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RESUME

La fibronectine (FN), une glycoprotéine largement exprimée, a été associée a de nombreux
processus biologiques fondamentaux, mais n’a jamais été impliquée dans des maladies osseuses.
L’identification de mutations dans le géne qui code pour cette protéine chez des patients
présentant un sous-type rare de dysplasie spondylométaphysaire (SMD) a révelé un aspect
inexploré de cette protéine. Des études récentes ont montré que ces mutations empéchent la
sécrétion de la FN dans les cellules HEK293, mais comment ce défaut contribue
mécanistiquement a la pathogenése de la SMD est encore inconnu. Pour étudier les effets des
mutations in vitro, un protocole de différenciation des chondrocytes a été optimisé et testé sur
des cellules ATDCS. En outre, pour déterminer si les phénotypes des patients étaient dus a une
réduction globale de la FN, des souris simples knock-out (KO) et double KO dépourvues de FN
dans le foie et/ou le cartilage ont été générées. Les résultats révelent que la suppression de la
FN dans ces tissus ne nuit ni a la croissance ni a la viabilité. Aucune modification n'a été détectée
dans le poids ni dans la longueur du corps des KO par rapport aux souris témoins, et aucune
anomalie du squelette n'a été observée sur les radiographies. Ces résultats montrent que la
suppression de FN dans ces deux tissus ne conduit pas aux phénotypes observés dans les SMD.
De plus, le séquengage du géne FNI chez des individus soupgonnés d’étre atteints de SMD a
permis 1’identification d’une mutation de novo chez un patient. Cette découverte élargit les

caractéristiques cliniques de cette maladie induit par FNI.

Mots-clés: FN1, fibronectine, dysplasie osseuse, SMD, fractures en coin, chondrocyte, matrice

extracellulaire, cartilage, knock-out



ABSTRACT

A widely expressed glycoprotein, fibronectin (FN), has been associated with many basic
biological processes, but has never been implicated with skeletal disorders. Identification of
mutations in the gene that encodes this protein in patients with a rare subtype of
spondylometaphyseal dysplasia (SMD) reveals an unexplored aspect in the field. Recent studies
have shown that these mutations impair FN secretion in HEK293 cells, but it is still not known
how this defect mechanistically contributes to SMD pathogenesis. To investigate the effects of
the mutations in vitro, a chondrocyte differentiation protocol was optimized and tested on
ATDCS cells. Furthermore, to determine if the patients’ phenotypes were caused by a global
reduction of FN, single and double knockout (KO) mice that lack FN in the liver and/or the
cartilage were generated. Results reveal that deletion of FN in these tissues does not impair
growth or viability. No changes were detected in the body weight nor length in the KO compared
to control mice, and no skeletal abnormalities were observed in radiographs. These results show
that the deletion of FN in these two tissues does not lead to the phenotypes observed in SMD.
Additionally, sequencing of the FN/ gene in individuals with suspected SMD identified a de

novo mutation in one patient. This finding expands the clinical features of FN/-induced SMD.

Keywords: FNI1, fibronectin, skeletal dysplasia, SMD, corner fractures, chondrocyte,

extracellular matrix, cartilage, knockout
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CHAPTER 1:
INTRODUCTION



1.1 SKELETAL DEVELOPMENT

The mammalian skeleton is composed mainly of bone and cartilage. The early
development of the skeletal system starts in the third week of embryonic life with the formation
of the notochord. The cranial neural crest cells give rise to the craniofacial bones, and the
somites to vertebrae and ribs. The limb skeleton comes from the lateral plate mesoderm and
begins to appear by the fourth week, and around the seventh week, all bones of the human body
are formed [1]. However, they consist mostly of hyaline cartilage and fibrous membranes and
are therefore not yet “bony”. Bone development, termed “ossification” or “osteogenesis” begins
by the seventh week of embryonic life, completes in early adulthood, but continually undergoes
remodeling during the adult life [1]. There are two pathways in which bone forms:
intramembranous ossification and endochondral ossification. Both processes start with
mesenchymal stem cells (MSCs) which are undifferentiated cells that have the capacity to

differentiate into multiple lineages [2].

Intramembranous ossification forms most of the cranial bones, the flat bones of the face
and collarbones [3]. In this process, MSCs condense and differentiate directly into bone
precursor cells known as osteoblasts within sheets of connective tissues. Osteoblasts secrete a
collagen-proteoglycan matrix which hardens within a few days as it binds calcium salts. The
osteoblasts then either get separated from this calcified layer or get trapped within the matrix.

They eventually become osteocytes which form mature bone [3, 4].

The bones at the base of the skull and long bones such as the femur, tibia, humerus, and
radius are formed via endochondral ossification [3]. This pathway can be summarized in two
parts: chondrogenesis, a process in which MSCs aggregate and differentiate into chondrocytes
to form cartilage tissue, and ossification, where this cartilage is replaced by bone. Note that
cartilage does not become bone, but is rather used as a template on which bone is formed [5].
This review will focus on endochondral bone formation, discussing the signaling pathways and

transcription factors involved in this complex process.



1.1.1 Endochondral Bone Formation

Endochondral bone formation is a sequential process that can be divided into five main
stages after the commitment of MSCs to become cartilage cells (Figure 1) [4]. The first phase
involves the condensation of committed MSCs. Condensed MSCs then differentiate into
chondrocytes which proliferate to form a hyaline cartilage model and begin to produce a
cartilage-specific extracellular matrix (ECM). In the third stage, they reach terminal
differentiation, stop dividing and become hypertrophic chondrocytes [4, 6]. Hypertrophic
chondrocytes die by apoptosis at the fourth stage, followed by the invasion of blood vessels,
osteoblasts, and the mineralization of the ECM [7]. The last phase involves the formation of
mature bone by osteoblasts. The first areas of osteogenesis appear in primary ossification
centers, located in the central part of the developing bone. In long bones, it is in the shaft termed
the diaphysis. By the 4™ month of prenatal development, most primary ossification centers have
appeared in the diaphysis of long bones, and from birth to approximately 5 years of age,
secondary ossification centers appear in each end (epiphyses) of long bones [1, 8]. These
secondary centers emerge as a result of the apoptosis of epiphyseal cartilage cells, and they

undergo a similar ossification process as the primary ossification center [3].

Between the two ossification centers is a layer of hyaline cartilage called the “epiphyseal
plate”, also known as the growth plate [9]. It is located in the metaphysis, an area between the
diaphysis and the epiphyses. This plate continues to form new cartilage which is later replaced
by bone, resulting in bone elongation. Ossification continues between 5 years of age to early
adulthood. When growth is complete at around 20 years old, the epiphyses and diaphysis fuse

together. This leads to growth plate closure, and no further growth occurs [1, 3, §].
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Figure 1: Sequence of events during chondrogenesis. Committed mesenchymal stem cells
(MSCs) condense and differentiate into chondrocytes at the site of the future bone to form a
hyaline cartilage model. Proliferating chondrocytes secrete a cartilage-specific extracellular
matrix, reach full differentiation and become hypertrophic chondrocytes. Adapted from
Gadjanski et al., 2012 [6].

Cells that are destined for chondrocytic differentiation are organized in morphologically
defined zones in the growth plate which reflect changes in their functional state [10] (Figure 2).
The cells start in their undifferentiated form in the distal epiphyseal end of the growth plate,
known as the resting zone [10, 11]. As they undergo chondrogenic differentiation, they move
towards the proliferating zone where they flatten as they are packed into multicellular clusters
[6, 10]. Differentiated chondrocytes initiate active secretion of cartilaginous matrix and
progressively enlarge as they hypertrophy and mature towards the hypertrophic zone.
Hypertrophic chondrocytes increase their volume dramatically while simultaneously secreting
cartilage-specific ECM [12]. Eventually, the enlarged cells undergo apoptosis, and as they do
so, the cartilage matrix surrounding them is degraded. This deterioration allows the entry of
blood vessels and cells surrounding the cartilage model in the ossification zone [13]. Some

MSC:s differentiate into osteoblasts and begin the formation of bone matrix on the cartilage [12,

14].
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Figure 2: Zones of cartilage proliferation in the growth plate. Undifferentiated cells start in
the resting zone in the distal epiphyseal end of the growth plate. They then move towards the
proliferating zone as they differentiate into chondrocytes and begin secreting cartilaginous
matrix. Differentiated chondrocytes progressively enlarge and become more rounded as they
move towards the hypertrophic zone. Hypertrophic chondrocytes undergo apoptosis, leaving
cavities in the cartilage matrix, and allowing the entry of blood vessels and osteogenic cells in
the ossification zone. Adapted from Bleumink et al., 2004 [15].

These events undergo multiple transcriptional, epigenetic, and hormonal regulation
which can influence the fate of the cells, their proliferation, morphology and organization. In
fact, depending on how they are regulated, various signaling pathways can either promote or

delay chondrogenesis and osteogenesis.

1.1.2 Mesenchymal Stem Cell Condensation

Condensation of MSCs is required for successful chondrogenic differentiation [16]. It
involves the movement of cells and the formation of aggregates. In the first steps, MSCs are
found in a matrix rich in fibronectin (FN), collagen type I, hyaluronan (HA) and the
proteoglycan versican [17, 18]. Studies have indicated that transforming growth factor-p (TGF-
B) and Wnt/B-catenin signaling govern this process [19, 20].



The clustering of cells requires cell-cell interactions facilitated by cell adhesion
molecules. The most upregulated cell-cell adhesion proteins found in condensing cells are N-
cadherin and neural cell adhesion molecule (N-CAM) [17]. It has been suggested that N-
cadherin initiates the condensation, and N-CAM maintains it [21]. Preventing these molecules
from having homotypic interactions reduces condensation [17, 22]. Cadherins are anchored to
the actin cytoskeleton through complexes involving -catenin, a molecule downstream of the
Wnt signaling pathway. The high expression of -catenin and N-cadherin during condensation
suggests the importance of Wnt signaling in this process [23]. In fact, the absence of Wnt
signaling in this stage results in craniofacial deformities in vertebrates [19]. Bone morphogenic
proteins (BMPs) have also been shown to be involved in all phases of chondrogenesis, but they
especially play a key role in the aggregation of chondroprogenitor cells into a single distinct

cluster [24].

The formation of tight aggregates is associated with an increase in hyaluronidase
activity. The degradation of HA in the surrounding matrix decreases cell movement and allows
for close cell-cell interactions [6]. FN in the ECM is also necessary for the stabilization of
mesenchymal-endothelial junctions [25]. Prior to cell condensation, FN is assembled into a
fibrillary matrix, providing a scaffold in which cells can associate with collagens and other ECM
proteins [26, 27]. The knockdown of FN or the inhibition of FN matrix assembly blocks cell
condensation. Studies have suggested that TGF-f stimulates FN synthesis during this stage [20,
28].

SRY-Box 9 (Sox9), a prochondrogenic factor, is stated to be the most important
regulator of chondrogenesis and is thought to be the earliest marker of chondrogenesis. Sox9
expression levels begin increasing in condensing MSCs, both in vitro and in vivo, and reaches
high levels during chondrogenesis [29, 30]. Knocking out the Sox9 gene in mice resulted in the
inability of their MSCs to condense [31, 32]. In humans, mutations in the gene cause
campomelic dysplasia, a skeletal disorder where most affected patients die in infancy from

respiratory failure caused by inadequate cartilage formation in the trachea and ribs [33].



1.1.3 Chondrocyte differentiation and proliferation

Once condensed, MSC aggregates begin differentiating and initiate the production of

cartilaginous ECM.

Sonic hedgehog (SHH) signaling works with the BMP pathway in determining cell fate
in early chondrogenesis. SHH expression regulates the synthesis of certain members of the BMP
family including BMP2, BMP4, and BMP7 [34]. Together, SHH and BMP enhance Sox9
expression by establishing a positive regulatory loop with Sox9 and the transcription factor
Nkx3.2. As a result, Sox9 is able to potentiate BMP2’s prochondrogenic properties [35, 36].
Sox5 and Sox6 also enhance Sox9’s function. Sox5/6/9 form the Sox trio. This trio controls
early chondrogenic differentiation through the interaction with other prochondrogenic factors,
and maintains the chondrocyte phenotype at later stages [37]. They directly regulate expression
of many genes and ECM molecules by activating elements in the promoters of type II, type IX,

type X and type XI collagens, as well as proteoglycans such as aggrecan [30].

SHH and BMP signaling also significantly enhance chondrogenesis in the presence of
fibroblast growth factors (FGFs), a family of cell signaling proteins [36]. Both FGF2 and FGF9
upregulate Sox9 expression levels [38]. FGF9 also increases expression of Indian hedgehog
(IHH), another mammalian hedgehog family of proteins, and type II collagen, resulting in early
chondrogenic differentiation and an increase of ECM production. At later stages, FGF9
regulates chondrocyte hypertrophy [39, 40]. FGF2 is mostly involved in the early stages of
chondrogenesis by preparing MSCs for chondrocyte differentiation [39]. It also enhances cell
proliferation speed by amplifying TGF-3 expression [41].

There is an important switch that occurs from Wnt-mediated signaling during
condensation to TGF-f signaling during differentiation [36, 42]. Sox9 targets Wnt/B-catenin
promoters for degradation via the ubiquitination/proteasome system [43]. Meanwhile, TGF-3
activates mitogen activated protein kinase (MAPK) proteins p38, ERK and JNK in MSCs which
also inhibits Wnt signaling. This leads to the downregulation of N-cadherin expression, allowing

cells to progress from condensation to differentiation and proliferation [36, 42, 44].



The matrix deposited by differentiated chondrocytes is rich in Sox9, collagens type 11
and IX, and aggrecan (Acan), a non-collagenous matrix protein [45]. This matrix provides the
optimal stiffness for chondrocyte differentiation. Allen ef al. suggested that the stiffness of the
ECM primes TGF-B to efficiently activate Smad-dependent signaling pathways in cells,
including Smad2/3 and Smadl/5/8, which have a stimulatory effect on chondrogenic
differentiation [46, 47]. This has been shown through in vitro experiments in which Smad3
phosphorylation and transcriptional activity are specifically increased in cells grown on 0.5-
megapascal (MPa) substrates, the stiffness of the secreted ECM [46]. In contrast, the continued
TGF-B-mediated SMAD1/5/8 signaling that leads to cartilage hypertrophy is counterbalanced
by epigenetic signaling. Histone deacetylases (HDACSs) such as HDAC4 modulates TGF-$1

activity and inhibits progression to osteogenesis [36, 48].

Once the cells reach differentiation, they can either continue to proliferate and maintain a

cartilaginous structure and function, or undergo chondrocyte hypertrophy.

1.1.4 Chondrocyte terminal differentiation and hypertrophy

The largest proliferating cells eventually lose their ability to divide and terminally
differentiate into hypertrophic chondrocytes [13]. Since differentiated chondrocytes can follow
two fates, opposing signaling pathways come into play to favor either chondrogenesis or

osteogenesis.

IHH, synthesized by pre-hypertrophic chondrocytes, regulates both chondrogenesis and
ossification by coupling the two processes through signaling pathways involving chondrocytes
and pre-osteoblasts [49]. Disruption of IHH signaling has been shown to result in reduced
longitudinal bone growth, and mutations in the /HH gene leads to a condition involving the

shortening or absence of phalanges known as brachydactyly type A-1 [50].

To follow the chondrogenic fate, IHH stimulates and maintains parathyroid hormone

(PTH) and parathyroid hormone-related peptide (PTHrP) [51]. These peptide hormones



maintain chondrocytes in a proliferative state and prevents them from transitioning to a
hypertrophic state [52-54]. They are expressed by early proliferating chondrocytes and diffuse
to act on G-coupled PTH/PTHrP receptors on cells. These receptors are expressed at low levels
by proliferating chondrocytes, but at higher levels in non-proliferating cells [53]. PTH/PTHrP
thus negatively regulates its own expression and controls the rate of chondrocyte differentiation.
The cells farther from the site of PTH/PTHrP production will be able to escape and undergo
early stages of hypertrophy [51]. Absent or defective PTH/PTHrP receptors can lead to
Bloomstrand chondrodysplasia, a skeletal condition characterized by short limbs due to
premature ossification [51]. In contrast, constitutive activation of the receptor is found in Jansen-
type metaphyseal dysplasia, also characterized by short limbs, but is associated with delayed
chondrocyte hypertrophy [55]. PTHrP activates Sox9 and inhibits Runt-related transcription
factor 2 (Runx2), a transcription factor known to stimulate osteogenesis. Sox9 also depresses
the expression of other hypertrophic factors including osterix, collagen type I alpha 1 (Collal),
and collagen type X alpha 1 (Coll10al) [56-58]. These actions help mediate the effect of PTHrP
to delay chondrocyte hypertrophy [59]. Pre-hypertrophic chondrocytes that manage to escape
from PTH/PTHrP signaling synthesize IHH which feeds back and maintains PTH/PTHrP
production [51]. The level of IHH and PTHrP signaling regulates and determines the zones of
proliferation and hypertrophy during bone formation [51, 60, 61].

To follow the osteogenesis pathway, IHH crosstalks with other signaling mechanisms
such as Wnt, FGF, SHH and BMP [62, 63]. Wnt is among the earliest signals required, occurring
upstream of IHH in the late proliferative zone [64, 65]. The effect of Wnt expression is highly
sensitive and localized, and can vary based on the proliferating cell type. For example, activation
of B-catenin in immature chondrocytes suppresses hypertrophy, but its expression in mature
chondrocytes promotes it. During terminal differentiation, Wnt9a induces IHH expression
through the direct interaction with the IHH promoter by its effector B-catenin/Lefl complex [65,
66]. Wnt induces the production of FGFs as well, which also acts upstream of IHH signaling.
FGF signaling accelerates terminal differentiation by activation of the FGF3 receptor expressed
in proliferating and early hypertrophic chondrocytes [60]. Mutations in FGF3 receptor that leads
to constitutive activation of the receptor results in dwarfism in humans due to premature closure

of the growth plates [67].



The effects of IHH and FGF activation are opposed by BMP signaling [60, 63]. BMP
signaling increases the rate of proliferation by inducing the expression of IHH in cells that
escape from the range of PTHrP signaling [68, 69]. Further, Minina et al. found that blocking
BMP signals results in a phenotype similar to that of FGF2 treatment [70]. The balance between

these signaling pathways adjusts the speed and pace of differentiation.

Many changes occur in the cells, including their morphology and the matrix proteins
they secrete. At this phase, hypertrophic cells begin to secrete a matrix rich in non-fibrillar
Coll0al and alkaline phosphatase (ALP), in contrast to proliferating chondrocytes which
produce mostly type II collagen (Col2al) [12, 71]. They also secrete vesicles into the ECM
containing enzymes that contribute to the generation of calcium and phosphate ions. These
components initiate the mineralization process of the cartilaginous matrix surrounding late

hypertrophic chondrocytes [14, 72].

Hypertrophic cells also express terminal differentiation genes which influence
mineralization, including the endopeptidase matrix metalloproteinase-13 (MMP13), Runx2 and
Runx3 [73, 74]. Studies have shown that the degradation of Col2al exposes a cryptic peptide
which induces hypertrophy and the expression of MMP13 [74]. Additionally, Runx2 expression,
aided by Runx3, promotes the full progression into terminal hypertrophic differentiation through
the direct regulation of Coll0al, and the stimulation of THH expression [49, 73]. Pro-
chondrogenic factor Sox9 is downregulated by Runx2 at this stage, but Acan continues to be

expressed during hypertrophy [30, 75].

1.1.5 Vascular invasion and Ossification

Enlarged hypertrophic chondrocytes eventually undergo apoptosis. This cell death
leaves cavities in the cartilaginous matrix which becomes the bone marrow [76]. Blood vessels
penetrate the resulting spaces, an event termed vascular invasion. This invasion also allows the
entry of osteogenic cells which become osteoblasts and form the primary ossification center.

This stage initiates the replacement of cartilage with bone [4].

10



Hypertrophic chondrocytes and osteoblastic cells produce several angiogenesis
activators such as vascular endothelial factor (VEGF) and FGF [77, 78]. In contrast, cells in the
resting and proliferating zones express inhibitors of angiogenesis [79]. This angiogenic switch
therefore seems to rely on a balance between the levels of activators and inhibitors at the
vascularization front. Runx2’s increased expression in hypertrophic chondrocytes enhances
VEGF and FGFI18 expression which promotes osteogenesis by inhibiting chondrocyte
hypertrophy. FGF9 expression also encourages the vascularization of the growth plate prior to

osteogenesis [80-82].

Moreover, proteolysis of the ECM releases factors that initiate angiogenesis. One of
these are MMPs such as MMP13 which further degrade a range of ECM proteins including
fibrillary collagens, FN, Acan, and proteoglycans [83]. Its expression is regulated through
transcriptional control and by tissue inhibitors of metalloproteinases (TIMPs) [79, 84]. The
balance between MMP and TIMP concentrations is in fact a major initiating factor for
angiogenesis. TIMP expression is highest in the resting and proliferating zones, whereas MMP
expression is highest in hypertrophic cartilage [85]. Absence of MMP13 results in a growth
defect known as Missouri type spondyloepimetaphyseal dysplasia [86].

The differentiating osteoblasts use the remainders of the cartilage matrix as a scaffold
for the deposition of bone matrix [14]. Most of the cartilage in the primary ossification center is
replaced with bone by the time the fetal skeleton is fully formed. After birth, a similar process
occurs in the secondary ossification centers in the epiphyseal regions [1]. In the growth plate,
as the chondrocytes proliferate before undergoing hypertrophy, they push the ossification zone
farther outward, allowing the remaining cartilage cells to proliferate. This results in the
elongation of bone [14]. As long as the growth plates are able to produce chondrocytes, the bone

continues to grow.

At puberty, the ossification front meets the growth plate, resulting in the fusion of the
bone formed from the two ossification centers. The only remaining cartilage at this stage is the

permanent articular cartilage at the joint surface [14]. Bone remodeling occurs throughout adult

life.
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1.2 SPONDYLOMETAPHYSEAL DYSPLASIAS

The development of the mammalian skeleton is a highly-regulated process in which
perturbations in any of the signaling pathways or dysregulation of ECM proteins can lead to
abnormal bone development. A few skeletal diseases were mentioned in the overview of
endochondral bone formation, but many more have been observed, including rare bone diseases

that start during infancy. One such disease is spondylometaphyseal dysplasias (SMDs).

SMDs are a heterogeneous group of rare skeletal disorders with an estimated prevalence
of 1/1,000,000 [87]. It was first defined by Kozlowski in 1967 with primary involvement of the
spine and metaphyseal centers [88]. ‘Dysplasia’ refers to abnormal growth, ‘spondylo’ refers to
spine and ‘metaphyseal’ refers to the metaphysis [89]. The general characteristics observed in
patients with this disease are short stature, short trunk, vertebral anomalies such as scoliosis or
platyspondyly (flattened vertebrae), as well as striking metaphyseal alterations of the tubular
bones [90].

According to the last Nosology and classification of genetic skeletal disorders from
2015, which provides a list of all reported genetic skeletal disorders, SMDs include eight
disorders [91] (Table I). The identification of the different subtypes of SMDs first takes into
consideration the properties of the bones involved, the pattern of inheritance, and the clinical
features [92]. They are then further classified according to the localization and severity of the
affected metaphyses, and other associated symptoms of the disease. For example, in patients
with Kozlowski type, the most common form of SMD, patients were reported to suffer from
severe kyphoscoliosis, a deformity of the spine in which there is excessive forward rounding of
the back and abnormal curvature of the spine to the side, as well as a large delay in the
ossification of bones [88], while patients with SMD Sedaghatian type presents with lace-like
appearance of the iliac crests during the neonatal period. [93] Further, individuals affected with
SMD with retinal degeneration, axial type, report early and progressive vision loss, in contrast
with SMD with cone-rod dystrophy in which patients also have ophthalmological anomalies

such as retinal cone-rod dystrophy, but manifests less severely than axial-type [93, 94].
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Table I. Types of Spondylometaphyseal Dysplasias (SMDs).
Disorders that are part of the SMD group of skeletal dysplasias according to the Nosology and
classification of genetic skeletal disorders from 2015 [91].

Spondylometaphyseal Dysplasia OMIM # Gene
Kozlowski 184252 TRPV4
Sedaghatian 250220 GPX4
Severe SMD (Sedaghatian-like) None SBDS
Odontochondrodysplasia (ODCD) 184260 None
SMD with cone-rod dystrophy 608940 PCYTIA
SMD with retinal degeneration, axial type 602271 None
Spondyloenchondrodysplasia (SPENCD) 271550 ACPS
Sutcliffe-type 184255 None

My project will focus on Sutcliffe-type SMD. For a long time, this rare form of SMD
escaped molecular diagnosis, but recently, advances in sequencing technologies allowed the

identification of mutations in patients affected with this disease.

1.2.1 Sutcliffe-type SMD

Sutcliffe-type SMD is a rare autosomal dominant skeletal disorder [95]. It is also known
as “SMD with corner fractures” (SMD-CF) due to the observation of small triangular bone
fragments that look like fractures at the edge of the metaphyses of long bones [96]. The
prevalence of this disease is < 1:1,000,000 [95]. The first cases were reported in 1965 by Dr.
John Sutcliffe in Africa [97], and thereafter, only a handful of cases were published by various
groups, leading to a total of less than 30 affected patients reported so far in the literature [96-
107].

1.2.1.1 Clinical characteristics

The main clinical phenotypes seen in patients affected by this type of SMD is short

stature and a waddling gait, as well as several radiographic features (Figure 3) [105].
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One of the observed imaging features in the spine are oval vertebral bodies. In early
infancy, cervical vertebral bodies have an oval shape, and in physiological cases, these bodies
take on a rectangular appearance as the child grows [108]. In Sutcliffe-type SMD, however, the
oval shape is conserved in the first few years of life and creates an appearance of anterior
wedging [97, 109] (Figure 3B). There is also an observed underdevelopment or absence of
ossification of the odontoid process, a growth that projects from the second cervical vertebra
and serves to support the rotation of the head [101]. Most individuals with odontoid hypoplasia
are asymptomatic. These spinal anomalies therefore require careful examination as they tend to

be overlooked [110].

The most prominent feature is developmental bilateral coxa vara, a deformity of the hip
resulting in shortened legs and a waddling gait [111] (Figure 3C). The radiographic appearance
of this condition is usually detected only following the observance of a waddling gait as it is not
noticeable until the child starts walking, between two and six years old [96]. In normal cases,
the angle between the head and the shaft of the femur is between 135-145 degrees in children
[111]. In patients with coxa vara, this angle is reduced to less than 110 degrees, or in more severe

cases, less than 90 degrees [96].

Another radiographic characteristic are metaphyseal plate irregularities at the end of long
bones with corner fractures [100]. The corner fractures are not real fractures as the name might
imply. Instead, they simulate fractures, presenting as small triangular fragments at the edges of
the metaphyses next to the growth plates (Figure 3D). It is usually already apparent when coxa
vara is identified. These fracture-like lesions are commonly only observed in early development,
as they tend to disappear as the bone matures [101]. Although the name of the disease is “SMD
with corner fractures”, it is important to note that corner fractures are not a diagnostic feature of
Sutcliffe-type SMDs as it also occurs in other bone disorders. Rather, metaphyseal abnormalities
implicating progressive bilateral coxa vara constitute the most important radiological sign for
the diagnosis of Sutcliffe-type SMD [112]. In contrast to the other SMDs, there is usually
absence of flattened vertebral bodies and kyphoscoliosis, a spinal abnormality in which the spine

curves on both the coronal and saggital plane, in Sutcliffe-type SMD [109].
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Figure 3: Clinical features of patients with SMD with corner fractures. (A) Affected child
with scoliosis and genu varum. Normal hands and feet. (B) Image of the spine showing oval
vertebral bodies. (C) Radiograph of pelvis and hips showing coxa vara. (D) Arrows indicate
corner fractures. Images from Lee et al., 2017 [106].
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1.2.1.2 Challenges in Diagnosis

Some of the clinical features mentioned can be detected in other conditions which results
in many differential diagnosis for Sutcliffe-type SMD. For example, corner fractures are also
reported in other bone disorders such as metaphyseal chondrodysplasia and Strudwick type
spondyloepimetaphyseal dysplasia (SEMD) [101, 103], and in non-skeletal diseases including
abused child syndrome, scurvy, Menkes kinky hair syndrome, Blount’s disease, rickets and
congenital contractures [113]. Similarly, coxa vara has been observed in developmental diseases
such as cleidocranial dysostosis [114], and as a symptom of other bone diseases as seen in

osteogenesis imperfecta and Paget’s disease [115, 116].

