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Abstract 

 
Fibroblast growth factor (FGF) signalling regulates all stages of skeletal 

development, from embryonic mesenchymal condensation to adult bone 

homeostasis. Mutations in FGF receptors (FGFRs) are a common cause of 

skeletal disorders, as their signalling is indispensable for normal bone 

development. The unique function of FGFR3 as an inhibitor of postnatal bone 

growth underlies the pathology of several skeletal dysplasias. However, the 

effects of FGFR3 mutations in mesenchymal stromal cells (MSCs), the 

progenitors from which the skeletal system develops, are understudied. 

This project aimed to understand the role of FGFR3 on a cellular level using an 

FGFR3-knockout (FGFR3-KO) MSC line. Wild type (WT) and FGFR3-KO MSCs 

were  compared to determine the effects of FGFR3 deletion on MSC 

proliferation, morphology, migration, transcriptome, and secretome. 

FGFR3-KO MSCs had an increased proliferative and migratory capability, but a 

decreased differentiation capacity compared to WT MSCs. Transcriptomic analysis 

showed markedly altered expression of transcripts encoding proteins associated with 

the actin cytoskeleton, extracellular region, and extracellular matrix (q<0.0001 for all). 

Accordingly, FGFR3-KO MSCs showed an altered morphology characterised by a 

round cell shape with broad lamellipodia. FGFR3-KO MSCs secreted greater 

numbers of extracellular vesicles, which were larger than those produced by WT 

MSCs. Conditioned media from FGFR3-KO MSCs, but not WT MSCs, promoted 

wound healing of WT MSCs (p<0.0001 and p=0.0769 respectively), demonstrating 

an altered secretome. Finally, FGFR3-KO MSCs were resistant to serum starvation, 

and proliferated in the absence of FBS supplementation, unlike WT MSCs. 

The striking phenotype and behaviours of FGFR3-KO MSCs described in this 

thesis demonstrates the importance of FGFR3 signalling in MSCs. This serves to 

advance the understanding of signalling pathways in MSCs, as well as the 

cellular mechanisms underlying FGFR3-related disorders. 
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Chapter 1: Introduction 

 
1.1 Fibroblast Growth Factor Signalling 

 
Fibroblast growth factors (FGFs) and their receptors (FGFRs) play crucial roles in 

embryonic development and adult tissue homeostasis by initiating a variety of 

intracellular signalling pathways. In humans, there are 22 FGF ligands, which interact 

with 4 receptors belonging to the receptor tyrosine kinase superfamily. FGFR1, 2 and 3 

have multiple isoforms, generating receptor variants that are differentially expressed 

throughout tissues, and have differential ligand binding affinity (Miki et al., 1992; 

Hughes, 1997). This enables FGF signalling to have a huge range of 

context-dependent functions, determined by the tissue, cell type, and ligand-receptor 

pairing. 

In embryonic development, FGF signalling mediates growth, survival, differentiation 

and patterning, and thus drives developmental events from early mesoderm induction 

through to formation of organ systems (Turner and Grose, 2010). In adult tissues, FGF 

signalling often reactivates developmental pathways to allow tissue repair and 

regeneration, playing key roles in the wound response by regulating processes such as 

migration and proliferation (Floss et al., 1997; Meyer et al., 2012). However, the fact 

that FGFs underpin so many biological processes means that their disrupted signalling 

is a major cause of human disease. FGFR mutations are unusually common. Three of 

the highest germline point mutation rates described in humans occur in FGFRs: G380R 

in FGFR3, P250R in FGFR3, and S252W in FGFR2, causing achondroplasia, coronal 

craniosynostosis, and Apert syndrome respectively (Wilkie, 1997). A wide range of 

FGFR mutations have been reported in many other diseases, including a variety of 

cancers, where oncogenic function is often a result of overactive or overexpressed 

FGFRs, which may occur due to gene amplification, translocation, single nucleotide 

polymorphisms, or aberrant splicing (Helsten et al., 2016). 

 
 
 

1.2 Fibroblast Growth Factor Receptor Family 

 
FGFRs are located on the plasma membrane, and upon interaction with their ligands, 

dimerise, resulting in autophosphorylation of intracellular tyrosine residues. This leads 

to activation of many signalling pathways, including JAK/STAT, PLCγ, PI3K and 

MAPK/ERK (Eswarakumar et al., 2005) (Fig. 1.1). All secreted (canonical) FGFs 

require a heparin-based cofactor in order to confer signalling activity through FGFRs. 

https://paperpile.com/c/RTFy9o/eBNoM%2BnGD6a
https://paperpile.com/c/RTFy9o/eBNoM%2BnGD6a
https://paperpile.com/c/RTFy9o/1stC
https://paperpile.com/c/RTFy9o/6saYk%2B4qyYv
https://paperpile.com/c/RTFy9o/zVOG
https://paperpile.com/c/RTFy9o/dfHD
https://paperpile.com/c/RTFy9o/8HyRf
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The heparin cofactor stabilises the FGF:FGFR complex and allows sustained activation 

of the receptor. Cofactors may be transmembrane proteins, such as syndecans, 

cell-surface anchored proteins, such as glypicans, or diffusible proteins in the 

extracellular matrix (ECM), such as perlecan and agrin. These heparan sulfate 

proteoglycans (HSPGs) can bind and tether FGFs to the cell surface immediately 

following their secretion, which supports local retention and activation of signalling 

(Shimokawa et al., 2011). HSPGs can serve as co-receptors, like heparin alone, to 

facilitate FGFR activity, but are also well-characterised as negative regulators of FGF 

signalling. Sequestration of FGF ligands by HSPGs in the extracellular space limits 

their diffusion distance and creates strong morphogenic gradients, typical of growth 

factor signalling (Yan and Lin, 2009). This sequestration is reversible, with HSPGs 

sometimes acting as a reservoir for FGF ligands until they are cleaved and released 

into the matrix by sheddases and heparinases (Kato et al., 1998; Hou et al., 2007). 

Finally, HSPGs can promote endocytosis of the activated FGF:FGFR complex 

(Elfenbein et al., 2012), leading to either lysosomal degradation, receptor recycling, or 

continued signalling from the surface of the endosomal membrane. This variety of 

regulatory pathways allows tight control of FGF signals. 

Since the pathways downstream of each FGFR are largely overlapping, in many 

contexts there is redundancy or co-operative action between the receptors. However, 

each receptor has specific, and tightly regulated, spatial and temporal expression 

throughout development, indicating distinct functions (Hughes, 1997). Accordingly, 

unique phenotypes are seen when individual receptors are disrupted in mouse models 

(reviewed in Su et al., 2014). Further exemplifying this is the fact that different 

disorders, with distinct phenotypes, are caused by identical mutations in each FGFR. 

Within the linker region of immunoglobulin domains II and III, proline to arginine 

mutations cause Pfeiffer syndrome in FGFR1, Apert syndrome in FGFR2, and Muenke 

syndrome in FGFR3 (Wilkie, 1997). All three disorders are classed as skeletal 

dysostoses, as is the aforementioned coronal craniosynostosis. Dysostoses are 

skeletal disorders characterised by abnormalities in a specific group of bones, 

commonly those of the skull. FGFR mutations are also the cause of several skeletal 

dysplasias, such as the earlier mentioned achondroplasia, which differ from dysostoses 

in that abnormalities in bone and/or cartilage are more generalised throughout the 

skeleton (Krakow, 2015). 

https://paperpile.com/c/RTFy9o/utr2
https://paperpile.com/c/RTFy9o/Ivvq
https://paperpile.com/c/RTFy9o/o59O%2B8Dk8
https://paperpile.com/c/RTFy9o/OPfj
https://paperpile.com/c/RTFy9o/nGD6a
https://paperpile.com/c/RTFy9o/7MKND
https://paperpile.com/c/RTFy9o/zVOG
https://paperpile.com/c/RTFy9o/DvM2
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Figure 1.1 Overview of the FGF signalling pathway. Binding of an FGF ligand, along 

with a heparin-based cofactor, to an FGFR causes activation of intracellular signalling 

pathways. These are primarily PI3K, PLCᵧ, STAT, and MAPK. The STAT and MAPK 

pathways may be activated directly or through mediators such as Snail. These signalling 

cascades result in changes to gene expression that regulate cell behaviours such as 

proliferation, differentiation, and survival. 

 
 

 

1.3 FGF Signalling in Skeletal Development 

 
1.3.1 The roles of FGFRs throughout skeletal development 

 
Due to the skeletal disorders caused by mutations in FGFRs, it is no surprise FGF 

signalling is required for normal skeletal development. Indeed, FGF signalling regulates 

all stages of bone formation and growth, as well as mineral homeostasis (Wöhrle et al., 

2011) and remodelling in adult bones (Behr et al., 2010). 

Bone formation occurs by two distinct mechanisms, but both begin with condensation 

of mesenchymal cells. The initiation and maintenance of mesenchymal condensation 

relies on FGF signalling; precise spatial and temporal coordination of FGF/FGFR 

expression regulates mesenchymal proliferation, survival, and competence to 

https://paperpile.com/c/RTFy9o/XTf4
https://paperpile.com/c/RTFy9o/XTf4
https://paperpile.com/c/RTFy9o/Dt4p
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differentiate (Revest et al., 2001; Verheyden et al., 2005; Yu and Ornitz, 2008). 

Intramembranous ossification is the direct formation of bone from condensed 

mesenchyme, requiring signalling primarily through FGFR1 and 2, and produces the 

bones of the skull, face, and clavicles. The rest of the skeleton is formed by 

endochondral ossification, which sees cells in the condensed mesenchyme differentiate 

into chondrocytes. These chondrocytes express matrix proteins such as aggrecan and 

Type II collagen, forming a cartilaginous template that will later become bone. Once the 

template is formed, the chondrocytes rapidly proliferate, driven by activation of FGFR3, 

to drive growth of the skeletal elements. FGFR3 expression then decreases in favour of 

FGFR1 expression, enabling the proliferating chondrocytes to differentiate into 

hypertrophic chondrocytes, which secrete Type X collagen (Linsenmayer et al., 1991). 

As hypertrophy occurs, chondrocytes secrete matrix metalloproteinases (MMPs) to 

facilitate vascular invasion of the cartilage template (Vu et al., 1998; Inada et al., 2004). 

This allows osteoprogenitor cells, expressing high levels of FGFR2, to establish the 

primary ossification centre. Throughout embryonic development, the primary 

ossification centre expands bidirectionally until the cartilage template is replaced with 

trabecular bone. This occurs by sequential proliferation, hypertrophy, and apoptosis of 

chondrocytes, until they reside solely in the growth plate, and the bone is populated by 

osteoblasts, osteoclasts, and endothelial cells. 

Postnatally, the secondary ossification centre is established, and vasculature 

throughout the bone continues to grow, allowing remodelling of trabecular bone to form 

the marrow cavity (Ornitz and Marie, 2015). FGFR expression patterns remain largely 

unchanged, with FGFRs 1 and 2 expressed in trabecular bone, perichondrium and 

periosteum. FGFR1 is highly expressed in hypertrophic chondrocytes, and FGFR3 

expression is most intense in the proliferating chondrocytes. However, a key change 

occurs in the role of FGFR3 after formation of the secondary ossification centre, 

whereby it stops functioning as a mitogenic signal and instead is an inhibitor of 

chondrocyte proliferation. This inhibitory activity underlies the pathology of the most 

common group of skeletal dysplasias- achondroplasias- in which constitutively active 

FGFR3 causes decreased chondrocyte proliferation during postnatal growth, resulting 

in skeletal dwarfism. 

https://paperpile.com/c/RTFy9o/fi8h%2BuYFj%2BeIq8
https://paperpile.com/c/RTFy9o/Ndqv
https://paperpile.com/c/RTFy9o/Qp9q%2BgNaf
https://paperpile.com/c/RTFy9o/tR8e
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1.3.2 FGFR3 in skeletal development and dysplasia 

 
The achondroplasia group of skeletal dysplasias comprises of four disorders: 

achondroplasia, hypochondroplasia, severe achondroplasia with developmental delay 

and acanthosis nigricans (SADDAN) and thanatophoric dysplasia. All four are caused 

by gain-of-function FGFR3 mutations, and their common feature is short stature due to 

disruption of long bone growth. Achondroplasia is the most common non-lethal skeletal 

dysplasia, although complications such as accumulation of cerebrospinal fluid in the 

brain can reduce life expectancy (Hunter et al., 1998). In 97% of cases, achondroplasia 

results from a substitution mutation of arginine for glycine within the transmembrane 

domain of FGFR3 (Gly380Arg), rendering the receptor capable of ligand-independent 

dimerisation (Rousseau et al., 1994; Bellus et al., 1995). The genetic homogeneity of 

the disorder is hypothesised to be the reason for little variability in the achondroplastic 

phenotype, which is characterised by short limbs and macrocephaly. 

Hypochondroplasia is a similar, but milder and more heterogeneous condition, caused 

by a number of different mutations. SADDAN dysplasia is caused by a Lys650Met 

substitution, and shares the restriction of bone growth seen in achondroplasia patients, 

but is accompanied by unique phenotypes, including tibial bowing, structural 

abnormalities of the brain, and progressive acanthosis nigricans (Tavormina et al., 

1999). Interestingly, a substitution in the same position to (Lys650Glu) is one of the 

causes of thanatophoric dysplasia. Thanatophoric dysplasia is classified into two 

subtypes (TDI and TDII), and is the most common neonatal lethal skeletal dysplasia. 

Those that survive birth often suffer respiratory difficulties, leading to a high infant 

mortality rate (Tavormina et al., 1995). 

Despite these dramatic phenotypes and complications caused by FGFR3 mutation, 

understanding of the mechanisms behind these disorders is limited, and thus options 

for therapies are poor. The mechanisms by which these mutations lead to activation of 

FGFR3, and how this leads to dysplasia phenotypes, have been extensively studied. It 

is understood FGFR3 is a negative regulator of skeletal growth, unlike FGFRs 1 and 2, 

which are considered mitogenic, and their loss causes undergrowth of the bones, 

particularly the limbs (Perantoni et al., 2005). Accordingly, a rare loss-of-function 

FGFR3 mutation causes camptodactyly, tall stature, and hearing loss (CATSHL) 

syndrome, which has been identified in just three families worldwide to date, and one of 

its defining features is overgrowth of long bones. 

FGFR3 inhibits both chondrocyte proliferation and differentiation postnatally, leading to 

a decrease in matrix production and bone growth, and thus much research has focused 

https://paperpile.com/c/RTFy9o/kqkpB
https://paperpile.com/c/RTFy9o/08dq
https://paperpile.com/c/RTFy9o/XDax
https://paperpile.com/c/RTFy9o/Ldlm
https://paperpile.com/c/RTFy9o/Ldlm
https://paperpile.com/c/RTFy9o/uWCoK
https://paperpile.com/c/RTFy9o/JPqA
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on the downstream signalling of FGFR3 in chondrocytes specifically. However, FGFR3 

mutations also result in at least three craniosynostosis syndromes, which are 

characterised by premature ossification, indicating a role for FGFR3 in osteogenesis as 

well as chondrogenesis. Indeed, FGFR3-null mice show osteopenia (Valverde-Franco 

et al., 2003). 

Both chondrocytes and osteoblasts, along with other cellular components of the 

skeletal system, are derived from mesenchymal stem/stromal cells (MSCs), and whilst 

there is a wealth of - albeit conflicting - research into the effects of FGFR3 in 

chondrocytes, our understanding of its impacts in their MSC progenitors is lacking. 

Therapeutic approaches in development for achondroplasia disorders focus on 

remedying chondrocyte behaviour. However, a small body of research suggests 

overactivation of FGFR3 has disruptive effects on MSCs, and thus the pathogenesis of 

achondroplasia likely begins before chondrocytes are even formed, and would likely 

remain even if chondrocyte behaviour could be corrected. Su et al. (2010) found that 

an activating FGFR3 mutation decreased proliferation in MSCs. In their murine model, 

this decrease in proliferation, along with decreased bone mineralisation and increased 

resorption, recapitulated the achondroplasia phenotype. However, the extent to which 

these effects can be attributed to FGFR3 were clouded by an upregulation of FGFR1 in 

this model, and it has been proposed that FGFR1 may indirectly contribute to the 

pathogenesis of skeletal disorders in mouse models (Valverde-Franco et al., 2003). To 

elucidate the function of FGFR3 in MSCs a more effective model is required, however a 

number of factors confounds their use. 

 
 
 

1.4 Mesenchymal Stromal Cells 

 
1.4.1 Uses and complications 

 
MSCs are multipotent cells capable of self-renewal and differentiation into adipogenic, 

chondrogenic and osteogenic lineages. Functions outside of ‘stemness’ have also been 

characterised, including immunomodulation (Nauta and Fibbe, 2007) and 

haematopoietic support (Majumdar et al., 2000). As such, they hold promising 

therapeutic potential, and show regenerative and anti-inflammatory effects in many 

disease models and clinical trials (Horwitz et al., 2002; Rojas et al., 2005). 

