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Craniosynostosis (CS) is a common birth defect affecting the skull vault. It is characterized by
premature ossification of one or more of the cranial sutures. Single suture craniosynostosis
(SSC) accounts for approximately 85% of all CS cases and affects approximately 1 in 2000-
2500 live births worldwide, with a higher rate in males than females. It is a significant
craniofacial disorder associated with increased intracranial pressure, distortion of the skull
shape, facial deformities, misalignment of the teeth, and mortality. Patients with CS may
undergo invasive surgical procedures and experience neuropsychological trauma associated
with self-image. Although several genetic mutations have been attributed to the pathogenesis of
syndromic craniosynostosis, the etiology and molecular mechanisms of SSC remain largely
unknown. Thus, identification of candidate genes or signaling pathways involved in
intramembranous ossification and suture development is critical in understanding the underlying
biology of SSC. Through generation of primary cell lines from individuals with SSC and the use
of Next Generation RNA sequencing (RNA-Seq), our lab has identified a set of rare genetic

variants we propose are associated with craniosynostosis. Among these are nine variants in



Filamin A (FLNA), a gene which codes for a mechanosensitive, actin-binding extracellular matrix
protein. FLNA is one of the most abundant proteins in the cytoskeleton and regulates cell
polarization, cell shape, cell adhesion, cell contraction and cell migration and protects the cell
from mechanical shear stress. FLNA also modulates the functional activities of several other
matrix proteins. It binds and crosslinks actin filaments and remodels the cytoskeleton by
interacting with the adhesive transmembrane receptor Integrin 1, vimentin, and the Rho family
GTPases (Rac1, Cdc42, RalA and RhoA). In doing so, FLNA coordinates a variety of cellular
processes and cell signaling. In the context of osteogenesis, FLNA plays an important role in
the regulation of calvarial mesenchymal stem cells and osteoblasts as it acts on pivotal
signaling pathways. FLNA influences osteogenic gene expression by binding transcription factor
FOXC1 and mediating BMP signaling. It also binds SMAD2 and SMADS5 regulating both TGFf3
and BMP signaling, respectively. Missense mutations in FLNA have been described in
otopalatodigital spectrum disorders which are associated with bone dysplasia and
craniosynostosis.

In this dissertation, | isolated and characterized primary human calvarial MSCs (cMSCs)
from primary calvarial osteoblasts (cOBs). Then, | tested the hypothesis that the FLNA variants
we identified in patients with SSC contribute to craniosynostosis through dysregulating cellular
proliferation and differentiation, and attenuating cell mechanics. | assessed the contribution of
FLNA mutations in the pathogenesis of craniosynostosis through characterizing the impact of
nine rare variants on the development and cellular mechanics of cMSCs and cOBs. This work
has revealed that cMSCs have a distinct gene expression profile from bone morrow
mesenchymal stem cells (BMMSCs). We have also found that the identified rare FLNA variants
affected biological properties, attenuated cellular mechanics, and altered osteogenic gene

expression pattern in SSC patients
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1. Introduction

The skull is a complex bony structure surrounding the brain and making up the head and
the face (1). It is comprised of bones joined by fibrous structures called sutures (2). These
sutures allow continues expansion of the skull to accommodate the brain growth.
Craniosynostosis is a birth defect, which may either be isolated or as part of a syndrome. It is
characterized by the premature fusion of one or more of the cranial sutures (2, 3). Although
mutations in genes have been attributed to the pathogenesis of craniosynostosis, few biologic
mechanisms have been elucidated. The identified genes in craniosynostosis mostly explain the
etiology of the syndromic forms. Otherwise, little is known about the causes of non-syndromic
single suture craniosynostosis (SSC). Thus, to understand the molecular mechanisms that lead
to craniosynostosis, identification of genes or signaling pathways affecting intramembranous
ossification and suture development is critical. Using RNA sequencing (RNA-Seq), we have
identified nine rare variants in the strain-responsive gene Filamin A (FLNA) associated with
single suture craniosynostosis.

In my PhD thesis, | thoroughly describe a homogenous MSC population isolated from calvarial
osteoblasts. Then, | assess the contribution of FLNA in the pathogenesis of craniosynostosis
through characterizing the impact of nine rare FLNA variants on the development and cellular
mechanics of primary calvarial osteoblasts (cOBs) and primary calvarial mesenchymal stem

cells (cMSCs). Lastly, | investigate the phenotype of cMSCs lacking FLNA.

1.1. Morphogenesis of the Cranial Bones and Sutures

In humans, the skull is composed of the neurocranium which surrounds and protects the
brain and the sensory organs, and the viscerocranium, which forms the facial, palatal,
pharyngeal, and temporal bones. The neurocranium is split into two parts; the chondrocranium

which is the cartilaginous area that forms the skull base and the membranous part that forms
1



the cranial vault (1, 4). The cranial vault is composed of flat bones (calvaria) that develop in tight
coordination: the paired frontal, paired parietal, and a single occipital bone; the greater wing of
the sphenoid bone and the squamous part of the temporal bone also contribute to the vault
sides (2, 5).

The skull morphogenesis begins during early embryogenesis and continues throughout
adulthood. Two distinct origins contribute to formation of the skull: neural crest and mesoderm
derived cells. The paired frontal bones and the suture that separates them (metopic), as well as
the sagittal suture, are derived from neural crest cells, while the parietal bones are derived from
mesoderm. The coronal suture which is located along the interface of the frontal and parietal
bones is also of a mesodermal origin. The occipital bone has a mixed origin of both neural crest

and mesoderm (2, 6, 7).

During the first four weeks of gestation, pre-condensation of mesenchymal stem cells
(MSCs) initiates cranial bone formation. It starts with the epithelial-mesenchymal transition
(EMT), a process during which epithelial cells differentiate into a more migratory, multipotent
mesenchymal state (1, 8, 9). Afterwards, mesenchymal tissue accumulates as membrane
around the developing brain as bone plates to form the calvaria in the fifth week of gestation.
The plates are the expanding center of ossification, and they extend to the base of the skull and
the sides to join each other separated by a suture (1, 10, 11).

In the seventh and eighth week of gestation, the ossification of the cranial vault is
initiated by generating ossification centers (primordia). The area of primordia corresponds to the
future eminences. After that, the calcification begins through the production of osteoid by
osteoblasts. Then, bone spicules form and extend from the ossification centers toward the
periphery (1). Mainly, the growth is defined by cell proliferation and migration rather than

recruiting mesenchymal stem cells (7, 12). The produced osteoid calcifies forming the trabecular



bone, an immature woven bone with a random arrangement of collagen fibers. At the time of

birth, mature lamellar bone gradually replaces the woven bone (1).

In the eighth week, in the frontal eminence, two frontal bones form from the primary
ossification center and extend to the periphery. During the same time at the
parietal eminence, two primary ossification centers appear to form the two parietal bones and
the ossification extends from the centers to the periphery. At week 14, the ossification becomes
more extensive in the parietal bones. Lastly, the ossification of the occipital bone occurs through
two different ways, intramembranously from two centers and the rest calcified by endochonral
ossification (1, 13, 14).

The Calvaria develop in tight coordination and are connected by complexes of fibrous
tissues and cells (cranial sutures) that play an essential role during the skull growth. The
metopic suture is located between the two frontal bones and the sagittal suture separates the
two paired parietal bones. The coronal suture exists between the frontal and parietal bones; the
paired frontal and parietal bones compose most of the skull vault. The lambdoid suture is
between the occipital and parietal bones (2, 5). Lastly, the squamosal suture separates
the parietal and squamous temporal bones(15).

Significant roles of these sutures include absorbing mechanical stress, maintaining skull
integrity while allowing for changes and movement during childbirth, expansion during brain
growth, and as regulatory centers for osteoprogenitors (16, 17). The skull growth continues at
the bone margins and relies on the sutures; thus, they must stay patent to function—and any
premature fusion (synostosis) will inhibit further bone growth.

Sutures are the major sites of bone growth for the cranial vault. Preosteoblasts and
osteoprogenitor cells are located within the osteogenic area that form and advance bone
growth. Each cranial suture is comprised of five components: the underlying dura mater, the

overlying pericranium, the two osteogenic bones on either side, and between the osteogenic
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fronts of the adjacent calvaria (17, 18). It is important that the mesenchymal sutures remain in a
patent state to function properly at the bone edges (19). These sutures receive external signals
from the expanding brain and the dura mater. The presence of the dura is essential because it
secretes osteoinhibitory molecules which signal to maintain suture patency. These include
heparin binding factors such as some members of the FGF and TGFR families. These factors
prevent differentiation into mature osteoblasts through stimulating proliferation and matrix
production. Dural reflections, a double folding of the meningeal dura, are attached firmly at the
underside of the suture (junction of two calvaria). These reflections act as dividers and define
the cranial cavity under the skull bones (1, 16, 20). After receiving a stimulus from the growing
brain, preosteogenic cells within the suture migrate to the osteogenic front of the adjacent bone
and start adding bone to the edges, to increase the cranial vault size and accommodate the
expanding brain.

Once the brain growth is complete, the mesenchyme of the suture is replaced by fibrous
connective tissue (21). Sutures fuse at different times throughout life. The metopic suture
usually is fused by the ninth month (postnatal), although it can take up to 2-5 years to fuse, and
it becomes fused by 7 years of age (16). The sagittal suture closes at approximately 22 years,

the coronal suture after 24 years, and the lambdoid after 26 years (22).

1.2. Non-syndromic Craniosynostosis

Craniosynostosis is one of the common congenital birth defects that affects the skull
vault. It is characterized by premature ossification of one or more of the cranial sutures.
Worldwide, craniosynostosis affects 1 in 2,000-2,500 live births (2-4, 23), and males are more
affected than females (24-27). It can be classified as: primary (caused by developmental defects
during embryogenesis) or secondary (as a result of environmental factors such as maternal

hyperthyroidism, intrauterine compression, and others), simple (involving only one suture),
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complex (involving more than one suture), isolated (occurring without other defects), or
syndromic (associated with other anomalies) (28). Children with prematurely fused sutures often
experience several medical problems including increased cranial pressure, frontal bossing,
strabismus, amblyopia, hyper- or hypotelorism, exorbitism, midface hypoplasia, dental
anomalies, and cognitive and neuropsychological issues (29-34).

In general, the suture most frequently involved in craniosynostosis is the sagittal (40—
55%), followed by coronal (20—-25%), metopic (5—15%), and lambdoid (0—-5%). Multiple suture
synostosis accounts for only 5-15% of cases (3, 35). About 85% of the cases are known to be
non-syndromic SSC with only one fused suture (36). Craniosynostosis has been associated with
more than 180 syndromes, the most common of which include: Crouzon, Apert, Saethre-
Chotzen, Muenke, and Pfeiffer syndromes (more information about syndromic craniosynostosis
can be found in the Appendix). A variety of cellular mechanisms mediated by genes and
signaling pathways have been described in those syndromes (TWIST1, EFNB1, EFNA4, MSX2
(3,4), FGFR1, TGFR2, and TGFR3 (37)).

Despite the common genes, mutations in other genes and regulatory pathways have
been shown to contribute to the pathogenesis of craniosynostosis in both syndromic and
isolated cases. These genes include: TGFBR1, TGFBR2 (38) FBN1 (39), RAB23 (40), the
Notch ligand, JAGGED1 (41), RECQL4 (42), MASP1 (43), SH3PXD2B (44), FREM1 (45), ALX4
(46), SKI (47), and TCF12 (48). Even though several disease-causing mutations have been
identified and associated with syndromic CS, the molecular causes of most SSC cases have yet
to be elucidated. Thus, to better understand the mechanisms that lead to SSC, identification of
genes or signaling pathways affecting intramembranous ossification and suture development is

critical.



2. Isolation and Characterization of Human Calvarial Mesenchymal Stem Cells

2.1. Abstract

Although mesenchymal stem cells (MSCs) are routinely isolated from many different
tissues, little is known about pluripotent properties and gene expression profile of those derived
from human calvaria (cMSCs). We compared the immunophenotype and differentiation potential
of FACS-isolated primary cMSCs from a heterogenous population of human calvarial tissue-
derived osteoblasts. We then expanded the homogenous primary cMSC population and
demonstrated that it shares common biological MSC characteristics (trilineage differentiation
capacity and cell surface markers) with a well-characterized, commercial bone marrow
mesenchymal stem cell (BMMSC) line. We performed expression profiling of genes known to be
involved in bone development on each line in vitro. We compared different cMSC lines with
BMMSCs and found that our primary cMSCs a) express MSC antigens CD73, CD90, CD105,
CD29 and CD44 and lacked non-MSC hematopoietic markers CD31, CD45 and CD34, b)
present a distinct gene expression profile, specifically related to proliferation and regeneration
potency, c) exhibit distinct gene expression manifested by upregulation of genes involved in
early stages of calvarial development and MSC maturation, suggesting a unique stem cell niche
and d) have vital stem cell properties and can expand and differentiate to osteoblasts,
chondrocytes and adipocytes. These findings provide insights into cMSCs’ role in supporting
calvarial tissue turnover and homeostasis. Further investigation into their biologic properties and

therapeutic efficiency could make cMSCs a favorable candidate for regenerative medicine.



2.2. Introduction

The cranial vault is composed of five calvarial bones connected by fibrous tissue referred to
as cranial sutures (2, 5), which are major growth sites and a niche for MSCs. Cranial bone
formation is achieved through intramembranous ossification and sutures serve as major
intramembranous bone growth sites (16). MSC differentiation into osteoprogenitors and
osteoblasts occurs at the edges of the adjacent calvarial bones (osteogenic fronts) where MSCs

are recruited from the surrounding mesenchyme (18, 49).

Cranial bone development starts with MSC condensation, where the cells arrange to
form a membrane to initiate the intramembranous bone formation. Condensation involves a
variety of genes, signaling pathways and cell surface and extracellular matrix (ECM) molecules.
TGFg signaling is critical during the condensation process. The TGFf family members involve
TGFB1, TGFB2, TGFB3, SMAD2, SMAD3, SMAD4, TGFBR1, and TGFBR2.
TGFB1, TGFB2, and TGFB3 are known as main factors that regulate proliferation and early
differentiation of osteoprogenitors during bone formation (50-52). TGFBR2 has a critical role in
intramembranous bone formation via regulating MSC proliferation and the expression of
osteoblast marker genes: DLX5, MSX2, RUNX2, and SP7 (53). Moreover, BMPs and their
antagonist Noggin are thought to be important in cell aggregation and the initial stage of
condensation (54).

Once the cell condensation process is complete, osteogenesis is activated by
upregulating osteogenic genes and downregulating condensation genes (1). During this phase,
elevated levels of RUNX2, SP7 and ALP result in osteoprogenitor cells (55, 56). RUNX2

activates osteogenic genes during differentiation (e.g., COL1A1, BGLAP, IBSP) (57).

FGF signaling is key during suture formation: FGFR1, 2 and 3 are expressed in the suture
area and FGF2 expression is associated with normal and induced suture fusion (52).

Accordingly, localized decrease in cell proliferation occurs as osteoblasts in the bone fronts
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change their FGFR2 expression to FGFR1. Moreover, FGF signaling has been associated with
activating the transcription factor TWIST1 that regulates osteoblast differentiation (3, 58, 59)
and also has been shown to interact with the BMP pathway during osteogenesis (60).

MSCs residing in the calvaria mark the beginning of cranial bone development and
growth. MSCs are a population of heterogenous cells that have the potency for self-renewal and
trilineage differentiation (61, 62). They can be derived from various tissues in the human body
and their biological characteristics differ according to the specific source (63). MSCs have been
intensively studied due to their therapeutic potential (64-66). Bone marrow generally has been
the most common source for isolation and characterization of MSCs and has been studied
thoroughly in many species (67-71). MSCs from periosteum of long bones have been cultured
to study bone development (72); these cells are used for bone and cartilage regeneration
because they have been reported to possess higher pluripotency than BMMSCs (73-76) and
distinct biological functions during regeneration and bone healing (77-79). Although numerous
studies report on MSC isolation and properties, there are limited reports of isolating MSCs from
human calvaria (cMSCs) (80): little is known about the characteristics, genetic profile and

biological function of cMSCs.

In the present study, we isolated and enriched a homogenous population of primary MSCs
derived from a mixed population of human calvarial osteoblasts (cOBs) from surgical explants.
The existence of cMSCs in these explants suggests that calvarial bones retain discrete pools of
progenitor cells, which could provide insights into the cellular mechanisms specific for
intramembranous ossification in the human calvaria. We demonstrate that primary cMSCs meet
the agreed-on criteria for stem cells by the International Society for Cellular Therapy (ISCT) and
share common biological characteristics with highly studied commercial BMMSCs (81). Our
isolated primary cMSCs possess the capability to differentiate to osteoblasts, chondrocytes, and

adipocytes, in addition to maintaining the ISCT MSC markers throughout 3 passages. To further



investigate their gene expression profile, we used quantitative PCR (qPCR) to look for features
unique to this MSC population in comparison to BMMSCs. The genetic profile of the
homogenous primary cMSCs provides compelling evidence for stemness and confirms
proliferative behavior of the isolated cMSCs. Our study represents a first step in the elucidation

of a distinct population of cMSCs.

2.3. Materials and Methods

2.3.1. Calvarial osteoblast culture

Calvarial bone samples were collected, within 24 hours, from autopsy specimens or
discarded surgical tissues of patients ages 2—12 months with no known skeletal disorders who
had undergone craniotomy for reasons such as brain tumor, hydrocephalus, trauma, or
autopsies. A waiver was obtained for the use of anonymous control samples (Seattle Children’s
Hospital IRB #12394). Bone fragments were transported in Waymouth media (WM) (Sigma-
Aldrich) supplemented with 2% antibiotic/antimycotic solution (Corning) and 10% fetal bovine
serum (FBS) (Invitrogen). A sterile scalpel was used to cut calvaria into 1-2 mm pieces; 2
pieces per well were cultured in 12-well plates at 37°C, 5% CO2 and 99% humidity. On reaching
confluence, cells were washed with PBS, trypsinized with 0.05% trypsin-EDTA (Invitrogen) and
passaged into T75 flasks. Upon confluency, cells were stored in freezing media containing 90%
FBS and 10% dimethyl sulfoxide in a liquid nitrogen freezer then thawed, plated, and expanded

as needed in T75 flasks. Five cell lines from five different individuals were utilized (Table 2.1).



Table 2.1. Cell lines used in the study

cMSC line Sex Age (months) | Primary tissue
1 M 12 Calvarial bone
2 F 2 Calvarial bone
3 M 9 Calvarial bone
4 M 7 Calvarial bone
5 M 4 Calvarial bone

2.3.2. Calvarial MSC culture

cOB from cell lines were passaged 6 times in culture. Cells were then sorted using FACS Aria ll,
gated for size and singlets for CD73, CD90, CD105, CD29 positivity and CD34 negativity (Fig.
2.1). Next, the cells were expanded and grown in 5 ug/ml fibronectin-coated culture flasks in
StemXVivo serum-free (SF) media (R&D Systems). Cells were incubated at 37°C with 5% CO..
At 90-100% confluence, cells were dissociated using TrypLE Express (Gibco), split 1:2, and

replated.

