This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:
This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.
A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.
This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.
The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.
When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.

How to build a bone: the role of PHOSPHO1
in biomineralisation of the developing
skeleton
Scott Dillon

This thesis is presented for the degree of Doctor of
Philosophy at the University of Edinburgh

2021

FRONT MATTER

Declaration
I declare that this thesis has been composed solely by myself and that it has not been
submitted, in whole or in part, in any previous application for a degree or professional
qualification. Except where stated otherwise by reference or acknowledgment, the work
presented is entirely my own. Due references have been provided on all supporting
literatures and resources.

Scott Dillon

ii

FRONT MATTER

Acknowledgements
Thanks must first go to my supervisors Colin Farquharson and Fabio Nudelman who have
given me superb guidance throughout my PhD, but also gave me the freedom to pursue my
own ideas. I hope to work with and learn from them both for the rest of my career.
I would also like to thank the many colleagues and friends who have shown sometimes
remarkable patience and kindness in helping me to grow and develop over the past few
years. Thank you to Katherine Staines, Elaine Seawright, Ekele Ikpegbu, Bartosz Marzec,
Jessica Walker and Steve Mitchell, who are just a few among many others.
Special thanks must go to Fiona Roberts who celebrated and (usually) commiserated along
with me from day 1. In the privacy of our flat I quit many times and Fiona drove, convinced,
provoked and inspired me to carry on. I hope I did the same for her.
Finally, my family and friends have been a constant source of love, support, and
encouragement. Without my partner Jack, my Mum Karen, my brother Thomas and my
Stepdad Mark I would not have started a PhD, much less finished one.

iii

FRONT MATTER

Abstract
The vertebrate skeleton is a hugely complex organ which performs varied and diverse
functions encompassing its action as a biomechanical and protective scaffold in conjunction
with the musculature, its role in calcium and phosphate ion homeostasis, and recent
evidence demonstrating its capacity as an endocrine organ involved with energy
homeostasis. The skeleton consists of a multitude of bones distributed throughout the body,
and many of which exhibit diverse morphologies which are critical to their functions. Many
of these functions are dependent upon the hierarchical structure of bone, however the fine
details of this structure at the nanoscale and the initial steps regulating its formation are
unclear. This thesis will examine the role of orphan phosphatase 1 (PHOSPHO1) in
embryonic bone development and investigate the pathway through which PHOSPHO1
directs bone biomineralisation.
This thesis has confirmed the expression of PHOSPHO1 at the mineralising surfaces of long
bones and calvaria in the mouse during skeletal development and its co-localisation with the
established mineralisation marker tissue non-specific alkaline phosphatase (TNAP). The
phenotype of the Phospho1-/- mouse during development was characterised revealing a
significant loss of mineralised bone throughout the skeleton. The ultrastructure of
Phospho1-null bone examined using focussed ion beam-scanning electron microscopy (FIBSEM) and transmission electron microscopy (TEM) revealed a hypomineralised fibrous
structure containing small electron dense particles which may represent matrix vesicles
(MVs) which have failed to nucleate mineral.
Having established a critical role for PHOSPHO1 in embryonic bone mineralisation, the
biochemical mechanism providing substrates for hydrolysis of PHOSPHO1 inside
extracellular MVs was interrogated. The skeletal phenotype of the Enpp6-/- mouse was
characterised to investigate its proposed function upstream of PHOSPHO1, revealing a
transient hypomineralisation of both trabecular and cortical bone in young animals which
recovered over time. This phenotype was confirmed by backscattered scanning electron
microscopy, demonstrating small electron dense particles in Enpp6-/- trabeculae which may
represent a failure of mineralisation foci to propagate and fuse.
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To further interrogate the biochemistry of MVs a primary osteoblast cell culture model of
MV generation and isolation was characterised relative to the more commonly used MC3T3
cell line. Primary osteoblasts generated vesicles were largely consistent with those from
MC3T3s and contained both PHOSPHO1 and TNAP. These data confirm that primary
osteoblasts represent a suitable model for the investigation of MVs. This model was further
used to characterise the protein and lipid cargo of MVs to investigate both their biogenesis
and to examine whether the biochemical mechanism hypothesised to deliver PHOSPHO1
substrates within vesicles, and therefore the generation of intravesicular phosphate, is
disrupted in its absence. Proteomics data implicated the role of depolymerisation in the
osteoblast cytoskeleton during the release of MVs into the extracellular matrix, and also
indicated that vesicle biogenesis may be mediated by GTPase signalling. Lipidomic analysis
of wild-type and Phospho1-/- vesicles furthermore revealed perturbations in the pattern of
lipids present in the absence of PHOSPHO1.
The data set out here has for the first time confirmed the critical role of PHOSPHO1 during
biomineralisation of the developing skeleton and strongly implicates its function inside
extracellular MVs. These data provide a promising avenue of investigation into the
fundamental mechanisms regulating bone biomineralisation and skeletal development.
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Chapter 1 Introduction
The vertebrate skeleton is a hugely complex organ which performs varied and diverse
functions encompassing its action as a biomechanical and protective scaffold in conjunction
with the musculature, its role in calcium and phosphate ion homeostasis, and recent
evidence demonstrating its capacity as an endocrine organ involved with energy
homeostasis (Suchacki et al. 2017). Many of these functions are dependent upon the
hierarchical structure of bone, however the fine details of this structure at the nanoscale
and the initial steps regulating its formation are unclear. This thesis will examine the role of
orphan phosphatase 1 (PHOSPHO1) in embryonic bone development and investigate the
pathway through which PHOSPHO1 directs bone biomineralisation.

1.1 Embryonic development of the skeleton
The skeleton consists of a multitude of bones distributed throughout the body, many of
which exhibit diverse morphologies critical to their functions. For example, the cylindrical
diaphysis of large long bones such as the femur is ideally suited to weight bearing, whereas
the specialised interlocking ossicles of the middle ear facilitate conduction of vibration
(Currey 1999, 2010). While the number, morphology, anatomical disposition and even
material properties of bones differ between vertebrate species (Currey 1984, 1999; Currey
et al. 2009; Currey 2010), they are formed during embryonic development using only one of
two mechanisms: intramembranous ossification in much of the craniofacial skeleton and
endochondral ossification in the axial skeleton, long bones and the cranial base.
1.1.1 Overview of developmental skeletal patterning
The mammalian skeleton does not have a single embryological origin, with some bones
originating ultimately from the ectoderm and some from the mesoderm (Olsen, Reginato,
and Wang 2000; Provot et al. 2013). During the third week of human embryonic
development gastrulation results in the formation of the trilaminar disc, composed of the
epithelial ectoderm and endoderm with an intervening intraembryonic mesenchymal
mesoderm layer (Schoenwolf et al. 2014). Although initially homogenous, in the trunk
region of the embryo the undifferentiated mesoderm (known as the presomitic mesoderm)
undergoes re-organisation to form distinct cellular domains arranged mediolaterally; the
21
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paraxial mesoderm, intermediate mesoderm and lateral plate mesoderm (Figure 1.1). Fate
mapping studies in a variety of animal models including mouse and chicken have shown that
during gastrulation specific regions of the bilaminar epiblast are prospectively assigned to
each of these mesodermal domains during their migration (Hatada and Stern 1994;
Parameswaran and Tam 1995; Tam et al. 1997; Lawson and Schoenwolf 2003), although
some evidence suggests that cell populations which contribute to specialised regions of the
paraxial mesoderm discussed below migrate from the epiblast during primitive streak
regression, later than had been previously suggested (Iimura et al. 2007). Concomitant with
primitive streak regression in day 17 of development, the notochordal process forms as a
cranial invagination of the primitive node which extends caudally as the primitive streak
recedes (Schoenwolf et al. 2014). The notochordal process subsequently condenses to form
a solid tube through fusion of its ventral aspect with the underlying endoderm, before again
separating to rest in the midline where it performs essential signalling and structural
functions (Cleaver and Krieg 2001; Stemple 2005) (Figure 1.1).
Simultaneously during the third week of development, the presomitic mesoderm undergoes
somitogenesis, through which the paraxial mesoderm caudal to the otic vesicle becomes
regularly segmented over time into bilateral epithelial structures known as somites (Sadler
2011). The rhythmic cranio-caudal addition of new somites is under control of two
mechanisms. An oscillating molecular clock mechanism (known as the segmentation clock)
mediated through the Notch, Wnt and fibroblast growth factor (FGF) signalling pathways
renders paraxial mesoderm cells transiently permissive to somite formation (Rida, Le Minh,
and Jiang 2004; Dequeant and Pourquie 2008; Gibb, Maroto, and Dale 2010). Opposing
concentration gradients of retinoic acid cranially and FGF and Wnt caudally then give rise to
the moving determination front, where permissive cells are induced to undergo
mesenchymal-to-epithelial transformation resulting in a somite (Rida, Le Minh, and Jiang
2004; Aulehla and Pourquie 2010).
Subsequent dorso-ventral and cranio-caudal compartmentalisation of the somite is induced
by signalling from the surrounding structures and gives rise to distinct cell lineages. In
response to sonic hedgehog (SHH) and noggin signalling from the notochord and ventral
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Figure legend overleaf.
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Figure 1.1 An overview of skeletal embryonic development. The trilaminar germ disc (shown here in
transverse cross-section) is formed by gastrulation in the third week of human development.
Subsequently the notochord condenses to form a solid axial tube and neurulation results in an
internalised neural tube. Neural crest cells delaminate from the neural tube during closure and begin
to migrate to colonise the frontonasal process and pharyngeal arches. The paraxial mesoderm
undergoes somitogenesis and successive compartmentalisation of the somites results in the
mesenchymal migratory sclerotome and epithelial dermomyotome. Sclerotome derivatives from the
first 4 cranial somites form the basicranium and posterior calvaria, while neural crest cells contribute
to the viscerocranium, middle ear and hyoid. Caudal sclerotome derivatives result in the axial
skeleton after resegmentation. The appendicular skeleton develops from the limb bud mesenchyme
as a result of interdependent signalling between the apical ectodermal ridge and zone of polarising
activity.