However, the many possible uses of MSCs are hindered in a number of ways. Primary 

MSCs can be isolated from a wide range of tissue sources, and their therapeutic 

https://paperpile.com/c/RTFy9o/NRuiY
https://paperpile.com/c/RTFy9o/NRuiY
https://paperpile.com/c/RTFy9o/NRuiY
https://paperpile.com/c/RTFy9o/YLL54
https://paperpile.com/c/RTFy9o/SzOwd
https://paperpile.com/c/RTFy9o/lxlQ9%2BYGLxQ
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potential is dependent on both the source and the isolation method used (Bortolotti et 

al., 2015). Even when isolated from the same donor tissue, MSCs are highly 

heterogeneous populations, with distinct subtypes of cells that have varying functions 

(James et al., 2015). For example, MSCs from endosteal bone marrow showed 

reduced expression of cell cycle inhibitors and therefore increased proliferative 

capacity, compared to MSCs from central bone marrow from the same murine donor 

(Siclari et al., 2013). This was accompanied by greater immunosuppressive activity in 

an inflammatory bowel disease model, thus demonstrating the differing therapeutic 

potential of MSCs. As well as this, there is debate over the classification and 

characterisation of MSCs, and it is likely that uncharacterised MSC subtypes still 

remain (Rostovskaya and Anastassiadis, 2012). ISCT criteria distinguish MSCs from 

other cell types by their expression (or lack of expression) of surface proteins, 

adherence to plastic, and differentiation capacity (Dominici et al., 2006). However, 

these are described as “minimal criteria”, and rightly so, since isolation of MSCs by 

these criteria produce nonclonal, heterogenous cultures, which as described above, 

have varied therapeutic uses due to their differing proliferation, differentiation, and 

migration rates (Squillaro et al., 2016). For cellular therapies, a consistent set of MSCs 

would be required, with clearly defined properties and little variation. This is hard to 

obtain with primary MSCs, and limited further by short lifespans before replicative 

senescence occurs. 

 
 
 

1.4.2 Immortalised clonal MSC lines 

 
To overcome the short, finite lifespan of primary MSCs, hTERT overexpression has 

been used to produce stable, immortal cell lines. This also allows for clonal isolation of 

MSC subtypes, enabling their thorough characterisation, as reported by James et al. 

(2015). These subtypes vary in their differentiation and immunomodulatory capacity, 

and have distinct molecular and biophysical markers. Of the subtypes characterized by 

James et al., the cell line Y201, derived from adult bone marrow stromal cells, are 

described as having ‘typical’ MSC characteristics, including strong tripotency, a 

fibroblastoid morphology and a migratory phenotype. Immortalised MSC lines also 

reduce the effect of passage, with Y201 cells shown to maintain growth for over 100 

population doublings, compared to primary MSCs, which show senescence-associated 

growth arrest after 24-40 doublings, dependent on donor age (Stenderup et al., 2003). 

As well as immortalised cell lines reducing the need to extract MSCs from primary 

sources and minimising heterogeneity, they have the potential to be genetically 

https://paperpile.com/c/RTFy9o/qlieJ
https://paperpile.com/c/RTFy9o/qlieJ
https://paperpile.com/c/RTFy9o/q1a71
https://paperpile.com/c/RTFy9o/hWl9a
https://paperpile.com/c/RTFy9o/q1a71
https://paperpile.com/c/RTFy9o/q1a71
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modified to model disease pathologies at the cellular level. Their immortalisation 

provides a theoretically limitless supply of clonal cells, and thus boasts many 

advantages as a model system. This underpinned the rationale for the creation of an 

immortalised, clonal, FGFR3-knockout (KO) cell line, derived from the Y201 line. 

 
 
 

1.4.3 FGFR3-KO MSCs 

 
To elucidate the role FGFR3 plays in MSCs, Y201 cells (hereafter referred to as wild 

type cells) were edited by use of CRISPR/Cas9 to generate a mutation in the FGFR3 

gene (Carstairs, 2017). This mutation introduces a premature stop codon, predicted to 

generate a truncation of the protein within the third immunoglobulin domain, therefore 

containing no kinase domain to confer signalling activity (Fig. 1.2). RNA-seq and 

western blot results supported that FGFR3 expression was lost as a result of the 

mutation. These FGFR3-knockout cells (FGFR3-KOs) showed an increased migratory 

response, but altered collective cell migration (Carstairs, 2017). Collective cell 

migration is the pattern by which large numbers of cells move during processes such as 

gastrulation and wound healing, allowing the maintenance of strong cell:cell 

interactions (Collins and Nelson, 2015). The cells will typically follow a group of leader 

cells, which produce MMPs to clear a path for the following cells (Parri and Chiarugi, 

2010). WT MSCs migrate collectively, with leading cells protruding into the wound 

space, forming an arc shape as they move, and follower cells lined up behind the 

leaders. This coordination appears lost in FGFR3-KOs, with no clear leader or follower 

cells, and no distinct patterns of movement observed. This loss of coordination 

indicates a change to cell:cell communication, with the signals for leader-follower 

behaviour either no longer being produced, or not being responded to. One such 

signalling event involved in directing migration is the release of extracellular vesicles 

(EVs), which can act on neighbouring cells to promote chemotaxis (Kriebel et al., 

2018). Indeed, many components of the MSC secretome have the capability to 

influence a wide range of cell behaviours, including migration, as well as proliferation 

and differentiation (Osugi et al., 2012; Ogata et al., 2018). The release of factors such 

as VEGF, MCP-1, and other cytokines, is key in driving these processes (Marolt 

Presen et al., 2019). 

  

https://paperpile.com/c/RTFy9o/UCi8t
https://paperpile.com/c/RTFy9o/U8JUq
https://paperpile.com/c/RTFy9o/U8JUq
https://paperpile.com/c/RTFy9o/OCNpI
https://paperpile.com/c/RTFy9o/OCNpI
https://paperpile.com/c/RTFy9o/uQOC8
https://paperpile.com/c/RTFy9o/uQOC8
https://paperpile.com/c/RTFy9o/jwzD7%2BDaA5d
https://paperpile.com/c/RTFy9o/jwzD7%2BDaA5d
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Figure 1.2. Schematic representation of the FGFR3 protein. Red line indicates where 

the premature stop codon in FGFR3-KO MSCs truncates the third immunoglobulin domain, 

meaning the downstream transmembrane and tyrosine kinase domains are lost. 

 
 

 

1.5 The MSC Secretome 

 
The secretome is comprised of all factors secreted by MSCs, including soluble 

molecules such as proteins, and lipid-delimited EVs, which themselves can carry a 

wide variety of bioactive molecules such as cytokines, RNAs, and lipids (Yáñez-Mó et 

al., 2015). EVs are considered to fall into different categories based on their size and 

biogenesis, the two main ones being exosomes and microvesicles. Exosomes are 

roughly 50-100nm in diameter and formed from the multivesicular body fusing with the 

plasma membrane, whereas microvesicles are 100-1000nm and formed by outward 

budding of the plasma membrane (Biancone et al., 2012). However, the distinction 

between subtypes of extracellular vesicles is clouded by challenges in isolating these 

particles- many experimental procedures struggle with yield, purity, or scalability- and 

therefore isolating a homogenous population for analysis is difficult (Xu, R. et al., 

2016). Additionally, within the same subclass of EVs, distinct populations have been 

identified (Tauro et al., 2013). These share identical size and morphological 

properties, and expression of exosomal markers, but differing proteomic profiles and 

miRNA signatures (Ji et al., 2014). Research in the field is still emerging, but it is 

increasingly apparent that the classification of EVs is not clear-cut. 

EVs transport bioactive cargo between cells, and also carry receptors on the vesicle 

surface that can elicit responses from target cells without fusion of the membranes, by 

juxtacrine signalling (Segura et al., 2007). EV cargo is determined by the cell type 

producing the EV, and its physiological/pathological state (Baffour et al., 2015). As 

such, the secretome of cells in a diseased state, such as tumour cells, have a 

drastically altered secretome in comparison to healthy cells (Graves et al., 2004; 

Safaei et al., 2005). It is therefore possible that FGFR3-KOs have a secretome that 

deviates from that of WT MSCs, which may shed insight into the secretome of skeletal 

https://paperpile.com/c/RTFy9o/0gfBB
https://paperpile.com/c/RTFy9o/QEBDd
https://paperpile.com/c/RTFy9o/DxXRb
https://paperpile.com/c/RTFy9o/rKDcn%2BM9F5u
https://paperpile.com/c/RTFy9o/rKDcn%2BM9F5u
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dysplasia cells. This secretome may be a driver of the disease pathology, and may 

impede the use of MSC therapies if so. Conversely, the WT MSC secretome may be 

able to correct some of the altered behaviours of FGFR3-KOs. Indeed, EVs and other 

components of the MSC secretome have been shown to have therapeutic effects in 

an number of disease models, including skeletal disorders (Xu, J. et al., 2016; Marolt 

Presen et al., 2019), and have been hypothesised to be effective in achondroplasia 

(Sagar et al., 2018). Studies have shown EVs capable of resolving bone defects by 

increasing angiogenesis (Qi et al., 2016), osteogenesis (Qin et al., 2016), and 

cartilage formation (Zhang et al., 2016). MicroRNAs such as miR-196a have been 

proposed as one of the mediators of such therapeutic effects, but the full molecular 

mechanisms remain unclear. Regardless, the MSC secretome is now a focus of 

therapeutic research, as the regenerative properties of MSCs have been largely 

attributed to paracrine effects, leading to the suggestion to rename them ‘medicinal 

signaling cells’ (Caplan, 2017). 

 
 
 

1.6 Project Aims 

 
This project aims to undertake a thorough comparison of WT and FGFR3-KO MSCs, in 

order to understand the role of FGFR3 in MSC behaviour. 

The specific aims of this project will be to: 

 
● Compare the morphology, growth, migration, and gene expression of WT and 

FGFR3-KO cells, and investigate the mechanisms by which any differences 

between the cell lines arise. 

● Isolate and characterise EVs from FGFR3-KOs. 

 
● Determine the effects of FGFR3-KO EVs and the wider FGFR3-KO secretome 

on MSC behaviours, including morphology, migration and proliferation. 

https://paperpile.com/c/RTFy9o/0s9ya%2BJiqFa
https://paperpile.com/c/RTFy9o/0s9ya%2BJiqFa
https://paperpile.com/c/RTFy9o/xxzmM
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Chapter 2: Materials and Methods 

 
2.1 Cell Culture 

 
2.1.1 MSC Culture 

 
Y201 hTERT MSCs described by James et al. (2015) were used as a Wild Type control 

to the FGFR3-KO cells and are referred to as WT cells throughout. FGFR3-KO MSCs 

were generated by Carstairs (2017) using CRISPR/Cas9 modification of the WT line. 

Cryopreserved stocks of both cell lines were provided by Paul Genever. 

WT and FGFR3-KO MSCs were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) (Gibco), supplemented with 10% Fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S), and incubated at 37℃ and 5% CO₂. Cells were washed 

with Phosphate Buffered Saline (PBS) and passaged using Trypsin-EDTA 0.05% upon 

reaching approximately 80% confluency. 

 

2.1.2 CFU-F Assay 

 
WT and FGFR3-KO cells were plated at 10 cells per cm² in six well plates in DMEM 

containing 20% Hyclone FBS and 1% P/S. Plates were incubated for 10 days, with 

media changes every 3-4 days, and stained with crystal violet at the end of the 

timecourse. For crystal violet staining, cells were washed with PBS before 0.5% crystal 

violet in dH2O with 20% MeOH was applied for 20 minutes at room temperature. 

 

2.1.3 Population Doubling Time Calculations 

 
Population doubling time was determined by seeding equal numbers of WT and 

FGFR3-KO MSCs in T25 flasks, and counting cell number each day for 4 days. Cells 

were counted using Countess II Automated Cell Counter (Invitrogen) using trypan blue 

cell exclusion dye to discount dead cells. Doubling time was calculated using the 

formula: 

𝑡 * 𝑙𝑜𝑔(𝑁𝑓/𝑁𝑖) 

 
Where t is time in days between counts, Nf is the final number of cells counted, and Ni 

is the initial number of cells. 

 
For cumulative population doublings, cells were counted at each passage for 50 days 

of continuous culture, and the number of population doublings between each count was 

calculated using the formula: 
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𝑙𝑜𝑔(𝑁𝑓/𝑁𝑖) 

 
Where Nf is the final number of cells counted, and Ni is the initial number of cells 

seeded. 500,000 cells were reseeded after each count for both WT and FGFR3-KO 

MSCs. 

 
 
 

2.2 Morphological Analyses 

 
2.2.1 Cell Seeding and Treatments 

 
For initial morphological analysis in section 3.1.2, WT and FGFR3-KO cells were 

seeded in a 24 well plate at 4000 cells per cm². For morphological analysis at different 

confluencies in section 3.3.1, WT and FGFR3-KO cells were seeded at 7000, 14000, 

21000, 28000, and 35000 cells per cm², with complete confluency seen at 35000 

cells/cm². In both cases, cells were allowed to adhere overnight before washing with 

PBS and staining with crystal violet. 

To examine the dependence of morphology on the Rac signalling pathway, WT and 

FGFR3-KO cells were seeded at 4000 cells per cm² in a 24 well plate, and allowed to 

adhere overnight. Media was removed and Rac inhibitor NSC23766 (Selleck) in DMSO 

was added to fresh media to a final concentration of 1µM. After 1 hour, this was 

replaced with fresh media. This pulse treatment cycle was done once a day for four 

days, and on the final day cells were washed with PBS and stained with crystal violet. 

For serum free morphological analysis, WT and FGFR3-KO cells were seeded at 2000 

cells per cm² in a 24 well plate and allowed to adhere overnight. Media was then 

replaced with serum-free media containing 1% P/S, and cells incubated for a further 48 

hours before washing with PBS and staining with crystal violet. 

2.2.2 Phalloidin Staining of the Actin Cytoskeleton 

 
WT and FGFR3-KO cells were seeded on 10mm circular glass coverslips in 24 well 

plates at 4000 cells per cm² and allowed to adhere overnight. Coverslips were washed 

with PBS and fixed with 4% paraformaldehyde for 20 minutes at 37℃ and 5% CO₂. 

Cells were washed again with PBS and treated with Alexa Fluor 594 Phalloidin 

(Invitrogen) at 1:1000 dilution in PBS; for 1 hour in the dark at room temperature. Cells 

were washed three times with PBS then counterstained with 2µg/ml DAPI for 5 minutes 

before a further three PBS washes. Coverslips were mounted onto slides with 

Vectashield 
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Mounting Medium (Vector Laboratories) and sealed with nail varnish before imaging 

the following day with a Zeiss 710LSM confocal microscope. 

2.2.3 CellProfiler Pipeline Design 

 
CellProfiler (McQuin et al., 2018) was used to determine cell size and shape metrics 

from brightfield images of crystal violet stained cells and confocal images of Phalloidin 

stained cells. Images were coloured to grey, and the ‘Identify Primary Objects’ function 

used to segment the cells with Two-Class Otsu thresholding. Cell size and shape 

metrics were exported and the following formulas used for downstream analysis: 

Length:width ratio: 

 
𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 𝑙𝑒𝑛𝑔𝑡ℎ/𝑚𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠 𝑙𝑒𝑛𝑔𝑡ℎ 

 
Roundness: 

 
2 

4 * 𝐴𝑟𝑒𝑎)/(π * 𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 ) 

 
2.2.4 Anti-Arp3 Immunofluorescence 

 
Cells were seeded and fixed as described in section 2.2.2, then permeabilised with 

0.1% Triton X-100 for 30 minutes before washing three times with PBS. Cells were 

blocked with 1% bovine serum albumin for 1 hour, before Anti-Arp3 (Sigma) was 

applied at 1:200 dilution in 1% BSA for 2 hours at room temperature. Cells were 

washed in PBS. Goat anti-mouse Alexa Fluor 647 conjugated secondary antibody 

(Thermofisher) was applied at 1:200 alongside Alexa Fluor 594 Phalloidin (Invitrogen) 

at 1:1000 in PBS for 1 hour, at room temperature in the dark. Cells were washed in 

PBS and counterstained with DAPI, mounted and imaged as above. 

 
 
 

2.3 Characterisation of Extracellular Vesicles 

 
2.3.1 Conditioned Media Collection and Extracellular Vesicle Isolation 

 
FBS-EV depleted media was generated by centrifugation of DMEM containing 20% 

FBS and 1% P/S at 100,000g for 18 hours at 4℃, using a Ty45i rotor in a Beckman 

Coulter Optima L-100XP Ultracentrifuge. This FBS-EV depleted media was then diluted 

with serum-free media containing 1% P/S, to a final concentration of 10% FBS. 