2.3.3. BMMSCs culture

Adult human bone marrow-derived mesenchymal stem cell line (hMSCs, ATCC number:
PCS-500-012) was cultured in 5 pg/ml fibronectin-coated culture flasks in StemXVivo serum-
free (SF) media (R&D Systems). Cells were grown and incubated at 37°C with 5% CO- and

TrypLE Express (Gibco) was used for cell detachment.
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2.3.4. Immunophenotypic analysis

FACS staining was performed using standard methods (82-84). Surface antigens on
three different cMSCs and BMMSCs were analyzed after 3 passages in SF medium. Cells were
dissociated using TrypLE Express (Gibco); cell suspensions were centrifuged at 300 g for 5 min
and washed 2x with staining buffer of 5% FBS in PBS. Then cells were stained with fluorescent-
conjugated antibodies against CD73, CD90, CD105, CD29, CD44, CD34, CD31 and CD45 (BD
Biosciences). Cells were incubated in 100 pL of staining buffer containing antibodies for 30 min
at 4°C in the dark, washed 2x and resuspended in 500 pL of staining buffer. Data were collected
using an LSR Il flow cytometer (BD Biosciences) and analyzed with flow cytometry software

(FlowdJo, Ashland, USA).

2.3.5. Multilineage differentiation in vitro

Three different cMSC lines and BMMSCs were differentiated into osteoblast, chondrocyte and
adipocyte lineages using StemPro differentiation kits (Life Technologies Carlsbad, CA)

according to manufacturer protocols (details below).

Adipogenic differentiation

Cells were seeded at 4 x 10* cells/cm? in triplicate and grown for 1 day before a change to
differentiation medium for 14 days with medium exchange every 3 days. At the end, medium
was removed, and the cells were washed 2x with PBS. Cells were then fixed with 10% formalin,
incubated for 30 min at room temperature (RT) and rinsed with distilled H.O (DH-20). Next, 60%
isopropanol was added for 5 min to cover the bottom of each well. The isopropanol was
discarded, and the cells were stained for 5 min with Oil Red O working solution (3:2 dilution with

DH20). Cells were washed with DH2O until it ran clear, and hematoxylin counterstain was added
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for 1 min. Cells were then rinsed with warm DH»0O, coverslipped and observed under the

microscope for intracellular lipid droplets appearing red.

Chondrogenic differentiation

Cells were grown as high-density pellets (1 x 10° cells per well) in U-bottom 96-well plates
for aggregate (micromass) formation. cMSC lines and BMMSCs were plated in triplicate and
grown for 2 days, then switched to differentiation media that was changed every 3 days for 21
days. Cells were then rinsed with PBS, fixed with 4% formaldehyde solution for 30 min., rinsed
again with PBS and stained with 1% Alcian blue solution in acetic acid (EMD Millipore) for 30
min. Cells were rinsed 3x with 3% acetic acid. Next, DH.O was added to neutralize acidity and
aggregates were visualized under a microscope for blue staining that indicates the synthesis of

proteoglycans by chondrocytes.

Osteogenic differentiation

1 x 10* cells/cm? were seeded in triplicate. The cells were left to grow for 1 day before
differentiation medium was added, with medium changes every 3 days. On day 28, cells were
washed with PBS, fixed with 10% formaldehyde and incubated at RT for 15 min. Cells were
then washed with DH,0O, stained with Alizarin red (Sigma-Aldrich) for 20 min at RT and washed
4x with DH20 with gentle rocking for 5 min each wash. At the end, DH,O was added to prevent
cells from drying and for microscopic visualization and imaging. Differentiated cells containing

calcium phosphate deposits stained bright red.
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2.3.6. Osteogenic gene array analysis by gPCR

To examine the difference between cMSCs and BMMSC gene expression profiles by
gPCR, RNA was isolated from five cMSC (additional two cell lines were considered) and
BMMSC lines using an mRNA isolation kit (85). Then 1 ug of total RNA from each sample was
reversed transcribed into cDNA using an RT? First Strand Kit (QIAGEN, Germantown, MD).
Next, cDNA was combined with RT SYBR Green gPCR Mastermix (QIAGEN) into the Human
Osteogenesis RT? Profiler PCR Array system (QIAGEN). gPCR was performed using the
CFX96 Touch real-time PCR detection system (BioRad). The relative amount of each mRNA
transcript normalized to the housekeeping gene beta-2 microglobulin (B2M) was calculated

using the 244C

T method. Out of 84 tested genes, we only considered genes that were
concurrently upregulated or downregulated in all 5 cMSC cell lines. Genes were further filtered,
as we only classified genes that demonstrated a log2 (fold change) of 22 in at least 3 of the 5

cell lines.

2.3.7. Statistical analysis
Values were expressed as mean + standard error of the mean and analyzed with a one-
sample f-test using SPSS Statistics (IBM). Differences with p-values <0.05 were considered

statistically significant.

2.4. Results

2.4.1. Isolation, Characterization and Differentiation potential of primary cMSCs and BMMSCs

We successfully isolated primary human calvarial cMSCs from a heterogeneous population
of human osteoblasts using FACS (Figure. 2.1). Analysis of immunophenotypes indicated
uniform expression of the classic positive and negative MSC markers: >97% of the cells
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expressed CD73, CD90, CD105, CD29 and CD44 and <5% had minimal expression of the
MSC-negative hematopoietic markers CD31, CD45 and CD34 (Fig. 2.2). These
immunophenotypic characteristics are consistent with established ISCT parameters and similar
to reported surface antigen expression in various types of MSCs including BMMSCs and

periosteal MSCs (65, 73, 77, 81).

Osteogenic induction led to bone formation as indicated by Alizarin red staining (Fig. 2.3, A—
D). Chondrogenic differentiation conducted on MSC micro-masses led to cartilage formation
indicated by Alcian blue staining (Fig. 2.3, E—H). Successful adipogenic induction was
demonstrated in the formation and accumulation of lipid droplets revealed by QOil Red O staining
(Fig. 2.3, I-L). The differentiation results suggest that our cMSCs have similar differentiation
potential to BMMSCs. In summary, isolated cMSCs demonstrated the criteria for MSC
progenitor cells by adhering to plastic in culture, expressing the requisite surface markers and

having multilineage differentiation potential.

2.4.2. Osteogenic array gene profiling

Quantitative PCR revealed significant differences in the expression of 47 genes: 30 genes
were upregulated and 17 were downregulated consistently in the cMSC lines. Notably, the data
showed that most of the genes involved in MSC maintenance and proliferation were expressed
at higher levels in cMSCs compared with BMMSCs. In contrast, genes that mediate
commitment to osteogenic lineages and differentiation had lower expression in cMSCs. To
further elucidate the gene expression pattern of cMSCs, we organized the genes by biological
function and signal transduction pathways. The 47 identified genes were ECM molecules,
growth factors, mediators of TGF3 and BMP signaling pathways, as well as bone developmental

genes involved in MSC proliferation, and osteoblast differentiation (86, 87). ECM molecules that
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are known to be highly expressed in MSCs and the suture mesenchyme were upregulated in
cMSCs relative to BMMSCs (Fig. 2.4, A; Table 2.2) (88-93). ECM genes associated with
osteoblast differentiation (CD36 and PHEX), however, were downregulated in cMSCs compared

with BMMSCs (94, 95).

Two growth factors, VEGFA and PDGFA, that enhance bone growth (96-99) were also
downregulated in cMSCs compared with BMMSCs (Fig. 2.4, B; Table 2.3). Our analysis further
demonstrated that TGF3 members specific for proliferation and regeneration (86, 100) were
upregulated in cMSCs, while those controlling osteogenic differentiation (e.g., TGFB3, SMAD3)

(86, 87) were downregulated relative to BMMSCs (Fig. 2.4, C; Table 2.4).

BMPs involved in bone development were differentially expressed between cMSCs and
BMMSCs (Fig. 2.4, D; Table 2.5). Notably, genes that maintain MSCs and suppress
osteogenesis (e.g., BMPR2, BMPR1B) had high expression in cMSCs compared with BMMSCs
(101-104). In contrast, genes that influence late stages of osteoblastic development had lower
expression in cMSCs compared with BMMSCs (e.g., BMP6, BMPR1) (102, 105, 106).
Moreover, the expression of genes that promote proliferation and maintain MSC multipotency
had a higher expression in cMSCs compared with BMMSCs: NFKB1, EGF, ANXAS5, MMP2,
CDH11, and CSF1 (Fig. 2.4, E; Table 2.6). In contrast, genes known for their involvement in
osteoblast differentiation and mineralization (SP7, IGF1R, BGLAP, and RANKL) had a lower
expression in cMSCs compared with BMMSCs (Fig. 4, F; Table 2.7).

Noteworthy genes that are essential to bone maturation were differentially expressed in
cMSCs compared with BMMSCs (Fig. 2.4, G; Table 2.8). We found an upregulation in the
expression of osteoblast gene markers (FGF2, RUNX2, and COL1A1) associated with initial
osteoprogenitor proliferation and differentiation in cMSCs compared to BMMSCs. In contrast,
two genes that maintain MSC progenitors and bone homeostasis were downregulated in cMSCs
compared to BMMSCs (GL/1 and TWISTT).
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2.5. Discussion

In this study, we demonstrated an effective, reproducible method to isolate primary
calvarial MSCs from heterogeneous cell populations derived from human calvarial explants.
Our goal was to isolate and expand human cMSCs in an efficient, consistent, and reproducible
way. Therefore, we utilized SF medium for cMSC cultivation. As far as we know, our study
provides the first description of FACS-isolated human cMSCs grown in SF medium. cMSCs
grown in SF medium demonstrated higher proliferation rate and higher expression of embryonic
stem cell markers compared to MSCs grown in serum-containing media (107). Although Media
containing FBS supports MSCs’ expansion and proliferation, it promotes heterogeneity and
variability in cell growth and differentiation of MSCs (108, 109).

Calvarial bone formation is a multiplex process involving MSC proliferation and
differentiation to osteoblasts via intramembranous ossification (7, 12, 110). We chose BMMSCs
for the comparison with cMSCs because bone marrow is the main source of MSCs available for
research (111). Also, their multipotency, self-renewal and regenerative potential have been
described and studied in bone repair and tissue engineering (112-115). Our gene expression
data suggest that cMSCs have enhanced capacity for proliferation and regeneration as well as a
unique expression profile when compared with BMMSCs. These findings could provide a
foundation for understanding cMSCs and intramembranous ossification in the calvaria.

We further investigated the function of the expressed genes in cMSCs relative to
BMMSCs. We reviewed these genes in terms of their role in MSC maintenance and bone
development. cMSCs maintained higher expression of ECM molecules that drive important
biological functions in MSCs and are key regulators in cytoskeletal organization: (ITGA2, ITGAS,
ICAM1, COL1A2, COL10A1, COL3A1, COL15A1, BGN, FN1, FLT1). ITGA2, ITGA3 and ICAM1
were shown to upregulate the expression of MSC markers and increase cellular proliferation

(89, 90, 92, 93). Moreover, COL1A2, COL3A1, COL15A1, BGN and FN1 are abundant in

16



cMSCs and osteoprogenitors (116-122). MSCs are also known to induce angiogenesis through
secretion of cytokines including FLT1 (VEGFR1) (123). VEGF signaling governs bone
regeneration through inhibiting bone formation and FLT1 expression (124).

Taken together, a high level of expression was observed in ECM molecules that support
proliferation and MSC maintenance. These findings confirm previous reports of MSC properties

and strongly suggest the stemness and undifferentiated features of cMSCs.

Moreover, TGFB members specific for proliferation and regeneration were upregulated in
cMSCs compared to BMMSCs. TGFB1, TGFBR2, BMPR1B, and BMPR2 are expressed in
MSCs and play a critical role in MSC maintenance, proliferation, and regeneration (50, 51, 125-
127). TGFBR2 has been reported to specifically regulate and maintain MSCs (127-129).
Previous studies are consistent with our observation as high expression of BMPR2 and
BMPR1B was found in stem cells (101). These data and our present study strongly indicate the
enhanced proliferation and suppressed differentiation behavior of the cMSC population.

An additional set of genes that regulate bone homeostasis were highly expressed in
cMSCs compared with BMMSCs (NFKB1, EGF, ANXA5, MMP2, CDH11 and CSF1). These
genes are associated with proliferation, migration, and suppression of MSC differentiation to
osteoblasts. NFKB1 has been shown to repress the differentiation of osteoblasts. It also
regulates the proliferation capability of osteoprogenitors and is downregulated in differentiated
cells (130, 131). The upregulation of EGF expression induces EGFR signaling which results in
inhibiting ALP activity and osteogenesis (126, 132). ANXAS5 is used to define multipotent
homogenous human MSCs (51, 133, 134). MMP?2 is a key regulator in calvarial bone
development and expressed in osteoprogenitors (135, 136). CDH11 “osteoblast cadherin” is
expressed in highly proliferative MSC and required for their migratory activity (116, 137). CSF1
is another gene involved in skeletal remodeling via osteoclastogenesis (138), and was

upregulated in cMSCs compared to BMMSCs. CSF1 manifests a role in regulating cell survival
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and proliferation and has been expressed in multipotent and progenitor cells besides
osteoclasts (139, 140).

Together, key genes playing essential roles in proliferation and maintaining suture
mesenchyme were upregulated in cMSCs relative to BMMSCs. This suggests that cMSCs
possess a discrete gene profile, reflecting their proliferative and regenerative potential. High
proliferation in MSCs can contribute and stimulate repair in tissues (141, 142). Therefore,

cMSCs could be used in therapy and tissue regeneration studies.

In support of this observation, genes known to promote osteogenic differentiation (CD36,
PHEX, VEGFA, PDGFA, TGFB3, SMAD3, BMPR1A, BMP6, SP7, IGF1R, and BGLAP) were
downregulated in cMSCs compared to BMMSCs. CD36 and PHEX enhance osteogenesis by
inducing the expression of SP7, BGLAP and BSP (85, 94, 95, 143-145). Furthermore, Growth
factors (e.g., VEGFA, PDGFA) function robustly during bone formation and are known to
enhance osteoblast proliferation and differentiation (96-99).

TGFB members controlling osteogenic differentiation (e.g., TGFB3, SMAD3) were
downregulated in cMSCs in comparison to BMMSCs. TGFB3 promotes osteogenesis via
positively regulating PDGFRA expression. Consistent with our findings, TGFB3 downregulation
in MSCs was confirmed in previous studies (86, 100) . It has been shown that SMAD3 induces
differentiation via enhancing ALP, RUNX2 and BGLAP expression in mouse osteoblastic

MC3T3-E1 cells (87).

BMP signaling molecules have been shown to be critical in osteogenic potential (126, 127).
Both BMPR1A and BMP6 were underexpressed in cMSCs compared with BMMSCs. BMPR1A
influences late-stage bone development and osteoblastic activity (102, 126). It has been shown
that BMPR1A induces Sclersostin (SOST1) to regulate bone mass through WNT signaling

(146). Also, BMP6 is known to promote bone formation via enhancing differentiation (105) and a
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positive correlation has been reported between BMP6 and SP7 (147). Both BMP6 and SP7 are

downregulated in cMSCs compared with BMMSCs.

Well-established genes of initial and late osteogenic differentiation (/IGF1R, SP7, and
BGLAP) were downregulated in cMSCs compared with BMMSCs. IGF1R activation promotes
osteogenesis and is critical for bone formation (148). SP7 is a well-established osteogenic gene
and is essential for bone development; it demonstrates a role in specifying MSCs commitment
toward osteoblastic lineage (19, 149). Moreover, it regulates the expression of osteoblast
differentiation and matrix mineralization genes such as COL1A1, BGLAP, SPP1, SPARC, and
RUNX2 (150-152). BGLAP is a late osteogenic marker expressed by mature osteoblasts during
mineralization and it makes up 20% of the total proteins in the bone (153-155).

Simultaneous to IGF1R, SP7, and BGLAP downregulation, we found upregulation of
early osteogenic markers (RUNX2, FGF2 and COL1A1) that are expressed in osteoprogenitors
and preosteoblasts. RUNX2 regulates the proliferation of MSCs and osteoprogenitors in the
sutures and is vital for osteoblast differentiation and calvarial bone development (156-158).
RUNX2 is also coexpressed with FGF2 and positively regulates COL71A7 (100, 159). Yet, the
expression of COL7A1 is not unique to mature osteoblasts or differentiated cells. A similar result
to our study showed that COL1A17 expression is induced in undifferentiated cMSCs (160) and
high expression of COL71A1 has been reported in undifferentiated cranial suture-associated
dural cells (161).

Since most of the genes involved in MSC maintenance and proliferation were upregulated
in cMSCs compared to BMMSCs, we expected to see an upregulation in the expression of
TWIST1 and GLI. In contrast, we found a downregulation in the expression of TWIST1 and GLI1
in comparison to BMMSCs. Both TWIST1 and GLI1 play an essential role during calvarial
development. They maintain the cranial suture mesenchyme and inhibit osteogenesis in the

suture (162, 163). The results suggest that the expression of these two genes might be different
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in our cMSC population although we cannot explain their downregulation. Conceivably, GL/1
could promote osteogenesis by driving the commitment of osteoprogenitors toward bone (164-
166). In addition to that, a recent study has shown that TWIST7 postnatal expression is not

required in MSCs to maintain the cranial suture and prevent suture fusion (163).

