the culture plate was placed in the incubation
chamber for live cell imaging. Cells were seeded at a density of 50,000 cells/well, in a total volume
of 500 ul/well. Live cell imaging was established at 40 x objective in time interval was 30 seconds
between successive images for a duration of 6 hours.

2.11.2 In-vitro scratch assay

In-vitro scratch assay is a commonly used method for cell migration studies in which a
scratch is created in a cell monolayer, then the scratch closure is analyzed over time. Six-well
plates (Corning, CAT# C3516) were coated at 4°C overnight with a volume of 1 ml/well containing
50 pg/ml FBLN4, LTBP4, pFN or only TBS, Ca?* buffer. Also, serum starvation was applied on
70-80% confluent cell cultures for 18 hours before trypsinizing the cells for seeding on the coated
wells. The following day, the wells were blocked with 1 ml 2.5 mg/ml heat-denatured BSA for 45
min at 37°C. Meanwhile, the starved cells were briefly trypsinized and washed twice with serum
free medium, each wash was followed by centrifugation. Then, BSA was removed from the well
and 5 x 10° cells/well were seeded in a total volume of 3 ml/well of serum free medium. The cells
were incubated for 10 hours to form a cell monolayer. Using 10 pl-size sterile tips, a scratch was
created in the middle of each well after removing the medium. The scratches were gently washed

with fresh serum free medium for removing the debris and smoothening the edge of the scratch.
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Then, the medium was replaced with 3 ml fresh serum free medium. The culture plate was then
gently placed in the incubation chamber for a 48-hour live cell imaging with 5 minute time

intervals between successive images at 5 x objective.

2.12 Immunofluorescence

Immunofluorescence microscopy was employed in this study to analyze the effect of
FBLN4 and LTBP4 cell interactions on elastic fiber formation and the underpinning intercellular
mechanism. All IF experiments were performed in a dark container at room temperature, if not
indicated otherwise. First, the prepared adherent cell cultures were washed gently with TBS buffer.
Then, cells were fixed for 10 minutes with cold 4% paraformaldehyde (PFA) freshly prepared in
TBS buffer for immunostaining extracellular matrix proteins and cell surface receptors. To
immunostain intercellular proteins, cells were fixed using a clod solution of 70% methanol:30%
acetone. Fixed cells were then washed with TBS buffer, followed by blocking for 1 hour using
normal goat serum (NGS). The used NGS in all IF steps preparations was diluted with TBS in 1:10
ratio. The blocking buffer was then discarded, and primary antibodies were added in NGS for
overnight incubation at 4°C. For information about all the used antibodies in this study, refer to
table 1. Primary antibodies were removed and the cells were washed for 5 minutes with TBS buffer
for three times. Cells were incubated for 1 hour with secondary antibodies and 4’,6-diamidino-2-
phenylindole (DAPI, 1:3,000 dilution) prepared in the NGS. The secondary antibodies conjugated
with specific fluorophores distinguishable under non-overlapping fluorescence filter sets. A final
step of washing was applied for 5 minutes with TBS buffer for three times. The slides were
mounted with Vectashield anti-fade medium (Vector Laboratories, CAT# H-1000). A coverslip
was gently placed on the top of each slide and sealed at the edges with a transparent nail polish.
Representative images were taken from freshly stained slides using a fluorescence microscope
(Zeiss, Model# Axio Imager M2) and Zen software (Zeiss, Version 2012 blue edition) provided
by the manufacturer.

2.13 Collagen gel contraction assay
To analyze FBLN4 and LTBP4 induced cell contraction, collagen gel contraction assays
were employed. Commercially available rat tail collagen type 1 solution (Cultrex, R&D Systems,

CAT# 3440-100-01) was used to prepare disk-shaped gels cellularized with skin fibroblasts. Skin
43



fibroblasts from late passages were cultured to reach confluency at the day of preparing collagen
gels. Complete medium was freshly prepared using DMEM with 10% pFN-depleted FBS and PSG
(Depletion of pFN from serum is detailed in section 2.15). FBLN4, LTBP4, pFN or TBS, Ca?
were added to the prepared medium. Cells were trypsinized and washed two times with serum free
medium before suspending them in the prepared DMEM containing pFN-depleted serum. Then,
250 pl of cell suspension containing 5x10° cells/ml were mixed in a microfuge tube with 250 pl
collagen type | solution to obtain a final concentration of 1.5 mg/ml collagen. Non-cellularized
gels were prepared with DMEM only as a background control. The pH of collagen-DMEM
solution was adjusted to pH 7.2 using sterile 1M NaOH. The solution was immediately transferred
to a 24-well plate and allowed to solidify for 1 hour at room temperature. When the gels were
polymerized, they were gently detached from the well walls and bottoms with a microspatula, and
500 pl more medium was added to each well. The gels were maintained in 37°C, 5% CO-
humidified incubator for 7 days and imaged every day using a gel imaging system (Bio-Rad,

Model# ChemiDoc MP Imaging System).

2.14 Cell proliferation assay

The effect of FBLN4 and LTBP4 cell interactions on cell proliferation was determined at
24 hours and 48 hours of cell interactions by two strategies, 1) comparing the total cell numbers,
and 2) comparing the number of proliferating cells. However, to omit the effect of pFN from serum
supplemented in the culture medium on cell proliferation, pFN-depleted serum was used in all cell
proliferation assay settings. Depletion of pFN from sera is detailed in the next section.

In both strategies for examining cell proliferation, 8-well chamber slides (ThermoFisher
Scientific, CAT# 154534) were coated at 4°C overnight with 100 pl TBS, Ca?* buffer containing
10pg/ml FBLN4, LTBP4 or pFN. Wells coated with TBS, Ca?* buffer were used as a background
control. In addition, 50-60% confluent cell cultures were washed with PBS and new complete
medium containing only pFN-depleted FBS was added for 18 hours before harvesting the cells for
cell proliferation assays. Next day, blocking step was performed on the coated wells for 45 minutes
with 100 pl 2.5 mg/ml heat-denatured BSA at 37°C. In the meantime, cells were trypsinized briefly
and resuspended also in pFN-depleted FBS containing media. After removing the blocking buffer,

cells were seeded at a density of 10,000 cells per well in 500 pl volume. The cells were incubated
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thereafter in a humidified incubator at 37°C and 5% CO.. At the end of each time point, the cells
were washed with TBS buffer and fixed with 4% PFA for 10 minutes.

For counting the total cell number using crystal violet method, cells were stained with 100
pl/well crystal violet solution for 45 minutes. Excess of crystal violet solution was washed with
TBS buffer. Slides were mounted using permount medium (Fisher, CAT# SP15-100) and gently
coverslipped. Slides were examined under the microscope using 10 x objective and cell numbers
were counted.

For counting the proliferating cells, the cells were IF stained for Ki67 protein, as a cell
proliferation marker. Representative images were captured using an Axio Imager M2 microscope.
DAPI staining was utilized for counting total cell numbers and positively stained cells for Ki67
were counted as proliferative cells. The ratio of proliferative cell numbers to total cell numbers

were plotted.

2.15 Depletion of Plasma Fibronectin from Sera

pFN was depleted from FBS using Gelatin Sepharose 4B affinity chromatography as
gelatin binds to fibronectin with high specificity®** 3%, Gelatin Sepharose 4B resin (GE Healthcare
Life Sciences, CAT# 17095601) was packed into a column according to the manufacturer’s
instructions. The column was operated with an AKTA Avant liquid chromatography system and
washed first with d.H»O, followed by equilibration in binding buffer (TBS buffer containing 1mM
PMSF), at a flow rate of 2 ml/min and maximum delta column pressure of 0.5 MPa. Then, 50 ml
FBS was loaded onto the column using a superloop at a flow rate of 0.5 ml/min. The flow through
was collected containing the pFN-depleted serum. pFN bound to the column was eluted using the
elution buffer (50 mM sodium acetate, 1M sodium bromide, pH 5.0). The elution step was
conducted at 2 ml/min flow rate. Finally, the column was washed with d.H.O and stored in 20%
ethanol at 4°C. pFN depletion was confirmed by an analytical Western blotting with a specific
antibody against FN.

2.16 Focal adhesion formation study
Focal adhesion (FA) formation upon cell interactions with FBLN4 and LTBP4 was
determined using IF staining for FA in fixed cell cultures and using Western blotting for cell

lysates. First, cells were freshly passaged to new cell culture flasks to reach about 50% confluency.
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Then, cells were serum starved for 18 hours. At the same time, wells in 8-well chamber slides and
in 6-well plates were coated at 4°C overnight in duplicates with FBLN4, LTBP4, pFN or only
TBS, Ca?* buffer. The 8-well chamber slides were coated with 100 pl/well volume containing 10
pag/ml protein while the 6-well plates were coated with 1 ml/well volume containing 50 pg/ml
protein. Micropatterns in a large Y-shape (CYTOO, CAT# 10-012-00-18) were also used to unify
the cell shape, which facilitates the quantification of FA maturation and distribution. Micropattern
chips were arranged in 6-well plates in the format of one chip/well. Then, a protein coat was
applied at 4°C overnight in a 2ml/well-volume containing 25 pg/ml protein. Next, the coated wells
(but not the micropatterns) were blocked with 2.5 mg/ml heat-denatured BSA for 45 min at 37°C.
The cells were trypsinized and washed for two times with serum free medium, followed by
centrifugation. Then, the blocking buffer was removed from the micropattern wells. The cell
suspension was seeded in serum free medium at 250 pl/well in 8-well slides, and 2 ml/well in 6-
well plates that include wells containing the micropatterns. Cells were seeded at a density of 10,000
cell/well for 8-well chamber slides for IF staining, and 150,000 cells/well for 6-well plates for
Western blot analysis, or 15,000 cells/well for micropatterns followed by IF analysis. The seeded
cells were incubated for 24 hours at 37°C in humidified incubator supplemented with 5% CO>. The
conditioned medium was removed from wells and cells were washed with TBS buffer. The cells
in 8-well slides and micropattern wells were fixed for IF staining. While cell lysates were collected
from 6-well plates to be processed for Western blotting, by scrubbing in 250 pl/well cell lysing
buffer for (50 mM Tris pH8.0, 1 mM EDTA, 150 mM NaCl, 10% Glycerol, 1% NP-40, 0.5%
Sodium deoxycholate, 10 mM NaF, 0.1% SDS) containing cOmplete™ protease inhibitors
(Roche, CAT# 11836153001) as recommended by the manufacturer. The cell lysates were
collected in microfuge tubes and incubated on ice for 1 hour with a brief vertexing every 10
minutes. That was followed by 15-minute centrifugation at 12,000 x g at 4°C. Then, the protein
supernatants were transferred into new tubes and their concentrations were measured. For each

lysate, 25 g protein was resolved on SDS-PAGE for Western blotting.

2.17 Image analysis
All original IF images were exported to 8-bit .tiff format using Zen software, and imported
into the ImageJ software (Wayne Rasband, National Institutes of Health, Version 1.52a). All

images were processed in ImageJ in two steps: 1) reducing the background in each individual
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channel, and 2) enhancing the signal using contrast limited adaptive histogram equalization
(CLAHE). To apply the Image processing steps in ImageJ, the following procedures were
executed:

- From Process menu, subtract background was clicked. In the configuration pop-up menu,
the rolling ball radius value was set at 50 pixel and on only sliding paraboloid was checked.

- From Plugins menu, CLAHE was reached through Filters>Enhanced Local Contrast.
CLAHE parameters were set to 19 for the block size and 256 for the histogram bin and 6
for the maximum slope.

The images were then quantified for the mean pixel intensity across an entire image using
ImageJ, from Analyze menu>Measure. The relative mean pixel intensity was then calculated for
each image in different experimental conditions/groups.

FA quantification was performed following the published method by the Reinhardt
laboratory®25:327_ After subtracting the background and enhancing the signal steps, FA images were
further processed in three steps: 1) optimizing the image quality for a single object quantification
using mathematical exponential feature (EXP), 2) enhancing the brightness/contrast and 3) setting
up averaged threshold values that distinguish background from specific signal and fit to all the
quantified objects (FA) in the presentative images. To apply these three steps for FA quantification
in ImageJ, the following commands were executed:

- From Process>Math menu, EXP was performed.

- From Image>Adjust menu, Brightness/Contrast configurations were adjusted for average
minimum and maximum values fixed among all the processed imaged from one experiment
repeat to show the specific FA objects/particles as it appears in the original representative
images.

- Similarly, from Image>Adjust menu, the Threshold values were averaged to fixed values
applicable to all the quantified images for FA.

Finally, the FA number (count), total area, and average size per cell were obtained by selecting

the area of one cell and executing particle analysis from the Analyze menu. Analyzing particles
was performed considering the quantified particles (FA objects) having circularity values ranging

from 0.00-0.99, which reduced the noise from false positive signal measurement for artifacts.
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2.18 Cell-surface heparan sulfate degradation

Cell-surface heparan sulfate chains were subjected to degradation in cell binding
experiments to determine the contribution of heparan sulfate in FBLN4 and LTBP4 cell
interactions. For this purpose, harvested cells were treated with heparinases Il (Sigma, CAT#
H6512) and 11l (Seikagaku-amshio, CAT# EC4.2.2.8) combined. First, 70-80% confluent cells
were trypsinized and washed for two times with serum free medium. Then, the harvested cells
were suspended in PBS containing 1g/L Glucose and 0.1 mM CaCl, and 0.1 mM MgCl: in the
presence or absence of 1.25 unit/ml heparinases Il and 0.0125 unit/ml heparinases Ill. The cell
suspensions were incubated in Falcon tubes for 20 minutes at 37°C, 5% CO, humidified incubator
with a gentle shaking every 5 minutes to avoid cell aggregation and allow the enzymes function
effectively. The treated cells with were seeded at a cell density of 10,000 cells/well to coated wells
with 10pg/ml FBLN4, LTBP4, pFN and BSA in 96-well Nunc plates. Cell binding was performed
for 1 hour as described previously using the crystal violet cell attachment assay (see the method in

section 2.9).

2.19 Small Interfering RNA (siRNA) Knockdown

SiRNA knockdown was used to silence the expression of syndecans and glypicans in NSF
and SMC cultures. Then, the siRNA transfected cells were analyzed for their interactions with
FBLN4 and LTBP4, and for elastic fiber formations upon inhibiting the expression of the indicated
cell receptors. The used strategy for SiRNA knockdown was to target the inhibition of the mRNA
expression of each indicated gene with a set of four sSiRNAs that each binds to a different motif on
the respective mRNA sequence. The siRNA used here were available to ordered from Qiagen
(refer to table 2 for information about all the used siRNA in this study). A cocktail containing a
scramble of functional, non-human targeting siRNAs was used as negative control for cell
transfection with siRNA (AllStars siRNA).

The cell transfection with siRNA was performed using Lipofectamine 2000. First,
Lipofectamine was 10 x diluted in Opti-MEM medium and incubated for 5 minutes. A solution
with 2 uM siRNA with Opti-MEM medium was prepared and mixed gently with Lipofectamin
solution, then incubated for 20 minutes. Cell cultures at 70% confluency were trypsinized and
washed two times with complete medium without PSG. The siRNA transfection was performed in

a ratio of 30% siRNA in Lipofectamine to 70% cell suspension containing 1.5 x 10° cells/ml. The
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transfected cells were seeded into cell culture vessels and incubated at 37°C, 5% CO2 humidified

incubator, and then harvested at different time points for cell binding assays and IF analyses.

2.20 Real-Time Quantitative Polymerase Chain Reaction (RT-gPCR)

Expression of various target genes was analyzed throughout the study using RT-gPCR.
This involved four steps: 1) mMRNA isolation, 2) mRNA to cDNA reverse transcription, 3) RT-
gPCR and 4) data analyses.

For mRNA extraction, cells were seeded in triplicates in 12-well plates (Corning, CAT#
C3513). At the experimental endpoints, cells were washed shortly with PBS. Cold TRIzol reagent
(Invitrogen, CAT# 15596018) was added in a volume of 200 pl/well, in a pipetting motion. The
cell lysates were collected to microfuge tubes and allowed to stand for 5 minutes to permit a
complete lysing. Then, 40 pl chloroform was added to the tubes and securely capped to be
incubated for 3 min. The cell lysates were centrifuged at 12,000 x g at 4°C for 15 minutes. This
resulted in lysate separation into a lower phenol red-chloroform organic phase, a thin interphase,
and a colorless upper aqueous phase. The aqueous upper phase containing the RNA was gently
transferred for each to a new tube by angling the tube at 45° and pipetting the solution out very
carefully. The aqueous upper phase in the new tube was treated with 100 ul isopropanol and
incubated for 10 minutes. The new tubes were centrifuged at 12,000 x g at 4°C for 10 minutes. The
total RNA precipitated forming a white gel-like pellet at the bottom of each tube. The supernatants
were gently discarded with a micropipette and 200 pl 75% ethanol was added to each tube. The
tubes containing the RNA pellets were centrifuged at 7500xg xg at 4°C for 5 minutes. The
supernatants were again discarded gently with a micropipette and pellets were airdried for 5-10
minutes. The RNA pellets were solubilized in 20-50 ul RNase-free d.H.O and the RNA
concentrations were measured using a nanodrop spectrophotometer. The isolated RNA samples
were either used immediately for the subsequent steps or stored at -80°C.

The extracted mRNA was subjected to cDNA reverse transcription in which the reaction
was performed using ProtoScript 1l First Strand cDNA Synthesis Kit (New England BioLabs,
CAT# E6560S) following the manufacturer standard protocol. Only freshly synthesized cDNA
was used for RT-qPCR after diluting in RNase-free d.H-O to reach 1:10 dilution.

RT-gPCR were conducted using SYBR Green dye to detect the PCR product as SYBR

Green binds in a high specificity to double strand DNA emitting a fluorescence signal in which
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accumulates when the PCR cycles progress. For this RT-gPCR, a 10 pl/well mixture was made of
5 ul SYBR™ Select Master Mix (ThermoFisher Scientific, CAT# 4472918), 4 pl diluted cDNA,
1 pl of 400 nM forward primer and 1 pl of 400 nM reverse primer.

RT-qgPCR mixture was prepared in triplicates using 384-well plates (ThermoFisher
Scientific, CAT# 4483285). For each cDNA sample, a set of forward and reverse primers was
designed specifically to analyze the targeted genes for their mMRNA expression. All the used sets
of primers in RT-gPCR were designed to generate product sizes range from 80-180 bp and to work
efficiently at the same annealing temperature of 58-60°C (refer to table 3 for the information about
all the used primers in this study).

The RT-gPCR mixtures were added to wells in triplicates in 384-well plate. The plate was
sealed with a thermal adhesive film and analyzed in a QuantStudio Real-Time PCR and Digital
System (Applied Biosystems, Model# 5). Prior to the RT-gPCR cycles start, an initial activation
was performed in two steps of heating, each for 2 minutes; the first step was at 50°C and the second
step was at 95°C. Then, a 3-step RT-gPCR was conducted for 40 cycles. Each RT-gPCR cycle
included denaturation step at 95°C for 15 seconds, annealing step at 58-60°C for 15 seconds and

extension at 72°C for 1 min.