Another source of challenge for the diagnosis of SMD is that the overall symptoms can
change depending on the patient’s age. Indeed, upon reaching skeletal maturity, corner fractures
disappear in radiographs of affected patients [88]. There is also a large clinical overlap between
Sutcliffe-type and the other types of SMDs. To give an example, Kozlowski type SMD
frequently manifests with coxa vara, but no corner fractures [117]. Rather, there is presence of
kyphoscoliosis and marked flattened vertebrae in affected patients [118].This highlights the
importance of considering all phenotypic manifestations of the disease during diagnosis as each

characteristic have their own distinct clinical history and their own set of radiological findings.

Furthermore, variations in the symptoms between patients with Sutcliffe-type SMD can
occur. One of Machol et al.’s patients with Sutcliffe-type, for example, did not present with
apparent femoral neck irregularity [104], and one of Langer et al.’s patients had unilateral coxa
vara instead of bilateral [96]. It may therefore be possible that the clinical spectrum for this
disorder is wider than initially thought. Another explanation would be that these researchers
encountered a different form of SMD. Sutton et al. identified patients with all of the phenotypes
associated with SMD-corner fracture type, but with the absence of coxa vara and the presence
of congenital scoliosis which is not usually seen in this subtype [102]. The phenotypic variability

and the rarity of these disorders make it challenging to correctly diagnose this specific disease.
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1.2.1.3 Treatment

The general outlook for individuals affected by SMDs depend on the extent of the bone
deformities. Severe abnormalities usually result in considerable disability especially since
metaphyseal irregularities and coxa vara are progressive [97]. There is currently no cure for
SMDs, only surgical correction of the bone deformities. When diagnosed early, surgery can
improve the outlook for patients with hip deformities [119], and the use of braces can help by
relieving the vertebrae from persistent forces [120]. Other symptoms associated with SMDs
such as ophthalmological anomalies or breathing difficulties are managed individually by

different specialists.

1.2.1.4 Pathogenesis

The pathogenesis of SMD-CF was until recently largely unknown. Most of the affected
individuals were published as case reports with no clear evidence on the cause of the disease.
Pedigrees of affected patients and their families showed that the disease can be inherited or
appear de novo. Mutations in the COL2A1 gene have been identified in three patients affected
with SMD-CF [103, 104]. Mutations in these genes were initially discovered in SEMD
Strudwick type, a type II collagenopathy disorder which shares many similar phenotypes to
SMD-CF including corner fractures and metaphyseal abnormalities [121]. The clinical overlap
is significant enough that these COL2A4 1 patients could be considered a part of the SEMD group
[103, 104].

In 2017, novel mutations in the FN/ gene of affected individuals have been identified
by our group [106]. No skeletal disorder had been associated with this gene prior to the

identification of mutations in patients with SMD-CF.
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1.3 FIBRONECTIN

Fibronectin (FN) is a large dimeric glycoprotein that is widely distributed in the body. It
is encoded by the FNI gene, a large gene of around 75kb located at the chromosomal position
2q35 [122]. It is well proven in the literature that FN plays many key roles throughout
development such as heart formation and wound healing, and that it is involved in the ECM as
well as in many basic biological functions including cell migration, adhesion, growth and
differentiation [122-127]. All of these functions hint at its crucial role in vertebrate development.
To support this, experiments have shown that genetically modified mice lacking fibronectin died

at embryonic day 9 [126].

1.3.1 Structure

1.3.1.1 Basic structure

FN structure is widely represented as a beads-on-a-string model. It mainly exists as a
~500 kDa dimeric glycoprotein with each monomer measuring approximately 240 kDa
subunits, and consists of three different repeating modules: twelve type I, two type Il and 15-17
type III repeats [128] (Figure 4A). The number of type III repeats vary due to the presence of
extra-domain repeats EIIIA (EDA) and EIIIB (EDB) which are alternatively spliced [124, 129].
These three modules account for 90% of the sequence while the other 10% is composed of
flexible connector sequences between repeats known as type III connector segments (IIICS) and
a variable (V) region [122, 130]. Due to the observation that the three modules have also been
found in other molecules, it has been suggested that FN/ evolved through exon shuffling, a
process through which exons from different genes are brought together to form a new gene
[131]. At the C-terminal of each FN subunit, there are two disulfide bonds which maintains the
FN as a dimer when it is secreted [132]. This covalent bond is required for FN matrix assembly
as studies have found that monomeric FN cannot form fibrils, nor interact with other FN

molecules [133].
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Figure 4: Structure of Fibronectin. (A) Schematic diagram of a fibronectin heterodimer
protein connected by disulphide bonds at the C-terminus. Each monomer consists of 12 type I
repeats (FNI), 2 type II repeats (FNII), and 15-17 type III repeats (FNIII). The bottom branch
of the dimer includes the extra-domain repeat A and/or B (EIIA/EIIIB), as well as the
connecting segment (IIICS). The variable region is not shown in this diagram. The repeats are
numbered on top of the diagram and functional domains are described on the bottom. Adapted
from Hymes et al., 2016 [134]. (B) Ribbon diagrams of the three fibronectin modules. FN type
I and type II domains show the cysteine residues and disulfide bonds in red. FN type III shows
the Arg-Gly-Asp (RGD) binding motif in green. Image from Xu et al., 2011 [135].
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Each type I module is about 45 amino acid residues long and contains stacked B-sheets
linked by two intrachain disulfide bonds [129]. The B-sheets surround a hydrophobic core that
contains highly conserved aromatic amino acid residues [129] (Figure 4B). Similarly, type II
modules which are around 60 residues in length, also contain two intrachain disulfide bonds in
each repeat, several highly conserved aromatic residues, and two double-stranded anti-parallel
B-sheets perpendicular to each other [136]. Type III modules, on the other hand, are 90 residues
long and lack disulfide bonds. Instead, they contain two anti-parallel B-sheets formed by seven

B-strands which are connected by flexible loops [129, 137].

1.3.1.2 Functional domains

To perform its many roles, FN contains several functional domains that allow it to bind
to other cells, and to interact with proteins such as collagen, heparin sulfate, fibrin, as well as to

itself [129]. These functional domains are composed of the different modules (Figure 4A).

Fibrin-binding domains

Fibrin is an ECM component that plays a role in wound healing through its interaction
with fibroblasts. Fibroblast adhesion to fibrin requires FN [138]. There are three fibrin-binding
domains in FN. Two sites are in the type I module: one is at the N-terminal which is the major
site, and another is close to the C-terminus [139, 140]. The third site is adjacent to the collagen-
binding domain which is only revealed after the breakdown of FN by chymotrypsin, a digestive
enzyme [136]. Studies have found that the removal of any of the type I modules in the N-
terminal end is enough to reduce FN binding, incorporation in the ECM, and fibrillogenesis
[107, 141]. At physiological temperatures, FN-fibrin interaction is very weak. Factor XIII
transglutaminase, an enzyme that circulates in the plasma, stabilizes this interaction and helps

incorporate FN into the fibrin clot [136, 142].
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Collagen-binding domains

Within the 70 kDa fragment of the N-terminal domain, there is a 40 kDa collagen/gelatin
binding domain located in the type I (repeats Is.9) and II (repeats I1;.,) modules [26]. Collagen’s
interaction with FN is crucial in the proper assembly and organization of type I and type III
collagen fibrils [130, 143, 144]. Two types of interactions between FN and collagen are thought
to take place in in vivo collagen fibrillogenesis: the first is the binding of collagen molecules to
a polymerized FN fibril, and the second is the association of FN molecules with sites displayed
on hydroxylated and polymerized collagen fibrils [130]. FN binds to denatured collagen, also
known as gelatin, more strongly than native collagen [145]. This property allowed the
development of methods such as gelatin affinity chromatography using gelatin sepharose beads

as a simple way to purify FN [146].

Integrin-binding domains

Integrins are heterodimeric cell-surface receptors with o and 3 subunits that interact with
ECM glycoproteins [147]. FN-integrin interactions is critical for ECM assembly as it promotes
many processes such as the unfolding of FN and cytoskeleton reorganization [148]. The
importance of these processes will become evident when we discuss the steps of ECM assembly.
The major binding domain that allows FN to interact with integrins is the Arg-Gly-Asp (RGD)
sequence, contained in the type III module. Many integrins, including a3p1, a5p1, a8B1, avpl,
allbB3, avB3, avBs, and avB6 also bind to this motif [149, 150]. This RGD sequence was shown
to be essential for normal development as the cell can lose up to 95% of its cell adhesion function
when mutating parts of this sequence [127, 136, 151]. Animal models of mice in which the
aspartic acid residue (D) was replaced with a glutamate (E) to generate a non-functional RGE
motif showed that these genetically modified mice died at embryonic day 10 with multiple organ
abnormalities. Surprisingly however, these mice had a normal FN matrix assembly suggesting
that the RGD sequence was not absolutely necessary for fibril assembly. This was shown to be

likely possible due to additional integrin-binding sites on FN [152].
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Other motifs include the Gly-Asn-Gly-Arg-Gly (GNGRG) motif in the type I FNI;.s
module, the Ile-Gly-Asp (IGD) sequence in FNIy, Leu-Asp-Val (LDV) and REDV sequence
located within the V region, the IDAPS and KLDAPT sequences in the type III module, and the
EDGIHEL sequence in the EDA module [122, 124, 153-155]. These different cell recognition

sequences can bind to different integrins.

Heparin-binding domains

FN interacts with high affinity to heparin sulfate proteoglycans (HSPGs). HSPGs are
glycoproteins found at the cell surface and in the ECM. They play a role in cell migration and
in cell-ECM attachment [156]. FN contains at least two heparin-binding domains with the
strongest site located the C-terminus of the type III module, and the weaker site in the N-
terminus of type I module [139, 157]. Additional sites have also been identified in the V region
[158]. Mutations in heparin-binding domains can lead to lower binding to heparin which can
affect cell spreading and the reorganization of the cytoskeleton [159]. These alterations were
found in diseases such as glomurelopathy with fibronectin deposits, a kidney disease in which

FN accumulates in the glomeruli [159, 160].

Self-interaction domain

In ECM assembly, individual FN dimers come together to form fibrils. This occurs
through self-association sites on the FN molecule [161]. Exposed sites that are available for
binding are on the N-terminal portion of the molecule in the type I module FNI,.s. One self-
interaction site can have more than one FN bound to it [128]. Through this property, many
different alignments of dimers can occur within the fibrils, generating a three-dimensional
matrix appropriate for the function of the tissue [162]. Cryptic self-interaction domains are
located along the protein (FNIII;_,, FNIIl4.s, and FNIII;5.14), and only become accessible after
conformational changes such as the stretching of the FN molecule during self-assembly [122].

These cryptic binding sequences are highly effective in regulating and forming FN-FN
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interactions. The peptide sequence FNIII; can stimulate the formation of a “superfibronectin”,

a high molecular weight structure that crosslinks aggregates of FN [124].

1.3.2 Heterogeneity of FNI

1.3.2.1 Alternative splicing

Alternative splicing is a process that allows a gene to produce multiple isoforms of a
protein by including or excluding certain exons [163]. Three regions are prone to alternative
pre-mRNA splicing of FN: the V, EDA, and EDB regions [164]. Compared to the EDA and
EDB regions which are either wholly included or excluded from the mRNA by exon skipping,
the splicing pattern of the V region can be fully or only partially included [164, 165]. In humans,
alternative splicing results in five different V region variants ranging between 0-120 amino
acids: VO, V64, V89 V95, and V120 [129]. In total, 20 different versions of the protein can be
generated exclusively from the random assortment of the EDA, EDB and V regions [124], but
many additional isoforms can be produced from different versions of homodimers and

heterodimers [130, 163, 166, 167].

Alternative splicing is regulated by cell type, age, and stage of development [136]. Two
forms of FN exist: plasma FN and cellular FN. Plasma FN derived from hepatocytes almost
always lacks the EDA and EDB sequences but contains the subunit V0. Cellular FN, on the
other hand, is composed of variable proportions of EDA, EDB and V region isoforms [164]. It
was also observed that during embryonic development, many alternatively spliced regions are
included in FN, but this number gradually decreases with aging [168]. However, specific events
in adulthood can re-establish this embryonic splicing pattern such as wound healing. During
tissue repair, some isoforms of FN, especially those containing the EDA and EDB modules are

upregulated in cells at the base of the wound site [169].

The expression of all the different isoforms is not required for normal functioning. The

V region was shown to be important for FN secretion and integrin-binding, making it critical
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for survival, but absence of the EDA and EDB modules does not affect viability nor fertility
[123, 128]. However, the EDA module plays an important role for a normal life span and wound
healing as it enhances the interaction between the RGD motif and the a5p1 integrin [170]. To
support this, an experiment by Muro et al. has shown that genetically modified mice lacking the
EDA region developed normally, but with abnormal skin healing and a shorter life span [170].
EDB-knockout mice also developed normally, but with reduced cell growth and FN matrix
assembly [171]. With these findings, it was suggested that exons EDA and EDB are not critical

for matrix assembly, but can affect matrix levels [128].

In cartilage, another type of splicing exists in which the entire V region along with the
FNI,¢ and FNIII;s repeats are absent. This isoform can exist both as a homodimer and as a
monomer [122]. In addition, FN isoforms are expressed in a characteristic manner during
chondrocyte maturation. During condensation, the presence of the EDA region is required, but
during chondrocyte commitment and maturation, FN isoforms that include the EDB but exclude
the EDA domain are favored [172, 173]. In osteoblasts, the inclusion of both EDA and EDB are
preferred [174]. These two extra binding domains play a role in osteoblast differentiation in
which the EDA-containing isoform activates the a4p1 integrin, and the EDB-containing isoform
enhances the binding of FN to B3-containing integrin through the RGD sequence. These

associations result in increased mineralization [175].

1.3.2.2 Post-translational modifications

FN can be glycosylated, phosphorylated, and sulfated, resulting in the differences seen
between plasma FN and cellular FN within and between species. FN is processed and terminally
glycosylated in the Golgi apparatus [176]. Differences in molecular weight of 10-20 kDa
between FN from different human tissues have been attributed to increased addition of sugars
[177]. It was suggested that this modification stabilizes FN against hydrolysis and regulates its
binding affinity to other proteins [136]. Glycosylation can also occur in disease states. Oncofetal
FN (onfFN) is a form of FN synthesized by fetal tissue such as placenta or by tumours.

Researchers have therefore suggested that the presence of onfFN in adults can act as a disease
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marker. This form is defined by the presence of an O-glycosylation site in the V region, and is
associated with a decrease in the number of osteoblasts and bone formation in vivo, as well as a

decrease in osteoblast mineralization in vitro [174].

FN has a highly conserved protein structure. This is not surprising as it is involved in
most of the basic cellular functions such as cell adhesion and migration. This conservation is
reflected by modifications on the protein such as phosphorylation which only occurs on a limited
number of serine sites, and sulfation which is mostly observed on tyrosine residues [129, 178].
It has also been shown that FN that is secreted by actively growing cells exhibits a significantly
higher level of phosphorylation than FN secreted by quiescent cells, demonstrating a specific

pattern of expression [179].

1.3.3 Forms of Fibronectin

1.3.3.1 Plasma Fibronectin

As briefly mentioned, two forms of FN exist: plasma FN (pFN) and cellular FN (cFN)
[128]. An experiment on the fractionation of plasma in 1948 led to the discovery of pFN. It was
initially thought to be a contaminant of plasma fibrinogen, but is now known to play an
important role in cell attachment. Plasma FN is synthesized by hepatocytes in the liver and is
released as a compact, soluble, dimeric protein in the bloodstream at a concentration of around
300-400 ug/ml in humans and 600 ug/ml in mice [180]. This concentration can increase in
vascular tissue damage, after inflammation, and in diseases such as atherosclerosis and stroke
[124]. Studies have suggested that maintenance of pFN in an inactive compact conformation is
necessary to prevent aberrant interactions between FN and other molecules. Dysregulation could
lead to spontaneous FN assembly in tissues and contribute to thrombus formation in the

circulation [130].
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1.3.3.2 Cellular Fibronectin

Cellular FN is synthesized by many cell types such as fibroblasts, myocytes, and
chondrocytes [124]. The cFN secreted by the different cell types can vary in structure resulting
in the different isoforms of FN. This variety helps to modulate the properties of the ECM and
different cellular processes by being differentially expressed at different times, in specific

tissues or cells, and in different physiological or pathological conditions [124, 167].

Cellular FN is incorporated in the ECM as insoluble fibrils [124]. In contrast with pFN,
cFN can exist in a dimeric or multimeric form. Further, while pFN can be found in high amounts
in tissues, cFN only exists in plasma at very low levels (1.3-1.4 pg/ml) [124]. However, elevated
plasma levels of cFN have been reported in patients with conditions such as rheumatoid
vasculitis, collagen vascular disorders, and diabetes. Increased plasma levels of circulating cFN
can therefore increase in certain pathological conditions and can be a marker for vessel wall
damage [181]. These two forms of FN can play very distinct roles as observed in certain events
such as tissue repair, or they can both contribute equally in processes like cartilage and bone

development [124].

1.3.4 Fibronectin and the ECM

One of the major roles of FN is its involvement in the ECM. The ECM is an organized
meshwork of polysaccharides and proteins including collagen, laminin, elastin, and FN [182].
It was initially thought to only be an inactive scaffold that stabilizes the physical structure of
tissues, but studies have discovered that it is a dynamic structure that actively influences cell

adhesion, proliferation, differentiation, shape and survival [183].

The ECM is mostly found in connective tissues. It exists in varying degrees and in
different forms depending on the organ. For example, it is highly abundant in the skeletal
structure, but exists at a lesser amount in the brain [184, 185]. It can also form hard structures

in organs such as bone or generate a transparent structure like that found on the cornea [186].
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Most of the ECM molecules are secreted by fibroblasts which has a specific name in specialized
types of connective tissue; for instance, chondroblasts in cartilage and osteoblasts in bone [182].
ECM assembly is important for normal development. Loss of assembly leads to embryonic
lethality in mice, and improper or delayed assembly can promote undesired conditions including

scarring, fibrotic disease, birth defects, and skeletal malformation [123, 128].

1.3.4.1 Steps of FN-Matrix Assembly

FN fibrillogenesis is the process in which soluble FN dimers are assembled into fibrils
[187]. FN in solution alone will not polymerize and will not form a 3D matrix in the absence of
cells [124]. It is a step-wise process that requires the presence of cells that are able to interact
with cell-surface receptors as well as with other FN proteins [188]. The steps of FN assembly
are the same for both pFN and cFN (Figure 5). FN fibrillogenesis is one of the earliest steps in
ECM formation. In this event, pFN is taken up by tissues and deposited in ECM fibrils alongside
locally synthesized cFN.

Soluble FN dimers are secreted in an inactive compact conformation maintained by
intramolecular interactions between the FNI,_s, FNIII;_,, FNIII,.5 and FNIII;,.14 domains [127].
The first step of FN fibril assembly is the binding of a single compact FN dimer to active cell-
surface integrin receptors, primarily the a5B1 integrin, to its RGD integrin-binding domain on
FN-II1; [127, 189]. The a5B1 integrin is also able to bind to a short peptide on FN-IIIy, known
as the synergy site. This additional binding allows a581 to achieve the sufficient bond strength
for assembly by increasing the activation of focal adhesion kinase (FAK). The combination of
both these activities result in the enhancement of the FN-integrin interaction [128, 147].
Integrins can also bind to FN isoforms lacking the synergy site but it would require the help of

other molecules such as Mn*" or antibodies to successfully assemble FN into fibrils [124].
The interaction between integrins and FN causes a positive feedback loop in which integrins

aggregate at focal adhesions which leads them to bind to FN with a higher affinity [190]. In

addition, more integrin-binding sites are revealed allowing the large accumulation of integrin
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receptors with a bound FN [26]. The integrin-FN binding elicits the recruitment of intracellular
proteins including FAK and Src kinase to the integrin cytoplasmic domains and activate
intracellular signaling [26, 128]. These domains associate with the actin cytoskeleton network
inside the cell, reorganizes it and induces the formation of cytoskeletal connections. These
connections lead to an increase in cell contractility which pulls on the FN and stretches it,
inducing a conformational change that converts inactive compact FN into an active extended
dimer [148, 190]. Since the structure of type III modules are not stabilized by disulfide bonds,
the B-sheets has some conformational flexibility [128]. As a result of this stretching, FN’s self-
assembly domains along the length of the molecule become exposed, allowing FN-FN
interactions. Integrin clustering and exposed FN-binding sites lead to the formation of fibrils
[26]. Initially, only thin fibrils of 5Snm in diameter are formed, but as more FN modules unfold
and more FN-FN bindings sites are exposed, longer and thicker fibrils of 6-22 nm in diameter
are generated [128, 191]. These fibrils can form complex networks by binding to each other in

different configurations [124].

Two types of interactions therefore occur in this process: first is the binding of integrin
with FN which ultimately leads to a conformational change in FN and exposure of binding sites,
and the second are hemophilic interactions that allow other FN molecules in solution to join the
existing fibrils without first needing to bind to integrin [128]. These events promote the
formation of a stable insoluble fibrillary matrix [192]. However, the ECM is not static. It
undergoes continuous polymerization and remodeling to adapt to the tissue’s needs [124]. In
fact, when there is absence of FN or inhibition of polymerization, the existing matrix is lost
[188]. Proteolysis of FN can also expose self-assembly sites during remodeling which promotes

assembly [193].

Note that many more proteins other than the ones described here also take part in FN
fibrillogenesis, such as interactions with glycosaminoglycans (GAGs) and proteoglycans [194-

196].
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Figure 5: Steps of fibronectin (FN) matrix assembly. (A) A soluble compact FN dimer (each
monomer is in a different shade of orange) binds to active cell-surface integrin receptors (gray).
This integrin-FN binding elicits the recruitment of intracellular proteins (blue, red, orange) to
the integrin cytoplasmic domain connected to the actin cytoskeleton (green). (B) Cytoskeletal
connections increase cell contractility (arrows). This pull stretches the FN protein inducing a
conformational change that converts inactive compact FN into an active extended dimer. As
result of this stretching, FN’s self-assembly domains along the length of the molecule become
exposed. (C) Exposed FN-binding sites and integrin clustering allows interactions with other
FN proteins and the formation of fibrils. (D) As more FN molecules unfold and more FN-
binding sites are exposed, thicker fibrils are generated and a stable fibrillary matrix is formed.
The red box shows how two subunits of FN can bind to each other. Figure from Singh et al.,
2010 [128].
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1.3.4.2 Regulation of FN-matrix assembly

Since the FN matrix is a highly dynamic structure, it constantly undergoes changes in
expression to be able to assemble and remodel in an appropriate manner. This expression is
tightly regulated, and is stimulated or halted by a multitude of molecules and signaling pathways
[124]. Most of the regulation influence integrin binding since it is one of the earlier steps in the

process.

The upregulation of FN expression in development is often preceded by an increase in
connective tissue growth factors and TGF-B1 expression [197]. TGF-f is involved in a crosstalk
with integrins and modulates its activation [198]. In turn, FN recruits latent transforming growth
factor-beta-binding proteins (LTBPs) into the matrix to store TGF-Bf1 in the ECM. This
regulation is necessary to prevent overexpression of TGF-1 which can result in an overly stiff

matrix [199, 200].

One of the components important for the assembly of FN into a matrix is the Diastrophic
dysplasia sulfate transporter (DTSDT) [195]. The functional role of this protein has mostly been
elucidated in the context of bone formation; it is important for the proper synthesis of
glycosaminoglycans which are integral parts of the ECM. Knockdown of this transporter early
in chondrogenesis blocked cell condensation in vitro and caused a significant reduction in FN
matrix [201-203]. Similarly, Forlino et al. showed that a DTDST knock-in mutant mouse model
that disrupts DTDST function leads to defects in chondrocyte size, proliferation and terminal

differentiation [203].

Among ECM components, different levels of vitronectin (VN) has varying effects
depending on its concentration. Low levels have been shown to enhance FN-matrix assembly,
while high concentrations are inhibitory. This variation is due to the ability of the Hepll domain
of VN to interact with avB3 and avf5 integrins. High levels of VN leads to less available
integrins that can bind to FN, resulting in a decrease in FN-matrix assembly [204, 205]. In the
level of the actin cytoskeleton, inhibiting actin polymerization with drugs such as cytochalasin

causes FN fibrils to detach from the cell surface [206]. The same result can occur with the
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inhibition of the Rho GTPase signaling pathway, essential for cell contractility, or deletion of

the B-integrin cytoplasmic domain [190, 207].

Focal adhesion proteins such as FAKs are also involved in the assembly, as well as in
the maintenance of the matrix through its role in mediating the intracellular signaling events that
accompany integrin-FN binding. FAKs work with the Src kinase family to efficiently
phosphorylate substrates that stimulate assembly [208]. Although the absence of Src kinase was
not found to inhibit the process, it was found to delay it [17]. Other players implicated in the
process of focal adhesion formation, FAK activation and cell contractility are syndecan
transmembrane proteoglycans, especially syndecan-2 and syndecan-4 [209]. They bind to the
hepll domain of FN which is located next to the a5B1 integrin-binding domain. The spatial

localization of the binding sites allows them to contribute to cell-FN interactions [210].

During the remodeling and repair phase of the FN-matrix, FN gets endocytosed, targeted
to the lysosomes and either degraded intracellularly by proteases such as MMP9 and MMP13,
or recycled [211]. Endocytosis of soluble FN is much faster than the endocytosis of FN from
assembled matrices. Furthermore, integrin clustering can induce expression of MMPs in specific
locations to cause localized ECM degradation. When this occurs, the resulting FN fragments
can inhibit FN-matrix assembly by competing with full-length FN for the FN-FN interaction

sites [212]. This acts as a feedback system to regulate the levels of FN on the cell surface.

1.3.5 Fibronectin in skeletal formation

FN has connective properties that allow it to participate in cell migration, adhesion,
differentiation or ECM assembly. These roles lead to its involvement in the formation of many
organs including the heart and blood vessels [123], and interestingly, in the skeletal

development.
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1.3.5.1 Endochondral bone formation

As described in the process of endochondral ossification, cartilage originates from
mesenchymal cells that reside within the ECM of the limb bud. In the mesenchyme, FN is one
of the most abundant among the matrix proteins. It is assembled into an insoluble and highly
organized FN matrix prior to and during condensation, and continues to accumulate during the

post-condensation differentiation process [17, 27].

FN plays an important role particularly in the condensation phase [27]. Plasma FN
stimulates and enhances the migration and proliferation of mesenchymal progenitor cells by
creating more contact sites between FN and the mesenchymal cells [213, 214]. Further, it
facilitates aggregation through the assembly of a FN matrix [126]. It was thought that the FN
matrix helps in maintaining the cells close together to maintain its rounded shape. Gao ef al.
have shown that preventing cells from spreading out encouraged its differentiation towards

chondrocytes [215].