Taken together, our results exhibit a unique model of human cranial MSCs that can
advance study of calvarial development in vitro. We demonstrated that a homogenous
population of cMSCs can be efficiently isolated from infant calvarial explant culture. To our
knowledge, no previous studies have reported the FACs isolation of human cMSCs, nor
conducted a comparison of primary cMSCs and BMMSCs. This work presents a thorough
characterization of the genetic expression profile, phenotype, and differentiation capacity of
human cMSCs. These cells exhibit a higher proliferative and stemness potential than BMMSCs
suggested by the expression of genes essential for regeneration, MSC matrix production and
maintenance, which suggest a capability to support tissue regeneration and calvarial tissue
homeostasis. Thus, cMSCs can serve as a powerful tool and highly relevant model for studying
and understanding cranial suture formation, cranial bone development and craniofacial bone-

related diseases.
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Figure 2.1. Marker expression and isolation by FACS

Gating strategy applied to isolate human cMSCs. Total cells were first gated on a forward
scatter (FSC)/side scatter (SSC) (A), then gated on single cells (B). These were then further
gated for the markers CD73+, CD90+ (C), CD105+, CD29+ (D) and CD34- cells (E).
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Figure 2.2. Characterization of cell surface markers of three different human cMSCs
(cMSCs1: orange, cMSCs2:red, cMSCs3:cyan) and bone-marrow derived human mesenchymal
stem cells (BMMSCs-blue) using flow cytometry (at passage 3). The following markers were
used to define cMSCs and BMMSCs: CD73, CD90, CD105, CD29, CD44, CD34, CD31, and

CD45.
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Figure 2.3. Trilineage differentiation potential of three human cMSCs and BMMSCs after
passage 3. A, B, C, D: Osteogenic differentiation of cMSCs and BMMSCs, respectively,
showed extensive production of calcium deposits after 28 days. Mineralized nodules stained
with Alizarin red (10x). E, F, G, H: Chondrogenic-induced cMSCs for 21 days, respectively,
stained with Alcian blue (20x). |, J, K, L: Adipogenic differentiation of cMSCs and BMMSCs was
confirmed by the formation of lipid droplets after 2 weeks of induction, detected by Oil Red O
staining (40x). Phase contrast microscopy was utilized for imaging (A-L).
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Figure 2.4. Gene expression profiles of cMSCs in comparison with BMMSCs.

cMSCs and BMMSCs were cultivated with serum free (SF) media and analyzed by gPCR array
for the expression of 47 genes involved in bone development and grouped into: (A) ECM
molecules, (B) growth factors, (C) TGF signaling pathway, (D) BMP signaling pathway, (E)
genes associated with MSC proliferation, (F) Genes associated with osteoblast differentiation,
and (G) differential expression of bone developmental genes. B2M was used as the reference
gene, and the corresponding BMMSCs were used as control groups n = 5, *p<0.05. Each data
point represents an individual cMSC line.
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Table 2.2. Expression of ECM Molecules
Gene Symbol = Gene Name Log2 Fold Change
cMSC1 cMSC2 cMSC3 cMSC4 cMSC5 P-Value

ITGA2 Integrin Subunit Alpha 2 6 2 2 5 3 0.009*
ITGA3 Integrin Subunit Alpha 3 4 0 3 3 0 0.06
ICAM1 Intercellular Adhesion Molecule 1 3 2 0 4 0 0.04*
COL1A2 Collagen Type | Alpha 2 22 21 21 22 21 1.9 E-7*
COL3A1 Collagen Type Il Alpha 1 8 9 8 8 8 0.000006*
COL10A1 Collagen Type X Alpha 1 8 9 3 14 9 0.006*
COL15A1 Collagen Type XV Alpha 1 8 1 3 9 7 0.02*
SERPINH1 Serpin Family H Member 1 6 7 5 6 5 0.0001*
BGN Biglycan 7 5 6 7 8 0.0001*
FN1 Fibronectin 1 10 8 9 10 8 0.00002*
FLT1 Fms Related Receptor Tyrosine Kinase 1 6 6 6 7 2 0.004*
CD36 CD36 molecule -3 -7 -4 -1 -8 0.02*
PHEX E.hcl)(sréhate Regulating Endopeptidase Homolog X- -5 -6 -5 -6 -9 0.001*
inke

Significant alterations in several genes consistently observed by five different MSCs derived from
human calvaria (cMSCs) relative to Bone marrow-derived human mesenchymal stem cells
(BMMSCs). Upregulation and downregulation of two log2 folds in 3 cMSCs lines at least was observed in
ECM molecules.

*p < 0.05 vs. BMMSCs.
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Table 2.3. Expression of Growth Factors
Gene Symbol = Gene Name Log2 Fold Change
cMSC1 cMSC2 cMSC3 cMSC4 cMSC5 P-Value
VEGFA Vascular Endothelial Growth Factor A -3 -2 -3 -4 -4 0.0003*
PDGFA Platelet Derived Growth Factor Subunit A -6 -8 -6 -6 -6 0.00007*

Significant alterations in several genes consistently observed by five different MSCs derived from
human calvaria (cMSCs) relative to Bone marrow-derived human mesenchymal stem cells

(BMMSCs). Upregulation and downregulation of two log2 folds in 3 cMSCs lines at least was observed in
ECM molecules.

*p < 0.05 vs. BMMSCs.
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Table 2.4. Expression of genes mediating TGFB pathway
Gene Symbol Gene Name Log2 Fold Change
cMSC1 cMSC2 cMSC3 <cMSC4 cMSC5

TGFB1 Transforming Growth Factor Beta 1 4 1 3 4 3
TGFB2 Transforming Growth Factor Beta 2 3 2 1 2 0
TGFBR1 Transforming Growth Factor Beta Receptor 1 7 5 5 8 5
TGFBR2 Transforming Growth Factor Beta Receptor 2 12 9 13 11 10
BMP1 Bone Morphogenetic Protein 1 11 8 11 11 11
SMAD2 Smad Family Member 2 8 7 8 8 7
SMAD4 Smad Family Member 4 9 8 8 9 8
TGFB3 Transforming Growth Factor Beta 3 -2 -5 -2 -1 -4
SMAD3 SMAD Family Member 3 -6 -9 -5 -7 -7

Significant alterations in several genes consistently observed by five different MSCs derived from

human calvaria (cMSCs) relative to Bone marrow-derived human mesenchymal stem cells

P- value
0.009*
0.02*
0.0004*
0.00004*
0.0004*
0.000004*
0.000008*
0.01*
0.0005*

(BMMSCs). Upregulation and downregulation of two log2 folds in 3 cMSCs lines at least was observed in

bone developmental genes.
*p < 0.05 vs. BMMSCs.
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Gene
Symbol
SMAD4
SMAD5
BMPR?2
BMPR1B
SMAD1
BMPR1A
BMP6

Table 2.5. Expression of genes mediating BMP pathway

Gene Name Log2 Fold Change
cMSC1 cMSC2
Smad Family Member 4 9 8
Smad Family Member 5 2 1
Bone Morphogenic Protein Receptor Type 2 10 8
Bone Morphogenic Protein Receptor Type 1 B 9 9
SMAD Family Member 1 -6 -7
Bone Morphogenetic Protein Receptor Type 1A -10 -1
Bone Morphogenetic Protein 6 -3 -8

Significant alterations in several genes consistently observed by five different MSCs derived from

cMsC 3

8

cMSC 4
9
2
10
9
-6
-10
-4

cMSC 5
8

human calvaria (cMSCs) relative to Bone marrow-derived human mesenchymal stem cells

(BMMSCs). Upregulation and downregulation of two log2 folds in 3 cMSC lines at least was observed in

bone developmental genes.
*p < 0.05 vs. BMMSCs.
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0.001*
0.0003*
0.00003*
0.000025*
0.0002*
0.03*



Gene
Symbol
NFKB1
EGF
ANXA5
MMP2
CDH11
CSF1

Table 2.6. Expression of Bone Developmental Genes Correlated with MSC Proliferation
Gene Name Log2 Fold Change
cMSC1 cMSC2 cMSC3 <cMSC4 cMSC5 P- value

Nuclear Factor Kappa B Subunit 1 9 6 8 9 8 0.0001*
Epidermal Growth Factor 4 2 1 4 1 0.03*
Annexin A5 10 10 9 10 9 0.000009*
Matrix Metallopeptidase 2 4 2 2 4 3 0.002*
Cadherin 11 5 2 3 5 4 0.004*
Colony Stimulating Factor 1 2 1 2 2 1 0.001*

Significant alterations in several genes consistently observed by five different MSCs derived from
human calvaria (cMSCs) relative to Bone marrow-derived human mesenchymal stem cells

(BMMSCs). Upregulation and downregulation of two log2 folds in 3 cMSC lines at least was observed in
bone developmental genes.
*p < 0.05 vs. BMMSCs.
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Table 2.7. Expression of Bone Developmental Genes Correlated with Differentiation and
Mineralization

Gene Gene Name Log2 Fold Change
Symbol

cMSC1 cMSC2 <cMSC3 cMSC4 cMSC5 P- value
SP7 Osterix -5 -4 -6 -4 -5 0.0007*
IGF1R Insulin Like Growth Factor 1 Receptor -1 -4 -2 -1 -1 0.02¢
BGLAP Osteoclacin -4 -7 -4 -4 -5 0.0009*
TNFSF11/ = TNF Superfamily Member 11 -8 -8 -9 -7 -8 0.00001*
RANKL

Significant alterations in several genes consistently observed by five different MSCs derived from
human calvaria (cMSCs) relative to Bone marrow-derived human mesenchymal stem cells
(BMMSCs). Upregulation and downregulation of two log2 folds in 3 cMSC lines at least was observed in
bone developmental genes.

*p < 0.05 vs. BMMSCs.

30



Gene
Symbol
FGF2
RUNX2
COL1A1
TWIST1
GLI1

Table 2.8. Expression of Bone Developmental Genes Mediating Osteoblast Differentiation
Gene Name Log2 Fold Change
cMSC1 cMSC2 cMSC3 <cMSC4 cMSC5 P- value

Fibroblast Growth Factor 2 3 2 2 2 2 0.001*
Runt Related Transcription Factor 2 7 5 5 8 6 0.002*
Collagen Type | Alpha 1 9 7 8 9 8 0.00003*
Twist Family BHLH Transcription Factor 1 -3 -6 -2 -3 -3 0.007*
GLI Family Zinc Finger 1 -3 -8 -7 -3 -7 0.004*

Significant alterations in several genes consistently observed by five different MSCs derived from
human calvaria (cMSCs) relative to Bone marrow-derived human mesenchymal stem cells
(BMMSCs). Upregulation and downregulation of two log2 folds in 3 cMSC lines at least was observed in
bone developmental genes.

*p < 0.05 vs. BMMSCs.
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3. Rare FLNA Variant’ Effects on Proliferation and Osteogenesis and Cell Mechanics, and
FLNA Knockout effect on Osteogenesis

3.1. FLNA Background

3.1.1. FLNA Structure and biological function

The cytoskeleton is a dynamic, active network in the cytoplasm of both prokaryotic and
eukaryotic cells. It influences the mechanical properties, strength, shape, cellular transport,
organization of organelles, as well as movement of the cell and other biochemical properties
within the cell. The cytoskeleton is composed of three main elements: microtubules,
intermediate filaments, and actin filaments (167). Actin filaments (F-actins) are the thinnest
cytoskeletal structure and are made of globular actin (G-actin) monomers, which are 42 kD
proteins that polymerize to form the actin filaments in a helical structure (168, 169). The actin
filaments are held together, crosslinked, and depolymerized by crosslinking (actin-binding)
proteins that include spectrin, fimbrin, alpha-actinin, and filamins A, B, and C. All these proteins
harbor an actin binding domain (ABD), extended with rod-like segments. Spectrin, fimbrin, and
alpha-actinin arrange actin filaments into parallel bundles, whereas filamins cross-link actin
filaments to form loose three-dimensional orthogonal networks in a V-shaped organization (168,
170, 171).

Filamin protein was first discovered in 1975 by Wang et al. in an attempt to isolate
myosin from chicken smooth muscle (172). The human filamin family is composed of 3 isoforms
(filamin A, filamin B, and filamin C) which share 60—-80% homology of their amino acid
sequences (differing in the two hinge regions between repeats 15-16 and 23—-24) and are each
widely expressed during human embryonic development (168, 173). Filamin A (FLNA) was the
first actin filament cross-linking protein discovered in non-muscle cells; it shows high expression

throughout all tissues of the human body, and across species, and is the most abundant of the
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filamin family (174-176).

Structurally, human FLNA is a 280 kDA elongated homodimeric protein
(Figure. 3.1). The N-terminus consists of an F-actin binding domain that comprises two tandem
calponin homology domains (CHD1 and CHDZ2). The two actin binding domains are not
functionally interchangeable and CHD2 is required for the interaction with F-actin (177, 178). In
addition, the FLNA structure consists of 24 homologous immunoglobulin like (Ig) repeats and
two hinge regions. The two hinges are long and contain calpain cleavage sites, which provide
flexibility. They allow the repeats to move and assist in conformational changes of the structure.
Dimerization takes place in the C-terminal repeat. Each repeat has approximately 96 amino acid
residues (168, 179-181). It has been shown that the first hinge region is fundamental in the
viscoelasticity of actin flament networks; its loss leads to breakage and stiffening of the
networks even under low stress. The hinge region before Ig repeat 24 has 35 residues and
plays a role in dimerization; it is thought to be essential for other regulatory and mechanical
functions in the cell cytoskeleton (168, 182, 183).

FLNA is considered a robust gelation factor because it creates a flexible elastic
environment by cross-linking actin filaments. It regulates and affects cytoskeleton stability, cell
polarization, cell shape, cell adhesion, and cell migration (184). A single FLNA dimer per G-actin
molecule is adequate for cytoskeletal polymerization. (168, 170, 171). The organization of actin
filaments relies on the molar ratio of filamin to actin, and increasing the ratio leads to a tighter
actin filament network. Parallel bundles of actin flament networks are achieved by high filamin
to actin ratios (1:10 to 1:50) leading to stable bundles in adherent cells, which are necessary for
contractility. Orthogonal cytoskeletal networks are created by ratios of 1:150 to 1:740 resulting
in stiffness of the cytoskeleton (185-187). Overall, it has been reported that FLNA can rearrange
the cytoskeleton using various means of interacting with more than 90 diverse proteins that are
essential in cell signaling. These interactions can be carried out via different mechanisms

involving phosphorylation, competition among partners, mechanical forces, and others (168,
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173, 181, 188-192). FLNA facilitates the interaction of cells with the extracellular matrix (168).
Additionally, FLNA binds integrin and regulates its signaling and interactions (193-195).
Moreover, FLNA regulates transcriptional activities positively and negatively. It can prevent
some transcription factors from entering the nucleus and being activated, such as regulating the
transcriptional activity of FOXC1. This interaction can also cause FLNA to bind other
transcription factors in the nucleus (196, 197).

Cell motility and migration are key features of the cellular mechanics influenced by the
interactions between the cytoskeleton and other components of the cytoplasm. The existence
and abundance of FLNA in the cytoplasm and cytoskeleton can initiate or restrict processes by
interacting with partner proteins and regulating actin filaments (191). These processes involve
cytoskeletal remodeling, motility, protrusion, retraction, spreading, and integrin signaling (191).
FLNA also functions as a mechanical protector in the cell from shear stress via mediating the
distribution of stress across the actin filament networks (198). When external force is applied,
the stiffness of the FLNA-F-actin network increases to prevent cell death (199).

Most eukaryotic cells move and migrate in an integrin-dependent way (200-202). FLNA
Ig repeats are uniquely positioned to bind beta chains of both integrins and F-actin; exposing
integrins to mechanical force leads to FLNA and F-actin recruitment to form focal adhesions
(184, 191, 203, 204). Integrins are the major transmembrane adhesion receptors, and they
interact with FLNA via multiple cytoplasmic tails of p-integrins. Integrin 1 binds to FLNA repeat
21-24 to regulate cellular motility (205, 206). Integrin B2 binds to FLNA repeat 21 to promote
leukocyte extravasation (207), whereas integrin B7 binds FLNA on Ig repeats 19—-21 to regulate
the migration and homing of lymphocytes (208). FLNA binding to integrins must be balanced, as
this process is simultaneously modulating cell signaling, polarization, protrusion, motility, and
migration—bonds that are too strong might impair cell migration, for example. It has been
reported that by blocking 31-integrins, cell spreading and FLNA localization in cell extensions

are reduced. Similarly, low levels of FLNA decrease the expression of endogenous B1-integrins
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in the cell; decreased FLNA expression also diminishes the binding of collagen to B1-integrins
(184, 191, 206, 209, 210).

FLNA—integrin interactions also facilitate integrin binding with other ligands from the
extracellular matrix. Proteins such as migfilin and talin compete for FLNA and integrin binding
sites. Thus, to achieve normal movement in the cells, regulation of ligand binding affinity is
required of FLNA to integrin, migfilin to FLNA, and talin to integrin. It has been shown that
excessive binding of FLNA to integrins 7 and B1A reduces cell migration, yet the adhesion and
fibronectin matrix organization remain unaltered (191, 208, 211-213).

Furthermore, the role of FLNA in migration has been widely demonstrated and studied in
a variety of cells. By degrading FLNA, filamin A-interacting protein (FILIP) regulates neuronal
migration and cell polarity exclusively in the ventricular zone of the developing cortex (189, 214).
In melanoma cells, FLNA deficiency has been shown to lead to reduced cell polarization and
motility, an effect that can be rescued in vivo by addition of exogenous FLNA (202, 215-217).
Neurons that lack FLNA also fail to migrate within the cerebral cortex (202, 218). In melanoma
cells, WNT5a knockdown decreased FLNA expression and corresponded to reduced cell
motility (219, 220). In Dictyostelium discoideum amoebae, a diminished FLNA level impaired
locomotion and chemotaxis (221). In contrast, high levels of FLNA can also inhibit neural
migration (189, 222).

Moreover, numerous studies have reported the role of FLNA in signaling transduction
during migration and other regulatory processes in the cytoskeleton. It has been confirmed that
the Rho family of small GTPases (Rac1, Cdc42, RalA, and RhoA) organize the cytoskeleton
(223, 224). They are activated when integrins bind extracellular matrix ligands, which in turn
leads to actin polymerization by FLNA (223, 224). In FLNA-null monocytes, the dynamic of the
actin cytoskeleton and migration is impaired when the function of the small GTPases is
abolished (224). More specifically, Rho GTPases rely on FLNA for signal transduction via

binding the 23" repeat of FLNA (181, 224-226). Furthermore, FLNA carries out essential cellular
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functions by reacting with GTPases and their upstream factors (Trio, Lbc, FiIGAP, RhoGAP)
and downstream factors (ROCK, PAK1). For example, the interaction of FLNA with RalA in the
cytoskeleton is essential for filopodial protrusion; similarly, ruffling of the cell membrane is
mediated by FLNA interaction with PAK1. FLNA also interacts with FilGAP to inactivate Rac and

CDC42, which promote cell retraction (190, 191, 225, 226).

3.1.2. Role of FLNA in bone development and cell mechanics

FLNA regulates TGF-f signaling by inducing phosphorylation and nuclear accumulation
of SMAD2 and SMADS. This phosphorylation leads to SMAD-mediated signaling which is
essential for TGF-f3 signaling. FLNA-deficient human melanoma cells (i.e., M2 cells) have
impaired TGF-f3 signaling; the deficiency was shown to be due to decreased SMAD2
phosphorylation. By transfecting the M2 cells with FLNA, however, TGF- activity was restored
(227).

TGF-B and BMP signaling play a main role in skeletal development, as both are
indispensable in transcriptional regulation of osteogenic genes, and postnatal bone homeostasis
(228, 229). TGF-Bs and BMPs transduce signals to both the canonical SMAD-dependent
signaling pathway, which includes BMP ligands and SMADs, and to the noncanonical-SMAD-
independent signaling pathway, which includes p38 mitogen-activated protein kinase
(MAPK14). MAPK14 regulates mesenchymal stem cell differentiation during skeletal
development, bone formation, and bone homeostasis.

Both the SMAD and MAPK14 signaling pathways regulate transcription factors. For
instance, they regulate RUNX2 to promote osteoblast differentiation and chondrocyte
differentiation of mesenchymal precursor cells. In bone formation, SMAD2 and SMAD3 respond
to TGF-B and regulate TGF-B-mediated osteoblast and chondrocyte differentiation by interacting

with SMAD4. TGF-B, BMPs and other binding factors induce phosphorylation of TGF-3
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receptors leading to SMAD2/3 (Co-SMAD) phosphorylation. Then, phosphorylated Co-SMADs
interact with SMAD4, and the entire complex (SMAD2/3/4) translocates to the nucleus to
regulate gene transcription, including RUNX2 inhibition (227, 230, 231). The BMP pathway
utilizes SMAD1 and SMADS5 to mediate the BMP signaling in endochondral bone development.
The BMP pathway is also involved in osteogenic differentiation. Although SMADS is a minor
contributor to skeleton development, combined loss of SMAD1, 5, and 8 results in severe
chondrodysplasia (228, 232). On the other hand, the inhibitory SMADs (SMAD6 and SMAD7)
can inhibit BMP and TGF-f signals in several ways: a) by blocking chondrocyte differentiation
via inhibiting SMAD1/5/8 and b) by inducing RUNX2 degradation, which inhibits osteoblast
differentiation. Thus, chondrocyte-specific Smad6 overexpression transgenic mice manifest with
dwarfism, osteopenia, and delayed chondrocyte hypertrophy because of Smad1/5/8 signaling
inhibition (228, 233). In all, FLNA affects essential proteins for endochondral ossification, which
coordinate the growth of the skeleton.