2.21 Solid Phase Assay

Interactions of FBLN4 and LTBP4 with SDC2-, 3-, and 4-ED in conditioned media were
determined by solid phase binding assays. Wells in 96-well Nunc plates were coated overnight at
4°C with 100 ul of 10 pg/ml FBLN4, LTBP4L, LTBP4S, TE, pFN or BSA. Next, a blocking step
was applied using 2.5 mg/ml heat-denatured BSA for 1 hour at room temperature. All the steps
hereafter were performed under continuous shaking at 500 rpm. The blocking buffer was removed
and the wells were washed for 5 minutes with TBS, Ca?* buffer for 3 times. Then, serial dilutions
from a soluble ligand were added at a volume of 100 ul/well, in triplicates. The added soluble
ligands consisted of 20x concentrated conditioned media containing either recombinantly-FLAG-
tagged SDC2-, 3-, or 4-ED, in which were titrated in the serial dilutions. The soluble ligands were
incubated in the coated wells for 1 hour at room temperature. Later, wells were washed for 5
minutes with TBS, Ca?* buffer for 3 times. Detection of bound ligands to the coated proteins was
detected using a primary antibody against FLAG-tag. The wells were incubated at 4°C overnight

with 100 ul/well primary antibody solution prepared in 2.5 mg/ml heat-denatured BSA. The wells
50



were then washed for 5 minutes with TBST buffer for 3 times, followed by the addition of 100
pl/well HRP-conjugated secondary antibody prepared in 2.5 mg/ml heat-denatured BSA. The
wells were then incubated with the secondary antibody for 2 hours at room temperature. The wells
were washed again for 5 minutes with TBST buffer for 3 times. The immunoreaction in the solid
phase assay was developed based on a color reaction method by adding 100 pl/well of freshly
prepared developing solution of 1 mg/ml 5-aminosalicylic acid in 20 mM phosphate buffer
(NaH2PO4) at pH 6.8 containing 0.045% H»O,. The reaction was stopped by addition of 100
ul/well of 2M NaOH. The absorbance was measured at 492 nm in a spectrophotometer microplate
reader. The signals were corrected for antibody cross-reactivity with the coated ligand and for non-

specific protein interaction of the soluble ligand with wells coated with TBS, Ca®* buffer only.

2.22 Statistics

All statistical analyses of the quantified data and the generated graphs in this study were
performed using Origin software (Origin Lab Corporation, Version 9.6.0.172 2019). Student T-
test and ANOVA (analysis of variance) were used to calculate the p-values for each quantified
experiment as applicable. The selection of the appropriate statistical test was made for individual
sets of experiments according to the data distribution, the independency of variables, as well as
the number of variables and samples groups in a comparison. P-values < 0.005 were considered

statistically significant.
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2.23 Supplemental Tables

Table 1. The used antibodies in this study

Antigen Antibody Host Source/Provider | Applications
FN Anti-fibronectin Rabbit Sigma, IF 1:500
polyclonal CAT# F3648
FBLN4 Anti-FBLN4 Rabbit McGill CMARC | IF 1:500
polyclonal antibody
LTBP4 Anti-hLTBP4 (30-F) Rabbit production services | IF 1:1000
polyclonal
TE/Elatin Anti-tropoelastin Rabbit IF 1:500
polyclonal
V5-Tag V5 Tag Antibody Mouse Invitrogen, CAT# | WB 1:1000
Monoclonal | R96025
His-Tag 6x-His Tag (C-term) | Mouse Invitrogen, CAT# | WB 1:500
Antibody Monoclonal | R93025
Heparan Anti-heparan sulfate Mouse Seikagaku-amsbio, | IF 1:1000
sulfate monoclonal | CAT# 370255-S
FLAG-Tag Anti-Flag Rabbit Sigma, WB  1:500,
polyclonal CAT# F7425 Solid phase
assay 1:1000
pFAK Anti-FAK (phospho | Rabbit Abcam, IF 1:400
Y397) monoclonal | CAT# Ab812980
Erk1/2 p44/42 MAPK (Erk1/2) | Rabbit Cell signaling, IF 1:500,
(137F5) Antibody monoclonal CATH# 4695S WB 1:1000
pErk1/2 Phospho-p44/42 MAPK | Rabbit Cell signaling, IF 1:500,
(Erk1/2) monoclonal | CAT# 4377S WB 1:1000
(Thr202/Tyr204)
(197G2) Antibody
Racl Anti-Racl Mouse BD Biosciences, IF 1:500,
monoclonal | CAT# 610650 WB 1:1000
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Active RhoA | Active RhoA -GTP | Mouse Neweast IF 1:500,
(RhoAGTP) Antibody Monoclonal | Biosciences, WB 1:1000
CAT# 26904
Actin B-Actin (13E5) | Rabbit Cell Signaling, IF 1:1000
Antibody monoclonal Cat# 4970
aSMA Actin (Smooth Muscle) | Mouse Dakao, IF 1:1000
(Clone 1A4) Antibody | monoclonal | CAT# M0851
GAPDH GAPDH (14C10) | Rabbit Cell Signaling, WB 1:1000
Antibody monoclonal | Cat# 2118
HRP-Anti Peroxidase  AffiniPure | Goat Jackson WB 1:1000,
Rabbit sera Goat Anti-Rabbit 1gG ImmunoResearch | Solid phase
(H+L) Laboratories, assay 1:800
CAT#111035003
HRP-Anti Peroxidase  AffiniPure | Goat Jackson WB 1:1000
Mouse sera Goat Anti-Mouse 1gG ImmunoResearch
(H+L) Laboratories,
CAT#115035146
anti-Rabbit, Goat anti-Rabbit 1gG | Goat Invitrogen, IF 1:1000
Alexa  Fluor | (H+L) Highly Cross- CAT# A32731
488 Adsorbed  Secondary
Antibody
anti-Mouse, Goat anti-Mouse 1gG | Goat Invitrogen, IF 1:1000
Alexa  Fluor | (H+L) Highly Cross- CAT# A32723
488 Adsorbed  Secondary
Antibody
anti-Rabbit, Goat anti-Rabbit 1gG | Goat Invitrogen, IF 1:1000
Cy3 (H+L) Cross-Adsorbed CAT# A10520

Secondary Antibody
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anti-Mouse,
Cy3

Goat anti-Mouse 1gG
(H+L) Cross-Adsorbed
Secondary Antibody

Goat

Invitrogen,
CAT# A10521

IF 1:1000
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Table 2. The used siRNA in this study (purchased from QIAGEN)

Gene

SiRNA

Product

Number

Catalogue

Number

Syndecan2

FlexiTube GeneSolution GS6383 for SDC2

4 siRNAs for Entrez gene 6383 (1 nmol each):

S103034045 (FlexiTube siRNA)
S103028249 (FlexiTube siRNA)
S100046809 (FlexiTube siRNA)
S100046802 (FlexiTube siRNA)

1027416

GS6383

Syndecan3

FlexiTube GeneSolution GS9672 for SDC3

4 siRNAs for Entrez gene 9672 (1 nmol each):

S104777612 (FlexiTube sSiRNA)
S104145043 (FlexiTube siRNA)
S100712894 (FlexiTube siRNA)
S100712887 (FlexiTube SiRNA)

1027416

GS9672

Syndecan4

FlexiTube GeneSolution GS6385 for SDC4

4 siRNAs for Entrez gene 6385 (1 nmol each):

S103076339 (FlexiTube siRNA)
S103068016 (FlexiTube siRNA)
5100046823 (FlexiTube siRNA)
S100046816 (FlexiTube siRNA)

1027416

GS6385

Glypican2

FlexiTube GeneSolution GS221914 for GPC2
4 siRNAs for Entrez gene 221914:
S103091746 (FlexiTube siRNA)

S103078516 (FlexiTube siRNA)

S103059693 (FlexiTube siRNA)

S100155414 (FlexiTube siRNA)

1027416

GS221914

Glypican3

FlexiTube GeneSolution GS2719 for GPC3
4 siRNAs for Entrez gene 2719:
S103098291 (FlexiTube siRNA)
S103031525 (FlexiTube siRNA)

1027416

GS2719

55




S100064309 (FlexiTube siRNA)
S100064302 (FlexiTube siRNA)

Glypican4 | FlexiTube GeneSolution GS2239 for GPC4 1027416 | GS2239
4 siRNAs for Entrez gene 2239:
S103100825 (FlexiTube siRNA)
S103096737 (FlexiTube siRNA)
S102626323 (FlexiTube siRNA)
S100026089 (FlexiTube siRNA)

Glypican5 | FlexiTube GeneSolution GS2262 for GPC5 1027416 | GS2262
4 siRNAs for Entrez gene 2262:
S104223555 (FlexiTube siRNA)
S104221700 (FlexiTube siRNA)
S103132038 (FlexiTube siRNA)
S100429877 (FlexiTube siRNA)

Glypican6 | FlexiTube GeneSolution GS10082 for GPC6 1027416 | GS10082
4 siRNAs for Entrez gene 10082 (1 nmol each):
S103090339 (FlexiTube siRNA)
S103041423 (FlexiTube siRNA)
S103029873 (FlexiTube siRNA)
S102635787 (FlexiTube siRNA)
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Table 3. The sequences of the used primers for RT-qPCR analyses

Gene Primer Sequence 5° — 3’ Primer | GC
Length | %
Syndecan 1 GATGGCTCTGGGGATGACTCTGA 23 56.5
GTGGGAATAGCCGTCAGGAGC 21 61.9
Syndecan 2 TGTTGACTAGTGCTGCTCCAAAAGTG 26 46.2
CTCTTCGGCTGGGTCCATTTTCC 23 56.5
Syndecan 3 GCGGAAGGAGGTGCTCGTAG 20 65
CGTGTAGCTGCCCTCATCCTT 21 57.1
Syndecan 4 GACGATGAGGATGTAGTGGGGCC 23 60.9
GACAACTTCAGGGCCGATCATGG 23 56.5
Glypican 1 GCAGATCATGCAGCTGAAGATCATGACC 28 50
CTTCCTGCTGACCTTCCGGCT 21 61.9
Glypican 2 GTTCGTGGCTGTCTCAGCAGCAG 23 60.9
GTCAGCTCAAAGGAAAAGGGGCC 23 56.5
Glypican 3 GCATTGGAGGCTCTGGTGATGGAATG 26 53.8
GTTTCCAGGCGCATCATCCAC 21 57.1
Glypican 4 GGGAGATGTCGTGAGCAAGGTC 22 59.1
GAGCAGTAGTTGTAACATGGCTTCACAGTC | 30 46.7
Glypican 5 GGGGGATCAGGAAGTGGAGAAGTC 24 58.3
GCTCCTGTTGTGTCTAAAGTACTGCCAG 28 50
Glypican 6 AACTACTGTCTCAACGTCATGAAGGGC 27 48.1
ACCGACTCAATGTTGAATGGCCCC 24 54.2
Integrin Subunit Alpha | TCAAAATTCTCCAGACGCTCAGTGG 25 48
1 TGCTCCTCCTTCTCTGTTCCCA 22 54.5
Integrin Subunit Alpha | TAGCCCTGCCCTTGAAGCC 19 63.2
2 CAGCTGGTATTTGTCGGACATCTAGGA 27 48.1
Integrin Subunit Alpha | CACCTTCTATGCAGGCCCCAAT 22 54.5
2b TCCAGGGGCACAGGAACAC 19 63.2
CTTCCACGGCTTCTTCTCCATGC 23 56.5
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Integrin Subunit Alpha | GGAGATGATGATGGGGCGGAGTT 23 56.5
3
Integrin Subunit Alpha | ATCAGAGAGGAAGGAAGAGTGTTTGTGT 28 42.9
4 ATGTCGCCAAGATTAACTATAGATTCCCCA | 30 40
Integrin Subunit Alpha | ACTTTGTTGCTGGTGTGCCC 20 55
5 GAGGCCATCTGTTCCCCTGAGAA 23 56.5
Integrin Subunit Alpha | TATGATGTGGCGGTGGTGGAC 21 57.1
6 CACTGCACCTCCAACTTCTCCATCTC 26 53.8
Integrin Subunit Alpha | GTGGTTGGGAGTCAGTGTTCGG 22 59.1
7 ACCAATCATATCCCGCGTCTCC 22 54.5
Integrin Subunit Alpha | CGCAACAACAAGGGATTTCGACC 23 52.2
8 CGTGGAACTGCAAATCGGAGGC 22 59.1
Integrin Subunit Alpha | CCGACCACATCCTACCCCATG 21 61.9
9 GTGAAGAAGCCCGCTATCCCAG 22 59.1
Integrin Subunit Alpha | TGCCGCGCCTTCAACCTAGA 21 57.1
V GGGTGGTGTTTGCTTTGGGAG 21 57.1
Integrin Subunit Betal | TGGAGAATGTATACAAGCAGGGCCA 25 48
CTCTGGGATTTTCTATGTCATCTGGAGGG 29 48.3
Integrin Subunit Beta2 | CAGAAGCAGCTGTCCCCACAA 21 57.1
TCAGATAGTACAGGTCGATGGGGTAGC 27 51.9
Integrin Subunit Beta3 | GCCTGTGTCACCATACATGTATATCTCCC 29 48.3
CTCATTGAAGCGGGTCACCTGGTC 24 58.3
Integrin Subunit Beta4 | GTCTGGCCTTCAATGTCGTCTCC 23 56.5
CCAGCACTTTCTTCATGGGCCC 22 59.1
Integrin Subunit Beta5 | GTGCGACAACTTCTCCTGTGCC 22 59.1
CGAGCAGTTACAGTTGTCCCCGA 23 56.5
Integrin Subunit Beta6 | GTTCAGATTGCGCCTCAAAGCTTG 24 50
GTGTTGAGGTCGTCATCCATGGAG 24 54.2
Integrin Subunit Beta7 | GTCACCCATTCTGTGCGCATTG 22 54.5
GGTGAAAGCTGAATGGTGACTGGC 24 54.2
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Integrin Subunit Beta 8 | AGAAGGAGGTTTTGACGCCATGC 23 52.2
CACCACTATGCCTGCCAATTTGC 23 52.2
Fibulin-4 CAGATGGCTATGAGTGGGACCC 22 59.1
AGGGGTTGGGGTGTTGAGC 19 63.2
Latent Transforming | TGTGGGTGAGGGCTGGG 17 70.6
Growth Factor Beta | CGCCACTCTTGCACACCT 18 61.1
Binding Protein-4
Fibronectin-1 CCAACATTGATCGCCCTAAAG 21 47.6
GATTCCATCCTCAGGGCTC 19 57.9
Fibrillin-1 ATTTACCCAACACCATACGTCCTGC 25 48
TTACCCTCACACTCGTCCAC 20 55
Elastin?® GGTATCCCATCAAGGCCCC 19 63
TTTCCCTGTGGTGTAGGGCA 20 55
GAPDH GGTCTCCTCTGACTTCAACA 20 50
AGCCAAATTCGTTGTCATAC 20 40
RPL13A TCTTAGTCACTGCCTCCCGA 20 55
TCACAAGATAGGGCCCTCCA 20 55
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3. RESULTS

Previous reports showed heparin binding of FBLN4 and LTBP4, and for both proteins
binding to cells via cell surface heparan sulfate moieties was suggested'® 22, The overall scope of
this study was to characterize how cells interact with FBLN4 and LTBP4, to define the cell surface

receptors, and to explore the downstream functional consequences of these cell interactions.

3.1 FBLN4 multimerization is essential in cell interactions and LTBP4 isoforms interact similarly
with cells

The Reinhardt laboratory has previously shown that full length FBLN4 interacts with
different human cells®. In In addition, it has been reported that mouse lung fibroblasts interact
with a recombinant human LTBP4 isoform missing the first two 4-cys domains unique to LTBP4%%
329 The sequence of this LTBP4 isoform has been reported only in a cDNA library, but not in any
proteomic analysis'’®. However, the cell interactions with the two isoforms for LTBP4 confirmed
to occur in human (long and short) have not been investigated. Here, we aimed to further elucidate
cell interactions with FBLN4 and LTBP4.

The Reinhardt laboratory has previously uncovered that FBLN4 self-oligomerizes under
physiological conditions into multimers®®. However, the functional implication of FBLN4
multimerization in cell interactions has not been analyzed. To assess the cell interaction properties
of FBLN4 multimers and of both LTBP4 isoforms, we used two in vitro cell binding assays, end-
point crystal violet staining and ECIS analysis that allows monitoring cell attachment in real-time
(Fig. 1A and B). Skin fibroblasts bound strongly to gelfiltrated FBLN4 multimers, similar to the
non-gelfiltrated FBLN4 preparation that consisted of multimers, dimers and monomers. FBLN4
dimers showed weak interactions in the crystal violet assay, but no interaction in the ECIS
approach, whereas FBLN4 monomers were completely inactive. For LTBP4, both the long and
short isoforms interacted strongly and similarly with skin fibroblasts in both assays.

Cell attachment and spreading on FBLN4 and LTBP4 was further visualized and analyzed
by live-cell imaging (Fig. 1C and Movie 1-4). All supplemental movie legends are enclosed at the
end of this chapter in section 3.17. pFN served as a positive control and TBS, Ca* as a buffer
control. Cells attached very quickly to both FBLN4 and LTBP4 as can be appreciated in the “0-
minute images” that were recorded immediately 2-3 min after cell seeding (Fig. 1C). At this early
time point, cells already adhered to the coated surfaces (FBLN4, LTBP4 and pFN) with the
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cytoplasm slightly spread around the nuclei, whereas cells did not adhere well on the control
surface (TBS, Ca*?).
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Figure 1. Cell interactions with FBLN4 and LTBP4

Shown graphs present skin fibroblast interactions with immobilized recombinant FBLN4 and LTBP4 using two cell
binding assays: a crystal violet end-point assay in (A) and an ECIS real-time assay in (B). In A, proteins were coated
at the indicated concentrations, in B, the protein concentration was 10 pug/ml. The cell binding data in (A, Absorbance
at 570 nm) and (B, impedance in ohm at an electrical current frequency of 32000 Hz) are averaged technical
quadruplicates of a representative experiment. The experiment was repeated 5-6 times using skin fibroblasts from
different donors. BSA was used as a negative control. TBS, Ca*? treated wells were used as a background control
since all proteins were immobilized in TBS, Ca*2. Background cell binding on TBS, Ca*? coated wells were subtracted
from all other values. Error bars indicate standard deviations of mean (SD+mean) of four technical replicates of one
representative experiments out of 6 repeats. Statistical analyses were performed using one-way ANOVA. (C) DIC
microscopy images were obtained from in vitro live cell imaging of skin fibroblast adhesion and spreading on FBLN4,
LTBP4, pFN and TBS, Ca*? coated wells (n=3-5 per protein). The scale bar represents 25 pum. Inset images show
magnified areas indicated by the small dashed-frame boxes. The inset images in the 0-minute time point show the
adhesive cytoplasmic areas around the nuclei within 2-3 min after cell seeding. In the 30-minute time point, the inset
image presents a shared pool of cytoplasm between the cells spread on FBLN4, whereas the LTBP4 inset image
indicates an example of a thin long protruded cytoplasmic extension (see Movie 1 and 2).

The cell adhesion and spreading patterns varied between the different ECM protein coats.
On FBLN4, skin fibroblasts started extending cytoplasmic projections after about 10 min of cell
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interactions. These cytoplasmic projections formed shared cytoplasmic pools (thin connections)
as the cells touched each other. Dynamic networks between the cells continued to develop until
the cells fully spread between 6-24 h (Movie 1 and Fig. 1C, FBLN4 inset at 30-minute image).
During the observation time, a considerable number of intracellular vesicles formed around the
nuclei, and some of them migrated along the shared cytoplasmic projections between the cells
(Movie 1). When skin fibroblasts were seeded on LTBP4, they first clustered in short threads with
relatively small cytoplasmic projections (Movie 2). Within a short time (5-10 min), the LTBP4-
interacting skin fibroblasts projected remarkable thin and long cell protrusions which sometimes
showed a flagellum-like movement (Movie 2 and Fig. 1C, LTBP4 inset at 30 min image). These
cell protrusions became denser as the cells spread further up to 6 h. Unlike FBLN4 and LTBP4,
skin fibroblasts quickly spread and flattened after initial adhesion on pFN coated surfaces (Movie
3 and Fig. 1C). As expected, throughout the experimental time frame, the fibroblasts seeded in
control wells coated with buffer (TBS, Ca*?) adhered and spread very little (Movie 4 and Fig. 1C).