( 

https://paperpile.com/c/GmNlSw/gPpl
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WT and FGFR3-KO cells were seeded at 500,000 and 400,000 cells respectively per 

T175 flask in FBS-EV depleted media and cultured until reaching approximately 90% 

confluency. Cells were washed three times with PBS, and FBS-EV depleted media was 

replaced with serum-free media. After 24 hours, media was collected, fresh serum free 

media added, and collected after a further 24 hours. Cells were detached and counted 

to determine EV yield per million cells at the time of media collection. This conditioned 

media (CM) was stored at -70℃. 

CM was centrifuged at 300g for 5 minutes to remove cells and debris. The supernatant 

was either used for CM treatments or to isolate EVs. For EV isolation, the media was 

centrifuged at 2000g for 20 minutes, the supernatant transferred into Ty45i tubes, and 

the pellet resuspended in PBS. The resuspended pellet was transferred into a protein 

low-binding tube and centrifuged again at 2000g for 20 minutes. The supernatant was 

discarded and the pellet is the isolated 2k fraction. The transferred supernatant from 

the first 2000g spin was centrifuged at 10,000g for 45 minutes, and the new 

supernatant transferred into fresh Ty45i tubes. The pellet was resuspended and 

transferred into micro-ultracentrifuge tubes, and centrifuged in a TLA 100.3 rotor at 

10,000g for 45 minutes to isolate the 10k fraction. The transferred supernatant from the 

first 10,000g spin was centrifuged at 100,000g for 90 minutes and the supernatant kept 

(for use as EV-negative media). The pellet was resuspended, transferred to 

micro-ultracentrifuge tubes, and centrifuged again at 100,000g for 90 minutes to isolate 

the 100k fraction. All pellets were thoroughly resuspended in particle-free PBS, and all 

centrifugations were performed at 4℃. 

2.3.2 Nanoparticle Tracking Analysis 

 
Nanoparticle tracking analysis (NTA) was conducted with the Nanosight LM14 equipped 

with a green laser (532nm) and sCMOS camera. Isolated EV fractions were diluted in 

sterile-filtered PBS to a concentration of 20-120 particles per frame. Five 60 second 

video recordings were taken of all events for further analysis. The experimental 

conditions were as follows: i) Measuring time: 5X 60s, ii) Blur: Auto, iii) Detection 

Threshold: 4-5, iv) Blur size: Auto, iv) Number of frames: 1499. Downstream analysis 

was performed using Nanosight NTA Software 3.4 Build 3.4.003 (Malvern Panalytical). 

2.3.3 Transmission Electron Microscopy 

 
EV isolation was performed as described in 2.3.1, except instead of resuspending the 

final pellets in PBS, pellets were resuspended in 2% PFA and kept at 4℃ overnight. 

EVs were then placed on glow discharged Formvar/Carbon-coated grids for 20 
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minutes, before fixation with 1% glutaraldehyde for 5 minutes. Grids were washed eight 

times with PBS, then incubated with 2% uranyl acetate for 5 minutes in the dark. 

Methylcellulose was centrifuged at 100,000g for 95 minutes before grids were 

incubated in methylcellulose-uranyl acetate for 10 minutes on ice. Excess liquid was 

drawn off on filter paper and samples allowed to dry before imaging. 

 

2.4 Migration Assays 

 
2.4.1 Scratch Wound Assays 

 
WT and FGFR3-KO MSCs were seeded at 42,500 cells per cm² in a 48 well plate and 

allowed to adhere overnight. Wells were checked for confluency and even distribution 

of cells before washing with PBS and replacing media. A 200µl pipette tip was used to 

generate a scratch, ensuring even, consistent pressure was applied across the well, 

before washing again with PBS and replacing fresh media. Cells were imaged 0 and 24 

hours after scratching, with marks made on the plate to ensure the same field of view 

was captured. The resulting images were overlaid to mark the initial size of the wound 

on every image in each field of view. ImageJ (Schindelin et al., 2012) was then used to 

quantify the initial and final wound area, and the percentage healing was calculated. 

2.4.2 Ptychography Analysis 

 
Cells were seeded in an Ibidi Culture-Insert Plate as per manufacturer’s instructions, 

and allowed to adhere overnight before inserts were removed, creating a space in the 

centre of each well for cells to migrate into. Plates were imaged using Livecyte 

microscopy (Phasefocus), for 24 hours, kept at 37℃ and 5% CO₂. Images were 

captured every 5 minutes and analysed using Cell Analysis Toolbox (CAT) Software 

(Phasefocus). The software segmented cells using an advanced fuzzy threshold 

algorithm to track individual cell metrics. 

2.4.3 Secretome-Treated Scratches 

 
Cells were seeded and scratched as described in 2.4.1. Treatments were applied 

immediately following scratching. Control wells were treated with DMEM supplemented 

with 1% P/S and, where specified, 10% FBS. CM, EVs and EV-ve media was collected 

as described in 2.3.1. The volume of EV suspension required for a 1x treatment dose of 

EVs was calculated using the equation: 

𝑣

𝑁𝑖/𝑁𝑡
 

 

https://paperpile.com/c/GmNlSw/hhaL
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Where Ni is the number of cells EVs were isolated from, Nt is the number of cells 

receiving the treatment, and v is the volume EVs were resuspended in. For results 

reported in section 4.2.1, individual cell metrics were collected using Livecyte 

microscopy, with images taken every 30 minutes for 24 hours, before analysis using 

CAT software. For subsequent CM-treated scratches, analysis was performed in 

ImageJ. 

 

2.5 RNA-seq Analysis 

 
RNA-seq data was collected by Alice Carstairs, generating a list of differentially 

expressed transcripts between WT and FGFR3-KO MSCs, defined as those with a log2 

fold change of >±1 and an adjusted p value of <0.05 (Carstairs, 2017). Transcripts 

were then divided into two gene lists corresponding to: upregulation or downregulation 

in FGFR3-KOs versus WT, and those which had <5FPKM reads in both cell lines were 

excluded. GO term analysis was performed in STRING (Szklarczyk et al., 2019), and 

KEGG pathway analysis conducted using Enrichr (Chen et al., 2013) and KEGG 

Mapper (Kanehisa and Sato, 2020). Data was exported and graphed using ggplot2 

(Wickham, 2016) in RStudio (RStudio Team, 2020). 

 
 
 

2.6 Alamar Blue Cell Viability Assay 

 
WT and FGFR3-KO cells were seeded in 96 well plates, with one plate per timepoint, 

and allowed to adhere overnight. Alamar blue cell viability agent (Invitrogen) was then 

added to the day 0 plate, in fresh media at a final concentration of 10%. After 4 hours, 

fluorescence was measured using a Clariostar plate reader. For all experiments, 

treatments were applied on day 0 and alamar blue readings were taken at the same 

time each day for a further 3 days. For initial comparison of WT and FGFR3-KOs, cells 

were plated at 9375 cells per cm², and for all subsequent experiments were plated at 

7812 cells per cm² to ensure cells did not reach full confluency before the end of the 

time course. Day 2 alamar blue plates were used for morphological analysis of 

CM-treated and U0126-treated MSCs, by washing the plates with PBS after the 

fluorescence readings were taken, and staining with crystal violet. All results were 

normalised to the fluorescence of control treatments at day 0, and reported as relative 

fluorescence. 

 
 
 

https://paperpile.com/c/GmNlSw/caBW
https://paperpile.com/c/GmNlSw/5unAa
https://paperpile.com/c/GmNlSw/NZm3y
https://paperpile.com/c/GmNlSw/Q6vV
https://paperpile.com/c/GmNlSw/nGnf
https://paperpile.com/c/GmNlSw/qD6X
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2.7 Chondrogenic Differentiation 

 
WT and FGFR3-KO cells were seeded into 1.5ml eppendorf tubes, with 200,000 cells 

per tube. They were centrifuged at 400g for 5 minutes to form a pellet and incubated 

overnight. Pellets were then loosened from the wall of the tubes by gentle tapping, and 

media changes were performed. Control pellets were cultured in normal cell culture 

medium. Chondrogenic pellets were cultured in DMEM without FBS, supplemented with 

1% P/S, 1% Insulin-transferrin-sodium selenite, linoleic;oleic-BSA (ITS+3), 50µg/ml 

ascorbic acid, 40µg/ml proline, 10ng/ml transforming growth factor beta 3 (TGF-β3) 

and 0.1µM dexamethasone. Cells were incubated for 28 days, with media changed 

approximately every 3-4 days. Pellets were loosened before each media change to 

ensure full coverage of media. At 0 and 28 days, pellets were fixed in 95% methanol for 

15 minutes for histological analysis, washed with PBS and stored at 4℃ prior to 

embedding. Pellets were embedded in OCT and cryosectioned into 15µm sections, 

transferred onto Superfrost microscope slides (Thermo Scientific), and stained with 

Alcian blue overnight. Slides were washed three times with dH2O for 5 minutes, then 

with 70%, 90% and 100% ethanol for 2 minutes each. Slides were then dipped briefly in 

xylene ten times, laid flat and allowed to air dry before mounting coverslips with DPX. 
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Chapter 3: Results and Discussion: Characterisation of FGFR3-KO 

Cells 

3.1 Assessment of typical MSC characteristics 

 
3.1.1 Clonogenic and proliferative capacity 

 
A defining feature of MSCs is their ability to form colonies when plated at low density. 

To determine if FGFR3-KOs maintain this ability, CFU-F assays were performed, and 

the number and size of colonies quantified. Both WT and FGFR3-KO MSCs were able 

to form colonies, with no significant difference in their colony forming efficiency (Fig. 

3.1 A, p = 0.9665), indicating a similar adhesion and survival rate between the MSC 

lines. Furthermore, there was no significant difference in the average colony surface 

area (Fig. 3.1B, p = 0.6760), indicating FGFR3-KOs have equivalent clonogenic 

capacity to WT MSCs. Thus, the overall surface area covered by colonies was similar 

for both lines (Fig. 3.1C, p = 0.5940). However, within individual colonies there was a 

clear difference in the density of cells. FGFR3-KO colonies were close to, or at, 

confluency, whereas WT colonies were composed of sparsely distributed cells. This 

was evidenced by the deeper, more pronounced colour of the crystal violet stain in 

FGFR3-KO colonies (Fig. 3.2A, B), but was especially obvious when imaging at a 

single-colony level (Fig. 3.2C, D). Additionally, when imaging individual colonies, the 

striking morphological differences between the cells of each line became clear. WT 

cells had a typical fibroblastic shape, whereas FGFR3-KOs were rounder, with a 

number of particularly large cells. 

Differences in colony density could be due to differences in either proliferation or 

migration. However, the overall size of colonies was similar, indicating the low density 

of WT cells is not due to increased migration, but rather reduced proliferation compared 

to FGFR3-KOs. 
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Figure 3.1. Comparison of the colony-forming capacity of WT and FGFR3-KO MSCs. 

CFU efficiency (A), average colony surface area (B) and total colony surface area (C) were 

not significantly different between the lines. Bars show mean +SEM, ns = p >0.05, as 

determined by t-tests (with Welch’s correction for B), n = 3 biological replicates. 

 

 

Figure 3.2. Crystal violet staining of WT and FGFR3-KO MSC colonies. Well-view of 

WT (A) and FGFR3-KO (B) CFU-F plates. Individual colony view of WT (C) and FGFR3-KO 

(D) cells. 
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Due to this increased confluency seen in FGFR3-KO colonies, the proliferation rates of 

the cell lines were compared. Equal numbers of WT and FGFR3-KO cells were 

seeded, and Alamar Blue Cell Viability reagent utilised to give an indication of cell 

number over 3 days. Fluorescence readings were taken each day, with increased 

fluorescence being indicative of increased cell number, and thus proliferation. 

FGFR3-KOs show a significantly increased fluorescence in comparison to WT cells on 

day 1 (p=0.0461), and this difference becomes more prominent on days 2 and 3 (Fig. 

3.3A, p<0.0001 for both). 

Although alamar blue fluorescence should be representative of cell number, metabolic 

differences between the cells may contribute to differential fluorescence. Cell counts 

were therefore also used as a measure of population growth. This allowed the 

determination of population doubling times of each cell line. In the 24 hours after 

seeding, FGFR3-KOs show a 75% increase in cell number compared to 18% for WT 

cells, indicating FGFR3-KOs begin to proliferate sooner after seeding. At each 

timepoint, FGFR3-KO MSCs showed a greater increase in cell number than WT MSCs. 

After four days, FGFR3-KOs had a significantly higher cell number than WT cells (Fig. 

3.3B, p<0.0001). During the most rapid stage of growth, FGFR3-KOs have an average 

population doubling time of 18.6 hours, compared to 25.0 hours for WT cells. 

Cumulative population doublings and cell number were also counted throughout 

long-term culture to show FGFR3-KO MSCs sustained this increased proliferation rate 

over time (Fig. 3.4A, B). At every timepoint, FGFR3-KOs had undergone more 

population doublings than WT cells, further supporting an increased proliferation rate of 

FGFR3-KOs. 
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Figure 3.3. Comparison of WT and FGFR3-KO MSC proliferation rates. Alamar blue 

cell viability assay fluorescence readings at 600nm, relative to fluorescence of WT cells at 

day 0 (A). Cell counts of WT and FGFR3-KO MSCs (B). Bars show mean +SEM, n = 6 (A) 

and n = 3 (B). **** = p <0.0001, as determined by Sidak’s multiple comparisons test. 

 
 

 

Figure 3.4. WT and FGFR3-KO MSC proliferation during continuous culture. 

Cumulative cell count (A) and population doublings (B) of WT and FGFR3-KO MSCs over 

time. Mean ± SEM plotted, n = 3 biological replicates. 

 
 
 

3.1.2 Morphological changes in FGFR3-KO versus WT MSCs 

 
As noted in the CFU-F assay, FGFR3-KOs appeared to have an altered morphology to 

WT cells. However, these cells were at different density levels, with FGFR3-KOs 

near-confluent and WT cells more sparsely distributed. To allow comparable analysis of 

morphology, cells were plated at equal densities of 4000 cells per cm², stained with 

crystal violet, and imaged (Fig. 3.5A, B). CellProfiler was then used to calculate cell 

shape metrics. Despite no alterations to cell volume between the lines (Carstairs, 

https://paperpile.com/c/LVBwrt/QMKv
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2017), FGFR3-KO MSCs show a significantly reduced cell area (Fig. 3.5C). This likely 

indicates that WT cells have a lower sphericity index, whereby they cover a larger area 

by flattening more against the growth surface. However, there is a much wider range of 

cell areas seen in FGFR3-KOs, with a number of large, spread cells which appear to 

have broad lamellipodia. FGFR3-KOs show a decreased length to width ratio and an 

increased roundness index (Fig. 3.5D, E). A high length to width ratio is seen in the WT 

cells which show a typical elongated, fibroblastic morphology. 

 

 

 
Figure 3.5. Comparison of WT and FGFR3-KO MSC morphologies. Crystal violet 

stained brightfield images of WT (A) and FGFR3-KO (B) MSCs. Area (C), showing median, 

inter-quartile, and min-max values. Length to width ratio (D), and roundness index (E), 

showing mean +SEM. **** = p <0.0001, as determined by Mann-Whitney test, n=1032 for 

WT, and n=345 for FGFR3-KO MSCs. 

https://paperpile.com/c/LVBwrt/QMKv
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3.1.3 Differentiation capacity of FGFR3-KO MSCs 

 
Previously, the FGFR3-KOs have been shown to be incapable of recapitulating WT 

MSC tripotency, as they are unable to differentiate into adipogenic or osteogenic 

lineages (Carstairs, 2017). To understand if FGFR3-KOs are fully nullipotent, they were 

stimulated to undergo chondrogenesis, with WT cells as a positive control. After 28 

days, cells were cryosectioned and stained with Alcian blue. 

Day 0 and day 28 basal controls showed only faint blue staining (Fig. 3.6A-D), 

indicating minimal proteoglycan content and therefore a lack of differentiation. This 

confirms that neither cell line spontaneously undergoes chondrogenesis in the absence 

of chondrogenic growth factors. Interestingly, there appears to be less staining in the 

FGFR3-KO basal day 0 controls than WT, indicating different basal levels of 

proteoglycan expression. 

Chondrogenic-stimulated WT pellets showed strong positive staining, with distinct rings 

of staining around the exterior of the pellet (Fig. 3.6E). However, FGFR3-KO MSCs 

showed little, if any, chondrogenesis. Staining appears equivalent to that of the basal 

controls, and although there appeared to be slight staining around the exterior of some 

pellets, this was negligible in comparison to the clear bands seen in WT pellets (Fig. 

3.6F). 