In contrast, calvarial bones are formed by intramembranous ossification. MSCs in the
calvaria directly differentiate to osteoblasts to produce bone matrix (234). FLNA contributes to
calvarial bone development via mediating FOXC1 transcriptional regulation when it transfers
PBX1 into the nucleus and forms the FOXC1-PBX1 transcription-inhibitory complex (191, 196).
FOXC1 is primarily expressed in the calvaria and plays a pivotal role early in craniofacial
development by regulating the initial stages of proliferation and differentiation of osteoprogenitor
and chondrogenic cells as well as the meningeal tissue (235, 236). FOXC1 expression
precedes the onset of osteogenic differentiation, and its expression levels lessen progressively
with the maturation of the bone matrix (235, 236). In mouse myoblasts, heterologous expression
of FOXC1 during differentiation results in differentiated osteoblasts with increased MSX2 and
RUNX2 levels, which are considered to be early osteogenic markers. In contrast, the
transcription factors SP7, DLX5, and BGLAP, which appear later in the differentiation process,

do not show any significant increase (237). Consistent with other studies, FOXC1 expression is
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limited to the early stages of bone formation and controls the proliferation of the osteoprogenitor
cells, with limited influence on differentiation (238).

FOXC1 mediates BMP signaling by regulating the expression of MSX2 and ALX4 in the
calvarial mesenchyme (236). Knockdown of FOXC1 in mouse cranial neural crest cells results
in upregulation of the osteogenic markers ALP, RUNX2, and BGLAP; thus, reduced FOXC1
could enhance the osteogenic activity in the cranial osteogenic precursor cells within the cranial
tissues. Moreover, phosphorylated SMAD1/5/8 complex, which is downstream of the canonical
BMP pathway, was increased supporting enhanced osteogenesis (56).

All these reported findings about FOXC1 clearly indicate and confirm the involvement of FLNA
in osteogenesis through FOXC1 regulation.

In the noncanonical WNT5a-ROR2 pathway, FLNA interaction has a crucial role in
inducing polarized cell migration. ROR2 is widely expressed in the craniofacial region during
embryonic development, and its interaction with FLNA is essential for cell migration. ROR2
releases intracellular calcium, which cleaves FLNA. This interaction leads to rearrangement of
the cytoskeleton, which in turn causes cell motility via formation of filopodia and lamellipodia
(239). In addition, it has been reported that by applying stretching and mechanical stress to
periosteum-derived cells, signals for osteoblast differentiation and osteogenesis are activated
through the WNT pathway, and further analysis by microarray demonstrated that WNT5a,
ROR2, and FLNA expressions are upregulated. In addition, the activation of the JNK molecule
(downstream of ROR2 and MKK4/ SEK in WNT5a signaling) is regulated by FLNA. In
melanoma cells, WNT5a knockdown decreased FLNA expression and corresponded to reduced
cell motility (219, 220). In sum, FLNA is essential in WNT5a/ROR2/JNK signaling.

FLNA regulates androgen receptor (AR) activity (191, 240, 241). It has been elucidated
that androgen stimulates cell migration and motility through interacting with FLNA. The FLNA-
AR interaction recruits integrin 1, which regulates focal adhesion (242). The effect of FLNA on

AR in bone development has been shown during BMMSC differentiation. AR promotes
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osteogenesis in BMMSCs via regulating the expression of osteogenic genes such as SP7,
IBSP, COL1A1, COL2A1, DMP1, and AKP2 (243).

Together, these studies and data about the involvement of FLNA—in various decisive
signaling mechanisms that prompt regulation of mesenchymal stem cells, osteoprogenitor cells,
and osteoblasts in calvarial development—suggest that dysregulation of FLNA expression

represent a paramount role in bone formation.

3.1.3. Association of FLNA mutations and Craniosynostosis

The prominence of FLNA and its versatile functions in cell regulation are reflected by its
role in numerous diseases and syndromes. FLNA missense and null mutations result in
developmental defects to the bone, brain, and heart in humans and other organisms. Gain of
function FLNA mutations have been described in a series of craniofacial and bone dysplastic
syndromes referred to as otopalatodigital spectrum disorders (OPDS). This umbrella category
includes otopalatodigital syndrome (OPD) types | and I, frontometaphyseal dysplasia (FMD),
and Melnick—Needles syndrome (MNS). These syndromes all manifest in craniofacial and bone
dysplasia (191, 244, 245). Although these syndromes each have different overall spectra of
features, they share several overlapping skeletal phenotypes. Typically, OPD type | consists of
generalized bone dysplasia, cleft palate, prominent forehead, short stature, supraorbital ridges,
long metacarpals, broad thumbs, big toes, and dislocation of hips and knees. OPD type Il also
manifests with these features, but the skeletal phenotypes are more severe. OPD type | is
observed primarily in males, while OPD type Il occurs in both males and females at equal rates
(173, 245-248). FMD is characterized by generalized skeletal dysplasia, increased density of
the diaphysis, and a pronounced supraorbital ridge; more males than females are affected (247-
249). In contrast, MNS affects females primarily (173, 250, 251) and is characterized by

generalized bone dysplasia with micrognathia, abnormal facial appearance, flared metaphysis
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of the humerus, fibula, and tibia, disproportionately tall vertebral bodies, and bowing of the
radius and tibia, resulting in an S-shaped appearance (173, 247, 248, 252).

FLNA mutations associated with these disorders are spread over FLNA Ig repeats
(Figure. 3.1). OPD type | mutations have been described in the CHD2 (actin binding domain),
whereas OPD type Il occurs in the CHD2 and Ig repeat 14 and 15. FMD mutations are more
widespread and known to be in the CHDZ2, Ig repeats 3, 9-10, 14—-15, and 22-23, while
substitutions in Ig repeat 10 lead to MNS (173, 177, 245, 253, 254).

Interestingly, while other craniofacial phenotypes, such as micrognathia, supraorbital
hyperostosis, and down-slanting palpebral fissures, are common among all OPDS,
craniosynostosis has only recently been reported as a feature in some rare cases. To our
knowledge, craniosynostosis has been reported in seven cases of OPDS

(Table. 3.1): 1) MNS with multisuture synostosis (bicoronal, bilambdoid, and posterior sagittal)
located on Ig repeat 14, 2) OPD Il with sagittal synostosis located on the CHD2, 3) FMD with
bicoronal synostosis located on the CHD2, 4) FMD with pansynostosis located on Ig repeat 9, 5)
FMD with sagittal and bilambdoid synostosis located on Ig repeat 9, 6) FMD with sagittal and
metopic synostosis located on Ig repeat 15, and lastly 7) FMD reported in 2021 with

panosynostosis (premature fusion of all cranial sutures) located on Ig repeat 10 (255-258).
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Table 3.1. OPDS & Craniosynostosis

Nucleotide Aming Domain Domain’s
Diagnosis | Exon Acid Sex | Inheritance e ) i Suture Reference
Change Chan position interaction
ge
FMD | 5 | cC759G | p.D253E | M | Matemal CHD2 F-actin Bilateral coronal R°be'2‘§82 ot al.
OPD2 5 c.G760A p.E254K F De novo CHD2 F-actin Sagittal Fennel et al. 2015
FMD 22 c.G3394T p.G1132W | F De novo Ig repeat 9 F-actin/FOXC1 Pansynostosis | Fennel et al. 2015
Sagittal
FMD 22 c.C3467T p.P1156L | M De novo Ig repeat 9 F-actin/FOXC1 Bilateral Fennel et al. 2015
lambdoid
Bilateral coronal
Bilateral
MNS 28 04732(;:;25+1 - F De novo Ig repeat 14 F-actin lambdoid Foley et al. 2010
Posterior
sagittal
FMD 29 c.T5169G p.C1723W | M Maternal Ig repeat 15 F-actin Metopic Fennel et al. 2015
FMD 22 c.C3557T p.S1186L | M Maternal Ig repeat 10 F-actin Pansynostosis Kim et al. 2021

Mouse models with FLNA deficiency have been well described; heterozygosity in female

mice causes mild skeletal abnormalities. In contrast, hemizygous male mice manifest with

severe cardiovascular, skeletal, and palate defects (191, 259-261). Complete loss of FLNA in

mice results in lethality, with severe bone and cardiovascular defects (192, 202, 260-262). Loss

of FLNA has also been shown to cause developmental defects in Drosophila and C. elegans

(202, 263).

In addition to skeletal malformations, cardiovascular phenotypes associated with FLNA

mutations include a rare form of heart disease, myxomatous valvular dystrophy (XMVD),

defined by mitral and aortic regurgitation as well as mitral valve prolapse (191, 261). Moreover,

a neurological disorder, periventricular nodular heterotopia (PVNH), is caused by a loss of

function mutation in FLNA. PVNH is characterized by the failure of neuronal radial migration

from the ventricular zone to the neocortex during fetal development. This X-linked disease

affects primarily females, as it is associated with prenatal death in males. Patients with PVNH

often experience cardiovascular defects such as premature stroke, aortic aneurysms, patent

ductus arteriosus and minor cardiac malformations. Surviving males with PVYNH have more

severe cardiovascular defects, including intractable hemorrhage and lethal vascular defects

(191, 218, 264). Further, none of the OPDS disorders display neuronal migration defects. Of
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note, FLNA mutation associated with Ehlers-Danlos syndrome and PVNH has been reported.
Ehlers-Danlos syndrome is characterized by joint hypermobility, aortic dilation early in
adulthood, and connective tissue fragility (173, 265).

In all, mutation on FLNA causes various human diseases including the skeletal
phenotypes, otopalatodigital spectrum disorders (OPDS). OPDS are characterized by skeletal
and craniofacial malformations. In this dissertation, | will describe a newly identified rare FLNA
variants associated with non-syndromic single suture craniosynostosis (SSC). Understanding
these rare variants may shed light on the mechanisms and factors regulating premature

ossification of cranial sutures.
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Hypothesis

FLNA variants identified in patients with single suture craniosynostosis (SSC) have a gain of
function effect and contribute to craniosynostosis through enhancing cellular proliferation and

differentiation, and attenuating cell migration and contractility.

Aims

Aim1: To assess the contribution of FLNA in the pathogenesis of craniosynostosis through
characterizing the impact of nine rare FLNA variants on primary calvarial mesenchymal stem

cell (cMSC) and primary calvarial osteoblast (cOB) on development and cellular mechanics.

Aim 2: To determine the phenotype of cMSCs lacking FLNA, through a CRISPR/Cas9
knockout. Subsequently changes in a select set of genes associated with bone development will

be identified.
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3.2. Materials and Methods

3.2.1. Primary Calvarial Osteoblast culture

Calvarial bone samples that would have otherwise been discarded were collected from
individuals undergoing surgery for single suture craniosynostosis (SSC) as well as from control
individuals with no known skeletal disorders undergoing craniotomy for brain tumor, or
hydrocephalus surgery or unaffected autopsy specimens. SSC and control samples collected
from subjects who ranged in age from 3 months to 27 months. Bone fragments were
transported in Waymouth’s media (WM) (Sigma-Aldrich, St. Louis, MO) supplemented with 2%
100x antibiotic/antimycotic solution (Corning, Corning, NY) and 10% fetal bovine serum (FBS)
(Invitrogen, Waltham, MA). Upon arrival in the laboratory, tissues were rinsed in WM and any
remaining soft tissue was removed. A sterile scalpel was used to cut calvaria into 1-2 mm
pieces. Two pieces per well were cultured in 12-well plates at 37°C and 5% CO,. On reaching
confluence, cells were washed with phosphate-buffered saline, trypsinized with 0.05% Trypsin-
EDTA (Invitrogen, Waltham, MA) and passaged into T75 flasks. Upon confluency, cells were
frozen in medium containing 90% FBS and 10% dimethyl sulfoxide and stored in liquid nitrogen.

Primary calvarial osteoblast (cOB) cell lines were developed from patients identified with
SSC harboring FLNA variants (cases, n=9) and from patients who underwent cranial surgery
but without a bone-related disease (controls, n=10) (Table 3.2). The chosen controls were
matched with SSC patients of the same sex and similar age, and one additional female control
was included as well, five females and five males, and their ages fall into the same range of the
FLNA cases. The nine validated FLNA variants associated with SSC are missense variants and
we have the inheritance information of 4 SSC patients only, 3 males and one female. They all

inherited the variants from their healthy mothers who do not have craniosynostosis.
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Table 3.2. SSC patients and controls

Nucleotide Change Inheritance Age (months) | Sex | Age (months) Sex

1 c.C842T Het/ Unknown 4.37 M 7 M
2 c.A2319T Hom/ Unknown 5 M 5 M
3 c.C7798T Het/ Maternal 9.43 F 9 F
4 c.C3348A Hom/ Maternal 15 F 14 F
5 c.C3755T Hom/ Maternal 5 M 6 M
6 c.C4897T Hom/ Maternal 3 F 4 F
7 c.C4625T Hom/ Unknown 3 M 4 M
8 c.G1526A Het/ Unknown 27.53 M 19 M
9 c.C5948T Het/ Unknown 6.33 F 8 F

10 F
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3.2.2. RNA isolation

Cultured primary osteoblast cell lines (3.2.1) were thawed and cultured to confluency in
T25 flasks. Upon confluency, cells were passaged to a density of 175,000 cells per T25. At 75%
confluence, cells were dissociated from the flask, pelleted, and washed in cold phosphate-
buffered saline. RNA was isolated using the Roche High Pure RNA Isolation Kit (Roche, Basel,
Switzerland) according to the manufacturer’s instructions. RNA integrity was assessed using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and only samples with RNA
integrity number (RIN) scores above 8.6 were used for RNA Sequencing. RNA sequencing was

performed by Genewiz (South Plainfield, NJ).

3.2.3. Identification of rare FLNA Variants in Single Suture Craniosynostosis

Variants were identified through RNA-Sequencing of the coding regions in 391
individuals with SSC. Using a strict approach, the variants were compared to 60,000 individual
exomes sequenced in the Exome Aggregation Consortium (ExAC) database. Minor allele
frequency (MAF) reported by the ExAC of < 0.01 (266). Only variants that occur in less than 1%
of the general population were considered. After that, scores for each variant were calculated
for Polyphen, CADD, and GERP (267-269). Polyphen (Polymorphism Phenotyping) is a tool for
predicting the possible impact of an amino acid substitution on the structure and function of a
human protein. CADD (Combined Annotation Dependent Depletion) is a tool for scoring the
harmful effect of single nucleotide variants. GERP (The Genomic Evolutionary Rate Profiling)
measures the evolutionary conservation of a particular genetic sequence across species.
Furthermore, variants had to be predicted as damaging by having high polyphen, CADD, and
GERP scores (greater than 0.9, 15, and 3, respectively). Identified genes were further limited by
meeting additional criteria of being significant at the gene level, meaning a higher proportion of

predicted damaging variants are seen in patients compared to controls.
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3.2.4. Variant validation

Nine FLNA variants which met all of the above criteria were validated and assessed for
inheritance pattern by Sanger DNA sequencing of patient and parental genomic DNA. Parental
DNA samples were from whole blood whereas patient DNA samples were extracted from
calvarial grown cells.

Regions of interest were amplified with by polymerase chain reaction (PCR) using primers
designed using Primer3 software (270) and sourced from (Sigma Aldrich, St. Louis, MO) (Table
3.3). Resulting Ab1 sequence files were analyzed in Sequencher® version 5.1 (GeneCodes
Corporation, Ann Arbor, MI) by alignment to a reference FLNA sequence sourced from UCSC'’s
Genome Browser (271). Chromatograms were visually inspected to confirm the existence and

inheritance pattern of each FLNA variant.

Table 3.3. Chromosomal locations, nucleotide positions, amino acid change and primer

sequences for Sanger sequencing of significant FLNA variants.

Chromosomal Location? Variant® Forward Primer (5'—3') Reverse Primer (5'—3')
chrx:153591114 c.A2319T: p.K773N GCGCAGTCCACAGTGAAGTA TTGAGGATGAGCTTGCCTTT
chrx:153581714 ¢.C5948T: p.S1983L CGAATGAAATCCCTGGACAC CACTGGGAGCAGTGACAGAA
chrx:153595791 c.C842T: p.P281L TCTTATGGGGAAGACGTTGG CCTGTGTCCTGACTGGGACT
chrx:153577339 ¢.C7798T: p.H2608Y AAGTGAAAGCCGAGAGGTCA GTCACCCCAGAACTGGCTTA
chrx:153588815 c. C3348A: p.D1116E CGAGCAGATCTCAATGGTCA GGTGGAAAGTCAAGCAGGAG
chrX:153586697 c.C4625T: p.T1542| TTTGCATCGATGGTGAACTC CCCAGGAGACTAGCTGATGC
chrx:153585850 c. C4897T: p.R1633C CAGCTTACCTAGCCCGTGAC CAAGCCGAAGAAGACACACA
chrx:153588408 c. C3755T: p.A1252V GTAGGTCTCCGTCAGGTTGC CCAATTCCAAGTGGACTGCT
chrX:153593758 ¢.G1526A: p.G509D GGACCATGGGGTAATACTCG CCCTTCCAGTTCTGTCTTGC

2Human Reference Build GRCh37/hg19 ° Coding DNA reference positions: protein reference sequence
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3.2.5. Grouping FLNA variants based on their Ig repeat location

FLNA facilitates essential functional, signaling, and mechanical properties in the cell
through interacting with various proteins. Each interaction regulates specific function (168, 173,
181, 188-197, 202, 272).

The nine rare FLNA variants we identified are scattered across FLNA Ig repeats (Figure. 3.1).
Therefore, we sorted the nine rare FLNA variants into groups based on their Ig repeat
interactions (Table. 3.4):

FLNA-ACT domain group: FLNA variants located on Ig repeats interact with F-actin, 9, 11, 14.
FLNA-VIM domain group: FLNA variants located on Ig repeats interact with Vimentin, 1, 3, 6.
FLNA-FOX domain group: FLNA variants located on Ig repeats interact with FOXC1, 6, 9, 18.
Since Ig repeat 9 interacts with both F-actin and FOXC-1, the variant was added to both groups.
Likewise, the variant on Ig repeat 6 was added to the Vimentin and FOXC1 group. Only one
variant is located on Ig repeat 24, therefore we didn’t group this variant as a singular value

might not be informative.