3.2 Elastogenic cells bind consistently and strongly to FBLN4 and LTBP4

It has been already demonstrated previously by the Reinhardt lab that FBLN4 interacts
with skin and lung fibroblasts, as well as with umbilical arterial and venous smooth muscle cells®®.
However, cell interaction with LTBP4 has been analyzed only with mouse lung fibroblasts??. Since
FBLN4 and LTBP4 are pivotal elastic proteins, we set out to examine the consistency of their
interactions to various elastogenic cell types other than skin fibroblasts. All elastogenic cells
chosen to investigate FBLN4 and LTBP4 cell binding properties are of human origin to match the
species with the recombinant human FBLN4 and LTBP4. We tested FBLN4 and LTBP4 binding
to adult and fetal aortic smooth muscle cells (HASMC), and to umbilical arterial and venous
smooth muscle cells (SMC and CRL-2481, respectively). All these primary cells showed strong
and consistent binding to FBLN4 and LTBP4 (Fig. 2A). Since smooth muscle cells can be in a
contractile or a synthetic phenotype, we addressed whether these phenotypes affect the ability to
interact with FBLN4 and LTBP4. Serum starvation was used to differentiate both adult and fetal
HASMCs into the contractile phenotype by maintaining them for one week in culture medium
containing 1% serum, whereas the synthetic phenotype was preserved by maintaining the cells in
culture medium containing 15% serum. To distinguish and confirm the phenotypes of adult and

fetal HASMCs grown under these two culture conditions, we immunostained cells with aSMA, a
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cell contractility marker (Fig. 2B). The differentiated cells grown in the presence of 1% serum
showed a much higher level of aSMA with well-defined filamentous organization, compared to
the cells grown in the presence of 15% serum where aSMA was almost absent, confirming a
contractile and synthetic phenotype, respectively. Using differentiated adult HASMC in cell
binding assays demonstrated a similar ability of both phenotypic cells to adhere to FBLN4 and
LTBP4 (Fig. 2C). For fetal HASMC, differentiation into the contractile phenotype significantly
decreased the overall binding by about 12% for FBLN4 and 30% for LTBP4, albeit with a strong
remaining ability to interact (Fig. 2C).
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Figure 2. Synthetic and contractile smooth muscle cells both interact with FBLN4 and LTBP4

(A) Crystal violet end-point cell binding assay to analyze FBLN4 (blue) and LTBP4 (green) interactions with
different smooth muscle cells as indicated. pFN (dark gray) represents a positive control, and BSA (light gray) the
negative control. Error bars represent SD+mean of three technical replicates of one representative experiments out
of 4 repeats. (B) IF of adult and fetal HASMC with aSMA, which is highly expressed in the contractile phenotype,
and low in the synthetic phenotype. HASMCs were cultured for 7 d under synthetic or contractile conditions using
culture media containing either 15% or 1% serum, respectively. Cell nuclei were counterstained with DAPI (blue).
The scale bar represents 50 um for all images. (C) Cell binding assay of synthetic (open) and contractile (hatched)
adult and fetal HASMC plated on FBLN4, LTBP4, pFN (positive control) and BSA (negative control) using crystal
violet staining (color coding as in A). Error bars represent SDxmean of four technical replicates of one
representative experiments out of 3 repeats. Statistical analyses were performed using two-way ANOVA.

3.3 Mapping of multimerization and cell binding domains in FBLN4
To identify the domain(s) responsible for multimerization and cell adhesion in FBLN4,
several expression plasmids for truncation and deletion mutants were designed (Fig. 3A). All

constructs include a signal peptide for secretion and posttranslational modification in the secretory
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pathway and a C-terminal histidine-tag. After transfection of the plasmids into HEK-EBNA cells,
and purification of the recombinant proteins from the conditioned medium by Ni%*-chelating
chromatography, they were resolved by SDS-PAGE under non-reducing and reducing conditions
and stained with Coomassie Brilliant Blue (Fig. 3B). The purified full length FBLN4 and non-
overlapping F4 N1, F4 2-5 and F4 6C have been previously described® 2°, All recombinant
FBLN4 mutant proteins migrated at the expected molecular mass under reducing conditions
(arrows in Fig. 3B). Most FBLN4 mutants, except F4_N1-3, showed various levels of
multimerization under non-reducing conditions. Double bands at the monomeric position of some
fragments likely represent differential glycosylation as determined previously® (see also chapter
3.4). F4_N1-3, F4 N1-5,and F4_N1,C showed purities of >90%, F4 N1,6C was about 70% pure,
and F4_N1,4-6C and F4_4-6 could only be obtained at an estimated 25-40% purity. Additional
purification steps did not improve the purity of the latter two fragments, because of the relatively
low amount of recombinant protein in the conditioned medium (despite using 2 L conditioned
medium as start material). To still be able to use those partially purified FBLN4 fragments in cell
binding assays, we generated the following control. Conditioned medium was prepared from non-
transfected HEK-EBNA cell cultures and treated in an identical manner to the FBLN4 deletion
mutant protein purifications. This preparation contained all background bands present in F4_N1,4-
6C and F4_4-6, and can thus serve as a background control.

Since several FBLN4 mutant proteins showed higher molecular bands under non-reducing
conditions (Fig. 3B), we analyzed the purified proteins by DLS in physiological buffer and under
non-reducing conditions, which provided information on the hydrodynamic radius of the
molecules and thus on the molecular masses of monomers and potentially multimers present in
solution (Fig. 3C). We have previously shown that F4_N1 produced a single monodisperse
population of particles with a hydrodynamic of 2.5 nm, representing monomers?. F4_N1-3 which
contains two additional downstream cbEGF domains, also shows primarily a single monodisperse
population of particles with a hydrodynamic radius of 3 nm, correlating with the SDS-PAGE
analysis under non-reducing conditions. This demonstrates that the N-terminal FBLN4 domain
and the two downstream cbEGF domains are not able to multimerize. All other FBLN4 deletion
mutants analyzed here show a major peak between 7-18 nm and a minor peak between 69-95 nm.
This demonstrates that these deletion mutants form higher molecular mass particles, because the

monomeric populations of these fragments have predicted hydrodynamic radii of <3 nm. Again,
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the data correlate well with the SDS-PAGE analysis of the fragments under non-reducing
conditions (Fig. 3B), and demonstrate that the multimerization domains in FBLN4 map to

cbEGF5-6 and to the C-terminus, potentially a contiguous site in this region.
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Figure 3. Mapping of multimerization and cell interaction sites on FBLN4

(A) Schematic presentation of the domain arrangement of human full length FBLN4 (F4_FL) and all FBLN4
deletion mutants recombinantly produced and used in this study. They were constructed with a BM40 signal peptide
at the N-termini and with a His-tag at the C-terminal ends. (B) Coomassie Brilliant Blue staining of the purified
recombinant FBLN4 deletion mutants resolved on gels using SDS-PAGE. The indicated molecular mass under
each deletion mutant gel was calculated theoretically based on the amino acid composition. Red arrow heads
indicate the purified FBLN4 recombinants. (C) DLS analysis of recombinant FBLN4 mutants to determine
monodispersity and multimerization. The analyses shows the hydrodynamic radius (Rh, nm) on a logarithmic scale
on the X-axis versus the mass size (%) on the Y-axis for each FBLN recombinant construct analyzed. (D) Crystal
violet end point cell binding assay to analyze skin fibroblast interactions with FBLN4 FL and deletion mutants.
Coated wells with BSA were used as a negative control, respectively. Due to the low purity of some purified FBLN4
deletion mutants, conditioned media from non-transfected HEK-EBNA cell culture were collected, processed
identically to the schemes used for FBLN4 deletion mutant purification, and used as a background/negative control
in the cell binding assay. Error bars represent SD+mean of three technical replicates of one representative
experiments out of 5 repeats. Full length FBLN4 was set t0100% binding. Statistical analyses were performed
using two-way ANOVA.

To determine which FBLN4 domain is required for cell adhesion, we analyzed all
generated deletion mutants along with the full length FBLN4 in crystal violet cell binding assays
using skin fibroblasts (Fig. 3D). Most deletion mutants interacted with skin fibroblasts between
30-100% compared to the full length FBLN4, except F4_N1 and F4_4-6, which did not interact at
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all (Fig. 3D). This data identified two cell interaction epitopes on FBLN4, one located in cbEGF2-
3 and a second one in the C-terminal domain (Fig. 3A and D). cbEGF3 and the C-terminal domain
are sufficiently positively charged under physiological conditions to possibly interact with
negatively charged heparan sulfate cell surface receptors, as predicted previously*é.

3.4 FBLN4 N-linked glycans can modulate cell binding

Interestingly, each one of the two mapped cell interacting domains in FBLN4 contains one
of the two N-linked glycosylation sites (Fig. 3A), leading to the hypothesis that cell interactions
with FBLN4 occur through these N-linked glycans. To test this hypothesis, we first utilized two
small FBLN4 deletion mutants, F4_N1-3 and F4_6C, that both contain only one glycosylation site
to determine whether both sites are occupied. These FBLN4 mutants were treated with PNGase F
to enzymatically remove the N-linked glycans (Fig. 4A). The Reinhardt lab has shown previously
that full-length FBLN4 under reducing conditions consists of two species with differential N-
linked glycosylation patterns, with either one or two sites occupied®®. We used F4 N1-3 to
represent the first N-linked glycosylation site on FBLNA4, since it could be purified with sufficient
yield and purity. Also, we used F4_6C in the PNGase F analysis, but not other mutants containing
the C-terminal glycosylation site, because of the molecular mass of this mutant protein that can be
better resolved relative to the PNGase F band. Treatment of F4_N1-3 and F4_6C with PNGase F
confirmed that both glycosylation sites on FBLN4 are occupied, based on the resulting mobility
shifts in SDS-PAGE (Fig. 4A). Both fragments are characterized by two bands under reducing
conditions that shift to one band after PNGase F treatment, demonstrating that the respective N-
linked glycosylation site of each fragment is only partially occupied.

We used lectin affinity chromatography to effectively separate the glycosylated from the
non-glycosylated forms of the deletion mutants F4_N1-3 and F4_N1,6C instead of F4_6C (Fig.
4B). This because it was purified in larger amounts that can be subjected to a further
chromatographic analysis than F4_6C that was purified in very small amounts. The purified
F4 N1-3 and F4_N1,6C proteins along with the unseparated protein preparation (mixture of
glycosylated and non-glycosylated forms) were then characterized for their cell adhesion
properties (Fig. 4C). Skin fibroblasts interacted with both the glycosylated and non-glycosylated
forms of F4_N1-3, but the interaction was significantly reduced with the glycosylated protein. For

F4 N1,6C the fibroblasts bound to the glycosylated form and even more to the non-glycosylated
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form (Fig. 4C). This data demonstrates that the cell interactions with FBLN4 do not occur directly

through the N-linked glycans. However, the results suggested that the cell binding sites can be

modulated by N-linked glycans.
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Figure 4. N-linked glycans of FBLN4 modulate cell binding

(A) and (B) show SDS-PAGE gels stained by Coomassie Brilliant Blue of FBLN4 mutant proteins (F4_N1-3 and
F4 6Cin A, F4_N1-3 and F4_N1,6C in B) that each harbors one of the two FBLN4 N-glycosylation sites. In (A),
each mutant was analyzed either non-treated or treated with PNGase F under non-reducing (-DTT) or reducing
(+DTT) conditions. In (B), the previously purified (by Ni?*-chelating chromatography) F4 N1-3 and F4_N1,6C
were passed through a lectin affinity column to separate the glycosylated form (Glyco) from the non-glycosylated
form (Non-Glyco). The starting material contained two bands representing both forms (Mixture). All proteins were
analyzed under reducing conditions. (C) Crystal violet cell binding assay using the separated glycosylated and non-
glycosylated forms for each FBLN4 mutant analyzed in (B), compared to the starting material (Mixture). Full length
FBLN4 (F4_FL) and pFN were used as positive controls. Error bars represent SD+mean of four technical replicates
of one representative experiments out of 3 repeats. Full length FBLN4 was set to100% binding. Statistical analyses

were performed using two-way ANOVA.

3.5 LTBP4 N- and C-terminal halves mediate cell binding

Kantola et al. previously discovered one cell binding region near the C-terminus of LTBP4,
using the full length LTBPA4S isoform and several smaller fragments?? (Fig. 5A). To compare cell
interaction between LTBP4S and LTBP4L, and to potentially identify additional cell interaction
sites that were previously missed due to the design of the recombinant fragments, we have
produced the following recombinant LTBP4 constructs: Full length LTBP4S, LTBP4L, the N-
terminal halves of both LTBP4 isoforms, and the C-terminal half (Fig. 5A).
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Figure 5. LTBP4 contains at least two cell interaction sites

(A) Domain structure of the full-length human LTBP4 long and short isoforms (L4-L and L4-S, respectively) and
the LTBP-4 truncation mutants. All LTBP4 recombinant proteins were constructed with their endogenous signal
peptide except the C-terminal half (L4-C) which was constructed with the BM40 signal peptide at the N-terminus.
All recombinant proteins contained a C-terminal V5 and a histidine-tag. Isoelectric points of each domain and linker
region (arrows) are indicated above L4-L ( EXPASy Compute pl/Mw Tool). The isoelectric points for the domains
with 100% identical amino acid sequences between the long and the short form are indicated only above the long
form scheme. Basic isoelectric values are magenta colored. The dashed lines indicate the mapped cell binding
region by Kantola et al®2. (B) Purified recombinant LTBP4 full length and deletion mutants were analyzed under
non-reducing (-BME) and reducing (+BME) conditions using SDS-PAGE followed by Coomassie Brilliant Blue
staining. Calculated molecular masses of the recombinant proteins are indicated below the gel images. Molecular
masses of marker proteins are indicated on the left. (C) DLS analyses of the purified proteins. Hydrodynamic radii
(Rn, nm) were determined at a single protein concentration in TBS, Ca*? buffer and plotted on a logarithmic scale
on the X-axis versus the mass size (%) on the Y-axis. The peaks represent particle populations with the respective
Rn values indicated on top. (D) Cell interaction assay of the recombinant LTBP4 proteins using crystal violet
staining. LTBP4 full length (L4-L and L4-S) were used as positive controls whereas BSA was used as a negative
control. Error bars represent SDxmean of three technical replicates of one representative experiments out of 3
repeats. Statistical analyses were performed using two-way ANOVA.

Coomassie Brilliant Blue staining of the recombinant proteins are shown in Fig. 5B, and
characterization of the purified proteins by DLS is shown in Fig. 5C. As expected from other
studies, the full-length LTBP4S and LTBP4L migrate at ~200 kDa under reducing conditions,
which is higher than the calculated molecular masses of 165.9 kDa (LTBP4S) and 173.5 kDa
(LTBPA4L), likely due to the contribution of the N-glycans. DLS analysis showed primarily
monodisperse population of particles with hydrodynamic radii of 7.5 nm (LTBP4S) and 8.4 nm
(LTBPA4L), demonstrating that the full-length proteins did not multimerize in solution. The N-
terminal recombinant halves of LTBP4S (L4-SN) and LTBP4L (L4-LN) migrate at ~100 kDa, also
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somewhat higher than the calculated values of 80.9 kDa (L4-SN) and 88.4 kDa (L4-LN). DLS
analysis showed hydrodynamic radii of 20.8 nm (L4-SN) and 25.4 nm (L4-LN), demonstrating
that both recombinant fragments are present as multimers in solution, possibly through unmasking
of a multimerization site in the absence of the C-terminal half. Both N-terminal halves showed
minor bands of ~60 kDa under reducing conditions, which likely represent proteolytic cleavage
products. The common C-terminal half migrated at ~130 kDa in SDS-PAGE and showed
monodisperse particle populations in DLS with a hydrodynamic radius of 6.8 nm, demonstrating
that this fragment is monomeric in solution.

We performed crystal violet cell adhesion assays using the purified LTBP4 full length and
deletion mutants to determine their ability to interact with skin fibroblasts (Fig. 5D). The cells
bound strongly and similarly to full length LTBP4S and LTBP4L. The fibroblasts adhered to all
three deletion constructs at about 75% compared to the full-length proteins. As the N- and the C-
terminal halves did not contain overlapping domains, the data demonstrate that both, LTBP4S and
LTBPA4L, contain at least two independent cell interacting sites, one located in the N-terminal half
and the other in the C-terminal half.

To obtain information about possible heparan sulfate interaction epitopes which are
predicted to consist of positively charged regions in the proteins, isoelectric points of each domain
and linker sequence between the domains were calculated (Fig. 5A). Three domain clusters with
basic isoelectric points were determined: i) the N-terminal 4-Cys domains of both isoforms, ii) the
region including the first TB domain and two downstream EGF domains, and iii) the linker region
adjacent to the second TB domain. All represent candidate regions for interactions with cell surface
heparan sulfate, and the latter likely represents the interaction site previously identified by Kantola

et al?2,

3.6 FBLN4 and LTBP4 cell binding is mediated by heparan sulfate

Certain cell surface receptors, including heparan sulfate proteoglycans (HSPG) and
integrins, can mediate interactions with ECM proteins. We first surveyed the primary fibroblasts
and smooth muscle cells used in this study for the mRNA expression spectrum of HSPGs and
integrins by real-time gPCR and summarized the data in Fig. 6. The focus was on syndecans (SDC)
and glypicans (GPCs) as these HSPGs commonly interact with ECM proteins, as well as on a list
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Cell Type
HASMC HASMC
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SDC1
SDC2
SDC3
SDC4
GPC1
GPC2
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GPC6
ITGA1
ITGA2
ITGA2B
ITGA3
ITGA4
ITGAS
ITGA6
ITGA7
ITGAS8
ITGA9
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dCT Mean
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13.00 Low Expression
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5.120
1.180
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Gene Name

Figure 6. Profiling mRNA expression of cell surface receptors in elastogenic cells

Heatmap showing mRNA expression data of cell surface receptors commonly interacting with ECM proteins
obtained from real-time qPCR analyses using elastogenic primary fibroblasts (NSF) and smooth muscle cells
(SMC, CRL-2481, fetal and adult HASMC). Data in the heatmap are presented for each mRNA (rows) and each
cell type (columns). Expression values are presented as ACT after normalization to GAPDH. Black blocks indicate
that mRNA expression levels of the respective protein and GAPDH have the same value. If a mMRNA level is lower
than that of GAPDH, the blocks are green, if the level is higher they are depicted in red. White blocks indicate no
MRNA expression was detected.

of alpha and beta integrins subunits (ITGAs and ITGBs, respectively). With this strategy, it was
possible to exclude some candidate receptors. For example, the real-time gPCR data showed no
detected expression levels for SDC1 and GPC1 in some of the analyzed elastogenic cells that
interact with FBLN4 and LTBP4. However, most other members of the syndecan and glypican

families are expressed in these cells. Some integrins were commonly not expressed in all examined
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cells, including ITGA2B and ITGA7-9, whereas other integrin subunits were only expressed in
some cells, such as ITGB2, ITGB4 and ITGB7 (Fig. 6).

Both, FBLN4 and LTBP4 have high affinity for heparin (an experimental model of heparan
sulfate), suggesting that HSPGs mediate cell interactions with these proteins® 22, However, cell
adhesion activities of many ECM proteins are mediated by integrins and heparan sulfate
proteoglycans, as well, such as fibronectin (FN)"# 330 and tropoelastin (TE)?% 2’ ECM protein
interactions with integrins require divalent cations, including Ca?*, Mg?*, and Mn?* that bind to
the a and B integrin subunits3®. Therefore, to test the possibility of integrin involvement in FBLN4
and LTBP4 cell interactions, we used the divalent cation chelator EDTA and selected metal cations
in the cell binding buffer. However, FBLN4 and LTBP4 contain arrays of coEGF domains which
require calcium for their folding®3!, thus the presence of calcium is crucial for FBLN4 and LTBP4
function, including protein-protein interactions. Therefore, one caveat using EDTA to test integrin
involvement through chelation of divalent cations is that it may interfere with correct function of
FBLN4 and LTBP4. Therefore, we used a serial titration of EDTA from 0-100 mM in the cell
binding buffer to test skin fibroblast attachment to FBLN4 and LTBP4 (Fig. 7A). In this setup,
EDTA was present in the binding buffer during the entire cell interaction time and thus in contact
with cells and the coated proteins. Cells interacting with the positive controls, pFN and TE which
both bind to integrins, lost ~70-80% of their ability to attach in the presence of 1.5 mM EDTA.
Contrary, cells reduced adhesion to FBLN4 and LTBP4 only by about 10-20% up to 25 mM
EDTA. At 100 mM EDTA, cell interactions to all tested proteins were completely lost. The data
indicate that divalent cations are removed from integrins by relatively low EDTA concentrations,
resulting in loss of pFN or TE cell interaction. However, FBLN4 and LTBP4 likely bind to other
cell surface receptors and lose their ability to interact with cells upon removal of divalent cations
by high EDTA concentrations from cbEGF domains. To eliminate the EDTA effect on FBLN4
and LTBP4, suspended skin fibroblasts were first treated with 15 mM EDTA in serum-free
medium for 15 min, followed by washing the cells and then using them in the cell binding assay
with coated FBLN4, LTBP4, pFN and TE (proteins were pre-saturated with Ca*?). The cell binding
buffer was supplemented with increasing concentrations (0-4 mM) of Ca*2, Mg*? and Mn*? to
further assess the divalent cation dependency of cell adhesion (Fig. 7B-D). pFN and TE showed a
strong increase in cell binding with all tested divalent cations, strongly indicating that they bind to

integrins. However, FBLN4, LTBP4S, and LTBP4L remained at a similar cell binding level,
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irrespective of available cations. In summary, these experiments strongly suggest that FBLN4,
LTBP4S, and LTBP4L do interact with fibroblasts in an integrin-independent manner.