Moreover, the presence of a FN matrix is crucial for collagen deposition and assembly.
Many groups have demonstrated that the absence of the matrix prevents the accumulation of
collagen fibrils [128, 188]. In fact, in vivo, FN is found in developing tissues prior to the
deposition of collagen. The temporal and spatial connections between FN and collagen suggest
that the FN matrix helps in the parallel alignment of collagen fibrils [128]. During chondrocyte
differentiation, the FN matrix acts as a platform for type II collagen assembly, and later in the
process, for type I collagen [17]. It might also contribute to the differentiation program by
enhancing Sox9 expression. Blocking the incorporation of cFN into the ECM reduces Sox9
mRNA levels by 25% [27]. As differentiation proceeds, the “old” ECM is replaced with a matrix
in which FN is only expressed at low levels [17, 27]. This level can increase in situations such
as tissue injury, suggesting FN’s involvement in tissue repair. Similar to the process of wound
healing in which EDA and EDB containing FN is upregulated to induce cell proliferation and
migration to the injured site, in early stages of cartilage tissue injury, expression of certain
isoforms of FN promotes cell recruitment around the top layer of the cartilage known as the

superficial layer [216]. Studies in chondrocyte cell cultures have shown a decrease in the
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synthesis of collagen type II and proteoglycan when exogenous FN was added, suggesting that
increased FN expression may induce the chondrocytes to revert back to a pre-chondrocytic state
in order to facilitate tissue repair [216]. TGF-J helps in this process by increasing FN synthesis
and by controlling the process of alternative splicing to generate FN isoforms that are

appropriate for healing [217].

1.3.5.2 Intramembranous ossification

In intramembranous ossification, FN has a critical role in osteoblast adhesion, in
osteogenic differentiation of MSCs, and proliferation [218]. FN derived from osteoblasts
participates in FN assembly. However, in contrast with the previously outlined FN matrix
assembly, matrix assembly with osteoblast-derived FN is not mediated by integrins that bind to

the RGD motif [174].

FN derived from osteoblasts solely affects osteoblast function and differentiation
without causing any changes in bone matrix properties. Circulating FN derived from the liver,
on the other hand, does not affect osteoblast or osteoclast function, but affects bone matrix
properties [174]. In fact, Bentmann et al. showed that FN derived from osteoblasts does not
greatly contribute to the FN that is deposited in the bone matrix, but rather pFN which permeates
into tissues and deposits in bone [174]. The accumulation of pFN in the osteoblast ECM was
shown to facilitate type I collagen deposition and assembly which plays a role in osteoblast
mineralization [219]. In mice experiments, conditional deletion of FN in the liver caused a
decreased FN content in the bone matrix, decreased hydroxyapatite, and decreased bone mineral
density (BMD), but no effect on osteoblasts or osteoclasts [174]. It is thus concluded that FN
derived from osteoblasts plays a role in the initial FN assembly, then liver-derived FN provides

a continuous source of FN into the ECM which is critical for the integrity of the matrix [188].

1.3.6 FN-associated Disorders

Surprisingly, only a few diseases caused by FN have been identified despite its

widespread involvement in many biological processes. Some of the identified diseases are due
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to unregulated levels of FN. For example, defective or excessive FN matrix assembly during a
wound healing event can lead to fibrosis [220]. In cancer, it was found to be involved in the
tumor’s ability to metastasize due to the fact that transformed cells produced less FN than
normal cells, leading to poor cell adhesion [221, 222]. This defect allows cancer cells to break
away from the primary tumor and move to other organs [223]. Furthermore, in osteoarthritis, a
disease of the joints in which there is a breakdown of joint cartilage and altered bone properties,
affected individuals were reported to have a twofold increase of FN in their joint fluid [224-
226]. This is a feature that was found to be due to an excessive production of FN by chondrocytes

causing it to accumulate in the ECM [216, 227].

Diseases can also occur as a consequence of mutations in the FN/ gene. One known
disease is glomerulopathy with FN deposits (GFND), a kidney disease characterized by FN
aggregates [159]. Affected patients were reported to have mutations in the FN-binding domains
(FNIIL4) and heparin-binding domains (FNIII;3) [159]. The etiology of this disease continues to
be explored as more recently, in 2016, Ohtsubo et al. identified a mutation in the integrin-

binding domain in one affected patient [160].

Our group has shown that another disease caused by mutations in the FN/ gene is SMD-
CF [106]. These mutations are located in the N-terminal domain, in contrast to GDNF mutations
which are mostly located in the C-terminal half of the protein. Interestingly, patients with SMD-
CF do not have any renal abnormalities, and patients with GDNF do not have any skeletal
abnormalities. To date, only 10/28 patients with Sutcliffe-type SMD are known to have
mutations in the FNI gene [101, 106, 107]. The distinguishable difference between SMD-CF
patients harboring N/ mutations compared to the 18 other affected individuals is that most of
the patients with FN/-mediated SMD-CF presented with scoliosis [106]. Through in vitro
experiments in HEK293 cells, it was found that cells stably transfected with mutant FN showed
a strong accumulation of the mutant protein within the cells, demonstrating a defect in FN
secretion (Figure 6) [106]. Cadoff et al., who reported a 10™ patient, supported these findings

(their experiments are discussed after the results section of this thesis) [107].
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Figure 6: Immunofluorescence analysis of HEK293 cells. HEK293 cells were transfected
with the 70 kDa N-terminal fragment of fibronectin (A) and the full-length fibronectin (B).
These constructs were either wild-type (WT), or harbored the identified mutations found in
patients with SMD-CF (C87F, Y240D, C260G:; the letters indicate the amino acids and the
number refers to the position of the amino acid where the change occurred). NT refers to non-
transfected controls. Fibronectin is shown in red, and the nuclei of cells are shown in blue.
Compared to NT controls and the WT protein, there is a larger presence of mutant fibronectin
in the cells. This demonstrates intracellular retention, suggesting a defect in the secretion of
mutant fibronectin. rF70K: 70 kDa N-terminal fragment of fibronectin; rFN: full length
fibronectin. Adapted image from Lee ef al., 2017 [106].



1.4 RESEARCH PROJECT

Given the involvement of growth plates in patients with SMD-CF, it was presumed that
the proliferating or hypertrophic cartilage is the main tissue affected by the disease. FN
mutations leading to skeletal disorders is a novel and unexplored aspect in the field. This study
is a collaboration with Dr. Dieter Reinhardt (McGill University, Montreal, QC) who is an expert
on ECM biology. Our teams have reported novel FN/ mutations in 9 of the patients with SMD-
CF (see paper by Lee et al., 2017 in Annexe I), and have shown that these mutations impair FN
secretion in HEK293 cells. However, it is still not known how this defect in secretion
mechanistically contributes to SMD pathogenesis. It is hypothesized that the intracellular
retention of FN leads to less FN in the ECM which can disrupt chondrocyte survival,
differentiation or function, impair FN and ECM assembly, and affect growth factor regulation
and/or the binding of other FN-interacting proteins. All this can lead to improper skeletal growth

as seen in patients with Sutcliffe-type SMD.

The main objective of this work is to understand how specific FN mutations affect
chondrocyte function and ECM organization in SMD. For this purpose, the functional
consequences of FN mutations on cell and tissue function will be assessed through in vitro and

in vivo methods.

Specific Objectives:

1. Optimize a chondrogenesis protocol to differentiate ATDCS cells expressing mutant FN
constructs into chondrocytes. This will be used to determine how FN mutations affect
the chondrogenic process.

2. Generate mice lacking FN in the liver and cartilage (double knock-out) to assess if the
phenotypes observed in SMD-CF are indeed due to the retention of FN in the cells, or if
it is due to the overall reduced expression of the protein.

3. Sequence the DNA of new patients with suspected SMD-CF to check for the presence
of mutations in the FNI gene. This will increase the cohort of patients, allowing a more

accurate investigation of the pathophysiology of the disease.
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CHAPTER 2:
MATERIALS AND METHODS
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2.1 POLYMERASE CHAIN REACTION

Polymerase chain reaction (PCR) was done using the T100™ Thermal Cycler (Bio-Rad). Each
reaction contained 10x PCR buffer (Bio Basic Canada), Taq DNA polymerase (5u/ul, Bio Basic
Canada), dNTP (Wisent), primers (10 uM), nucleic acids (DNA or cDNA) and dH,O. Products
were loaded on agarose gels (1.5-3%), separated by gel electrophoresis, and viewed using UV

transillumination.

2.2 SANGER SEQUENCING

PCR was done on the patient and parents’ genomic DNA to amplify the exon of interest. Primers
used to sequence the exons of the FNI gene were selected using the ExonPrimer software

through the UcCSscC Genome Browser (https://ihg.helmholtz-

muenchen.de/ihg/ExonPrimer.html) using the human genome reference GRCh37/hgl9. All

primer sizes are between 20-25 bp in length with an annealing temperature of around 60°C.
They were designed to amplify a maximal exon size of 500bp. Exons longer than this length
were separated and amplified with different pairs of primers. Primers are listed in Table II. The
PCR products were separated by gel electrophoresis on 1.5% agarose gels. The bands
corresponding to exons 5 and 6 were purified using the Monarch® DNA gel extraction kit (New
England BioLabs) according to manufacturer’s protocols. PCR products were then sent to the
McGill University and Genome Quebec Innovation Centre for sanger sequencing. The reads
were mapped to the human FNI genomic sequence (NG 012196.1 RefSeqGene) which was
downloaded from the NCBI database, and analyzed using the Geneious computer software

version RS.
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Table II: Sequencing primers for the human FNI gene.

Primer name Sequence (5’ 2 3°) Product length
(bp)

FNI1 seq Exonl F GAAGGGAAGCAAACTTGGTG 279
FNI1 seq Exonl R CAACTTTGGTCGGCTTTAGG
FNI seq Exon2 F TCCATAATTTTGGGAAAAGGAG 255
FNI seq Exon2 R TGCAAAGTTTAACAATTACCACTTC
FNI1 seq Exon3 F TGGGTTTTCCTTTAGAGGGG 321
FNI seq Exon3 R TTCGGAATATCCAGTCATGG
FNI1 seq Exon4 F CCTACCATGGGTGGAATATG 274
FNI1 seq Exon4 R CTGGTCCAACCCCACATTAG
FN1 seq Exon5 F ACAGGGAGCTTGCACAATTC 438
FNI seq Exon5 R ATGTCAGTGGCAGTGAGCTG
FN1 seq Exon6 F TTGAATTGACCACTTGCGAC 295
FNI seq Exon6 R AAAGGAAAGATGGATTTGCG
FNI1 seq Exon7 F CCAGGCCAGTAGCGACATAG 434
FNI1 seq Exon7 R CAGGGTGGTAAGATTACAGGC
FNI1 seq Exonl3 F TGACTGTCCATGTACACAGTTTTAAG 259
FNI seq Exonl3 R CCATCAGAATTGATAAGATTAGGAG
FNI1 seq Exonl4 F AACATCATCTTCAAATGTTCATCC 318
FNI1 seq Exonl4 R GCCTCAGGAGAGCCTAGC
FNI1 seq Exonl5 F GATGTTGGCGACGAGGAC 306
FNI1 seq Exonl5 R AAGGAGAGTTTTCCAGCAGC
FNI seq Exonl6-17 F | CATTACCTTCTAGTCGCTTTTCC 537
FNI1 seq Exonl6-17 R | AAAGTGATATGCAGGTCCGC
FNI seq Exonl8 F AAAGGGAGGATTTATGGTGTTTC 333
FNI1 seq Exonl8 R CCCTCCTTCAGGAACAATCC
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2.3 MICE GENERATION AND BREEDING

2.3.1 Knock-out mice

Mice with lox sites flanking the Fn/ gene (Fnl(fl/fl)) as well as Fnl(fl/fl); AlbCre/+ mice were
obtained from Dr. Dieter Reinhardt (McGill University, Montreal, Quebec). Fnl(fl/fl) mice
were crossed with mice expressing constitutive Cre recombinase specifically in chondrocytes
(B6;SJL-Tg(Col2al-cre)1Bhr/J mice obtained from Dr. René St-Arnault (Shriner’s Hospital for
Children, Montreal, QC) to generate Fnl(fl/fl); Col2Cre/+. Fnl(fl/fl); AlbCre/+ were then
crossed with Fnl(fl/fl); Col2Cre/+ to generate double knock-out (dKO) mice in which the Fnl
gene is conditionally deleted in both plasma and cartilage. Mice were produced after several
breeding rounds. See mouse breeding plan. Breeding was done in the animal facility of the CHU

Sainte-Justine Research Center according to a protocol approved by the Animal Ethics Board.

2.3.2 Knock-in mice

Knock-in mice harboring the p.Cys260Gly FNI/ mutation were generated using the CRISPR-
Cas9 method. Guide-RNA with the sequence 5’- CAGTGTGTCTGCACAGGCAA-3’, was co-
injected in mouse embryos with Cas9 mRNA and the ssODN repair template 5’-
GGCGTGGAGCTGTCCCCGGTCCCAGCGCCTCACCGGCTGAAGCACTTTGTAGAGC

ATGTCGCTCACACTTCCACTCCCCTCTGCCATTGCCCGTGCCGACGCACTGCAGCA
GGTTTCCTCGGTTGTCCTTCTTGCTCCACGTGTCTC-3> at the McGill University
(Montreal, QC) mouse transgenesis facility. Positive CRISPR knock-in mice were bred with

C57BL/6 mice in the animal facility of the CHU Sainte-Justine Research Center.
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2.4 MICE GENOTYPING

2.4.1 DNA isolation

Mouse tails (~2mm) were cut off at 3 weeks by technicians at the animal facility. DNA was then
extracted from mouse tails using the “DNA Isolation from Tails” protocol from Jackson labs
with a few modifications. Briefly, each tail sample was incubated in tail lysis buffer containing
0.4 mg/ml of proteinase K in a water bath overnight. 330ul of 5SM NaCl was then added to each
tube, then incubated on ice for 10min and centrifuged at 4C for another 10 min. The supernatant
was then transferred into a clean Eppendorf tube and purified with isopropanol. DNA was
recovered by centrifugation at 13000 rpm for 10min at room temperature, then resuspended in

200ul sterile water.

2.4.2 Genotyping

Genotypes were determined by PCR on DNA isolated from mouse tails. PCR amplification
products were loaded on 2-3% agarose gels, and separated using gel electrophoresis. To
genotype knock-out mice, primer sequences were obtained from Jackson labs (Table IIT). The
presence of the floxed allele in the gene-targeted mice was confirmed using the primers for FN1-
flox. The expression of Cre recombinase in chondrocytes was detected using primers for
Col2alCre obtained from Jackson labs, and primers for AlbCre were used to detect Cre

recombinase in the liver.

To genotype CRISPR knock-in mice, primers were designed using the Geneious computer
software version R8 (Table III). Specific primers were designed to bind to the wild-type
sequence of FN/ and run in the forward direction (WT _F) and another forward primer was
designed to bind to the mutant sequence (mutant ¢.778T>G_F). The specific forward primers
are paired with a common reverse primer to amplify the DNA using PCR. The mutant specific
primer is expected to bind if the DNA strand harbors the mutation. To confirm the presence or
absence of the mutation, DNA was amplified by PCR using common forward and reverse
primers. The common primers bind to regions at either side of the region where the mutation is

located to avoid any sequence bias. PCR products were then sent for Sanger sequencing.
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Table III: Primers used for mouse genotyping

Primer \ Sequence (5’ 2 3°)
Knock-out mice
FN flox F: GTACTGTCCCATATAAGCCTCTG
FN flox R: CTGAGCATCTTGAGTGGATGGGA
AlbCre Wild-type F: TGCAAACATCACATGCACAC
AlbCre Common R: TTGGCCCCTTACCATAACTG
AlbCre Mutant F: GAAGCAGAAGCTTAGGAAGATGG

Cre transgene

F: GCGGTCTGGCAGTAAAAACTATC

Cre transgene

R: GTGAAACAGCATTGCTGTCACTT

Col2al Internal Positive Control

F: CTAGGCCACAGAATTGAAAGATCT

Col2al Internal Positive Control

R: GTAGGTGGAAATTCTAGCATCATCC

CRISPR Knock-in mice

WT-specific

F: CTGCTTCAGTGTGTCTGCACA

Mutant-specific (c.778T>G)

F: CTGCAGTGCGTCGGCACG

Commonl

F: GGTTAACCACGTGGGTGACT

Commonl1 R: CTTCCAAAGTAGTGTAAGCTGG
Common2 F: CAGACAGATGCAACGATCAGG
Common2 R: TGAGTCTCATGCTCATAAGCC

2.5 GROWTH MEASUREMENTS

Weight. Each mouse was weighed at the indicated times using an electronic balance. A plastic
container was placed on the weighing scale. The scale was then tared to 0, the mouse was placed
in the container and the weight was recorded.

Length. Nasal-to-anal distance of each mouse was measured to determine body length. The
mouse was held using the one-handed mouse restraint technique. A ruler was then held up
against the body to measure the length with an accuracy within 0.2cm. Measurements of long

bones were determined from radiographs.

2.6 RADIOGRAPHY

Mice were anesthesized with isoflurane (2.5 L/min O,, 4% isoflurane) using the Moduflex
Labvet machine (Dispomed) before being euthanized in a CO; chamber (9 L/min). X-ray images
were taken with the Kubtec Xpert 80 Digital Cabinet X-ray System at the specified
magnifications at the McGill Center for Bone and Periodontal Research (Montreal, QC).
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2.7 CELL CULTURE

2.7.1 ATDCS Cells

The pre-chondrogenic mouse ATDC5 cell line was obtained from Dr. Monzur Murshed
(Shriner’s Hospital for Children, Montreal, QC). The cells were grown in Minimum Essential
Medium, alpha modification (AMEM, Wisent), containing 5% fetal bovine serum (FBS,
Wisent), and 1% antibiotic-antimycotic solution (Life Technologies). The ATDCS cultures were
maintained at 37°C and 5% CO; in a humidified incubator. The cells were passaged at 70-80%

confluency and the medium was replaced every 2-3 days.

2.7.2 Chondrogenic Differentiation

To induce chondrogenic differentiation in ATDCS cells, cells were plated at 30% confluency in
6-well cell culture plates (6000 cells/cm?®) in AMEM. The media was then changed to
differentiation media containing AMEM with 5% FBS and 1% AA, 1% Glutamax
(ThermoFisher), 1% insulin-transferrin-selenium (ITS, ThermoFisher), 0.5% of 50mg/mL
gentamicin (ThermoFisher) and 10 ng/mL human transforming growth factor (TGF-81,
Abcam). On the 6™ day, TGF-81 was removed. When the cells reached 70% confluency, 50
pg/ml L-ascorbate-2-phosphate (ascorbic acid, Sigma) and 10 mM B-glycerophosphate (B-GP,

Sigma) were added to the differentiation medium. Cell media was refreshed every 3 days.

2.8 RNA EXTRACTION AND cDNA SYNTHESIS

Cell layers were washed with Dulbecco’s phosphate buffered-saline (DPBS, ThermoFisher) to
remove any residual medium. Total RNA was then isolated from ATDCS cells at the indicated
time points, using the RNeasy® Mini Kit (Qiagen) according to the manufacturer’s protocol.
Total RNA content for each the sample was determined by measuring absorbance at 260 nm
and purity by A260/A280 ratios with the Epoch Microplate Spectrophotometer (BioTek). The

reverse transcriptase reaction was performed using the 5x all-in-one RT Mastermix Kit (ABM)
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according to the manufacturer’s protocol. For each reaction, 500ng of RNA was mixed with 4ul
of the mastermix, and completed with RNase-free H,0 to 20ul. Samples were then incubated at
25°C for 10min, 42°C for 50min, and 85°C for Smin in a PCR machine. The cDNA samples

were stored at —20°C.

2.9 REAL-TIME PCR

Sequences for primers that were used for real-time PCR were either taken from the literature,
from primer databases or were designed using the Primer-BLAST program from NCBI

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). To design primers, the longest transcript

variant (NM number) of each gene was chosen as the reference sequence. Primers were designed
to span exon-exon boundaries to prevent amplification of genomic DNA, and generate a product

size between 70-150 bp. See primer sequences in Table IV.

Quantitative real-time PCR was performed using the RT-PCR Lightcycler 96 system (Roche
Diagnostics). Template cDNA was mixed with 5 pL of PowerUp™ SYBR® Green Mastermix
(ThermoFisher), 0.6 uL each of forward and reverse primer (5 uM), and 1.8 uL dH,O for a total
reaction volume of 10 pL. Reactions were run in triplicate. The qPCR plate was centrifuged for
1 min at a speed of 1000g to ensure proper mixture of the reagents, and then underwent an initial
activation of 50°C for 2min and 95°C for 2min, followed by 40 amplification cycles (15 sec at
95°C for denaturation and 1 min at 60°C for annealing/extension). A threshold cycle (Ct) value
for each gene was calculated using the Lightcycler® 96 version 1.1 software (Roche
Diagnostics). Relative mRNA expression from ATDCS cells was calculated using the
comparative AACt method. B-actin was used as a housekeeping gene to normalize the data
between samples. First, the ACt value was calculated by subtracting the Ct value of B-actin from
the Ct value of each gene of interest (GOI) (ACt = Ctgor - Ctp-aciin). The AACt was then calculated
by subtracting the average ACt for the experimental control from the ACt of each sample (AACt
= ACltcontrol-ACtsample). The average Ct value of untreated cells was used as the control. The fold
change of each gene in comparison to the control was calculated using 2**“". The standard

deviation between the triplicates for each sample was calculated and shown on the graph.
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Table IV: Primers used for real-time PCR.

Gene target Primer Sequences (5° 2 3°) Reference

Col2al F: CGGTCCTACGGTGTCAGG Han et al. [228]
R: GCAGAGGACATTCCCAGTGT

Sox9 F: CACAAGAAAGACCACCCCGA Fitter et al. [229]
R: GGACCCTGAGATTGCCCAGA

Aggrecan F: CGCCACTTTCATGACCGAGA Imaizumi et al. [230]
R: TCATTCAGACCGATCCACTGGTAG

Coll0al F: CATAAAGGGCCCACTTGCTA Han et al. [228]
R: CAGGAATGCCTTGTTCTCCT

MMP13 F: AAGATGTGGAGTGCCTGATG Tsukamoto et al. [231]
R: TGGGACATATCAGGAGTATAG

Runx?2 F: GTTCAACGATCTGAGATTTGTG Tsukamoto et al. [231]
R: GGATTTGTGAAGACTGTTATGG

Collal F: CGATGGATTCCCGTTCGAGT Designed
R: GAGGCCTCGGTGGACATTAG

FN EDB exon | F: CATGCTGATCAGAGTTCCTG Han et al. [228]
R: GGTGAGTAGCGCACCAAGAG

B-actin F: GTGCTATGTTGCCCTGGATT Designed
R: TGCTAGGGCTGTGATCTCCT

2.9.1 Data analysis

All data were expressed as meanststandard deviations. Differences between groups were
examined for statistical significance using the Student’s t-test. Results were considered
statistically significant when the value of probability of error (p) was less than 0.05.

2.10 HISTOCHEMICAL STAINING

2.10.1 Alizarin Red

Staining was done on cells plated in 6-well plates. Alizarin red staining was done using the
Alizarin Red Staining Quantification Assay kit (ARed-Q, ScienCell Research Laboratories) to
evaluate calcium deposition in ATDCS cells. Staining was done according to the manufacturer’s

protocol. Briefly, the cells were washed with DPBS (ThermoFisher), then fixed in 10% formalin
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(4% v/v formaldehyde) for 15 min. The fixative was then removed with dH,O, and replaced
with 1 mL of 40 mM Alizarin Red stain per well of a 6-well plate. After a 20-30 min incubation
at room temperature, the cells were washed with dH,O and were observed with a Leica DMi8
inverted microscope. Images were captured under bright light using the Leica LAS-X software.
To quantify Alizarin Red staining, 10% acetic acid was added to the cells for 30 min. The cells
were then collected using a cell scraper and transferred to 1.5 mL microcentrifuge tubes. After
steps of heating, cooling and centrifugation as described in the protocol, 10% ammonium
hydroxide was added to the samples to neutralize the acid. Samples were then pipetted onto a
96-well plate in triplicates and absorbance was determined by spectrophotometry using an

Epoch Microplate Spectrophotometer (BioTek) at 405 nm.

2.10.2 Alcian Blue

Alcian Blue was used to detect proteoglycan synthesis in ATDCS cells, an indicator for cartilage
formation. A staining protocol by Biological Industries was followed. Briefly, 1% Alcian Blue
solution was first prepared by dissolving 0.2g of Alcian Blue 8 GX (ThermoFisher) in 20 mL of
0.1 N HCl, and filtering it through a 0.45 micron syringe filter. The cells were washed with
DPBS then fixed with 10% formalin (4% v/v formaldehyde, 1 mL/well of a 6-well plate) for
30-60min. The fixed cells were washed with dH,O and 1 mL of 1% Alcian Blue solution was
added to each well for overnight incubation at room temperature. The samples were protected
from light at all times. The staining solution was removed the next day and the cells were washed
with 0.IN HCL. dH,0 was added before visual inspection under the Leica DMi8 inverted
microscope. Digital images were captured under bright light using the Leica LAS-X software.
The Alcian blue dye was extracted overnight at 4°C using 8M guanidine-HCH, and the samples
were aliquoted the next day on 96-well plates for quantification. The optical density of the dye
was determined at 600nm by spectrophotometry (Epoch Microplate Spectrophotometer,

BioTek). Each sample was measured in triplicate and guanidine-HCH served as blank.
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CHAPTER 3:
RESULTS
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3.1 CHONDROGENESIS OF ATDCS CELLS

To assess the effects of FN/ mutations in chondrogenesis, ATDCS5 cells were chosen as
an in vitro model. ATDCS is a mouse chondrogenic cell line derived from teratocarcinoma cells.
It can efficiently undergo the steps of proliferation, chondrocyte differentiation and chondrocyte
hypertrophy under the right conditions [232]. While HEK293 cells represent an efficient system
for generating ECM proteins, ATDCS cells provide a more accurate view to evaluate
mechanisms involved in chondrogenesis. In fact, it has been used in over 200 studies to study
skeletal development [232]. To date, two popular methods exist to induce chondrogenesis in

cells: the cell pellet method and the monolayer culture method.

The cell pellet method is a 3D culture method that closely mimics the in vivo
condensation of MSCs prior to the onset of chondrogenesis and the production of ECM by the
chondrocytes. This method involves the culturing of cell aggregates in differentiation media
consisting of a cocktail of growth factors [233, 234]. While this approach is closer to what occurs
in vivo, it was found that a high level of apoptosis or necrosis can occur at the center of the pellet
when cultured for long periods of time, and that cells can spontaneously undergo chondrogenic

differentiation without any external stimulating factors [235, 236].

For simplicity and reproducibility, the monolayer culture method was chosen. Cells can
undergo chondrogenic differentiation in a monolayer due to their ability to form their own 3D
environment [237]. In this work, several chondrogenesis protocols in the literature were studied,
and a standard method was modified to increase the efficiency and reproducibility of

chondrocyte differentiation in ATDCS cells.
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3.1.1 ATDCS Cell Morphology

Brightfield images of ATDCS cells in control conditions (untreated cells) and in
differentiated medium (treated cells) were taken on days 3, 14 and 28 for visual inspection of

the chondrogenic process and the efficiency of our differentiation media.