neural tube (discussed below) medially, the ventral somite becomes mesenchymal once
again, with cells characteristically upregulating the expression PAX1 downstream of SHH,
and assuming a migratory morphology with numerous filopodia to form a diffuse
compartment known as the sclerotome (Brent and Tabin 2002; Christ, Huang, and Scaal
2004, 2007) (Figure 1.1). Expression of bone morphogenic proteins (BMPs) within the lateral
plate mesoderm and roof plate of the neural tube antagonise the ventralising activity of SHH
signalling in the dorsal somite which remains as an epithelial plate to form the
dermomyotome, and which ultimately gives rise to the dermis and musculature of the back
and limbs (Brent and Tabin 2002; Christ, Huang, and Scaal 2004; Scaal and Christ 2004).
Furthermore, Wnt-1 and Wnt-3a expressed by the dorsal neural tube and Wnt-6 expressed
by the overlying ectoderm also provide dorsalising signals for the dermomyotome (Brent
and Tabin 2002; Christ, Huang, and Scaal 2004). Further compartmentalisation of the
sclerotome results in several subdomains each of which demonstrate unique gene
expression patterns driven by environmental signalling, and each of which contribute to the
development of distinct tissues as reviewed exhaustively elsewhere (Christ, Huang, and
Scaal 2004, 2007). These domains give rise to the bones of the axial skeleton, as well as the
neural meninges, epaxial tendons and intervertebral discs in conjunction with the
somitocoele cells (Figure 1.1). The sclerotome is also polarised cranio-caudally resulting in
two compartments separated by the von Ebner’s fissure, both of which also exhibit distinct
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gene expression patterns and which interact with surrounding tissues in different ways
(Christ, Huang, and Scaal 2007). During the process of resegmentation, the cranial
compartment recombines with the caudal compartment of the next cranial somite. The
original cranial compartment gives rise to the caudal half of the developing vertebral body,
the spinous process and part of the distal aspect of the rib, while the original caudal
compartment gives rise to the cranial vertebral body, vertebral arch, transverse processes
and proximal ribs (Aoyama and Asamoto 2000; Evans 2003; Christ, Huang, and Scaal 2004,
2007). Meanwhile, the sclerotome from the first 4 somites contribute to the cartilaginous
elements of the occipital bone at the base of the skull (Bernard et al. 2015).
Development of the appendicular skeleton begins at the end of the fourth week of
development in the human as a bilateral outgrowth of lateral plate mesoderm covered by a
layer of ectoderm in the thoracic region known as the limb bud, which is followed by that in
the lumbar region 1-2 days later (Sadler 2011). These growths correspond to the developing
fore- and hindlimb respectively. The mesenchyme of the limb bud becomes regionalised
extremely early due to the migration of endothelial and muscular pre-cursor cells from the
somites (Tozer et al. 2007). It is responsible for generation of all parts of the limb, including
the proximal stylopod, the zeugopod and the highly variable distal autopod, and does so
through establishing 3 interrelated signalling centres (Tickle 2003). Each of these centres
induces patterning in one of the major anatomical axes of the limb and include the apical
ectodermal ridge (AER), the zone of polarising activity (ZPA) and the surrounding non-AER
ectoderm (Tickle 2003; Zeller, Lopez-Rios, and Zuniga 2009) (Figure 1.1).
The AER is a thickened ridge of ectoderm which develops at the lateral tip of the limb bud
along its dorso-ventral boundary and is thought to induce proximo-distal patterning of the
limb (Fernandez-Teran and Ros 2008; Zeller, Lopez-Rios, and Zuniga 2009). The molecular
mechanisms through which patterning is achieved is still a matter for debate, however
markers including several members of the FGF family are thought to mediate distal cell
identity, while a concentration gradient of retinoic acid proximally may mediate proximal
cell identity (Fernandez-Teran and Ros 2008; Zeller, Lopez-Rios, and Zuniga 2009). The ZPA
localises to the medial mesenchyme of the limb bud, regulating medio-lateral limb
patterning (i.e. in the radius vs ulna and between consecutive numbered digits) through
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spatial and temporal expression of SHH (Zeller, Lopez-Rios, and Zuniga 2009). In the
autopod specifically, digits 2-5 are patterned through an increasing concentration of SHH
moving medially, while the first digit is under control of homeobox transcription factors
(Koshiba-Takeuchi et al. 2006; Montavon et al. 2008). A relative paucity of research has
focussed on dorso-ventral patterning, but some evidence indicates the critical role of Wnt7a expression in the dorsal ectoderm of the limb bud as providing a dorsalising signal
(Altabef and Tickle 2002; Tickle 2003). These complex molecular signalling mechanisms
occur simultaneously during limb development, and much research has highlighted the
importance of inter-dependencies in these systems for properly regulating the developing
limb architecture (Tickle 2003; Duboc and Logan 2009; Towers and Tickle 2009; Zeller,
Lopez-Rios, and Zuniga 2009).
Much of the skull is derived from migratory cells originally present in the developing
nervous system. The process of neurulation begins at approximately day 18 of development
with induction of a thickened midline region of the ectoderm known as the neural plate in
response to signalling molecules from the notochord and ventral mesoderm including
noggin, chordin and follistatin, all of which antagonise BMP4 (Huang and Saint-Jeannet
2004; Milet and Monsoro-Burq 2012). The neural plate lengthens cranio-caudally and its
lateral margins dissociate from the non-neural ectoderm to form the neural folds. Fusion of
the bilateral neural folds begins in the cervical region and proceeds cranio-caudally to form
the neural tube, which is internalised with respect to the ectoderm at the midline within the
mesoderm and dorsal to the notochord (Sadler 2011) (Figure 1.1). During elevation and
fusion of the neural folds, a specialised cell population present at the lateral margins of the
fold known as neural crest cells (NCCs) delaminate and begin to migrate extensively to
contribute to a huge range of tissues: the peripheral and enteric nervous systems; glial cells;
pigmented cells including melanocytes; smooth muscle in some regions of the
cardiovascular system; and the cartilage and bone of the viscero- and neurocranium, middle
ear and larynx (Huang and Saint-Jeannet 2004; Knight and Schilling 2006; Minoux and Rijli
2010; Milet and Monsoro-Burq 2012).
The chondrogenic and osteogenic NCC populations migrate from the neural crest in welldefined streams. Those which arise from the most cranial section of the neural tube
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(representing the developing diencephalon and mesencephalon) colonise the frontonasal
process, while those from the more caudal tube (segmented into structures known as
rhombomeres) populate the pharyngeal arches (Minoux and Rijli 2010). Control over
targeting of specific NCC populations is achieved using a complex network of regulatory
interactions, combining induced pre-migratory cell identity and environmental signalling
from surrounding tissues. For example, the segregation of NCCs from the hindbrain destined
to populate distinct pharyngeal arches is maintained by the interleaving rhombomeres 3
and 5, mediated by the repulsive action of receptor tyrosine kinase ErbB4, which is one
among many mechanisms (Farlie et al. 1999; Golding, Dixon, and Gassmann 2002; Trainor et
al. 2002; Anton et al. 2004). Furthermore, the antero-posterior targeting of NCCs is achieved
through pre-migratory spatial expression patterns of several homeobox transcription factors
within the cells themselves, while expression patterns of the distal-less homeobox family in
target pharyngeal arches are responsible for dorso-ventral patterning, as reviewed
extensively elsewhere (Knight and Schilling 2006; Minoux and Rijli 2010).
Integration of these intrinsic and extrinsic signals results in precisely targeted migration of
NCCs from the neural tube to sites across the developing head and neck where the cells
contribute to the formation of mesenchymal tissues in these regions, including cartilage and
bone. NCCs which colonise the frontonasal process are responsible for development of the
viscerocranium and squamous temporal bone; those within the 1st pharyngeal arch for
Meckel’s cartilage (a precursor for the mandible), the incus and malleus; those within the
2nd arch for the stapes and cranial hyoid bone; 3rd arch for the caudal hyoid; and 4rd arch
cells for the thyroid cartilages of the larynx, although NCCs are also responsible for
development of other cartilages and ligaments across the head and neck (Minoux and Rijli
2010; Standring 2015).
The patterning of the skeleton is therefore a complex marriage of developmental
mechanisms throughout the entire body and its formation relies on the co-ordinated activity
of several distinct cell lineages.
1.1.2 Regulation of mesenchymal condensation
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Both the chondrogenic and directly osteogenic cells which contribute to endochondral and
intramembranous ossification discussed below originate as mesenchymal stem cells, either
of mesodermal or neural crest lineage. In both cases, undifferentiated mesenchymal
precursors undergo a process of condensation at their particular anatomical sites before
differentiation occurs. Mesenchymal condensation results in an active congregation of
precursor cells to form dense, morphologically distinct aggregations which mark the future
site of cartilage or bone formation (Hall and Miyake 2000; Bhatt, Diaz, and Trainor 2013;
Long and Ornitz 2013). The current model of condensation involves initial aggregation of
mesenchymal precursor cells, proliferation, and a failure to move away from the centre (Hall
and Miyake 2000). The molecular landscape which induces mesenchymal condensation and
subsequent osteochondral differentiation still remains largely unknown, however several
key aspects of this process have been elucidated (Richman, Buchtova, and Boughner 2006).
Mesenchymal condensations appear to be partially induced by mesenchymal-epithelial
interactions with surrounding structures. These include a combination of inhibitory
canonical Wnt signalling, and stimulatory FGF (particularly FGF8), transforming growth
factor β (TGFβ) and BMP (particularly BMP4) signalling from the cranial or limb bud
epithelium, or the pharyngeal endoderm (Richman, Buchtova, and Boughner 2006; Barna
and Niswander 2007; Kumar, Ray, and Chapman 2012; Bhatt, Diaz, and Trainor 2013; Long
and Ornitz 2013; Kozhemyakina, Lassar, and Zelzer 2015).
One important step in the formation of condensates is establishing an external boundary.
TGFβ signalling upregulates a number of matrix and cell adhesion markers in mesenchymal
cells, including N-CAM, and N-cadherin which are strongly associated with condensations
and which facilitate dense packing of cells (Tavella et al. 1994; Chimal-Monroy and De Leon
2003). Other matrix proteins such as tenascin-C and syndecan-3 also localise strongly to the
condensation boundary and therefore may have a role to play in mediating the size of the
condensation, as well as contributing to the future perichondrium or periosteum (Koyama et
al. 1995; Gluhak, Mais, and Mina 1996; Koyama et al. 1996). Determining the position and
shape of condensations is again controversial but is likely to be regulated by complex spatial
relationships of Hox gene expression, at least in the limb bud mesenchyme (Hall and Miyake
2000; Long and Ornitz 2013). In neural crest-derived condensations the distal-less (Dlx)
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homeodomain transcription factors have been shown to be critical in regulating size and
shape (Richman, Buchtova, and Boughner 2006; Gordon et al. 2010; Bhatt, Diaz, and Trainor
2013). These mechanisms also result in altered mesenchymal cell shape driven by modified
cytoskeletal dynamics, which is a prerequisite for condensation (Mammoto et al. 2011; Ray
and Chapman 2015).
1.1.3 Mesenchymal cell differentiation
Once condensations have formed and stabilised a cell fate decision is initiated which
ultimately determines either an osteogenic (leading to intramembranous ossification) or
chondrogenic (leading to endochondral ossification) destiny. This decision is under influence
of the master osteoblast and chondrocyte transcription factors runt-related transcription
factor 2 (Runx2) and SRY-box transcription factor 9 (Sox9), as mediated through a complex
gene regulatory network (Long 2012; Bhatt, Diaz, and Trainor 2013; Kozhemyakina, Lassar,
and Zelzer 2015). Both Sox9 and Runx2 are initially required for proper mesenchymal
condensation and are both expressed in these regions as early as day 10 in the mouse
embryo, defining a group of multipotent mesenchymal cells known as osteochondral
progenitor cells (Zhou et al. 2006). The subsequent dynamics between these two
transcription factors in osteochondral progenitors determine tissue fate.
Sox9 has been shown to be a repressor of Runx2 in both limb bud mesenchyme and neural
crest-derived craniofacial structures, both directly and through degradation of the canonical
Wnt terminal effector β-catenin (Akiyama et al. 2004; Zhou et al. 2006; Topol et al. 2009;
Cheng and Genever 2010). Conversely, Wnt signalling, and β-catenin specifically, inhibits the
expression of Sox9 therefore creating a feedback mechanism (Hartmann and Tabin 2000;
Day et al. 2005). The upstream regulation of this mechanism has yet to be fully elucidated,
however it likely requires several patterning factors. The muscle segment homeobox
transcription factor Msx2 for example both negatively regulates the expression of Sox9 and
enhances canonical Wnt signalling (Semba et al. 2000; Takahashi et al. 2001; Hill et al. 2005;
Karsenty 2008). Other potential regulatory signalling pathways which influence one or both
arms of this mechanism include the Notch, BMP, FGF and hedgehog pathways (Zeng et al.
2002; Chimal-Monroy et al. 2003; Minamizato et al. 2007; Day and Yang 2008; Mead and
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Yutzey 2009; Lin and Hankenson 2011; Bhatt, Diaz, and Trainor 2013; Long and Ornitz 2013;
Kozhemyakina, Lassar, and Zelzer 2015). The integration of these signals at the level of the
osteochondral progenitor leads to a signalling environment dominated by either Runx2 or
Sox9 which dictates pre-osteoblastic or chondroblastic differentiation respectively (Figure
1.2).
Chondroblasts are responsible for generating cartilaginous bone anlage and
characteristically exhibit upregulated expression of extracellular matrix (ECM) genes such as
Col2a1, Col9a1, Col11a1 and Acan (Long and Ornitz 2013; Kozhemyakina, Lassar, and Zelzer
2015) (Figure 1.2). Again, a multitude of signalling mechanisms maintain and enhance gene
expression, however one of the most critical is the ongoing influence of Sox9. Sox9 itself
binds to and activates enhancers of target genes, but also upregulates the expression of the
related Sox5 and Sox6 transcription factors which act in the same manner (Smits et al. 2001;
Akiyama et al. 2002; Han and Lefebvre 2008; Oh et al. 2014). The hypoxia-inducible factor 1
α (Hif1α) transcription factor has also been shown to be important for adaptation of the
cells to the avascular cartilaginous environment, regulating several key genes including
Col2a1 (Pfander et al. 2003; Amarilio et al. 2007; Bentovim, Amarilio, and Zelzer 2012). BMP
signalling, while initially required for mesenchymal condensation, is also essential for later
chondroblast differentiation mediated through BMP-regulated intracellular Smad proteins
(Yoon et al. 2005; Retting et al. 2009) which potentially interact with the Sox transcription
factors discussed above (Nordin and LaBonne 2014).
In Runx2-dominated cells, after mesenchymal cell commitment to the osteoblastic lineage,
cells enter a proliferative state characterised by expression of markers including c-Fos, c-Jun,
histones and ECM proteins including type I collagen (Shalhoub et al. 1989; Owen et al. 1990;
Jensen, Gopalakrishnan, and Westendorf 2010). Further differentiation of these cells to
produce mature osteoblasts expressing typical markers such as tissue non-specific alkaline
phosphatase (TNAP), osteocalcin and osteopontin (OPN) is under control of a sophisticated
gene regulatory network. Runx2 upregulates the expression of mature cell markers TNAP
and osteocalcin and is itself subject to a myriad of positive and negative regulators,
including by histone acetyl-transferases and histone deacetylases for example (Karsenty
2008; Jensen, Gopalakrishnan, and Westendorf 2010). Furthermore, expression of the
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Figure 1.2 An overview of factors influencing the differentiation of osteochondral progenitor cells
and their subsequent maturation. Osteochondral progenitor cells, arising from either the
mesenchyme or migratory neural crest cells, are driven to assume either a chondrogenic or
osteogenic phenotype due to a complex gene regulatory network hinged around the master
transcription factors Sox9 and Runx2. Those cells which are dominated by Sox9 give rise to
chondroblasts, while those dominated by Runx2 give rise to osteoblasts.
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osteoblast-specific transcription factor osterix is induced by Runx2 and acts to further
enhance expression of type I collagen (Nishio et al. 2006; Baek et al. 2009). It has also been
shown that nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) acts as a co-factor for
osterix and that this is critical for osteoblast maturation and bone formation (Koga et al.
2005). Other transcription factors which have a role to play in osteoblast maturation include
the AP-1 family. Members of this family such as c-Fos and c-Jun promote pre-osteoblast
proliferation as discussed earlier, however others are expressed in mature osteoblasts
where they interact with a number of gene promotors including those for TNAP (ALPL),
osteocalcin (BGLAP) and bone sialoprotein (IBSP) (Owen et al. 1990; McCabe et al. 1996;
Jochum et al. 2000; Sabatakos et al. 2000; Kawamata et al. 2008).
1.1.4 Ossification
Once mesenchymal cell fate is established, bone development can progress through either
the endochondral or intramembranous ossification mechanisms. Intramembranous
ossification is mediated by cells which are driven to direct osteoblastic differentiation and
proceeds through de novo deposition of bone to form the neurocranium and
viscerocranium, the mandible and part of the hyoid bone and clavicles. Control of bone
formation at intramembranous sites in the skull is likely regulated by interactions with
surrounding tissues. In the neurocranium for example, growth factors secreted by the
underlying dura mater act in a paracrine manner, including those regulating the FGF, TGF-β
and BMP pathways (Bradley et al. 1997; Warren et al. 2003; Lenton et al. 2005; Li, Quarto,
and Longaker 2007; Rawlins and Opperman 2008; Cooper et al. 2012). Hedgehog signalling
has also been shown to be critical in regulating growth of the calvaria, with IHH expression
present at the mineralising front, while SHH localises to the unmineralised cranial suture
mesenchyme (Pan et al. 2013). It has been postulated therefore that the integration of
these signals at the cranial suture establishes a link between growth of the calvaria and the
development of the brain.
During endochondral ossification in the remaining axial skeleton and the appendicular
skeleton, an initial cartilage anlage is formed, surrounded by a perichondrium rich in
collagen I (Long and Ornitz 2013). Subsequent to a period of rapid chondrocyte proliferation
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which drives longitudinal growth of the bone, cells in the centre of the cartilage template
exit the cell cycle and hypertrophy, secreting collagen X and calcifying their immediate
matrix before undergoing apoptosis (Cooper et al. 2013; Long and Ornitz 2013;
Kozhemyakina, Lassar, and Zelzer 2015). Progressive differentiation restricts the
cartilaginous growth plate to the epiphyses, while IHH signalling induces direct osteoblastic
differentiation of cells in the perichondrium to form the external bone collar (Long et al.
2004; Long 2012). Degradation of the matrix within the hypertrophic zone by matrix
metalloproteinases, coupled with vascular invasion of the template allows newly arrived
osteoprogenitor cells to begin the formation of trabecular bone on calcified cartilage
remnants (Maes et al. 2010). A growing body of evidence also demonstrates that a small
proportion of hypertrophic chondrocytes may trans-differentiate into osteoblastic cells and
contribute directly to bone formation (Yang et al. 2014a; Yang et al. 2014b; Giovannone et
al. 2019).
This process therefore results in an organised tissue structure in the growth plate exhibiting
a proximo-distal gradient of cell differentiation, beginning with resting cartilage and ending
with trabecular bone formation. A multitude of paracrine (including BMP, FGF, Wnt and
hedgehog signalling) and endocrine (including growth hormone, insulin-like growth factor 1,
parathyroid hormone, sex steroids and thyroid hormones) factors are known to regulate the
development, behaviour and ultimate fusion of the growth plate, as reviewed exhaustively
elsewhere (van der Eerden, Karperien, and Wit 2003; Mackie, Tatarczuch, and Mirams 2011;
Long and Ornitz 2013; Lui, Nilsson, and Baron 2014).