A B . .
100 - 100 - * * -5 100 o % * k X
--2PFN .-EDFN
90 h 90 {
fg.-XTE L 4TE
B0 80 4 {?-" 80 _E-"
y * % k *k *k * S A
o OF T R R %% _ ™1 P _™ A
S TR EEEE ES T A X 2 v
S ORLE X X X XXX o g H o ok oogreiu 5 60 S
£ g B, £ ¥ =1 LTBP4L B _ 1 7 HE
E=} RN I T 504 o1 ,-} T 50 1,4 I |
5 RY SN i Sy & f:"li:- e UL L -1 YT
D g0 iy TSI D a0l VA = 40 : f__L-. ..'-i--- FBLN4
= ' - = ’ ’
] [l f e p D i s 8 'E K.
o vy 3 3] ” / w0l
L. i N 30 -‘i'; - 1 - }__E
204 ¢ . 3 i.,'% 20 w0t
N 2
e %, TRFN ]
1 LY \‘YIFBLNf% 104 10
"-f.,__.iLTBPatL
PR |3 e S S S A R L SE A P e N A
0 15 34 62 12.5 25 50 100 SE /PN o ot o .
EDTA Concentration (mM) CaCl, Concentration (mM) MgCl; Concentration (mM)
* % % % % % F
100 - * * % % 100 - i i i 100 ~ i i i
pFN *
90 4 :¥TE E i 90-}
80 :'Y W“i ™, 80- N
s ! Y

N
s ! . “a,
70 i H \ _ ‘{.
g Sl 2 eu-}"- y g . TN
o 01 ¢yl #--JLTBPAL R IS b 2 O
£ ¢ J .7 XFBLN4 £ L | £ S
R Y L R 3 201N e
[ LETE NN S g o 40 . i m * Bt |
= 404 i--."e.z.,a-'-'-- f = . ] = 44 .
0 by N Y N .
8 | o¥EE 3 \ S 3 \ .
10 [} h S .
3047 ' v 304 E\ {FBLNJ.
04 Y S L e
. Y, hhs TN
20 v %, % ==-.§ LTBP4
- X
104 "‘E-. N 10 4
of T §LTBP4
L o e s s S e T T T - 04 T T T
ANCBCOE I L 0 25 50 100 0 25 50 100
MnCl, Concentration (mM) Heparin Concentration (ug/ml) Heparan Sulfate Concentration (pg/ml)

Figure 7. Characterization of the interactions of cell surface receptors with FBLN4 and LTBP4

Shown are representative crystal violet end-point cell binding assays using skin fibroblasts tested with FBLN4,
LTBP4S, LTBPAL, TE and pFN. (A) The assay was performed in the presence of 0-100 mM EDTA in the binding
buffer. (B-D) Skin fibroblasts were first preincubated in 5 mM EDTA for 15 min at 37°C, then washed and used in
the assay in the presence of 0-4 mM divalent cations in the cell binding buffer, including calcium (B), magnesium
(C) and manganese (D). (E-F) Cell interaction with FBLN4, LTBP4 and pFN as control was analyzed in the
presence of 0-100 pg/ml heparin (E) and heparan sulfate (F) present in the cell binding buffer. . Error bars represent
SD+mean of four technical replicates of one representative experiments out of 3 repeats. Significant differences

(p<0.05) are indicated by color-coded asterisks matching the colored graphs. Statistical analyses were performed
using two-way ANOVA.

To test if FBLN4 and LTBP4 cell interactions are heparan sulfate dependent, competitive
cell binding assays were conducted in the presence of soluble heparin or heparan sulfate in the cell
binding buffer (Fig. 7E-F). Cell binding to FBLN4 and to LTBP4 was significantly reduced by the

presence of 25-50 pg/ml heparin and completely blocked at 100 pg/ml heparin (Fig. 7E). Similarly,
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FBLN4 and LTBP4 cell adhesion was significantly reduced in the presence of 25-100 pg/ml
heparan sulfate (Fig. 7F). These observations strongly suggest that FBLN4 and LTBP4 cell

interactions occur via HSPG.

3.7 Cell surface-located heparan sulfate mediates FBLN4 and LTBP4 cell interactions

To explore whether the binding moiety to FBLN4 and LTBP4 on cells are heparan sulfate
side chains of a proteoglycan, we first used the CHO-677 mutant cell line defective in heparan
sulfate production and compared it to the wild-type CHO-WT in cell binding assays (Fig. 8A-B).
CHO-WT showed a coating concentration-dependent strong cell interaction with FBLN4, whereas
the mutant CHO-677 did not bind (Fig. 8A). However, both CHO-WT and -677 did not interact
with LTBP4 (Fig. 8B). pFN as control showed little differences between the cell lines, as it
primarily interacts with integrins.

Then, we used heparinases to degrade heparan sulfate on the cell surface to test if this
treatment impedes skin fibroblast binding to FBLN4 and LTBP4 (Fig. 8C-D). We combined
heparinases Il and III (H’ase II & III) to ensure a maximal cleavage of heparan sulfate chains from
proteoglycans on the cell surface. For that, a suspension of skin fibroblasts was treated with the
heparinases for 20 min and then examined for their interactions with FBLN4 and LTBP4. In Fig.
8C, we controlled that the heparinases II/11l treatment was effective in degrading cell surface
located heparan sulfate using IF staining. Cells were spread on glass slides (small drops) from the
cell suspensions after the heparinases II/l1l and buffer control treatments. Then, the cells were
fixed with 4% PFA for 20 min and fixed cells were immunofluorescence stained for heparan
sulfate (Fig. 8C). Treatment of skin fibroblasts with heparinases Il and 11 significantly diminished
cell binding to FBLN4 and LTBP4 (Fig. 8D). These data confirm the involvement of HSPG in
FBLN4 and LTBP4 cell adhesions.

3.8 Cell interactions with FBLN4 and LTBP4 are mediated by syndecans

For identification of the FBLN4 and LTBP4 receptors, we utilized a siRNA knockdown
approach of syndecans and glypicans, as candidate HSPG cell receptors. As shown above, the
MRNA expression of SDC1 and GPC1 were absent in some of the examined elastogenic cells
whereas these cells can interact strongly with FBLN4 and LTBP4 (Fig. 6). That excluded SDC1

and GPCL1 from the candidate list as cell receptors for FBLN4 and LTBP4. To narrow down the
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responsible cell receptors that bind to FBLN4 and LTBP4, we pooled multiple siRNAs and

transfected cells that were subsequently used in cell interaction analyses. First, we transfected skin
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Figure 8. Cell surface-located heparan sulfate mediates FBLN4 and LTBP4 cell interactions

(A-B) Adhesion of wild-type and heparan-sulfate-deficient CHO cells to FBLN4 (A) and LTBP4 (B) as analyzed
by crystal violet staining. BSA was used as a negative control while pFN was used as a positive control in cell
binding. (C-D) Suspended skin fibroblasts were treated for 20 minutes at 37°C with Heparinases II and III (H’ase
I1 & 111) in PBS containing 1g/L Glucose and 0.1 mM CaCl, and 0.1 mM MgCl,. Then, drops of the cell suspensions
were smeared on a glass slide and fixed with 4% PFA and processed for IF staining of heparan sulfate. (C) IF
images show the absence of heparan sulfate staining on the cell surface of the treated cells comparing to the buffer
control. Scale bar presents 25 um. (D) The H’ase I & I1I-treated cells were used for crystal violet binding assay to
analyze their interactions with FBLN4 and LTBP4.pFN was used as a cell binding positive control for non-treated
and treated cells. Error bars represent SDxmean of t technical replicates of one representative experiments out of 3
repeats. Statistical analyses were performed using student t-test.

fibroblasts with a cocktail of SIRNA against SDC2-4 or GPC2-6, or with scrambled siRNA without
any mammalian target sequences, which served as a negative control in all sSiRNA knockdown
experiments. 3 d after sSiRNA transfection, cells were suspended for cell binding assays with
FBLN4 and LTBP4, as well for gPCR analysis to confirm the knockdown efficiency. The strategy

of siRNA knockdown described in the method chapter (see section 2.18 for details) was very
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effective. By day 3, very little to no mRNA expression was detected for the knockdown of SDCs
and GPCs relative to their scrambled control (Fig. 9A-B). Skin fibroblast adhesion to FBLN4 and
LTBP4 was entirely disrupted with cells transfected with SDC2-4 specific SIRNA, whereas the
knockdown with the GPC2-6 siRNA pool did not affect cell binding (Fig. 9C). These data
demonstrate that one or more of the SDC2-4 mediate cell interactions with FBLN4 and LTBPA4.

3.9 siRNA knockdown of specific syndecans abolishes cell interactions with FBLN4 and LTBP4
To identify the exact cell receptors on elastogenic cells that interact with FBLN4 and both

LTBP4 isoforms, we used individual siRNAs silencing SDCs instead of pools.
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Figure 9. Knockdown of syndecans, but not glypicans, reduces cell interactions with FBLN4 and LTBP4
(A) Relative quantification of syndecan-2, -3, and -4 mRNA levels (SDC2, 3, & 4, respectively) in human skin
fibroblasts that were transfected with either scrambled siRNA (Scr) as negative control, or a pool of specific SIRNA
designed to knockdown syndecan-2, -3, and -4 (SskP). Cells were transfected with siRNA and cultured for 3 d.
mRNA levels were quantified using real-time gPCR. (B) Similarly, the mRNA expression levels of glypican-2 to
6 (GPC2, 3, 4,5 & 6, respectively) were relatively quantified after transfection with either scrambled siRNA (Scr)
as a negative control, or a specific sSiRNA pool designed to knockdown glypicans-2-6 (GsKP). Data in (A) and (B)
are represented as means of AACT + SD (n=3). Two endogenous controls were used (GAPDH and RPL13A) and
the mRNA level in the knockdown sample was relatively compared to its expression in the scrambled siRNA
control. (C) Skin fibroblasts transfected with scrambled siRNA, or with specific sSiRNA pools for syndecans 2-4 or
glypicans 2-6 were used to analyze their interactions with FBLN4 and LTBP4 3 d after transfection (n=3). Error
bars represent SDxmean of four technical replicates of one representative experiments out of 3 repeats. Statistical
analyses were performed using two-way ANOVA.

Skin fibroblasts from different donors were transfected with SDC-specific siRNA and
collected on day 1 and 3 after transfection for real-time qPCR analyses to validate the siRNA
knockdown efficiency and to examine the consequences of knocking down SDCs on the mRNA
expression levels for elastic fiber proteins, including FBN1 and ELN, as well as FBLN4 and
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Figure 10. Silencing the expression of certain syndecans abolishes skin fibroblast interactions with FBLN4
and LTBP4

(A-C) Relative quantification of mRNA levels by real-time gPCR for fibrillin-1 (FBN1), elastin (ELN), FBLN4,
LTBP4 and syndecans 2-4 (SDC2-4) in human skin fibroblasts transfected with either scrambled siRNA (Scr) or
siRNA specific for (A) SDC2 (S2KP), (B) SDC3 (S3XP), or (C) SDC4 (S4KP), analyzed 1 or 3 d after transfection.
GAPDH and RPL13A mRNA were used as endogenous references, and each mRNA was relatively compared to
its expression in the scrambled control at day 1 (set to 1). Data in (A-C) are represented as means of AACT £ SD
(n=3). Asterisks indicate significant changes relative to the scrambled controls. (D) Human skin fibroblast binding
to FBLN4, LTBP4, TE and pFN was assayed using crystal violet staining at 3 d after siRNA transfection targeting
SDC2, SDC3, and SDC4 as indicated (n=5). Red asterisks indicate significant decreases, whereas green asterisks
indicate significant increases in cell adhesion, compared to the scrambled controls. Statistical analyses were
performed using two-way ANOVA.

LTBP4 (Fig. 10 A-C). Consistently, the mRNA expression levels of SDC2 (Fig. 10A), SDC3 (Fig.
10B) and SDC4 (Fig. 10C) were either completely absent or drastically reduced on day 1 and 3
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after siRNA transfection. Commonly, knocking down an individual SDC elevated the mRNA
levels of other syndecans. When SDC2 was knocked down, SDC3 and SDC4 were significantly
increased on day 1 and 3 (Fig. 10A). SDC3 knockdown resulted in upregulation of SDC4 (Fig.
10B), and SDC4 knockdown elevated SDC2 at day 1 and SDC3 at day 1 and 3 (Fig. 10C).

Interestingly, SDC2 or SDC3 specific sSiRNA silencing was associated with an elevation in
MRNA expression of FBLN4 and LTBP4, but not SDC4 specific siRNA silencing (Fig. 10A-C).
We noted also a significant increase in the expression of FBN1 mRNA on day 3 after transfecting
skin fibroblasts with SDC3 siRNA (Fig. 10B). The mRNA expression of ELN in all transfected
cells with siRNA specific to each SDC did not differ from the scrambled siRNA control (Fig. 10A-
C). Skin fibroblasts transfected with siRNA to silence SDC2, SDC3, or SDC4 were assessed for
cell adhesion to FBLN4, LTBP4L, LTBP4S, TE and pFN on day 3 after transfection (Fig. 10D).
SDC2 or SDC3 siRNA knockdown in fibroblasts abolished interaction with FBLN4, whereas only
SDC3 knockdown abolished the interaction with LTBP4S or LTBPA4L. Interaction of the
fibroblasts with TE and pFN was not reduced by knockdown of the analyzed SDCs. Contrary,
knockdown of SDC4 increased interaction with TE, and knockdown of SDC2, 3, and 4 increased
binding to pFN (Fig. 10D).

It has been shown that several ECM proteins interact with distinct syndecans in different
cell types and species, such as FN that has affinity to SDC23%32 in some cells and SDC4 in other
cell types®*°, as shown using different cells. To determine the consistency of FBLN4 and LTBP4
interactions with the same individual syndecans among different cell types, we applied the same
siRNA knockdown strategy to inhibit the expression of SDC2-4 in umbilical arterial smooth
muscle cells (Fig. 11).

Consistent with the data obtained with skin fibroblasts, single SDC specific siRNA
knockdown resulted in a higher mRNA expression of other syndecans (Fig. 11A-C). Also, the
MRNA expression levels of FBLN4 and LTBP4 increased when SDC2 or SDC3 were knocked
down (Fig. 11A-B). A significant increase in FBN1 mRNA expression was observed again in SMC
transfected with SDC3 specific siRNA (Fig. 11B). No differential changes were monitored in the
MRNA expression of FBN1, ELN, FBLN4 and LTBP4 when SDC4 was silenced in SMC (Fig.
11C). Similar effect of knocking down SDCs in skin fibroblasts, SMC adhesion to FBLN4 was
significantly reduced when SDC2 or SDC3 were siRNA silenced, and only SDC3 siRNA
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Figure 11. Knocking down Syndecan-2 and -3 in smooth muscle cells impedes interactions with FBLN4 and
LTBP4

(A-C) Relative quantification by real-time gPCR of mRNA expression levels of FBN1, ELN, FBLN4, LTBP4 and
SDC2, 3, and 4 in human umbilical artery smooth muscle cells (SMC) transfected with either scrambled siRNA
(Scr) or siRNA specific for (A) SDC2 (S2KP), (B) SDC3 (S3KP), or (C) SDC4 (S4KP), analyzed 1 or 3 d after
transfection. Two endogenous references (GAPDH and RPL13A) were used, and each mRNA expression was
relatively compared to its expression in the scramble control at day 1 (set to 1). Data in (A-C) are represented as
means of AACT + SD (n=3). Asterisks indicate significant changes relative to the scrambled controls. (D)
Interactions of SMC with FBLN4, LTBP4, TE and pFN were assayed using crystal violet staining at 3 d after
siRNA transfection targeting SDC2, SDC3, and SDC4 (n=5). Red asterisks indicate significant decreases, whereas
green asterisks indicate significant increases in cell adhesion, compared to the scrambled controls. Statistical
analyses were performed using two-way ANOVA.
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knockdown significantly decreased SMC binding to both LTBP4 isoforms (Fig. 11D). Also
correlating with skin fibroblasts, knocking down SDC4 increased SMC interactions with TE, and
silencing SDC2, 3, or 4 significantly increased SMC interactions with pFN (Fig. 11D).

In summary, the results identified SDC2 and SDC3 as cell surface receptor for FBLN4,
and SDC3 for LTBP4. These results are consistent for fibroblasts and smooth muscle cells.

3.10 FBLN4 interacts with the ectodomain of SDC2 and SDC3, whereas LTBP4 only interacts
with SDC3 ectodomain

Each SDC has an extracellular domain on its N-terminal side, the ectodomain that carries
multiple heparan sulfate chains either at the distal end (SDC2 and 4), or at both the distal and
proximal ends (SDC1 and 3)3*. The ectodomain of all SDCs is followed by conserved
transmembrane and cytoplasmic domains®* 3% (Fig. 12 A, see the domain structure of the full
length SDC2-4). SDCs function as cell adhesion receptors through heparan sulfate chains on their
ectodomains interacting with a range of ECM proteins?!4,

After documenting the inhibitory effect of SDC-specific siRNA silencing on FBLN4 and
LTBP4 cell interactions, we analyzed if FBLN4 and LTBP4 can directly interact with SDCs.
Therefore, we produced recombinant ectodomains (SDC-ED) of SDC2-4 to be used in solid phase
protein binding assays. It is important to produce these ectodomains by mammalian cells that
facilitate proper posttranslational modifications (including heparan sulfate synthesis), since the
interactions with FBLN4 and LTBP4 occur through heparan sulfate located on their ectodomains.
Therefore, we transfected HEK-EBNA cells with plasmid constructs coding for FLAG- (C-
terminus) and His- (N-terminus) tagged ectodomains of SDC2-4 (omitting the transmembrane and
cytosolic domains). This procedure facilitated secretion of the ectodomains into the culture
medium (Fig. 12 A, see SDC-ED structures). The presence of recombinant SDC-ED in the
condition media was confirmed using Western blotting (Fig. 12B). The immunoblotting analysis
using an anti-FLAG antibody showed faint bands staining for the SDC-ED proteins when the
condition media was used in the analysis 20x concentrated. No band was detected in the negative
control (conditioned medium from non-transfected cells). In summary, the data show that SDC-

ED2-4 were secreted in low amounts into the cell culture medium.