Cells were plated at day 0 at 30% confluency. At day 1, the maintenance medium
consisting of Minimum Essential Medium, alpha modification (AMEM), 5% fetal bovine serum
(FBS) and 1% antibiotic-antimycotic solution was changed to differentiation medium
(maintenance medium with insulin, transferrin and selenium (ITS)) in cells undergoing
treatment. Gentamicin was also added to avoid bacterial contamination [238]. Control cells
remained in maintenance medium throughout the experiment. At day 3, both untreated and
treated ATDCS cells exhibited a fibroblastic morphology, with treated cells appearing more
confluent than untreated cells (Figure 7A-D). 10 ng/mL TGF-81, 50 pg/ml ascorbic acid, and
10 mM B-glycerophosphate (BGP) were then added to the differentiation medium to facilitate
cell differentiation and the secretion of a cartilaginous ECM. 3 days later, TGF-B1 was removed
from the media. After 14 days in culture, untreated ATDCS cells started to condense and began
aggregating into cartilage-like nodules with the formation of ECM at the early stages (Figure
7E, asterix). Cells still appeared fibroblast-like, but were beginning to take on a more rounded
morphology compared to day 1 (Figure 7F). In contrast, treated cells were overconfluent in the
well. They possessed multiple cartilaginous condensations with prominent nodules at discrete
locations (Figure 7G, white arrow). ECM production was advanced and ECM mineralization
was starting as indicated by opaque regions (Figure 7G, blue arrows). The cells displayed a
round phenotype, characteristic of chondrocytes (Figure 7H). At day 28, untreated cells
displayed more obvious nodule formation and ECM production, but never reached the level of
nodule formation seen in treated cells (Figure 71-J). Meanwhile, at the same time point, there
was increased cellular hypertrophy in treated cells. Cartilaginous nodules conjoined over the
ECM (Figure 7K) and mineralization was observed as shown by the black deposits observed
within the nodules (Figure 7L). This indicated terminally differentiated hypertrophic
chondrocytes [239].
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Control ] Differentiated

Figure 7. Chondrogenic differentiation of ATDCS cells. ATDCS5 cells were grown over a
period of 28 days under either maintenance medium (AMEM with 5% FBS and 1% antibiotic-
antimycotic solution) for the control cells or differentiation medium (as described in the
materials and methods section) for the differentiated cells. Brightfield images were captured on
days 3, 14, and 28. Magnification is indicated on the bottom right of each image. Both control
and differentiated cells displayed a fibroblast-like morphology on day 3 of culture with control
cells (A-B) appearing less confluent than treated cells (C-D). On day 14, translucent
extracellular matrix began to form (asterix) in the untreated control (E), and the fibroblast-like
were starting to condense (F). Treated cells, on the other hand, showed an onset of
mineralization on the same day (G), indicated by opaque regions on the well (blue arrows).
Many cartilaginous nodules were also apparent in the extracellular matrix (white arrow). (H) A
magnified view illustrates the round morphology of the cells, indicating differentiation into
chondrocytes. On day 28, (I) nodules started to appear in untreated cells (white arrow) and they
start to become more rounded (J). In differentiated cells, the increased formation of
cartilaginous nodules conjoin over the extracellular matrix (K) and there is mineralization
shown by the black deposits (L). Data shown is representative of biological triplicates.
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3.1.2 Gene Expression of Chondrogenic Markers

To examine the changes in gene expression that occur as a consequence of chondrogenic
differentiation in monolayer culture, gene transcription of a number of well-known
chondrogenic markers was analyzed by qRT-PCR and were compared to the mean expression

of control cells at day 1.

The collagen profile of Col2al and Coll0al showed a sustained increase in expression
in both treated and untreated cells compared to day 1. Col2al is known as the main chondrogenic
marker in which immature chondrocytes progressing from the prechondrogenic to the
proliferative stage express Col2al [240, 241]. Its expression increased significantly between
day 3 to 14 in differentiated cells by 22-fold, and continued to increase until day 28, although
less abundantly (Figure 8A). In control cells, this large increase arrived later between days 14
and 28, and at day 28, Col2al levels in both conditions were not significantly different. It is well
documented that Col2al expression is regulated by the Sox trio (Sox9/5/6) [242]. Sox9,
expressed in immature chondrocytes [240, 241], directs cell condensation and allows cell
survival in the condensation stage [30]. Our results show that its expression gradually increased
from day 1 to day 14, consistent with the increase of Col2al expression, indicating that the cells
were undergoing chondrogenesis [243]. Sox9 levels slightly decreased by day 28 in
differentiated cells illustrating the progression towards terminal differentiation (Figure 8B).
Markers of chondrogenesis can be seen decreasing or slowing down to indicate the end of
differentiation, a clear example of the defined temporal regulation of factors in chondrogenesis
[30, 243, 244]. Aggrecan (Acan) maintained low constitutive levels in differentiated medium
from day 1 to day 14. This protein accounts for 90% of the proteoglycan content in the ECM of
articular cartilage [6, 245]. Acan levels significantly peaked at day 28 with a 13.5-fold
upregulation compared to day 1 (Figure 8C). These results are similar with studies done in chick
limb-bud chondrogenesis where the dramatic increase in the accumulation of Acan was

preceded by the expression of Col2al, and continues to increase during hypertrophy [6, 246].

To assess chondrocyte hypertrophy, Coll0al, MMP13, and Runx2 expression were

measured, as well as the expression of a marker of osteogenesis, Collal. Mature chondrocytes
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from the proliferative/prehypertrophic to the hypertrophic stage express CollOal [240, 241].
Transcription of this gene is known to be active only in hypertrophic chondrocytes [247].
Coll0al gene expression increased significantly in differentiated cells at day 28, over a 1,000-
fold range compared to day 14 (Figure 8D, *p<0.05). Transcription was also higher in the
control cells, although not as great as the treated cells, with only a 500-fold increase. The
delayed onset of Col10al can be explained by events that first need to occur before the cells can
become hypertrophic: a deposition of glycosaminoglycans (GAGs), and an increase in Runx2

expression [237].

MMP13 peaked at day 28 in both control and differentiated cells, but the levels in control
cells is significantly lower than differentiated cells (mean levels of 27.41 and 57.19 respectively)
(Figure 8E). Levels of hypertrophic marker Runx2, which is also considered as a regulator of
osteogenesis, was highest at day 14, then decreased to lower levels compared to control cells at
day 28. Runx2 expression between days 14-28 in control cells remained relatively stable (Figure
8F). Runx2 plays a role in prehypertrophic cells before mineralization by promoting
prehypertrophic cells to enter hypertrophy. One of the ways it does this is through the
stimulation of Coll0al expression [240, 241, 247]. Thus, as the cells underwent hypertrophic
differentiation, Runx2 mRNA reached high levels. The downregulation of its expression at day
28 may be explained by active Sox9 expression which seems to antagonize its expression and
prevents the progression to osteogenesis [36]. It would be interesting to analyze the gene
expression at later time points to see if Sox9 expression remains higher than Runx2. Collal
showed the same pattern of expression as Runx2, but it first decreased at day 3 before

upregulating at day 14 (Figure 8QG).

FN expression was also analyzed during the chondrogenic process. Primers that
amplified the EDB region were used in real-time PCR. Results show that EDB expression
increased significantly by day 14 and subsequently decreased (Figure 8H). This pattern of
expression indicates chondrocyte maturation after two weeks of treatment, and the progression
to hypertrophy thereafter [228]. From these results, pre-hypertrophic cells were present at day
14, and hypertrophic cells at day 28. The progression from pre-hypertrophic to hypertrophic
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stage can also be seen by the change in cell morphology as cells undergoing hypertrophy

increase in size.
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Figure 8. Expression of ECM genes during chondrogenesis of ATDCS cells. ATDCS cells
were cultured either in maintenance media (Control) or differentiation media (Differentiated)
for 28 days. Samples were collected on days 1, 3, 14 and 28. Total RNA was extracted at the
indicated times, reverse transcribed, and the cDNA was used to determine the expression of
different extracellular matrix (ECM) genes with real-time PCR. Markers of chondrogenesis
(Type II Collagen (Col2al), SOX9 (SRY-Box 9), Aggrecan) (A-C), markers of chondrocyte
hypertrophy (Type X Collagen (Coll0al), MMP13 (matrix metallopeptidase), Runx2 (Runt-
related transcription factor 2)) (D-F) and a marker of osteogenesis (Type I Collagen (Collal)
(G) were analyzed. (H) FN was also analyzed by measuring the expression of the EDB exon.
Ct values were normalized to B-actin. The expression of each gene is presented as a fold change
relative to the expression of control cells on day 1. The graph shows the mean values + standard
deviation of three biological replicates, each measured in triplicate. The asterix represents
statistically significant differences between the gene expression of differentiated cells and the
corresponding same-day control cells (*p <0.05, calculated using the t-test method).

53



3.1.3 ECM formation and mineralization

To further evaluate ECM formation and mineralization, GAG accumulation in the ECM
and calcium deposition were monitored in differentiating ATDCS cells. The cells underwent the
same chondrogenesis protocol as previously described, and were monitored over a 21-day time

course.

Calcium deposition was evaluated by Alizarin red staining. Captured images show
fibroblast-like cells at confluency by day 7 and rounded cells at day 14 (Figure 9A).
Mineralization of the ECM was apparent by day 21 of chondrogenesis. Quantification of this
staining showed a small increase in the early stages of chondrogenesis, then a large deposition
occurred from day 14 to 21 (Figure 9B). Studies in the literature indicate that this initial delay

is due to the cells undergoing early differentiation during this stage of chondrogenesis [237].
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Figure 9. Calcium deposition in differentiated ATDCS cells. (A) Calcium deposition was
evaluated by Alizarin red staining of differentiated cell cultures fixed at days 1, 7, 14 and 21.
Brightfield images show increased mineralization. (B) Quantification of Alizarin red staining
was done on the time points indicated on the graph using the Epoch microplate
spectrophotometer at 405 nm. Data is presented as the mean values of the absorbance readings
+ standard deviation of three biological replicates, each measured in triplicate. Differences were
identified using the t-test method, **p<0.01.
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The accumulation of GAGs, a marker for chondrogenesis [245] was detected with Alcian
blue. Images show an increase in GAG deposition as chondrogenesis occurs (Figure 10A). By
day 14, a large proportion of the cells were Alcian-blue positive, indicating that the cells were
successfully undergoing chondrogenesis. At day 21, an increase in Alcian blue staining
demonstrated a GAG-rich ECM. This was confirmed by quantification of the staining in which
there was an upregulation over the 21-day time course (Figure 10B). The predominant
proteoglycan present in the cartilage is Acan. The onset of Alcian blue staining of cartilaginous
nodules correlated with the increased mRNA expression of Acan in differentiating ATDCS cells

between days 14 and 28.
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Figure 10. Glycosaminoglycan (GAG) accumulation in differentiated ATDCS cells.
Extracellular matrix (ECM) production was examined using Alcian blue staining of
differentiated ATDCS cells fixed at days 1, 7, 14 and 21. (A) Brightfield images show GAG
accumulation in the ECM. (B) Quantification of the staining was determined at an optical
density (OD) of 600 nm by spectrophotometry. The graph shows an increase in GAG deposition
by day 28 compared to day 1. Data is presented as the mean values of the absorbance readings
+ standard deviation of three biological replicates, each measured in triplicate. Significant
differences were identified using the t-test method, **p<0.01.
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Alizarin and Alcian staining thus showed different patterns of staining indicative of the
cells undergoing chondrogenesis. This differentiation protocol will facilitate the analysis of
ATDCS cells harboring specific FN mutations as they undergo the chondrogenic process. The

overall results demonstrated successful induction of chondrogenesis with ATDCS cells.

3.2 GENETICALLY MODIFIED MICE

Recent discoveries of mutations in the FN/ gene in patients with Sutcliffe-type SMD
suggest an important role for FN in bone formation. However, the importance of the presence
of FN in cartilage formation and skeletal growth has not been fully addressed in vivo. Thus, we
address it in this work with a focus on skeletal phenotypes that reflect the features observed in

affected patients.

3.2.1 Generation of knock-out mice

Mouse embryos that completely lack FN are not viable [125]. Therefore, to assess the
importance of the presence of FN in endochondral bone formation, the Cre-lox system was
employed to conditionally delete the Fn/ gene both in plasma and in cartilage to create double
knock-outs (dKO). The liver is the site of pFN synthesis. Thus, to knock out the Fn/ gene in the
liver, mice with lox sites flanking the Fnl gene (Fnl(fl/fl)) were crossed with transgenic mice
expressing the Cre recombinase under the control of the albumin promoter (Alb-Cre) which is
active in hepatocytes. Many researchers have successfully obtained liver-specific KO mice with
the Alb-Cre/+ strain [174, 248]. Mice with lox sites flanking the Fn/ gene (Fnl(fl/fl)) as well
as Fn1(fl/f1); AlbCre/+ mice were obtained from Dr. Dieter Reinhardt. Their Fn1(fl/fl); AlbCre/+
mice delete pFN synthesized by liver cells by day P3. To knock out Fn/ in the cartilage,
(Fn1(fI/fl)) mice were crossed with Tg(Col2al-cre)1Bhr/J mice obtained from Dr. René St-
Arnault (Shriner’s Hospital for Children, Montreal, QC). These mice express constitutive Cre
recombinase under the control of a Col2 promoter which is expressed by chondrocytes [249].

Fnl1(fl/fl); Col2Cre/+ mice were produced by breeding Col2Cre/+ mice with Fnl(fl/fl) mice.
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Fnl1(fl/fl); AlbCre/+ mice were crossed with Fn1(fl/fl); Col2Cre/+ mice and dKOs were
generated after several rounds of breeding (Figure 11A). The presence of Cre recombinase in
the specific tissues leads to the recombination of the Fn/ gene at the two loxP sites which are
located within the 5> UTR and within the first intron. This recombination event removes the

region between the two sites to generate the null allele [250].

PCR analysis was used to genotype the mice to ensure that the KO is homozygous for
the floxed allele (fI/fl) and positive for Cre (cre+). The presence of the floxed allele in the gene-
targeted mice was confirmed using primer pairs where the sense primer targets a site upstream
of the first loxP site and the antisense primer targets a site within the Fn/ gene. The expression
of Cre recombinase in chondrocytes and liver was detected using primers obtained from Jackson

labs (Figure 11B).

3.2.2 Characterization of knock-out mice

3.2.2.1 Single KO mice

Mice lacking Fnl in cartilage (Fn1(fl/f1); Col2Cre/+) proved to be viable and fertile with
no apparent phenotypic differences. Fnl(fl/fl); Col2Cre/+ crosses with homozygous Fnl(fl/fl)
resulted in offspring of the expected Mendelian ratio of 1:1 for control (Fn1(fl/fl)) and transgenic
(Fn1(fl/fl); Col2Cre/+) mice. These results can be explained by studies which have shown that
pFN is able to permeate into tissues and incorporate into the ECM alongside the cFN. In fact,
Moretti et al. have shown that up to 60% of the FN present in the ECM of tissues is derived
from plasma [251]. Plasma FN therefore seems to be compensating for the lack of FN
synthesized in the cartilage. In another litter, Fnl(fl/fl) and Fn1(fl/fl); AlbCre/+ did not show

any abnormal phenotypes as well.
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Figure 11. Generation of FN double knockout (dKO) mice in liver and cartilage.

(A) Plasma FN knockout (pFN KO) mice were generated by breeding mice with loxP sites (blue
triangles) flanking the Fnl gene (FNI1(fl/fl)) with transgenic mice expressing the Cre
recombinase under the control of the albumin promoter (AlbCre/+) in the hepatocytes.
Similarly, cartilage FN knockout (cFN KO) mice were generated by breeding FN(fl/fl) with
Col2Cre/+ mice expressing the Cre recombinase in chondrocytes. The pFN KO and the cFN
KO mice were then bred together to generate dKO mice (FN1(fl/fl); AlbCre/+; Col2Cre/+).
Determination of the genotype and identification of edited animals was done by PCR
amplification using primer sequences from The Jackson Labs. (B) Images of gels show
examples of possible genotyping results. On the left, integration of the loxP sites in the Fnl/
gene and zygosity (wild type (+/+), heterozygous (fl/+), homozygous (fI/f1)) are shown by bands
amplified at either 271 or 237 bp. Mouse DNA in which the Cre recombinase gene is present in
the liver show a band at 390bp (AlbCre/+). The lower band at 150bp is an artifact that usually
appears from the mutant allele. AlbCre-negative mice only show a band at 351 bp (+/+). The
expression of Cre recombinase in chondrocytes was confirmed by an amplification at 100bp
(Col2Cre/+). The band at 324bp is an internal positive control, and mice with only this
amplification is Col2Cre-negative (+/+). Fnl: mouse fibronectin gene; FN: fibronectin protein;
Alb: Albumin promoter; Col2: Col2al promoter; Cre: Cre recombinase enzyme; fl: flox.
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3.2.2.2 Double KO mice

The KO mice that were generated were viable and did not show any gross anatomical
abnormalities. From the same litter, FN1(fl/fl) (n=3), chondrocyte single KO (n=1) and dKO
mice (n=3) were obtained. Fn1(fl/fl) mice lacking Cre were considered as WT mice and are used
as controls in these experiments. Since males and females differ in bone size and bone mass
despite having a similar body size, only males were analyzed as they present with better skeletal
integrity [252]. From 2 to 8 weeks of age, the mice were weighed (Figure 12A), and due to the
observation that patients with Sutcliffe-type SMD have a shortened trunk, their body length
from nose to anus was measured (Figure 12B). No difference in either weight or length was

observed between the three groups.
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Figure 12. Weight and length of FN knockout mice. Male mice from the same litter were
phenotypically characterized. Wild-type (WT) mice represent the control animals with the
genotype FNI1(fl/fl) (n=3). Mice in which FN was knocked out only in the cartilage is
represented by cartilage FN single KO (cartilage sKO) (FN1(fl/fl);Col2Cre/+) (n=1), and mice
in which FN production is ablated in the liver and the cartilage are the double knockout mice
(FN1(fl/fl); AlbCre/+; Col2Cre/+) (n=3). Body weight (A) and length from nose to anus (B) of
each mice were measured at the indicated time points in the graph between 2 and 8 weeks. Data
are presented as the mean + standard deviation of all the animals in the corresponding group.
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At 2 months, X-ray images were taken to further assess any skeletal abnormalities in the
long bones (Figure 13A). Two months in mice age is approximately equivalent to 6 years in
humans [253]. This is the age at which radiological features such as corner fractures can be
observed in patients. In these mice, no evidence of scoliosis was found, no difference in the
vertebral bodies between control and KO mice, no “corner fractures”, and no manifestation of
coxa vara. The femur, tibia, humerus and radius were similar in morphology, and measurements
of these long bones did not reveal any significant differences in size (Figure 13B-E). These

findings point to what seems to be normal ossification in the KO mice.

When the dKOs were subjected to breeding, they proved to be fertile, giving birth to
litters with a size and gender ratio similar to those of WT litters. These negative results thus
make it seem less probable that the phenotypes seen in patients with SMD-CF are caused by a
global reduction of FN in the body.

3.2.3 Generation of CRISPR knock-in mice

To assess if the dysregulation in cartilage formation is caused by specific #N/ mutations,
mice with a knock-in (KI) mutation (NM_212482.1:¢.778T>G, p.(Cys260Gly)) were generated
using the CRISPR-Cas9 approach. The p.Cys260Gly mutation was chosen out of the other
published mutations because it showed very strong cellular retention in in vitro experiments
done in HEK293 cells [106]. A 20-nucleotide single-guide RNA (sgRNA) harboring the desired
edit was chosen based on the analysis of on-target score, off-target score, and its location next
to a protospacer adjacent motif (PAM) site TGG (See Figure 14). A single-stranded donor
oligonucleotide (ssODN) homology directed repair (HDR) template was designed
complementary to the “no PAM” strand with homology arms of 40nt on the PAM distal side
and 91 bp on the PAM proximal side. Asymmetric ssODN templates have been shown to
enhance the efficiency to targeted mutations [254]. The ssODN contains the desired edit (blue
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Figure 13: Bone analysis of FN knockout mice. (A) Radiographs of 8 week old wild-type
(WT, n=3), cartilage FN single KO (cartilage sKO, n=1) and double knock-out (dKO, n=3) mice
were taken. Lengths were measured for the (B) femur, (C), tibia, (D) radius, and (E) humerus.
Measurements are represented as mean + standard deviation. No difference was seen in the
measurements nor in the radiographs.
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box) as well as three silent mutations (highlighted in blue and yellow) proximal to PAM to
prevent unwanted cleavage after the desired edit was completed. A Pstl restriction site was
simultaneously introduced in one of the silent mutations (CTT = CTG). This restriction enzyme
site will help to easily identify modified mice by PCR restriction digest analysis [255]. Injection
of mouse embryos with guide RNAs, Cas9 mRNAs and repair templates were done at the

McGill University mouse transgenesis facility.
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Figure 14. CRISPR knock-in strategy. Schematic illustration of the CRISPR-Cas9 approach
to generate mice with a p.(Cys260Gly) mutation. A partial region of the exon 6 of FNI gene is
shown with the sgRNA and the asymmetric ssODN repair template. The sgRNA is located next
to a PAM site (brown box). The repair template contains the desired edit (blue box) along with
three silent mutations (highlighted in blue and yellow on the ssODN strand, excluding the
desired edit). The first silent change shown on the illustration introduces a Pstl restriction
enzyme site (purple line). sgRNA: single-guide RNA; ssODN: single-stranded donor
oligonucleotide; HDR: homology directed repair.
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To genotype the animals, PCR analysis was done with mouse tails using a combination
of different primers (Figure 15A). WT-specific primers were designed to bind to the WT
sequence, while mutant-specific primers were designed to bind only to the edited sequence. Gel
electrophoresis of the PCR products showed that the WT-specific primers amplified the
genomic DNA of all mice, whereas only mouse #4 produced a band at the right height with
mutant-specific primers (Figure 15B). This indicated that this mouse is heterozygous for the
mutation. To confirm the presence or absence of the mutation, PCR products were sent for
Sanger sequencing. The PCR products were first amplified using primer pairs that bind to
regions on either side of the mutation to avoid any sequence bias in the region being amplified.
Sanger sequencing confirmed the presence of the mutation in mouse #4, as well as the

heterozygous change of two of the silent mutations (Figure 15C).

A female mouse carrying the knocked-in mutation was therefore successfully generated
(Fn1°™"2%%%) This mouse is bred with a WT C57bl/6N male to generate more mice harboring
the mutation. Whether these mice will present any of the phenotypes seen in the patients remains
to be determined. The p.Cys260Gly mutation is predicted to break disulfide bonds between two
residues at the FNI type I domain in the N-terminal half of the protein [106]. This region is
known to be important to initiate FN assembly on the cell surface. The ECM may therefore be
compromised by this specific mutation, consequently affecting the viability of chondrocytes,
and the quality and function of the cartilage and bone in vivo. Characterization of these knock-

in mice will need to be done to determine if such is the case and if the mutation affects FN

secretion as seen in vitro.
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Figure 15. Genotyping CRISPR knock-in mice. (A) To genotype the mice, primer pairs were
designed to bind to different regions of the FN/ gene surrounding the location of the desired
mutation. Common forward and reverse primers (Commonl and Common?2) bind to sequences
outside of the mutation, whereas wild-type specific (WT_F) and mutant specific (Mutant F)
primers bind to the region of the mutation. Product sizes are indicated for each primer pair.
Mutant_F will only bind if the DNA strand contains the desired edit. (B) Mouse DNA was
amplified by PCR and run on gel. All mice had a WT DNA strand as seen on the top gel
(amplified with WT F and Common2_ R primers). The middle gel shows one positive knock-
in. Mouse #4 had the desired edit indicated by a red box (amplified with Mutant F and
Common2_ R primers), suggesting that this mouse is heterozygous for the mutation. Mouse #1
also showed amplification but did not migrate at the right height. DNA was also amplified with
the Common2 primer pair (bottom gel) and were sent for Sanger sequencing to confirm the
presence or absence of the mutation. (C) Chromatograms of the mice shows successful
integration of a heterozygous mutation in mouse #4 (bottom chromatogram). The DNA of the
other mice did not contain the desired edit (top chromatogram).
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3.3 CASE STUDY OF A PATIENT WITH SUTCLIFFE-TYPE SMD

In a study published in 2017 by our lab in collaboration with Dr. Reinhardt’s team,
mutations in the FN/ gene were identified in patients using sequencing technologies [106] (See
Annexe I). Throughout the duration of this work, patients with suspected SMD-CF were brought
to our attention from different sources, including various registries and collaborations. One

individual who fit the phenotypic profile of the disease was a boy from New Zealand.

3.3.1 Clinical Features

Collaborators from New Zealand notified Dr. Campeau of a patient with suspected
SMD-CF. This patient had genu varum and walked with a waddling gait. He presented with a
short stature with short long bones and was overall disproportionate. Facial features included a
flat profile (Figure 16D). Radiographic findings showed widespread irregular metaphyses,
abnormal vertebral bodies, as well as corner factures in long bones (Figure 16A-C, E). It was
these radiographic findings that raised the suspicion of SMD-CF at 6 years of age. This patient

did not present with coxa vara, scoliosis, chest anomalies or renal abnormalities.

Figure 16. Radiographs of patient with Stcliffe-type SMD. X-rays were taken of an affected
patient at 2.8 years old. (A) Metaphyseal abnormalities and corner fractures are shown in red
boxes. (B-C) Flattened vertebral bodies. (D) Flat facial profile. (E) Arrow points to corner
fractures.
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3.3.2 Sequencing of patient DNA

Genomic DNA from this patient was shipped to our laboratory after a written informed
consent was obtained from the patient’s legal guardian. Primers were designed to sequence FNI
exons 1-7 and 13-18, which are the known mutational hotspots of FN/ mutations in SMD-CF
based on what has been published so far [106]. PCR was done using the exon-specific primer

pairs (Figure 17A) and the amplified regions were sent for Sanger sequencing.

By mapping the sequencing results to the human FN/ genomic sequence (NG 012196.1
RefSeqGene), a mutation on exon 3 was identified: NM_212482.2:c.368G>A, p.Cys123Tyr.
Sequencing of the parents’ genomic DNA for the same exon demonstrated the de novo nature
of the mutation (Figure 17B, red box). This novel heterozygous missense variant is not present
in the GnomAD database. It is found to be located in the FNI type-I domain and is predicted to

destroy disulphide bridges between cysteine residues at the protein level.
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Figure 17. Sanger sequencing of the F/VI gene. A PCR reaction was done on the DNA of a
patient with SMD with corner fractures (SMD-CF) using primer pairs that amplify exons 1-7
and 13-18. These exons are the known mutational hotspots of FN/ mutations in SMD-CF.

(A) PCR products were run on gel and sent for Sanger sequencing. Sanger sequencing results
showed a heterozygous mutation on the patient’s 3™ exon when mapped to the human FN/
genomic sequence (NG _012196.1 RefSeqGene) downloaded from the NCBI database. Father
and mother’s DNA were subsequently sequenced to determine if it was a de novo mutation.
(B) Each individual was sequenced with forward and reverse primers (first and second sequence
respectively) for exon 3. The red box shows the position in which the patient shows a de novo
G>A mutation. Sequences were analyzed using the Geneious computer software version R8.
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CHAPTER 4:
DISCUSSION
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FN’s presence in the formation and maintenance of cartilage and bone suggests its
importance in skeletal tissue. However, little is currently known about its functional role in the
development and homeostasis of cartilage. The identification of mutations in the gene that

encodes FN in patients with SMD-CF offers the opportunity to determine its function.

An optimization of the standard chondrocytic differentiation protocol on ATDCS cells
as an in vitro model was performed to allow us to better examine the consequences of FNI
mutations in the chondrogenic process. Although the ATDCS cell line is widely used as a model
system, different studies use different formulations of differentiation media. Previous studies
have demonstrated that the ATDCS cells favored the medium with a supplementation of ITS,
TGF-B1, ascorbic acid and dexamethasone (Dex) for chondrocytic differentiation [228, 237,
256].

Additions that were shown to be essential for cell survival are ITS and ascorbic acid
[257]. ITS was included in all consulted protocols throughout the whole chondrogenic program
as it assists the metabolic activities in chondrocytes for it to undergo differentiation [257]. In its
absence, the cells remain at the condensation phase, and if removed during the hypertrophic
stage, the cells are not able to maintain their morphology and convert back into fibroblast-like
cells [228]. Most protocols added ITS at confluence, but it was added to subconfluent cells in
this protocol to promptly start the differentiation process [258]. This seemed to be beneficial
because at day 14, treated ATDCS cells were at a higher cell confluence than untreated cells,
and had formed many cartilage-like nodules. This is consistent with the literature which has
shown that ATDCS5 condense into nodules when stimulated with ITS [27]. Formation of

cartilage nodules is important for mineralization of chondrocytes [259].