 
WT basal pellets remained intact after 28 days, whereas FGFR3-KO basal pellets were 

fragile, and in some cases had fragmented. This may indicate weaker cell:cell and/or 

cell:matrix interactions in FGFR3-KO pellets, or may be caused by cell death within the 

pellet. Interestingly, despite an apparent lack of proteoglycan content shown by 

histological staining, chondrogenic-stimulated FGFR3-KO pellets were much sturdier 

than their basal counterparts, and appeared similar to WT chondrogenic pellets in size 

and shape. This may suggest that some changes in cell:cell interactions have occurred 

as a result of chondrogenic stimulation, allowing stability of the condensed pellet, but 

full differentiation has not occurred. 

https://paperpile.com/c/LVBwrt/QMKv
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Figure 3.6. Chondrogenic differentiation of WT and FGFR3-KO MSCs. Representative 

brightfield images of Alcian Blue stained cryosections from day 0 basal WT (A) and 

FGFR3-KO (B) pellets, day 28 basal WT (C) and FGFR3-KO (D) pellets, and day 28 

chondrogenic- stimulated WT (E) and FGFR3-KO (F) pellets. 
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3.2 Changes in gene expression as a result of FGFR3 knockout 

 
These initial observations and experiments indicate FGFR3 is a key regulator of MSC 

behaviour, including proliferation, morphology and differentiation. To investigate the 

mechanisms by which these changes occurred, and to elucidate what other cell 

behaviours may be altered in these cells, previously conducted RNA-seq analysis 

(Carstairs, 2017) was subjected to bioinformatic interrogation. A total of 641 transcripts 

had significantly differential expression between WT and FGFR3-KO MSCs, with 274 

transcripts upregulated in FGFR3-KOs and 367 downregulated. 

Gene ontology (GO) and KEGG pathway analysis was performed on the differentially 

expressed transcripts to investigate if genes that participate in particular pathways or 

cell behaviours are enriched. A clear result from KEGG analysis is that the gene 

expression changes in FGFR3-KOs overlap with genes altered in cancers, including 

lung and bladder (Fig. 3.7A, B). In line with this, and in agreement with the increased 

proliferation rate observed in FGFR3-KOs, there was a highly significant enrichment for 

the GO term ‘regulation of cell population proliferation’, although this didn’t rank in the 

10 most significant enrichments. Of the 641 genes differentially expressed in 

FGFR3-KOs, 103 belong to this GO term, meaning a vast number of pathways that 

regulate the cell cycle and proliferation have been impacted by loss of FGFR3. 

Additionally, transcripts encoding inflammation-related proteins were significantly 

upregulated in FGFR3-KOs. The most significant KEGG enrichment in the upregulated 

genes was ‘complement and coagulation cascades’ (Fig. 3.7B). As expected, there 

also was significant disruption to signalling pathways known to be downstream of 

FGFR3, such as PI3K signalling. 

GO term Cellular Component analysis showed a significant enrichment for the actin 

cytoskeleton (Fig. 3.8A), meaning a number of transcripts encoding cytoskeletal 

proteins have altered expression in FGFR3-KO MSCs. This is in agreement with the 

altered morphology of FGFR3-KO MSCs, likely driven by changes in expression of 

cytoskeletal proteins. There was also significant enrichment for transcripts encoding 

proteins expressed extracellularly (Fig. 3.8B). Finally, GO Term Biological Processes 

analysis showed enrichment for processes predominantly relating to migration and 

tissue morphogenesis, and more broadly, ‘developmental process’ (Fig. 3.9). 

Each of these findings was further interrogated, with the aim of narrowing down the 

specific genes and pathways altered in FGFR3-KO MSCs that may contribute to 

changes in cell behaviour. Genes with significantly differential expression in FGFR3-

KOs that are mentioned in this chapter are summarised in supplementary Table 1.

https://paperpile.com/c/LVBwrt/QMKv
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Figure 3.7. Top ten significantly enriched KEGG pathways for genes downregulated 

(A) and upregulated (B) in FGFR3-KO MSCs versus WT. All pathways have p values of 

<0.05, q value of 0.05 is indicated by red lines. 
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Figure 3.8. Top ten significantly enriched Cellular Component Gene Ontology (GO) 

terms for genes downregulated (A) and upregulated (B) in FGFR3-KO MSCs versus 

WT. All GO terms have Q values of <0.05. 

 

 

Figure 3.9. Top ten significantly enriched Biological Processes Gene Ontology (GO) 

terms for genes downregulated (A) and upregulated (B) in FGFR3-KO MSCs versus 

WT. All GO terms have Q values of <0.05. 
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3.2.1 Differential expression of transcripts encoding cytoskeletal proteins 

 
Gene ontology analysis of the transcripts downregulated in FGFR3-KOs indicated there 

may be alterations in the cytoskeleton, with significant enrichments for the cellular 

components ‘actomyosin’, ‘actin filament bundle’, and ‘actin cytoskeleton’ (Fig. 3.8). 

KEGG Mapper was used to investigate the specific genes involved in these pathways 

that are differentially expressed (Fig. 3.10). Cross-linking protein actinin, actin alpha 2 

(ACTA2), and both alpha and beta subunits of tropomyosin are all downregulated in 

FGFR3-KOs. Both the heavy and light chains of myosin 9 (Myosin IIA/ MYH9) show 

vastly decreased expression, along with myosin IB, and myosin light chain kinase 

(MLCK). Together, these changes are likely to impact the contractile ability of 

actomyosin filaments, the stability of focal adhesions, and the maintenance of filopodia 

and lamellipodia. This dramatic disruption to cytoskeletal composition likely drives the 

altered morphology observed in FGFR3-KO MSCs. Cell shape is tightly linked to cell 

function (Chen et al., 1997), therefore an altered morphology may predispose 

FGFR3-KO MSCs to different roles. 

 
As well as alteration to cytoskeletal components themselves, a number of regulatory 

genes were disrupted by knockout of FGFR3. Two central mediators of cytoskeletal 

arrangement, Rho and Rac, have transcripts differentially expressed in FGFR3-KOs. 

RhoE is increased in FGFR3-KOs, whilst RhoB, RhoJ and Rac2 are decreased. As 

well as regulating cytoskeletal proteins, Rho proteins play roles in cell adhesion (Braga 

et al., 1997), and Rac regulates cell polarisation and secretion (Bretscher and 

Aguado-Velasco, 1998). As such, these cytoskeletal changes may have knock-on 

effects on processes such as migration, adhesion, and secretion. 

https://paperpile.com/c/LVBwrt/kYUf
https://paperpile.com/c/LVBwrt/XOxd
https://paperpile.com/c/LVBwrt/XOxd
https://paperpile.com/c/LVBwrt/VEba
https://paperpile.com/c/LVBwrt/VEba
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Figure 3.10. Differential expression of transcripts in FGFR3-KO MSCs that encode 

proteins involved in regulation of the actin cytoskeleton. KEGG Mapper diagram 

showing an overview of cytoskeletal signalling pathways. Transcripts significantly 

downregulated in FGFR3-KOs in comparison to WT MSCs are highlighted in orange, and 

transcripts upregulated are in green. Genes which have some transcript isoforms 

upregulated and other isoforms downregulated are denoted with striped highlights. 

 
 

 

3.2.2 Differential expression of transcripts encoding proteins that regulate 

migration 

Amongst the genes upregulated in FGFR3-KOs, the top ten most enriched biological 

process GO terms includes four relating to cell motility, including ‘positive regulation of 

cell migration’ (Fig. 3.9). This points towards an increased migratory capacity of 

FGFR3-KOs. For mesenchymal cell migration, careful regulation of cytoskeletal 

dynamics is required, including turnover of focal adhesions and contraction of 

acto-myosin filaments, to generate mechanical force. As such, the cytoskeletal 

changes previously discussed likely contribute to any differences in migratory capacity 

of FGFR3-KOs. Additionally, a number of chemotactic factors are upregulated in 

FGFR3-KOs. CXCL8 (IL-8) and CXCL12 (SDF-1), both chemokines normally 
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associated with inflammation (Matsuo et al., 2009), are potent chemoattractants that 

have significant increases in expression in FGFR3-KOs. 

An essential stage of migration is the degradation of the extracellular matrix (ECM), in 

order to clear a path for cells to move into. This relies on the action of a number of 

protease families (Lu et al., 2011). Three matrix metalloproteinases (MMPs) were 

dramatically upregulated in FGFR3-KOs, MMPs 1, 2, and 11. These MMPs can act on 

most ECM proteins, including collagens, proteoglycans, and fibronectin, and their 

upregulation therefore suggests increased degradation of the ECM. However, two 

members of the A disintegrin and metalloproteinase with thrombospondin motifs 

(ADAMTS) protease family were downregulated, which contradicts this conclusion. 

ADAMTS 2 and 7 act on procollagens and cartilage oligomeric matrix protein 

(Thrombospondin-5). These changes may indicate FGFR3-KO MSCs have alterations 

to the remodelling of specific ECM proteins, rather than a global increase in 

degradation of the ECM. The altered ECM composition, which will be further discussed 

below, may impact the migratory ability of FGFR3-KO MSC, but it cannot be concluded 

that FGFR3-KOs are predisposed to a more migratory phenotype from this result 

alone. 

 
 
 

3.2.3 Differential expression of transcripts encoding secreted proteins 

 
In both the up- and downregulated genes in FGFR3-KO MSCs, one of the most 

significantly enriched Cellular Component GO terms was ‘extracellular region’. This 

encompasses all genes encoding proteins located outside the plasma membrane, 

including freely diffusible proteins, matrix components, and proteins packaged into 

extracellular organelles such as extracellular vesicles (EVs). No GO terms specifically 

linked to EV biogenesis were significantly enriched, which may suggest little difference 

in the secretion rate of EVs from FGFR3-KO relative to WT MSCs. However, EV cargo 

is reflective of the contents of the parent cell, thus, the differential gene expression of 

FGFR3-KOs would be expected to alter the contents of their EVs. 

3.2.3.1 Extracellular matrix components 

 
46 transcripts encoding ECM proteins were downregulated in FGFR3-KOs, and 21 

were upregulated. Those downregulated included key ECM proteins such as aggrecan, 

perlecan, connective tissue growth factor, elastin, and collagens III, IV, V, XII, XV, and 

XVI, many of which show vast decreases in expression. 

https://paperpile.com/c/LVBwrt/wQHL
https://paperpile.com/c/LVBwrt/duJM
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Although many ECM components were downregulated, there was also a significant 

enrichment for ECM gene upregulation in FGFR3-KOs. However, the upregulated 

genes with the highest fold changes included MMPs 1 and 2, and to a lesser extent, 

MMP11, all of which have roles in degrading the ECM. Combined, these results may 

indicate FGFR3-KO cells produce less extracellular matrix, or that it is more rapidly 

turned over and degraded. 

3.2.3.2 Heparan sulfate proteoglycans 

 
A number of proteoglycan binding genes were differentially expressed, with 

‘proteoglycan binding’ being the eighth most enriched Molecular Function GO Term in 

the genes downregulated in FGFR3-KOs (Fig 3.11). ‘Glycosaminoglycan binding’ and, 

specifically, ‘heparin binding’ were also significantly enriched. Proteoglycans 

themselves were also downregulated- perlecan, agrin, aggrecan, biglycan, lumican, 

podocan and syndecan all show significant decreases in expression. Many of these 

proteoglycans are heparan sulfate proteoglycans (HSPGs), which are essential 

components of the FGF-FGFR complex (Lin et al., 1999). Heparan sulfate 

6-O-sulfotransferase 1, an enzyme involved in synthesis of HSPGs is also 

downregulated. The effect of this dramatic remodelling to the HSPG landscape is 

difficult to predict given the diverse roles of HSPGs in regulating FGF signalling, but it is 

highly likely the activity of other FGFRs is disrupted. 

 

 

Figure 3.11. Top ten significantly enriched Molecular Functions Gene Ontology (GO) 

terms for genes downregulated (A) and upregulated (B) in FGFR3-KO MSCs versus 

WT. 

https://paperpile.com/c/LVBwrt/QQOZ3
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3.2.4 Differential expression of transcripts encoding differentiation-related 

proteins 

The dramatic decrease in proteoglycan expression provides an explanation for the 

reduced basal staining of FGFR3-KOs in the chondrogenic assay. This may have 

reduced the competency of FGFR3-KOs to differentiate into the chondrogenic lineage. 

However, the ‘master regulator’ of chondrogenesis, Sox9, is upregulated in 

FGFR3-KOs, as is transforming growth factor beta receptor 2 (TGFBR2), both of which 

normally promote chondrogenesis (Akiyama et al., 2002; Oka et al., 2007). However, 

neural cadherin (cadherin 2) is downregulated in FGFR3-KOs, which may be the 

reason for the fragility of FGFR3-KO basal pellets. One possibility is that FGFR3-KOs 

are able to undergo chondrogenic differentiation, but require an extended timecourse in 

order to overcome the disruption to the ECM in their basal state. 

Whilst FGFR3 is known to inhibit endochondral ossification, its role in osteogenesis 

specifically is unclear and experimental models are highly conflicting. Previous 

osteogenic stimulation showed FGFR3-KO MSCs incapable of differentiating into 

osteoblasts (Carstairs, 2017). Indeed, a number of genes that either drive or mark 

osteogenesis showed decreased expression in FGFR3-KOs compared to WT, including 

Snail2 and periostin. Additionally, Twist2, an inhibitor of osteogenesis (Kronenberg, 

2004), is upregulated. 

Together, these data support a reduced differentiation capacity of FGFR3-KO MSCs. 

Although no genes or GO terms relating to adipogenesis were enriched, it is clear 

FGFR3 is key for the regulation of gene expression related to the maintenance of MSC 

tripotency. 

 

 
3.2.5 Dysregulation to pathways downstream of FGFR3 

 
Many intracellular signaling pathways are activated as a result of FGFR3 signalling, 

thus it would be expected that these are dysregulated in FGFR3-KOs. PI3K-Akt 

signalling is an enriched KEGG pathway in the genes downregulated in FGFR3-KOs 

(Fig. 3.7A), with components of the PI3K signalling pathway, such as Akt3, being 

significantly downregulated in the FGFR3-KOs. Thus it appears PI3K signalling in 

MSCs is at least partially dependent on FGFR3. 

The MAPK pathway also acts downstream of FGFR3 signalling (Fig. 1.1), and is 

significantly enriched in both the genes upregulated and downregulated in 

FGFR3-KOs. It is therefore unclear whether MAPK signalling is more or less active in 

https://paperpile.com/c/LVBwrt/aFCL%2BIP07
https://paperpile.com/c/LVBwrt/QMKv
https://paperpile.com/c/LVBwrt/mzvi
https://paperpile.com/c/LVBwrt/mzvi
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FGFR3-KOs, and it is possible that other receptors are compensating for the loss of 

FGFR3 by activating MAPK through different adaptor proteins. 

The STAT pathway has been implicated as one of the mechanisms through which 

FGFR3 mutations cause pathologies, although to a lesser extent than MAPK, since 

inhibition of overactive STAT signalling does not fully alleviate dysplasia phenotypes 

(Murakami et al., 2004). There seems to be no impact on the pathway in the RNA-seq 

data, however, a number of other pathways interact with STAT signalling, thus, FGFR3 

knockout may indirectly alter STAT activity. Snail1 and Snail2 (Slug) are transcriptional 

effectors of FGFR3 (Frutos et al., 2007; Dale et al., 2006), and are both significantly 

downregulated in FGFR3-KO MSCs compared to WT. A correlation has been found 

between the levels of Snail1 and the activity of STAT1 (Frutos et al., 2007). Thus, with 

the reduced expression of Snail1 in FGFR3-KOs, it could be expected that STAT 

signalling is decreased. Similarly, a positive feedback mechanism between Snail1 and 

Erk1/2 has been proposed, whereby active Snail1 increases Erk1/2 phosphorylation 

and nuclear localisation, and activated Erk2 phosphorylates and stabilises Snail1 

(Zhang et al., 2013). Therefore, signalling through Snail, STAT, and MAPK could all be 

decreased in FGFR3-KOs. 

Integration of multiple signalling pathways is required throughout development, and the 

effect of FGF signalling is often dependent on the other signals present in the tissue. 

The interactions between FGF signalling and pathways such as Wnt, Notch, and TGFβ 

are well-studied (Chuang, Kawcak and McMahon, 2003; Akai, Halley and Storey, 2005; 

Mukherjee et al., 2005). Components of these pathways are differentially expressed in 

FGFR3-KOs, suggesting loss of FGFR3 may have knock-on effects beyond affecting 

the FGF pathway alone. Wnt signalling appears upregulated, indicated by an increase 

in the ligand Wnt5a and the Wnt receptor Frizzled-8, and downregulation of the Wnt 

inhibitor DKK3. Similarly, TGFBRs 2 and 3 are upregulated, perhaps indicating an 

attempt to compensate for the loss of FGFR3, or a role for FGFR3 in inhibiting these 

pathways in WT MSCs. 