Table 3.4. Grouping FLNA Variants based on their domain location

NZ;I:(;::e Alzr:n::ld Sex Domain Position Domain’s interactions Fused Suture

c.C3348A p.D1116E M Ig Repeat 9 F-actin/FOXC1 Sagittal
;ﬂ c.C3755T p-Al1252V M Ig Repeat 11 F-actin Sagittal
% c.C4897T p-R1633C M Ig Repeat 14 F-actin Sagittal
. c.C4625T p.T15421 M Ig Repeat 14 F-actin Sagittal
E c.C842T p.P281L F Ig Repeat 1 Vimentin Sagittal
; c.A2319T p.G509D M Ig Repeat 3 Vimentin Sagittal
) c.C7798T p.K773N F Ig Repeat 6 Vimentin/FOXC1 Coronal
>O< c.C7798T p.K773N F Ig Repeat 6 Vimentin/FOXC1 Coronal
E c.C3348A p.D1116E M Ig Repeat 9 F-actin/FOXC1 Sagittal
= c.G1526A p.S1983L F Ig Repeat 18 FOXC1 Sagittal
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3.2.6. Primary Calvarial MSC (cMSC) culture

cOB cell lines were passaged 6 times in culture (as described in 3.2.1). Cells were then
sorted using FACS Aria Il and fluorescent-conjugated antibodies against CD73, CD90, CD105,
CD29 and CD34 (BD Biosciences, East Rutherford, NJ). Cells were gated for size and CD34
negative singlets sorted for expression of CD73, CD90, CD105 and CD29 (Figure. 2.1). Next,
the sorted cells were expanded and grown in FN-coated culture flasks in StemXVivo serum-free
(SF) media (R&D Systems, Minneapolis, MN). Cells were incubated at 37°C with 5% CO.. At
90-100% confluence, cells were dissociated and passaged using TrypLE Express (Gibco,
Grand Island, NY). Upon confluency at passage 3, cells were frozen using StemXVivo Serum-

Free MSC Freezing Media (R&D Systems, Minneapolis, MN).

3.2.7. Proliferation

5-bromo-2-deoxyuridine (BrdU) (EMD Millipore, Billerica, MA) was used to assess the
active proliferation of the cells. cMSCs and cOBs from FLNA SSC patients and controls were
plated in triplicate in 96-well plates (1x10%5 cells/ well. The cMSCs were grown on FN-coated
plate whereas cOBs were grown on non-coated plates. Twenty-four hours after plating, a BrdU

cell proliferation assay was utilized per manufacturer’s instructions.

The plate was read at the 24-hour timepoint using SpectraMax i3X at both 450nm (BrdU
incorporation) and 550nm (background). The final reading for each well was obtained by
subtracting 550 nm readings from 450 nm readings. The amount of BrdU incorporation is

linearly correlated with the newly synthesized DNA strands of actively proliferating cells.
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3.2.8. Migration

cMSCs and cOBs from each FLNA SSC patient and controls were seeded in 6-well
plates at a density of 2x1074 cells/well (cMSCs were on FN-coated wells). Twenty-three cells
(number determined by power analysis) from each cell line were tracked and imaged every 5
minutes over a period of 15 hours using time-lapse, live-cell, phase contrast microscopy on an
inverted microscope (Nikon TEi) with a 4x air objective in a 37°C, 5% CO, chamber.
Subsequently, manual identification and labeling of the nucleus of each cell in ImageJ plugin,
MTrackd, (LOCI, University of Wisconsin) was used to track the spatial coordinates of each

individual cell to determine migration speeds and distances.

3.2.9. Cell Contractility

A microcontact printed reference-free technique (black dots) (273) was used to measure
cellular contractility force. cMSCs from FLNA SSC patients and controls were seeded at 30,000
cells/ substrate in a well of a 6-well plate. Cells were cultured and incubated at 37°C and 5%
COs for 24 hours. After that, cells on the black dots were fixed for 20 minutes with 4%
paraformaldehyde and permeabilized with 0.5% Triton X-100. After fixing, substrates were
washed with PBS and blocked with10% goat serum (Life Technologies Carlsbad, CA) diluted in
PBS for 1 hour. Actin filaments were stained with Alexa-Fluor-488-conjugated phalloidin
(Molecular Probes, Eugene, OR), and the nuclei was stained with Hoechst 33342 (Invitrogen,
Waltham, MA). Substrates were mounted onto glass coverslips using Fluoromount-G mounting
medium (Life Technologies, Carlsbad, CA) for microscopy. Imaging was carried out on an epi-
fluorescent microscope (Nikon TEi; Nikon, Instruments) with a 40x oil objective. Traction forces
were calculated using regularized Fourier Transform Traction Cytometry (FTTC) which
measures the displacements of the surface (274, 275). To assess whole-cell contractility, the

total force and net force were calculated for each cell to assess the whole cell contractility. The
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calculation of total force was via summing the force magnitudes from each dot underneath the

cell.

3.2.10. Alkaline Phosphate (ALP) assay

FLNA SSC and control cOBs were seeded into 12-well plates at a density of 2x1015
cells/well. Each cell line was plated in a total of 6 wells; three sample wells and three control
wells. Forty-eight hours after seeding, ALP activity was quantified using the Abcam ALP
Assay Kit (ab83369) (Abcam, Waltham, MA) per manufacturer’s protocol. In brief, 5mM of p-
nitrophenyl phosphate (obNPP) was added to be dephosphorylated by the ALP generated in the
samples. Samples were then incubated in the dark at 25 °C for 60 minutes. Stop solution was
then added to each well and the absorbance of all wells was measured at 405 nm by
SpectraMax i3X. The concentration of ALP activity (U/ml) of the samples was calculated as ALP
activity (U/ml) = A/V /T where A is amount of p-nitrophenyl (oNP) generated by samples (in
pmol), V is volume of sample added in the assay well (0.05 ml), and T is the reaction time (60

minutes).

To quantify normalized alkaline phosphatase activity per unit total protein, the amount of
ALP activity was divided by the amount of total protein for normalization determined by BCA

assay (3.2.11).

3.2.11. Protein quantification

Cells were lysed in 0.05mI Mammalian Protein Extraction Reagent (MPER) (Thermo
Fisher Scientific, Waltham, MA). Total protein concentration was determined by Pierce BCA
assay (Thermo Fisher Scientific, Waltham, MA) according to manufacturer's protocol. In brief,
25 ul of each sample and albumin BSA standards was added into a 96-well plate in triplicate.

Then, 200 ul of BCA working reagent was added and mixed on a plate shaker for 30 seconds.
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The plate was incubated in the dark at 37°C for 30 minutes. The plate was read at 562 nm by

SpectraMax i3X. Triplicates were averaged and adjusted for blank measurements.

3.2.12. Osteogenic Differentiation of cMSCs

cMSCs from FLNA SSC patients and controls were seeded in SF media in duplicate for
each of three time points in FN-coated 12-well plates at a density of 2x1075 cells/well. Cells
were grown for two days and then medium was replaced by osteogenic differentiation medium
(StemPro, Life Technologies, Carlsbad, CA). Cells were incubated at 37 °C with 5% CO2 with
osteogenic differentiation medium change every three days. Cells were assessed at day 0

(before adding differentiation medium), differentiation day 7, and differentiation day 21.

3.2.13. Analysis of osteogenic gene expression in osteogenically differentiated cMSCs

Bulk RNA was isolated from cMSCs at day 0 (before adding differentiation medium),
differentiation day 7, and differentiation day 21 (3.2.12) by high pure RNA isolation kit (Roche,
Basel, Switzerland). RNA concentration was measured on an ND-1000 NanoDrop
spectrophotometer and 40 ng of total RNA from each sample was used for cDNA synthesis
using Superscript IV VILO (Invitrogen, Waltham, MA) according to the manufacturer’s
instructions. Next, cDNA was combined with RT SYBR Green qPCR Mastermix (Qiagen,
Germantown, MD) into a Qiagen custom RT? Profiler PCR Array (96- well plate) consisting of
11 curated osteogenic genes, 2 housekeeping (HK) genes, and 3 internal controls (Table. 3.5).
gPCR was then performed using the CFX96 Touch real-time PCR detection system (BioRad,
Hercules, CA) under the following parameters: 95 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s and 60 °C for 1 min. Gene expression data were analyzed where each osteogenic gene

was normalized to the average of the housekeeping genes (276).
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Table 3.5. Osteogenic gene list

Gene Bank Symbol Description

NM_002449 MSX2 Msh homebox 2

NM_001200 BMP2 Bone morphogenic protein 2

NM_000478 ALP Alkaline phosphate

NM_ 152860 SP7 Sp7 transcription factor

NM_005221 DLX5 Distal-less homebox 5

NM_004348 RUNX2 | Runt-related transcription factor

NM_000088 COL1A1 | Collagen type 1 alpha

NM_003118 SPARC | Secreted protein acidic cystine rich (osteonectin)

NM_000582 SPP1 Secreted phosphoprotein 1

NM_199173 BGLAP | Bone gamma-carboxyglutamate (gla) protein

NM_025237 SOST Sclerostin

NM_005877 SF3A1 Splicing factor 3a, subunit 1 (HK gene)

NM_002046 GAPDH | Glyceraldehyde-3-phosphate dehydrogenase (HK gene)

SA 00105 HGDC Human genomic DNA contamination (control)

SA 00103 PPC Positive PCR control (control)

SA 00104 RTC Reverse transcription control (control)

3.2.14. X-inactivation test

cMSCs from female SSC patients with FLNA variants (Table. 3.6) were passaged three
times post-FACS sorting. Bulk RNA was isolated by a high pure RNA isolation kit (Roche,
Basel, Switzerland) per manufacturer’s protocol. Intron-spanning PCR primers (Sigma Aldrich,
St. Louis, MO) were designed for each FLNA variant using Primer3 software (270). Isolated
mMmRNA was amplified by PCR with respective primers and amplicons were sent for Sanger
sequencing (Genewiz, citation). Resultant Ab1 sequence files were analyzed using
Sequencher® version 5.1 DNA (GeneCodes Corporation, Ann Arbor, MI) by aligning each

sequence product to a corresponding reference sequence sourced from the UCSC Genome
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Browser (271). Chromatograms were visually inspected to confirm the active expression of

FLNA variants of interest in cMSCs from female patients.

Table 3.6. Chromosomal locations, nucleotide positions, amino acid change and primer
sequences for Sanger sequences of Female FLNA variants.

Chromosomal Location® Variant® Forward Primer (5'—3') Reverse Primer (5'>3')
chrx:153581714 ¢.C5948T: p.S1983L ACCTAAAGGTCGGCTCTGCT | TGTAGTTGCCTGGCTCTGTG
chrx:153595791 ¢.C842T: p.P281L CCTGTGTCCTGACTGGGACT |GGGTCCTCCACGTACACCAG
chrx:153577339 ¢.C7798T: p.H2608Y |CACAGTAGACTGCAGCAAAGCA| TGACCTCTCGGCTTTCACTT
chrX:153593758 ¢.G1526A: p.G509D GGTCGAGGTTGTGATCCAGG | CGAGTATTACCCCATGGTCC

aHuman Reference Build GRCh37/hg19 ° Coding DNA reference position: Amino acid reference position

3.2.15. CRISPR/Cas9 gene editing

We used the CRISPR/Cas9-mediated gene disruption system to knockout FLNA.

cMSCs from two control individuals, which had previously been passaged three times and

frozen, were thawed and seeded in FN-coated T75 flasks with SF media for three days. Cells

were then detached using TrypLE Express (Gibco, Grand Island, NY), and centrifuged for 5

minutes at 400 x g. Cells were then washed with PBS twice and resuspended in Neon Buffer R

(3x10°cells in 5 pl) (Neon, Thermo Fisher Scientific, Waltham, MA).

Single guide RNA (sgRNA) targeting FLNA for Homology-directed repair (HDR) knock-in and

non-homologous end joining (NHEJ) knockout was commercially synthesized (Synthego, Menlo

Park, CA). sgRNA was resuspended to 100 uM (total sgRNA concentration) in RNase-free 1x

TE buffer (10 mM Tris, 1 mM EDTA, pH 8). Prior to use, sgRNA stock diluted to 30 uM in

RNase-free H20.

Single-stranded oligo DNA nucleotides (ssODNs) were commercially synthesized (Ultramer

DNA Oligonucleotides; IDT) with phosphorothioate linkages between the first and final 3-bp

sequences.

sgRNA: UCAGGGUCCAGAUGAGGCCC

ssODN: CACTCTTCTACTCACAGACAGCAAGGCCATCGTGGACGGGAACCTGAAG
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CTGATCCTGGGTAAGTGACTAGAATAAACCTCATCTGGACCCTGATCCTGCACTACTCCAT
CTCCATGCCCATGTGGGACGAG

Cas9-gRNA ribonucleoprotein (RNP) was assembled by complexing sgRNA with Cas9
nuclease (IDT, Coralville, IA) at a 9:1 ratio and delivered with ssODNs to cells by Neon
electroporation (Thermo Fisher Scientific, Waltham, MA). 90 pmol of synthetic sgRNAs
(Synthego, Menlo Park, CA) was combined with 10 pmol of Cas9, diluted to 7 pl in Neon R
buffer, and the complex was incubated 10 min at room temperature. During this incubation, cells
were harvested and counted. 5 L of cell solution at a concentration of 3x 10° cells/ul was
added to the RNP and ssODN and gently mixed. The Cells+tRNP+ssODN solution was
electroporated (1300 V, 20 ms, one pulse) in 10 pl of Neon tips and then transferred into
prewarmed SF medium without antibiotics. After editing, medium was exchanged to SF media
with 1% SPF the next day. Cells were maintained for one week with medium change every 3
days. Cells were then split and expanded. Non-edited cells from the same two edited cMSC
control lines were grown parallel and analyzed.

Gene disruption was analyzed using Inference of CRISPR Edits (ICE) analysis
(Synthego, Menlo Park, CA). Total genomic DNA was isolated using QlIAamp DNA mini kit
(Qiagen, Germantown, MD). gRNA target genomic regions were first amplified using PCR with
primers creating a 1348-bp amplicon containing the gRNA target site.

Forward primer: TGTATTTCCCAACCACCCAG

Reverse primer: CAAAAACCCACTCTTGTCTGAC.

PCR amplicons were purified with a NucleoSpin® PCR clean up kit. For ICE, 20 ng of purified
PCR product was Sanger sequenced using GENEWIZ. The ab1 files were uploaded to

https://ice.synthego.com for ICE analysis. Editing (null) was confirmed.
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3.2.16. Western blotting for FLNA protein expression in CRISPR edited primary cMSCs

Western blotting was performed on gene-edited (3.2.15) and control cell lines. Cells
were expanded one week after being split after electroporation in SF medium. Cells were then
incubated in RIPA lysis buffer (Sigma, St. Louis, MO) on ice for 1 minute and then clarified by
centrifugation for 15 minutes at 4°C. Concentration of clarified lysate was determined by Pierce
BCA assay (3.2.11), diluted 1:1 with Laemmli 2x concentrate (Sigma, St. Louis, MO). Each

protein/Laemmli solution was then boiled at 99°C for 5 minutes and put back on ice.

Ten micrograms of denatured lysate from each sample were run for 1 hour at room
temperature at 150V, 55mA on a 3-8% Tris-Acetate NUPAGE gel (Invitrogen, Waltham, MA).
Protein was transferred to a PVDF membrane using 1x transfer buffer (85% ddH20, 10%
methanol, 5% 20x NuPAGE transfer buffer). To achieve protein transfer, each PVYDF membrane
was run for 1 hour at room temperature at 30V and 220mA. Nonspecific binding was minimized
with a one-hour room temperature incubation in Odyssey Blocking Buffer (LI-COR Biosciences,
Lincoln, NE). The transfer membrane was incubated overnight at 4°C in (buffer) with 1:2000
FLNA antibody, rabbit polycolonal, product# TA349988 (Origene, Rockville, MD) and 1:10000
GAPDH antibody, mouse polyclonal, product# MA5-15738 (Invitrogen, Waltham, MA). After
primary antibody incubation, the membrane was washed with PBS-T (0.1% Tween20) 4x for 5
minutes and incubated with secondary Abs at 1:10,000 for 30 min at RT. Secondary Abs were,

IRDye® 800cw goat anti-rabbit (LI-COR Biosciences, Lincoln, NE), IRDye® 680RD goat anti-

mouse (LI-COR Biosciences, Lincoln, NE). The membrane was then washed 4x for 5 minutes in

PBS-T (0.1% Tween20).

The membrane was then washed and imaged on an Odyssey Infrared Imaging System

(LI-COR Biosciences, Lincoln, NE). Western blot quantification was performed with ImageJ
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software.

3.2.17. Analysis of FLNA and Osteogenic Gene expression in CRISPR-edited primary cMSCs
Bulk RNA was extracted from the two CRISPR-edited FLNA disrupted cMSC lines and

two non-CRSIPR-edited controls using a high pure RNA isolation kit (Roche, Basel,
Switzerland). RNA concentration was measured on an ND-1000 NanoDrop spectrophotometer
and cDNA synthesis was performed as previously described (3.2.13).
1) FLNA expression:

In addition to assessing the protein level (3.2.16), we evaluated the mRNA expression of
FLNA in CRISPR-edited cMSC lines and controls. Forward and reverse FLNA primers were
designed using Primer3 software (270). Sequences were as follows: FLNA forward:
CACAGCTTCCAGAGGAAAGG, FLNA reverse: GGTCCAGTAGGCGTCAATGT:; Actin forward:

CTACAATGAGCTGCGTGTGG, Actin reverse: GCTGGGGTGTTGAAGGTCT

Each reaction was done in technical triplicate. Data ere normalized with internal Actin control.

2) Osteogenic Genes Analysis:

cDNA was processed for gPCR analysis into a Qiagen’s custom RT? Profiler PCR Array

as described in (3.2.13).

3.2.18. Statistical Analysis

GraphPad Prism 9 (GraphPad Software, San Diego, CA) was used for all statistical
analysis. All values are presented as the mean * standard deviation (SD) in graphs and tables.
Samples were analyzed for significance using Student's t-test. Data was considered significant
at P<0.05. Replicates were considered during the analysis.

For analysis of CRISPR gene-edited cells, the p-values were calculated using paired t-tests.
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3.3. Results

We identified 9 rare FLNA variants (Table.3.7) that we believe are associated with single
suture craniosynostosis. Variants were identified through RNA-Sequencing of the coding
regions in 391 patients with SSC. EXAC database was utilized to compare the identified rare
FLNA variants to 60,000 individual exomes. ExAC provides the frequency of any variant in the
public. Only variants that occur in less than 1% of the general population, have high polyphen,

CADD, and GERP scores, and are significant at the gene level were considered.

Seven variants met the analysis criteria of having polyphen, CADD, GERP scores of (larger
than 0.9, 15, and 3, respectively). Although the other two variants (marked by asterisks) only
met two of these three cutoffs, they have been included due to their rarity and location within

critical Ig repeats that interact with vimentin and FOXC1 (196, 277).

The identified FLNA variants were further validated by DNA Sanger sequencing (see methods),

and the results confirmed the existence of all the variants at the DNA level.