1.2 The hierarchical structure of bone
From a structural perspective, mineralised tissues are inherently hierarchical and take varied
and diverse conformations at each length scale examined. Indeed, mineralised tissue in the
vertebrate may refer to many biological structures which present distinct architectures,
including bone, dentin, cementum, enamel and calcified cartilage (Weiner and Addadi 1997;
Weiner and Wagner 1998). These tissues all however employ the mineralised collagen fibril
as their fundamental basic structural unit. The contrast in the design and function of these
materials is a product of disparate proportions of elementary components, and the manner
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in which the mineralised fibrils within them are arranged to produce higher order structures
(Weiner and Wagner 1998). Each of these arrangements results in stark differences in their
functional mechanical properties at the macroscale (Weiner and Wagner 1998; Currey
1999).
In bone, Reznikov and colleagues recently reviewed the state of current knowledge
regarding hierarchical structure and formulated a model stretching over 10 levels of
organisation from the macro- to the nanoscale, encompassing many bone subtypes
(Reznikov, Shahar, and Weiner 2014a). To describe the structure of bone accurately, each
level must be considered as inter-dependent, although as this work focusses at the
nanostructural scale and only these levels will be considered here.
1.2.1 Basic constituents
At the level of molecular constituents, bone is composed of a combination of mineral, type I
collagen, non-collagenous proteins (NCPs) and water, however several aspects of the
mineral structure itself are controversial. Bone mineral consists of Ca2+ and inorganic
phosphate (Pi) in the form of poorly-crystalline carbonated hydroxyapatite which is
significantly different from inorganic hydroxyapatite crystals (Glimcher 2006). Electron
microscopy and X-ray diffraction and scattering studies have shown the mineral phase to
take the form of elongated apatitic platelets approximately 2.5-4nm in thickness and 2050nm in width, arranged parallel to each other (Glimcher 2006; Reznikov, Shahar, and
Weiner 2014b; Schwarcz 2015). Schwarcz and colleagues visualised these parallel stacks of
platelets using focussed ion beam (FIB) milling in conjunction with transmission electron
microscopy (TEM) and describe ~1nm spaces between platelets (McNally et al. 2012;
McNally et al. 2013; Schwarcz, McNally, and Botton 2014; Schwarcz 2015). While the core of
platelets is crystalline, much work has highlighted the importance of a strongly-bound
hydrated amorphous calcium phosphate (ACP) surrounding each platelet, bridged by citrate
anions (Hu, Rawal, and Schmidt-Rohr 2010; Wang et al. 2013; Davies et al. 2014; Duer 2015;
Chatzipanagis et al. 2016). Together the hydrated layer and presence of large citrate
molecules may facilitate control of platelet size and shape during crystal growth and induce
their packing into stacks.
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The organic collagen matrix is highly specific in its arrangement within bone material,
however variations on the quarter-stagger model proposed by Hodge and Petruska in 1963
(Hodge and Petruska 1963) have come to be accepted as giving an accurate description of
its morphology at the fibril level (Olszta et al. 2007), although this has been refined at higher
structural levels (Orgel et al. 2001; Orgel et al. 2006) (Figure 1.3). Each individual fibril is
composed of a combination of three procollagen polypeptide molecules of approximately
1000 amino acids (Weiner and Wagner 1998; Kadler et al. 2007) which take the form of
repeated –(Gly-X-Y-)n– units, where X and Y are often residues of proline and 4hydroxyproline respectively (Kadler et al. 2007). Hydrogen bonding between two α1 and
one α2 collagen chains forms triple-helical tropocollagen molecules approximately 1.5nm in
diameter and 300nm in length (Weiner and Wagner 1998; Kadler et al. 2007). Subsequent to
cellular processing, cross-linkage between tropocollagen molecules allows the spontaneous
self-assembly of the quarter-staggered microfibril arrangement (Myllyharju and Kivirikko
2004). Here, the ends of consecutive tropocollagen molecules in the axial direction are
separated by a gap of 40nm (i.e. the gap zone), while parallel molecules are arranged with a
characteristic 67nm offset (known as the D-period; Figure 1.3).
X-ray diffraction patterns of assembled collagen microfibrils reveal that tropocollagen
molecules are arranged into a right-handed supertwisted quasihexagonal helices made up of
5 molecular packing partners at any point along the long axis of the microfibril (Orgel et al.
2001; Orgel et al. 2006) (Figure 1.3). The lateral packing of microfibrils to form higher order
collagen fibres is poorly understood, but may represent coiling of microfibrils to form higher
order structures while maintaining D-periodicity (Bozec, van der Heijden, and Horton 2007).
Fibres may range from 50 to hundreds of nms in diameter across tissues and can exhibit
remarkable uniformity within a tissue such as in the cornea of the eye, but the regulation of
fibre size and conformity largely remains to be elucidated (Kielty and Grant 2002; Orgel, San
Antonio, and Antipova 2011).
The final elementary constituent of bone is the population of NCPs. During the
biomineralisation process, numerous NCPs are secreted into the ECM alongside collagen as
reviewed extensively by many authors (George and Veis 2008; Gorski 2011; Staines,
MacRae, and Farquharson 2012). Although some detail is known surrounding the chemistry
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Figure 1.3 The hierarchical structure of type I collagen. Single procollagen α chain peptides are
assembled into a tropocollagen triple helix. Tropocollagen molecules are longitudinally conjoined to
form collagen molecules ~300nm in length. 5 collagen molecules arranged in 3-dimensions gives rise
to the quarter-stagger model In which the ends of consecutive molecules are separated by gap of
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40nm, with an offset of 27nm between adjacent molecules. This gives rise to the characteristic 67nm
D-band of assembled collagen fibrils. Adapted from Orgel et al (2001) and Nudelman et al (2013).