Altogether, this transcriptomic analysis shows the genetic landscape of FGFR3-KO 

MSCs is dramatically altered, and implicates FGFR3 as a regulator of key cell 

behaviours. The cytoskeleton and migratory ability of FGFR3-KO MSCs was next 

studied to confirm the effects of these transcriptomic changes, along with manipulation 

of signalling pathways to confirm their involvement in regulating these behaviours. 

https://paperpile.com/c/LVBwrt/fLS5V
https://paperpile.com/c/LVBwrt/uH3s6%2BtiEG4
https://paperpile.com/c/LVBwrt/uH3s6
https://paperpile.com/c/LVBwrt/hmVOp
https://paperpile.com/c/LVBwrt/o0qEy%2BwI5Qf%2Bgb5d3
https://paperpile.com/c/LVBwrt/o0qEy%2BwI5Qf%2Bgb5d3
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3.3 Cytoskeletal changes in FGFR3-KO MSCs 

 
3.3.1 The effect of confluency on cell shape 

 
As described in 3.1.2, FGFR3-KOs have a lower average cell area, with a lower 

length:width ratio and higher roundness than WT cells, which have a typical fibroblastic 

morphology. Transcriptomic analysis indicated alterations in cell:cell and cell:matrix 

interactions, so morphological characteristics were studied again at a range of cell 

confluencies, to investigate if cell density impacts their shape. WT MSCs maintain their 

fibroblastic morphology from 20-80% confluency (Fig. 3.12), with no significant 

differences in their area, roundness, or length to width ratio between 20 and 60%. 

Images of WT cells at 80% confluency were excluded from morphometric analysis due 

to difficulties in segmenting individual cells at high density. FGFR3-KO MSCs appear 

more sensitive to low cell densities, and take on a particularly small, rounded 

morphology at 20% confluency (Fig. 3.13). On the whole, at higher confluencies, 

FGFR3-KOs get larger, less round, and have a higher length to width ratio. The 

extension of large, broad lamellipodia does not appear dependent on the proximity of 

surrounding cells; examples of extreme spreading are seen in lone cells as well as 

cells surrounded by others. 
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Figure 3.12. WT MSC morphology across varying confluency levels. Brightfield images 

of WT MSCs stained with crystal violet at 20, 40, 60, and 80% confluency (A-D). 

Quantification of cell area (E), roundness (F) and length:width ratio (G) at different 

confluencies. 80% was excluded from cell shape analysis due to difficulties in segmentation 

of individual cells. No significant differences in E-F as determined by Dunn’s multiple 

comparisons test. Bars show mean +SEM. 
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Figure 3.13. FGFR3-KO MSC morphology across varying confluency levels. Brightfield 

images of FGFR3-KO MSCs stained with crystal violet at 20, 40, 60, and 80% confluency 

(A-D). Quantification of cell area (E), roundness (F) and length:width ratio (G) at different 

confluencies. *** = p<0.001; ** = p<0.01; * = p<0.05; Dunn’s multiple comparisons test. 

Bars show mean +SEM. 



 Page | 47   

3.3.2 Phalloidin staining of the actin cytoskeleton 

 
Due to the morphological changes in FGFR3-KOs, and the enrichment of actin 

cytoskeleton genes, fluorescence staining of the actin cytoskeleton was carried out to 

image the cells in greater detail. The arrangement of actin fibres in WT cells appeared 

striated, with stress fibres running from leading edge to tail, and some branched fibres 

at the leading edge (Fig. 3.14 A, B). In FGFR3-KOs, stress fibres appeared as thicker 

bundles, particularly prominent on the dorsal edge behind the lamella (Fig. 3.14 C, D). 

Additionally, FGFR3-KOs have a near-circular shape with prominent, broad transverse 

arcs and lamellipodia. 

 

 
 

Figure 3.14. Visualisation of the WT and FGFR3-KO MSC actin cytoskeleton. 

Representative confocal images of WT (A, B) and FGFR3-KO (C, D) MSCs, stained with 

Alexa Fluor 594-conjugated Phalloidin, marking actin (red), and DAPI, marking nuclei 

(blue). Scale bars equivalent to 20µm. 
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Fluorescent images were also used to quantify cell shape metrics, since the distinct 

contrast of the actin cytoskeleton against the background and the high magnification 

allowed more precise measurements of single cells. WT MSCs had a significantly 

increased length:width ratio, and significantly lower roundness index, comparative to 

FGFR3-KO MSCs (Fig. 3.15). This is in agreement with previous metrics, but the 

differences noted when imaged at higher magnifications are even more pronounced. 

 

 

 

Figure 3.15. Comparison of WT and FGFR3-KO MSC actin cytoskeleton shape. 

Roundness (A) and length to width ratio (B) of WT and FGFR3-KO MSCs. **** = p<0.0001; 

Mann Whitney test. 

 

3.3.3 Arp3 immunofluorescence 

 
Due to its role in creating branched actin filaments, Arp3 protein is often enriched in the 

lamellipodia (Mejillano et al., 2004). Therefore, it was hypothesised FGFR3-KO MSCs 

may show a stronger localisation or increased level of Arp3 protein, allowing the 

formation of broad lamellipodia. However, there was widespread staining of Arp3 in 

FGFR3-KOs, perhaps contributing to the overall rounded shape of the cells, and there 

was no apparent enrichment in lamellipodia (Fig. 3.16). WT cells showed fewer, denser 

specks of Arp3 staining, many of which co-localised with actin. 

https://paperpile.com/c/LVBwrt/Mza1
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Figure 3.16. Visualisation of Arp3 protein in WT and FGFR3-KO MSCs. 

Immunofluorescence of WT (A, C, E) and FGFR3-KO (B, D, F) MSCs, with staining for 

Arp3 (green) actin (red) and nuclei (blue). Scale bars = 20µm. 
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3.3.4 Dependence of MSCs on Rac signalling 

 
The Rac pathway is upstream of Arp2/3, making Rac a driver of lamellipodial formation 

(Burridge and Wennerberg, 2004). The lack of strong Arp3 staining in lamellipodia 

suggests the FGFR3-KO morphology is Arp-independent. However, Rac is upstream of 

many other cytoskeletal signalling cascades, including MYH9, through mediators 

p21-activated kinase (PAK) and MLCK (Fig. 3.10), which may drive the altered cell 

shape of FGFR3-KOs. Thus, WT and FGFR3-KOs were treated with Rac inhibitor 

NSC23766 and their morphologies assessed. 

Cells were treated at the recommended dosage of 10µM for 24 hours, but upon 

observation it was clear massive cell death had occurred in all treatment wells. This 

was confirmed by alamar blue cell viability assay, showing an 11 and 9% survival rate 

for WT and FGFR3-KO MSCs respectively, compared to the untreated controls. To 

optimise the treatment so that morphological changes could be observed without 

causing cell arrest, a variety of treatment doses and times were used. Dramatic cell 

death was observed with a 24 hour treatment even at low doses, across both cell lines 

(Fig. 3.17). Both lines showed a dose-dependent decrease in survival when treated for 

either 1 or 4 hours. There were no significant differences between the survival rate of 

the lines at any given treatment dose. Thus it appears Rac signalling is necessary for 

MSC survival, and FGFR3-KOs are equally as dependent on the pathway as their WT 

counterparts. 

To allow sufficient time for morphological changes to occur, a pulse treatment was 

used, whereby the inhibitor was applied at a concentration of 1µM for 1 hour, then 

removed and fresh media applied each day for four days before staining the cells with 

crystal violet. WT cells showed a slight, but significant, decrease in cell area upon 

inhibitor treatment (Fig. 3.18A). Conversely, FGFR3-KOs showed a significant increase 

in cell area in the presence of the inhibitor. Neither cell line showed differences in 

roundness or length:width ratio upon inhibitor treatment, indicating they are not 

dependent on the Rac pathway for their morphology (Fig. 3.18 B, C). 

https://paperpile.com/c/LVBwrt/jcGA
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Figure 3.17. Dependence of WT and FGFR3-KO MSCs on Rac signalling for cell 

survival. WT and FGFR3-KO MSCs were treated with varying doses of Rac inhibitor 

NSC23766 for either 1, 4, or 24 hours, before use of Alamar blue cell viability assay. 

Relative fluorescence was calculated against untreated controls for each line. 

 

 

Figure 3.18. Dependence of WT and FGFR3-KO MSCs on Rac signalling for cell 

morphology. WT and FGFR3-KO MSC cell area (A), roundness (B) and length:width ratio 

(C) after pulse treatment with either vehicle or NSC23766. Boxplot shows 1-99 percentiles, 

and each quartile. Bars show mean +SEM. **** = p<0.0001, ns = p>0.05, Dunn’s multiple 

comparisons test. 
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3.4 Dependence of MSCs on MAP Kinase pathway for survival and 

morphology 

Transcriptomic analysis indicated significant disruption to the MAPK pathway in 

FGFR3-KOs. Signalling through MAPK regulates MSC survival and morphology, and 

aberrant signalling downstream of mutated FGFR3 is implicated in a number of 

pathologies (Raucci et al., 2004; Nowroozi et al., 2005). As such, the role of MAPK in 

FGFR3-KO MSCs was investigated. MEK inhibitor U0126 was applied at a 

concentration of 10µM to WT and FGFR3-KO MSCs for 3 days. Proliferation was 

monitored using alamar blue, and crystal violet staining was used to visualise 

morphology each day. Upon treatment with U0126, each cell line showed a distinct and 

different change in morphology (Fig. 3.19 A-D). Firstly, WT MSCs appear to form 

colonies, showing tight clustering of cells, which show a small but significant decrease 

in cell area. There is no significant change to WT roundness, or length:width ratio, but it 

is possible that these metrics may be less accurate due to the difficulty in identifying 

individual cells within these clusters. For FGFR3-KO MSCs, treatment with U0126 

caused a significant decrease in cell area (Fig. 3.19E), with a noticeable reduction in 

the number of, and size of, cells that show extreme spreading. This may indicate 

aberrant MAPK activation in FGFR3-KOs drives their enlarged size and protrusion of 

lamellipodia. Indeed, cytoskeletal regulators such as myosin light chain kinase (MLCK) 

function downstream of MAPK. 

Treatment with U0126 also impacted MSC proliferation. Both WT and FGFR3-KO cells 

showed a significant reduction in alamar blue fluorescence compared to untreated 

controls (Fig. 3.19F). However, both cell lines appear equally dependent on MAPK for 

proliferation, as there is a non-significant difference in the percentage reduction in 

fluorescence. 

https://paperpile.com/c/LVBwrt/rfnp%2BwsGn
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Figure 3.19. Dependence of WT and FGFR3-KO MSCs on MAPK signalling for cell 

morphology and proliferation. Brightfield images of crystal violet stained control WT (A) 

and FGFR3-KO (B) MSCs, and of U0126-treated WT (C) and FGFR3-KO (D) MSCs. 

Images were taken after 48 hours of control or inhibitor treatment, and cell area (E) 

calculated. Boxplot shows 1-99 percentile and each quartile, and boxes with different letters 

are significantly different from one another, p <0.05, Dunn’s multiple comparisons test. 

Alamar blue cell viability assay fluorescence readings at 600nm (F), relative to fluorescence 

of untreated WT cells at day 0, showing mean ±SEM. 
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3.5 Alterations in migratory behaviour of FGFR3-KO MSCs 

 
3.5.1 Increased scratch wound healing capacity 

 
Due to the enrichment in the RNA-seq analysis for migratory genes being differentially 

expressed in FGFR3-KOs, their migratory capacity was compared to WT MSCs. WT 

and FGFR3-KO cells were seeded into well plates, and a scratch generated with a 

pipette tip. Images were taken at 0 and 24 hours, and scratch closure was calculated 

as a percentage of the original wound size covered by cells. FGFR3-KOs had a 

significantly increased closure relative to WT MSCs, indicating an increased migratory 

capability (Fig. 3.20). However, a number of other factors may contribute to this 

increase in wound coverage, such as proliferation and cell morphology, both of which 

differ between the cell lines. 

 
 
 

 

 
Figure 3.20. Scratch closure of WT and FGFR3-KO MSCs after 24 hours of wound 

healing. Bars show mean +SEM, * = p<0.05, t test, n = 5. 

 
 
 

3.5.2 Individual cell migration metrics 

 
To investigate which factors may drive the FGFR3-KOs altered migratory potential, 

data was analysed from a previous ptychographical experiment on the cell lines 

(Carstairs, 2017). FGFR3-KO and WT MSCs were plated in cell culture plates with a 

removable insert to create a space, enabling analysis of migration without generating a 

https://paperpile.com/c/LVBwrt/QMKv
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wound in the cells. Cells were allowed to migrate for 24 hours, with single cell migratory 

metrics collected throughout the timecourse. 

FGFR3-KOs covered a greater area at the end of the timecourse, despite on a single 

cell level having a reduced track length and velocity during migration (Fig. 3.21A-C). 

Additionally, FGFR3-KO MSCs show fewer cell divisions during the timecourse, 

suggesting increased proliferation is not the cause of the wound healing (Fig. 3.21D). 

However, despite normally having a smaller cell area than WT cells, during migration 

FGFR3-KOs show a significantly higher cell area, as well as a significantly decreased 

sphericity (Fig. 3.21E, F). This suggests FGFR3-KOs flatten and spread more than WT 

cells during migration, which aids them in covering a greater surface area. Further, 

FGFR3-KOs show a higher average directness, meaning they meander less than WT 

cells during migration, though this increase is statistically insignificant (Fig. 3.21G). 

Image tracking of each well showed that WT MSCs undergo collective cell migration, in 

which a leader cell protrudes into the gap, and other cells follow. This creates a clear 

arc shape, maintaining cell:cell interactions (Fig. 3.21H). In contrast, FGFR3-KOs 

appear to migrate independently from each other, rather than following a leader cell, 

and thus swarm into the space (Fig. 3.21I). This ability to move unhindered by, and 

independently from, other cells may impact the direction of migration and likely 

contributes to the increased gap closure. 
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Figure 3.21. Migratory characteristics of WT and FGFR3-KO MSCs. Gap closure of WT 

and FGFR3-KO MSCs after 24 hours of migration (A). Total track length (B) and 

instantaneous velocity (C) of individual cells throughout migration. Number of cell divisions 

(D) within each field of view during migration. Area (E), sphericity (F) and directness (G) of 

individual cells throughout migration. Still images of WT (H) and FGFR3-KO (I) MSCs at the 

end of the 24 hour migration, with lines denoting the initial gap space. Boxplots show 

minimum, maximum, and quartile values. Bars show mean +SEM. **** = p < 0.0001; ** = p 

< 0.01; * = p < 0.05, as determined by Mann Whitney tests for A-C, E, F, and by t tests for 

D, G. 
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3.6 Summary 

This disruption to leader-follower behaviour suggests altered cell:cell interactions and 

signalling. EVs, and the wider MSC secretome, are regulators of migration, and have 

been shown to regulate wound healing rate, directionality, and collective cell migration 

(Wysoczynski et al., 2019; Sagaradze et al., 2019; Shabbir et al., 2015). The MSC 

secretome also regulates proliferation and survival of a wide range of cell lines (Kim et 

al., 2012; Weil et al., 2009). 

The composition and structure of the cytoskeleton regulates EV release (Beghein et al., 

2018; Catalano and O’Driscoll, 2020), so the quantity, shape, or properties of any EVs 

released by the FGFR3-KOs is likely to be altered as a result of their altered 

morphology. Accordingly, there was a significant enrichment for transcripts encoding 

proteins expressed in the extracellular vesicle amongst those differentially expressed in 

FGFR3-KO MSCs. For example, CD82, a tetraspanin enriched in exosomes (Andreu 

and Yáñez-Mó, 2014) was upregulated in FGFR3-KO MSCs. Thus, a number of 

proteins packaged into or associated with EVs have altered expression, and the 

functional effects of these vesicles may be affected as a result. 

Therefore, the next two aims were broadly to elucidate if the FGFR3-KO secretome is 

altered from that of a WT MSC. Further, is this secretome sufficient to drive behaviours 

such as the altered migration and proliferation seen in FGFR3-KO cells, when applied 

to WT MSCs? As such, the EVs from WT and FGFR3-KO MSCs were next 

characterised, and the functional effects of each cell line’s secretome studied. 

https://paperpile.com/c/LVBwrt/SeYmX%2B3phZ4%2BwEeQN
https://paperpile.com/c/LVBwrt/Nm2Ej%2BtSWXv
https://paperpile.com/c/LVBwrt/Nm2Ej%2BtSWXv
https://paperpile.com/c/LVBwrt/yg00Y%2BGCxv1
https://paperpile.com/c/LVBwrt/yg00Y%2BGCxv1
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Chapter 4: Results and Discussion: Characterisation and Functional 

Analysis of the FGFR3-KO MSC Secretome 

4.1 Characterisation of extracellular vesicle size, yield, and morphology 

 
4.1.1 Nanoparticle Tracking Analysis 

 
Nanoparticle tracking analysis (NTA) was performed to assess the size and number of 

EVs secreted by WT and FGFR3-KO MSCs. EVs were isolated by differential 

centrifugation as described in 2.3.1, yielding fractions termed 2k, 10k, and 100k, each 

collected at increasing centrifugation speed. 