Table 3.7. Characteristics of Selected Variants Identified Through RNA Sequencing

.. | Amino .
Chr [Exon Mo Acid | Exac_ALL |PolyP|CADD|GERP| Sex | Inheritance °°'T‘?'“ Domain’s interactions Suture
Change Change Position
X | 5 | c.C842T | p.P281L 0 0.971] 33 [4.99| F [ Het/Unknown [ Ig Repeat 1 Vimentin Sagittal
X | 16 | c.A2319T | p.G509D* | 1.158E-05 | 0.511|19.53| 4.44 | M | Hom/ Unknown | Ig Repeat 3 Vimentin Sagittal
X | 47 | c.C7798T | p.K773N* | 0.0001606 | 0.97 | 24.7 | 209 | F | Het/ Maternal | Ig Repeat 6 Vimentin/FOXC1 Coronal
X | 22 | c.C3348A | p.D1116E | 3.502E-05 [0.975]| 23.1 [ 425 | M | Hom/Maternal | Ig Repeat 9 F-actin/FOXC1 Sagittal
X | 22 | c.C3755T | p.A1252V | 1.184E-05 |1 0.968 | 23.4 | 493 | M | Hom/Maternal | Ig Repeat 11 F-actin Sagittal
X | 29 | c.C4897T | p.R1633C | 4.655E-05 [ 1 | 23.7 (522 | M | Hom/Maternal | Ig Repeat 14 F-actin Sagittal
X | 28 | c.C4625T | p.T1542 | 3.499E-05 [0.987] 27.3 [ 567 | M | Hom/ Unknown | Ig Repeat 14 F-actin Sagittal
X | 10 |c.G1526A | p.S1983L [ 0.0026 1 |25.8]5.69| F [ Het/ Unknown | Ig Repeat 18 FOXC1 Sagittal
X | 36 | c.C5948T | p.H2608Y | 0.0002 1 (296|574 | F | Het/ Unknown | IgRepeat24 | SMADs/Rho GTPases Coronal

These FLNA variants are located on critical Ig repeats where cellular movement and

intracellular signaling are carried out (Figure. 3.1).
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Interestingly, all the identified FLNA variants that located on F-actin domains are in
males. Two patients with sagittal SSC harbor variants on vimentin binding domains (Ig repeat 1
and 3) (277). Furthermore, one patient with coronal SSC has a variant located on Ig repeat 6,
where it binds vimentin and FOXC1 (191, 196). Two additional cases with sagittal SSC were
found to have variants on other distinct FOXC1 and F-actin binding domains (Ig repeats 9 and
18). Moreover, two reported cases of frontometaphyseal dysplasia (FMD) with craniosynostosis
(pansynostosis, sagittal and bilateral lambdoid) had missense variants located on Ig repeat 9
too (255). Ig repeats (9 -15) of FLNA bind to F-actin and promote filament branching (176, 191).
Three male sagittal SSC patients harbor missense variants in this region: one on Ig repeat 11,
and two on Ig repeat 14. In addition, one reported female patient with Melnick—Needles
syndrome syndrome (MNS) who has bilateral coronal, bilateral lambdoid, and posterior sagittal
synostosis has a variant located on Ig repeat 14 of FLNA (256). FLNA Ig repeat 24 interacts
with the Rho family of GTPases and SMAD proteins. A missense variant in a female patient with

coronal synostosis is located on Ig repeat 24 (Figure. 3.1), (Table. 3.1).

3.3.1. X-chromosome inactivation and FLNA variants in Female SSC patients

Because FLNA is located on the X-chromosome (181), it was important to know if the
variants seen in our female patients impacted allelic skewing. In this study, cMSC cell lines
harboring FLNA variants were subjected to multiple passaging. Therefore, we decided to
evaluate the pattern of FLNA variant expression in female cell lines. Confirming the

maintenance of the variants is crucial to proceed to further characterization of the cell lines.

We performed Sanger sequencing of PCR amplicons of cDNA and saw the maintenance
of the variant’s alleles in all the female cell lines (Figure. 3.2). The heterozygous FLNA variant at
C5948T maintains equal dosage of the normal and variant alleles. However, heterozygous

FLNA variants at C7798T, C842T, and G1526A demonstrate skewing toward the variant alleles,
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as variants’ dosages were higher than wild-type alleles. The position of the variants of interest
are depicted in red circles (Figure. 3.2). The observed predominant expression of the variant
alleles suggest some kind of selection for the variant allele in vitro. In order to further clarify the
upcoming results of the performed tests, values were colored in figures based on their sex
identity: pink (female), orange (skewed female), and blue (male) (Figure. 3.3 - 3.4, Figure. 3.6 -

3.11).

3.3.2. Characterization of cMSCs and cOBs harboring FLNA variants

We have chosen to study both cMSCs and cOBs because cMSCs present during an
early stage whereas cOBs represent a mature stage of bone development in vitro. We assumed
that the effect of the FLNA variants on the tested process may vary between the undifferentiated

state (cMSCs) and differentiated state (cOBs).

Proliferation

The BrdU assay was performed on cMSCs and cOBs harboring FLNA variants of
interest and controls to assess whether FLNA variants affect cellular proliferation. Overall, no
significant difference was found in proliferation rate in the cMSCs in FLNA variants compared to
controls, whereas cOBs from some FLNA variants showed a significantly higher proliferation
rate compared to controls (Fig 3.3, A).

However, when cell lines were assessed based on the functional domains of the
variants, significant patterns emerged. Both cMSCs and cOBs from individuals with FLNA
variants in the FLNA-ACT domains had a statistically significant higher proliferation rate
(P<0.05) compared to controls (Fig 3.3, B). No significant change was seen in the proliferation

rate of cMSCs or cOBs with variants in FLNA-VIM domains as compared to controls (Fig 3.3,
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C). Among individuals with variants in FLNA-FOX domains, cMSCs did not show a significant

difference while cOBs had a higher proliferation rate compared to controls (Fig 3.3, D).

Migration

To investigate the effect of FLNA variants on the migration of cMSCs and cOBs, we
utilized a cell-tracking assay with time-lapse microscopy over a 15-hour period to trace the
migration paths of cells from individuals with FLNA variants of interest and controls. Collecting
and analyzing the migration of the cells showed that cMSCs and cOBs from SSC patients with
FLNA variants migrated at a significantly slower speed compared to controls at P<10e4 (Figure.
34, A).

We've assessed the SSC cell lines based on FLNA functional domains. The results
revealed that in the FLNA-ACT domain group, cMSC migration rate had no significant difference
compared to controls. In contrast, cOBs migrated a significantly shorter distance compared to
controls (P=1x10”-4) (Figure. 3.4, B). In the FLNA-VIM domain group, both cMSCs and cOBs
had a significantly lower migration rate compared to controls (Figure. 3.4, C). Lastly, a
significantly lower migration rate was shown in cMSCs from the FLNA-FOX domain group while

no significant change was noted in cOBs (Figure. 3.4, D).

Contractility

To examine the effect of FLNA variants on cell contractility, cMSCs harboring variants of
interest and controls were seeded onto flexible microcontact prints with fluorescent
micropatterning (Figure. 3.5). The traction force of the cells was measured by analyzing the
displacement of each dot underlying the cell. Results showed that there was no significant
difference (P=0.22) in the generated force between cMSCs with FLNA variants and controls

61



(Figure. 3.6, A). The cell spreading area was analyzed to determine if FLNA variants affect the
cell area in cMSCs. cMSCs with FLNA variants had a significantly smaller cell area as
compared to controls (P <0.01). In order to estimate the actual strength of the cell’'s mechanical
protein, we divided total calculated force over the number of associated analyzed dots (points of
contact). No changes were found between cMSCs between FLNA variants and controls.

When the results were analyzed based on the functional domain of the FLNA variants,
difference in total exerted force were detected for some domain groups. In the FLNA-ACT
domain group, no significant difference was identified in the total force (P=0.33), cell area
(P=0.64), nor force/ dot (P=0.48) (Figure. 3.6, B). Force/dot represents the ratio of force to the
surface area; the number of dots underneath each contracting cell are known, see (3.2.9). In the
FLNA-VIM domain group, cMSC showed a higher force/ dot ratio (P=0.02) compared to controls
whereas no significant difference was found in the generated force (P=0.89) nor the cell area
(P=0.17) (Figure. 3.6, C). However, the cell area was significantly reduced in the FLNA-FOX
domain group (P=0.02) while no significant change was noted in the total force (P=0.16) or the

force/ dot ratio (P=0.7) (Figure. 3.6, D).

ALP Activity

The amount of relative ALP activity in cOBs harbouring FLNA variants and controls was
examined. ALP activity was determined through cellular dephosphorylation of pNPP over a
period of two days. No significant difference was found in ALP activiity between cOBs with
FLNA variants and controls (Figure. 3.7, A). Likewise, the subgroups, FLNA-ACT domain,
FLNA-VIM domain , and FLNA-FOX domain, did not show a significant change in ALP activity

compared to controls (Figure. 3.7, B, C, D).
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Expression of osteogenic marker genes by gPCR

We have examined the expression profile of early and late osteogenic genes in cMSC
harboring FLNA variants from patients with SSC and controls at in vitro osteogenic
differentiation days 0, 7, and 21. The relative expression of MSX2, BMP2, ALP, SP7, DLX5,
RUNX2, COL1A1, SPARC, SPP1, BGLAP, and SOST were determined by gPCR using the
average of SF3A1 and GAPDH as a reference. At day 0 (Figure. 3.8, G), BGLAP expression
was lower in FLNA cMSCs compared to control cMSCs (P=0.006), while no significant

difference in the expression of the other tested genes was observed.

SP7 and BGLAP were significantly reduced in cMSCs with FLNA variants at day 7 of osteogenic
differentiation (SP7, P=0.01), (BGLAP, P=0.01) (Figure. 3.8, B, H). At day 21, SPARC
expression was upregulated (Figure. 3.8, F) (P=0.04) whereas no significant change was noted

in the other genes.

Assessing the expression of the osteogenic genes based on the functional domain of the
FLNA variants revealed distinct results. In the FLNA-ACT domain group, BMP2 (P=0.001),
RUNX2 (P=0.02), SPP1 (P=0.0001), and BGLAP (P =0.006) had a significant reduction in their
expression compared to controls at day 0 (Figure. 3.9, A, G, J, M). Moreover, the expression of
BMP2, SP7, and SPP1 was significantly reduced in cMSCs in comparison to controls, (P =0.03,
P =0.03, and P =0.002 respectively) at day 7 (Figure. 3.9, B, E, K). BMP2 and SP7 were
downregulated in SSC cMSCs (Figure. 3.9, C, F), at day 21 compared to controls (P =0.02, P
=0.04 respectively).

In the FLNA-VIM domain group, SP7 expression was downregulated at day 7 (P =0.05)
(Figure. 3.10, B). By contrast, both SPARC and SPP1 expression were upregulated in the
FLNA-VIM domain group compared to controls, (P=0.05 and P=0.04) respectively) (Figure.

3.10, F, I).
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In FLNA-FOX domain group, a significant decrease in the expression of BMP2 (P =0.05)
and BGLAP (P=0.003) was observed on day 0 of differentiation (Figure. 3.11, A, J). Atday 7,
SP7 and BGLAP were downregulated (Figure. 3.11, E, K), (P=0.02 and P=0.03 respectively).

However, SPARC expression was increased compared to controls (P=0.05) (Figure. 3.11, 1).

Near complete FLNA Knockout:

Using modified CRISPR/Cas9 method, we designed a workflow for editing primary
human calvarial MSCs (cMSCs). We successfully disrupted the expression of FLNA in cMSCs.
We used chemically synthesized sgRNA targeting exon 2 (a required region for gene
expression) to interrupt successful translation of a functional protein product. We enhanced
CRISPR/Cas9 gene disruption via promoting two mechanisms (NHEJ and HDR). This process
was accomplished by the codelivery of HDR template (132-bp) with stop codons for all potential
reading frames.

To our knowledge, this is the first model of FLNA loss in cMSCs that have elucidated the effect
of FLNA loss on the expression of master osteogenic genes in cMSCs.

To confirm the FLNA knockout (KO), each cell line was genotyped and FLNA mRNA expression
and FLNA protein levels analyzed. Western blot analysis consistently demonstrated significant
reduction of FLNA protein expression in the two FLNA KO cell lines (cell line 1 and 2) compared
to controls with this approach (Figure. 3.12, A). We showed consistent data from gPCR
analysis, FLNA mRNA levels were downregulated (Figure. 3.12, B) in KO 1 and 2 compared to

controls, respectively.
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Loss of FLNA reduced the expression of osteogenic genes

In parallel with assessing and verifying FLNA KO in cMSCs, we sought to investigate the
consequences of FLNA loss on the expression of osteogenic genes: MSX2, BMP2, ALP, SP7,
DLX5, RUNX2, COL1A1, SPARC, SPP1, BGLAP, and SOST. These genes are vital in
intramembranous ossification and calvarial development (19, 149-155, 237, 278-282). Their
expression is regulated by transcription factors and proteins that directly interact with FLNA
(191, 196, 227). We performed gPCR on cDNA from the two different FLNA KO (edited) cell
lines and two controls (non-edited). The gene expression profile of the two KO cell lines was
similar. Thus, we averaged the results from KOs and compared them to controls. SPP1
expression was lacked in the KO cell lines while presents in controls. The expression of (MSX2,
BMP2, ALP, SP7, DLX5, RUNX2, COL1A1, SPARC, SPP1, and BGLAP) was lower in KOs

compared to controls, whereas SOST expression was higher (Figure. 3.13).

Together, these results show that human cMSCs lacking FLNA demonstrate reduction in

most of the osteogenic genes in comparison to controls.

Osteogenic gene expression in FLNA Variants and FLNA KO

We have demonstrated the osteogenic gene expression of cMSCs harboring FLNA
variants from each domain group and FLNA KO cell lines compared to controls, before adding
the osteogenic media. The goal was to evaluate whether FLNA variants mimic the loss of
function FLNA KO. We evaluated the mRNA expression of osteogenic genes (3.2.13) in FLNA
variants and FLNA KO compared to controls (Figure 3.14). Each of the genes were similarly
downregulated in the FLNA-ACT group and FLNA KOs with the exception of SOST, which was
upregulated in FLNA KO compared to controls. In FLNA-VIM group, ALP and BMP2 were
upregulated compared to controls, unlike FLNA KO. However, the rest of the genes investigated

(MSX2, SPARC, DLX5, RUNX2, SP7, COL1A1, SPP1, BGLAP, and SOST) were similarly
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expressed in FLNA-VIM and FLNA KO when compared controls. In FLNA-FOX group, MSX2,
SPARC, BMP2, RUNX2, SP7, COL1A1, BGLAP, and SOST showed a similar expression to
FLNA KO. These observations indicate the possibility that all FLNA variants investigated
demonstrate a loss of function as most of the osteogenic genes in these variants showed a

similar mRNA expression to the FLNA KO.
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3.4. Discussion

In this study, we characterized the effect of nine rare FLNA variants on cellular
proliferation, differentiation, mechanobiology, and gene expression of primary calvarial MSCs
(cMSCs) and osteoblasts (cOBs) from patients with SSC. FLNA is on the X chromosome, thus it
is expected that phenotypes of FLNA mutations would vary between sexes. We observed
skewed X-inactivation in three of the female FLNA variants whereas only one showed random
X-inactivation. X-inactivation skewing could be responsible for altering phenotypes in females
harboring the same mutation (283). X- chromosome inactivation is a random epigenetic
mechanism in mammals to equalize the gene dosage of X-linked genes between males and
females (284, 285). The X-inactivation process can be skewed toward one allele. This can
modify the phenotypes in females with X-linked diseases or alter cell behaviors in vitro (286-
288). Skewing of X allele expression in OPDS was associated with more severe phenotypes
(245, 283, 289). Therefore, considering and estimating the degree of skewing could help us
understand the behavior of the cells in vitro.

Moreover, diseases associated with a FLNA mutations demonstrate a more severe
phenotype than females (191, 218, 247-249, 264). Thus, we considered the fact that male cell
lines harboring FLNA variants might behave in a distinct way. Incidentally, all male variants
occurred in the FLNA-ACT domain group as we described previously.

To explore the specific role of the FLNA variants, we grouped and analyzed them based
on their locations within known functional domains (Ig repeats).

A myriad of cellular mechanisms inform the regulation of proliferation, differentiation, and
migration patterns of MSCs and osteoblasts in the development and growth of the calvarial
bones and sutures (290, 291). Thus, altering the states of proliferation and differentiation can
disrupt normal growth and result in structural defects including the premature fusion of the
cranial sutures. The role of these regulatory mechanisms has been demonstrated in both mouse

and human models of craniosynostosis (292-294).
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The role of FLNA in bone formation and skeletal phenotypes is most clearly
demonstrated by OPDS, a wide range of skeletal disorders associated with calvarial dysplasia
and craniosynostosis (255-257). FLNA contributes to the development of calvarial MSCs and
osteoblasts as it acts on pivotal signaling pathways. It affects osteogenic gene expression by
binding FOXC1 and mediating BMP signaling (196). FLNA also binds SMAD2 and SMADS5 to
regulate both TGF-B and BMP signaling (227). Both processes are fundamental in bone
formation as they regulate the expression of osteogenic genes (236, 237).

We started by analyzing the characteristics of all the cell lines with FLNA variants
together as compared to controls. We first demonstrated that cOBs with FLNA variants had a
significant increase in the overall proliferation rate compared to controls. Data from syndromic
craniosynostosis demonstrated parallel supportive results. Mutations in MSX2 and AXIN2
showed increased levels of cell proliferation in the fused sutures (295-298). Craniosynostosis
with enhanced PDGFRa also showed enhanced cellular proliferation (299). Additionally,
increased cell proliferation was shown in caA3 mutants, where craniosynostosis associated with
enhanced BMP (300). Thus, increased cellular proliferation would be expected to exacerbate

syndromic craniosynostosis.

However, reduced cellular proliferation was also reported in non-syndromic (292) and
syndromic forms of craniosynostosis, in osteoblasts from patients with Apert Syndrome (293).
Nevertheless, proliferation rate appeared normal in osteoblasts with the FGFR2 mutation that

causes an Apert phenotype (301).

Changes in mechanical forces and matrix features are believed to be associated with
craniosynostosis (302-306). FLNA, through interacting with several binding proteins in the
cytoskeleton, can trigger biochemical responses that reorganize the cytoskeletal main elements
to resist strain. As a result, signaling pathways can induce cellular changes leading to

generating focal adhesion sites that control migration and contraction forces (209, 214, 307).
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Cell migration is fundamental in the growth of cranial bones. The normal expansion and
patterning of the of the calvaria is regulated by the migration of osteoprogenitors within the
suture area (302). We demonstrated that both cMSCs and cOBs with FLNA variants have
slower migration rates than controls. We then showed that cMSCs with FLNA variants did not
generate a significantly different contractile forces than controls. However, they manifested a
small cell area compared to controls.

Our data supports evidence from previous observations. In humans, osteoblasts with high levels
of IGF1 expression from patients with SSC had reduced migration and enhanced intracellular
force generation (308). It also has been shown that impaired migration in osteogenic precursor
cells leads to craniosynostosis in mice (309). Previous studies have also reported the effect of
FLNA in migration. Neurons that lack FLNA fail to migrate within the cerebral cortex (202, 218).
In melanoma cells, FLNA deficiency leads to reduced cell motility, and the effect can be rescued
in vivo by exogenous FLNA (202, 215-217). Moreover, WNT5a knockdown decreased FLNA
expression and corresponds with reduced cell motility (219, 220). In Dictyostelium amoebae,
diminished FLNA levels impair locomotion and chemotaxis (221). The dynamics of the actin

cytoskeleton and migration were impaired in FLNA-null monocytes (224).

The combination of findings, increased proliferation and decreased migration provide some

support that FLNA variants could be associated with premature suture fusion in SSC.

Furthermore, FLNA is required for normal contractility and stiffness in various cell
types (185-187, 310, 311) and high contractile force has been reported in osteoblasts from
patients with SSC (308). Based on reported studies, the relationship between contractility and
FLNA is well-defined. FLNA generates contractile forces upon binding to the actin filaments
(312). FLNA facilitates contractility by reducing the tension in the cytoskeleton and shortening
the contractile apparatus (313).