and structure of these proteins, surprisingly little has been elucidated regarding their
localisation within, or structural contribution to, the ECM itself. The potential contribution
of individual NCPs to the mineralisation process is discussed in Section 1.3.2.
1.2.2 The mineralised collagen fibril
At the next level of the hierarchical model, the mineralised collagen fibril integrates the
constituents into a single complex, acting as the basic structural unit of the higher order
architecture. Precisely how the mineral phase is associated with and bound within the
collagenous framework is however the subject of much debate in the scientific literature.
The conventional model of mineral nucleation has been that nucleation occurs within the
gap zones of the collagen scaffold described above and is confined to these spaces within
the structure; a theory known as intrafibrillar mineralisation which is a cell independent
process (Glimcher 1984; Schwarcz 2015) (Figure 1.4). Continuing mineralisation of the fibril
has then been hypothesised to spread from the gap zones into the overlap zones (Arsenault
1991). This results in mineral platelets distributed throughout the internal structure of the
fibril, as visualised by Landis et al in calcified avian tendon using electron tomography
(Landis et al. 1993). Intrafibrillar mineralisation has also been illustrated in vitro. Nudelman
and colleagues for example demonstrated that the nucleation of oriented apatite crystals
occurs within specific regions of high positive charge density at the C-terminus of the
tropocollagen molecule in vitro in the presence of fetuin and poly-aspartic acid (a nucleation
inhibitor used to mimic the action of inhibitory NCPs) using cryoTEM (Nudelman et al. 2010;
Nudelman et al. 2012).
Both the regulatory influence of collagen itself and the nucleation of the mineral phase from
an ACP precursor have both been implicated as important in intrafibrillar mineralisation.
Several authors have suggested that the gap region between tropocollagen molecules
provides a suitable 3-dimensional scaffold which can complex Ca2+ and Pi and initiate
nucleation (Silver et al. 2001; Silver and Landis 2011). Indeed, while it is well established
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that collagen alone cannot induce intrafibrillar nucleation (Nudelman et al. 2010), studies
exhibiting poor mineralised fibril structure in osteogenesis imperfecta, where the
architecture of the collagen molecule is impaired, demonstrate its templating function
(Fratzl et al. 1996). Nudelman et al reviewed the contribution of in vitro models of collagen
biomineralisation and proposed that the collagen scaffold is essential in regulating
infiltration of the mineral phase and in aligning the nucleating crystals (Nudelman et al.
2013). In previous work discussed above, Nudelman and colleagues submitted that sitespecific infiltration of mineral at the gap zones occurs through an electrostatic interaction
between these sites and the negatively charged complex of poly-aspartic acid polymer and
an ACP phase (Nudelman et al. 2010; Nudelman et al. 2012). This theory has also been
supported by a different group using computer modelling (Kawska et al. 2008). Evidence for
regulation of crystallographic alignment has been demonstrated by experimental studies in
which collagen fibrils with a poorly organised architecture nucleated randomly aligned
mineral crystals (Nudelman et al. 2012). It should also be noted that the variety of NCPs
present during fibril mineralisation are thought to play a critical role in this process in vivo,
as discussed in Section 1.3.2 (George and Veis 2008; Nudelman et al. 2013).
Conversely, some research called this model into question. As discussed earlier, Schwarcz
and colleagues used focussed ion beam (FIB) milling combined with TEM and electrontomography of human cortical bone to visualise mineral lamellae approximately 60nm wide,
5nm thick and hundreds of nm long. The authors interpreted electron transparent holes
surrounded by aligned mineral lamellae in their transverse sections as collagen fibrils in
cross-section. They therefore proposed a new model wherein mineral is located mainly
between collagen fibrils in the overall nanoarchitecture (McNally et al. 2012; McNally et al.
2013; Schwarcz, McNally, and Botton 2014; Schwarcz 2015) (the extrafibrillar model; Figure
1.4). Many of these studies use conflicting in vitro and in vivo models, including
reconstituted collagen, naturally mineralising avian tendon and mouse and human cortical
bone (the latter without respect to anatomical environment or orientation in some cases),
thereby potentially confounding interpretation should multiple mechanisms be at play.
Indeed, Reznikov and colleagues found a distinct disordered phase of mineralised collagen
fibrils situated continuously between ordered lamellar structures in rat and human cortical
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Figure legend overleaf.
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Figure 1.4 Suggested models of collagen fibrillar mineralisation. In the intrafibrillar model,
amorphous calcium phosphate particles (unmineralized fibre; white arrows) infiltrate collagen fibrils
at the gap zones and are induced to nucleate. Hydroxyapatite nucleation thereafter proceeds
longitudinally resulting in crystals within the structure of the fibril (mineralised fibril; white arrows).
In the extrafibrillar model crystals are proposed to form stacks of platelets (solid arrows)
surrounding collagen fibrils (electron transparent holes in the transverse view; dashed arrow). The
combined model suggests crystals form single acicular elements which curve between adjacent
collagen fibrils but are also implanted within them. This model proposes other arrangements may
appear as 2D projections of this structure. Adapted from Nudelman et al (2012), Schwarcz (2015)
and Reznikov et al (2018).

bone comprised of both inter- and intrafibrillar mineral, potentially explaining disparate
observations (Reznikov et al. 2013; Reznikov, Shahar, and Weiner 2014b). The authors noted
that the canalicular network of the osteocytes resided exclusively within the disordered
phase which exhibits more extensive interfibrillar mineral.
Recently, these models may have been to some extent unified. An elegant study employing
STEM tomography, electron diffraction and high-resolution TEM (HRTEM), demonstrated
that the lacy pattern observed above is a 2D projection of a more complex 3D structure
which is also consistent with observations of mineral platelets aligned longitudinally with
collagen fibrils viewed from a different orientation (Reznikov et al. 2018) (Figure 1.4). This
structure is also consistent with a previously undescribed rosette pattern characterised by
the authors. The authors attribute this structure to a model where individual elongated
nanocrystals (so called acicular particles) curve around collagen fibrils with an angular
distribution of around 20o, but also span neighbouring fibrils to form an interconnected
mineral network within the extrafibrillar space (Reznikov et al. 2018). Single acicular
elements are proposed to merge laterally into platelet structures and further into large
aggregates, however the mechanism though which this may occur remains unclear.
Importantly, bundles of acicular crystals were observed as both intrafibrillar and
extrafibrillar. Neither the exclusively extrafibrillar model, nor the combined model provide
theories as to how these conformations develop however.
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This aspect of bone nanostructure remains extremely controversial and no attempt has
been made to integrate these findings with the potential influences of cellular regulation on
formation of the ECM or on transport and nucleation of mineral particles or their
precursors. The studies above also use several contrasting in vitro and in vivo methodologies
and distinct approaches may be interrogating distinct mechanisms. Furthermore, very little
data are available contrasting the nanostructure of mineralised fibrils across anatomical or
functional sites, for example between endochondral and intramembranous ossification
modes, and so these models may represent mechanisms at play singly or in combination in
distinct circumstances.

1.3 Cellular control of biomineralisation
While several aspects of the bone nanostructure remain controversial, so also do the
mechanisms through which osteoblasts and other osteogenic cells control and coordinate
the biomineralisation process. Several regulatory mechanisms have been proposed,
including the accumulation and transport of ions for the mineral phase in extracellular
vesicles and manipulation of mineral nucleation and crystal growth by proteins, singly or in
combination.
1.3.1 Matrix vesicles
Matrix vesicles (MVs) are membrane-bound nano-spherical bodies of approximately 100300nm in diameter which are typically rich in lipids and proteins known to chelate Ca 2+ and
Pi, and which are associated with both physiological and pathological biomineralization
(Wuthier and Lipscomb 2011; Cui et al. 2016; Bottini et al. 2018). Their function continues to
be remain controversial since their discovery in 1967 in cartilage (Anderson 1967; Bonucci
1967), with some authors attributing these as specimen preparation artefacts (Landis, Paine,
and Glimcher 1977). Nevertheless, many in vitro and in vivo studies have shown the first
crystal structures in diverse mineralised tissues such as bone, dentin and cartilage are
associated with these structures in the ECM (Anderson, Garimella, and Tague 2005; Wuthier
and Lipscomb 2011; Cui et al. 2016; Bottini et al. 2018).
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The theorised function of MVs in osteogenesis is to facilitate a localised concentration of
Ca2+ and Pi which is protected from the external chemical environment. This may achieve
accumulation of ions in an amorphous (i.e. non-crystalline) state, to both enable transport
and targeting of ions to crystal nucleation sites, but also fine control over the bone
formation process and prevention of pathological ectopic mineralisation in the soft tissues.
Accumulation of Pi within MVs may proceed through specific targeting of cytosolic ions to
sites of MV biogenesis and/or through the action of intra- and extravesicular phosphatases
and associated enzymes, as discussed in Section 1.4.3. The former pathway may also be
integrated with intracellular accretion and transport of Ca2+ ions. Chondrocyte mitochondria
accumulate Ca2+ in large concentrations, particularly under hypoxic conditions such as those
experienced by hypertrophic chondrocytes (Shapiro and Lee 1975b, 1975a). Several authors
have therefore proposed that release of Ca2+ from the mitochondria, either through an
active process or during apoptosis, provides ions for incorporation into MVs (Wuthier and
Lipscomb 2011). This theory was supported by analysis of osteoblasts in vitro using high
angle-annular darkfield (HAADF) STEM demonstrating nanoscopic Ca- and P-containing
mitochondrial granules which may be transported outside the organelle (Boonrungsiman et
al. 2012).
Mahamid and colleagues demonstrated that intracellular vesicles in zebrafish fin rays
contain ACP and are delivered to the preformed collagenous ECM at the mineralising front
using synchrotron microbeam X-ray diffraction and small-angle scattering with cryo-SEM
(Mahamid et al. 2008; Mahamid et al. 2010). Later, the same group demonstrated similar
membrane-bound mineral deposits, composed of 80nm granules, in turn comprised of
spherical subunits, in mouse calvaria using cryo-SEM and cryo-TEM (Mahamid et al. 2011)
(Figure 1.5 A-C). It is however speculative that these intracellular features correspond to
mitochondrial granules or that that intracellular vesicles correspond to extracellular MVs.
Other historical literature has focussed on the so-called nucleation core of MVs. These
represent detergent insoluble acidic phospholipid-Ca2+-Pi complexes (Cotmore, Nichols, and
Wuthier 1971; Wu et al. 1993; Wu et al. 2002). Indeed around 10% of phosphatidylserine
(PS) and phosphatidylinositol (PI) were only extractable from mineralised tissues on
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decalcification (Wuthier 1968). The Ca2+-binding annexin proteins have also been shown to
form a key part of these complexes and may be involved in accelerating crystal nucleation
from amorphous precursors (Sauer and Wuthier 1988; Genge, Wu, and Wuthier 1990;
Genge et al. 1991; Wu et al. 1997; Genge, Wu, and Wuthier 2007). Interestingly, PS has
been shown to localise to the inner membrane leaflet of MVs where complexes may be
bound intravesicularly, due to the action of phospholipid scrambalases (Majeska, Holwerda,
and Wuthier 1979). While nucleation cores have indeed been shown to potently nucleate
hydroxyapatite in vitro (Wuthier and Eanes 1975; Boskey and Posner 1976; Wu et al. 1993;
Genge, Wu, and Wuthier 2007; Wu, Genge, and Wuthier 2008), the series of events which
leads to packaging of these complexes into MVs and subsequent breakdown of the vesicle in
the ECM resulting in nucleation is unclear.
The biogenesis of these vesicles had been proposed to occur through multiple mechanisms,
however the most prevalent theories include polarised budding from the parental cell
membrane, or from microvilli on the cell surface, as demonstrated in hypertrophic
chondrocytes and Saos-2 osteosarcoma cells (Borg, Runyan, and Wuthier 1978; Fedde 1992;
Anderson 1995; Thouverey et al. 2009b) (Figure 1.5 D). Freeze-fracture electron microscopy
studies in particular implicated hypertrophic chondrocyte microvilli as the origin of vesicles
budding into the ECM (Borg, Runyan, and Wuthier 1978; Cecil and Clarke Anderson 1978;
Borg, Runyan, and Wuthier 1981; Akisaka and Shigenaga 1983; Akisaka et al. 1988). In
osteoblast-like cells, proteomic analysis also demonstrated promising similarities in protein
cargo carried by vesicles purified from the mineralising ECM in vitro to that of isolated cellsurface microvilli (Thouverey et al. 2009b; Thouverey et al. 2011) which was replicated in
chick growth plate cartilage (Balcerzak et al. 2008). Mass spectrometry studies furthermore
confirmed that the lipid profile of MVs corresponds to that of apical chondrocyte microvilli,
with selective enrichment of cholesterol, PS and sphingomyelin (SM) (Peress, Anderson, and
Sajdera 1974; Wuthier 1975; Wuthier 1976b). Similar corresponding enrichment in specific
fatty acids between MVs and chondrocyte microvilli was found in chick growth plates
(Abdallah et al. 2014).
Enrichment of non-polar lipids is characteristic of specialised membrane domains known as
lipid rafts and several authors have therefore implicated these as the sites of MV biogenesis
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Figure 1.5 Suggested
mechanisms of MV
biogenesis. A) Cryo-SEM
micrograph from frozen
hydrated sections of neonatal
mouse calvaria. Multiple
intracellular membranebound vesicles can be
observed (white arrowheads)
juxtaposed to the bone
surface (b). The nuclei of
individual osteoblasts are
labelled n. B) Two vesicles
identified in A. Inset: High
magnification images of these
vesicles show globular
structures composed of
smaller spherical subunits. C)
Backscattered electron images
corresponding to B which
show the intravesicular