In the 2k fraction, FGFR3-KO EVs had a broader size distribution than WT EVs, with a 

tendency towards larger diameters (Fig. 4.1A). The main population of WT 2k EVs had 

a diameter of 119nm, whereas the FGFR3-KOs had a broad main population, ranging 

between 127 and 150nm. The yield of EVs per million cells was 1.23x10⁸ and 3.10x10⁸ 

for WT and FGFR3-KO MSCs respectively. FGFR3-KOs therefore show an 2.52-fold 

increase in EV secretion in their 2k fraction. 

In the 10k fraction, both lines showed peaks at 101nm, and a secondary peak at 

147nm for WT MSCs and 141nm for FGFR3-KOs (Fig. 4.1B). Again, the yield in 

FGFR3-KOs was markedly increased. 2.98x10⁸ EVs per million cells were secreted by 

WT MSCs, and 9.29x10⁸ by FGFR3-KOs, meaning a 3.12-fold increase in secretion by 

FGFR3-KOs. 

 

In the 100k fraction, FGFR3-KO EVs were, on average, larger than WT EVs. WT EVs had 

a modal population at 105.7nm, compared to 128nm for FGFR3-KO EVs (Fig. 

4.1 C). Interestingly, a small peak was observed at 72nm in the WT 100k fraction. EVs 

<100nm in diameter are typically classed as exosomes, though much controversy 

exists in the literature. By this definition, 14% of the WT 100k fraction could be classed 

as exosomes, compared to less than 1% in the FGFR3-KO fraction. Again, this 

supports a shift towards the secretion of larger EVs as a result of the removal of 

FGFR3. Per million cells, the 100k fraction contained 1.70x10⁹ and 4.85x10⁹ EVs for 

WT and FGFR3-KO MSCs respectively. Therefore, a 2.85-fold higher yield in 

FGFR3-KOs. The increase in yield in all three fractions may indicate a global change to 

the secretory pathway, rather than that biogenesis of a specific type of EV is 

upregulated. Since EVs are secreted and can be either uptaken by the parent cell, or 

surrounding cells, the higher yields may be caused either by increased production of 

EVs, or decreased uptake, or a combination of both. 
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Figure 4.1. Nanoparticle tracking analysis (NTA) of extracellular vesicles (EVs) from 

WT and FGFR3-KO MSCs. Histogram overlays of EV size distribution for 2k (A), 10k (B), 

and 100k (C) fractions. Lines show mean ±SEM of 5 technical replicates. 
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EVs were isolated by differential centrifugation, resulting in three fractions with different 

densities. The 2k fraction was isolated at the lowest centrifugation speed and therefore 

theoretically contains the largest vesicles, and the opposite applies to the 100k fraction. 

However, the sedimentation of vesicles, and therefore the fraction into which they are 

isolated, is dependent on their size, density, and shape. Indeed, there is no trend 

towards a smaller size of EV in the 10k and 100k fractions (Fig. 4.2), regardless of the 

measure of average used or the cell line. The overlapping size distribution across 

different fractions indicates that density or shape contributes to the differential 

sedimentation rates more than EV size, for both WT and FGFR3-KO MSCs. Therefore, 

the amount of cargo carried in each EV is likely to differ, leading to heterogeneous 

populations. 

 

 
Figure 4.2. Visualisation of the average extracellular vesicle (EV) size in different 

isolation fractions. Mean, median, and mode diameter +SEM of EVs in the 2k, 10k, and 

100k fraction for WT (A) and FGFR3-KO (B) MSCs. 
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4.1.2 Transmission Electron Microscopy 

 
EV size was further investigated by TEM, which also allows study of EV morphology. 

Many EVs showed a typical ‘cup-shaped’ morphology, which is an artefact of the 

preparation process, caused by dehydration of the EVs (Fig. 4.3). Some EVs, however, 

remained intact, allowing their true spherical shape to be captured. FGFR3-KO EVs 

were much more abundant than WT ones, which was expected given the higher yields 

obtained in NTA calculations. That said, the number of WT EVs visualised by TEM was 

especially low compared to FGFR3-KO EVs. Whether there is a biological difference 

between the EVs that affected their attraction to the TEM grids, or simply an inefficient 

isolation/ TEM prep, is indeterminable. The high number of FGFR3-KO EVs per field of 

view allows the heterogeneity of EV size and shape to be clearly observed. Vesicles 

<50nm, as well as >500nm, were observed in the FGFR3-KO 100k fraction. In the 10k 

and 2k fractions, for both WT and FGFR3-KO MSCs, fewer EVs were observed. 

However, once again, WT EVs were consistently smaller than FGFR3-KO EVs. There 

appears a relationship between the size of EV and the morphology, whereby larger EVs 

seem more prone to collapsing into a cup-shape. Additionally, a number of large 

FGFR3-KO EVs had ruptured. This may be an artefact of the TEM preparation 

process, and therefore further study is required to compare the physical stability of the 

EVs. 

From this TEM and NTA data, it is evident that FGFR3-KO EVs are larger than WT 

EVs, implying a novel role for FGFR3 in EV biogenesis. This may be indirect, as a 

result of the altered morphology and cytoskeleton, or through direct alteration to the 

secretory pathway. Next, the functional effects of EVs and the wider secretome were 

studied. 
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Figure 4.3. Representative transmission electron micrographs of 100k extracellular 

vesicles from WT and FGFR3-KO MSCs. EVs isolated from WT (A, B) and FGFR3-KO 

(C-F) MSCs. Scale bars as indicated on individual panels. 
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4.2 Functional effects of extracellular vesicles/conditioned medium 

 
4.2.1 FGFR3-KO conditioned medium increases migration of WT cells 

 
WT MSCs were used for a scratch wound assay, and either FGFR3-KO-derived EVs, 

conditioned media (CM), or EV-negative conditioned media (EV-ve CM), were applied. 

Individual cell metrics were tracked for 24 hours throughout wound healing. 

CM and EV-ve CM significantly increased scratch closure, relative to an untreated 

control (Fig. 4.4A). EVs at a 1x, 5x, or 10x dose had no effect on closure. No treatment 

had a significant effect on track length relative to the control, however the 1x and 10x 

EV treatments had a significantly reduced track length compared to EV-ve CM (Fig. 

4.4B). This may indicate antagonistic effects of EVs and the rest of the FGFR3-KO 

secretome. There were minor changes to the directness index across treatments (Fig. 

4.4C). CM significantly increased the directness, whereas 5x EVs significantly 

decreased directness, relative to the control. This is one parameter which likely 

contributed to the increased wound healing percentage. Additionally, CM treated cells 

showed a significantly decreased thickness (Fig. 4.4D), and sphericity index, meaning 

they flatten more against the surface to which they are adhered. In contrast, 5x and 10x 

EV-treated cells show a significantly increased thickness and sphericity. This may 

indicate uptake of EVs is associated with cells pulling away from the growth surface 

and becoming more spherical. However, it is not clear whether these morphological 

changes are a direct result of the treatments, or a byproduct of differential migratory 

capacities as a result of treatments. Whether the CM treatment aids cell flattening, 

which aids migration, or vice versa, cannot be determined. 

Increased velocity is likely the main factor contributing to the increased migration of CM 

and EV-ve CM treated MSCs. Both these treatments show significantly increased 

instantaneous velocity over the timecourse, particularly after 12 hours (Fig. 4.4E). The 

5x EV dose shows a significantly decreased velocity, whereas 1x and 10x show a 

non-significant decrease, relative to the control. 

 
These data suggest that the FGFR3-KO secretome, but not EVs, can promote MSC 

migration. This results from changes to MSC morphology, speed, and directness. Given 

its known regenerative properties, it was possible that improving scratch wound healing 

is a feature of MSC-CM in general. Thus, it was necessary to confirm that the 

FGFR3-KO secretome specifically is the driver of these changes. 
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Figure 4.4. Cell migration metrics following scratch wounding of WT MSCs treated 

with components of the FGFR3-KO MSC secretome. Percentage scratch closure after 

24 hours (A), total track length (B), directness index (C), and mean cell thickness (D). 

Instantaneous velocity throughout the timecourse (E). Bars show mean +SEM. Lines show 

means. **** = p <0.0001; ** = p < 0.01; * = p < 0.05, Tukey’s multiple comparisons test (A), 

Dunn’s multiple comparisons test (B- D). 
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4.2.2 FGFR3-KO, but not WT CM, improves scratch wound healing of WT 

MSCs 

To confirm that the FGFR3-KO secretome specifically is causing the increase in 

migration, another scratch wound assay was performed, using WT CM as a control. 

FGFR3-KO MSCs themselves were also used as a positive control, to understand if 

WT MSCs treated with FGFR3-KO CM can recapitulate the wound healing capacity of 

the mutant cells. 

WT cells treated with WT CM showed an increased average scratch closure, but this is 

insignificant relative to the untreated control (p = 0.0769) (Fig. 4.5). In contrast, WT 

cells treated with FGFR3-KO CM showed a 2.4-fold increase in scratch closure, 

significantly higher than that of both the untreated and WT-CM treated controls. In fact, 

treatment with FGFR3-KO CM conferred wound healing equivalent to that of 

FGFR3-KO cells themselves p = 0.8476). 

 
In section 3.5.2, it was reported WT cells show a higher track speed and length than 

FGFR3-KO cells during migration (Fig. 3.21). It may be that WT cells treated with 

FGFR3-KO CM maintain these capabilities, whilst also gaining characteristics of 

FGFR3-KO cells that contribute to increased gap closure, such as increased area and 

altered collective cell migration. This was difficult to assess, because serum free media 

was used for all treatments, and it appears WT cells lose their typical arc-shaped 

migration patterns without the addition of FBS. This may simply be due to reduced 

migration in the absence of FBS, meaning insufficient distance is covered to see a 

prominent arc. However, the distribution of cells seemed more scattered, unlike the 

usual follow-the-leader style of MSC migration. Both cell lines also undergo 

morphological changes in the absence of FBS, becoming narrow and spindly in 

appearance. Regardless of the mechanism, it is clear that FGFR3-KO CM is a potent 

promoter of wound healing. 
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Figure 4.5. The effect of WT and FGFR3-KO conditioned media (CM) on WT MSC 

wound healing, compared to FGFR3-KO MSC healing. **** = p < 0.0001; ** = p < 0.01; 

ns = p >0.05; Dunn’s multiple comparisons test. Bars show mean +SEM. 
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4.2.3 The effect of conditioned media and fetal bovine serum on migration of 

MSCs 

Collective migration patterns were lost in the absence of FBS supplementation to 

culture medium, indicating a role of FBS in MSC migration. The extent to which WT 

and FGFR3-KO MSCs depend on FBS for migration was assessed by further scratch 

wound assays. CM treatments supplemented with FBS were also used, to understand 

the interaction between these factors. Further, each of these treatments was applied to 

FGFR3-KO MSCs. Since FGFR3-KO CM improves WT migration, it was hypothesised 

WT CM has the potential to reduce FGFR3-KO migration. 

As before, FGFR3-KO CM, but not WT CM, significantly improved WT MSC migration 

in the absence of serum (Fig. 4.6). With FBS supplementation, there was a 2-fold 

increase in wound healing relative to the serum free control. However, FBS 

supplementation negated the effect of CM, as neither CM had a significant effect 

relative to the FBS supplemented control. 

 

 

Figure 4.6. The effect of conditioned media (CM) and fetal bovine serum (FBS) on 

wound healing of WT MSCs. Percentage wound closure 24 hours following scratch 

wounding, where WT MSCs were treated with CM derived from WT or FGFR3-KO MSCs, 

with (+FBS) or without (SF) serum supplementation. **** = p < 0.0001; ** = p < 0.01; * = p < 

0.05; Dunnett’s T3 multiple comparisons test. Bars show mean +SEM. 
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When applied to FGFR3-KO MSCs, neither WT or FGFR3-KO CM treatments had a 

significant effect on wound healing, regardless of FBS supplementation (Fig. 4.7). FBS 

supplementation significantly improved wound healing. The full extent to which FBS 

improves migration may be clouded by the fact that a number of wells had 100% 

wound healing in the presence of FBS after 24 hours. This also left little room for 

discrimination between the effect of CM treatments in the presence of FBS. Repeating 

the experiment for a shorter time course would allow more accurate quantification of 

the differences in wound healing capacities. 

From these results, it is clear FBS promotes migration of both WT and FGFR3-KO 

MSCs. FGFR3-KO CM can improve the migration of WT MSCs, but not FGFR3-KO 

MSCs. WT CM has no impact on migration of either MSC.

 

 

Figure 4.7. The effect of conditioned media (CM) and fetal bovine serum (FBS) on 

wound healing of FGFR3-KO MSCs. Percentage wound closure 24 hours following 

scratch wounding, where FGFR3-KO MSCs were treated with CM derived from WT or 

FGFR3-KO MSCs, with (+FBS) or without (SF) serum supplementation. **** = p < 0.0001; 

*** = p < 0.001; Dunn’s multiple comparisons test. Bars show mean +SEM. 
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4.3 The effect of the MSC secretome on MSC proliferation and 

morphology 

Next, WT and FGFR3-KO MSCs were treated with either CM derived from WT or from 

FGFR3-KO MSCs. Proliferation was assessed using alamar blue cell viability assay, 

but at no time point did any CM treatment have a significant effect on viable cell 

numbers (Fig. 4.8A). This indicates that the FGFR3-KO secretome can increase 

migration of WT MSCs, but that it is not sufficient to drive the increased proliferation 

seen in FGFR3-KO MSCs. The increased proliferation rate in these cells may instead 

be driven by changes to intracellular signalling pathways, as discussed earlier. 

Cell morphology was also analysed following CM treatment to elucidate if the 

secretome contributes to the differential cell shape between the lines. WT cells showed 

a significant increase in cell area when treated with their own CM (Fig. 4.8B). This may 

indicate that whilst proliferation is not increased, WT CM can promote MSC growth. 

However, without assessing cell volume, it is not possible to conclude if growth is 

promoted, since the increase in area may be caused by a decreased sphericity index. 

This increase in area was not accompanied by any significant change to length:width 

ratio or roundness, indicating cells get larger without any change in shape (Fig. 4.8C, 

D). FGFR3-KO CM had no impact on WT MSC area or shape. However, treating 

FGFR3-KO MSCs with either WT or KO CM caused a significant decrease in cell area, 

especially when treated with WT CM. Again, it cannot be concluded if this decrease in 

cell area was driven by an overall decrease in cell volume. However, it appears that 

CM treatment curbs the extreme spreading phenotype seen in FGFR3-KO MSCs. 

Indeed, their roundness is decreased when treated with their own CM. Combined with 

the migratory experiments, these data indicate that both WT and FGFR3-KO MSCs are 

sensitive to CM, though in contrasting ways. Unlike in the migratory experiments, 

where FGFR3-KO CM promoted WT MSC migration to the same level as that of 

FGFR3-KO MSCs, it is clear no CM treatment is able to confer a change in proliferation 

or morphology such that WT cells behave like FGFR3-KOs, or vice versa. 

The effect of FGFR3-KO EVs on WT MSC proliferation was also assessed. A 

preliminary experiment using varying EV doses showed little effect of any dosage at 

day 2. At day 3, there was a dose-dependent decrease in viable cell numbers. Cells 

treated with 10x EVs had a 31% lower fluorescence than the control. However, the EVs 

present in cell culture medium from FBS may be causing aggregation of the EVs 

added. Additionally, during migratory experiments the presence of FBS masked the 

effects of CM. Due to the requirement of both cell lines on FBS for normal proliferation, 
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this experiment was repeated with EV-depleted FBS and the 10x EV treatment applied. 

There was no significant effect of this treatment, indicating that neither FGFR3-KO CM 

or EVs regulate proliferation in MSCs. 

 

 
Figure 4.8. The effect of conditioned media (CM) on MSC morphology and 

proliferation. WT or FGFR3-KO (KO) MSCs were treated with CM derived from WT (+WT 

CM) or FGFR3-KO (+KO CM) MSCs, and alamar blue cell viability assay fluorescence 

readings taken at 600nm, shown relative to fluorescence of WT cells at day 0 (A). On day 2 

of treatments, cell area (B), length: width ratio (C) and roundness (D) were calculated. Bars 

show mean +SEM, boxplots show 1-99 percentiles, and each quartile. No significant 

differences in A according to Tukey’s multiple comparisons test. Significant differences 

relative to each untreated control shown for B-D, according to Dunn’s multiple comparisons 

test: **** = p < 0.0001; * = p < 0.05. 
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Figure 4.9. The effect of FGFR3-KO extracellular vesicles (EVs) on WT MSC 

proliferation. Alamar blue cell viability assay fluorescence readings 600nm, shown 

relative to fluorescence of WT cells at day 0. Mean ±SEM of 3 biological replicates shown 

for B, no significant differences according to Sidak’s multiple comparisons test. 
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4.4 Survival and proliferation of MSCs without serum supplementation 

 
During CM collections, MSCs are cultured in serum free media to avoid contamination 

with FBS EVs. Culture in serum free media typically causes growth arrest (Baserga, 

1985), however it was noted that FGFR3-KO MSCs appeared to continue proliferating. 