Despite the supporting literature, we found no significant difference in contractility between
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cMSCs with FLNA variants and controls. This could be due to the limited sampling size (9
cMSCs from patients with SSC and 10 controls) or to the fact that the cells were growing in SF
medium, and the effect might rise during osteogenic induction or with supplemented media that
mimic in vivo environment. It has been shown that different types of culture media can have a
significant impact on MSC growth, contraction potential, surface marker expression, and ECM
properties (314, 315). SF media has been shown to inhibit BMMSC contraction and ECM
production. (316, 317).

Our findings suggest that the identified rare FLNA variants could affect the cytoskeleton
organization leading to restricted spreading and small area.

Taken together, FLNA variants could contribute to the development of SSC through altering the

cytoskeleton, migration, and proliferation.

The correlation between dysregulation of differentiation and premature fusion of the
cranial sutures has been investigated previously (278, 318-320). The osteogenic differentiation
of cMSCs revealed altered SP7, BGLAP, and SPARC expression between cMSCs with FLNA
variants and controls. SP7 is a well-established osteogenic gene and is essential for bone
development; it demonstrates a role in specifying MSCs commitment toward an osteoblastic
lineage (19, 149). Moreover, it regulates the expression of osteoblast differentiation and matrix
mineralization genes such as: COL1A1, BGLAP, SPP1, SPARC, RUNX2 (150-152). BGLAP is
a late osteogenic marker expressed by mature osteoblasts during mineralization and it makes
up 20% of the total protein in the bone (153-155). SPARC regulates prominent cellular activities
with the ECM through interacting with several matrix proteins. It can modulate proliferation,
migration, adhesion, and cell shape (321, 322). The altered expression of these genes indicates
dysregulated ossification mechanism in the calvarial tissues of SSC patients with FLNA

variants.
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In this study, we focused on assessing the expression of genes directly associated with
intramembranous ossification. We demonstrated that SP7 and BGLAP were downregulated
whereas SPARC was upregulated in cMSC with FLNA variants compared to controls. The
under-expression of SP7 and BGLAP is contrary to previous studies which have confirmed the
association between increased osteogenic differentiation and craniosynostosis through
upregulation of master osteogenic genes (318-320). However, hypomineralization (280) and
chondrogenesis (323-330) have been reported with premature suture fusion. Constant
upregulation of SOX9, a master regulator of chondrogenesis (331, 332) has been reported with
BGLAP downregulation in the suture (333). Furthermore, SPARC, is a downstream target for
SOX9 (334), and their co-expression has been reported in ectopic calcification of
atherosclerotic tissues (335-337). SPARC is required for cartilage formation and is directly
involved in chondrocyte differentiation and inhibiting its translation and splicing, resulting in
cartilage defects similar to SOX9 mutant defects (338). SPARC was the only gene that showed
high expression in cMSCs with FLNA variants compared to controls. Though the low expression
of SP7 and BGLARP is rather difficult to interpret because they are fundamental in osteogenic
process, the increased expression of SPARC suggests that cranial fusion in SSC patients with

FLNA variant could be carried out through endochondral ossification.

Previous works has established an association between craniosynostosis and
chondrogenesis (323-330). Ectopic cartilage formation and chondrogenesis in the sutures have
been described in various human and mice models of craniosynostosis (323-330). Axin2
knockout, FGFR1 heterozygosity (339) and Twist1+/— haploinsufficiency in mice lead to
premature suture fusion (330, 340). In addition to that, chondrogenic synostosis of the cranial
suture has also been associated with Apert syndrome (325), Crouzon syndrome (341-343), and
with dysregulated PDGFRa signaling (299). These studies have shown that craniosynostosis

can develop through endochondral ossification.
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Cyclic tensile strain on human MSCs significantly enhanced the expression of SOX9,
RUNX2, SPARC, SPP1, and ALP (344). Compressive strain induced chondrogenic
differentiation and significantly increased SOX9 expression (345). Mechanical stimuli could
affect early osteogenic and chondrogenic differentiation in the suture (344, 346). It can also
affect FLNA interaction with partner proteins leading to altered function (173, 177, 245, 253,
254). Moreover, FLNA mutations have been attributed to early obliteration of the cranial sutures
(4, 255). Since FLNA is a mechanoresponsive gene (173), altered FLNA function in SSC
patients with FLNA variants, along with mechanical stimuli could have affected the normal
growth of the calvarial bone and sutures. External force during fetal life could have led to

upregulation of SPARC expression and synostosis in SSC patients with FLNA variants.

Taken together, these results suggest that the normal bone formation process is altered
in cMSCs harboring FLNA variants as depicted by the possible late upregulation of SPARC and
downregulation of SP7 and BGLAP in comparison to controls. It also suggests that the
mechanism governing craniosynostosis in patients harboring FLNA variants might be distinct
from intramembranous ossification. The FLNA variants could have adopted a different fate, an
alternative way of ossification in the fused sutures. Our data provides the possibility that FLNA

associated craniosynostosis may occur through endochondral ossification.

The FLNA variants of interest that we identified in individuals with SSC are not
localized/clustered in one functional domain. Therefore, we decided to take a specific approach
and group them based on their domain’s interactions: FLNA-ACT, FLNA-VIM, and FLNA-FOX.

This perspective could illustrate further cellular and biomechanical features of each group.
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FLNA-ACT domain group

All individuals with variants in this group were males who inherited the variants from their
healthy mothers suggesting an X-linked recessive pattern (Table. 3.4). Previously-reported
missense FLNA mutations associated with craniosynostosis in OPDS are clustered within F-
actin domains (177, 255-258). These reported mutations were seen in four males and three
females where three of the males showed a maternal inheritance pattern and one male and all
the three females were de novo.

FLNA crosslinking of actin filaments relies on a delicate ratio of FLNA to F-actin concentration,
required for diverse biomechanical processes (185-187). Disrupting this balance by a genetic
factor or external force may have a substantial impact on the cytoskeleton, demonstrated by
altered migration, adhesion, and/or contractility (184, 191, 203, 204). Additionally, it has been
shown that FLNA mutations on the F-actin domains enhance FLNA-F-actin binding affinity that
disorganizes the actin filaments, leading to altered processes in the cytoskeleton (177). Altered
mechanical processes like contractility and migration have been associated with
craniosynostosis (308). In this study, we observed higher proliferation in cMSCs and cOBs with
FLNA-ACT variants, along with impaired migration in cOBs with FLNA variants. This is
consistent with studies showing increased proliferation (293, 295-300, 347-349) and reduced

migration rate (308) as being correlated with craniosynostosis.

Moreover, dysregulated FLNA interactions can initiate or restrict subsequent signaling
cascade involved in bone development (191, 196, 227, 235, 236). The gene expression pattern
of the cMSCs from patients with SSC during differentiation was altered in the FLNA-ACT
domain group as compared to controls. The expression of BMP2, SP7, RUNX2, SPP1, and
BGLAP were markedly reduced compared to controls. BMP2 is expressed in calvarial bones
and can regulate bone formation and eventually lead to osteogenesis in the suture (126, 278,
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318, 350). RUNX2 is an early marker of osteogenesis, and its expression is coupled with ALP
downregulation (351, 352). It is vital for osteoblast differentiation and calvarial bone
development, as it regulates the proliferation of MSCs and osteoprogenitors in the sutures (156-
158). This change suggests that cells harboring FLNA-ACT variants are exhibiting impaired
osteogenic differentiation, indicated by downregulation of main osteogenic genes. Nonetheless,
these variants could have pursued a distinct ossification process (endochondral) in the fused
sutures. However, further investigations are needed to prove this claim.

In all, our identified FLNA-ACT variants exhibited altered proliferation, migration, and
osteogenesis. These results indicate that these variants could be disrupting the interaction
between FLNA and F-actin leading to enhanced binding resulting in reduced migration. The
recurrence of our FLNA variants’ location and the consistency of our findings with previous
reports suggests that these variants contribute to craniosynostosis. Additional investigation will
further our understanding of the correlation between FLNA and F-actin interactions and cranial

suture fusion.

FLNA-VIM domain group

In this group, one of the individuals is male and two are females (Table. 3.4). Both
females demonstrated skewed X-inactivation toward the variant allele. We have the inheritance
information of one female only who inherited the variant from her mother, who did not have
craniosynostosis. This pattern suggests an X-linked dominant inheritance with incomplete

penetrance.

Vimentin is an intermediate filament constructing the cytoskeleton along with FLNA and F-actin
to mediate interaction with partner proteins, contractility, migration, and cell shape (277, 353-

355). FLNA and vimentin are known to be co-expressed in MSCs and osteoblasts. Their

74



expression is upregulated in osteoblasts during shear stress events as they act as mechano-
protectors (356). cMSC and cOB cells in this group had a lower migration rate than controls.
Assessment of the proliferation rate showed that cMSCs did not demonstrate a significant
difference whereas cOBs had a higher proliferation rate compared to controls. Although these
variants didn’t impact contractility force and cell area in cMSCs, they exhibited an increase in
force/ dot ratio. This finding suggests that the actual strength of the mechanical protein is higher
in FLNA-VIM domain group compared to controls.

Along with maintaining the cytoskeleton integrity, vimentin plays a fundamental role in
osteogenic differentiation of MSCs and osteoprogenitors. It has an inhibitory role during
osteoblast differentiation as it suppresses BGLAP transcription; vimentin expression has shown
to be downregulated in the terminal osteoblast differentiation stage (357, 358). Simultaneously,
vimentin mMRNA level also decreases overtime during differentiation of primary calvarial
osteoblasts (358). Furthermore, vimentin determines the osteogenic fate of MSCs through
regulating the FA contact size where small FA sizes induce cell motility and facilitate
osteogenesis (359). Therefore, disrupting vimentin regulation could contribute to
craniosynostosis through affecting osteogenesis in the suture.

We have demonstrated that during osteogenic differentiation of cMSCs with FLNA-VIM variants,
SPARC and SPP1 expressions were upregulated whereas SP7 was downregulated.

SPP1 and SPARC are main components of the bone matrix. There are similarities
between the expression of SPP1 and SPARC in the FLNA-VIM domain group and previous
observations. During chondrogenesis, both SPP1 and SPARC are co-expressed with SOX9 in
ectopic calcification in atherosclerotic lesions (335, 336). SPARC is required for cartilage
formation and directly involved in chondrocyte differentiation. Inhibiting its translation and
splicing results in cranial cartilage defects similar to SOX9 mutant (338). SOX9 regulates the

expression of SPARC, SPP1, and vimentin (334).
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Interestingly, the reported correlation between SPP1 and vimentin (360, 361) has
emerged from the FLNA-VIM domain group, since SPP1 was only found upregulated in this
group. Previous study has shown that SPP7 and vimentin colocalize in MSCs at bone formation
and remodeling sites in mouse models of osteogenesis imperfecta (360). SPP1 also works to

increase vimentin stability through impeding the degradation of the vimentin protein (361).

Taken together, supportive studies along with our findings suggest that overexpression
of SPP1 and SPARC is associated with chondrogenesis; indicating that ectopic cartilage

formation caused craniosynostosis in SSC patients harboring FLNA-VIM variants.

Fundamentally, SPP1 and SPARC are major matricellular proteins, in addition to playing
critical role in bone and cartilage mineralization (362, 363). They have a major structural role as
they regulate cell’'s mechanics. SPP1 regulates cell responses through several integrin
receptors and affects actin filaments interactions and binding, through modulating the
intracellular levels of Ca2+ (321). These diverse activities mediate chemotaxis, cell motility, and
migration (321) which are important for suture mesenchyme homeostasis. Additionally, SPARC
expression is positively correlated with vimentin expression (364). Furthermore, mechanical
stimuli could affect early chondrogenic differentiation (344, 345) and upregulate vimentin and
FLNA expressions (356). In support of that, cyclic tensile strain on human MSCs also
significantly enhanced the expression of SOX9, RUNX2, SPARC, SPP1, and ALP.

These findings support our results via highlighting the association between FLNA,
vimentin and bone or cartilage formation. The results from FLNA-VIM group emphasize the
potential effect of FLNA variants on cranial suture fusion. Two variants exhibited skewed X-
inactivation, which indicates that the variants are expressed in most cMSCs. These results
suggest that variants could have have triggered the concurrent expression of SPP71 and
SPARC, along with reduced migration, enhanced proliferation, and altered cells mechanics
exhibited in a higher force/ dot ratio. In support of previous studies (361, 364), the results
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suggest that vimentin concentration could be higher in cells harboring these FLNA variants.
Disrupted vimentin could alter FLNA function and subsequently the cytoskeleton’s interactions.
These changes are implicated in disrupted biomechanical features and bone formation leading

to craniosynostosis.

FLNA-FOX domain group

In this group (Table. 3.4), two of the individuals are males and one is female expressing
the X variant at an approximate equal level to the normal allele. One male and the female
showed maternal inheritance. This suggests an X-linked recessive pattern in the male and X-
linked dominant pattern with incomplete penetrance in the female.

FOXC1 regulates proliferation and differentiation during osteogenesis and
chondrogenesis and is substantially expressed in the calvaria during the early stages of
development (235, 236). It mainly influences the proliferation phase in calvarial bone

development through regulating MSX2 and ALX4 (237).

FLNA negatively regulates FOXC1 transcription by binding and inhibiting FOXC1 in the nucleus
(191, 196). FOXC1 knockdown is correlated with enhanced ALP, RUNX2 and BGLAP
expression (238). Therefore, FOXC1-FLNA interaction mediates the expression of osteogenic
gene markers. In FLNA-FOX domain group, we showed marked increase in SPARC expression
compared to controls, where BMP2, SP7, and BGLAP expressions were decreased. Enhanced
proliferation and impaired migration compared to controls were observed in this group as well.
These findings combined suggest that variants in the FLNA-FOX domains could contribute to
craniosynostosis via altering gene expression, proliferation, and migration. Previous studies also
have correlated craniosynostosis with dysregulated osteogenesis, increased proliferation and
reduced migration (280, 295-300, 308, 318, 347-349).

Our results suggest that chondrogenesis might be the process governing
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craniosynostosis in SSC patients harboring variants in the FLNA-FOX domain group. In this
group, only SPARC showed higher expression in cMSCs compared to controls. SPARC plays
an essential role in chondrogenic differentiation by acting downstream of SOX9 (334-338).
SOX9 positively regulates SPARC expression during chondrogenesis (365). Moreover, constant
upregulation of SOX9 (331, 332) has been reported with BGLAP downregulation in the suture
(333). This finding is confirmed in our results as BGLAP expression was downregulated and

SPARC was upregulated in FLNA-FOX group.

In light of the suggestion that variants in the FLNA-FOX domain group lead to suture
fusion via chondrogenesis, FOXC1 directly affects endochondral ossification. Overexpression of
FOXC1 in chondrocytes significantly upregulated COL70A 1 expression (366). The occurrence
of the variants on functional domains where FOXC1 interacts with FLNA could have altered

FOXC1 regulation leading to ectopic chondrogenesis.

In addition to characterizing the identified rare FLNA variants, we wanted to further
elucidate the role of FLNA in calvarial mesenchyme by knocking out FLNA; then evaluating the
expression of a subset of critical osteogenic genes in FLNA KOs and controls. FLNA loss has
been extensively studied in heart, skeletal muscle, and neurons (224, 260, 367-373), but little is
known about FLNA'’s role in the calvaria. FLNA is a critical upstream element of the signaling
cascade governing bone formation (191, 196, 227, 228, 230, 236).

The primary goal of these experiments was to achieve a near complete KO of FLNA. We
successfully established FLNA KO to address the consequences of FLNA loss in human
cMSCs. Using CRISPR/ Cas9, we obtained efficient gene disruption (Figure. 3.12).

FLNA KOs showed an altered expression of osteogenic genes as compared to controls
(Figure. 3.13). RUNX2 and COL1A1 expressions were significantly reduced in FLNA KOs
compared to controls. RUNX2 tightly controls skull patterning and growth, as it is essential for
calvarial osteoprogenitor and osteoblast differentiation (164). It regulates signaling molecules
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and transcription factors during osteogenesis and calvarial development (159). Runx2 -/- (total
KO) mice completely lack calvarial osteoblasts (374). Moreover, Runx2 deficiency in mice is
associated with reduction in DLX5, SP7, SPP1, COL1A1 and BGLAP expression in the
intramembranous regions of the skull (calvaria and mandible) (159, 164, 375, 376).

COL1A1 is an early marker of osteogenesis (377) and it is upregulated during calvarial
suture osteogenesis and osteoblastic differentiation (161). It positively regulates the expression
of ALP and BGLAP (378). COL1A1 mRNA expression was increased in cranial suture
osteoblasts isolated from patients with Apert’'s syndrome (301). Moreover, mutations in COL1A1

result in decreased bone mineral density and associated with osteoporotic fractures (379).

Taken together, we showed that FLNA positively regulates the expression of RUNX2
and COL1A17 in cMSCs suggesting the involvement of FLNA in calvarial bone development. The
downregulation of the tested osteogenic genes in FLNA KOs compared to controls provides

tentative evidence that FLNA affect their expression.

Our data suggests that FLNA is essential for early stages of osteogenesis. FLNA loss in
cMSCs could dysregulate the osteogenic process and impair bone formation in the calvaria.
These findings are consistent with reported studies of FLNA knockout in mice (260). Complete
FLNA knockout is lethal to males due to major cardiac and skeletal defects. However,
hemizygous females exhibited skeletal abnormalities (260). FLNA- null female mice represented

delay in bone development exhibited in cleft palate and failure in the sternum fusion (260).
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Figure 3.1. Schematic representation of FLNA structure (monomer) and location of the

rare, identified variants and reported mutations.

Filamin-A is a homodimer. Each monomer contains 24 tandem repeats. Filamin-A can be
divided into 5 major domains: (CH1 and CH2), Rod1 (Ilg domain 1-15), hinge 1 (between Ig
domain 15-16), hinge 2 (between Ig domain 23 and 24), C-terminal domain in Ig domain 24.
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Figure 3.2. Sequence traces from cDNA of SSC cMSCs females with FLNA variants.
Sequences showing heterozygous exchange position, 5948, 7798, 842, and 1526.
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Figure 3.3. BrdU incorporation by SSC cMSCs with FLNA variants and cOBs.

No difference was found between SSC cMSC and controls whereas SSC cOBs had significant
enhanced proliferation compared to controls (P=0.05) (A). Both SSC cMSCs and cOBs from the
FLNA-ACT group (B) had a significant increase in proliferation compared to controls (P=0.002),
(P=0.004) respectively. Proliferation was not significant in SSC cMSCs and cOBs of FLNA-VIM
group (P=0.7), (P=0.1) (C). In FLNA-FOX group, SSC cMSCs didn’t show a difference (P=0.8)
while SSC cOBs had a significantly higher proliferation compared to controls (P=0.02) (D). Data
shown as meanztsd from three experimental replicates ns P> 0.05, *P< 0.05, **P< 0.01
(Student's t-test).

Pink= female, Orange= skewed female, and Blue= male.
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Figure 3.4. Reduced Migration rate observed in SSC cMSC and cOBs harboring FLNA
variants.