D

globules to be high density. D)
Freeze-fractures SEM imaging
of hypertrophic chondrocytes
in the growth plate of 6-10
week old Sprague-Dawley
rats. Extracellular vesicles can
be observed budding from villi
extending from the plasma
membrane of the cell (PM).
Adapted from Mahamid et al
(2011) and Anderson,
Garimella and Tague (2005).
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(Wuthier 1975; Wuthier 1976b; Wuthier and Lipscomb 2011; Bottini et al. 2018). Several
characteristic markers of lipid rafts have also been identified in MVs, including those such as
carboxypeptidase M, H+ ATPase and glycosylphosphatidylinositol (GPI)-anchored and
palmitoylated proteins (Balcerzak et al. 2008; Thouverey et al. 2009a; Thouverey et al.
2011). While lipid rafts have been well studied for their role in co-ordinating membrane
signalling and trafficking, specific localisation of rafts to chondrocyte or osteoblast microvilli
has yet to be demonstrated.
In combination, these studies provide compelling evidence for the formation of amorphous
phases, potentially complexed with lipids and proteins, within MVs, however questions
remain surrounding the cellular mechanisms which mediate the initial targeting and
transport of these precursors to sites of vesicle biogenesis. The processes by which vesicles
release these precursors and those which regulate the relationship between the mineral
phase and the organic collagenous matrix also remain elusive.
1.3.2 SIBLING proteins
Many NCPs are secreted into the ECM during the biomineralisation process, and these are
thought to have several distinct regulatory effects upon either nucleation of the mineral
phase or on the mineral-collagen interface itself. Many of these proteins fall within the
SIBLING (small integrin-binding ligand N-linked glycoprotein) family, including OPN, bone
sialoprotein (BSP), dentin matrix protein 1 (DMP1) and matrix extracellular
phosphoglycoprotein (MEPE). The SIBLING proteins share many common features, located
within a 375kb stretch of chromosome 5q21 in the mouse, they contain similar intron-exon
structures and all contain an Arg-Gly-Asp (RGD) amino acid sequence associated with cell
adhesion (George and Veis 2008; Staines, MacRae, and Farquharson 2012). Furthermore all
of these proteins are extremely acidic and exhibit multiple post-translational modifications
(PTMs)(George and Veis 2008; Staines, MacRae, and Farquharson 2012). While these
similarities are well documented, the SIBLING proteins are responsible for varied and
diverse effects in vivo, as discussed below. Although many authors have posited that these
play an essential role in regulating mineralisation at the nanoscale, how these proteins act
in concert, and which role is fulfilled by each specifically, remains unclear.
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1.3.2.1 Osteopontin
OPN was first found to be expressed in bone, dentin and cartilage, however was
subsequently identified in many other tissues, along with biological fluids with a high Ca 2+
content such as milk (George and Veis 2008). The protein contains several distinct functional
domains, possibly indicating different functions under specific conditions, given its pervasive
expression (George and Veis 2008). These include both collagen- and Ca2+-binding motifs,
both simultaneously functional due to OPN’s native flexible structure in solution (Fisher et
al. 2001; Lee et al. 2007).
In bone, OPN is expressed by the bone cells, along with hypertrophic chondrocytes, and has
been localised in the ECM to the osteoid and mineralised matrix by immunohistochemistry
(Campbell, Wong, and Mackie 2003). Immuno-electron microscopy demonstrated that OPN
is mainly found associated with electron-dense regions between collagen fibrils – i.e. at the
interface between organic and inorganic components (McKee and Nanci 1996). This
correlates well with the above structural motifs binding both collagen and Ca2+ from the
mineral phase. The evidence for OPN’s specific function in mineralisation is convoluted, with
many studies showing an inhibitory effect (Harmey et al. 2006; Barros et al. 2013; Yuan et
al. 2014), while some evidence shows the promotion of mineral nucleation when the
protein has fragmented (Boskey et al. 2002; Boskey et al. 2012). This has been attributed to
OPN’s highly variable PTM. Christensen et al studied PTMs in the protein using Edman
sequencing and mass spectrometry, and found 36 potential phosphorylation sites, usually
associated with serine residues, and entirely outwith the RGD domain (Christensen et al.
2005). OPN from rat bone however was found to have only approximately 13
phosphorylations from 29 potential sites (Neame and Butler 1996). Experimental studies
have proposed that OPN’s inhibitory effect arises from stabilisation of the ACP mineral
precursor phase, but that this function assists in promoting intrafibrillar mineralisation by
allowing diffusion of ACP into collagen fibrils, although the authors used highly
phosphorylated bovine milk OPN in an in vitro system (Rodriguez et al. 2014).
Mammary gland casein kinase and casein kinase II are thought to be responsible for
phosphorylation of OPN, although whether these are actively regulated during
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mineralisation is unclear (Neame and Butler 1996; Christensen et al. 2005; Boskey et al.
2012). Interestingly, TNAP has been shown to dephosphorylate OPN and modulate its
inhibitory activity in the ECM (Boskey et al. 1993; Jono, Peinado, and Giachelli 2000; Yadav
et al. 2014). Although the exact extent of dephosphorylation in vivo has not been
investigated, this may be a promising potential mechanism by which the cells actively
regulate the rate of intrafibrillar mineralisation.
1.3.2.2 Bone sialoprotein
BSP is the most abundant of the NCPs (~15%) and, unlike OPN, is specific to mineralised
tissues (George and Veis 2008). The structure of the protein can be divided into 3 domains;
the C- and N-terminus residues contain large aromatic groups, while the midportion exhibits
3 acidic polyglutamic acid regions separated by hydrophobic groups (George and Veis 2008).
Within this structure, BSP contains both a collagen-binding motif and is capable of binding
mineral through these polyglutamic regions (Tye et al. 2003; Tye, Hunter, and Goldberg
2005).
In vivo BSP is specifically expressed by active osteoblasts and hypertrophic chondrocytes
(George and Veis 2008; Staines, MacRae, and Farquharson 2012). BSP has classically been
regarded as a mineral nucleator as experiments show localisation of the protein both to the
smallest detectable mineralisation foci in osteoid, and to amorphous electron-dense
material surrounding collagen fibrils (Chen et al. 1994; Laboux et al. 2003). Indeed, Nahar et
al found that MVs from mouse calvarial chondrocyte ECM were enriched in BSP using
Western blot, however this has not been directly visualised (Nahar et al. 2008). Using a
series of elegant experiments, Fujisawa et al showed that, in vitro, BSP binds preferentially
to the α2 chain of the tropocollagen model, and was localised to the gap zones of
reconstituted collagen (Fujisawa, Nodasaka, and Kuboki 1995). This is thought to integrate
well with the three-dimensional model of the collagen fibril proposed by Orgel and
colleagues (Orgel et al. 2001; Orgel et al. 2006), but poses the question as to whether
disparate localisations indicate multiple mineralisation mechanisms facilitated by BSP.
PTMs are again thought to be critical to BSP’s function, and account for approximately 50%
of its mass (George and Veis 2008). These include glycosylation, phosphorylation of multiple
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residues, along with sulphated tyrosine residues (George and Veis 2008). The
phosphorylations are thought to be particularly important with regard to mineralisation,
with BSP incorporating 5.8 moles of phosphoserine per mole of protein, which are closely
associated with the polyglutamic regions of the protein (Salih 2003; Salih and Flückiger
2004). Indeed, site-directed mutagenesis has demonstrated that manipulation of these
regions blunted BSP’s nucleating ability (Tye et al. 2003).
1.3.2.3 Dentin matrix protein 1
DMP1 is expressed by osteocytes, osteoblasts and chondrocytes in bone and cartilage, but is
also present in dentin and several non-mineralised tissues (Staines, MacRae, and
Farquharson 2012). The protein is remarkably hydrophilic, with a natively random structure,
and is highly phosphorylated, conveying an extremely high negative charge density with the
potential to complex Ca2+ (George and Veis 2008).
In vivo and in vitro DMP1 can be found as C- and N-terminal fragments subsequent to
proteolytic processing (Huang et al. 2008; Maciejewska et al. 2009). These have been shown
to have distinct localisation patterns in the growth plate, with the N-terminal fragment
present in the resting, proliferative and pre-hypertrophic cartilage zones, and the C-terminal
fragment at sites of mineralisation (Huang et al. 2008; Maciejewska et al. 2009). The
fragments have been shown to demonstrate different properties, with the C-terminal
fragment able to efficiently complex Ca2+ and the N-terminal fragment able to stabilise ACP
(He et al. 2005). A series of fascinating experiments conducted by George and colleagues
demonstrated the capability of recombinant DMP1 to nucleate elongated hydroxyapatite
crystals with crystallographic alignment on the surface of collagen fibrils, visualised using
SEM (He et al. 2005; Gajjeraman et al. 2007). This was mediated through initial formation
and stabilisation of ACP nanospheres, before crystallisation. The same group studied the
conformational changes induced in the protein in the presence of calcium. Using small angle
x-ray scattering the authors details the transformation of DMP1 from entirely disorganised
through to a symmetrical dimer, connected at the C-terminus and with globular N-termini
(He et al. 2003; He et al. 2005).
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These data, together with the identification of specific sites on the α1 collagen chain
molecule to which DMP1 can bind (He and George 2004), provide compelling evidence that
DMP1 is involved in the templating of interfibrillar mineral. The authors have not however
integrated their findings from full-length DMP1 with the apparent differences in localisation
of its fragments in cartilage, or observations of intrafibrillar mineral.
1.3.2.4 Matrix extracellular phosphoglycoprotein
MEPE is a 45kDa phosphoglycoprotein, expressed in mature osteocytes and mineralising
osteoblasts which has been a focus of research examining its role in Pi generation and
handling (Staines, MacRae, and Farquharson 2012). Other authors have however suggested
a direct role for MEPE in skeletal biomineralisation as mediated through its small (~2.2kDa)
acidic serine- and aspirate-rich motif (ASARM) peptide. The ASARM peptide which is located
at the C-terminus is cleaved from the maternal protein by cathepsin B and has been shown
in vitro to potently inhibit mineralisation through binding to hydroxyapatite crystals, as
mediated by its phosphorylation (Addison et al. 2008; Martin et al. 2008). Conversely,
truncated MEPE protein enhanced mineralisation in the absence of the ASARM motif,
although this was attributed to an increase in osteoblast adhesion (Sprowson, McCaskie,
and Birch 2008). The release of the ASARM peptide is regulated by phosphate-regulating
endopeptidase homologue, X-linked (PHEX) which protects MEPE from cathepsin B cleavage
(Staines, MacRae, and Farquharson 2012). PHEX has also shown the ability to inactivate free
ASARM peptide (Addison et al. 2008; Martin et al. 2008). Although these regulatory
mechanisms are well established, the precise functional localisation of MEPE or its ASARM
peptide with respect to fibrillar mineralisation has yet to be established.