The induction of Col2al and Col10al expression was aided by the addition of L-ascorbic
acid. Ascorbic acid is essential for the energy metabolism of cells, as well as for collagen fibril
formation and assembly in the ECM which is necessary for successful ATDCS differentiation
[130, 257]. The ECM produced by the ATDCS5 cells exposed to ascorbic acid reduces the
proliferative phase and promotes hypertrophic differentiation [258]. It also helps in the
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upregulation of Coll0al expression which encourages mineralization, as demonstrated by the

onset of mineralization in our cultures of differentiated ATDCS5 cells.

Contrary to most protocols that use the DMEM/F-12 media for chondrocytic
differentiation, AMEM media was used here as it was shown to contain higher amounts of
calcium and non-essential amino acids [228, 258, 260]. AMEM’s standard formulation by itself
already contains ascorbic acid. ATDCS cells can therefore undergo the whole chondrogenesis
program, from undifferentiated to mineralization just with AMEM containing 5% FBS, 1%
antibiotic-antimycotic and ITS [260]. However, findings in this work show that the process
occured much more rapidly in media with added supplements. Cells cultured in only the
maintenance medium of DMEM/F-12 do not undergo chondrogenesis [258]. Differentiating

cells in DMEM/F-12 thus requires more growth factors at higher concentrations.

TGF-B1 and Dex are added in published protocols to facilitate the differentiation of pre-
chondrogenic ATDCS cells into chondrocytes. TGF-f1 helps in speeding up the proliferation
phase and increasing ECM production [36]. Han et al. also found that TGF-B1 efficiently
regulates FN isoform expression, which induces the early stages of chondrogenic maturation
[228]. TGF-B1 was removed after 4 days because while it is known to enhance proliferation
speed and enhance maturation at the early phase, it was shown to inhibit chondrocyte

hypertrophy at later stages [228].

Dex, a glucocorticoid known to play a role in cell growth and differentiation [261], was
omitted in this protocol. There is conflicting evidence with its use during chondrogenesis in
which some studies showed that it induced differentiation, whereas others demonstrated that it
inhibited the process [262-264]. The current consensus seems to be that it inhibits
chondrogenesis when applied at the stage of cellular condensation, but had beneficial effects on
hypertrophic or mineralizing chondrocytes at late stages [261]. Since the exact time point at
which the cells entered hypertrophy was not yet known, this supplement was not included in the
differentiation media. While it did not seem to delay differentiation in our findings, adding it in

further experiments might be beneficial for enhanced mineralization.
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Instead of Dex, the differentiation medium was supplied with the phosphatase inhibitor
BGP to induce mineralization. In matrix mineralization studies, it acts as a phosphate group
donor, promoting calcification of the bone matrix [265]. It was added to confluent cells because
it can induce mineral deposition only once an appropriate ECM has been laid down. Certain
protocols do not include BGP. Instead, to facilitate mineralization, CO, concentration would be
shifted from 5% to 3% as studies have shown that chondrogenic differentiation is favored in
anaerobic conditions [260]. The effect of BGP in the treated cells can be seen by the onset of
mineralization at day 14 and advanced mineralization at day 28. Once cells have reached
hypertrophy, BGP is cleaved by phosphohydrolases such as ALP produced by hypertrophic
chondrocytes [237]. The release of inorganic phosphate which helps form the physiological
mineral mimics the availability of phosphate in vivo [237]. Together, ascorbic acid, TGF-f1,

and B-GP reduced the proliferation phase and promoted differentiation.

The challenge in studying chondrogenesis in vitro is that differentiated chondrocytes
have the tendency to de-differentiate back into fibroblast-like cells when cultured for long
periods of time. De-differentiation was not witnessed in the treated cultures as the cells did not
appear to lose their round phenotype throughout the process, and the expression profile of cells
was consistent with the gene expression observed in previous chondrogenesis studies [232, 237,

266].

While one of the goals was to generate a protocol that induced differentiation at a shorter
time period than what is already published, the overall results still demonstrated successful
induction of chondrogenesis in ATDCS5 cells, as shown by the increase in chondrogenesis
factors until terminal differentiation. Differentiation of ATDCS cells into chondrocytes was thus
achieved in which an extensive ECM production was produced 14 days after seeding, and
hypertrophic cells were present by day 28. Analysis at later time points is necessary to determine
if Sox9 expression is maintained, if the cells remain at the hypertrophic stage, and if the
downregulation of osteoblastic markers Runx2 and Collal is caused by signaling pathways that

act to prevent excessive mineralization.
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As future experiments, the laboratory of Dr. Dieter Reinhardt will stably transfect
ATDCS cells with FN constructs harboring the p.Cys87Phe, p.Cys260Gly, and p.Tyr240Asp
mutations similar to what has been done with HEK293 cells [106]. These mutations have been
shown to destabilize FN type I domains, consequently affecting the FN’s ability to assemble at
the cell surface as well as to bind to fibroblasts [106]. The transfected cells will then be induced
to undergo the chondrogenic process using our differentiation media and assess how mutations
in the FNI gene affect chondrocyte differentiation and function. Knocking in the FN mutations
using the CRISPR/Cas9 method described in the generation of the mouse knock-in can also be
done to introduce the mutations in the cells. Since ATDCS cells produce their own FN, CRISPR
knock-ins can eliminate the expression of endogenous FN that often appears as a background in
functional experiments. Apart from ATDCS cells, another cell model that can be used is induced
pluripotent stem cells (iPSCs). IPSCs derived from fibroblasts and/or peripheral blood
mononuclear cells (PBMCs) of affected patients can be differentiated into a number of various
cell types, including chondrocytes, using commercial or home-made differentiation protocols
and kits [267]. Since these iPSCs are derived from affected individuals, no genetic manipulation
is required to obtain cells harboring the desired mutation. Differentiation of the cells into
chondrocytes will thus allow us to investigate the consequences of FN/ mutations on
chondrocyte function as accurately as possible to what occurs in the patients. In the long-term,
generating patient-specific iPSCs can also provide us with a large resource of FN/-mutant cells

that could later be used to develop treatments for the disease [268].

For the two cell models, in addition to assessing the rate and efficiency of chondrocyte
differentiation by gene expression analysis and staining, structural integrity will also be
evaluated. Further histology will be done to determine the shape and alignment of the cells by
haematoxylin and eosin staining, and the distribution of FN inside and outside of the

chondrocytes (immunohistochemistry) will be examined.

Recently, a paper was published by Cadoff et al., supporting the findings that mutant FN
was retained in the cells. Briefly, they performed mass spectroscopy to determine the abundance
of mutant FN relative to wild type (WT) in an affected individual bearing a FN mutation. Their

findings indicated that mutant FN was present at much lower amounts than WT FN in the
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patient’s plasma, as well as in the cell culture media of their primary dermal fibroblasts [107].
Based on these observations, western blot and indirect immunofluorescence can be done to
examine if the mutant FN induces a deficient secretion of FN in differentiated ATDCS and iPSC
cells harboring FNI mutations. Whether the mutant protein is retained or not, the formation and
function of the FN network is expected to be affected. Moreover, since FN acts as a master
organizer of different ECM networks and is involved in cross-talks with many regulatory and
signaling pathways including BMP and TGF-B, the mutations are expected to affect ECM

networks and dysregulate the activity of many growth factors stimulated by these pathways.

In vivo studies were conducted in this work to determine how FN mutations
mechanistically contribute to SMD pathogenesis. Since the affected patients had heterozygous
FNI mutations, it was hypothesized that the phenotypes observed in patients were due to
haploinsufficiency in which there is only one functional copy of the gene instead of two. A loss
of half of the gene function can lead to a global reduction in the level of FN, resulting in the
disease. To determine if this was indeed the case, dKO mice were generated. The strategy
involved knocking out Fn/ in the liver and cartilage to halt production of FN in those tissues
(Fn1(fl/f1); AlbCre/+; Col2Cre/+). The mice were then characterized phenotypically during the

first two months.

The mice were expected to have some of the features of SMD, such as metaphyseal
irregularities, shorter limbs and abnormality in the vertebral bodies. From the human disease,
given the metaphyseal abnormalities but normal bone mass, the mice were not predicted to have
impaired osteoblast or osteoclast function, but chondrocyte dysfunction and/or altered cartilage
matrix was expected. Our results show that mice lacking Fn/ in the cartilage (Fnl(fl/fl);
Col2Cre/+) did not portray any abnormal features, and that the phenotype of dKO mice were
indistinguishable from that of our control mice from the same litter. Length and weight
measurements revealed no differences during development between dKO mice, cartilage-FN
single KO mice, and their littermate controls. The mutants were viable and fertile. Further,
skeletal malformations were not detected on radiographs, and the dKO mice did not seem to
have any abnormal behaviour typical of the human patients. It might therefore be the case that

the phenotypes observed in FN/-induced SMD-CF are not due to the global reduction of FN in
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the body, but rather by an accumulation of mutant FN in the cells. Further comparisons would
require a litter that also contains mice with FN KO only in the liver (Fnl(fl/fl);AlbCre/+) in
addition to dKO, cartilage-FN KO and mice only expressing floxed FN for a better phenotypic
evaluation. Previous studies which knocked out pFN in vivo by conditional deletion of FN in
the liver have shown decreased FN content in the bone matrix associated with a decreased
mineral-to-matrix ratio, but no effects on osteoblasts or osteoclasts [174]. Thus, bone density
can be affected without any impact on bone formation in the mice. Analysis of the bone matrix
by micro-computed tomography (micro-CT) will be able to better show such subtle changes. It
would also be interesting to have mice that only expresses Cre without any floxed alleles to

account for any possible Cre toxicity [269].

It is known that FN is produced and secreted by a multitude of cells including
hepatocytes, chondrocytes, fibroblasts, endothelial cells and macrophages [124]. Due to its
widespread expression in different tissues, it is possible that FN originating from sources other
than the liver and cartilage might be contributing to the development of the skeletal system. The
observation that FN/ mutations linked to SMD are not embryonic lethal suggests that any
affected process is only delayed or altered, but not entirely halted. Cadoff e al. have shown that
50% of normal FN production is enough for proper assembly and function of the FN matrix
[107]. In fact, only when completely absent (homozygous FN-null) does it cause embryonic
lethality [251, 270]. FN produced by other cells might therefore be “rescuing” tissues lacking
FN.

Since FN has a crucial role particularly in the earlier stages of cartilage formation, there
may have been an initial dysregulation, followed by a delay in which the system tries to
compensate for the defect. In humans, clinical features such as spinal abnormalities may have
appeared as a symptom of this early shortcoming seeing that the spine is one of the earliest
structures to form, but through the compensation, patients later develop normal hands and feet.
This mechanism has been shown by other in vivo experiments in which tissue-specific deletion
of FN in mice resulted in healthy and viable mice. However, the mice still presented with subtle
defects. Heterozygous FN-null mice, for example, appeared to be healthy and fertile even with

only half of the normal level of FN. Yet, when examined more extensively, they showed delayed
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tissue repair in injured arterioles [271, 272]. This possibility raises a clear limitation of our work:
the experiments presented here only looked at basic phenotypes and not functions that might
occur under special conditions (e.g. changes in bone density, effects on tissue repair, bone
strength). Further experiments therefore need to be done to examine these features, evaluate if
any signaling pathway is disrupted, as well as measure the level of gene expression of ECM
markers by extracting the RNA from growth plates. Histology of the bone and the cartilage can
also be done to assess the structure of these tissues and look at the level of GAG and calcium

deposition.

Moreover, the FNI gene is well conserved throughout evolution, suggesting that many
mechanisms act to protect its integrity, as well as ensure that its functions are not disrupted. This
phenomenon points to genetic robustness. One of the mechanisms that lead to this is gene
redundancy in which two genes share all or some functions. FN may therefore be functionally
compensated for by similar matrix proteins with the same ability [273]. This mechanism was
found to occur when N-cadherin is absent [274]. In experiments done to examine limb
development ex vivo, N-cadherin-null limb bud explants were generated in which expression of
N-cadherin was ablated. Surprisingly, condensation was not affected and resulted in the
formation of normal skeletal structures. Further analysis revealed that bone formation proceeded
through compensation by cadherin-11, another cell adhesion molecule, which upregulated in the
absence of N-cadherin [274]. A similar compensation event may therefore be occurring in our
dKO mice, although these speculated proteins remain to be identified. In mice, it has been
estimated that around 50% of its genes have a related member in the genome with identical
functions, and some of these genes may not even be present in humans [275, 276]. Interestingly,
if it is, in fact, a case of functional redundancy in which a compensatory mechanism prevents a
massive reduction in FN in tissues, it may reveal a potential therapeutic avenue for patients.
Upregulating the expression of genes which encode a protein with functions similar to FN early
during development may help patients who cannot produce or secrete the optimal levels of FN
that is required for proper bone development. Thus, the importance of finding the cellular and

molecular mechanisms of FNI mutations that lead to skeletal disease.
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In a different point of view, the clinical manifestations reported in patients with SMD-
CF may not actually be due to a reduction in global FN, but rather arise from the accumulation
of mutant FN in the cells. This could be assessed by knocking-in a mutation (p.(Cys260Gly)) in
the mouse. This mutation is located in the N-terminal domain of FN which is known to play an
important role in matrix assembly, but now may also play a role in proper FN secretion from

the cell.

The general secretory pathway dictates that shortly after synthesis, FN monomers are
disulfide-bonded into dimers in the lumen of the endoplasmic reticulum (ER), the main site
where proteins are synthesized and folded. Dimers are then transported through the Golgi
apparatus and onto the cell surface [277]. Although this may hold true, much of the molecular
details concerning the secretory pathway and assembly of FN are still unknown [130, 278].
Ishikawa et al. attempted to use the model of collagen secretion, but did not succeed in showing
that the same mechanism applies to FN [278]. Studies have shown that a protein called periostin
promotes secretion of FN from the ER [279, 280], and others have proposed that FAK, Rho-
GTPases, and MAPK pathways are some of the regulatory mechanisms that play a role in this
system. Looking into the mechanism of how FN mutants are retained in the cells can help fill in

these blanks.

Recently, mutant FN harboring a mutation in the N-terminal domain was shown to
accumulate within the ER of the cells, and thus not efficiently transported through the secretory
pathway [107]. The same problem occurred with the cartilage oligomeric matrix protein
(COMP), another cartilage protein which leads to the skeletal disorders pseudoachondroplasia
(PSACH) and multiple epiphyseal dysplasia (MED). This protein was found to accumulate in
the rough ER in chondrocytes when mutated. This resulted in the decreased secretion in the

culture medium, similar to what was observed with mutant FN [280].

Improper folding can impede secretion from the ER. When there is accumulation of
misfolded proteins in the ER, an unfolded protein response (UPR) is activated to prevent any
global disruption in the pathway. This can lead to apoptosis in prolonged stress [281]. However,

it was shown that the accumulation of mutant FN did not induce the UPR or apoptosis in the
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cells [106]. Most of the FNI mutations found in patients with SMD-CF disrupt disulphide bonds
between cysteine residues, which leads to the disruption of the tertiary structure [106]. While
the absence of stress responses suggests that they were properly folded, it may be more likely

that the mutant proteins simply managed to avoid being detected by these mechanisms.

The ER recognizes misfolding through the decreased amount of N-linked glycosylation
on the protein. ER enzymes and heat shock proteins then attempt to fix the misfolded proteins
and prevents them from continuing the pathway [282]. The process of how FN is assembled into
a compact protein is still not well-known. However, it is known that the FN structure has many
cryptic sites that are only revealed in certain situations. Mutations may lead to these sites being
exposed due to improper folding. This can result in the binding of proteins such as chaperones
that can inhibit the activation of the ER stress response, and even allow some mutated proteins

to “leak out” of the cell as shown by FN proteins harboring a p.Y240D mutation [106].

Assuming that mutant FN are indeed misfolded and therefore not in an entirely inactive
compact conformation, these mutated proteins may bind to other cartilage proteins in the ER
which can prevent their transit towards the Golgi apparatus. The accumulation of ECM
components in the ER can seriously impair the activity of chondrocytes and lead to their death
as well as result in a defect in ECM production [280, 283, 284]. The mutational hotspots on the
FNI gene in SMD-CF are in the type I domain of FN/. This domain plays an important role in
ECM assembly, and contains sites important for binding to fibrin, heparin, and to other FN
molecules [124, 141]. Schwarzbauer ef al. has shown that FN lacking all or part of the first five
type I repeats (FNI,.5) is unable to form fibrils [133]. Based on what is known in the literature,
the p.C260G mutation is expected to disrupt fibrillogenesis and ECM formation. Indeed, Cadoff
et al. found that the mutant FN causes reduced FN and collagen matrices, ultimately affecting

ECM assembly [107].

In addition, mutant proteins that manage to get secreted out of the cells may also
contribute to a defective matrix. Wang et al. have shown that substituting a lysine amino acid
for glutamine in the FN IIICS region resulted in a loss of FN matrix formation which had

important implications in tumor metastasis [285]. A similar consequence was demonstrated in
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other ECM proteins such as collagen. The replacement of glycine amino acids with serine in
the FN-binding domain of collagen led to decreased binding between collagen and FN. This
resulted in the degradation of collagen and an inadequate matrix formation [143]. Given the role
of the FN domains in which the identified FNI mutations are located, similar outcomes are

expected.

Many reasons have been elucidated as to the patho-mechanism of SMD-CF caused by
FNI mutations. Perhaps the combination of both the retention of mutant FN in cells and the
reduced FN levels in the tissues contribute to the overall development of the disease. Many
proteins may work to compensate for the deficit in FN, but the disruption in the system will lead

to a phenotype, whether it be minor or severe.

Patients with de novo FNI mutations published in our previous paper [106] were
identified from different sources such as collaborations, registries, the International Skeletal
Dysplasia Society emailing list, Shriners Canada Skeletal Dysplasia Clinic and GeneMatcher.
Throughout this work, more individuals with phenotypes corresponding to SMD-CF were
brought to our attention, and with targeted Sanger sequencing, a patient with a de novo mutation
in the FNI gene was identified. This patient presented with irregular metaphyses, abnormal
vertebral bodies and corner factures in long bones which are features that are characteristic of
patients with SMD-CF. The absence of coxa vara and scoliosis in this patient demonstrates a

phenotypic variability in this disease, expanding the clinical features of FN/-induced SMD-CF.

This variability may be explained by differences in the location of the mutations. Other
mutations on FN have been found that caused GFND, but they clustered on the C-terminal half
of the protein in contrast to the N-terminal half where most SMD-CF mutations are located. Our
patient did not have any renal abnormalities, and neither did the other patients diagnosed with
SMD-CF. Similarly, patients with GFND do not have any skeletal abnormalities, suggesting
that the location of the mutation within the FN protein is crucial for the manifestation of either
one of the disease. The alteration of a specific residue can also contribute to the variability of
the phenotype as no two affected individuals have the exact same phenotypes [106]. No pattern

can be seen just yet between the location of the mutation and the severity of the phenotype, but
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the identification of more patients may allow us to eventually make this type of correlation.
From a molecular point of view, variations in the clinical characteristics presented by patients
can also be due to the differences in the amount of mutant FN retained or secreted by the cells
or the degree at which FN from other sources can rescue the defect [107]. The advent of
sequencing technologies has therefore allowed the identification of additional patients with FN/
mutations. In fact, in an article we have written with our collaborators, four other patients with
SMD-CF with slightly different clinical features were also found to have mutations in the N-
terminal portion of the FNI gene (Costantini et al., manuscript under review). These patients

expand the phenotypic and genetic spectrum of SMD-CF.

With FN’s involvement in bone formation and homeostasis in SMD-CF, it is not unlikely
that mutations in the FN/ gene are found in other bone diseases. Indeed, FN/ mutations are now
being identified in another skeletal disease, namely idiopathic scoliosis (IS). IS is a more
frequent condition compared to SMD-CF affecting up to 3% of the population [286]. It is
defined by a 3D deformity of the spine characterized by lateral curvature of the spine and
rotation of the vertebral bodies [287]. The etiology of IS is currently not well understood, but
several studies suggest a genetic contribution [288]. An analysis of rare coding variants
performed by the laboratory of Dr. Campeau and his collaborators found FN/ variants in some
of these families with IS (preliminary data, unpublished). Thus, in a broader context, certain
FNI variants may predispose individuals to scoliosis as this is a common clinical feature
between IS and FN/-related SMD-CF. Determining the contribution of FN in IS is an area of
future work that may help to better understand the role of FN in skeletal development and

maintenance.
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CHAPTER 5:
CONCLUSION
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FN is known to be involved in many basic molecular functions and is widely expressed
in different tissues. Its importance in embryonic development mainly stems from its ability to
assemble into a fibrillar matrix and its participation in the regulation of growth factor pathways.
However, despite its involvement in many processes, its functional role in bone formation has
not been fully explored. The discovery of mutations in the FN/ gene in patients affected with

Sutcliffe-type SMD, a rare skeletal disorder, brings to light this gap in the current knowledge.

The involvement of growth plates in affected patients led to the speculation that the
cartilage is the main tissue affected in the disease. This observation, combined with the
identification of FN/ mutations, generated the hypothesis that mutations in the N-terminal
domain of the protein can affect protein secretion, impair ECM assembly, cause chondrocyte
dysregulation, and affect the function of growth factors. All this can lead to improper skeletal
growth. The conservation of the FNI sequence is therefore more crucial than previously

expected.

ATDCS cells as an in vitro chondrogenic model will allow for the better understanding
of the effect of the mutations in chondrocyte and ECM function. An optimized protocol to
induce chondrogenesis in these cells has been successfully tested and evaluated in wild-type
cells, and is ready to be applied on ATDCS cells harboring a number of FN/ mutations. These
experiments may also help reveal details on how FN is secreted from cells in physiological

conditions as such information is currently lacking in the literature.

The generation of mice in which FNI was ablated in the liver and the cartilage did not
replicate the clinical features observed in the patients based in the analyses performed thus far,
indicating that the gross phenotypes of SMD-CF may not be due to the global reduction of FN.
However, more tests are required to determine if the knockout of the gene disrupted other
pathways that could result in more subtle phenotypes such as changes in the bone matrix, bone
strength and stiffness, or affected processes that can only be observed in special circumstances
such as tissue repair during injury. Biomechanical testing and micro-CT are some tests that can

be performed to further analyze the bone phenotype of these mice. Nevertheless, the absence of
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expected skeletal malformations in the mice may have revealed a phenomenon of compensation

that has not previously been shown with FN.

Experiments and analyses done in this work are only the first steps towards the discovery
of a whole unexplored area in the field of skeletal formation. Once the transfected ATDCS cell
lines and knock-in mice are generated, there is no doubt that it will uncover many unknown
details. Not only will it explain how mutations in N/ can lead to Sutcliffe-type SMD and reveal
its functional role in bone development, but it can also reveal details about its secretory pathway
in cells which can be relevant for other diseases that involve a deficiency in protein secretion.
Furthermore, understanding the effect of the mutations can also improve the counseling of the
patients and families affected by skeletal disorders. In fact, the continued identification of FN/
mutations in patients affected with Sutcliffe-type SMD, and more recently, in patients with IS,
raises questions on how important FN is in skeletal growth. A larger cohort of patients will
further validate current results and allow for the development of targeted treatments. It can also
enable the creation of diagnostic tests to determine the presence of this disease in a newborn or
to estimate the probability for an individual to develop the disease. Preventive measures can
therefore be taken by the patient or early intervention can be provided to limit disease

progression.
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Mutations in Fibronectin Cause a Subtype of
Spondylometaphyseal Dysplasia with ““Corner Fractures”
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Brendan H. Lee,3 Dieter P. Reinhardt,.21.* and Philippe M. Campeau?21*

Fibronectin is a master organizer of extracellular matrices (ECMs) and promotes the assembly of collagens, fibrillin-1, and other proteins.
It is also known to play roles in skeletal tissues through its secretion by osteoblasts, chondrocytes, and mesenchymal cells. Spondylo-
metaphyseal dysplasias (SMDs) comprise a diverse group of skeletal dysplasias and often manifest as short stature, growth-plate
irregularities, and vertebral anomalies, such as scoliosis. By comparing the exomes of individuals with SMD with the radiographic
appearance of “corner fractures” at metaphyses, we identified three individuals with fibronectin (FN1) variants affecting highly
conserved residues. Furthermore, using matching tools and the SkelDys emailing list, we identified other individuals with de
novo FN1 variants and a similar phenotype. The severe scoliosis in most individuals and rare developmental coxa vara distinguish
individuals with FN1 mutations from those with classical Sutcliffe-type SMD. To study functional consequences of these FN1 mutations
on the protein level, we introduced three disease-associated missense variants (p.Cys87Phe [c.260G>T], p.Tyr240Asp [c.718T>G], and
p-Cys260Gly [c.778T>G]) into a recombinant secreted N-terminal 70 kDa fragment (rF70K) and the full-length fibronectin (rFN). The
wild-type rF70K and rFN were secreted into the culture medium, whereas all mutant proteins were either not secreted or secreted at
significantly lower amounts. Inmunofluorescence analysis demonstrated increased intracellular retention of the mutant proteins. In
summary, FNI mutations that cause defective fibronectin secretion are found in SMD, and we thus provide additional evidence for a
critical function of fibronectin in cartilage and bone.

Spondylometaphyseal dysplasias (SMDs), or bone dyspla-
sias affecting the spine and growth plates, comprise a
heterogeneous group of conditions from both a clinical
and genetic perspective. Genetic mutations have been
identified for several SMDs (in COL2A1 [MIM: 120140],
TRPV4 [MIM: 605427], SBDS [MIM: 607444], GPX4
[MIM: 138322], PCYTIA [MIM: 123695], and ACP5
[MIM: 171640]), but rarer forms still escape molecular diag-
nosis.' One such condition is SMD with “corner fractures”
(MIM: 184255). First recognized by Sutcliffe in 1966, fewer
than 25 individuals or families have been reported.” These
individuals generally show developmental coxa vara but
no scoliosis (as was the case for several individuals in our

Table S1).** At the edges of the irregular metaphyses,
flake-like, triangular, or curvilinear ossification centers
simulate fractures. This specifically affects the distal tibia,
the distal radius (ulnar aspect), the proximal humerus,
and the proximal femur. The so-called “corner fractures”
are unlikely to be true fractures but instead represent irreg-
ular ossification at the growth plates and secondary ossifi-
cation centers.” These fractures tend to become larger in
older children and disappear after growth has stopped.
Corner fractures on radiographs can also be seen in Duet-
ting-type SMD (or SMD type A4 [MIM: 609052]),> Schmid
(MIM: 156500) and Jansen (MIM: 156400) types of meta-
physeal chondrodysplasia, Strudwick-type spondyloepi-

cohort without FNI [MIM: 135600] mutations; see metaphyseal dysplasia (MIM: 184250),° Blount disease
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Table 2. Genetic Description of the FNT Variants

Coding Change

Protein Change

Family Genomic Change (hg19) (GenBank: NM_212482.2)" (GenBank: NP_997647.1) Inheritance
1 chr2: g.216299436C>A c.260G>T p-Cys87Phe dominant

2 chr2: g.216298095A>G c.367T>C p.Cys123Arg de novo

3 chr2: g.216295448G>C €.675C>G p.Cys225Trp de novo

4 chr2: g.216293029A>C c.718T>G p-Tyr240Asp dominant

5 chr2: g.216292969A>C c.778T>G p-Cys260Gly de novo

6 chr2: g.216273022_216273024del €.2425_2427del p-Thr809del de novo

7 chr2: g.216298095A>G c.367T>C p.Cys123Arg de novo

@All variants are absent from the EXAC Browser.