79



A B = C "
sDC2 N- S~ o a a g 061 Immobilized FBLN
o ] o E, =M= None Transfected
SDC3 N~ - 3 g 8 g —#—spc2ED
kDa © a a or 0.5 { —A—sDC3-ED
sDC4 N- -~ e W g = TvTseee
b : -
: < 5 0.4
SDC2-ED N- S C 250 - 4 : ! T%
150 - .y =
SDC3-ED N- IS C %‘ 0.3
100 - z
SDC4-ED N- S C [=] /
75 - = 0.2 ¢
; b K] §/
s Ectodomain (contains the sites 50 - - a( & 044 /
ED of attachment of the HS-GAGSs) 37 " '
\/T\D/\ Transmembrane domain 0.0 —.'_i_....._._..._-p_'
@ cytoplasmic domain 25 - LIRS S SR S N S
d W
cD (highly conserved) 20 - Condition Medium Concentration (x)
D 0.6 Immobilized LTBP4L E 0.6 - Immobilized LTBP4S F 0.6+ Immobilized TE
’ ~M=None Transfected " |—=m=nNone Transfected " |—m—=none Transfected
—8—SDC2-ED ~&-—SDC2-ED —8—SDC2-ED
0.5 { —A—sDC3-ED 0.5 { —A—SDC3-ED 0.5 {—A—sDC3-ED ;-—f
=W--SDC4-ED —¥—SDC4-ED ~—¥-—SDC4-ED
gu- A 30.4- A E’M-
= =z T ¥
203 Zo3 2 034
w 0 0
= 024 / — 02 / = 0.2
[+] [} [}
2 2 o
© 0.1 O 0.1 —* O 0.1
I —
0.0 4 Ié:—'='=!='ﬂ=‘ 0.0 A= —f=—r et 0.0 -l<iél=’=l=l—-‘-“
b4 n - —y—
STETE S TETETETS S TE e 58S SE e P s
Condition Medium Concentration (x) Condition Medium Concentration (x) Condition Medium Concentration (x)
G immobilized pFN H .. Immobilized BSA L., % [T vanstecwd
—B—None Transfected " | —m—none Transtected 200 4 [__Jsoczep
0.5 { ~®—sDC2-ED ~—®—SDC2-ED 190 [ socs-ep
—A=—SDC3-ED v 0.5 4 —A—SDC3-ED I soceep
~¥—SDC4-ED ~¥—SDC4-ED 180 1
~ 044 . 170 .
o . 5 0.4 160
g g = 150 *
T oal = 510
= % 031 £ 1304
2 € :g 120 4
& 024 e Qs 2 110 ]
: : : kel |
= 5 90 4
0.1 / O 014 -
o /§ v 0.1 207
10
‘_‘_—-t——l'—‘ YR p— e v 01
g —— " % !_!—!—'1-‘3 104
T | UM SRS S NI SR S 20 4— , v T T
Kz e P ARG A FBLN4 LTBMJLTBFMQ TE I pFN I
Condltlon Medium Concenlratlon (x) Condition Medium Concentration (x)

Protein Coat

Figure 12. Syndecans interact directly with FBLN4 and LTBP4

(A) Schematic presentation of the domain arrangement of full length syndecan proteins (SDC2-4; top) and the
recombinant syndecan ectodomain constructs (SDC2, 3 and 4-ED), which were FLAG-tagged at the N-terminal
end following the signal peptide and contained a C-terminal His-tag. (B) Condition media were collected from non-
transfected and transfected HEK-EBNA cells with SDC-ED expressing plasmids. The condition media were 20x
concentrated and resolved using 7.5-15% gradient SDS-PAGE gels, followed by immunoblotting analysis using an
anti-FLAG-tag antibody. The recombinant protein bands are indicated by red arrowheads. Marker proteins are
shown on the left in kDa (C-H) Representative solid phase binding assays with immobilized FBLN4 (C), LTBP4L
(D), LTBP4S (E), pFN (F), TE (G) and BSA (H) and serial dilutions (0-20-fold) of conditioned media collected
from cell cultures of non-transfected and transfected HEK-EBNA cells with the SDC-ED expressing plasmids in
the soluble phase. (I) Representative cell binding assay of fibroblast interactions with FBLN4, LTBPAL, LTBP4S,
TE and pFN in the presence of 20x concentrated conditioned media collected from non-transfected and SDC-ED-
transfected HEK-EBNA cells. A significant decrease in cell adhesion is marked with a red asterisk while a
significant increase is indicated by a green asterisk. Statistical analyses were performed using two-way ANOVA.
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The low yields of the recombinant SDC-EDs prevented effective protein purification from the
collected condition media by immobilized metal ion affinity chromatography (through the His-
tag). This is a typical observation for low-yield recombinant proteins, because the binding sites on
the immobilized metal ion affinity column will then be occupied by weakly binding non-specific
proteins present in the cell culture medium (data not shown). Therefore, to test the interactions of
FBLN4 and LTBP4 with the SDC ectodomains in solid phase binding assays, we first coated the
target proteins in 96-well plates and then used serially diluted conditioned media (starting from a
20x concentrate), containing the recombinant SDC-EDs, as the soluble phase. Bound SDC-EDs
were specifically detected by an anti-FLAG antibody. Concentrated conditioned medium from
non-transfected cells was used as negative control.

Representative solid phase binding assays between soluble SDC-EDs and immobilized
FBLN4, LTBP4L, LTBP4S, TE and pFN are shown in Fig. 12C-G. BSA was used as a negative
control for interactions with SDC-EDs (Fig. 12H). FBLN4 showed strong binding to both SDC2-
ED and SDC3-ED (Fig. 12C), whereas both LTBP4L and LTBP4S interacted only with SDC3-
ED (Fig. 12D-E). These data confirm the results obtained with the sSiRNA knockdown approach.
Interestingly, TE interacted strongly with SDC4-ED (Fig. 12F).

As expected from previous studies, the solid phase binding data showed that pFN directly
interacts with SDC2-ED and SDC4-ED, but not with SDC-ED3 (Fig. 12G)*%: 339332 None of the
recombinant SDC-EDs bound to BSA (Fig. 12H).

To further corroborate that FBLN4 and LTBP4 cell-interaction is mediated through the
identified SDC-EDs, we implemented a cell binding inhibition strategy. 20-fold concentrated
conditioned media containing recombinant SDC-EDs were added to the cell binding assay to
compete for the binding of skin fibroblast to FBLN4, LTBP4L and LTBP4S. Additionally, we
included TE and pFN as controls). SDC2-ED or SDC3-ED containing media inhibited cell
interaction with FBLN4, whereas only SDC3-ED containing medium inhibited cell interaction
with LTBPAL and LTBP4S (Fig. 121).

3.11 siRNA knockdown of syndecans results in compromised FBLN4, LTBP4 and TE fibers
To explore the function of SDC-FBLN4, -LTBP4, and -TE interactions in elastogenesis,
we assessed the consequences of SDC-specific sSiRNA silencing on elastic fiber assembly in skin

fibroblast cultures. The siRNA transfected cells were cultured for 5 d to provide sufficient time for
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these cells to produce, secret and assemble the elastic fiber proteins of interest (FBLN4, LTBP4
and TE). On the other hand, 5 d is still within the timeline of the transient siRNA effect on SDC
expression. As demonstrated by immunofluorescence staining, silencing SDC2 and 3 expression
in skin fibroblasts resulted in compromised elastic fiber assembly/deposition (Fig. 13A).
Quantification of the signal intensities after knocking down SDC2 or -3 significantly reduced the
assembly/deposition of all the three proteins, FBLN4, LTBP4 and TE in the ECM (Fig. 13B),
demonstrating that SDC2 and -3 play a pivotal role in the assembly/deposition of these elastogenic
proteins. This strongly suggests a mechanism in which the cell interactions with FBLN4 and

LTBP4 are crucial for their subsequent roles in mediating elastic fiber assembly.

Scr S2° S3° S4°

-
o
1

.

=

Relative Mean of Intensity
o o = =]
o N > o
Relative Mean of Intensity
o = o o
o N > (-]
S2K° 5—4*
*
Relative Mean of Intensity
o o o o
o N » o
sz *
*
*

S 3KD
S4K

*

o
©
L
4
©

o

©

&
*

LTBP4/
DAPI

Scr
S2KP:
S3KP;
S4K!

Scr

ScrA
S3KP.
S4K

Figure 13. Knocking down syndecans results in compromised FBLN4, LTBP4 and TE fibers

(A) Representative IF images after knocking down syndecan-2 and -3 (52K°, S3XP) on FBLN4, LTBP4 and TE
fiber assembly in 5 d skin fibroblast cultures. Scale bar presents 50 um. (B-D) Quantification of the IF staining in
(A) including FBLN4 (B), LTBP4 (C), and TE (D) signal intensity relative to the scrambled siRNA control (Scr).
Error bars represent SD+mean of four technical replicates of one representative experiments out of 3 repeats.
Statistical analyses were performed using two-way ANOVA.

3.12 FBLN4 and LTBP4 stimulate focal adhesion kinase phosphorylation

It is well known that cell adhesions to ECM proteins promote FA formation which in
response can reinforce matrix assembly, such as cell interactions with fibronectin'® 3%, To
investigate if FBLN4 and LTBP4 cell interactions enhance FA formation, phosphorylated focal
adhesion kinase (pFAK) was evaluated as a proxy readout in skin fibroblasts cultured 24 h on
immobilized FBLN4 and LTBP4. Western blotting of cell lysates revealed a significant
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upregulation of pFAK when cells were cultured on FBLN4 or LTBP4, compared to the buffer
control (Fig. 14 A-B).

These data were further validated by immunofluorescence analysis of fibroblasts cultured
on Y-shaped protein-coated micropatterns to ensure comparability of the cells based on the
available area and shape (Fig. 14C). Fibroblasts seeded on either FBLN4 or LTBP4-coated
micropatterns showed significantly more as well as larger FAs visualized by pFAK staining (Fig.
14 D-E). Notably, actin staining representing stress fibers, produced more intense fluorescence
signals in cells cultured on FBLN4 and LTBP4-coated wells, as compared to the buffer control
(Fig. 14C). In addition, a strong actin staining localized to the nuclei when fibroblasts were seeded
on immobilized LTBP4 (Fig. 14C). In summary, these results show that FBLN4 and LTBP4

promote FA formation and activation, as well as stress fiber formation.
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Figure 14. FBLN4 and LTBP4 cell interactions promote focal adhesion formation

(A) Skin fibroblasts were seeded in culture wells coated with FBLN4, LTBP4, pFN for 24 h. TBS, Ca*? was used
as a buffer/negative control. Cell lysates were prepared and used for immunoblotting with an anti-pFAK antibody.
GAPDH was utilized as an internal control. (B) Quantification of pFAK levels analyzed by Western blotting (n=3).
The values are presented as relative ratios to the buffer control after normalizing pFAK bands to the corresponding
GAPDH band for each specific sample. (C) IF staining of pFAK (red) was performed 24 h after culturing skin
fibroblasts on Y-shape micropatterns coated with either FBLN4, LTBP4 or TBS, Ca* as buffer control. Actin
staining (green) was used to visualize the cell skeleton, whereas DAPI (blue) was used to stain nuclei. Scale bar
represents 25 um. (D-E) Quantification of the red pFAK signals in (C) in terms of FA number (D), and average
size (E) per cell normalized to the respective control. Statistical analyses were performed using student t-test.

3.13 FBLN4 and LTBP4 cell interactions induce cell contraction
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The stress fiber promoting effect of FBLN4 and LTBP4 suggested that these proteins can
instruct cells to contract and exert tension on the surrounding matrix, including FBLN4, LTBP4
and TE which may be necessary for elastic fiber formation. To test the role of FBLN4 and LTBP4
on cell contractility, collagen gel contraction assay typical for mechanobiological studies were
used. Skin fibroblasts were cultured in 3-dimensional collagen type | gels, containing either
FBLN4, LTBP4, or the buffer control.

To maximize the effect size, we used skin fibroblasts in advanced passages (12-17) to
ensure that the cells already maximally differentiated into contractile myofibroblasts, as shown by
IF staining for the cell contractility marker aSMA (Fig. 15A). Floating disk-shaped collagen gels
were prepared either without cells (background control) or populated with skin myofibroblasts.
The gels were prepared with 10 pg/ml FBLN4, LTBP4, pFN or TBS, Ca*? buffer as negative
control (Fig. 15B). Addition of FBLN4 and LTBP4 significantly increased the contraction of the
fibroblast-cellularized collagen gels starting from day 3 of incubation and continuing until the
experimental end point on day 7, as measured by the reduction of the gel area (Fig. 15B-C).
Altogether, these data demonstrate that FBLN4 and LTBP4 cell interactions mediate skin
fibroblasts contractions.
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Figure 15. FBLN4 and LTBP4 cell interactions stimulate cell contraction

(A) Representative IF images of aSMA (red) in skin fibroblast cultures used in collagen gel contraction assays.
Cultured cells were counterstained with DAPI (blue) showing that 100% cells were aSMA positive (red)
differentiated myofibroblasts. Scale bar presents 50 um. (B) Skin fibroblasts were subjected to a 3D-collagen type
I gel contraction assay to test the effect of FBLN4 and LTBP4 on cell contractility. Images of floating non-
cellularised and cellularised collagen gels were recorded at day 0, 1, 3, 5, and 7. Representative images are shown
here for day 1 and 7. TBS, Ca* was used as a buffer control. (C) The collagen gel areas in (B) were quantified at
the indicated time points and are presented in percentage relative to the gel areas at the start time point. The
significant reduction in the gel area is indicated by color-coded asterisks on top of the graph matching the color
code of the corresponding protein. Statistical analyses were performed using two-way ANOVA.
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3.14 FBLN4 and LTBP4 cell interactions elevate Erk1/2 protein expression and RhoA activation
Since we determined that FBLN4 and LTBP4 cell interactions affect focal adhesion
formation and trigger cell contraction, we continued to determine the signaling pathway involved

in these cellular mechanisms.
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Figure 16. FBLN4 and LTBP4 cell interactions elevate Erk1/2 protein levels and RhoA activation

(A) Skin fibroblasts were seeded in culture wells coated with FBLN4, LTBP4, pFN for 24 h, then cell lysates were
prepared and used for immunoblotting analysis with specific antibodies against the indicated proteins. (B-D) The
levels of target signaling proteins analyzed by Western blotting in (A) were quantified by densitometry. The data
are shown relative to the TBS, Ca*? buffer control after normalizing each protein band with the respective GAPDH
band, including tErk1/2 (B), RhoA®™ (C), and Racl (D). (E) IF analyses of tERK1/2, pErk1/2, RhoA, and
RhoAGTP (all in red) in skin fibroblasts cultured for 24 h on either FBLN4 or LTBP4 coated wells. TBS, Ca*? was
used as a buffer/negative control. DAPI (blue) was used for nuclei counterstaining. Scale bar presents 50 um. (F-1)
The signal intensity of the IF staining presented in (E) was quantified as relative mean of intensity per cell.
Statistical analyses were performed using student t-test.

TBS, Ca?*]
TBS, Ca?*

It is well known that Rho family GTPases are regulators of actin filament remodeling
leading to cell contraction3*¢-3%, |t has been shown that Rho regulates the assembly of contractile
actin filaments while Rac1 and Cdc42 regulate actin polymerization33 339341 ECM proteins and
growth factors stimulate FA formation and new actin stress fibers exerting tension on the ECM
via RhoA signaling®® 342, Also, it has been demonstrated that phosphorylation/activation of Erk1/2

induces cell contraction34334°, In addition, Erk promotes RhoA activation which increases actin
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stress fiber formation3#. To determine the involvement of these signaling molecules in FBLN4-
and LTBP4- induced focal adhesion and actin stress fiber regulation, we examined the protein
expression levels of Erk1/2, RhoA, and Racl in skin fibroblasts exposed to immobilized FBLN4
and LTBP4 for 24 h in serum-free media.

Cell lysates analyzed by Western blotting showed a significant increase in the levels of
total Erk1/2 (tErk1/2) and active RhoA (RhoA-GTP), but not Racl, when incubated in FBLN4,
LTBP4 and pFN coated wells, as compared to the buffer control (Fig. 16A-D).

To consolidate these results and intracellularly visualize the effect of FBLN4 and LTBP4
cell interactions on the protein levels of Erk1/2 and RhoA, skin fibroblast were cultured on FBLN4
and LTBP4-coated wells and analyzed by IF imaging (Fig. 16E). After 24 h incubation, the signal
intensities of tErk1/2 and phosphorylated/activated Erk1/2 (pErk1/2) were significantly increased
in cells kept in FBLN4 and LTBP4 coated wells (Fig. 16E-G). While total RhoA IF staining did
not differ under the examined conditions, active RhoA increased significantly in cells exposed to
immobilized FBLN4 and LTBP4, as compared to the buffer control (Fig. 16E, H & I). These results
suggest that cell interactions with FBLN4 and LTBP4 promote focal adhesion formation and cell
contraction through Erk1/2 and RhoA activation.

3.15 FBLN4 and LTBP4 cell interactions enhance cell migration

It has been reported previously that cell migration was reduced when FBLN4 was
decreased or absent, using vascular smooth muscle cells obtained from FbIn4” and FbIn4®R mice.
This was associated with impairment in smooth muscle actin filaments®’. However, it is not
known if these deficiencies were due to the loss of cell interactions with endogenous FBLN4 in
the matrix. The role of LTBP4 in cell migration has not been addressed in the literature. Since
FBLN4 and LTBP4 cell interactions resulted in increased focal adhesion formation and cell
contraction, we hypothesized that the cell interactions with both proteins enhance cell migration.
To test this hypothesis, skin fibroblast migration driven by FBLN4 and LTBP4 cell interactions
were examined using ECIS and live cell imaging. In ECIS, we used culture wells specifically
designed to analyze cell migration. These plates contain small electrodes in the center that can be

activated to generate an “electric fence” preventing cell adhesion or migration onto this electrode
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Figure 17. FBLN4 and LTBP4 cell interactions enhance cell migration

(A) ECIS based tracking cell migration on coated wells with FBLN4 and LTBP4. pFN and BSA coated wells were
used for positive and negative controls, respectively. Skin fibroblasts were seeded on ECIS culture wares in serum
free media to form a cell monolayer for 24 hours with electric fence activated on designed areas that will not allow
any cell adhesion or migration before forming the cell monolayer. Then, electric fence was removed (0 hour) to
start assessing cell migration over time. Images of the electrodes after 24 hours of cell migration show the electrode
surfaces were completely covered with cells in wells coated with FBLN4, LTBP4, and pFN, but not BSA. Scale
bars present 150 um. (B) Change in cell migration was displayed in average magnitude of impedance (ohm of an
electrical current frequency at 64000 Hertz) over the calibrated areas for 30 hours after removing the electric fence.
Data for each curve show collected measurements averaged for duplicates. (C) Representative images of skin
fibroblast migration in scratch assay at 0, 10, 20, 30 and 40 hours post scratch formation on cell monolayer in serum
free media. Scale bars present 150 um. (D) Quantitative analysis of the cell migration in the scratch area was
performed for duplicates measuring the scratch closure (%). Significance was measured comparing the scratch
closure values of protein coated wells to the buffer control wells (TBS, Ca?*). Statistical analyses were performed
using two-way ANOVA.
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until a cell monolayer is formed in the outside area. At that point, the electric fence can be
deactivated allowing cells to migrate onto the electrode surfaces, which can be followed by
impedance measurements. Serum-starved skin fibroblasts were seeded into the ECIS culture wells
coated with FBLN4, LTBP4, pFN or BSA. Cells were incubated in serum-free media for 10 h to
form a cell monolayer while the electric fence was activated. Thereafter, the cells were allowed to
migrate onto the electrode for up to 30 h.

Microscopic examination at 24 h of cell migration showed that the electrode surfaces have
been completely covered by migrated cells in wells coated with FBLN4, LTBP4 or the positive
control pFN, but not on BSA-coated wells, as compared to images at 0 h (Fig. 17A). The measured
impedance showed a rapid increase in cell migration on immobilized pFN within the first 3 h, and
reached a plateau characterized by minor changes in the impedance, reflecting continuous changes
in cell morphology including cell contraction and motility (Fig. 17B). A relatively similar pattern
was observed for the wells coated with FBLN4 and LTBP4 (Fig. 17B). However, when the plateau
was reached that presents variations in the cell shape related to cell contraction and motility, the
total impedance was higher in FBLN4 and LTBP4 coated wells than in pFN coated wells (Fig.
17B). This data is consistent with the results from collagen gel contraction assays in which FBLN4-
and LTBP4-containing gels showed stronger contraction than pFN (Fig. 15B-C).