1.4 PHOSPHO1 and skeletal mineralisation
In the 20 years since its first characterisation, the phosphatase orphan phosphatase 1
(PHOSPHO1) has become an established component of the bone biomineralization
mechanism, and an increasing focus of research. Many aspects of PHOSPHO1’s biology have
yet to be elucidated, however. Much of this work has been recently reviewed (Dillon et al.
2019).
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1.4.1 Discovery and characterisation
PHOSPHO1 (originally known as 3X11A) was initially cloned from chick hypertrophic growth
plate chondrocytes, in which a 5-fold increase in expression was observed in comparison to
resting or proliferative chondrocytes (Houston et al. 1999). This distinct upregulation was
also found be approximately 100-fold higher than in non-chondrogenic tissues. Although the
specific function of this novel protein was at this stage unknown, sequencing of the 3X11A
RNA transcript derived from differential display analysis revealed two partially conserved
domains which bore sequence similarity to the phosphotransferase enzyme superfamily,
including the ATPases and various phosphatases catalysing Pi liberation from a range of
phosphomonoester substrates (Houston et al. 1999). Primers designed against these motifs
succeeded in subcloning a 537bp fragment from RNA isolated from the human
osteosarcoma SaOS-2 cell line, demonstrating 69% similarity to the chicken sequence
(Houston et al. 2002). These fragments were identified as corresponding to several
previously unattributed EST transcripts from both the human and mouse Phospho1 gene,
with a high degree of conservation at both the gene and protein level between these two
mammalian species. Chromosomal mapping led to the conclusion that the Phospho1 gene
was indeed conserved between the chicken and mouse genomes, located within a region of
conserved synteny on the HSA17 and GGA27 chromosomes respectively (Houston et al.
2002).
Stewart et al used homology modelling to identify three conserved peptide motifs
composing the active site; certifying PHOSPHO1’s membership of the Mg2+-dependent
haloacid dehalogenase superfamily (Stewart et al. 2003). These included two characteristic
aspartic acid residues in motif 1 which co-ordinate the catalytic Mg2+ ion in this family, along
with other markers such as the hydrophobic amino acid residues within motif 2. Along with
identification of orthology between PHOSPHO1 in rat and the previously identified species,
substantial homology between the amino acid sequences of PHOSPHO1 and proteins in the
fruit fly was also found, along with several plant species including the LePS2 phosphatases in
the tomato plant involved with phosphate homeostasis (Baldwin, Karthikeyan, and
Raghothama 2001; Stenzel et al. 2003; Baldwin et al. 2008).
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A PHOSPHO1 model protein structure was developed, based upon the crystal structure of
the phosphoserine phosphatases (Wang et al. 2001; Stewart et al. 2003). This model
revealed conservation of residues complexing the substrate phosphate group, however
those residues which confer substrate specificity to phosphoserine in the PSPs are absent.
Roberts et al purified recombinant human PHOSPHO1 by amplification of a cDNA transcript
from the SaOS-2 osteosarcoma cell line and continuous spectrophotometric phosphate
assays with several potential phosphomonoester substrates revealed PHOSPHO1’s specific
activity towards the metabolites phosphoethanolamine (PEA) and phosphocholine (PCho),
with highest activity between pH 6.0-7.2 (Roberts et al. 2004). Disruption of the protein
active site using site-directed mutagenesis decreased PEA and PCho hydrolysis dramatically
to an undetectable level in some mutants (Roberts et al. 2005).
1.4.2 Bone biology and mineralisation
The ubiquitous phosphatase TNAP has a long-established role during skeletal
biomineralisation. Mutations in the ALPL gene are associated with several skeletal disorders
in humans including various forms of hypophosphatasia (Ermakov et al. 2010; Ozono and
Michigami 2011; Nielson et al. 2012). Genetic ablation of TNAP in a mouse model induced a
phenotype mimicking hypophosphatasia with severe skeletal abnormalities (Narisawa,
Frohlander, and Millan 1997; Fedde et al. 1999), including those in dental and craniofacial
mineralization and morphology (Foster et al. 2013; Liu et al. 2014). Detailed ultrastructural
examination of these mice revealed that although hypomineralization of the skeleton was
evident, hydroxyapatite mineral crystals were generated within MVs as normal (Anderson et
al. 2004). The hypomineralised phenotype was therefore attributed to the inability of the
mineral phase to propagate in the absence of TNAP’s hydrolysis of the potent mineralisation
inhibitor pyrophosphate (PPi) (Anderson et al. 1997; Anderson et al. 2004).
These observations led to the hypothesis that another phosphatase was active during
skeletal biomineralization with PHOSPHO1 a strong candidate to fulfil this role. Following
the observation of PHOSPHO1 upregulation in mineralizing hypertrophic chondrocytes
(Houston et al. 1999), immunohistochemistry revealed localisation of the protein to these
cells in the chick and mouse growth plates, along with active bone surfaces at the
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ossification front and in the trabecular compartment (Houston, Stewart, and Farquharson
2004; Roberts et al. 2007). Whole-mount in situ hybridization in the embryonic chick lower
limb furthermore demonstrated expression of PHOSPHO1 restricted to the developing
bones during ossification (Macrae et al. 2010). In vivo suppression of PHOSPHO1 activity
using the non-competitive inhibitor lansoprazole (identified specifically as an inhibitor of
PHOSPHO1 (Roberts et al. 2007)) during chick development induced ablation of
mineralization in the lower limb bones (Macrae et al. 2010). Together these data provided
strong evidence that this novel phosphatase plays a critical role in the very first steps of
skeletal biomineralization.
The generation of the PHOSPHO1 knock-out mouse (Phospho1-/-) enabled the detailed
investigation of its phenotype and thereby allowed interrogation of the enzyme’s specific
function in the skeleton (Yadav et al. 2011). Huesa et al used a variety of compositional and
biomechanical analyses to show that the mineral:matrix ratio of femora of juvenile
Phospho1-/- mice was significantly lower than wild-type controls, accompanied by plastic
deformation upon 3-point bending and a reduced hardness and elastic modulus (Huesa et
al. 2011). A further investigation of the mechanical properties of these bones corroborated
this high fracture toughness and also showed significantly higher indentation distance
increases under reference point indentation compared to wild-type controls (Carriero et al.
2014). Histological examination of Phospho1-/- long bones revealed reduced mineralisation
in the trabecular compartment (Yadav et al. 2011). These bones also demonstrated osteoid
accumulation (hyperosteoidosis); a hallmark of hypophosphatasia. Interestingly, microcomputed tomography (µCT) revealed no differences between 4-week Phospho1-/- and wildtype mice in bone volume relative to tissue volume (BV/TV), but rather a significantly
reduced bone mineral density (BMD) which was accompanied by diverse spontaneous
greenstick fractures and marked thoracic scoliosis (Yadav et al. 2011). Similarly, PHOSPHO1
plays a critical role in fracture healing, with induced tibial fractures in Phospho1-/- mice
demonstrating osteoid accumulation and elastic deformation upon loading after four weeks
post-surgery (Morcos et al. 2018).
These findings have been extended to investigate the function of PHOSPHO1 in the
development of bone’s hydroxyapatite mineral phase at the smallest length scales. X-ray
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Figure 1.6 Phospho1-null mice exhibit hypomineralisation and bone defects including thoracic
scoliosis. A) Goldner's trichrome staining of wild‐type and Phospho1–/– tibial sections demonstrating
osteoid accumulation (hyperosteoidosis) in the trabecular bone of knock-out animals (red staining;
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black arrowheads). Scale bars = 200 µm. B) Backscattered SEM imaging of wild-type and Phospho1null femora which exhibit hypomineralisation of the cortical bone in proximal (white arrows) and
disphyseal (black arrows) regions. C) adiographic images of 1‐year‐old Phospho1+/– and Phospho1–
/– mice demonstrating thoracic scoliosis on ablation of Phospho1 (black arrowheads). Scale bars =
20mm. Adapted from Dillon et al (2019) and Boyde et al (2017).

diffraction along with thermogravimetric analysis revealed a lower bulk mineral content
with significantly lower mineral:matrix ratio in Phospho1-/- femora, also accompanied by a
smaller apatite crystal size (Rodriguez-Florez et al. 2015). Backscattered scanning electron
microscopy (BSE-SEM) furthermore revealed generalized hypomineralisation relative to
wild-type mice in transverse tibial cross-sections of the same animals (Rodriguez-Florez et
al. 2015). Further analysis of the Phospho1-/- microstructure exposed diffuse regions of
hypomineralisation in diaphyseal cortical and trabecular bone with large areas of osteoid
accumulation (Boyde et al. 2017). Interestingly, there was no discernible anatomical pattern
between individual Phospho1-/- animals, but regions lacking mineral exhibited small focal
areas of mineral nucleation at their borders, which failed to propagate more widely.
In the very early studies of its function, characterisation of the Phospho1-/- bone phenotype
was performed in young juvenile mice, and therefore to examine the bone phenotype more
fully, Javaheri and colleagues investigated whether PHOSPHO1 plays a persistent long-term
role in the adult bone’s biology where skeletal turnover is relatively slow (Javaheri et al.
2015). Using digital image correlation (DIC) the expected lower stiffness of Phospho1-/- was
found, which was corrected with age. µCT analysis demonstrated several differences in tibial
trabecular microarchitecture, including trabecular number and connectivity, between
Phospho1-/- and wild-type mice which changed transiently across four age groups, with
significant differences detected in the 5- and 34-week age groups, but not in the 7- or 16week groups. Upon examination of the cortical bone however, the authors noted a
significant reduction in BV/TV in animals from 7 weeks of age which was not corrected over
time. NanoCT scanning (0.6µm resolution) furthermore revealed a greater number of larger
osteocyte lacunae, along with higher vascular porosity in Phospho1-/- tibiae; a surprising
finding which was compounded by an early increase in both Pdpn (E11) mRNA expression in
primary osteoblast cell cultures, potentially indicating accelerated terminal osteocyte
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differentiation in these cells (Javaheri et al. 2015). PHOSPHO1 may therefore play a role in
regulation of osteocytogenesis, which in turn may regulate bone microarchitecture in
skeletally mature animals. This relationship is likely mediated by the influence of matrix
mineralisation on osteocyte differentiation as has been shown in several studies (Irie et al.
2008; Prideaux et al. 2012).
Aged 1-year old Phospho1-/- mice showed reduced plasma concentrations of TNAP with a
concomitant increase in ectonucleotide pyrophosphatase/phosphodiesterase1 (NPP1),
thereby resulting in significantly higher PPi concentrations compared with wild-type controls
(Yadav et al. 2011). Intriguingly, high serum PPi is a key characteristic of infantile
hypophosphatasia in humans, with the resulting inhibition of mineralization attributed to
the ensuing rickets/osteomalacia (Whyte 1994; Fedde et al. 1999). Yadav et al attempted to
rescue the Phospho1-/- phenotype by cross-breeding with mice over-expressing TNAP (ApoETnap) and thereby reduce PPi concentration (Yadav et al. 2011). While the authors did
indeed observe a ~4-fold increase in TNAP in plasma and a significant reduction in PP i, the
hypomineralised Phospho1-/- phenotype was not corrected, with animals exhibiting
persistent skeletal defects at 7-months. Furthermore PHOSHO1; TNAP double knock-out
(Phospho1-/-; Alpl-/-) mice exhibited complete ablation of skeletal mineralisation and
perinatal lethality (Yadav et al. 2011). These data were augmented and confirmed in vitro
with osteoblast-like MC3T3-E1 cell lines (clones 14 and 24) along with ex vivo metatarsal
cultures using specific PHOSPHO1 and TNAP inhibitors in culture (Huesa et al. 2015).
PPi is known to regulate the expression of other mineralisation-associated proteins,
particularly OPN (Johnson et al. 2003; Harmey et al. 2004; Addison et al. 2007). Along with
PPi, OPN is another potent mineralisation inhibitor (Boskey et al. 2002; Speer et al. 2002;
Steitz et al. 2002). The protein’s inhibitory effects are mediated through its phosphorylation
status (George and Veis 2008; Boskey et al. 2012) and this has been shown to be regulated
by TNAP (Narisawa, Yadav, and Millan 2013). Significantly elevated OPN, which also
exhibited a greater degree of phosphorylation compared to controls, was found at the
protein and gene levels in serum and spinal lysates of Phospho1-/- mice at 1- and 3-months
postnatal (Yadav et al. 2014). Interestingly, no differences were observed in femoral lysates.
Yadav et al investigated the interplay between PHOSPHO1 and OPN through the generation
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of Phospho1-/-; Spp1-/- mice and found a partial rescue of the Phospho1-/- phenotype, with
animals at 1- and 3-months of age exhibiting a reduction in the typical hyperosteoidosis and
thoracic scoliosis which characterises the single knock-out animal (Yadav et al. 2014). The
Phospho1-/- hypomineralized mouse phenotype is therefore partially attributable to an
increased expression of OPN which may obstruct mineralisation during bone formation. This
is likely exacerbated by a relative hyperphosphorylation of OPN, mediated by the
established reduced expression of Alpl in Phospho1-/- mice (Yadav et al. 2011; Yadav et al.
2014).
Collectively these findings establish a non-redundant role of PHOSPHO1 in mediating
biomineralisation of the skeleton, as well as its regulated synergy with TNAP, along with
other mineralisation-associated factors including PPi and OPN, as part of this process.
1.4.3 PHOSPHO1 and the matrix vesicle mechanism
Pi accumulation within MVs is thought to be mediated by extra- and intravesicular
phosphatases, of which PHOSPHO1 plays a critical role (Hessle et al. 2002; Anderson et al.
2004; Roberts et al. 2004; Stewart et al. 2006; Huesa et al. 2011; Yadav et al. 2011; Millan
2013). Stewart and colleagues were the first to suggest PHOSPHO1 as a major intravesicular
phosphatase, showing its presence in MVs isolated from embryonic chick growth plates
(Stewart et al. 2006). This was more recently confirmed in MVs isolated from the ECM of
both cultured MC3T3 and SaOS-2 osteoblast-like cells using Western blotting (Chaudhary et
al. 2016) and proteomics (Thouverey et al. 2009b; Thouverey et al. 2011). Further work
using both growth plate- and primary osteoblast-derived vesicles established that while
TNAP does indeed liberate Pi extravesicularly, PHOSPHO1 is biochemically active
intravesicularly (Roberts et al. 2007; Ciancaglini et al. 2010). Therefore it is hypothesised
that accumulation of Pi inside MVs occurs via a combination of the intravesicular action of
PHOSPHO1 and intravesicular trafficking of TNAP-generated Pi via a Type III Na-Pi cotransporter, PiT1, encoded by the Slc20a1 gene in mice. (Stewart et al. 2006; Ciancaglini et
al. 2010). Experimental evidence for this hypothesis comes from the work of Yadav and
colleagues who generated a cartilage specific PiT1 knock-out mouse driven by a col2a1-Cre
on a Phospho1-null background (Phospho1-/-; PiT1Col2/Col2) (Yadav et al. 2016). The authors
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report an exacerbation of the Phospho1-/- phenotype, including growth plate defects,
extensive hyperosteoidosis, decreased BMD and impaired mechanical properties. MVs
isolated from differentiating chondrocytes in these animals furthermore demonstrated a
loss of their capacity to nucleate hydroxyapatite crystals compared to both Phospho1-/- and
wild-type controls (Yadav et al. 2016). Interestingly, both Phospho1-/- and Phospho1-/-;
PiT1Col2/Col2 MVs were reduced in number compared to wild-types, potentially indicating a
role for PHOSPHO1, or signalling mediated by its products, in MV biogenesis. Together these
studies, along with those characterising the Alpl-/- and Phospho1-/-; Alpl-/- mice (Anderson et
al. 1997; Narisawa, Frohlander, and Millan 1997; Fedde et al. 1999; Anderson et al. 2004;
Yadav et al. 2011), afford good evidence for this mechanism integrating the PHOSPHO1 and
TNAP Pi generation pathways.
While this work provides a strong evidence base for the pivotal role of PHOSPHO1 in vesiclemediated biomineralisation, the specific biochemical pathway within which it achieves
intravesicular Pi liberation remains unclear. Stewart et al proposed a mechanism through
which PHOSPHO1’s substrates PEA and PCho may be generated intravesicuarly by enzymatic
action upon the vesicle’s phospholipid membrane, as mediated by a phospholipase A2 (PLA2)
and ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6) (Stewart, Leong, and
Farquharson 2017) (Figure 1.7). The PLA2 family of enzymes catalyse cleavage of the acyl
group at the sn-2 acyl position of glycerophospholipids resulting in a free fatty acid and
lysophospholipid (Burke and Dennis 2009; Dennis et al. 2011; Murakami et al. 2011). These
enzymes may therefore act to breakdown phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) in the MV membrane, forming
lysophosphatidylethanolamine (lysoPE) and lysophosphocholine (lysoPC) lysophospholipids
respectively along with arachidonic acid (Stewart, Leong, and Farquharson 2017). Indeed
the MV membrane has previously been shown to be enriched in phospholipids containing
PCho and PEA which progressively decline during mineralization (Wuthier 1975; Wu et al.
2002; Wuthier and Lipscomb 2011), while PCho was also identified as an abundant
metabolite in developing mouse long bones by matrix-assisted laser desorption/ionizationimaging mass spectrometry (Fujino et al. 2016). There are upwards of 30 identified
mammalian PLA2 enzymes which exhibit a huge range of localisations (including secreted,
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Figure 1.7 Hypothesised biochemical pathways of intravesicular Pi- generation by PHOSPHO1.
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Proteins are shown in bold. PHOSPHO1 substrates (e.g. PCho) may be generated through the
intravesicular action of phospholipases on the MV phospholipid membrane. SMPD3 may act to
hydrolise sphingomyelin to directly form PCho, while unidentified enzymes with phospholipase A2
activity may act on phosphatidylcholine. Lysophospholipid products of this reaction may be further
converted to PCho by the action of lysophospholipase C enzymes, such as ENPP6. This is hypothesised
to occur synergistically with the action of TNAP extravesicularly, both regulating the
phosphate:pyrophosphate ratio and providing additional Pi- ions.