(MIM: 188700), Menkes disease (MIM: 309400), nonacci-
dental injury, congenital contractures, rickets, and
scurvy.” Some individuals initially thought to have SMD
with corner fractures were later identified to have type 2
collagenopathy.®

Family 1

C.[260G>T];[=] c.[260G>}]:[:]

Family 2

Fibronectin is found in the human body in both a
soluble form (~300 pg/mL in plasma) and an insoluble
form as a principal component of the fibrillar extra-
cellular matrix (ECM) of virtually all tissues.> Fibro-
nectin contains binding sites for integrins, collagens,

Figure 1. Pedigrees of the Families with
FN1 Mutations

Co-segregation of the variants with the
trait in families 1 and 4 suggests dominant
inheritance. Consistently, de novo FN1
mutations in the affected individuals of
simplex families 2, 3, 5, 6, and 7 were
observed.

c.[367T>C][=]

Family 4

Family 3

e l=l=] Il

C.=}{=]

1
c.[675C>Gl{=]

I
c.[=]l=]
Family 6

0O,
c.[=]\(=] c.[=]i[=]

c.[2425_2427del];[=]

¢.[778T>G]{=]

c.[=][=]

@

2
c.[718T>G])[=]

2

C[718T>Gl{=]

Family 7

c.[367T>Ci{=]
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A Family 1

B Chid trom family 2

. .| '.’l'

C Child from tamidy 5

Figure 2. Photographs of Some of the Individuals with FNT Mutations
(A) Photographs in a figure reproduced with permission from Sutton et al.*” (copyright © 2005 Wiley-Liss, Inc.). On the left are the three
affected individuals who have an FN1 mutation and the maternal grandmother. In the middle is the older child at age 5 years, and on the

right is the younger child at age 3 years.

(B) Affected child from family 2 at age 13 years. Note the short trunk, facial asymmetry, dysplastic left ear, and normal hands and feet.
(C) Affected child from family 5 at age 2 years and 11 months. Note the scoliosis, genu varum, and normal hands and feet.
(D) Affected child from family 6 at age 8 years. Note the short trunk and scoliotic posture.

glycoproteins, and glycosaminoglycans, as well as self-
association sites.'” It self-assembles in a cell-dependent
manner upon binding to integrins and other cell-
surface components’ and initiates the assembly of the
ECM.11_13

We performed exome sequencing in individuals with
SMD with corner fractures, who had been identified
through the Texas Children’s Skeletal Dysplasia Pro-
gram, International Skeletal Dysplasia Registry, Baylor-
Hopkins Center for Mendelian Genetics, Skeldys
emailing list of the International Skeletal Dysplasia
Society (ISDS), Shriners Canada Skeletal Dysplasia
Clinic, and existing collaborations. Families provided
written informed consent for protocols approved by
the institutional review board at Baylor College of Med-
icine or local institutions. The procedures followed were
in accordance with the ethical standards of the relevant
committees on human experimentation. Details on the
exome sequencing libraries and alignment are presented
in Table S2.

In two of the first few individuals sequenced, who have
been previously reported, COL2A1 mutations were iden-
tified.! In total, 13 individuals were exome sequenced,
and a comparison of the rare or undescribed variants
shared between these individuals revealed variants in

FN1 in three of these affected individuals (two variants
segregating with the disease, ¢.260G>T [p.Cys87Phe]
[GenBank: NM_212482.2 and NP_997647.1, respec-
tively] in family 1 and c.718T>G [p.Tyr240Asp] in family
4, and a de novo variant, c.2425_2427del [p.Thr809del] in
family 6). The genetic cause of SMD is still undetermined
for the other individuals. Subsequently, through the ISDS
emailing list, the GeneMatcher tool, and the Shriners
Canada Skeletal Dysplasia Clinic,'* four other individuals
with de novo FNI1 variants (c.367T>C [p.Cys123Arg] in
families 2 and 7, c.675C>G [p.Cys225Trp] in family 3,
and c.778T>G [p.Cys260Gly] in family 5) and SMD
with corner fractures were identified. In one of them (in-
dividual 3, identified with the ISDS emailing list), only
FN1 was sequenced on the basis of the initial findings.
Thus, in this cohort, previously unreported FN1 variants
were found in 7 of 16 families affected by SMD with
corner fractures. The clinical phenotypes of the individ-
uals with FN1 variants are detailed in Table 1, and the
variants are presented in Table 2. Figure 1 shows
pedigrees, Figure 2 shows photographs, Figure 3 shows
selected radiographs, and Figure S1 shows additional
radiographs.

All FN1 variants discovered in this study are absent from
the ExAC Browser and affect highly conserved residues

818 The American Journal of Human Genetics 707, 815-823, November 2, 2017



Figure 3. Radiographs Showing the
“Corner Fractures” and Other Radiological
Changes

(A) Individual from family 7; note the sig-
nificant scoliosis.

(B) Individual from family 3; note the
absence of coxa vara, the presence of irreg-
ular metaphyses with corner fractures, and
the presence of ovoid vertebral bodies.
Additional radiographs from all families
are available in Figure S1.

are located in the N-terminal assem-
bly domain (spanning fibronectin
domains I-1 through I-5), which is
important to initiating assembly on
the cell surface.” The remaining muta-
tion (c.2425_2427del [p.Thr809del])
(Figure 4). The majority (4/6) affect cysteine residues, allof was found in the III-2 domain, which contains a fibro-
which form disulfide bonds that are critical for the nectin binding site and is involved in conformational
three-dimensional structure of the type I fibronectin do- changes promoting fibronectin assembly.” The Tyr240
mains.'” Five of the mutations (c.260G>T [p.Cys87Phe], residue has previously been mutated into a Ser residue
c.367T>C [p.Cys123Arg], c.675C>G [p.Cys225Trp], in vitro and shown to be critical for fibronectin binding
c.718T>G [p.Tyr240Asp], and c.778T>G [p.Cys260Gly]) to fibroblasts."®

A . . p.Leu1974Arg
prs2I60(;|y F'bronectln p .'?n‘:-:',-ip.'l”.
p.Tyr240Asp
p.Cys225Trp p.Tyr973Cys
p.Cys1.23Arg
p.Cys87Phe

p.Lys1953 lle19610el

B o
p.Cyshi pCys123 p.Cys225
Human R G F N|CJE S X » M I W DOJC e 18 G R T|elT §$ R N
Rhesus R G f N|C]Jt 5 x ? M I wolc¢ c !t 6 G R TIC]T $ R N
Mouse R G F NJCJE S X P M I W DJC L N < G R TJCJT S R N
Dog R G F N|CJE S K P M I W DJC cC | G G R TIC]T S R N
Elephant R G F NJCJE S x ? M I W DODJC C I G G R Tjcjry $ R N
Chicken R G ¢ N|C]t 5 x » M I wojc c I G G R Tjc]lT $ - N
Xeropus R G F NJCJE S X P M I WDJC cC I G G R TIC)|S S K N
Tebrafish - G M x|cjr s x P M1 wolc] C 1 ¢ G R TLejT s R N
p.Tyr240 p.Cys260 p.TheBOS
- —— —
Hu~an R T slylr 0 L. Q€ 1]€C G N G T s Q T|T|A P D A
Rhewss Tk Y SAYIR 16 D Q<€ Ljc G N G T S a T|ivla P D A
Mouse T R T SJYJR | G O L Q C v)c¢ G N G T S Q T|Y|A P D A
Dog n s|lyl® 1+ 6 0o T - T S A - G N ¢ T $ Q T|T|A P DO A
Elephant .8 X YR | G O L Q C 1jcjv™ ¢ N G -3 Q- I 1T IAE DR
Chicken TER T Sfyje 0 L Q¢ 1jlcly 6 N G T T a T|vla P D A
Xecopus T R SIYJ%x |« G N L Q C 1jCclT &6 N G TEERQ TIYJA P D A
Zebrafish R siyyr L L Q@ ¢ tLc] G N G T a rrja P D A

Figure 4. Position and Conservation of Amino Acids Affected by Substitutions

(A) Location of the SMD-associated fibronectin amino acid substitutions (in black) and those underlying glomerulopathy (in blue). The
fibronectin domains I, II, and Il are numbered, V stands for variable domain, and EIIIA and EIIIB indicate the extra type Il repeat A and B
segments. These three domains in yellow are subject to alternative splicing. Domains I-1 to I-5 in red represent the N-terminal assembly
domain. Domains III-9 and III-10, also in red, contain the synergy site and the RGD site. Domains IlI-1 and III-2, in orange, contain self-
interaction sites and are involved in conformational changes promoting fibronectin assembly.

(B) Amino acid conservation of the mutated residues across vertebrates. Gray shading indicates non-conserved amino acid residues.
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Figure 5. Structural Impact of SMD-Causing Mutations

(A) Structural models of fibronectin domains I-1 and I-2 (PDB:
109A,%! without the S. dysgalactiae FnBP B3 peptide). On the left
is the wild-type protein, and on the right is the model with the
variant. The model for the p.Cys87Phe substitution was generated
by the ModWeb Server.*? The disulfide bond formed between
Cys76 and Cys87 stabilizes domain I-1. The p.Cys87Phe substitu-
tion is predicted to destabilize the structure by breaking the
disulfide bond and by displaying a hydrophobic residue at the
surface.

(B) Structural models of fibronectin domains I-4 and I-5 (PDB:
2RKY,** without the S. aureus FnBPA peptide). To generate the
model for the p.Tyr240Asp change, we replaced tyrosine with
aspartic acid and manually adjusted the rotomer position to mini-
mize the steric clash with the rest of the protein by using Coot.**
For the wild-type protein, the side chains of Tyr240 and Trp246
interact through 7 stacking and stabilize the fibronectin domain.
This interaction is predicted to be lost in the mutant protein.

Heterozygous FN1 mutations have previously been
reported in type 2 autosomal-dominant glomerulopathy
with fibronectin deposits (MIM: 601894).'” Remarkably,
all FNI mutations previously implicated in this glomerul-
opathy cluster in more C-terminally-located regions
important for heparin binding and integrin binding
(Figure 4)."”"'” In vitro, the mutations cause decreased
heparin and integrin binding, reduced endothelial cell
spreading, and cytoskeletal reorganization, which has
been hypothesized to affect glomerular size selectivity
and protein trafficking. Importantly, none of the SMD
individuals in our cohort had any evidence of renal
disease.

As stated above, all cysteine residues affected by muta-
tions in our cohort are involved in disulfide bonds in
fibronectin type I domains (bridges form between Cys87
and Cys76, between Cys123 and Cys135, between
Cys225 and Cys213, and between Cys260 and Cys231).
We selected one of these (p.Cys87Phe) to model
the consequence of the mutation on the three-dimen-
sional structure of fibronectin domains (Figure SA). The
p-Cys87Phe substitution was predicted to destabilize the
structure of the I-1 domain by breaking the disulfide
bond with residue Cys76 and by displaying a hydro-
phobic residue at the surface. A similar disruptive impact
was predicted for the other missense changes involving
Cys123, Cys225, and Cys260. For the two other
amino acid residues affected by mutations (Tyr240 and
Thr809), 3D structures adequate for modeling the muta-
tions were available only for p.Tyr240Asp (Thr809 was
found only at the C-terminal end of a solution structure
of I1I-2,%° which limits the interpretation of its interac-
tions). Modeling predicted that the p.Tyr240Asp variant
would disrupt the pi-stacking (or m-rv stacking) of the
side chains of Tyr240 and Trp246 and thus destabilize
the I-5 domain (Figure 5B).

We next aimed to analyze the functional consequences of
selected FN1 mutations on the fibronectin protein. Because
cells from affected individuals were not available for this
study, we generated a recombinant 70 kDa N-terminal frag-
ment of fibronectin (rtF70K), spanning the region where five
of the six missense variants identified in this study are
located, and a full-length recombinant fibronectin (rFN)
(Figure 6A). Expression vectors for the human wild-type
rF70K and rFN, as well as selected mutants, were generated
by standard cloning procedures in the pcDNA3.1+ plasmid
(Thermo Fisher Scientific, V79020) with the sequence for a
C-terminal V5 epitope tag to facilitate detection and a hexa-
histidine tag intended for chromatographic purification. At
the 5’ ends, the vectors contained the coding sequence for
either the BM40 signal peptide (rF70K) or the native fibro-
nectin signal peptide (tFN) to ensure secretion of the recom-
binant protein through the secretory pathway. The rFN
expression plasmid was constructed with the sequence for
the alternatively spliced EDA and EDB domains. For this
analysis, we selected two cysteine missense variants
(p-Cys87Phe and p.Cys260Gly) because they represent
the major group of the identified mutations, as well as a
non-cysteine missense variant (p.Tyr240Asp). These point
mutants were generated from the wild-type plasmids via
the QuikChange Site-Directed Mutagenesis Kit (Agilent
Technologies, 200519).

The plasmids were transfected into human HEK293
cells, which synthesize and secrete endogenous fibro-
nectin and represent an efficient system for producing a
range of correctly folded and posttranslationally modified
ECM proteins (subfragments as well as mutants).”’ >
After the plasmids were stably transfected into human
HEK293 cells as described previously,”* the secreted wild-
type recombinant proteins were readily identified in the
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Figure 6. Analysis of Protein Secretion of Recombinant Wild-Type and SMD-Causing Mutants of rF70K and rFN

(A) Schematic overview of full-length fibronectin (rFN) and the 70 kDa N-terminal fragment of fibronectin (rF70K). To ensure secretion
through the secretory pathway, the expression plasmids contain either the sequence coding for the endogenous fibronectin signal
peptide (rFN) or a heterologous BM40 signal peptide (rF70K). The indicated SMD variants were engineered into the expression constructs.
(B-E) NT refers to the non-transfected HEK293 controls, WT refers to the wild-type rF70K or rFN cell clones, and the mutant cell clones
are indicated in the one-letter amino acid code. (B) Western blot analysis of conditioned cell-culture medium (for 2 days) harvested from
HEK?293 cells transfected with rF70K (left) and rFN (right). Analysis of rF70K was performed with a rabbit anti-fibronectin antibody (top;
primary antibody, Sigma, F3648; secondary goat anti-rabbit horseradish-conjugated antibody, Agilent Technologies, K4008) and a
horseradish-conjugated anti-V5 monoclonal antibody (bottom, Thermo Fisher Scientific, MAS5-15253-HRP), whereas the rFN analysis
was performed with only an anti-V5 antibody, given that the anti-fibronectin antibody also reacts with endogenous fibronectin. All
samples were analyzed under reducing conditions, the blots for rF70K were developed with the SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Fisher Scientific, 34080), and the blots for rFN were developed with 0.5 mg/mL 4-chloro-1-naphthol (Sigma,
C8890) in Tris-buffered saline including 0.02% H,O,. (C) Specific RT-PCR analysis of mRNA coding for rF70K (left; 285 bp) or rEN (right;
440 bp) (excluding the endogenous FNI mRNA). GAPDH analysis (226 bp) was included as a control. RNA was extracted with the RNeasy
Plus Mini Kit (QIAGEN, 74134) according to the manufacturer’s protocol. Reverse transcription was performed with the ProtoScript II
First Strand cDNA Synthesis Kit (New England Biolabs, E6560S), and PCR was performed for 40 cycles. (D and E) Immunofluorescence
analysis of transfected HEK293 cells 3 days after seeding with anti-V5 antibodies (red; primary antibody, Thermo Fisher Scientific,
R960-25; secondary antibody, Cy3-conjugated antibody, Thermo Fisher Scientific, A10521) for rF70K and rFN was performed according
to a previously established protocol.*® Cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100; nuclei
were counter-stained with DAPI (blue). The experiments were confirmed with three to four individual recombinant cell clones. The scale
bar indicates 50 pm. Images were taken at 400x magnification with Zen software and an Axiolmager M2 microscope (Zeiss) equipped
with an ORCA-flash 4.0 camera (Hamamatsu, C11440). Note that all analyzed rF70K and rFN mutant proteins were retained intracellu-
larly, but the wild-type proteins were not.

cell-culture medium (conditioned for 2 days) with fibro- the culture medium (Figures 6D and 6E). In contrast to
nectin-specific or anti-V5-specific antibodies (Figure 6B). this finding, all three rF70K and rFN mutants consistently
Surprisingly, all three rF70K and rFN mutants were either showed strong accumulation within the cells. These data
undetectable in the culture medium or detectable at clearly demonstrate that p.Cys87Phe, p.Tyr240Asp, and
much lower levels than the wild-type protein. Analysis of p.Cys260Gly exert a common molecular defect in fibro-
recombinant mRNA with primers excluding the endoge- nectin secretion. To assess whether the intracellular reten-
nous fibronectin mRNA revealed that the amount of tion induced the unfolded protein response in HEK293
mutant mRNA was similar to that of wild-type mRNA cells, we analyzed XBP1I splicing (IRE1 pathway) and the
(Figure 6C). Immunofluorescence analysis demonstrated mRNA expression levels of CHOP and ATF4 (PERK
very low amounts of the wild-type proteins within the pathway). However, no indication of increased XBP1
stably transfected cells because the proteins secreted into  splicing or changes in the CHOP or ATF4 mRNA expression
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levels was detected (Figure S2). In addition, the mutant rFN
cell clones did not undergo caspase-3-mediated apoptosis
(Figure S3).

Fibronectin is present throughout cartilage differentia-
tion and persists in mature cartilaginous tissue.”> However,
little is known about the functional role of fibronectin in
the development and homeostasis of cartilage. Given
that fibronectin has been established as a key ECM protein
that guides fibrillogenesis of several other ECM
proteins, including proteins present in cartilage, such as
fibrillin-1,%° it is conceivable that a reduced amount of
secreted fibronectin from chondrocytes could result in a
deficient matrix network in cartilage. It is well known that
mutations affecting another cartilage protein, cartilage olig-
omeric matrix protein (COMP [MIM: 600310]), lead to pseu-
doachondroplasia (MIM: 177170) and multiple epiphyseal
dysplasia (MIM: 132400) through accumulation of mutant
COMP in the endoplasmic reticulum of chondrocytes.”” Tt
is thought that this protein accumulation impairs secretion
of other matrix proteins and leads to abnormal ECM and
chondrocyte death.”®? It is possible that a similar mecha-
nism exists for retained mutant fibronectin and leads to
the SMD phenotype observed in our cohort. Conditional
double-knockout experiments of fibronectin in mouse
cartilage and liver or knockin of some of the mutations are
currently underway to further elucidate the molecular basis
of fibronectin in the development and maintenance of
cartilage.

Accession Numbers

The accession numbers for the variants identified in this study are
ClinVar: SCV000574553-SCV000574558.

Supplemental Data

Supplemental Data include three figures and two tables and can be
found with this article online at https://doi.org/10.1016/j.ajhg.
2017.09.019.
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Annexe 11

Project I1:
Characterization of genes involved in the
biosynthesis of GPI-anchored proteins

This annexe includes:
1) Presentation of the project and work that has been done by the author.

2) Clinical variability in inherited glycosylphosphatidylinositol deficiency disorders by Bellai-
Dussault et al. Review published in Wiley Clinical Genetics (July 2018).

3) Mutations in PIGS, Encoding a GPI Transamidase, Cause a Neurological Syndrome

Ranging from Fetal Akinesia to Epileptic Encephalopathy by Nguyen et al. Paper published
in The American Journal of Human Genetics (October 2018).
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In parallel with my project on fibronectin, I have also been working on a topic involving GPI-
anchored proteins. While the main goal is also the characterization of mutations found in genes,
the clinical features manifested by the patients in this project are more neurological as opposed

to skeletal.

1. INTRODUCTION

Glycosylphosphatidylinositol (GPI) is a glycolipid that can anchor proteins at the cell
surface. These proteins, collectively called GPI-anchored proteins (GPI-APs), play important
roles, particularly in development and neurogenesis. The biosynthesis of GPI anchors is a highly
regulated sequential process wherein more than 30 phosphatidylinositol glycan anchor
biosynthesis (PIG) proteins and GPI-attachment to proteins (PGAP) proteins are involved [1].
The disruption in any of the steps in the biosynthesis can potentially cause a phenotype in the
individual. Mutations in genes encoding the proteins involved in GPI biosynthesis have been
identified, and can result in a group of developmental disorders termed “inherited GPI
deficiencies” (IGDs). The most common characteristics reported in IGDs are intellectual
deficiency, developmental delay, brain anomalies, seizures, and dysmorphic features [2]. A
review was written and published by me and my colleagues that describes the clinical features
that were reported as a consequence of mutations in GPI biosynthesis genes (see attached review

by Bellai-Dussault et al., 2018).

So far, 17 of the genes encoding proteins involved in GPI biosynthesis have been
associated to IGDs [3, 4]. We hypothesize that other genes are involved in proper GPI
biosynthesis, and that mutations in any of these genes can disrupt the pathway and result in the
phenotypes seen in the patients. In collaboration with other research teams, novel mutations in
these genes have been identified in affected patients. The mutations, which were found by whole
exome sequencing and confirmed by Sanger sequencing, are rare or have never been reported
previously. In this work, the main objective is to study the effect of these identified mutations.
Functional studies on blood cells and skin fibroblasts of affected individuals will be done to

assess the effect of the mutations.
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This project was done in close collaboration with Dr. Thi Tuyet Mai Nguyen, a post-doctoral
researcher in the lab. Unless otherwise specified, experiments presented in this work were
performed by the author. Clinical examination, mutation identification, and isolation of skin

fibroblasts were done by other research members.

2. METHODS

2.1 Flow Cytometry

Flow cytometry on live granulocytes was performed as described by Johnstone et al.
[5]. Briefly, fresh blood samples from patient and healthy control were stained with fluorescent-
conjugated antibodies FLAER-Alexa 448 Proaerolysin (Cedarlane), PE Anti-Human CD16
(BioLegend), FITC Mouse Anti-Human CD55 (BD Pharmingen) and FITC Mouse Anti-Human
CD59 (BD Pharmingen) for 1 hour on ice in the dark. Cells were collected and washed with
cold incubation buffer (1% BSA in PBS), then red blood cells were lysed in BD FACS Lysing
Solution (BD Biosciences) for 10min. White blood cells were collected by centrifugation and
resuspended in PBS before analysis with BD FACScanto II system (BD Biosciences). Data

obtained from the granulocytes were analyzed using the Cytobank online platform.

To perform flow cytometry on fibroblasts, transduced patient cells, untransduced patient cells,
and fibroblasts from a healthy individual were harvested from cell culture plates with Accutase
(Sigma) and stained with FLAER (Cedarlane), FITC Anti-Human CD73 (BioLegend) and/or
PE Anti-Human CD87 (BioLegend) for 1 hour at room temperature. Unstained cells were also
prepared. The cells were washed twice with cold incubation buffer (1% BSA in PBS), and were
resuspended in PBS before analysis with the BD FACScanto II system.

2.2 Lentivirus production

Vector DNA used in this work are empty pLX304 (Addgene), PIGF-pLX304 (DNASU plasmid
repository), PIGX-Lv105 (Genecopoeia), and empty Lv105 (gift from Devon Johnstone,
University of Ottawa, Ontario). HEK293T cells were plated on 12-well plates, and at
confluency, medium was changed to DMEM (Gibco) without antibiotics. Solutions containing

0.8 pg vector DNA, 0.3 ng envelope plasmid pMD2.G, and 0.5 pg packaging plasmid psPAX2
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was mixed in 100 pl media without antibiotics or serum, and was incubated with Lipofectamine
2000 transfection reagent (Thermo Fisher Scientific) for 20min before applying to the cells. The
next day, the media was changed to DMEM with antibiotics and serum, and the supernatant was
collected three times within 24 hours. In the last collection, all supernatants are pooled,

centrifuged and filtered with a 0.45 pum sterile filter.

2.3 Lentivirus transduction

Patient fibroblasts were plated in 24-well plates and at confluency, the media was changed to
complete media (DMEM with 5% fetal bovine serum and 1% antibiotic-antimycotic solution)
with 8 pg/ml polybrene. The virus supernatant was then added to the media incubated overnight.
The media was changed to fresh media the next day and two days later, cells transduced with
Lv105 vector were selected with puromycin (1pg/ml) for 3 days, and those with pLX304 vector
were selected with blasticidin (5 pg/ml) for 10 days. Cells were then collected for FACS

analysis.

3. RESULTS

Analysis of cell surface expression of GPI-APs

A compound heterozygous mutation in the PGAP2 gene was recently identified in an
individual presenting with neurological anomalies and phenotypes comparable to previously
reported IGDs. This gene encodes for the post-GPI attachment to proteins 2 (PGAP2) protein
which participates in the attachment of a saturated fatty acid to the GPI anchor in the Golgi
apparatus [2]. To determine if the affected patient had reduced levels of GPI-APs at the cell
surface, blood samples from the patient and from a healthy control were collected for analysis.
The blood samples were stained with fluorescent antibodies against GPI-APs (CD16, CD55 and
CD59) as well as against the GPI anchor itself with fluorescein-labeled proaerolysin (FLAER).
Fluorescence-activated cell sorting (FACS) analysis was then performed (Annexe Figure 1A)
on the samples. Analysis in live granulocytes showed that compared to a healthy control, patient
cells had an overall 37% decrease in FLAER and a 25% decrease in CD59, with no significant
difference in CD55. Compound heterozygous mutations in the PIGQ gene were also identified

using whole exome sequencing, and the same flow cytometry method on whole blood samples
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was performed (Annexe Figure 1B). The PIGQ gene encodes a subunit of the first enzymatic
step of GPI anchor formation [2]. Results show that, compared to the average expression of both

controls, FLAER and CD16 decreased by at least 90% and CDS55 decreased by 69%. No change
was observed for CD59.

These results suggest that the identified compound heterozygous mutations in the

PGAP2 and PIGQ genes can result in a reduction of GPI-APs at the cell surface.

Flaer CD16 CD55 CD59

I Blank
= Healthy control
I Affected individual

PGAP2 mutation

[ Blank

[ Healthy control 1

| Healthy control 2
[ Affected individual

PIGQ mutation

Annexe Figure 1: Cell surface expression of GPI-APs on granulocytes. Red blood cells
from fresh blood samples of patients with a mutation in either the (A) PGAP2 gene or (B) the
PIGQ gene, along with blood cells of healthy controls were stained with GPI-AP markers
(FLAER, CD16, CD55 and CD59) before analyzing by BD FACScanto II system.
Representative figures show the cell surface expression of GPI-APs on granulocytes, relative
to blank samples (blue), done in triplicates.
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Lentiviral rescue assays

The abundance of GPI-AP on the cell surface of skin fibroblasts can also be assessed
using various GPI-AP markers for fibroblasts such as FLAER, CD73, and CD87 antibodies.
FACS analysis was done by Dr. Nguyen on patient fibroblasts harboring a mutation in the PIGX
and PIGF genes, and both these patients showed decreased FLAER and CD73 and/or CD87
levels, indicating GPI-AP deficiency (results not shown). Because these individuals demonstrate
a decreased expression, rescue assays were performed to examine how the mutation affects cell
surface GPI-AP expression in comparison with non-rescued patient cells and cells from healthy

controls.