As such, alamar blue viability assay was used to compare the growth of WT and 

FGFR3-KO MSCs in complete (10% FBS) and serum free (0% FBS) media. 

As shown previously, in complete media, FGFR3-KOs show a significantly higher 

fluorescence than WT MSCs by day 2. By day 3, both WT and FGFR3-KO MSCs 

cultured in serum free media had a significantly lower fluorescence than their complete 

media counterparts (Fig. 4.10A). Interestingly, there was no significant difference at any 

timepoint between WT MSCs in complete media and FGFR3-KO MSCs in serum free. 

This indicates even in the absence of serum, FGFR3-KO MSCs proliferate at a similar 

rate to WT cells. 

To understand if FGFR3-KO MSCs could maintain growth without serum, cells were 

cultured continuously in serum free media, and cell counts taken at each passage. WT 

MSCs showed no significant change in cell number over time, indicating a plateau of 

growth in the absence of serum (Fig. 4.10B). Cell number remained almost constant, 

suggesting a balance of cell proliferation and death. In contrast, FGFR3-KO MSCs 

showed a significant increase in cell number with time. When cells reached confluency, 

they were split equally into an additional culture flask, as indicated by arrows (Fig. 

4.10B). This additional space to proliferate prompted a rapid increase in growth, which 

then slowed off as cells reached near-confluency once more. At day 21, cells were 

passaged more harshly to manage the exponential growth, but they struggled to 

recover from this sudden decrease in cell density. These data suggest that 

FGFR3-KOs can maintain proliferation on serum free media, with a population doubling 

time of as little as 32 hours. The true population doubling time may be even shorter, if 

an optimum seeding density and splitting ratio was devised. This increased survival 

and proliferation in the absence of serum may indicate an enriched secretome, 

containing anti-apoptotic factors that enable FGFR3-KO MSCs to survive. 

Both WT and FGFR3-KO MSCs undergo dramatic morphological changes in the 

absence of serum (Fig. 4.10C-F). After 48 hours of culture on serum free media, WT 

MSCs became narrow, and spindle-like in shape, and appeared smaller in size. 

FGFR3-KO MSCs show a shift towards this narrow morphology, but there are still a 

number of rounded cells, and several with large lamellipodia. 

https://paperpile.com/c/mcPFXr/fDMu
https://paperpile.com/c/mcPFXr/fDMu
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Figure 4.10. Proliferation and morphology of WT and FGFR3-KO MSCs on serum free 

(0% FBS) medium. Alamar blue cell viability assay (A) of WT and FGFR3-KO (KO) MSCs 

cultured in control or serum free (SF) medium. Fluorescence relative to WT MSCs at day 0. 

Cumulative cell count (B) of WT and FGFR3-KO MSCs, arrows indicating expansion into 

additional culture flasks. Points show means ±SEM. Brightfield images of crystal violet 

stained WT MSCs, cultured in complete (C) or SF (D) medium, and FGFR3-KO MSCs 

cultured in complete (E) or SF (F) medium. Scale bars = 200µm. 



 Page | 74   

4.5 Summary 

 
The results of this chapter suggest a drastically altered secretome of FGFR3-KO 

MSCs. Firstly, by an increase in EV size and yield. Second, due to the capability of 

FGFR3-KO CM, but not WT CM, to promote wound healing. Finally, the survival and 

proliferation of FGFR3-KO MSCs in the absence of serum may indicate that an 

enriched secretome is supporting their growth. Questions are raised that require further 

investigation, such as the mechanisms by which the above changes occur. Additionally, 

the effect of CM on cell size (volume) should be investigated, and the implications of 

the morphological changes caused by CM treatment require elucidation. 

These results attribute novel roles to FGFR3 in MSCs that have not previously been 

discussed, and conclude a thorough characterisation of FGFR3-KO MSCs. Next, the 

implications of this data are discussed in the wider context of MSC biology, and the 

future directions for the study of, and therapeutic options for, FGFR3-related disorders. 
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Chapter 5: General Discussion 

 
The overall aim of this study was to characterise the effect of an FGFR3 knockout 

mutation on MSC function. A thorough comparison of WT and FGFR3-KO MSCs, 

including analysis of cell behaviour, transcriptome, and secretome, elucidated the many 

roles of FGFR3 in MSCs. This chapter discusses these results, their implications, and 

their application for future research. 

5.1 FGFR3 regulates proliferation of Mesenchymal Stromal Cells 

 
The first key result was that FGFR3-KO MSCs had an equivalent clonogenic capacity 

to WT MSCs, forming colonies of the same size, and at the same efficiency. Therefore, 

FGFR3 is not essential for the adherence or survival of MSCs at low densities, in line 

with previous results that primary MSCs from FGFR3-/- mice are clonogenic 

(Valverde-Franco et al., 2003). However, FGFR3-KO MSCs produced denser colonies, 

indicating an increased proliferation rate, which was confirmed by cell metabolic activity 

assays and population doubling time calculations. FGFR3-KOs had a significantly 

faster population doubling time of 18.6 hours, compared to 25.0 hours for WT MSCs, 

suggesting FGFR3 normally functions to inhibit MSC proliferation. This is in 

accordance with a previous study showing FGFR3 is a inhibitor of proliferation in 

BMSCs (Su et al., 2010). However, it contradicts the notion that FGFR3’s 

growth-inhibitory effect in achondroplasia is caused by cell arrest unique to proliferating 

chondrocytes (Wang et al., 2001). Instead, these results suggest that FGFR3 mutations 

may impact the skeletal system throughout adulthood by regulating MSC proliferation. 

If these results are corroborated in embryonic MSCs, it would indicate that FGFR3 

mutations affect skeletal development from the earliest stage, prior to chondrocyte 

differentiation. 

 
 
 

5.2 FGFR3 regulates morphology of Mesenchymal Stromal Cells 

 
Regulation of the actin cytoskeleton in MSCs is a function that hasn’t been previously 

attributed to FGFR3 signalling. However, the data here show FGFR3 knockout to 

dramatically impact MSC morphology. FGFR3-KO MSCs were consistently rounded in 

morphology, and sporadically enlarged in area, with wide-spreading lamellipodia. This 

was accompanied by remodelling of the cytoskeletal transcriptome. Arp3 drives the 

formation of branched actin filaments, and therefore lamellipodia (Suraneni et al., 

2012), but was not found to be enriched at the lamellipodia of FGFR3-KO MSCs. This 

https://paperpile.com/c/FxSlDH/ZYuS
https://paperpile.com/c/FxSlDH/WC1t
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lack of staining is an indication that differential Arp3 localisation and/or activity is not 

the driver of this rounded cell shape. During MSC culture, it is typical for cells to extend 

lamellipodia briefly before retracting the protrusions (Zimmermann and Falcke, 2014; 

Ryan et al., 2017). Therefore, the persistence of lamellipodia in FGFR3-KO MSCs may 

not be a result of increased formation of lamellipodia, but rather an inability to retract 

them. Myosin 9 (Myosin IIA/ MYH9) acts downstream of active FGF signalling, and 

causes lamellipodial retraction (Betapudi, 2010; Sai and Ladher, 2008). The transcript 

for MYH9 itself, and its activator, myosin light chain kinase (MLCK), are both 

downregulated in FGFR3-KO MSCs, indicating reduced MYH9 activity and thus may 

be responsible for an inability to attenuate lamellipodial extension. MYH9 can act 

downstream of a number of mediators, including Rho and Cdc42, as well as Rac 

(Tapon, 1997) 

The role of Rac in FGFR3-KO MSCs was investigated due to its function upstream of 

Arp3, MYH9, and many other cytoskeletal proteins (Ten Klooster et al., 2006; Burridge 

and Wennerberg, 2004). However, no change in morphology was observed upon 

inhibition of Rac activation with NSC23766 for either WT or FGFR3-KO MSCs; both 

had non-significant differences in roundness and length:width ratio. Interestingly, 

inhibition of Rac caused a decrease in WT cell area but an increase in FGFR3-KO 

area. This may be due to altered sphericity or differences in cell growth, though there 

were no significant differences in the dependence of either cell line on Rac for cell 

survival. The exact link between FGFR3 and morphology requires further elucidation, 

with MYH9 a plausible candidate for the rounded phenotype in FGFR3-KO MSCs. A 

possible mechanistic explanation is shown in Fig. 5.1. 

 
 

 

 
Figure 5.1. A hypothesis linking FGFR3 to lamellipodial dynamics. With the loss of 

FGFR3, lamellipodial retraction is diminished, generating an FGFR3-KO MSC with broad, 

extended lamellipodia. 
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5.3 FGFR3 regulates migratory behaviour of Mesenchymal Stromal Cells 

 
Lamellipodia play a crucial role along the leading edge during migration, and 

mechanical force generated through actomyosin filaments is required for efficient 

migration (Mayor and Etienne-Manneville, 2016). Therefore, the extension of broad 

lamellipodia, and the altered expression of transcripts belonging to actomyosin and 

actin filament bundles, may predispose FGFR3-KO MSCs to a migratory phenotype. 

Additionally, transcripts for chemokines and proteases, including CXCL8 and 12, and 

MMPs 1, 2, and 11, were upregulated in FGFR3-KOs. Indeed, FGFR3-KO MSCs 

closed a higher percentage of both scratch wounds, and non-wounded gaps, compared 

to WT MSCs. 

A number of differences between WT and FGFR3-KO MSCs were reversed during the 

migratory timecourse. First, FGFR3-KO MSCs showed fewer cell division events, 

suggesting either they lose their accelerated proliferation rate in response to a 

migratory stimulus, or that WT MSCs facilitate gap closure by accelerating their 

proliferation. Second, FGFR3-KO MSCs showed a significantly greater cell area than 

WT MSCs during migration, despite having a smaller area when not undergoing 

migration. This was accompanied by a significantly lower sphericity, but no difference in 

cell volume compared to WT MSCs. Thus, FGFR3-KO MSCs flatten against the growth 

surface to spread further, aiding their coverage of the gap. 

As well as differences in individual cell behaviour, collective cell migration appears 

disrupted in FGFR3-KO MSCs. Collective cell migration has previously been shown to 

be dependent on FGF signalling during gastrulation (Sun and Stathopoulos, 2018), 

morphogenesis of the zebrafish lateral line, (Dries et al., 2020), and development of the 

inner ear (Sai and Ladher, 2008). However, none of these studies have specifically 

linked FGFR3 to collective cell migration. One key factor facilitating collective cell 

migration is the cell:cell interactions between leaders and followers. These interactions 

rely on adherens junctions maintained mainly by cadherins (Bazellières et al., 2015), 

and neural cadherin (cadherin 2) is significantly downregulated in FGFR3-KO MSCs. 

Impaired cadherin function has been shown to cause leader cells to detach from the 

collective sheet/ cluster and migrate separately, aiding an invasive migratory phenotype 

(Camand et al., 2012). Further, altered morphology and actomyosin filaments in 

FGFR3-KO MSCs may disrupt leader-follower dynamics, since collective migration 

relies on traction forces transmitted through acto-myosin cables (Reffay et al., 2014). 

Additionally, disruption to HSPGs in lateral line morphogenesis results in failed 

collective migration, due a reduction in local retention of FGF ligands and reduced FGF 

https://paperpile.com/c/FxSlDH/paZY
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signalling (Venero Galanternik et al., 2015). Thus, the altered expression of transcripts 

encoding HSPGs and HSPG synthesis enzymes in FGFR3-KO MSCs likely disrupts 

their migration patterns. The independent migration of FGFR3-KO cells may be 

responsible for the pathogenesis of CATSHL syndrome, one symptom of which is 

hearing loss. Further, the combination of disrupted migration patterns and increased 

proliferation in FGFR3-KO MSCs may drive the elongated, malformed skeletal 

structures seen in CATSHL patients and FGFR3-/- mice (Deng et al., 1996; Toydemir et 

al., 2006). 

 
 

5.4 FGFR3 removal may impact the wider FGF signalling landscape 

 
The lack of altered expression to any FGF or FGFR transcripts suggests the changes 

in this study are solely attributed to FGFR3, rather than disrupted signalling through 

any of its homologues. However, expression levels of FGF ligands or their receptors 

are not the only mechanism by which signalling output is determined. FGFRs are 

known to form both homo- and heterodimers (Plotnikov et al., 1999), and thus the loss 

of FGFR3 may cause different dimerisation pairings to occur, therefore triggering 

different intracellular signalling cascades. FGFRs face competition with one another for 

recruitment of downstream mediator molecules, and thus FGFR3 removal may not 

necessarily cause an overall decrease in FGF signalling, but rather a shift towards 

signalling through other receptors (Kondo et al., 2007). Similarly, despite differing 

affinities for ligand-binding, FGFRs also compete for FGF ligands (Yamagishi and 

Okamoto, 2010; Chellaiah et al., 1994). Therefore, with the removal of FGFR3 as a 

competitor, different ligand-receptor pairings may occur, with overactive signalling 

through FGFRs 1, 2 and 4 to be expected. 

The reduction of extracellular HSPGs such as perlecan and aggrecan in FGFR3-KO 

MSCs may further potentiate this activation, due to a reduction in sequestration of 

ligands in the extracellular space. However, HSPGs also serve to present ligands to 

FGFRs, and maintain a stable FGF-FGFR complex, so the reduction in HSPG 

expression may in fact decrease signalling through other receptors. Whatever the 

effect, the remodelling of the HSPG landscape in FGFR3-KO MSCs will undoubtedly 

have knock-on effects on wider FGF signalling in these cells. As well as this, HSPGs 

have functions independent of regulating FGF signalling, for example both perlecan 

and aggrecan are essential for normal cartilage development (Arikawa-Hirasawa et al., 

1999; Kiani et al., 2002). Their decreases in expression, and the dysregulation to other 
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matrix components such as collagens, may predispose FGFR3-KO MSCs to 

nullipotency. 

 
 

5.5 FGFR3 is required for differentiation of Mesenchymal Stromal Cells 

 
Previously, FGFR3-KO MSCs were determined to be incapable of differentiating down 

osteo- or adipogenic lineages (Carstairs, 2017), and this project investigated their 

capability to undergo chondrogenesis. The data here indicate that FGFR3 is essential 

for chondrogenic differentiation of MSCs in vitro. A similar loss of function mutation in a 

zebrafish model for CATSHL syndrome indicated that chondrogenesis can occur 

without FGFR3, but is severely disrupted, leading to disorganised arrangements and 

variable sizes of chondrocytes (Sun et al., 2020). During chondrogenesis, Sox9 levels 

peak in early differentiation before falling again (Ng et al., 1997), and persistent 

expression of Sox9 is associated with a block in chondrocyte differentiation at the 

prehypertrophic stage (Shung et al., 2012). Previously, WT MSC chondrogenic pellets 

have been shown to follow this pattern, with high Sox9 levels at day 7 and 14, and low 

levels by day 21 (Carstairs, 2017). FGFR3-KO MSC pellets, however, showed the 

highest expression of Sox9 at day 21. 

Another potential cause for the lack of chondrogenesis in FGFR3-KOs is the 

downregulation of Snail1 to nearly zero expression. Snail1 and Snail2 (Slug) function 

downstream of FGFR3, and are both downregulated in FGFR3-KOs, which was 

unexpected given that in single knockout models, loss of one Snail gene causes 

upregulation of the other in order to compensate (Chen and Gridley, 2013). There is 

therefore some redundancy in their activity, but together they are essential for chondro- 

and osteogenesis. Additionally, transcriptomic data indicated an increase in activity of 

Wnt signalling in FGFR3-KO MSCs. This is in accordance with a recent study in which 

FGFR3-deficient zebrafish mimicked a CATSHL phenotype, partially through elevated 

Wnt signalling (Sun et al., 2020). 