Complementing the cell migration data obtained by ECIS analysis, we conducted cell
migration scratch assays utilizing live-cell imaging. Serum starved skin fibroblasts were seeded
on wells coated with FBLN4, LTBP4, pFN or TBS, Ca*? to form cell monolayers. Then, scratches
were introduced to generate a gap for cell migration. The scratch closures were measured at
different time points (Fig. 17C-D, Movie 5-8). Skin fibroblast migration on immobilized FBLN4
and LTBP4 was significantly accelerated compared to the buffer control (Fig. 17D). After 40 h,
the scratches were closed near to 100% in FBLN4 coated wells and about 80% in LTBP4 coated
wells, whereas cells in pFN coated wells showed about 60% scratch closure (Fig. 17C-D, Movie
5-8). In summary, the results prove that cell interactions of FBLN4 and LTBP4 induce cell

migration.

3.16 Cell interactions of FBLN4, but not LTBP4, increase cell proliferation
It was shown in several studies that ECM-cell interactions can affect cell proliferation, with

some ECM proteins exerting a promoting effect on cell proliferation®# ¥, and others decrease
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it*% 31 As cell density determines the number and extend of elastic fiber formation, a sufficient
cell proliferation might be critical for downstream elastogenesis. To assess proliferation rates of
skin fibroblasts upon interaction with FBLN4 and LTBP4, we utilized two methods: IF staining
specific for a cell proliferation marker, Ki67, and crystal violet staining for skin fibroblasts
cultured for 24 and 48 h on FBLN4, LTBP4, pFN or TBS, Ca*? coated wells (Fig. 18).
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Figure 18. Cell interactions of FBLN4, but not LTBP4, increase the rate of cell proliferation

(A) IF analysis of Ki-67 (red) in skin fibroblasts cultured for 24 and 48 h on coated wells with FBLN4, LTBP4,
pFN and TBS, Ca*2. DAPI (blue) was used as a nuclei counterstain. Scale bar presents 100 pm. (B) Quantification
of the Ki-67 positive/proliferating cells (Ki67*) compared to non-proliferating cells (Ki-67 negative, Ki67°).
Relative to the buffer control, the significant differences in Ki67* cell number are indicated by black asterisks
whereas the significant differences in Ki67- cell number are indicated by white asterisks .(C) Representative images
of crystal violet stained skin fibroblasts cultured for 24 and 48 h on FBLN4, LTBP4, pFN or TBS, Ca*? coated
wells. Scale bar presents 200 um. (D) Total numbers of crystal violet stained cells in (C) were counted per image
(n=5). Statistical analyses were performed using two-way ANOVA.

IF staining with an anti-Ki67 antibody demonstrated that 24 h and 48 h skin fibroblast

cultures displayed higher cell proliferation rates in wells coated with the positive control pFN,
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whereas cells cultured on immobilized FBLN4 only after 48 h of incubation, as compared to the
buffer control (Fig. 18 A-B) However, skin fibroblasts incubated in wells coated with LTBP4
displayed no significant differences in cell proliferation (Fig. 18 A-B). Similarly, after counting the
stained cells with crystal violet after 24 and 48 h incubation on coated wells with FBLN4 and pFN
revealed a significant increase in cell proliferation, but cells incubated on immobilized LTBP4 did

not show altered levels of cell proliferation (Fig. 18C-D).

3.16 Summary of results

The summary and overview of the results are presented in Fig. 19. Several elastogenic cells
were tested for their binding to FBLN4 and LTBP4 using real-time and end-point cell binding
assays, all showed strong binding. FBLN4 contains two cell interaction regions mapped to
chEGF2-3 and the C-terminal domain (Fig. 19A). LTBP4 has at least two cell interaction sites,
one is located in the N-terminal half and another in the C-terminal half (Fig. 19B). For the first
time, we demonstrated that FBLN4 and LTBP4 cell interactions occurs through syndecans, but not
glypicans. Specifically, SDC2 and SDC3 interact with FBLN4, whereas SDC3 interacts with
LTBP4 (Fig. 19C). Interrupting cell interactions of FBLN4 and LTBP4 with SDCs resulted in
impaired elastic fiber assembly. We extended our investigations on the function of FBLN4 and
LTBP4 cell interactions in transmitting signals through their receptors translated into cellular
events that may contribute to elastic fiber formation (Fig. 19D). Our results showed that FBLN4
and LTBP4 cell interactions significantly increased FA formation, cell contraction, and cell
migration. Cell binding to FBLN4 promoted cell proliferation, but LTBP4 did not affect
proliferation. FBLN4 and LTBP4 cell interactions elevated the levels of Erk1/2 and RhoA®™, but
not Racl.

Altogether, the data identified the responsible cell-surface receptors interacting with
FBLN-4 and LTBP-4, and revealed a new cell interaction role essential for proper elastogenesis

for these two proteins.
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Figure 19. FBLN4 and LTBP4 cell interactions in elastogenesis

Summary of the findings in this study regarding FBLN4 and LTBP4 cell interactions and their involvement in
elastogenesis as an extracellular mechanism along with intracellular changes upon cell interaction. (A) Scheme
presenting the FBLN4 domain structure. Black lines indicate the identified cell interacting domains in FBLN4.
Magenta lines indicate FBLN4 multimerization domains. (B) Presentation of the LTBP4 domain arrangement.
Lines indicate the new cell interacting regions on the LTBP4L and LTBP4S isoforms identified in this study. The
red line indicates the confirmed cell interacting region previously mapped by Kantola et al??>. (C) Schematic
presentation shows the cell surface receptors SDC2 and SDC3, interacting with FBLN4 multimers and compact
LTBP4. (D) Subsequent cellular events affected upon SDC2 and SDC3 interactions with FBLN4 and LTBP4.
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3.17 Supplemental Movies

M oviel-CellAdhesion
ToFBLN4.avi

Movie 1. Skin fibroblast adhesion and spreading on immobilized FBLN4

Skin fibroblast adhesion and spreading on coated wells with FBLN4 protein were monitored for 6 h after seeding
using live-cell imaging. The frame interval was set at 30 s. Images at each 2.5 min were stacked at a speed of 10
frames per min (FPM). Scale bar presents 25 um. Time stamp format is Hour:Minute (HH:MM).

o

M ovie2-CellAdhesion
TolLTBP4. avi

Movie 2. Skin fibroblast adhesion and spreading on immobilized LTBP4

Skin fibroblast adhesion and spreading on coated wells with LTBP4 protein were monitored for 6 h after seeding
using live-cell imaging. The frame interval was set at 30 seconds. Images at each 2.5 min were stacked at a speed
of 10 frames per min (FPM). Scale bar presents 25 um. Time stamp format is Hour:Minute (HH:MM).

i

Movie3-CellAdhesion
TopFN avi

Movie 3. Skin fibroblast adhesion and spreading on immobilized pFN

Skin fibroblast adhesion and spreading on coated wells with pFN protein were monitored for 6 h after seeding using
live-cell imaging. The frame interval was set at 30 seconds. Images at each 2.5 min were stacked at a speed of 10
frames per minute (FPM). Scale bar presents 25 um. Time stamp format is Hour:Minute (HH:MM).

i

Movied-CellAdhesion
ToTBSCa.avi

Movie 4. Skin fibroblast adhesion and spreading on immobilized TBS, Ca*?

Skin fibroblast adhesion and spreading on coated wells with TBS, Ca*2 protein were monitored for 6 h after seeding
using live-cell imaging. The frame interval was set at 30 seconds. Images at each 2.5 minutes were stacked at a
speed of 10 frame per min (FPM). Scale bar presents 25 um. Time stamp format is Hour:Minute (HH:MM).

o

Movie5-CellM igration
OnFBLN4.avi

Movie 5. Skin fibroblast migration on immobilized FBLN4

Live cell imaging of skin fibroblasts migration on coated wells with FBLN4 protein monitored for 40 h after
creating a scratch in a cell monolayer. Time interval was set at 5 min between successive images. Images were
stacked at a speed of 25 FPM. Scale bar presents 150 pm. Time stamp format is Hour:Minute (HH:MM).
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Movieb-CellM igration
OnLTBP4.avi

Movie 6. Skin fibroblast migration on immobilized LTBP4

Live cell imaging of skin fibroblasts migration on coated wells with LTBP4 protein monitored for 40 h after creating
a scratch in a cell monolayer. Time interval was set at 5 min between successive images. Images were stacked at a
speed of 25 FPM. Scale bar presents 150 um. Time stamp format is Hour:Minute (HH:MM).

o

Movie7-CellM igration
OnpFN.avi

Movie 7. Skin fibroblast migration on immobilized pFN

Live cell imaging of skin fibroblasts migration on coated wells with pFN protein monitored for 40 h after creating
a scratch in a cell monolayer. Time interval was set at 5 min between successive images. Images were stacked at a
speed of 25 FPM. Scale bar presents 150 um. Time stamp format is Hour:Minute (HH:MM).

o

Movied-CellM igration
OnTBSCaavi

Movie 8. Skin fibroblast migration on immobilized TBS, Ca*?

Live cell imaging of skin fibroblasts migration on coated wells with BSA protein monitored for 40 h after creating
a scratch in a cell monolayer. Time interval was set at 5 min between successive images. Images were stacked at a
speed of 25 FPM. Scale bar presents 150 um. Time stamp format is Hour:Minute (HH:MM).
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4. DISCUSSION AND FUTURE DIRECTIONS
4.1 Discussion

Elastic fibers originally appeared in coincidence with the closed circulatory system®. The
developmental success of elastic fiber formation is critical for the embryogenesis and development
of vertebrates®. Elastogenesis occurs from the early developmental onset of skin, lungs, muscular
diaphragm, cardiac valves, aorta and other blood vessels until completion of adolescence® %2, The
formation of such complex elastic fiber networks is required for the proper function of the ECM
in elastic tissues. However, the synthesis of highly crosslinked elastin associated with FBN-
containing microfibrils have been broadly investigated although there are many attempts to deeply
dig in the biology and the dynamic of elastin and elastic fiber proteins either in animal models,
cell culture or protein-protein interaction analyses® 1%:17:20:120 1t js clear that elastogenesis initially
takes place close to the cell membrane of elastogenic cells. Some studies reported cell interactions
with elastin and elastic fiber proteins® % 45 117:206 Also, tracking elastic fiber formation showed
the early TE assembly on the cell surface*. However, the exact role of the cells in this fundamental
process, i.e. elastogenesis, is poorly defined.

The focus of this study was to discover the nature of FBLN4 and LTBP4 cell interactions
in the context of elastogenesis. The presented data revealed essential characteristics for FBLN4
and LTBP4 cell interactions, identified the necessary cell receptors for these interactions and
emphasized the significance of the cell interactions with FBLN4 and LTBP4 in elastogenesis. The
current study demonstrated roles of FBLN4 and LTBP4 in regard to focal adhesion formation, cell
contraction and migration by which support the speculated idea that cell interactions with the
elastic fiber proteins, FBLN4 and LTBP4, contribute in anchorage of elastic fibers to cells at early

elastogenesis.

4.1.1 Characterizing FBLN4 and LTBP4 cell interactions

Previous studies have demonstrated that FBLN4 multimerizes, and both, FBLN4 and
LTBP4 interact with cells!® 22, However, the mechanism of how these proteins interact with cells
and what the role of multimerization is in this process has not been well characterized. This study
defined FBLN4 multimerization domains, and the FBLN4 and LTBP4 cell interaction properties.

Numerous proteins function when they homogenously dimerize and oligomerize including

cell receptors and ECM proteins?® 52-34 |n fact, FBLN4 consists mostly of multimers, comparing
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to other short FBLNS, including FBLN3 and 5*8. Although it has been shown that the central and
C-terminal regions of FBLN4 contain multimerization domains, excluding N-cbEGF1 domain?,
the exact domains responsible for FBLN4 multimer formation are not known. Identification of the
domains and even the amino acid sequences responsible for FBLN4 multimerization will shed
light on the underpinning molecular mechanism in which FBLN4 plays in elastogenesis.
Previously, the FBLN4 multimerization was attributed to a region spanning cbEGF2-5 and a
region encompassing chEGF6 and the unique C-terminal domain®®. Here, we mapped the
multimerization domains more precisely to cbEGF4-5 and the C-terminal domain. Since these
regions are located relatively closely to each other only separated by cbhEGF®, it is possible that
these two functional domains represent part of a contiguous multimerization domain spanning this
region, rather than two separated functional domains. Presumably, a contiguous site at the C-
terminal region of FBLN4 would only be able to mediate multimerization when the protein is
completely synthesized and translocated in the endoplasmatic reticulum. However, the precise
subcellular localization for FBLN4 multimerization either in the endoplasmatic reticulm, the Golgi
apparatus, or on the cell surface after secretion remains to be established.

FBLN4 multimerization is required for cell interaction as determined with monomeric,
dimeric and multimeric fractions of FBLN4 separated by gel filtration. While monomers and
dimers of full length FBLN4 did not bind to fibroblasts, multimeric FBLN4 interacted strongly
with the cells. This is not the first time where a significant function of FBLN4 multimerization has
been shown. As determined by Djokic et al., FBLN4 multimers showed the strongest binding to
heparin®8, This data is consistent with cells interacting with FBLN4 multimers through heparan
sulfate moieties. Interaction with cell surface heparan sulfate may require a higher avidity of low
affinity binding sites present in monomers, which is typically achieved by multimerization®. In
addition, Kumra et al. demonstrated that only FBLN4 multimers efficiently bind to LTBP4 and to
fibronectin®. Binding of FBLN4 and LTBP4 to cell surface heparan sulfate moieties may serve to
bring these proteins in physical proximity to enable the chaperone function of FBLN4 to extend
the compact LTBP4 enabling interactions with microfibrils (refer to the working model in Fig.
20)%°. Whether or not FBLN4 and LTBP4 are sufficiently close on the cell surface of elastogenic
cells could be investigated by co-staining using light and electron microscopy. In summary,
FBLN4 multimerization is critically important for FBLN4 in mediating its interactions with cells

and with other elastic fiber proteins.
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Figure 20. Schematic representation of the Hypothetical elastogenic model highlighting the role of FBLN4
and LTBP4 cell interactions.

The model is a hypothesized overview for early elastogenesis that implements experimental data of this thesis into
a previous working model we have published®. (1) A fibronectin network is required for FBN-microfibril
assembly. (2) FBLN4 and LTBP4 are secreted. FBLN4 multimerizes, whereas LTBP4 remains compact. (3)
FBLN4 and LTBP4 are then deposited on an assembled FN matrix for which FBLN4 multimerization is required.
(4) Through heparan sulfate, SDC2/SDC3 heterodimers interact with FBLN4 multimers whereas SDC3
homodimers interact with LTBP4. These interactions allow SDC2 and SDC3 to bring the two ligands, FBLN4 and
LTBP4, in close proximity on the FN matrix. This enables FBLN4 multimers to interact with compact LTBP4,
inducing its conformational change from a compact to an extended shape. (5) Subsequent intracellular signalling
upon FBLN4 and LTBP4 cell interactions mediated by SDC2 and SDC3 activate cell contractility via Erk1/2 and
RhoACT?, This cell contraction presumably supports the linear assembly of FBLN4 and LTBP4 onto microfibrils.
Then, TE deposition is guided by binding to FBLN4 which interacts with extended LTBP4. (6) FBLN4 and LTBP4
dissociate from SDC2 and SDC3 leading to the dissociation of the nascent elastic fibers from the cell surface.

Gene deletion experiments in mice revealed essential roles of both LTBP4 isoforms, which
overlap and differ in elastic fiber assembly*® 185 3% Data from mouse models have highlighted the
indispensable joint function of FBLN4 and LTBP4 during elastogenesis in several elastic
tissues'®. Elastogenesis occurs mainly during embryogenesis and in the postnatal phase3® 357,
when cells, including the differentiated elastogenic cells, are dividing and synthetic. The inclusion

of various elastogenic cells such as primary skin fibroblasts and SMCs from various tissues to
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characterize their interactions with FBLN4 and LTBP4 demonstrated the consistency of the
observed cell interactions. These cell interactions contribute to cell proliferation, contractions and
migration, as well, which are required cellular activities for tissue development, repair and
remodeling. Additional information was obtained showing that SMCs maintain interactions with
FBLN4 and LTBP4 even when they mature towards the contractile phenotype. These are important
aspects to ultimately enhance elastogenesis and repair elastic fibers in tissues and to assess the
optimal treatment regimen for medical issues from aortic dilation and emphysema to wounds and
scars.

To locate the cell binding sites on FBLN4, we examined multiple deletion mutants which
narrowed the cell binding properties to two regions: cbEGF2-3 and the C-terminal domain.
Previously published work from the Reinhardt lab predicted cell binding sites on FBLN4 to be
located in these regions®®. The prediction was based on the assumption that FBLN4 cell
interactions are heparan sulfate dependent, since clusters of basic amino acid residues in cbEGF3
and the C-terminal domain render them ideal for interacting with negatively charged heparan
sulfates®. Interestingly, FBLN4 deletion mutants containing these domains, coEGF2-3 and the C-
terminal domain, showed self-interaction and interactions with LTBP4 and FN?°.

One cell binding site for LTBP4 has been previously mapped to a region spanning TB2-
TB3 close to the C-terminus using recombinant LTBP4S and smaller fragments®? (Fig. 19B). Here,
we show that LTBP4S and LTBP4L bind similarly to elastogenic cells, which is consistent with
the published data, as the previously identified cell binding site is located close to the C-terminus,
a region that is identical in LTBP4S and LTBP4L. However, analyzing cell interaction in the
present study with recombinant halves of LTBP4S and LTBPA4L revealed at least one additional
binding site in the N-terminal half of both proteins. Similar to FBLN4, LTBP4 also does not
contain an RGD motif, which mediates interactions with integrins®’®, but instead it has affinity to
heparin??. Accordingly, it was suggested that LTBP4 interacts with the cells through heparan
sulfate??. Therefore, the isoelectric points of each LTBP4 domain were calculated in this study to
determine which domains contain basic amino acid sequences. Interestingly, the cell interaction
region mapped on TB2-TB3 of LTBP4 contains two linker sequences adjacent to TB2 with very
basic isoelectric points. This data suggests that cells interact with LTBP4 in this region.
Importantly, TB2 represents the domain that covalently binds the small latent TGF-B complex3%.

Cell binding adjacent to this complex may position it on the cell surface for subsequent TGF-$3
97



activation. Other sites with basic isoelectric points were identified in LTBP4S and LTBP4L close
to the N-terminus in the region of the 4-Cys domain(s) and the downstream EGF domain, as well
as in the region spanning from TB1 to cbEGF2. These are candidate regions for cell interactions
with the N-terminal halves. It has been suggested that LTBP4 is held in a compact formation
through N- to C-terminal self-interactions®®. This compact conformation can be extended by
interaction with FBLN4 which in turn promotes elastic fiber formation. Cell interaction with the
N- and C-terminal regions of LTBP4 may play a regulatory role in this important elastogenic

mechanism.

4.1.2 The role of the N-terminal domain of FBLN4 in secretion

The challenge in generating some of the FBLN4 recombinant fragments were the small
amounts of protein secreted in the culture medium, and subsequently the moderate binding to a
His-trap column. This indicates that the full length FBLN4 is required for efficient secretion from
the cells. However, we noticed that the N-terminal F4_N1 fragment was secreted in much larger
amounts into the cell culture medium, facilitating purification in much higher yields compared to
several other FBLN4 mutant fragments that did not contain the N-terminal domain in FBLN4. This
observation suggested that the N-terminal domain of FBLN4 promotes the synthesis and/or the
secretion of FBLN4. To verify that, several FBLN4 deletion mutants were constructed including
the N-terminal domain (see Fig. 3A), and subsequently tested for increased amounts of secreted
recombinant proteins into the conditioned media. These FBLN4 deletion mutants were indeed
secreted in higher amounts and purifiable in larger yields compared to other fragments lacking the
N-terminal domain. This not only helped in producing some of the FBLN4 constructs, but it also

showed that the N-terminal domain facilitates synthesis and/or secretion of FBLN4.