cytosolic and lysosomal groups) and have been shown to be involved with many
physiological and pathological processes (Burke and Dennis 2009; Dennis et al. 2011;
Murakami et al. 2011). Mebarek and colleagues comprehensively reviewed the evidence for
the role of phospholipases in mineralisation, noting several experimental studies confirming
expression of both secreted and cytosolic PLA2s in chondrocytes and osteoblasts where they
play several roles (Mebarek et al. 2013). While some specific PLA2s have been shown to
have an effect on bone formation (Ramanadham et al. 2008) it is currently unclear whether
these act directly within the mineralisation process. Further research is required therefore
to identify specific candidate proteins which fulfil this niche.
A second enzymatic processing phase is hypothesized to convert lysophosphatidylcholine to
PCho for direct hydrolysis by PHOSPHO1, mediated by ENPP6 (Stewart, Leong, and
Farquharson 2017). ENPP6 is a member of the nucleotide
pyrophosphatase/phosphodiesterase family and has been shown to possess
lysophospholipase C activity, catalysing the conversion of lysophosphocholine with a
monoacylglycerol by-product (Sakagami et al. 2005; Stefan, Jansen, and Bollen 2005; Morita
et al. 2014). Expression of ENPP6 has been demonstrated in bone tissue lysate and was
immunolocalised to hypertrophic chondrocytes and forming bone surfaces (Stewart, Leong,
and Farquharson 2017). Specific localisation of ENPP6 to MVs has yet to be established
however.
Alternative biochemical pathways through which PHOSPHO1 substrates may be generated
have also been proposed. Neutral sphingomyelinase 2 (nSmase2) is encoded by the Smpd3
gene in mice and is capable of catalysing the hydrolysis of another MV membrane
phospholipid sphingomyelin, to produce PCho with a ceramide by-product (Khavandgar and
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Murshed 2015) (Figure 1.7). The fro mutation in the Smpd3 gene generates a distinctive
phenotype with extensive musculoskeletal defects resulting in dwarfism (Stoffel et al. 2005;
Stoffel et al. 2007). Khavandgar and colleagues demonstrated that the fro/fro mouse
exhibits delayed mineralization of the long bones and calvaria, along with impaired
hypertrophy in growth plate chondrocytes during embryonic development (Khavandgar et
al. 2011). Using tissue-specific mouse knock-out models it was also established that Smpd3
expression is required in both osteoblasts and chondrocytes in a cell-autonomous manner
for normal bone development (Khavandgar et al. 2011; Li et al. 2016). These effects were
moreover shown to influence mineralisation during tooth development and fracture healing
(Khavandgar et al. 2013; Manickam, Moffatt, and Murshed 2018). Like PC and PE,
sphingomyelin is enriched in MV preparations and declines during mineralisation (Wuthier
1975; Wu et al. 2002; Wuthier and Lipscomb 2011), while the nSmase2 enzyme has been
localized to MV isolates in conjunction with PHOSPHO1 (Thouverey et al. 2011). nSmase2mediated production of PCho may therefore provide another pathway for the intravesicular
generation of PHOSPHO1 substrates.
Another potential alternative pathway includes generation of PCho by phosphorylation of
choline through the action of the α and β choline kinases (encoded by the Chkα and Chkβ
genes respectively). While mice lacking Chkα display lethality during embryonic
development (Wu et al. 2008), the Chkβ-/- mouse exhibits forelimb deformaties and delayed
mineralisation, accompanied by an extended and disorganized hypertrophic zone within the
growth plates at the distal radius and ulna (Li et al. 2014b). PCho was also shown to be
reduced by ~75% in primary chondrocytes isolated from these animals (Li et al. 2014b).
Intriguingly, PHOSPHO1 was upregulated in Chkβ-/- primary chondrocytes, potentially
indicating compensation for a restricted substrate availability (Li et al. 2014b). Both Chkα
and Chkβ were found to be expressed in human osteoblast-like MG-63 cells, and gene
silencing of Chkα resulted in a reduction of ~70% in cellular PCho with an accompanied
inhibition of TNAP activity and mineralisation in culture (Li et al. 2014a).

1.5 Aims and objectives
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Despite compelling data that PHOSPHO1 within extracellular MVs is responsible for driving
mineralisation during bone formation in young animals, its role during development of the
skeleton is poorly characterised. Furthermore, the biochemical pathway which generates
PHOSPHO1 substrates within MVs has yet to be elucidated. The aim of this thesis therefore
was to test the hypothesis that PHOSPHO1 is essential for biomineralisation in the
developing skeleton and that generation of its substrates within MVs is mediated by
phospholipases.
To achieve this I fulfilled the following objectives:
1. Investigate the effect of an absence of PHOSPHO1 during skeletal development using
the Phospho1-/- mouse.
2. Define a role for the phospholipase ENPP6 upstream of PHOSPHO1 through
characterisation of the skeletal phenotype of the Enpp6-/- mouse.
3. Validate a primary osteoblast model of MV generation to enable the study of
genetically modified vesicles.
4. Use primary osteoblast-derived MVs to investigate vesicle biogenesis and examine
the effect of ablation of PHOSPHO1.
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2.1 Reagents and solutions
All chemical reagents were purchased from Sigma-Aldrich (UK) unless otherwise stated.
Formulation of all non-standard buffers can be found in Appendix I.

2.2 In vivo methods
All in vivo procedures were approved by the relevant ethics committees as detailed below
and carried out in accordance with Home Office guidelines for the use of laboratory animals.
2.2.1 Generation and maintenance of mouse lines
Phospho1-R74X knock-out mice (Phospho1-/-) were generated by Ingenium Pharmaceuticals
(Germany) through N-ethyl-N-nitrosourea mutagenesis on a 3HeB/FeJ genetic background
(stock number 003648; The Jackson Laboratory, USA) and bred to a C57BL/6 genetic
background to segregate undesired mutations. Mutagenesis induced a nonsense mutation
in exon3 of the Phospho1 gene resulting in introduction of a stop codon in the open reading
frame and therefore a truncated mRNA product. Phospho1-/- and wild-type mice with an
identical genetic background were bred and maintained within the Roslin Institute Biological
Resource Facility in polycarbonate cages with enrichment items and ad libitum access to
food and water with a 12hour light/dark cycle at 19-22°C. All procedures were approved by
the Roslin Institute Animal Users Committee.
Animals heterozygous for a targeted deletion of exon1 of Enpp6 (Enpp6+/–) and wild-type
(Enpp6+/+) on a 129/SvEv-C57BL/6 genetic background were obtained from Taconic
Bioscience (USA). Colonies of wild-type (Enpp6+/+) and knock-out (Enpp6−/−) mice were
created by crossing heterozygous animals and subsequently maintained as separate
colonies. Mice were supplied by Professor Nicholas Morton, University of Edinburgh. Mice
were housed in polypropylene cages with ad libitum access to food and water and
environmental enrichment. The facility maintained a 12hour light/dark cycle and
temperature was controlled at 19-22°C. All experimental protocols were approved after
review by the University of Edinburgh Biological Science Services.
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2.2.2 Phospho1-R74X genotyping
Mouse earsnips were incubated in 75µl DNA extraction solution 1 (see Appendix I) at 95oC
for 30min and diluted in a further 75µl DNA extraction solution 2 (see Appendix I) to isolate
DNA. DNA was either used immediately or stored at -20oC. A 355bp DNA fragment spanning
the Phospho1-R74X locus was amplified by polymerase chain reaction (PCR) using Taq DNA
polymerase (Life Technologies, UK) according to manufacturer’s instructions with 4.25µl
extracted DNA and 1µM final concentration Phospho1-R74X primers (see Appendix II) in a
total reaction volume of 10µl and using the following thermal profile:
Step