Lentivirus was first produced in HEK293T cells, then transduced in patient fibroblasts.
For each PIGX and PIGF patient, the cells were either untransduced, transduced with an empty
lentiviral vector, or transduced with the vector encoding the wild-type gene (PIGX-Lv105 and
PIGF-pLX304, respectively). The patient cells, along with fibroblasts from healthy individuals
were then stained with FLAER, CD87, and/or CD73, and GPI-AP expression was analyzed by
FACS. In the individual with a PIGX mutation, FLAER was completely rescued, and CD73 and
CD87 expression increased significantly (Annexe Figure 2A). In the patient with a PIGF
mutation, FLAER amounts increased, while CD87 only showed a very slight upregulation.
These findings suggest that the mutations found in these patients which causes a reduction in
cell-surface GPI-APs most likely cause their clinical phenotypes, and that the levels can be

restored by infecting the cells with a lentivirus expressing the appropriate wild-type gene.
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A Flaer CD73 CcD87

Rescue from: 75% to 98% 290/;% 72% 55% 'tio 76%
of control of control of control

R )

[ Blank

[ Healthy control

[ Patient cells - untransduced

[l Patient cells - transduced with empty Lv105 vector

[ Patient cells - transduced with wild-type PIGX-Lv105 vector

B Flaer CD87
[ Blank
[ Healthy control
[ Patient cells - untransduced
[l Patient cells - transduced with empty vector
[ Patient cells - transduced with

wild-type PIGF-PIx304 vector
Rescue from: 65% to 88% 28% to 35%
of control of control

Annexe Figure 2: Lentiviral Rescue Assays in fibroblasts from affected individuals. (A)
Dermal fibroblasts derived from a patient with a mutation in the P/GX gene were transduced
with either an empty Lv105 vector lentivirus (red) or a lentivirus expressing the wild-type PIGX
(purple). The transduced cells, along with untransduced patient cells (green), and cells from a
healthy individual (orange) were stained with Flaer, CD73 and CD87 for one hour at room
temperature, then washed to remove non-specific bindings. Unstained cells are shown in blue.
(B) The same experiment was done with the fibroblasts of a patient with a PIGF mutation, but
in this case, a PLX304 vector was used, and only Flaer and CD87 showed a rescue. Cell surface
expression of GPI-APs were analyzed by the BD FACScanto II system. Graphs represent
experiments done in triplicate.
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4. DISCUSSION AND CONCLUSION

By functional analysis using flow cytometry on patient blood samples, a reduction in the
GPI-AP cell surface expression was revealed in individuals with mutations in the PGAP2 and
PIGQ genes. Further, rescue assays on patient fibroblasts with PIGF and PIGX mutations
showed a restoration of GPI-AP levels when infected with a lentivirus expressing the wild-type
gene. These findings suggest that the mutation causes the GPI deficiency, demonstrating the

role of these GPI-AP biosynthesis genes in the manifestation of IGDs.

Some mutations in GPI biosynthesis genes were found to be treatable such as vitamin
B6 for PIGO and PIGV proteins [6, 7], or butyrate for mutated PIGM proteins [8]. This
highlights the importance of performing functional analysis to determine the effect of the
identified mutations. Understanding the cellular basis of the conditions will allow clinicians and
scientists to identify the root cause of the neuronal anomalies reported in patients which, in turn,
can help to optimize ways to treat the disease, or to limit the symptoms at the least. Recently,
FACS analysis was done on amniocytes to examine GPI-AP levels in a fetus affected with
mutations in the P/GS gene [3] (see attached paper by Nguyen et al., 2018). The development
of such functional assay can eventually be used as a diagnostic tool during pregnancy, which

can result in an earlier therapeutic intervention.

The ongoing identification of patients with IGDs and the continuous sequencing of the
genome can only increase the understanding of this group of neurological disorders. For
example, when analyzing all published variants in GPI biosynthesis genes, it was found that
most reported pathogenic variants were in the PGAP3 gene (Baratang et al., manuscript under
review). This gene may therefore be more prone to mutations and would require closer
monitoring. The discovery of disease-causing genes can contribute to a more accurate disease
detection as the large heterogeneity of IGDs often makes for a challenging clinical diagnosis.
The clinical spectrum for certain genetic mutations can consequently expand as more patients
are identified. An interesting area of future work would be to investigate genes involved in the
transport of GPI-APs. Proteins that participate in this process are currently not well known, but
mutations in transport genes would be expected to interfere with the normal pathway and result

in pathologies.
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1 | INTRODUCTION

Glycosylphosphatidylinositol (GPI) is a glycolipid anchoring proteins to
the cell membrane. Its biosynthesis, attachment to proteins and pro-
cessing requires proteins encoded by over 30 genes.! Mutations in
some of those genes can result in decreased cell surface presentation
of GPl-anchored proteins (GPI-APs), and lead to inherited GPI defi-
ciency disorders (IGDs). As more than 150 proteins are anchored to
the cell surface by GPI proteins, the disruption of GPI biosynthesis
can potentially cause a large variety of consequences. These proteins
play a crucial role in embryogenesis, neurogenesis, and transmission
of cell signals. Therefore, germline mutations in GPI biosynthesis
genes result in a wide spectrum of symptomes.

IGDs are transmitted in an autosomal recessive manner, with the
exception of PIGA mutations, which are X-linked recessive. Studies
have showed that mutations in GPI biosynthesis and processing genes
result in a wide spectrum of phenotypes including cognitive impair-
ment, epilepsy and various congenital malformations. Our goal is to
analyze the clinical spectrum of patients with mutations in the GPI

biosynthesis pathway by doing an extensive review of the literature.

© 2018 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

inherited GPI deficiencies.

It is estimated that 0.5% of all mammalian proteins have a glycosylphosphatidylinositol (GPI)-
anchor. GPl-anchored proteins (GPI-APs) play key roles, particularly in embryogenesis, neuro-
genesis, immune response and signal transduction. Due to their involvement in many pathways
and developmental events, defects in the genes involved in their synthesis and processing can
result in a variety of genetic disorders for which affected individuals display a wide spectrum of
features. We compiled the clinical characteristics of 202 individuals with mutations in the GPI
biosynthesis and processing pathway through a review of the literature. This review has allowed
us to compare the characteristics and the severity of the phenotypes associated with different
genes as well as highlight features that are prominent for each. Certain combinations, such as
seizures with aplastic/hypoplastic nails or abnormal alkaline phosphatase levels suggest an
inherited GPI deficiency, and our review of all clinical findings may orient the management of

genetic disorders, glycophosphatidylinositol, GPI, GPI-anchored proteins, PIG

2 | MATERIALS AND METHODS
A review of the literature was made using the PubMed database and

OMIM with the words GPI and glycophosphatidylinositol.

3 | RESULTS AND DISCUSSION

Data from 202 patients with mutations in genes involved in this path-
way were collected, including patients affected with mutations in the
PIGC, PIGP, PIGH, and GPAA1 genes that were studied by our own
research group. Note that out of the 202 patients reported, there was
limited data for some patients; in six cases the pregnancy was termi-
nated, there were two stillbirths, and six patients deceased at a
young age.

The GPI biosynthesis pathway is a multi-step process. Briefly, GPI-
APs are synthesized in the endoplasmic reticulum (ER), move to the
Golgi, then are transported to the cell surface. IGD genes can be
involved in the biosynthesis of GPI-APs in the ER (PIGA, PIGQ, PIGY,
PIGC, PIGP, PIGH, PIGL, PIGW, PIGM, PIGV, PIGN, PIGO, PIGG, PIGT,

Clinical Genetics. 2018;1-10.
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GPAA1). PGAP genes then play a role in the sorting and remodeling of
the GPl-anchor in later steps in the ER (PGAP1) and the Golgi (PGAP3
and PGAP2) (Figure 1). We are only focusing in these genes, but it is
important to note that there are other genes involved in the generation
of GPI-APs which have not yet associated with disease in humans.

The most common features observed across these GPI genes are

developmental delay and intellectual deficiency, seizures, other

neurological anomalies and dysmorphic features (Table 1). Hypotonia
was reported for the majority, as well as spasticity, rigidity, dystonia,
ataxia, reflex anomalies, tremors and choreiform movements. These
characteristics can range from mild to severe for each patient. The
phenotype severity appears to correlate with the genotype and the
residual functional activity of the protein it encodes. Depending on

the mutation, the resulting protein may have partial or abolished

ER Lumen

noe
nor N nos

PIGW IO MGV G MG MO MOG e

Cytoplasm

Golgi

Cytoplasmic membrane

v Phosphatidy! Inositol
. N-acetyighucosaming
L J
-]

Ghlucosamine

Manncse
e Ethanolamine phosphate
%‘ Protein

FIGURE1 Summary of the metabolic processes and proteins involved in glycosylphosphatidylinositol (GPI) biosynthesis, protein attachment, and
remodeling. Protein names in red letters are encoded by genes discussed here [Colour figure can be viewed at wileyonlinelibrary.com]
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activity. Thus, as we discuss the patients' phenotypes, we will refer to
the function of the proteins encoded by the affected gene and exam-

ine how its activity becomes altered by mutations.

3.1 | Phosphatidylinositol glycan class A

PIGA encodes the phosphatidylinositol glycan class A (PIGA) protein
which is part of the GPI-N-acetylglucosaminyltransferase (GPI-GnT)
complex, a collection of proteins that initiates GPI biosynthesis from
phosphatidylinositol (Pl) and N-acetylglucosamine (GIcNAc) to form an
intermediate molecule called N-acetylglucosaminyl phosphatidylinosi-
tol (GIcNAc-PI) on the cytoplasmic side of the ER.2

Paroxysmal nocturnal hemoglobinuria (PNH) was the first disease
to be associated with a GPI biosynthesis defect (PIGA).2 In this disor-
der, there is complement-mediated destruction of red blood cells due
to a loss of GPI-APs CD55 and CD59 on red blood cells.? Since this
disease is not inherited, but the result of an acquired somatic muta-
tion, it will not be further discussed in this review. The most promi-
nent clinical features of patients with inherited PIGA mutations are
intellectual deficiency and developmental delay, as well as early onset
epileptic encephalopathies in which all reported patients presented
with seizures within their first year of life. The majority also showed
brain anomalies such as white matter atrophy and delayed myelina-
tion, dysmorphic features and neurological anomalies (references in
Supporting Information). Other phenotypes such as polyhydramnios,
elevated alkaline phosphatase (ALP), cardiac anomalies, dental prob-
lems, visual impairment and deafness were also seen in these patients
although less frequently, and some phenotypes were reported only
once such as nephrocalcinosis, short fingers or hands, and skeletal
anomalies. These widespread clinical features are consistent with the
findings that the PIGA protein is expressed in a wide variety of tissues
including brain, liver, heart and blood cells? In the 21 patients
reported, about half of them died in which the cause of death was
mainly due to liver failure and respiration pneumonia. Some patients
also have evidence of mitochondrial dysfunction, although the mecha-
nism for this phenomenon is not known.* Studies in induced pluripo-
tent stem cells showed decreased proliferation, abnormal synapse
formation, membrane depolarization and an increased susceptibility to
complement-mediated cytotoxicity.”

32 | PIGQ

PIGQ encodes another key component of the GPI-GnT complex. Very
little information was available for the patient with a PIGQ mutation.
The only description of this patient was the diagnosis of Ohtahara

syndrome, with developmental delay and early onset epilepsy.®

3.3 | PIGY

PIGY is the smallest subunit of the GPI-GnT complex where it directly
associates with the catalytic subunit PIGA.” In the majority of the four
patients with PIGY mutations, ophthalmologic, gastrointestinal and
skeletal anomalies have been reported. The four patients reported
were from two different families.® The children from the first family

(with a homozygous coding mutation) suffered from a more severe

WILEY |7

disease where many organs were affected such as the bone and the
Gl tract resulting in early death, whereas the phenotype of the pair
from the second family (with a homozygous promoter mutation) was
limited to global developmental delay and microcephaly. In the first
family, the children had elevated ALP, thus PIGY mutations are a cause
of hyperphosphatasia with mental retardation syndrome (type
6, HPMRS6). The mutation in the first family caused a defect in the
secondary structure of the protein which affected its association with
the PIGA subunit, thus explaining the more severe phenotype than in
the siblings with a decreased expression of a normal protein.

34 | PIGC

PIGC also encodes a subunit of the GPI-GnT complex and we recently
reported three individuals with PIGC mutations from two unrelated
families. These individuals have a seizure disorder responding to anti-
epileptic drugs and severe global developmental delay or intellectual
disability. ALP levels were normal.’

35 | PIGP

PIGP compound heterozygous mutations were found in two siblings
of a non-consanguineous family. Both patients manifested seizures,
dysmorphic features, gastroesophageal reflux disease (GERD), hypoto-
nia and global developmental delay. These patients did not display ele-
vated serum ALP levels, similar to many individuals with mutations in
earlier steps of the GPI-AP synthesis pathway including PIGC.1°

3.6 | PIGH

In addition to PIGA, C, P, Q and Y, the GPI-GnT complex is also com-
posed of PIGH. Recently, a rare PIGH homozygous variant were
reported in two siblings with epilepsy, microcephaly, and behavioral
difficulties*? while another PIGH homozygous mutation was found in
an individual with moderate global developmental delay and autism
but with only two episodes of febrile seizures occurred at the age of
17 months which did not recur.!? Like PIGC and PIGP patients, all
these patients with PIGH mutations have normal ALP.

3.7 | PIGL

The PIGL gene encodes a de-N-acetylase, an ER protein that is
involved in the second step of GPI biosynthesis. It de-N-acetylates
GIcNAc-PI which then allows GlcN-PI to flip (or be flipped) to the
luminal side of the ER where it can undergo further modifications
(Figure 1).

Of the 10 patients described with PIGL mutations, the main fea-
tures include developmental delay, seizures, dysmorphic features and
cranial shape anomalies. Deafness and ophthalmologic involvement
were also described, in particular colobomas, which were not reported
in patients with mutations in other GPI genes. Anomalies in the neuro,
heart, as well as dental, hands and feet anomalies were also reported
in the majority of these patients (references in Supporting Informa-
tion). Mutations in PIGL have been identified in patients with CHIME
syndrome which is a disease characterized by colobomas, heart

defects, ichthyosiform dermatosis, mental retardation and ear
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anomalies.'® This is consistent with the prominent characteristics in
all 10 patients reported in the literature. PIGL mutations, however, do
not only cause CHIME syndrome. A paper by Fujiwara et al presented
a patient who did not have colobomas or heart defects. Instead, the
patient had only strabismus as an ophthalmological anomaly.'* The
clinical phenotype for PIGL deficiency is therefore expanding, but with
the current clinical data that is available, ear anomalies and colobomas

still appear to be hallmarks of this disease.

38 | PIGW

One of the components of the GPI structure is a glycan core that con-
tains three mannose residues. These residues can be modified with
various side chains such as ethanolamine phosphate (EtNP). PIGW
encodes an inositol acyltransferase which introduces an acyl group to
the inositol ring of the PI. It was also found to be required for the suc-
cessful attachment of an EtNP to the third mannose of the GPI.*?

Three patients with a PIGW mutation were described in the litera-
ture. Apart from the common phenotypes seen in other IGDs, namely
intellectual disability, neurological anomalies and dysmorphic features,
patients reported with a PIGW mutation did not present many addi-
tional clinical features. In fact, only one patient presented with an ele-
vated serum ALP (thus PIGW mutations cause HPMRS5), another had
cardiac anomalies, and the third patient did not have any other symp-
toms.*%Y” When cells have a mutated PIGW gene, there is an accumu-
lation of GPI intermediates with an abnormal structure. Chiyonobu
et al found that these GPI intermediates activate GPI transamidase
and cause hyperphosphatasia.!” However, in 2016, Hogrebe
et al reported cases in which two patients with PIGW mutations had
normal serum ALP levels.*® With a sample size of three, it is difficult
to associate clinical features that are distinct to these patients. A
larger group is necessary to highlight phenotypes specific to the
PIGW gene.

39 | PIGM

The PIGM gene encodes a mannosyltransferase enzyme which trans-
fers the first mannose to the GPI on the luminal side of the ER
(Figure 1). Very little data was available for the four patients with
PIGM mutations. A common characteristic that is evident is that all
patients suffered from seizures, particularly absence seizures.'®*?
Similar to mutations in PIGA, PIGM mutations were found to be hypo-
morphic and lead to a partial loss of GPI anchor biosynthesis.'? Fur-
ther, it seems PIGM-deficient patients presented less frequently with
neurologic impairment and facial dysmorphism compared to other
IGD individuals.

3.10 | PIGV

The PIGV gene encodes the GPI mannosyltransferase 2 enzyme which
adds the second mannose residue to the GPI anchor (Figure 1). The
third mannose is added by the protein encoded by the PIGB gene, not
discussed in this review. It has been found in earlier studies that muta-
tions in the PIGV gene are the major cause of Hyperphosphatasia with

mental retardation syndrome 1 (HPMRS1), also known as Mabry

WILEY |7

syndrome.Z® Indeed, all the patients reported with severe intellectual
disability and the majority (21/22) patients had an elevated ALP level
(references in Supporting Information).

ALP is a GPI-AP found throughout the body. Studies have found
that an elevated serum ALP level is a useful marker to diagnose
defects in GPl genes involved in the later steps of the GPI-
biosynthesis pathway.2! The process of how this occurs involves the
GPI transamidase complex, an enzyme that mediates the attachment
of the GPI anchor to proteins carrying a C-terminal GPIl-attachment
signal. In normal conditions, the GPI transamidase cleaves the GPI-
attachment signal peptide on the protein and simultaneously adds the
GPI moiety. In the case of PIGV mutations in which there is a lack of
mature GPI synthesis, the GPI transamidase recognizes the incom-
plete GPI-bearing mannose and cleaves the GPl-attachment signal.
However, the signal peptide cannot be replaced with a GPI anchor,
resulting in the release of non-GPI anchored soluble proteins into the
serum.?! This generation and secretion of soluble ALP from the ER
leads to hyperphosphatasia. In contrast, in IGD genes involved in the
earlier part of the pathway such as the PIGA gene, precursors of GPI-
APs are mostly degraded in PIGA-defective cells and are therefore not
released from the cells.?2 As such, only a minority of the patients with
mutations in the earlier IGD genes (or no patient depending on the
gene) show an elevated ALP level.

Additional clinical features manifested by these patients indicate
that mutations in this gene are not limited to these two clinical fea-
tures. The majority of patients were also reported to have seizures,
intellectual disability, dysmorphic features, anomalies of the gastroin-
testinal and urinary tracts with constipation and an anteriorly placed
anus. They also suffer from hypoplastic or absent fingernails which
seems to be a hallmark of patients with PIGV mutations as nail anoma-
lies appear more frequently in this group than in patients with muta-

tions in the other IGD genes.

3.11 | PIGN

The PIGN gene encodes one of the three EtNP transferases which
adds an EtNP to the mannose residues on GPl. The other two
enzymes with this function are PIGG and PIGO.2® PIGN adds the
EtNP to the first mannose residue.?* The clinical phenotypes observed
in 30 patients with PIGN mutations were diverse and affect multiple
organs (references in Supporting Information). The most commonly
reported clinical findings were ophthalmologic anomalies, along with
hypotonia and seizures. Patients were also reported with diaphrag-
matic hernia suggesting Fryns syndrome. On the contrary, none of the
patients were described to have any deafness, nephrocalcinosis or
teeth anomalies, and only 2 of 30 patients showed an elevated level
of ALP.

The phenotype manifests with different severity depending on
the mutation, with the more severe ones often leading to early death.
In fact, many deaths have been reported in patients with PIGN muta-
tions compared to those with other GPI mutations: 10 patients died
before the age of four, and 1 patient died at 14 years old. For six
patients, the pregnancy was terminated so some clinical phenotypes

could not be assessed in these individuals.
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312 | PIGO

As mentioned, PIGO is part of the EtNP transferase enzymes. It is
involved in attaching an EtNP on the third mannose of GPI in the later
steps of the GPI biosynthesis pathway. This EtNP links the GPI anchor
to the protein.2®

Seventeen patients with PIGO mutations were described in the
literature (references in Supporting Information). In addition to intel-
lectual deficiency and other neurological anomalies which all patients
displayed, the majority presented with seizures, dysmorphic facial fea-
tures, brachytelephalangy, hypoplastic nails, and anomalies in their
brain structure such as cerebellar atrophy and thin corpus callosum.
Gastrointestinal anomalies were seen, with anal atresia being the pre-
dominant Gl malformation. Additionally, hyperphosphatasia was
reported in the majority of these patients (13/17). This elevated ALP
is caused by a similar mechanism as for patients with a PIGV mutation.

PIGO is one of the GPI genes associated with hyperphosphatasia
mental retardation syndrome (HPMRS2). This disease is characterized
by increased ALP, intellectual deficiency, seizures, hypotonia, and
facial dysmorphic features.?® These symptoms were present in the
patients reported with PIGO mutations, but they are also present in
patients with mutations in PIGV, PGAP2 and PGAP3 genes.2%2427

3.13 | PIGG

PIGG gene encodes the enzyme that attaches EtNP to the second
mannose on the GPI. Later in the pathway, this EtNP is removed by
the PGAPS5 protein. It has therefore been reported that PIGG may not
be essential for GPI-AP biosynthesis. This was confirmed with studies
that showed that in PIGG-deficient cells, GPI-APs are present at nor-
mal levels and have normal structures,?® in contrast with PIGO and
PIGN-defective cells where the surface level of GPI-APs is decreased.
Consistent with this, serum ALP levels in PIGG-deficient patients did
not show an altered level of ALP.

The seven patients reported to have mutations in the PIGG gene
all showed intellectual deficiency. The majority manifested seizures,
other neurological anomalies such as severe hypotonia, and six of
seven patients presented with brain anomalies including cerebral atro-
phy and hypoplasia of the cerebellum.?>?® Additionally, two patients
had ophthalmological anomalies, and one of seven had cardiac anoma-
lies and short fingers.

3.14 | PIGT

PIGT encodes for the protein phosphatidylinositol glycan biosynthesis
class T, a crucial component of the GPI transamidase complex. A study
found that PNH can also occur in patients with mutations in this gene.
However, in contrast to PNH caused by the PIGA gene which requires
only one somatic mutation event, a germline as well as a somatic muta-
tion in PIGT are both needed to acquire the disease.?’ The 13 patients
with PIGT mutations reported in this review does not include those with
PNH. The majority of these reported individuals are severely affected;
ophthalmologic, brain anomalies, and skeletal findings were noted for
the majority of these patients. A few also had anomalies in other organs,
including nephrocalcinosis which appeared more frequently in this

cohort compared to those with mutations in other IGD genes.20-35

Interestingly, patients with PIGT mutations had a decreased level of
serum ALP. This is striking as one of the diagnostic markers for inherited
GPI-anchor deficiencies is usually an elevated ALP level.

Thus, low serum ALP can be caused not only by mutations in the
ALP liver/bone/kidney (ALPL) gene which encodes ALP, but also by
deficient linkage of GPI anchor to ALP. When PIGT is mutated, ALP
precursors are not targeted by the GPI transamidase. They are conse-
quently subjected to ER-associated degradation instead of being
secreted.3® This leads to hypophosphatasia which could be causally
related to bone defects and epilepsy, consistent with the clinical fea-
tures seen in this cohort. Hypophosphatasia, skeletal defects and
nephrocalcinosis could therefore represent clinical characteristics of

patients with PIGT mutations.

3.15 | GPAA1

GPAA1 encodes a protein belonging to the transamidase complex
which is involved in the attachment of the GPI anchor to the C-
terminus of precursor proteins in the ER (Figure 1). Among the com-
ponents of this complex, only PIGT was earlier found to be mutated in
many patients as mentioned above. We reported 10 individuals from
five families with bi-allelic mutations in GPAA1. Most patients with
GPAA1 mutations presented with early-onset seizures, hypotonia and
global developmental delay which overlapped with those identified in
individuals with PIGT mutations. In addition, these patients also suf-

fered from osteopenia and cerebellar atrophy.3”

3.16 | PGAP1

PGAP1 stands for “post-GPI attachment to proteins 1” and is located
in the ER. After the GPI anchors have been successfully attached to
the proteins by the GPI transamidase enzyme, their acyl chain is
cleaved from the inositol ring.2® PGAP1 therefore catalyzes the first
remodeling step of GPI anchors which is important for the efficient
transport of GPI-APs to the Golgi for further remodeling. Mutations in
PGAP1 were shown to lead to normal surface expression level of GPI-
APs, but with a defect in their GPl-anchor structure.>

A total of 11 patients with PGAP1 mutations are described in the
literature. Most of them have intellectual disability and other neuro-
logical anomalies, and a minority has cranial shape and structural brain
anomalies. Only three patients had epilepsy, which was surprising
considering almost all patients with mutations in other genes of the
GPI biosynthesis pathway suffered from seizures, with the exception
of patients with PGAP2 mutations where less than half of the patients
were affected. Furthermore, only a minority of patients had facial dys-
morphism which was also unexpected as dysmorphic features were
known as a common phenotype in patients with GPI disorders.3¢37-44

The abnormal structure of the GPI-APs' membrane anchors does
not seem to translate into life-threatening phenotypes or obvious mal-
formations in patients with mutations in the PGAP1 gene. However,
affected patients still suffer severe intellectual deficiency with other
neurological anomalies. Further, the patients showed normal serum
levels of ALP suggesting that an elevated ALP level is not a characteristic
of patients with PGAP1 mutations. This is supported by PGAP1 mouse

models which showed normal ALP levels despite PGAP1 anomalies.®®
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3.17 | PGAP3

PGAPS is expressed in the Golgi and encodes an enzyme that plays a
role in fatty acid remodeling of the GPl-anchor. This modification is
important for the proper association between GPI-APs and lipid
rafts.*® In the Golgi, PGAP3 proteins first remove unsaturated fatty
acids from the lipid moiety of the GPI-AP. Saturated fatty acids are
then attached by PGAP2 proteins.*®

Of the 28 patients with PGAP3 mutations described in the litera-
ture, few major anomalies were reported except for abnormal brain
structures notably an atrophy of the temporal lobes and the corpus
callosum, dysmorphic facial features and an elevated serum ALP seen
in almost all patients (references in Supporting Information). This can
be a characteristic feature for patients with PGAP3 mutations, and
thus mutations in this gene are responsible for HPMRS4.

In patients with a PGAP3 mutation, surface levels of GPI-APs are
normal. However, because their lipid structure is not remodeled, they
cannot localize on lipid rafts and therefore cannot be properly sorted
to the plasma membrane.*® Additionally, the GPI-APs that manage to
reach the plasma membrane are more prone to cIeavage.45

3.18 | PGAP2

PGAP2 is involved in the maturation of the GPI anchor on GPI-APs. It
is located in the Golgi and is involved in the re-acylation of the GPI-
anchor, the final step in the fatty-acid remodeling. This fatty acid mod-
ification is necessary for the stable association between GPI-APs and
the lipid rafts that transport them to the cell surface.*”

The clinical description of patients with PGAP2 mutations is simi-
lar to patients with PGAP1 mutations in that only the minority pre-
sented with facial dysmorphism. For the 12 patients reported in this
cohort, intellectual disability, severe motor developmental delay and
seizures were the most predominant features. Only a minority of
patients manifested additional features.?448->°

Deficiency of PGAP2 affects the re-acylation step in GPIl-anchor
remodeling, leading to the formation of GPI-APs that lack the lipid
moiety. These proteins are more prone to cleavage by phospholipase
D where, after their transport to the plasma membrane, they get
cleaved and released from the cell surface.?® A consequence of this is
hyperphosphatasia as GPI-APs are released from the plasma mem-
brane. This is supported by the literature where five of the reported
patients have shown an elevated ALP level (thus, mutations in this
gene are responsible for HPMRS3). However, it is not a key diagnos-
ing feature as it does not represent the majority of the cohort. Intel-
lectual deficiency seems to be the main feature of PGAP2-deficient
patients because it was present in all individuals and mutations in this
gene expand the clinical spectrum of IGDs to isolated intellectual
disability.*®

3.19 | Overall analysis

The great majority of patients reported presented with developmental
delay or intellectual disability. Most frequently, the patients also pre-
sented with epilepsy, although this was observed to a lesser extent in
patients with mutations in genes PGAP1. Several patients also pre-

sented with additional neurologic findings, this was predominantly the
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case for patients with mutations in genes PIGA, PIGL, PIGG, PIGN,
PIGO, PIGT, PIGV, PIGW, PIGY, PGAP1, PGAP3, PIGP and GPAA1.
Hypotonia was reported for the majority. Spasticity, rigidity, dystonia,
ataxia, reflex anomalies, tremors and choreiform movements were
also commonly reported.