4.1.3 ldentifying the cell receptors of FBLN4 and LTBP4

Although it has been shown cells interact with FBLN4'® and LTBP4?2, the utilization of
these cell interactions in elastogenesis has not been studied due to the required knowledge about
their cell surface receptors.

The identification of FBLN4 and LTBP4 cell receptors was based on the fact that FBLN4
and LTBP4 do not contain RGD-integrin binding motifs'’ 1’8 but both contain clusters of basic

amino acids that are candidates to interact with heparan sulfate. Importantly, both proteins have
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affinity to heparin!® 22, However, the RGD motif is not the only integrin binding motif. Several
other integrin binding sequences have been characterized’® 3°. The results of this study using
EDTA chelation experiments and divalent metal cation supplementation in cell interaction assays
supported the idea that integrins do not mediate cell adhesion to FBLN4 and LTBP4. Instead, a
series of evidences were obtained which prove that FBLN4 and LTBP4 cell interactions are
mediated via syndecans which are heparan sulfate proteoglycans.

Competition of cell binding to FBLN4 and LTBP4 with heparin and heparan sulfate
disrupted cell interactions. Heparin displayed a stronger effect than heparan sulfate, which is likely
due to the chemical structure of heparin that is highly sulfated?!® 3%°, Heparin completely blocked
cell interactions with FBLN4 and LTBP4 at lower concentrations, compared to the porcine-
sourced heparan sulfate used in this assay which is characterized by lower sulfation levels.

Other evidence came from the treatment of fibroblasts with heparinases to degrade heparan
sulfate from the cell surface, which significantly reduced cell interactions with FBLN4 and
LTBP4. Kantola et al. tested cell interactions with LTBP4 using only heparinase Il for the
treatment of fibroblasts, which resulted in a trend, but not in a significant reduction of cell binding
to LTBP4%. In our experiments, enzymatically digesting heparan sulfate from the cell surface
using a combination of heparinases Il and 111 worked more efficiently and produced robust data
showing that cell surface located heparan sulfate mediates interaction with FBLN4 and LTBPA4.

CHO cell lines deficient in GAG synthesis have been used to study cell-ECM protein
interaction analyses®®’. They are informative tools to understand whether an ECM protein interacts
with cells through GAG. However, they are not an optimal model considering their origin (Chinese
hamster), especially when used to examine their interactions with human protein. The homology
and gene expression of different proteoglycan cell receptors in CHO cell lines should be
considered. The analyzed binding of CHO cells to FBLN4 was shown to be exclusively mediated
by heparan sulfate using the heparan sulfate deficient CHO-677 cell line, compare to the CHO-
WT cells. However, these cells were not conclusive to study heparan sulfate dependency in regard
to LTBP4 cell interactions, because both CHO-WT and CHO-677 did not adhere to LTBP4. It is
possible that the LTBP4 cell receptor is not expressed in CHO cells, or the specific motif binding
to human LTBP4 is not the same or missing in CHO cells.

SiRNA knockdown experiments revealed specifically the key cell receptors required for

FBLN4 and LTBPA4 cell interactions, SDC2 and SDC3 for FBLN4, and SDC3 for LTBPA4. These
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findings have been further validated by solid phase binding assays that showed direct interactions
of FBLN4 with SDC2 or SDC3, and a direct interaction between LTBP4 and SDC3.

Syndecans form homotypic and heterotypic dimers to function as cell receptors?4. In this
light it is possible that FBLN4 interacts with a heterodimer of SDC2 and SDC3, because knocking
down one of them led to the loss of cell interactions. It is not clear if LTBP4 binds to cells through
SDC3 in a monomeric or a homodimer conformation.

It has been reported that TE interacts directly with cells through several cell surface
receptors including elastin-binding protein (EBP)?%, integrins avp32% and avB52%, as well as with
GAG?’. However, heparan sulfate moieties that mediate TE cell interactions have been never
investigated. For the first time, solid phase binding analysis uncovered a direct interaction between
TE and SDC4 ectodomain. The clustering of basic amino acids at the C-terminus of TE is
characteristic of heparin-binding motifs?®” and likely to be the region interacting with SDC4.

5.1.3 Revealing the significance of FBLN4 and LTBP4 cell interactions in elastogenesis

Protein knockdown by siRNA gene silencing successfully revealed critical information
about the FBLN4 and LTBP4 interactions with specific syndecans and the importance of these
interactions in elastogenesis.

It is known for several years that syndecans can function as co-receptors for example in a
complex with integrins to serve in cell binding with cytokines, growth factors and ECM
proteins®®!. However, a growing amount of data show that syndecans are not only co-receptors
with a minor role in cell adhesion to ECM proteins®? 363, |t has been shown that the heparin
binding region of FN is a basic requirement to form focal adhesions and stress fibers during cell
attachment and spreading’® 364 36° Focal adhesion formation upon cell interaction with FN is
dependent on engagement of SDC4%%3, SDC1 and 2 arrange FN fibrillogenesis in an early gastrula-
stage in the Xenopus embryo®®. SDC2 is implicated in the matrix assembly of FN and laminin, as
was shown with cells expressing truncated SDC2 resulting in the loss of FN and laminin
organization into fibrils on the cell surface®*2. Also, it was shown that the deposition of fibrillin
microfibrils into the matrix secreted by retinal pigmented epithelial cells depends on SDC43%7,
Interestingly, normal elastic fibers developed in the FbIn5RCE/RCE knock-in mouse, indicating that
FBLNS5-integrin binding is not required for elastogenesis®®. Although it is not known if FBLN5

establish cell adhesion through heparan sulfate proteoglycan, the results with the FbIn5RCE/RCE
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mice suggested that FBLN5 cell attachment through cell surface heparan sulfate proteoglycans
might be necessary for elastic fiber formation®. In the current study, the essential roles of
syndecans as indispensable cell receptors for FBLN4 and LTBP4 became evident. Hence, defining
certain syndecans as key cell receptors that bind to FBLN4 and LTBP4 facilitated exploring the
function of these cell interactions in elastogenesis. Elastic fiber formation was impaired in cell
cultures after sSiRNA knockdown of SDC2 and SDC3.

The results of this study showed that FBLN4 and LTBP4 regulate cell adhesion, spreading
and a subsequent function in elastogenesis mainly through SDC2 and SDC3 binding, using end-
point immunofluorescence analysis. This approach could be extended by time course experiments
or live cell imaging. Currently, there are only a few published studies successfully analyzing
fluorescently tagged TE in live cell imaging. This is despite the knowledge that elastogenesis
occurs with the involvement of different crucial elastic fiber proteins with a possible engagement
of cell receptors in elastic fiber formation. Kozel et al. used a bovine TE-Timer construct, which
was transiently expressed in rat lung fibroblasts, and documented elastogenesis first as a
microassembly on the cell surface, and then as a macroassembly and deposition into the
extracellular space*. Halm et al. used a long-term elastic fiber tracking system in human skin
fibroblast cultures, using lentiviral transfection, which offers a stable expression to overexpress a
human recombinant TE with a citrin fluorescence tag®. Although this lentiviral transfection system
enabled tracking TE up to 14 d, TE expression was weakly detectable after cells were passaged. A
key challenge in this type of experimental setting is in transiently expressing relevant fluorescently
tagged recombinant proteins for the extended time needed for elastogenesis. Another challenge
refers to generating multiple recombinant proteins with different fluorescence tags as several
elastic fiber proteins are involved in elastogenesis, as well as cell receptors. Additionally, syndecan
ectodomains can shed off from the cell surface into the extracellular space as a part of the turn-
over, which results in soluble ectodomains that possess binding properties to other ligands®°. This
makes it difficult to track their spatial involvement in elastogenesis while they are located on the

cell surface versus in the ECM.

5.1.4 Downstream effects of FBLN4 and LTBP4 cell interactions
FBLN4 and LTBP4 interact with syndecans, which are known to transduce signals from

the ECM through their transmembrane and cytoplasmic domains®°. This suggested a regulatory
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role of SDC2 and SDC3 in elastic fiber assembly that implies intracellular mechanisms. The
molecular basis of possible cellular mechanisms activated upon FBLN4 and LTBP4 cell
interactions was addressed in the current study.

Focal adhesion formation is one of the significant downstream events after cell interactions
with several ECM proteins including FN*8& 370371 fibrillin-12* and collagen®'2. Although several
studies have addressed cell interactions with TE2%2%7 jt is still unknown if TE cell adhesions play
a role in focal adhesion formation. The current study showed that FBLN4 and LTBP4 cell
interactions upregulated pFAK, which promoted focal adhesion maturation by increasing the
number and the length of focal adhesions. In a prior study, Burger et al. analyzed FBLN4
deficiency on cytoskeletal structure and dynamics. Newly formed actin fibers in mouse aortic SMC
were visualized using fluorescence-labelled actin in transfected cells expressing a paxillin-EGFP
fusion protein®*’. Paxillin is a part of focal adhesion complex333>, Although Burger et al. did not
perform quantifications of focal adhesions, it was clearly documented that FBLN4 is needed for
actin stress fiber formation. These stress fibers were anchored in focal adhesions as elongated
paxillin containing structures in wild type cells, versus small rounded podosome-like structures in
FBLN4 deficient cells®*’. Of four SDC members, only SDC4-ECM interactions has been involved
in focal adhesions®’® 377, Treating cells with an anti-SDC4 antibody triggered focal adhesion
formation in cell adhesion to FN378,

Our data established the roles of FBLN4 and LTBP4 in cell contractility and migration.
Interestingly, the majority of studies analyzing ECM proteins on cell contraction and migration
focused on integrin-mediated cell-ECM adhesions®’®%8L, Thus, the current study data contributed
a new perspective about cell interactions with important elastic fiber proteins mediated by SDCs.
Generally, SDCs are not well studied in cell contraction and migration upon ECM-cell adhesions,
particularly SDC3 that received little attention in the ECM field. However, it has been shown that
integrin a5B1 requires SDC4 engagement in order to promote focal adhesion formation and cell
migration on a FN matrix®2. In addition, SDC4 and integrins cooperatively interacting with FN
induced focal adhesions and actin stress fibers in a Rho-dependent manner88: 378,

As this study showed a significant elevation in total ERK1/2 and activation of RhoA upon
interaction with FBLN4 and LTBP4, it suggests that ERK1/2 and RhoA are regulators for focal
adhesion, cell contraction and migration induced by FBLN4 and LTBP4 interactions with SDCs.
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However, to further prove that this is indeed the case, it would require a validation using specific
inhibition of ERK1/2 and RhoA in cells interacting with FBLN4 and LTBPA4.

Elastogenesis has been linked to cell proliferation3-3 although the exact relationship is
ill defined. It is known that contractility and proliferation of fibroblasts and SMC play pivotal roles
in elastic tissues, including wound healing and aortic homeostasis 3% 387, Proliferative smooth cells
in the aorta of EIn”- mice were associated with changes in the balance of matrix deposition, which

resulted in thickening of the tunica media causing aortic stenosis'®®

. Contrary, defective
elastogenesis, caused by FBLN4 deficiency, resulted in aortic aneurysm in FbInd” mice!!s. Fbin4-
" mice were shown to have increased proliferation of SMC in the aortic wall’®. This was explained
by the down-regulation of SMC contractile genes due to FBLN4 deficiency, which affected SMC
differentiation from the proliferative to the contractile phenotype, contributing in aortic dilation3eé,
Our data showed that FBLN4 cell interactions stimulated cell proliferation, suggesting the
contribution of FBLN4 cell interactions in tissue matrix remodeling. This might be especially
relevant for elastogenesis where the majority occurs during embryo-fetal as well as postnatal
development when cells proliferate and differentiate into specific tissues.

In the proposed working model (Fig. 19B), cell interactions with FBLN4 and LTBP4 lead
to an enhancement of focal adhesion and stress fiber formation regulated by ERK1/2 and RhoA®™
upon signal transduction via SDC2 and SDC3, thus cell interaction events produce fibril structures
of elastic fiber proteins including FBLN4, LTBP4 and TE. A similar mechanism has been
demonstrated for FN fibril formation, as shown by preventing integrin-cell binding by antibody
blockade with either anti-integrin or anti-FN antibodies®*®°. However, integrins are not required for
FBLN4 and LTBP4 cell interactions, instead SDC2 and SDC3 are the key cell receptors in these
cell adhesions. Validation of this working model will provide new concepts of heparan sulfate

proteoglycans function in elastogenesis.

5.1.5 Do FBLN4 and LTBP4 cell interactions collaterally function for elastogenesis?

Elastogenesis consists of multiple stages each of which involves sophisticated protein-
protein interactions. Knockout mouse models elucidated the functional link between FBLN4 and
LTBP4 in elastogenesis'® 8, Bultmann-Mellin et al. found that LTBP4 is required for fibrillar
matrix deposition of FBLN4, and both LTBP4 isoforms interact with FBLN4°, We showed that

FBLN4 induces an extended conformation of LTBP4 which promotes TE deposition®°. Here, we
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uncovered a novel cell interaction site on LTBP4 likely located at the 4-Cys domain region which
matches the same N-terminal region mapped for FBLN4 and FBLNS interactions® 2!, The stable
conformational change on LTBP4 induced by a transient interaction with FBLN4 might leave the
LTBP4 N-terminal region exposed to allow interactions with its cell receptor, SDC3. This in turn
may facilitate TE deposition assisted by FBLN4 and FBLN5. This mechanism would result in
anchoring elastic fibers to the cell surface at sites of focal adhesion formation, possibly promoting
the formation of extended elastic fibers. Extended elastic fibers would create an optimal orientation
for elastin crosslinking by LOX family members toward elastic fibers maturation.

The common cell receptor that binds to both, FBLN4 and LTBP4, is SDC3. As pointed out
above, we assume that FBLN4 interacts with a heterodimer of SDC2 and SDC3 whereas LTBP4
interacts with a homodimer of SDC3. However, FBLN4 and LTBP4 interact with each other and
may interact with the cells in a complex containing SDC2 and SDC3 in which LTBP4 interacts
only with SDC3 whereas FBLN4 interacts with both. These assumptions of course require
experimental validation. A considerable challenge remains the identification of specific
mechanisms in which such complexes are involved in cell adhesion, signaling, and force
generation that combine to establish the proper spatio-temporal control of elastic protein fibrillar

deposition.

5.2 Future Directions

The detailed mechanistic aspects taking place downstream of the FBLN4 and LTBP4 cell
interactions are not complete in term of affected signaling pathways that control focal adhesion,
cell contraction, migration and proliferation. An extended project to analyze the signal
transduction mechanisms underlying cell interactions with FBLN4 and LTBP4 is needed.

Several studies employed animal models of SDC2®% 256:3%_Syrprisingly, a Sdc2 knockout
mouse model has never been established up to the date of this thesis. In addition, the generated
mouse models for SDC1, 3 and 4 have not been analyzed for elastogenesis in elastic tissues?>> 2%
3% The deletion mouse model of SDC3 was utilized only to investigate the function of SDC3 in
brain development?®. In addition, SDC4 mouse models have been used to analyze the role of
SDC4 in cartilage and bone formation?®> 3%, put not in elastogenesis. A concise study analyzed
Sdc4™ knockout mice for wound healing showed delayed wound healing and impaired

angiogenesis in Sdc4”-?%*. To fill the gap in the ECM research regarding the important function of
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syndecans, in particular in elastogenesis, intensive investigations are required on both levels in
vivo and in vitro. Characterizing elastogenesis in elastic tissues of knockout mouse models for
SDC2 and SDC3 are needed at different developmental stages from embryogenesis to adult age to
provide a complete understanding how these SDCs are involved in elastogenesis. A double
SDC2/3 knockout mouse model may reveal the interplay among these SDCs in elastogenesis,
which are predicted based on the current study to present with a phenotype similar to mouse models
deficient in FBLN4 or LTBP4.

Wound healing is a highly complex process producing only partially functional scar
tissue®®% 392, This tissue lacks the integrity of organized elastic fibers as well as of collagen fibers,
which contributes to the stiffness of scar tissue3®?. Elastin and elastic fiber proteins have been
poorly analyzed during wound healing®®® and the expression profile of elastic fiber proteins in the
progress of wound repair is not well characterized. FBLN4 and LTBP4 cell interactions
intrinsically contributed in elastic fiber formation, and they enhanced skin fibroblast migration and
proliferation which are required in wound healing. FBLN4 also plays a significant role in collagen
fiber assembly®®. It is unknown if LTBP4 functions in collagen fiber formation, however, new
unpublished work performed in the Reinhardt lab showed LTBP4 colocalized with collagen fibers
in human skin tissues. All these data together suggest that FBLN4 and LTBP4 play critical roles
during wound healing in tissue remodeling and scar repair. To identify the roles of FBLN4 and
LTBP4 in regulating wound healing and scarring, an in vivo study is required using wound healing
models in mice. For this, it is first required to collect data about the expression patterns of FBLN4,
LTBP4 and TE in wound tissue during healing in wild type animals and to determine how
elastogenesis is affected during the wound healing process. Later, it is important to determine
whether restoration of FBLN4 and LTBP4 expression to normal levels in wounded tissues would

assist a proper wound healing and inhibit scar formation.