Migration speed was significantly reduced in cMSCs and cOBs in FLNA cases compared to
controls (P=3x10—-4), (P=1x10-4) respectively (A). In FLNA-ACT group, only cOBs showed a
significant lower migration compared to controls (P=1x10-4) while no difference was found in
cMSCs (P=0.28) (B). Both cMSCs and cOBs in FLNA-VIM group exhibited reduced migration
rate compared to controls (P=3x10-3), (P=1x10-4) respectively (C). cMSCs from FLNA-FOX
group had a significant low migration rate compared to controls (P=0.02) whereas cOBs didn’t
show any difference (D). Data shown as meanzxsd from 23 biological replicates.

ns P> 0.05, *P< 0.05, **P< 0.01, ***P< 0.001, ***P< 0.001 (Student t-test).

Pink= female, Orange= skewed female, and Blue= male.
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Figure 3.5. Black dots used to measure contractile force of SSC cMSCs with FLNA
variants.

Substrates made using fluorescent BSA-Alexa Fluor 594 and cells are stained for both F-actin
(green) and nucleus (blue). The cells adhere and deform the black dots substrate when
contracting. Contractile forces are calculated from the displacement of the dots in FLNA cases
(A, B, C) and controls (D, E, F).
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Figure 3.6. Contractility, cell area, and force/ dot in SSC cMSCs with FLNA variants.
No significant change in generated cell force was observed in all FLNA cases (P=0.22) (A),
FLNA-ACT (P=0.33) (B), FLNA-VIM (P=0.89) (C), and FLNA-FOX (P=0.16) (D). Spread area
was smaller in all FLNA cases (P=4x10-3) (A), and in FLNA-FOX group (P=0.02) (D),
compared to controls; while no difference was found in FLNA-ACT (P=0.64) (B) and FLNA-VIM
(P=0.17) (C). Force per dot (estimation of the protein’s strength in the cell) was significant in
FLNA-VIM group only (P=0.02) (C) whereas no change was observed in all FLNA cases
(P=0.48) (A), FLNA-ACT (P=0.54) (B), and FLNA-FOX (P=0.7) (D).

Data shown as meantsd. ns P> 0.05, *P< 0.05, **P< 0.01 (Student’s t-test).

Pink= female, Orange= skewed female, and Blue= male.
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Figure 3.7. ALP Activity in SSC cOBs with FLNA variant.

Calculating ALP activity (OD405)/(BCA total protein) didn’t reveal significant difference between
all FLNA cases and controls (P=0.49) (A), FLNA-ACT (P=0.18) (B), FLNA-VIM (P=0.35) (C),
and FLNA-FOX (P=0.38) (D). Data shown as meanzsd from 3 experimental replicates. ns P>
0.05 (Student’s t-test).

Pink= female, Orange= skewed female, and Blue= male.
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Figure 3.8. gPCR expression analysis of osteoblast marker genes at various time points
during osteogenic differentiation of SSC cMSCs with FLNA variants.

SP7 mRNA expression was significantly reduced (P=0.01) at day 7 compared to controls (B)
while no change was observed at day 0 (P=0.5) (A) and day 21 (P=0.08) (C). No significant
difference was observed in the SPARC mRNA expression at day 0 (P=0.1) (D) and day 7
(P=0.9) (E), whereas the expression was significantly upregulated at day 21 (P=0.04) compared
to controls (F). BGLAP mRNA expression had a significant reduction at day 0 (P=0.006) (G) and
day 7 (P=0.01) (H), but no change was found at day 21 (P=0.6) (I).
Data shown as meantsd. ns P> 0.05, *P< 0.05, **P< 0.01 (Student’s t-test).
Pink= female, Orange= skewed female, and Blue= male.

87



Differentiation Day 7

Differentiation Day 21

Differentiation Day 0

>

=

Relative expression 2*-(ACt)

o

Relative expression 2*-(ACt)

° °
g 2
2 ]

Relative expression 2*-(ACt)
g

BMP2 RUNX2 SPP1 BGLAP

*k
0.020m

L
0,015+

o

=
-
=

0.020my

o
N
3
1

Relative expression 2*-(ACt) Q
s
*
(|
Relative expression 2*-(ACt)
° ° ° °
S 2 b %

kK
0.015+

T L] L] L] - T ? L) T L) L]
Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls

SP7
[ ] | T
3 0.10

0,010

°
0.005+4 ° °

0.05+

Relative expression 2*-(ACt)
Relative expression 2*(ACt)

&
s
°

=1
==
~
Z

e
=
8
2
*

0.020my

0,025 0.159

*
ns
i ]
by
0.10=
b o
0.002- 00104 o
00054 0.054
0.001 ° [
0,000 ° ; ° ..
0.000- - -
N v L] L] . L} L] L} L] - L] L]
Cases  Controls Cases Controls Cases  Controls Cases Controls Cases Controls
- ns ns
— P
1.5+ [ ] [ ]
0.08 [ ] 0.10=
<
: () K 0.06=
0.05+]
0.5+ o ‘
0.04= o
L4
E | 0.0+
0.0 mf—
0.02+4 o :. s.

T T T T T T T T
Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls

0.0200

0.0034 0.015=

0.015

)
o3
@
)
(J
[ ]
o oy
o
Relative expression 2*-(ACt)
s 3 & £
[ J
*
*
° o}]
(J
Relative expression 2*-(ACt)

0.010=4

0.005=4

Relative expression 2*-(ACt)
Relative expression 2*-(ACt)

—
(@)

0,015+ 0159

Relative expression 2*-(ACt)
° °
8 S
7 Y 1 T
5

0.010+

0.005+

b

Relative expression 2*-(ACt) =
[ ]

0.000+

Relative expression 2*-(ACt)

Relative expression 2*-(ACt)

3

Figure 3.9. gPCR expression analysis of osteoblast marker genes at various time points
during osteogenic differentiation of SSC cMSCs with FLNA-ACT variants.

BMP2 mRNA expression was downregulated at all the three time points (day 0, day 7, and
day21) compared to controls (P=0.001) (A), (P=0.03) (B), and (P=0.02) (C) respectively. SP7
MRNA expression showed no difference at day 0 (P=0.9) (D), though day 7 (P=0.03) (D) and
day 21 (P=0.04) (F) were significantly reduced compared to controls. RUNX2 mRNA expression
had a significant reduction at day 0 (P=0.02) (G), but no difference in the expression was
observed at day 7 (P=0.1) (H) and day 21 (P=0.5) (I). SPP1 mRNA expression was significantly
lower than controls at day 0 (P=0.0001) (J) and day 7 (P=0.002) (K) while no change was
observed at day 21 (P=0.2) (L). At day 0, BGLAP expression was significantly reduced
compared to controls (P=0.006) (M) while the expression was not significantly different at day 7
(P=0.08) (N) and day 21 (P=0.4) (O).

Data shown as meanz+sd. ns P> 0.05, *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001
(Student’s t-test).

Pink= female, Blue= male.
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Figure 3.10. gPCR expression analysis of osteoblast marker genes at various time points
during osteogenic differentiation of SSC cMSCs with FLNA-VIM variants.
SP7 mRNA expression was significantly downregulated at day 7(P=0.05) (B), but no significant
change was observed at day 0 (P=0.2) (A) and day 21(P=0.5) (C). SPP1 mRNA expression

didn’t exhibit significant difference at day 0 (P=0.8) (D) and day 7 (P=0.5) (E) whereas it was

significantly upregulated at day 21 compared to controls (P=0.04) (F). SPARC mRNA

expression had a significant increase at day 21 (P=0.0.05) (I) compared to controls while no

change was observed at day 0 (P=0.9) (G) and day 7 (P=0.8) (H).
Data shown as meantsd. ns P> 0.05, *P< 0.05 (Student’s t-test).

Pink= female, Orange= skewed female, and Blue= male.
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Figure 3.11. gPCR expression analysis of osteoblast marker genes at various time points
during osteogenic differentiation of SSC cMSCs with FLNA-FOX variants.
BMP2 mRNA expression had a significant reduction at day 0 (P=0.05) (A), whereas no
significant change was found at day 7 (P=0.6) (B) and day 21(P=0.5) (C). SP7 mRNA
expression was significantly reduced at day 7 (P=0.02) (E) compared to controls; at day 0
(P=0.1) (D) and day 21 (P=0.6) (F), no significant change was observed. SPARC mRNA
expression didn’t exhibit significant difference at day 0 (P=0.1) (G) and day 7 (P=0.9) (H)
whereas it was significantly upregulated at day 21 compared to controls (P=0.05) ().

BGLAP mRNA expression was significantly reduced at day 0 (P=0.003) (J) and day 7 (P=0.03)
(K) while no significant change was observed at day 21 (P=0.6) (L).
Data shown as meanzsd. ns P> 0.05, *P< 0.05, **P< 0.01 (Student’s t-test).
Pink= female, Blue= male.
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Figure 3.12. Assessment of CRISPR/Cas9. Representative western blot of FLNA protein
levels knockout and control (A). FLNA expression at mRNA level of knockout and control
cMSCs (B). All data are from two biological replicates.
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Figure 3.13. gPCR expression analysis of osteoblast marker genes in FLNA KO cMSCs
compared to control cMSCs.

MRNA expression of all the tested genes was downregulated in FLNA KO compared to controls.
However, only RUNX2 and COL1A1 were statistically significant resp. *P< 0.05 (paired t-test).
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Figure 3.14. gPCR expression analysis of osteoblast marker genes in cMSCs with FLNA

variants and FLNA KO cMSCs.
Log2 Fold changes in mRNA levels are shown relative to control cMSCs.
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4, Conclusions and Future directions

Single suture craniosynostosis (SSC) is one of the common significant birth defects of
the skull, occurring with an incidence of approximately 1 in ~2500 live births globally. It is
described by the early fusion of one of the cranial sutures (2-4, 23), affecting males more than
females (24-27). Patients with SSC can present with a wide spectrum of defects including dental
anomalies, craniofacial deformities, and various medical problems (29-34). Varity of genes have
been identified and associated with the etiology of syndromic craniosynostosis (3, 4, 37).
However, the etiology of SSC is not yet identified.

In this research, we identified and studied nine rare variants in the X-linked gene, FLNA
in patients with SSC, using RNA-Seq. The premature ossification of the cranial is commonly
thought to arise from dysregulated activity of the calvarial osteoprogenitors and osteoblasts.
Therefore, our overall goal was to assess the effect of these variants on bone development. We
proposed that the identified FLNA variants will impact biological properties, affect cellular
mechanics, and alter osteogenic gene expression in SSC patients. To test this hypothesis, we
developed a system for isolating primary calvarial MSCs from osteoblasts. We demonstrated
that our isolation method is reproducible and the isolated calvarial MSCs possess proliferation
and differentiation potential and present a distinct genetic profile when compared to commercial
BMMSC line. To our knowledge, our study is the first to report MSCs isolated from human
calvaria. We then thoroughly characterized calvarial osteoblast and MSC lines harboring the
nine FLNA variants. The experiments we described attempt to elucidate the effect of these
variants on osteogenesis and cell mechanics of the cells. Our current findings suggest that the
identified variants may have a significant impact on the cytoskeleton structure. The data provide
evidence that FLNA variants may cause SSC through acting on different modes of ossification.
These variants could be inducing ectopic cartilage. However, the precise mechanisms leading
to premature suture fusion are not entirely understood.

Strikingly, grouping the FLNA variants based on the specific functional domains of FLNA
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Ig repeats revealed compelling results. The most significant differences were observed in FLNA
variants located on domains interacting with F-actin and vimentin. We found that variants on
FLNA-ACT domains were in males suggesting an X-linked recessive inheritance pattern. In
FLNA-ACT domain variants, cells exhibited higher proliferation rates in both cMSCs (early stage
of development) and cOBs (late stage of development) as well as impaired migration and
altered osteogenesis. Similar osteogenic expression patterns of FLNA KOs and FLNA-ACT and
FLNA-FOX domain groups indicate a loss of function pattern. However, in the FLNA-VIM
domain group, the some of the main osteogenic/ chondrogenic were highly expressed
compared to controls at some osteogenic differentiation time point. These genes are also

involved in regulating cell mechanical properties.

Moreover, our findings imply that FLNA variants mediate changes in the cytoskeleton
and migration in SSC cMSC and cOBs although the mechanism is not established. Our findings
complement earlier studies on the role of FLNA in cellular migration (202, 215-217); we provide
supporting evidence that our rare identified FLNA variants might affect migration through
mechanotransduction.

We also aimed to knockout FLNA in human cMSC line to study the effect of FLNA loss
on osteogenesis. To our knowledge, we are the first to successfully create a model of FLNA
loss in human MSC line. The FLNA KO data suggests a requirement of FLNA in cMSC
development. Our modified CRISPR/ Cas9 approach could enable further clarification of the role
of FLNA on calvarial bone development. Future work could evaluate the expression of critical
osteogenic genes and additional candidate molecules and growth factors in FLNA
knockdown/knockout cMSCs. In addition to that, further investigation in the migration,
contraction, and adhesive properties of undifferentiated and osteogenically differentiated FLNA
KO cMSCs will provide critical information.

More significantly, the discovery of FLNA'’s effect on cMSCs is useful and helped us
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understand the contribution of the rare FLNA variants we identified in SSC patients. The
expression pattern of FLNA KOs was similar to the ACT, VIM and FOX FLNA domain groups.
We speculate that variants of the FLNA-ACT, FLNA-VIM and FLNA-FOX groups are loss of

function, however, further investigation should test our claim.

Future studies could also uncover the link between the male predominance and
craniosynostosis on FLNA-ACT domain variants. This could be done through generating the
variants of interest and assessing their rates in male and female mice models and patient cell
lines. In addition, future work could generate and study isogenic cell models of the nine FLNA
variants. Studying cMSCs harboring FLNA variants growing in different culture media (serum
free, MSC conditioned, osteogenic induction, and chondrogenic induction) will help in
understanding the variants’ effect on bone and cartilage development. Moreover, future studies
could also investigate the mode of ossification and type of bone generated by FLNA variants
through studying the expression profile of a wide array of genes involved in bone development
including growth factors, ECM molecules, transcription factors, and master osteogenic and
chondrogenic genes.

Since FLNA is a mechano-responsive gene, future work could study, in depth, the role of
mechanical forces in the induction of craniosynostosis in individuals harboring FLNA variants.
Future work can study the effect of cyclic stretch on these variants and demonstrate the
mechanobiological responses compared to controls. This could be carried out through utilizing
human osteoblast cell lines or mouse models. Further investigation of FLNA and interacting
proteins will provide deeper insights into the mechanisms that regulate the premature cranial

suture fusion in SSC patients.
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5. Appendix
List of 61 genes associated with syndromic craniosynostosis (380).

Gene Disease Inheritance | OMIM # (Gene)
ADAMTSL4 | Ectopia lentis AR 610113
ALPL Hypophosphatasia AR/AD 171760
ALX4 Frontonasal dysplasia 2, Parietal foramina 2, susceptibility AR/AD 605420
to Craniosynostosis 5
ASXLA1 Bohring-Opitz syndrome AD 612990
ATR Seckel syndrome 1 AR 601215
CDC45 Meier-Gorlin syndrome 7 AR 603465
COLEC11 | 3MC syndrome 2 AR 612502
CTSK Pycnodysostosis AR 601105
CYP26B1 CS with radiohumeral fusions and other skeletal and AR 605207
craniofacial anomalies
EFNA4 —_ AD 601380
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Gene Disease Inheritance | OMIM # (Gene)

EFNB1 Craniofrontonasal dysplasia XLD 300035

ERF Craniosynostosis 4, Chitayat syndrome AD 611888

ESCO2 Roberts syndrome, SC phocomelia syndrome AR 609353

FAM20C Raine syndrome AR 611061

FBN1 Marfan syndrome, Weill-Marchesani syndrome 2 AD 134797

FGFR1 Pfeiffer syndrome, Osteoglophonic dysplasia, AD 136350
Trigonocephaly 1

FGFR2 Apert syndrome, Crouzon syndrome, Beare-Stevenson AD 176943
syndrome, Bent bone dysplasia

FGFR3 Muenke syndrome, Crouzon syndrome with acanthosis AD 134934
nigricans

FLNA Otopalatodigital syndrome, type | and Ii; XLR/XLD 300017
frontometaphyseal dysplasia

FREM1 Trigonocephaly 2 AD 608944
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Gene Disease Inheritance | OMIM # (Gene)
GLI3 Greig cephalopolysyndactyly syndrome AD 165240
GNAS Osseous heteroplasia, pseudohypoparathyroidism AD 139320
GNPTAB Mucolipidosis III1A/B AR 607840
GPC3 Simpson-Golabi-Behmel syndrome, type 1 XLR 300037
HUWE1 Intellectual disability, X-linked syndromic, Turner type XLR 300697
IDS Mucopolysaccharidosis |l XLR 300823
IDUA Hurler, Scheie, and Hurler/Scheie syndromes AR 252800
IFT122 Cranioectodermal dysplasia 1 AR 606045
IFT43 Cranioectodermal dysplasia 3 AR 614068
IGF1R —_ unk 147370
IHH Acrocapitofemoral dysplasia, Brachydactyly, type A1 AR/AD 600726
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Gene Disease Inheritance | OMIM # (Gene)
IL11RA Craniosynostosis and dental anomalies AR 600939
IRX5 Hamamy syndrome AR 606195
JAG1 Alagille syndrome 1 AD 601920
KAT6A Intellectual disability, autosomal dominant 32 AD 601408
KMT2D Kabuki syndrome 1 AD 602113
KRAS Cardiofaciocutaneous syndrome 2, Noonan syndrome 3 AD 190070
LMX1B Nail-patella syndrome AD 602575
LRP5 Osteopetrosis, autosomal dominant 1; Osteosclerosis AD 603506
MASP1 3MC syndrome 1 AR 600521
MEGF8 Carpenter syndrome 2 AR 604267
MSX2 Craniosynostosis 2, Parietal foramina 1, Parietal foramina AD 123101

with cleidocranial dysplasia
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Gene Disease Inheritance | OMIM # (Gene)
PHEX Hypophosphatemic rickets, X-linked dominant XLD 300550
POR Antley-Bixler syndrome with genital anomalies and AR 124015
disordered steroidogenesis
RAB23 Carpenter syndrome AR 606144
RECQL4 Baller-Gerold syndrome, RAPADILINO syndrome, AR 603780
Rothmund-Thomson syndrome
RUNX2 Cleidocranial dysplasia AD 600211
SCARF2 Van den Ende-Gupta syndrome AR 613619
SH3PXD2B | Frank-ter Haar syndrome AR 613293
SKiI Shprintzen-Goldberg syndrome AD 164780
SPECC1L | Opitz GBBB syndrome, type Il AD 614140
STAT3 Hyper-IgE recurrent infection syndrome AD 102582
TCF12 Craniosynostosis 3 AD 600480
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Gene Disease Inheritance | OMIM # (Gene)
TGFBR1 Loeys-Dietz syndrome 1 AD 190181
TGFBR2 Loeys-Dietz syndrome 2 AD 190182
TMCO1 Craniofacial dysmorphism, skeletal anomalies, and AR 614123
Intellectual disability syndrome
TWIST1 Craniosynostosis 1, Saethre-Chotzen syndrome AD 601622
WDR19 Sensenbrenner syndrome AR 614378
WDR35 Cranioectodermal dysplasia 2 AR 613602
ZEB2 Mowat-Wilson syndrome AD 605802
ZIC1 Craniosynostosis 6 AD 600470
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