Craniofacial dysmorphism varying from mildly dysmorphic facies
to coarse features were noted, in particular for patients with muta-
tions in PIGA, PIGG, PIGL, PIGN, PIGO, PIGP, PIGT, PIGV, PIGW, PIGY,
GPAA1 and PGAP3 genes.

Hearing impairment was reported for 8 of 10 patients with PIGL
mutations and in a minority of patients with PIGA, PIGO, PIGT, PIGV,
PGAP2 and PGAP3 mutations, while it was not reported for other
genes.

Ophthalmological anomalies were seen in a majority of individuals
with PIGL, PIGP, PIGT, PIGN, PIGY and GPAA1 mutations. Colobomas
were described in 8 out of 10 patients with PIGL mutations but not in
patients with mutations in other genes. For the other patients, cortical
visual impairment, strabismus and nystagmus were the most common
findings.

As for cardiac anomalies, they were observed in the majority of
patients with PIGL mutations (6/10). Patients with mutations in genes
PIGA, PIGW, PIGV, PIGN, PIGO, PIGG, PIGT, GPAA1, PGAP3, PGAP2
also suffer from cardiac anomalies, although less frequently. Patients
with PIGL mutations presented with ventricular septum defects, trans-
position of great vessels and subaortic stenosis. Patients with muta-
tions in the other genes, on the other hand, had a variety of cardiac
anomalies such as patent ductus arteriosus, increased atrial load,
restrictive cardiomyopathy, borderline long QT (the time between the
start of the Q wave and the end of the T wave in the heart electrical
cycle) and atrial septal defect. Cardiac anomalies therefore appear
non-specific to the mutated gene, but are more frequent with PIGL
mutations.

Urologic or renal malformations were present in half of the
reported patients with PIGL mutations, and in a small proportion of
patients with PIGT, PIGA, PIGN, PIGO, PIGV, PIGY, and PGAP3 muta-
tions. Malformations include ureteral dilation, hydronephrosis and
dysplastic kidney.

Gastrointestinal anomalies were present in the majority of
patients with PIGY, PIGP, PIGV, and PIGO mutations (2/4, 2/2, 14/23,
and 10/17, respectively), and in a minority of patients with PIGA,
PIGN, PIGT, GPAA1, PGAP1, PGAP3, and PGAP2 mutations. Recurrent
gastrointestinal features included GERD, Hirshsprung disease, anal
atresia, anal stenosis and anteriorly placed anus.

Nephrocalcinosis was present in a small group of patients with
PIGA (1/21), and PIGT (4/13).

As for teeth anomalies, they were present in a majority of individ-
uals with PIGL mutations but a minority of those with PIGT, PIGV,
PIGA, PIGO and PGAP3 mutations. The common teeth anomalies were
widely spaced teeth, microdontia, shape anomalies and delayed erup-
tion/absence of teeth. Other patients showed gingival hypertrophy.

Many of the patients were reported with short fingers or hands,
but some were also described as having other hand and feet anoma-
lies. Anomalies of the digits were reported for at least half of the
patients with PIGV, PIGO, PIGL, PIGH and PIGY mutations, and a
minority of patients with PIGA, PIGG, PIGN, and GPAA1 mutations.
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The hand and feet anomalies described included deepened plantar
creases, camptodactyly, clinodactyly, oligodactyly, brachytelephalangy
and others. Nail anomalies (hypoplasia) was a finding for 17 of
23 patients with PIGV mutations. Nail anomalies were present in a
minority of individuals with PIGA, PIGL, PIGN, PIGO, PGAP3 and
PGAP2 mutations. The most common findings were hypoplastic or
absent nails. Short fingers and nails in an individual with intellectual
disability should therefore increase the index of suspicion of IGDs in
addition to Coffin-Siris syndrome (MIM: P$135900),°%°2 DOORS syn-
drome (MIM: 220500),>® Zimmermann-Laband syndrome (MIM:
PS135500),°* and Kaufman oculocerebrofacial syndrome (MIM:
244450).°>>¢

Skeletal findings were identified in all 8 of 13 patients with PIGT
mutations, 2 of the 4 patients with PIGY mutations and some patients
with mutations in genes PIGA, PIGL, PIGV, PIGN, PIGO, PGAP2, PGAP3,
and GPAA1. Examples of skeletal findings include scoliosis, osteoporo-
sis, reduced mineralization, delayed bone age, and hip dysplasia.

The majority of patients with PIGA, PIGP, PIGH, PIGO, PIGG, PIGT,
GPAA1 and PGAP3, and some patients with PIGY, PIGC, PIGL, PIGV,
PIGN, PGAP1 and PGAP2 presented findings on magnetic resonance
imaging (MRI) or head computed tomography (CT). The most common
anomalies reported by brain imaging are thin corpus callosum, cerebel-
lar and cerebral atrophy and white matter loss. However, neuroimag-
ing was not reported for a great number of patients; and can
therefore not be fully compared here. Also, for some patients with
neuroimaging findings, their first imaging was normal and in subse-
quent imaging, anomalies were noted, such as cerebellar atrophy.
Thus, it is important to note that the central nervous system anoma-
lies can progress, both on imaging and clinically.

Prenatal findings were noted for a minority of patients, but were
mostly unspecific: polyhydramnios, increased nuchal fold and pyelecta-
sis. Some patients also presented with various neonatal complications
such as a low APGAR score, neonatal hypotonia with feeding difficul-
ties, breathing difficulties, hyperbilirubinemia, and hypoglycemia.

Unfortunately, serum ALP was not measured for several patients.
However, it was reported to be increased in a number of patients with
mutations in PIGO, PIGV, PIGY and PGAP3 genes, and in some patients
with mutations in PIGA, PIGL, PIGN, PIGW and PGAP2 genes, while
patients with PIGT mutations had low levels of serum ALP. As
described above, previous data suggested that the elevated serum
ALP observed in some GPI-biosynthesis defects could be explained by
cleavage of the signal peptide and secretion of soluble ALP because of
abnormal GPI structure,?! but this was dependent on the mannose

composition of the abnormal GPI.

3.20 | Treatment

Limited therapies are available for GPI-AP deficiency. Treatment with
the histone deacetylase inhibitor butyrate resolved intractable epi-
lepsy in an individual who presented with mutations in the PIGM pro-
moter. Lymphoblast studies showed the drug also rescued levels of
the GPI-AP as it increased the expression of PIGM gene affected by
the promoter mutation.*®

Since ALP is essential to allow pyridoxal-phosphate to pass
through the blood-brain barrier and pyridoxine passes through the

blood-brain barrier and is converted to pyridoxal-phosphate, impor-
tant for GABA synthesis, pyridoxine (B6) supplementation can help
control seizures in individuals with GPI-biosynthesis defects. Indeed,
in a patient with Mabry syndrome (PIGV gene), Thompson
et al. noticed a resolution of seizures with a dose increase in pyridox-
ine.>” In a patient with PIGO mutations, Kuki et al also noted a com-

plete resolution of seizures.>®

4 | SUMMARY

Despite minor limitations (lack of detailed clinical descriptions for
some individuals), this review of literature has enabled us to better
characterize the phenotypes associated with mutations in genes
involved in the biosynthesis of GPI. In addition, a comparison could be
made between the different mutated genes, which helped define the
clinical findings associated with the different genes that were studied.
A thorough workup following an initial diagnosis should be done to
look for the clinical features mentioned in this review. Moreover,
exploring the extent of the anomalies for this group of disorder might
influence management, by highlighting the systems more affected by
mutations in one gene rather than another. This compilation of data
might help reaching a diagnosis based either on clinical signs alone, or
clinical and genetic testing alone without performing GPI studies. For
example, seizures combined with either aplastic/hypoplastic nails or
abnormal ALP levels are highly suggestive of GPI biosynthesis disor-
ders, so if bi-allelic mutations in one of the above genes are also
found, flow cytometry studies would not be necessary to confirm the
diagnosis.
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Mutations in PIGS, Encoding a GPI Transamidase,
Cause a Neurological Syndrome Ranging
from Fetal Akinesia to Epileptic Encephalopathy
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Inherited GPI deficiencies (IGDs) are a subset of congenital disorders of glycosylation that are increasingly recognized as a result
of advances in whole-exome sequencing (WES) and whole-genome sequencing (WGS). IGDs cause a series of overlapping pheno-
types consisting of seizures, dysmorphic features, multiple congenital malformations, and severe intellectual disability. We present a
study of six individuals from three unrelated families in which WES or WGS identified bi-allelic phosphatidylinositol glycan class S
(PIGS) biosynthesis mutations. Phenotypes included severe global developmental delay, seizures (partly responding to pyridoxine),
hypotonia, weakness, ataxia, and dysmorphic facial features. Two of them had compound-heterozygous variants c.108G>A
(p.Trp36*) and ¢.101T>C (p.Leu34Pro), and two siblings of another family were homozygous for a deletion and insertion leading
to p.Thr439_Lys451delinsArgLeuleu. The third family had two fetuses with multiple joint contractures consistent with fetal akine-
sia. They were compound heterozygous for c.923A>G (p.Glu308Gly) and c.468+1G>C, a splicing mutation. Flow-cytometry
analyses demonstrated that the individuals with PIGS mutations show a GPI-AP deficiency profile. Expression of the p.Trp36*
variant in PIGS-deficient HEK293 cells revealed only partial restoration of cell-surface GPI-APs. In terms of both biochemistry
and phenotype, loss of function of PIGS shares features with PIGT deficiency and other IGDs. This study contributes to the under-
standing of the GPI-AP biosynthesis pathway by describing the consequences of PIGS disruption in humans and extending the fam-
ily of IGDs.

Recent advances in next-generation sequencing and
the widespread application of whole-exome sequencing
(WES) and whole-genome sequencing (WGS) have led
to the discovery of the molecular basis of a growing
number of congenital disorders of glycosylation
(CDGs). The inherited glycosylphosphatidylinositol-
anchored protein (GPI-AP) deficiencies (IGDs) are a
growing group of disorders that are a subset of CDGs.
To date, there are 17 IGDs that share overlapping fea-
tures, including developmental delay, seizures, hypoto-
nia, weakness, ataxia, and dysmorphic features.! A recent
study of 4,293 parent-child triads reported that IGDs
alone might account for 0.15% of all developmental dis-
orders,” suggesting that IGDs could be more common
than previously recognized.

In many cases, IGDs result from the failure of the GPI an-
chor to regulate APs, which has global consequences for
development. The GPI anchor serves as a tether for APs
at the external cell surface. The majority of over 150
mammalian GPI-APs act as ectoenzymes critical to many
cell functions, such as the actions of hydrolytic enzymes,
adhesion molecules, receptors, protease inhibitors, and
complement regulatory proteins.” The essential role of

GPI-APs in many human tissues became evident as the ef-
fects of genetic disruptions of GPI anchor biosynthesis and
remodeling were identified.

Approximately 31 enzymes are integral to the post-
translational modification that results in the biosynthesis
of GPI-APs, and a multitude of genetic disruptions that
could produce related phenotypes are possible. IGD-asso-
ciated phenotypes that result from complete or partial
inactivation of these GPI biosynthesis enzymes often
include seizures, intellectual disability, coarse facial fea-
tures, and hypotonia. Microcephaly, hearing impairment,
joint contractures, skin anomalies, congenital heart de-
fects, urinary-tract defects, and skeletal anomalies are
less common features.**? 17 genes in the GPI-AP biosyn-
thesis pathway have been linked to human disease.”**
All of these disorders are autosomal recessive, except
that PIGA-associated disease (MIM: 300868) is X-linked
recessive.

In this report, we describe an IGD disorder resulting from
recessive inheritance of variants affecting phosphatidyli-
nositol glycan, class S (PIGS). PIGS (MIM: 610271) muta-
tions were found in six individuals from three unrelated
tamilies by WES or WGS after informed consent was
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Figure 1. Pedigrees of Three Families Carrying PIGS Mutations
in This Study and Composite Showing the Characteristics of Indi-
viduals in Families 1 and 2
(A) Pedigrees of three families.

(B) Photos of individuals from families 1 and 2: individuals 1a and

1b at 5.5 years of age, individual 2a at 7.5 years, and individual 2b
at 9 months.

approved by the ethics committees of the institutions
where the families were seen. We hypothesize that PIGS
mutations cause a deficiency of GPI-AP biosynthesis in
these individuals and that this results in severe global
developmental delay, hypotonia, seizures, weakness, bal-
ance problems, ataxia, and dysmorphic facial features.
The biochemistry and phenotype of this putative IGD are
discussed in the context of the other known GPI-defi-
ciency disorders.’

An overview of the affected individuals’ symptoms
is presented in Table 1. Additional detailed clinical
descriptions are provided in the Supplemental Data.
In family 1, individuals la and 1b are monozygotic
twin brothers born to unrelated parents of European
descent (Figure 1A). In family 2, individuals 2a and 2b
are the only children born to Mexican parents with
an otherwise unremarkable family history (Figure 1A).
These individuals share a phenotype of hypotonia,

severe global developmental delay, seizures, visual
impairment, CNS atrophy on radiological studies, and
hand anomalies (including brachydactyly and cli-
nodactyly). Characteristic facial features, as seen in
Figure 1B, include coarse facies with arched eyebrows,
thickened helices, gingival hypertrophy, broad tongue,
and nystagmus. Two fetuses, 3a and 3b, from family 3
had multiple joint contractures, consistent with fetal
akinesia. In addition, individual 3a had a thickened
nuchal fold, and individual 3b had glomerular cysts
and a cystic hygroma. The pregnancies were termi-
nated after 19 weeks for fetus 3a and after 13 weeks for
fetus 3b.

By WES, we found heterozygous PIGS mutations,
including ¢.108G>A  (p.Trp36*) and <c.101T>C
(p-Leu34Pro) (GenBank: NM_033198.3), in individuals 1a
and 1b in family 1. WGS was performed for individuals
2a and 2b in family 2, and they were found to have
the homozygous mutation ¢.1316_1352delCCACCA
CCCTTACCTCCCTGGCGCAGCTTCTGGGCAAinsGGTT
GCT (p.Thr439_Lys451delinsArgLeuleu) within a region
of homozygosity (ROH). Although the parents were not
known to be consanguineous, both were from the same
small rural community, which most likely explains the ho-
mozygosity. This in-frame deletion-and-insertion event
was not observed in the EXAC Browser or NHBLI Exome
Sequencing Project Exome Variant Server. It results in the
insertion of 7 bases and the deletion of 37 bases within a
highly conserved region of PIGS. In silico analyses pre-
dicted this variant to be damaging. Finally, two individuals
(3a and 3b) were compound heterozygous for the missense
mutation ¢.923A>G (p.Glu308Gly) and the splicing muta-
tion ¢.468+1G>C (Figure 2).

To study the expression of PIGS in individuals 1a and 1b,
we used B lymphoblastoid cell lines (LCLs) established by
Epstein-Barr virus immortalization of peripheral-blood
mononuclear cells (PMBCs) of these individuals, as well
as healthy control individuals, for real-time PCR and
western blotting. The results indicated a decrease in PIGS
expression of up to 50% in qPCR and a significant decrease
in protein levels in western blotting (Figure 3). This indi-
cates that the stop codon introduced by c.108G>A results
in the low PIGS mRNA and protein levels in these
individuals.

We next assessed whether the GPI-anchoring process
was deficient in individual cells. To determine whether
individual cells had reduced cell-surface expression of
GPI-APs, we stained whole-blood samples from four
affected individuals and control individuals with fluores-
cent antibodies for GPI-APs (CD16, CDS5, and CDS59), as
well as with fluorescein-labeled proaerolysin (FLAER),
which binds to the GPI anchor itself, and performed
fluorescence-activated cell sorting (FACS) analysis to
assess relative fluorescence.”® Analysis on granulocytes
indicated that individual cells had less signal of CD16
(all individuals) and CDS55 and CDS59 (individuals la
and 1b) than age-matched control cells (Figure 4).
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Figure 2. Mutations in PIGS

(A) Location of the mutations in PIGS and the corresponding protein. Introns are not drawn to scale.
(B) Conservation in vertebrates of the amino acids affected by missense mutations and indels.

In all of these individuals, the level of FLAER
in lymphocytes was also significantly downregulated
(Figure 5). Thus, the compound-heterozygous mutations
¢c.108G>A (p.Trp36*) and c.101T>C (p.Leu34Pro) in fam-
ily 1 and the homozygous mutation c.1316_1352del
CCACCACCCTTACCTCCCTGGCGCAGCTTCTGGGCAA
insGGTTGCT (p.Thr439_Lys451delinsArgLeuLeu) in fam-
ily 2 in PIGS result in low amounts of GPI-AP in periph-
eral white blood cells. We conclude that insufficient
amounts of PIGS and/or defective PIGS function in indi-
vidual cells leads to reduced amounts of GPI-AP at the
cell surface.

To study the role of each mutation found in individ-
uals 1a and 1b, we established PIGS-knockout HEK293
cells with the CRISPR-Cas9 system and transfected
them with wild-type or mutant pME-FLAG hPIGS
(a strong SRapromoter), pTK-FLAG hPIGS (a weaker,
thymidine kinase promoter), or pTA-FLAG hPIGS
(a weak TATA-box-only promoter). FACS analysis was
performed 3 days after transfection with FLAER, CDS5
(DAF), and CDS59.
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The results showed that, compared with the wild-type,
the Trp36* mutant only partially restored the surface
expression of GPI-APs on HEK293 cells even when
driven by a strong promoter, whereas Leu34Pro mutants
showed slight but significant reduction in restoration
even when driven by a weak promoter (Figures 6
and 7). It is interesting to note that the p.Leu34Pro
variant is in a helical transmembrane domain and affects
a residue with a low missense tolerance ratio (MTR).*3
Western blots from cell lysates of N-terminal FLAG-
tagged Trp36* mutants with a FLAG-tagged antibody
showed almost no FLAG-PIGS expression, whereas
similar expression was observed between the wild-type
and the Leu34Pro mutant (Figure 8). Western blots
from cell lysates of C-terminal HA-tagged Trp36* mu-
tants with an HA-tagged antibody showed two truncated
isoforms of PIGS-HA (Figure 8). This indicates that the
PIGS proteins that start from the downstream methio-
nines have some residual activities.

We next analyzed the amount of GPI-AP in amniocytes
from individual 3b by using FLAER, as well as GPI markers

Figure 3. PIGS Expression in Individuals
with PIGS Mutations

(A) Real-time PCR on subject LCL extracts
shows that the affected males have reduced
transcript levels of PIGS. RNA extractions
from LCLs of individuals 1a and 1b were
subjected to qRT-PCR according to the
ACt method. The results were normalized

75D

9% to TBP expression from quadruplicate ex-
periments. Error bars represent standard
3% errors (n = 3).
(B) Western blot using a specific antibody
25D

against human PIGS and anti-GAPDH as a
reference protein on LCLs from individuals
la and 1b.
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Isotype
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—— Individual 1a (upper panels), individual 2a (lower panels)
— Individual 1b (upper panels), individual 2b (lower panels)

CD24, CDSS5, CDS9, and CD73 (Figure 9). CD3, a non-
GPI-AP marker, was used as a negative control. FACS
analyses indicated decreases in all used markers in the indi-
vidual cells, and the highest reduction was found for
CD24, which was 85% lower than in similar gestation-
age control cells.

Here, we describe a recessive genetic GPI biosynthesis
disorder caused by bi-allelic PIGS mutations that result in
loss of function and decreased GPI-AP expression on flow
cytometry. The index subjects share a core phenotype of
coarse facial features, seizures, hypotonia, and develop-
mental delay, which overlap the phenotype of other
IGDs that result from failure to synthesize functional

FLAER CD55

Family 1

v
LS

Family 2

Isotype
——— Healthy control

Figure 4. Impact of the PIGS Mutations
on Individual Granulocyte Cell-Surface
GPI-APs

Red blood cells were lysed in BD FACS
lysing solution (BD Biosciences) from fresh
blood of the individuals in families 1 and 2
and control cells, and then the samples
were stained with GPI-AP markers (FLAER,
CD16-FITC, CDSS5-FITC, and CDS9-FITC)
for 20 min on ice. The nonspecific binding
was washed before analysis by the BD
FACSCanto II system. Shown is a represen-
tative analysis of the amount of cell-sur-
face GPI-AP on granulocytes from tripli-
cate experiments.

CD59

o

GPI-APs. Contractures as seen in fam-
ily 3 are also seen with PIGA, PIGY
(MIM: 616809), and PIGG (MIM:
616917) mutations.”>"**
This disorder results from the fail-
ure of the GPI transamidase complex,
which includes PIGS,*® to transfer the GPI anchor to
the precursor protein bearing a GPI-attachment signal
sequence. PIGS and PIGT are members of the GPI transami-
dase complex and have been demonstrated to be essential
for the formation of carbonyl intermediates during the
transfer of the GPI group to the protein.*>*® The PIGS
pattern of reduced GPI-AP resembles the PIGT (MIM:
610272)-associated reduction in CD16 and FLAER on
granulocytes.””

The biochemical analysis of the consequences of
the PIGS variants supports this observation. We have
shown that individuals la and 1b in family 1 have
low amounts of PIGS mRNA and protein. PIGS is

CD59 Figure 5. Impact of the PIGS Mutations

on Individual Lymphocyte Cell-Surface
GPI-Aps

Flow-cytometry analysis of lymphocytes
from the same experiments described in
Figure 4. Shown is a representative analysis
of the amount of cell-surface GPI-AP on
lymphocytes from triplicate experiments.

| R A——-

Individual 1a (upper panels), individual 2a (lower panels)

Individual 1b (upper panels), individual 2b (lower panels)
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FLAER

Figure 6. PIGS Functional Assay for Mu-
tations Found in Individuals 1a and 1b

PIGS-deficient HEK293 cells were trans-
fected with wild-type or mutant pME-

—WT
— W36* FLAG hPIGS (top) or pME-HA hPIGS
L34P (bottom). FACS analysis was performed

— empty vector 3 days later.

Isotype

are essential for the formation of

downregulated or expressed as a truncated isoform in
PIGS-deficient HEK293 cells transfected with mutant
PIGS (c.108G>A [Trp36*]), which leads to a decrease in
PIGS function, as demonstrated by rescue assays of
GPI-AP expression at the cell surface. In addition,
all available blood samples from affected individuals
showed reduced cell-surface expression of GPI-APs,
including CD16 in granulocytes and FLAER in lym-
phocytes. It is worth noting, however, that whereas
individuals 1la and 1b showed reduced CDS55 and
CD359, we found these to be normal for individuals 2a
and 2b. The low signals seen for all GPI-AP markers in
individual 3b amniocytes correlates with the severe
phenotypes caused by the mutations found in individ-
uals 3a and 3b.

In addition to having biochemical similarities, disrup-
tions of PIGS and PIGT result in phenotypic similarities.
This is consistent with the fact that both PIGS and PIGT
are components of the GPI transamidase complex and

CD59 CD55 FLAER

the carbonyl intermediates necessary
when the transamidase complex
transfers the GPI group to the pro-
tein.45'46

The phenotypic features resulting
from disruption of PIGS, including
coarse facies, developmental delay,
hypotonia, and seizures, overlap
not just those of other IGDs but also those of other types
of CDGs (MIM: PS212065) and numerous other Mende-
lian disorders. Many of these disorders can be distin-
guished on the basis of physical exam findings or
biochemical findings (e.g., peroxisomal disorders and
mucopolysaccharidoses). The findings of brachytelepha-
langy in conjunction with seizures and intellectual
disability could be considered for DOORS syndrome
(MIM: 220500),*” which is caused by mutations in
TBC1D24 (MIM: 613577). Laboratory findings that can
help distinguish PIGS-associated disorders from other
Mendelian disorders include flow-cytometry analysis
with reduced CD16 expression (with or without reduced
CDS55 expression), a lack of elevated serum tissue-
nonspecific alkaline phosphatase (observed to be
elevated in a number of other IGDs but normal in
others), a lack of 2-oxoglutaric aciduria (occasionally
seen with TBC1D24 mutations), and normal serum
transferrin isoelectric focusing (abnormal with several

Figure 7. PIGS Functional Assay with
pTK and pTATA Promoters for Mutations

Found in Individuals 1a and 1b

(A) PIGS-knockout HEK293 cells were
transfected with wild-type or mutant
pTK-FLAG hPIGS (PIGS driven by a weaker,
thymidine kinase promoter). FACS analysis
was performed 3 days later. The geometric
means decreased by 97% and 24% for
CDS59 by 65% and 19% for FLAER with

WT

W36*

L34P

empty vector

Isotype

the ¢.108G>A (p.Trp36*) and ¢.101T>C
(p.Leu34Pro) mutations, respectively.

(B) PIGS driven by a weak TATA-box-
only promoter. The geometric means
decreased by 18% for CDS9 and by 25%
for FLAER with the ¢.101T>C (p.Leu34Pro)
mutation.

WT
L34P
empty vector

Isotype
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WT  W36* L34P empty WT  w36* empty Figure 8. Expression of FLAG- and HA-
KDa kDa  Tagged PIGS in PIGS-Deficient HEK293
GAPDH Cells Transfected with PIGS Mutants

GAPDH — — — | — — —— 35 Cell lysates from PIGS-deficient HEK293
cells transfected with N-terminal FLAG-
100 tagged and C-terminal HA-tagged wild-
B — 100 type or mutants were used for western
FLAG-PIGS — 5 HA-PIGS B blot analysis using FLAG tag and HA tag

~ e & antibodies, respectively.

— o3 — - 63
| —

CDGs). These can help support the diagnosis for those
whose access to sequencing is limited or in the interpre-
tation of variants of unknown significance identified on
genetic testing.

It is noteworthy that pyridoxine hydrochloride
improved the seizures in one of the affected probands.
This success has been observed in other IGDs.”*** Given
that many of the IGDs can manifest with early-onset sei-
zures, a trial of pyroxidine hydrochloride would be war-
ranted as part of the epilepsy treatment. Similarly, the diag-
nosis of an IGD should be considered among the causes of
pyridoxine-responsive epilepsies. The ketogenic diet could
be another effective treatment for epilepsy given that Joshi
et al. reported two PIGA-deficiency-affected siblings who
became seizure-free on a ketogenic diet.*’

Collectively, these data provide evidence of the existence
of a PIGS-disease relationship that shares some of the char-
acteristics of IGDs. Studies using an animal model could

FLAER CD24

e i R e Ler--- e R i TR
CD59 CD73

o P T P T o S T T

Yerrgrr—— T

represent a good strategy for investi-

gating the pathophysiology of PIGS

mutations. Because GPI-APs are widely
expressed during mammalian development and their
absence frequently results in lethal global deficits in
knockout mouse models, a preferred strategy might involve
using CRISPR-Cas9 to knock human PIGS mutations into
mice. As more IGDs are identified, it might become possible
to discover genotype-phenotype correlations that could be
useful in predicting the severity of a condition on the basis
of the disrupted step in the pathway.'

Accession Numbers

The mutations reported in this paper have been deposited in
LOVD at https://databases.lovd.nl/shared/genes/PIGS.

Supplemental Data

Supplemental Data include more clinical details on the affected in-
dividuals and can be found with this article online at https://doi.
0rg/10.1016/j.ajhg.2018.08.014.

Figure 9. Impact of the PIGS Mutations
on Individual 3b Amniocyte Cell-Surface
GPI-APs
15-week-old amniocytes derived from in-
dividual 3b and similarly aged amniocytes
from healthy control individuals were
stained with FLAER, CD24, CD5S5, CD59,
and CD73 for 1 hr on ice, nonspecific
bindings were washed, and cells were
then fixed in paraformaldehyde before
analysis by the BD FACSCanto II system.
—-_.  Shown is a representative analysis of the
amount of cell-surface GPI-AP on amnio-
cytes of individual 3b and a control indi-
vidual from triplicate experiments.

CD55

Isotype

——— Healthy control

Individual 3b
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