5.3 Conclusions

The main analyzed topics in this project are FBLN4 and LTBP4 cell interactions
contributing novel insights into their roles in mediating the relationship between intracellular
events and elastogenesis. As the objectives of the presented study were met, several fundamental
findings were disclosed. There have been challenges along the road to achieve the main goals of

this research which are explained in the results and the discussion sections. The novel data reflects
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a better understanding for the influence of cell interactions with elastic fiber proteins on
elastogenesis. In long term, these findings are expected to help design in vitro approaches for the
generation of elastic fiber-rich biomaterials in which elasticity is wanted such as tissue-engineered
blood vessels and tissue-engineered skin engraftments.
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5. APPENDIX

The amino acid sequences of all the recombinant proteins used in this study are described
below. Note that underlined sequences indicate the signal peptide for each recombinant, underlined
sequences in italic font are for His-tag, shaded sequences are for VV5-tag and sequences in shaded
and italic font are for FLAG-tag.
5.1 FBLN4 recombinants

5.1.1 FBLN4 full length (F4_FL)

MRAWIFFLLCLAGRALAAPLAQDSEEPDSYTECTDGYEWDPDSQHCRDVNECLTIPEACKGEMKCINHYG
GYLCLPRSAAVINDLHGEGPPPPVPPAQHPNPCPPGYEPDDQDSCVDVDECAQALHDCRPSQDCHNLPGSY
QCTCPDGYRKIGPECVDIDECRYRYCQHRCVNLPGSFRCQCEPGFQLGPNNRSCVDVNECDMGAPCEQRC
FNSYGTFLCRCHQGYELHRDGFSCSDIDECSYSSYLCQYRCVNEPGRFSCHCPQGYQLLATRLCQDIDECES
GAHQCSEAQTCVNFHGGYRCVDTNRCVEPYIQVSENRCLCPASNPLCREQPSSIVHRYMTITSERRVPADV
FQIQATSVYPGAYNAFQIRAGNSQGDFYIRQINNVSAMLVLARPVTGPREYVLDLEMVTMNSLMSYRASS
VLRLTVFVGAYTFHHHHHH

5.12F4_N1

MRAWIFFLLCLAGRALAAPLAQDSEEPDSYTECTDGYEWDPDSQHCRDVNECLTIPEACKGEMKCINHYG
GYLCLPRSAAVINDLHGEGPPPPVPPAQHPNPCPPGYEPDDQDSCVHHHHHHHH

5.1.3 F4_N1-3

MRAWIFFLLCLAGRALAAPLAQDSEEPDSYTECTDGYEWDPDSQHCRDVNECLTIPEACKGEMKCINHYG
GYLCLPRSAAVINDLHGEGPPPPVPPAQHPNPCPPGYEPDDQDSCVDVDECAQALHDCRPSQDCHNLPGSY
QCTCPDGYRKIGPECVDIDECRYRYCQHRCVNLPGSFRCQCEPGFQLGPNNRSCVENLYFQGGKPIPNPLLG
LDSTRTGHHHHHHHH

5.1.4 F4_N1-5

MRAWIFFLLCLAGRALAAPLAQDSEEPDSYTECTDGYEWDPDSQHCRDVNECLTIPEACKGEMKCINHYG
GYLCLPRSAAVINDLHGEGPPPPVPPAQHPNPCPPGYEPDDQDSCVDVDECAQALHDCRPSQDCHNLPGSY
QCTCPDGYRKIGPECVDIDECRYRYCQHRCVNLPGSFRCQCEPGFQLGPNNRSCVDVNECDMGAPCEQRC
FNSYGTFLCRCHQGYELHRDGFSCSDIDECSYSSYLCQYRCVNEPGRFSCHCPQGYQLLATRLCQENLYFQ
GGKPIPNPLLGLDSTRTGHHHHHHHH

515F4 2-5

MRAWIFFLLCLAGRALAAPLADVDECAQALHDCRPSQDCHNLPGSYQCTCPDGYRKIGPECVDIDECRYR
YCQHRCVNLPGSFRCQCEPGFQLGPNNRSCVDVNECDMGAPCEQRCFNSYGTFLCRCHQGYELHRDGFSC
SDIDECSYSSYLCQYRCVNEPGRFSCHCPQGYQLLATRLCQHHHHHHHH

5.1.6 F4_6C

MRAWIFFLLCLAGRALAAPLADIDECESGAHQCSEAQTCVNFHGGYRCVDTNRCVEPYIQVSENRCLCPAS
NPLCREQPSSIVHRYMTITSERRVPADVFQIQATSVYPGAYNAFQIRAGNSQGDFYIRQINNVSAMLVLARP
VTGPREYVLDLEMVTMNSLMSYRASSVLRLTVFVGAYTFHHHHHHHH
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5.1.7F4_N1,C

MRAWIFFLLCLAGRALAAPLAQDSEEPDSYTECTDGYEWDPDSQHCRDVNECLTIPEACKGEMKCINHYG
GYLCLPRSAAVINDLHGEGPPPPVPPAQHPNPCPPGYEPDDQDSCVCPASNPLCREQPSSIVHRYMTITSERR
VPADVFQIQATSVYPGAYNAFQIRAGNSQGDFYIRQINNVSAMLVLARPVTGPREYVLDLEMVTMNSLMS
YRASSVLRLTVFVGAYTFENLYFQGGKPIPNPLLGLDSTRTGHHHHHHHH

5.1.8 F4 N1,6C

MRAWIFFLLCLAGRALAAPLAQDSEEPDSYTECTDGYEWDPDSQHCRDVNECLTIPEACKGEMKCINHYG
GYLCLPRSAAVINDLHGEGPPPPVPPAQHPNPCPPGYEPDDQDSCVDIDECESGAHQCSEAQTCVNFHGGY
RCVDTNRCVEPYIQVSENRCLCPASNPLCREQPSSIVHRYMTITSERRVPADVFQIQATSVYPGAYNAFQIRA
GNSQGDFYIRQINNVSAMLVLARPVTGPREYVLDLEMVTMNSLMSYRASSVLRLTVFVGAYTFENLYFQG
GKPIPNPLLGLDSTRTGHHHHHHHH

5.1.9 F4_N1,4-6C

MRAWIFFLLCLAGRALAAPLAQDSEEPDSYTECTDGYEWDPDSQHCRDVNECLTIPEACKGEMKCINHYG
GYLCLPRSAAVINDLHGEGPPPPVPPAQHPNPCPPGYEPDDQDSCVDVNECDMGAPCEQRCFNSYGTFLCR
CHQGYELHRDGFSCSDIDECSYSSYLCQYRCVNEPGRFSCHCPQGYQLLATRLCQDIDECESGAHQCSEAQ
TCVNFHGGYRCVDTNRCVEPYIQVSENRCLCPASNPLCREQPSSIVHRYMTITSERRVPADVFQIQATSVYP
GAYNAFQIRAGNSQGDFYIRQINNVSAMLVLARPVTGPREYVLDLEMVTMNSLMSYRASSVLRLTVFVGA
YTFENLYFQGGKPIPNPLLGLDSTRTGHHHHHHHH

5.1.10 F4_4-6

MRAWIFFLLCLAGRALAAPLADVNECDMGAPCEQRCFNSYGTFLCRCHQGYELHRDGFSCSDIDECSYSS
YLCQYRCVNEPGRFSCHCPQGYQLLATRLCQDIDECESGAHQCSEAQTCVNFHGGYRCVDTNRCVEPYIQ
VSENRCLENLYFQGGKPIPNPLLGLDSTRTGHHHHHHHH

5.2 LTBP4 recombinants

5.2.1 LTBPAL full length (L4-L)

MPRPGTSGRRPLLLVLLLPLFAAATSAASPSPSPSQVVEVPGVPSRPASVAVCRCCPGQTSRRSRCIRAFCRV
RSCQPKKCAGPQRCLNPVPAVPSPSPSVRKRQVSLNWQPLTLQEARALLKRRRPRGPGGRGLLRRRPPQRA
PAGKAPVLCPLICHNGGVCVKPDRCLCPPDFAGKFCQLHSSGARPPAPAVPGLTRSVYTMPLANHRDDEH
GVASMVSVHVEHPQEASVVVHQVERVSGPWEEADAEAVARAEAAARAEAAAPYTVLAQSAPREDGYSD
ASGFGYCFRELRGGECASPLPGLRTQEVCCRGAGLAWGVHDCQLCSERLGNSERVSAPDGPCPTGFERVN
GSCEDVDECATGGRCQHGECANTRGGYTCVCPDGFLLDSSRSSCISQHVISEAKGPCFRVLRDGGCSLPILR
NITKQICCCSRVGKAWGRGCQLCPPFGSEGFREICPAGPGYHYSASDLRYNTRPLGQEPPRVSLSQPRTLPA
TSRPSAGFLPTHRLEPRPEPRPDPRPGPELPLPSIPAWTGPEIPESGPSSGMCQRNPQVCGPGRCISRPSGYTCA
CDSGFRLSPQGTRCIDVDECRRVPPPCAPGRCENSPGSFRCVCGPGFRAGPRAAECLDVDECHRVPPPCDLG
RCENTPGSFLCVCPAGYQAAPHGASCQDVDECTQSPGLCGRGACKNLPGSFRCVCPAGFRGSACEEDVDE
CAQEPPPCGPGRCDNTAGSFHCACPAGFRSRGPGAPCQDVDECARSPPPCTYGRCENTEGSFQCVCPMGFQ
PNTAGSECEDVDECENHLACPGQECVNSPGSFQCRTCPSGHHLHRGRCTDVDECSSGAPPCGPHGHCTNTE
GSFRCSCAPGYRAPSGRPGPCADVNECLEGDFCFPHGECLNTDGSFACTCAPGYRPGPRGASCLDVDECSE
EDLCQSGICTNTDGSFECICPPGHRAGPDLASCLDVDECRERGPALCGSQRCENSPGSYRCVRDCDPGYHA
GPEGTCDDVDECQEYGPEICGAQRCENTPGSYRCTPACDPGYQPTPGGGCQDVDECRNRSFCGAHAVCQN
LPGSFQCLCDQGYEGARDGRHCVDVNECETLQGVCGAALCENVEGSFLCVCPNSPEEFDPMTGRCVPPRT
SAGTFPGSQPQAPASPVLPARPPPPPLPRRPSTPRQGPVGSGRRECYFDTAAPDACDNILARNVTWQECCCT
VGEGWGSGCRIQQCPGTETAEYQSLCPHGRGYLAPSGDLSLRRDVDECQLFRDQVCKSGVCVNTAPGYSC
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YCSNGYYYHTQRLECIDNDECADEEPACEGGRCVNTVGSYHCTCEPPLVLDGSQRRCVSNESQSLDDNLG
VCWQEVGADLVCSHPRLDRQATYTECCCLYGEAWGMDCALCPAQDSDDFEALCNVLRPPAYSPPRPGGF
GLPYEYGPDLGPPYQGLPYGPELYPPPALPYDPYPPPPGPFARREAPYGAPRFDMPDFEDDGGPYGESEAPA
PPGPGTRWPYRSRDTRRSFPEPEEPPEGGSYAGSLAEPYEELEAEECGILDGCTNGRCVRVPEGFTCRCFDG
YRLDMTRMACVDINECDEAEAASPLCVNARCLNTDGSFRCICRPGFAPTHQPHHCAPARPRAGKPIPNPLL
GLDSTRTGHHHHHHHH

5.2.2 LTBP4S full length (L4-S)

MAGGVRLLWVSLLVLLAQLGPOPGLGRLGERLRVRFTPVVCGLRCVHGPTGSRCTPTCAPRNATSVDSGA
PGGAAPGGPGFRAFLCPLICHNGGVCVKPDRCLCPPDFAGKFCQLHSSGARPPAPAIPGLTRSVYTMPLANH
RDDEHGVASMVSVHVEHPQEASVVVHQVERVSGPWEEADAEAVARAEAAARAEAAAPYTVLAQSAPRE
DGYSDASGFGYCFRELRGGECASPLPGLRTQEVCCRGAGLAWGVHDCQLCSERLGNSERVSAPDGPCPTG
FERVNGSCEDVDECATGGRCQHGECANTRGGYTCVCPDGFLLDSSRSSCISQHVISEAKGPCFRVLRDGGC
SLPILRNITKQICCCSRVGKAWGRGCQLCPPFGSEGFREICPAGPGYHYSASDLRYNTRPLGQEPPRVSLSQP
RTLPATSRPSAGFLPTHRLEPRPEPRPDPRPGPELPLPSIPAWTGPEIPESGPSSGMCQRNPQVCGPGRCISRPS
GYTCACDSGFRLSPQGTRCIDVDECRRVPPPCAPGRCENSPGSFRCVCGPGFRAGPRAAECLDVDECHRVP
PPCDLGRCENTPGSFLCVCPAGYQAAPHGASCQDVDECTQSPGLCGRGACKNLPGSFRCVCPAGFRGSACE
EDVDECAQEPPPCGPGRCDNTAGSFHCACPAGFRSRGPGAPCQDVDECARSPPPCTYGRCENTEGSFQCVC
PMGFQPNTAGSECEDVDECENHLACPGQECVNSPGSFQCRTCPSGHHLHRGRCTDVDECSSGAPPCGPHG
HCTNTEGSFRCSCAPGYRAPSGRPGPCADVNECLEGDFCFPHGECLNTDGSFACTCAPGYRPGPRGASCLD
VDECSEEDLCQSGICTNTDGSFECICPPGHRAGPDLASCLDVDECRERGPALCGSQRCENSPGSYRCVRDCD
PGYHAGPEGTCDDVDECQEYGPEICGAQRCENTPGSYRCTPACDPGYQPTPGGGCQDVDECRNRSFCGAH
AVCQNLPGSFQCLCDQGYEGARDGRHCVDVNECETLQGVCGAALCENVEGSFLCVCPNSPEEFDPMTGRC
VPPRTSAGTFPGSQPQAPASPVLPARPPPPPLPRRPSTPRQGPVGSGRRECYFDTAAPDACDNILARNVTWQ
ECCCTVGEGWGSGCRIQQCPGTETAEYQSLCPHGRGYLAPSGDLSLRRDVDECQLFRDQVCKSGVCVNTA
PGYSCYCSNGYYYHTQRLECIDNDECADEEPACEGGRCVNTVGSYHCTCEPPLVLDGSQRRCVSNESQSLD
DNLGVCWQEVGADLVCSHPRLDRQATYTECCCLYGEAWGMDCALCPAQDSDDFEALCNVLRPPAYSPPR
PGGFGLPYEYGPDLGPPYQGLPYGPELYPPPALPYDPYPPPPGPFARREAPYGAPRFDMPDFEDDGGPYGES
EAPAPPGPGTRWPYRSRDTRRSFPEPEEPPEGGSYAGSLAEPYEELEAEECGILDGCTNGRCVRVPEGFTCR
CFDGYRLDMTRMACVDINECDEAEAASPLCVNARCLNTDGSFRCICRPGFAPTHQPHHCAPARPRAGKPIP
NPLLGLDSTRTGHHHHHHHH

5.23L4_LN

MPRPGTSGRRPLLLVLLLPLFAAATSAASPSPSPSQVVEVPGVPSRPASVAVCRCCPGQTSRRSRCIRAFCRV
RSCQPKKCAGPQRCLNPVPAVPSPSPSVRKRQVSLNWQPLTLQEARALLKRRRPRGPGGRGLLRRRPPQRA
PAGKAPVLCPLICHNGGVCVKPDRCLCPPDFAGKFCQLHSSGARPPAPAVPGLTRSVYTMPLANHRDDEH
GVASMVSVHVEHPQEASVVVHQVERVSGPWEEADAEAVARAEAAARAEAAAPYTVLAQSAPREDGYSD
ASGFGYCFRELRGGECASPLPGLRTQEVCCRGAGLAWGVHDCQLCSERLGNSERVSAPDGPCPTGFERVN
GSCEDVDECATGGRCQHGECANTRGGYTCVCPDGFLLDSSRSSCISQHVISEAKGPCFRVLRDGGCSLPILR
NITKQICCCSRVGKAWGRGCQLCPPFGSEGFREICPAGPGYHYSASDLRYNTRPLGQEPPRVSLSQPRTLPA
TSRPSAGFLPTHRLEPRPEPRPDPRPGPELPLPSIPAWTGPEIPESGPSSGMCQRNPQVCGPGRCISRPSGYTCA
CDSGFRLSPQGTRCIDVDECRRVPPPCAPGRCENSPGSFRCVCGPGFRAGPRAAECLDVDECHRVPPPCDLG
RCENTPGSFLCVCPAGYQAAPHGASCQDVDECTQSPGLCGRGACKNLPGSFRCVCPAGFRGSACEEDVDE
CAQEPPPCGPGRCDNTAGSFHCACPAGFRSRGPGAPCQDVDECARSPPPCTYGRCENTEGSFQCVCPMGFQ
PNTAGSECEDVDECENHLACPGQECVNSPGSFQCRTCPSGHHLHRGRCTGKPIPNPLLGLDSTRTGHHHHH
HHH

5.24 L4 SN

MAGGVRLLWVSLLVLLAQLGPOPGLGRLGERLRVRFTPVVCGLRCVHGPTGSRCTPTCAPRNATSVDSGA
PGGAAPGGPGFRAFLCPLICHNGGVCVKPDRCLCPPDFAGKFCQLHSSGARPPAPAIPGLTRSVYTMPLANH
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RDDEHGVASMVSVHVEHPQEASVVVHQVERVSGPWEEADAEAVARAEAAARAEAAAPYTVLAQSAPRE
DGYSDASGFGYCFRELRGGECASPLPGLRTQEVCCRGAGLAWGVHDCQLCSERLGNSERVSAPDGPCPTG
FERVNGSCEDVDECATGGRCQHGECANTRGGYTCVCPDGFLLDSSRSSCISQHVISEAKGPCFRVLRDGGC
SLPILRNITKQICCCSRVGKAWGRGCQLCPPFGSEGFREICPAGPGYHYSASDLRYNTRPLGQEPPRVSLSQP
RTLPATSRPSAGFLPTHRLEPRPEPRPDPRPGPELPLPSIPAWTGPEIPESGPSSGMCQRNPQVCGPGRCISRPS
GYTCACDSGFRLSPQGTRCIDVDECRRVPPPCAPGRCENSPGSFRCVCGPGFRAGPRAAECLDVDECHRVP
PPCDLGRCENTPGSFLCVCPAGYQAAPHGASCQDVDECTQSPGLCGRGACKNLPGSFRCVCPAGFRGSACE
EDVDECAQEPPPCGPGRCDNTAGSFHCACPAGFRSRGPGAPCQDVDECARSPPPCTYGRCENTEGSFQCVC
PMGFQPNTAGSECEDVDECENHLACPGQECVNSPGSFQCRTCPSGHHLHRGRCTGKPIPNPLLGLDSTRTG
HHHHHHHH

52514 C

MRAWIFFLLCLAGRALAAPLADVDECSSGAPPCGPHGHCTNTEGSFRCSCAPGYRAPSGRPGPCADVNECL
EGDFCFPHGECLNTDGSFACTCAPGYRPGPRGASCLDVDECSEEDLCQSGICTNTDGSFECICPPGHRAGPD
LASCLDVDECRERGPALCGSQRCENSPGSYRCVRDCDPGYHAGPEGTCDDVDECQEYGPEICGAQRCENT
PGSYRCTPACDPGYQPTPGGGCQDVDECRNRSFCGAHAVCQNLPGSFQCLCDQGYEGARDGRHCVDVNE
CETLQGVCGAALCENVEGSFLCVCPNSPEEFDPMTGRCVPPRTSAGTFPGSQPQAPASPVLPARPPPPPLPRR
PSTPRQGPVGSGRRECYFDTAAPDACDNILARNVTWQECCCTVGEGWGSGCRIQQCPGTETAEYQSLCPH
GRGYLAPSGDLSLRRDVDECQLFRDQVCKSGVCVNTAPGYSCYCSNGYYYHTQRLECIDNDECADEEPAC
EGGRCVNTVGSYHCTCEPPLVLDGSQRRCVSNESQSLDDNLGVCWQEVGADLVCSHPRLDRQATYTECC
CLYGEAWGMDCALCPAQDSDDFEALCNVLRPPAYSPPRPGGFGLPYEYGPDLGPPYQGLPYGPELYPPPAL
PYDPYPPPPGPFARREAPYGAPRFDMPDFEDDGGPYGESEAPAPPGPGTRWPYRSRDTRRSFPEPEEPPEGG
SYAGSLAEPYEELEAEECGILDGCTNGRCVRVPEGFTCRCFDGYRLDMTRMACVDINECDEAEAASPLCVN
ARCLNTDGSFRCICRPGFAPTHQPHHCAPARPRAGKPIPNPLLGLDSTRTGHHHHHHHH

5.3 SDC recombinants

5.3.1 SDC2-ED

MRAWIFFLLCLAGRALAAPLAMGSSHHHHHHSSGLVPRGSHMESRAELTSDKDMYLDNSSIEEASGVYPID
DDDYASASGSGADEDVESPELTTSRPLPKILLTSAAPKVETTTLNIQONKIPAQTKSPEETDKEKVHLSDSERK
MDPAEEDTNVYTEKHSDSLFKRTEDYKDDDDK

5.3.2 SDC3-ED

MRAWIFFLLCLAGRALAAPLAMGSSHHHHHHSSGLVPRGSHMAQRWRSENFERPVDLEGSGDDDSFPDDE
LDDLYSGSGSGYFEQESGIETAMRFSPDVALAVSTTPAVLPTTNIQPVGTPFEELPSERPTLEPATSPLVVTEV
PEEPSQRATTVSTTMATTAATSTGDPTVATVPATVATATPSTPAAPPFTATTAVIRTTGVRRLLPLPLTTVAT
ARATTPEAPSPPTTAAVLDTEAPTPRLVSTATSRPRALPRPATTQEPDIPERSTLPLGTTAPGPTEVAQTPTPE
TFLTTIRDEPAGPTEVAQTPTPETFLTTIRDEPEVPVSGGPSGDFELPEEETTQPDTANEVVAVGGAAAKASS
PPGTLPKGARPGPGLLDNAIDSGSSAAQLPQKSILERKEVLVDYKDDDDK

5.3.3 SDC4-ED

MRAWIFFLLCLAGRALAAPLAMGSSHHHHHHSSGLVPRGSHMESIRETEVIDPQDLLEGRYFSGALPDDEDV
VGPGQESDDFELSGSGDLDDLEDSMIGPEVVHPLVPLDNHIPERAGSGSQVPTEPKKLEENEVIPKRISPVEE
SEDVSNKVSMSSTVQGSNIFERTEVLAGCPEHDYKDDDDK
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