The results in this project suggest FGFR3 is required for chondrogenic differentiation of 

MSCs, but in the achondroplasia group of disorders, activated FGFR3 causes a 

decrease in endochondral ossification as a result of decreased chondrocyte 

proliferation and differentiation. There is wide agreement that the role of FGFR3 

depends on the stage of development, and expression of FGFR3 varies in level 

throughout the chondrogenic differentiation process (Peters et al., 1993; Delezoide et 

al., 1998), suggesting that some stages of differentiation are more dependent on 
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FGFR3 than others. In FGFR3-KO MSCs, competency to commit to the chondrogenic 

lineage may be lost, even if subsequent differentiation stages would be possible 

without FGFR3 signalling. Chondrogenesis begins with the condensation of MSCs, and 

requires maintenance of cell:cell interactions, which is dependent on the precise 

modulation of neural cadherin levels (Tuli et al., 2003). As discussed previously, neural 

cadherin expression is downregulated in FGFR3-KOs. Accordingly, FGFR3-KO pellets 

showed an increased fragility in comparison to WT pellets, and therefore may be 

unable to differentiate due to the gene expression changes caused by FGFR3 loss, 

rather than due to an inactivation of FGFR3 signalling itself. Confirmation of these 

observations and mechanistic studies in vivo are required to fully elucidate the 

pathogenesis of FGFR3-related skeletal dysplasias. 

 
 

5.6 FGFR3 regulates the secretome of Mesenchymal Stromal Cells 

 
These observations provided a variety of reasons to investigate the FGFR3-KO MSC 

secretome. The MSC secretome regulates cell behaviours including proliferation, 

differentiation, and migration, which are all dysregulated in FGFR3-KO MSCs. There 

was also significant enrichment for transcripts encoding extracellular proteins amongst 

both the upregulated and downregulated transcripts. Additionally, the composition and 

structure of the cytoskeleton regulates extracellular vesicle (EV) release (Beghein et 

al., 2018; Catalano and O’Driscoll, 2020), so the quantity or properties of any EVs 

released by the FGFR3-KOs is likely to be affected by their morphological changes. 

The MSC secretome has much therapeutic potential, with studies showing regenerative 

and anti-inflammatory effects in a variety of disease models, including skeletal 

disorders, as introduced in section 1.5. Thus, understanding if FGFR3-KO MSC 

behaviour is driven by its secretome, and if the WT secretome can correct this 

behaviour, could aid development of therapeutic strategies. 

First, EVs from WT and FGFR3-KO MSCs were characterised, and FGFR3-KO EVs 

were found to be more abundant in yield, and larger in size. To date, no literature has 

found a link between FGFR3, or indeed FGF signalling, and EV biogenesis. Whether 

there is a mechanism by which loss of FGFR3 disrupts the secretory pathway, or 

whether the altered morphology of the cells indirectly drives EV release, is unclear. 

Overall, FGFR3-KOs secreted 2.87-fold more EVs per million cells than WT MSCs. 

This may be driven by a combination of increased EV release, and decreased uptake, 

leading to a larger yield in conditioned medium. In all three fractions, FGFR3-KO EVs 
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showed a shift towards larger diameters than WT EVs. TEM images highlighted the 

heterogeneity of these populations, with vast diversity in EV size within the 100k 

fraction alone. That said, more repeats are needed for both the NTA and TEM to 

determine the significance of these results, particularly in the case of the WT TEM, 

which yielded few images due to difficulty locating particles in on the grid. The 

particles yielded from EV isolations are referred to as EVs throughout this study, but 

the presence of other particles such as apoptotic bodies, and non-vesicular 

contaminants such as lipoproteins, cannot be excluded. Further experiments, 

including western blotting to confirm the presence of EV markers such as Alix, CD9 

and CD63, as well as the absence of exclusion markers such as GP96 (Kowal et al., 

2016), should be conducted to define the nature of the isolated particles. The 

International Society for Extracellular Vesicles suggests that the presence of at least 3 

expected EV proteins should be validated in at least a semi-quantitative manner, for 

example by Western blot, flow cytometry, or mass spectrometry (Lötvall et al., 2014). 

Going forward, to build upon the results of this study, the isolates must be defined as 

EVs in this way. 

 
 

5.7 Functional effects of the WT and FGFR3-KO MSC secretome 

 
Despite this shift in EV size and yield, there appeared no bioactivity of FGFR3-KO EVs 

when applied to WT MSCs in either migration or proliferation assays. Nevertheless, 

their potential should not be dismissed, as there are weaknesses in all exosomal 

isolation methods (Xu, R. et al., 2016), and the exact contents and purity of isolates in 

this study requires further investigation. A different approach to EV dosage may also 

result in bioactivity. In this study, for a 1x dosage, cells were treated with a dosage 

theoretically equivalent to the number of EVs that they themselves produce in a 24 

hour timeframe. Differential rates of EV production between the cell lines were not 

accounted for, therefore skewing these dosages for experiments where FGFR3-KO 

EVs were applied to WT MSCs. Particle number or protein concentration would provide 

a more standardised way to dose cells. 

Additionally, before asserting no effect of the EVs, the interaction (if any) of EVs with 

the cells should be confirmed. There is inherent competition between native EVs and 

those introduced in these experiments, and it has not been confirmed the methods 

used here are sufficient to allow EV internalisation or binding. Fluorescent labelling of 

EVs could be used to monitor their interaction with cells, therefore confirming if EVs 

truly have no effect, or if they simply have not been delivered to the cell surface. 

Finally, the storage of conditioned media (CM) prior to EV isolation may have 
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contributed to reducing the bioactivity or yield of EVs, due to the failure to remove cell 

debris prior to freezing- it is possible EVs may have aggregated amongst this debris 

and been lost during isolation. The presence of dead cells in CM may have negative 

effects on bioactivity, however it is noted that as of 2018, no studies have reported 

effects of CM storage conditions on EV stability or bioactivity (Jeyaram and Jay, 2018). 

Additionally, Jeyaram and Jay review studies on EVs isolated from several biofluids 

(blood, urine, semen) which retain their stability and bioactivity even after the biofluid 

was stored unprocessed for several months, up to several years. Whilst the effect of 

storage cannot be discounted- as improper storage can alter EV morphology, quantity, 

and contents- it seems unlikely short term freezing of unprocessed CM would drop EV 

bioactivity to zero. 

Both complete CM and EV-negative CM (EV-ve CM) derived from FGFR3-KOs 

significantly increased scratch wound healing of WT MSCs. The cells from these 

treatment groups showed a number of changes compared to the untreated control, 

including an increased directness, decreased cell thickness, and increased 

instantaneous velocity. Increasing the wound healing of WT MSCs was a function 

unique to FGFR3-KO CM, as application of WT CM had no significant effect on healing. 

Once again, this supports evidence that FGFR3-KO MSCs have an altered secretome. 

Previous studies show that whilst MSC-CM can promote wound healing, it is 

dependent on the presence of particular factors in the secretome, such as CXCL12 

(SDF-1), which belongs to the Extracellular Vesicle cellular component GO term, as 

well as HGF and CCL2 (MCP-1) (Shen et al., 2015). Transcripts for both CXCL12 and 

HGF were significantly upregulated in FGFR3-KO MSCs, and therefore may contribute 

to the healing effect of FGFR3-KO CM. CCL2 was downregulated in 

FGFR3-KOs, but it is likely there are many other proteins that regulate the effect of CM, 

beyond these three. 

Neither WT nor FGFR3-KO CM significantly promoted wound healing of FGFR3-KO 

MSCs. This, combined with the result that neither CM had an effect on proliferation of 

either cell line, indicates that FGFR3-KO MSCs are not sensitive to the WT MSC 

secretome. As such, using the MSC secretome as a therapy for FGFR3 disorders may 

yield ineffective results. That said, aberrant differentiation is a key component of 

dysplasia pathologies, and this project did not examine if the WT MSC secretome could 

restore the tripotency of FGFR3-KO MSCs. 
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5.8 FGFR3-KO MSCs proliferate in the absence of serum 

supplementation 

Bringing together migration and proliferation experiments elucidates the role of FBS in 

WT and FGFR3-KO MSCs. Supplementation of media with FBS during scratch wound 

experiments promoted healing of both cell lines, though the extent to which FGFR3-KO 

MSCs increased migration may be clouded by several wells reaching 100% wound 

coverage before imaging. Neither CM had a significant effect on either cell line’s 

migration with the addition of FBS, suggesting that FBS masks the effect of the 

FGFR3-KO secretome, or simply that cells were already migrating at their maximum 

capability. Again, FGFR3-KO MSCs reaching 100% healing leaves for little 

discrimination between CM treatments when supplemented by FBS, and thus a shorter 

timecourse would be useful to confirm this conclusion. Since FBS is capable of 

masking the effect of CM on migration, it may be that FBS also masks the effect of 

EVs/CM on proliferation, and therefore these treatments should be repeated in serum 

free media and proliferation reassessed. 

WT MSCs are entirely dependent on FBS for proliferation, and showed no significant 

increase in viable cell number or cumulative cell count during proliferation timecourses. 

Although FGFR3-KO MSCs showed a slower increase in viable cell number in the 

absence of serum compared to FGFR3-KO MSCs in the presence of serum, they still 

showed a significant increase in growth over the 3 day timecourse. In fact, over 3 days, 

FGFR3-KO MSCs in the absence of serum demonstrated proliferation equivalent to 

WT MSCs in the presence of serum. Over 21 days, FGFR3-KO MSCs showed 

sustained proliferation in the absence of serum, with a population doubling time of 32 

hours at their fastest. This is less than double their normal population doubling time of 

18.6 hours. WT MSCs, on the other hand, took 10.8 days- 259.2 hours- to undergo one 

population doubling in the absence of serum, compared to a normal population 

doubling time of 25 hours. This shows the striking difference in the dependence on FBS 

supplementation for growth between the cell lines, and may be indicative of the 

FGFR3-KO secretome being self-sustaining. Nonetheless, both WT and FGFR3-KOs 

showed morphological changes in the absence of serum, characterised by a decrease 

in size and roundness, although FGFR3-KO MSCs with extended lamellipodia still 

remained. 
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5.9 Conclusions and future directions 

 
Altogether, the removal of FGFR3 causes a shift towards a fast-growing, migratory, 

non-differentiating MSC with resistance to serum starvation. This is striking given that 

in a variety of cell types and tissues, FGFR3 is considered an oncogene, and such 

behaviours are gained upon activating FGFR3 mutations rather than knockout (Dieci et 

al., 2013; Helsten et al., 2016). Ectopic FGFR3 expression in B cells, for example, 

promotes proliferation and decreases their dependence on external mitogenic stimuli 

for growth (Plowright et al., 2000; Li et al., 2001). Therefore, the results of this project 

suggest a unique function of FGFR3 in MSCs. The role of FGFR3 in skeletal 

progenitors has been often overlooked in favour of studying its function in differentiated 

cells such as chondrocytes, but these results highlight the importance of FGFR3 in 

MSCs. 

There is undoubtedly interplay between the altered behaviours in FGFR3-KO MSCs, 

such that it is difficult to determine which effects are a direct result of FGFR3 loss, and 

which are secondary, indirect effects. As discussed above, for example, cytoskeleton 

composition and structure affects EV release. Therefore, the increased EV yield from 

FGFR3-KO MSCs may be a consequence of cytoskeletal changes, rather than being 

due to a role of FGFR3 in the secretory pathway. These complex interactions between 

different cell behaviours are summarised in Fig. 5.2. 

 
 
 
 

 

 
Figure 5.2. A summary of the cell behaviours impacted by removal of FGFR3 in 

MSCs and how these interact with one another. 
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As discussed throughout this chapter, a number of additional investigations would 

further our understanding of the wide-ranging effects of FGFR3 removal. Additionally, 

the specificity of the FGFR3 knockout should be confirmed. Restoring FGFR3 

expression and showing restoration of WT behaviours would confirm the effectiveness 

of the CRISPR modification. Mechanistic links between FGFR3 and the phenotypes 

found in FGFR3-KO MSCs have been proposed based on existing literature and 

changes in transcript expression, but the role of these pathways should be confirmed 

by specific inhibition of putative regulators. Elucidating the regulators of these changes 

could provide therapeutic targets for CATSHL syndrome and other skeletal dysplasias. 
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Appendices 

 

Supplementary Table 1. Notable genes with significantly increased expression in FGFR3-KO MSCs compared to WT. 

Expression values are in fragments per kilobase million (FPKM) with genes displayed in descending order of log2 fold change.  

Gene Alternative gene name(s) WT FPKM FGFR3-KO FPKM Log2 Fold Change Q Value 

MMP1 matrix metallopeptidase 1 9.6807 137.386 3.82698 0.00386 

WNT5A 
wingless-type MMTV integration site 

family, member 5A 
3.88487 22.007 2.50202 0.00386 

SOX9 SRY (sex determining region Y)-box 9 1.89073 8.63933 2.19198 0.00386 

CXCL8 chemokine (C-X-C motif) ligand 8 16.2835 64.1532 1.97811 0.00386 

TGFBR2 
transforming growth factor, beta 

receptor II (70/80kDa) 
18.5831 71.3693 1.94131 0.00386 

TGFBR3 
transforming growth factor, beta 

receptor III 
2.34826 7.49133 1.67363 0.00386 

FZD8 frizzled class receptor 8 16.1209 51.1987 1.66718 0.00386 

MMP11 matrix metallopeptidase 11 4.01558 10.7522 1.42095 0.00386 

CXCL12 chemokine (C-X-C motif) ligand 12 187.032 408.558 1.12726 0.00386 

CD82 CD82 molecule 3.44016 7.47519 1.11964 0.01345 

RND3 Rho family GTPase 3 51.9246 107.725 1.05287 0.00386 

MMP2 matrix metallopeptidase 2 209.665 424.583 1.01796 0.00386 

TWIST2 twist family bHLH transcription factor 2 27.2969 54.9548 1.00951 0.00386 
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Supplementary Table 2. Notable genes with significantly decreased expression in FGFR3-KO MSCs compared to WT. 

Expression values are in fragments per kilobase million (FPKM) with genes displayed in descending order of log2 fold change.

Gene Alternative gene name(s) Y201 FPKM FGFR3-KO FPKM Log2 Fold Change Q Value 

ACAN aggrecan 166.185 0.67039 -7.9536 0.00386 

SNAI1 snail family zinc finger 1 8.42918 0.07849 -6.7467 0.04924 

ACTA2 actin, alpha 2, smooth muscle, aorta 788.323 28.9517 -4.7671 0.00386 

COL15A1 collagen, type XV, alpha 1 7.8741 0.5336 -3.8833 0.00386 

PODN podocan 15.8445 1.1786 -3.7488 0.00386 

COL4A1 collagen, type IV, alpha 1 124.814 9.56315 -3.7062 0.00386 

ELN elastin 137.292 10.6966 -3.682 0.00386 

DKK3 
dickkopf WNT signaling pathway 

inhibitor 3 
8.46895 0.96117 -3.1393 0.0073 

LUM lumican 13.6388 1.85012 -2.882 0.00386 

CTGF connective tissue growth factor 25.1534 322.256 -2.4346 0.00386 

COL4A2 collagen, type IV, alpha 2 178.282 34.9657 -2.3502 0.00386 
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COL12A1 collagen, type XII, alpha 1 29.9021 6.68071 -2.1622 0.00386 

SNAI2 snail family zinc finger 2 95.0643 22.1335 -2.1027 0.00386 

COL5A1 collagen, type V, alpha 1 103.153 24.3305 -2.0839 0.00386 

RHOB ras homolog family member B 84.7711 22.7324 -1.8988 0.00386 

MYL9 myosin, light chain 9, regulatory 312.021 92.5225 -1.7538 0.00386 

BGN biglycan 598.86 177.878 -1.7513 0.00386 

COL16A1 collagen, type XVI, alpha 1 17.2986 5.6177 -1.6226 0.00386 

COL5A2 collagen, type V, alpha 2 101.732 33.6797 -1.5948 0.00386 

COL5A1 collagen, type V, alpha 1 76.8592 26.8642 -1.5165 0.00386 

MYLK myosin light chain kinase 8.90043 3.15724 -1.4952 0.01632 

ADAMTS2 
ADAM metallopeptidase with 

thrombospondin type 1 motif, 2 
69.3168 24.6129 -1.4938 0.00386 

AGRN agrin 28.8162 10.831 -1.4117 0.00386 

HSPG2 heparan sulfate proteoglycan 2 58.2907 22.0096 -1.4051 0.00386 

POSTN periostin, osteoblast specific factor 361.313 136.445 -1.4049 0.04065 

RAC2 

ras-related C3 botulinum toxin 

substrate 2 (rho family, small GTP 

binding protein Rac2) 

19.4946 7.43916 -1.3899 0.00386 
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List of Abbreviations 

 
ADAMTS: A disintegrin and metalloproteinase with thrombospondin motifs 

Arp3: Actin related protein 3 

BMSC: Bone marrow stromal cell 

CATSHL: Campodactyly, tall stature, and hearing loss 

CFU-F: Fibroblast colony forming units 

CM: Conditioned media 

DAPI: 4′,6-diamidino-2-phenylindole 

ECM: Extracellular matrix 

EV: Extracellular vesicle 

EV-ve CM: Extracellular vesicle-negative conditioned media 
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