Temperature (°C)

Duration

1

94

3min

2

94

30s

3

61

30s

4

72

1.5min

Cycle to Step 2 once
5

94

30s

6

59

30s

7

72

30s

Cycle to Step 5 once
8

94

30s

9

57

30s

10

72

1.5min

Cycle to Step 8 once
11

94

30s

12

55

30s

13

72

30s

Cycle to Step 11 27 times
14

94

30s

15

61

30s

16

72

10min
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Hold at 10°C
Table 2.1 Thermal profile for Phospho1-R74X genotyping

PCR products were digested using 2.5U/reaction BseMI restriction endonuclease (Thermo
Fisher Scientific, Renfrew, UK) according to manufacturer’s instructions at 55 oC for 90min.
Products were visualised by gel electrophoresis using a 1.5% agarose gel containing 10µl
SYBR Safe (Thermo Fisher Scientific, UK) and imaged under UV light. Genotypes were
assigned according to the presence of a single band (Phospho1+/+), digestion products only
(Phospho1-/-) or a band and digestion products (Phospho1+/-).
2.2.3 Gestational timed pregnancies
Gestational timed pregnancies (GTPs) were carried out within the Roslin Institute Biological
Resource Facility to generate mouse embryos of known developmental age. Male and
female mice were housed separately until designated day of mating. Oestrus was induced
by moving bedding from the male cage to the female cage in the days before mating.
Females were examined for signs of oestrus and an individual selected for transfer to the
male cage overnight. Enrichment items were removed from the cage during overnight
mating. Cages were checked for a vaginal plug to signify successful mating. If a vaginal plug
was present this was designed as embryonic day 1 (E1). Females were subsequently
weighed and pregnancy confirmed at E10 by palpation of the abdomen and on observation
of weight gain.
Pregnant females were culled at E14-17 by Schedule 1 cervical dislocation. Initial
assessment of death was undertaken by lack of heartbeat, blink reflex on touching the eye
and toe pinch reflex, while monitoring for lack of respiration. Death was confirmed by
cessation of circulation. A midline incision was made and uterine horns dissected free of the
mesometrium. Individual embryos were separated from the uterine horns and culled by
Schedule 1 decapitation.
2.2.4 Optical projection tomography
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Whole embryos from GTPs generated as above were fixed in 4% paraformaldehyde in PBS
overnight at 4oC with gentle agitation and washed in PBS. Subsequent steps were performed
in darkness. For whole-mount skeletal staining whole samples were incubated in 5mg/L
alizarin red S in 1% sodium hydroxide at room temperature overnight until embryonic
skeletons were clearly stained. Samples were subsequently washed in PBS until equilibrated.
Embryos were floated in molten 1.5% low-melting point agarose (ThermoFisher Scientific,
UK) in a 40mm diameter petri dish and manipulated gently with blunted glass tools to
manoeuvre the sample into the centre of the dish in all three axes while the agarose set. Set
agarose blocks were trimmed using a razor blade and glued to optical projection
tomography (OPT) mounts. Once dry, blocks were cut to size as a frustum and dehydrated
by suspension in methanol for 24-48h. Blocks were cleared through incubation in 1:2
solution of benzyl alcohol:benzyl benzoate (BABB). Cleared samples were imaged in BABB
using a Bioptonics OPT 3001 scanner (Bioptonics, UK) using the 425/40nm GFP1 and
545/30nm Cy3 emission filters to collect soft tissue anatomy and skeletal data respectively.
Positioning, exposure and focus were adjusted individually for each sample. Zoom was set
consistently for all samples to maintain a voxel size of 6.7µm. Flatfield correction was
applied before imaging.
Tomographic datasets were reconstructed into z-stacks using NRecon v1.6.9 (Bruker,
Kontich, Belgium) with semi-automatic adjustment for post-alignment and optimisation of
the threshold. Soft tissue and skeletal datasets from each sample were imported to Imaris
(Bitplane, UK) and aligned. The skeleton was segmented as a surface in Imaris using an
absolute intensity approach.
2.2.5 Micro-computed tomography
Dissected bone samples were cleaned of soft tissue, fixed in 4% paraformaldehyde in PBS
overnight at 4oC with gentle agitation and stored in PBS. Samples were embedded in 1%
agarose, maintaining orientation for sample identification and scanned using a SkyScan
1172 desktop micro-computed tomography (µCT) scanner (Bruker, Belgium) with a rotation
step of 0.28o and two-frame averaging. The scanner was operated with a 54kV source
voltage, 185µA source current, an exposure time of 1767ms, and with a 0.5mm aluminium
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filter to achieve a voxel size of 6.03µm. Tomographic datasets were reconstructed into zstacks using NRecon v1.6.9 (Bruker, Belgium). Reconstruction thresholding was optimised to
encapsulate the target image, defined by attenuation coefficients of 0.005 to 0.10. Ring
artefact correction was set to 5 and a beam hardening correction of 20% was applied.
Consistent settings were used for all samples.
After reconstruction, CtAn v1.16.4 (Bruker, Belgium) was used to analyse metaphyseal
trabecular bone parameters. A 250-slice subset of metaphyseal trabecular bone was used
for analysis, using the base of the growth plate as a standard reference point. Polygonal
regions of interest (ROIs) were hand-drawn to exclude the cortical bone and the resulting
subset saved as a new dataset to be analysed. Segmented trabecular datasets were
analysed using the Batman function within CtAn v1.16.4 (Bruker, Belgium) with binarisation
and despeckling of images performed before 3D analysis.
Whole-bone cortical analysis was performed using the BoneJ (Doube et al. 2010) image
analysis plugin for Fiji (Schindelin et al. 2012). Subsequent to image reconstruction as
detailed above, individual bones were segmented and saved as separate datasets. Scans
were first consistently orientated using the moments of inertia function and the dataset
cropped to a proportion of total bone length to exclude the epiphysis and proximal and
distal growth plates as appropriate for each experiment. The trabecular bone and fibula
were removed from the images and cortical bone parameters along the length of the new
dataset analysed using the BoneJ slice geometry function. Data were processed and
visualised using R.
For analysis of bone mineral density (BMD), known-density hydroxyapatite phantoms (0.25
and 0.75g/cm3) were scanned and reconstructed under identical conditions as bone
samples, as detailed above. CtAn v1.16.4 (Bruker, Belgium) was used to calibrate
attenuation coefficients for trabecular analysis. Identical coefficients were used in BoneJ for
whole-bone cortical analysis.
2.2.6 Three-point bending
Dissected bones were cleaned of soft tissue, frozen in distilled water (dH2O) and stored at 20oC. The mechanical properties of bones were tested by 3-point bending using a Lloyd LRX5
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materials testing machine (Lloyd Instruments, UK), operating a 100N load cell. The span of
the sample holder was fixed at 10mm and bones loaded with a strain of 1mm/min until
failure as previously described (Huesa et al. 2011).

2.3 Histological methods
All histological dyes and prepared stains were purchased from CellPath (UK) unless
otherwise stated. Subsequent to staining, slides were dehydrated in an ascending
concentration of ethanol, cleared in xylene and mounted with a glass coverslip in Pertex
resinous mounting medium (CellPath, UK) unless otherwise stated.
2.3.1 Paraffin tissue processing, embedding and sectioning
Bones were dissected out, cleaned of soft tissue and fixed in 4% paraformaldehyde (PFA) in
PBS, pH 7.2 overnight at 4oC with gentle agitation. Bones were washed in dH2O and
decalcified in of 10% aqueous ethylenediaminetetraacetic acid (EDTA) for 2-3 weeks with
the solution changed every 2-3 days until decalcification was complete. Samples were
washed in dH2O, bisected in the sagittal plane and stored in 70% ethanol until processing.
Embryos were fixed whole in 4% paraformaldehyde in PBS, pH 7.2 at 4oC with gentle
agitation. Whole embryonic lower limbs and calvaria were dissected under a dissecting
microscope and stored without decalcification in 70% ethanol until processing.
Samples were processed to paraffin wax using a ASP300S enclosed tissue processor (Leica
Biosystems, Germany) through incubation in ascending concentrations of ethanol, clearing
in xylene and infiltration in molten paraffin wax. Bones and embryonic samples were
embedded in paraffin wax blocks on the medial cut surface. 3µm sections were cut using a
HM325 rotary microtome (ThermoFisher Scientific, UK), mounted on Superfrost Plus
microscope slides (ThermoFisher Scientific, UK) and incubated at 50oC until dry.
2.3.2 Haematoxylin and eosin staining
Deparaffinised slides were stained in Harris haematoxylin (CellPath, UK) for 3min, washed in
water and differentiated in Scott’s Tap Water for 2min. Slides were washed in water and
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stained in 1% Eosin Y in 70% ethanol for 2min. Stained slides were cleared and mounted as
above.
2.3.3 Toludine blue staining
A 0.4% toluidine blue O was made up in 165mM sodium acetate buffer, pH 4 and stored at
4oC. Staining solution was equilibrated to room temperature before use. Deparaffinised
slides were incubated in staining solution for 10min and washed well in dH2O. Slides were
counterstained in 0.2% fast green for 5min and washed in dH2O before mounting as above.
2.3.4 Goldner’s trichrome staining
Deparaffinised slides were incubated in Weigert's iron hematoxylin for 10min to stain nuclei,
differentiated in acid alcohol for 15s and washed in dH2O. Slides were stained in a 0.18%
ponceau de xylidine; 0.06% acid fuchsin; 0.04% azopholxine solution in 0.2% acetic acid for
5min, washed in 1% acetic acid, stained in a 0.4% orange G solution in 0.6%
phosphomolybdic acid for 10min, washed in 1% acetic acid, stained in a 0.2% light green
solution in 0.2% acetic acid for 5min and washed in dH2O before mounting.
2.3.5 Von Kossa staining
Deparaffinised slides were incubated in 1% aqueous silver nitrate for 2h under bright light,
washed in dH2O and incubated in 5% aqueous sodium thiosulfate to complex unreacted
silver. After washing slides were counterstained in 0.1% nuclear fast red in 5% aluminium
sulfate, washed in dH2O and mounted.
2.3.6 Tartrate-resistant acid phosphatase staining
Tartrate-resistant acid phosphatase (TRAP) staining solution was made up by dissolving
70mg napthol AS-TR phosphate in 250µl N-N-dimethyl formamide. The napthol solution was
mixed with 50ml 0.2M sodium acetate pH5.2 buffer before addition of 115mg sodium
tartrate dihydrate and 70mg fast red salt TR, and warming to 37 oC. Deparaffinised slides
were stained in TRAP staining solution for 1.5h at 37oC, counterstained in Meyer’s
haematoxylin and mounted in Glycergel aqueous mounting medium (Agilent Technologies,
UK).
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2.3.7 Static histomorphometry
Serial sections of paraformaldehyde-fixed decalcified tibiae stained with Goldner’s
trichrome and for TRAP were scanned using a NanoZoomer XR slide scanner (Hamamatsu
Photonics, Japan) using automatic focus and a x20 objective. Entire images of the proximal
trabecular compartment at x20 resolution were exported as .tiff files using the NDPITools
(Deroulers et al. 2013) plugin for Fiji (Schindelin et al. 2012). Images were analysed using
BIOQUANT OSTEO (BIOQUANT Image Analysis Corporation, USA) according to
manufacturer’s instructions and following ASBMR histomorphometry guidelines (Dempster
et al. 2013).
2.3.8 Immunohistochemistry
All primary and secondary antibodies and their associated working concentrations are
detailed in Appendix III.
Deparaffinised slides were washed in dH2O and incubated in 1mg/ml trypsin isolated from
porcine pancreas in 0.1% CaCl2 at 37oC for 30min to facilitate antigen retrieval. Following
washing, sections were incubated in 3% hydrogen peroxide in methanol for 30min at room
temperature to block activity of endogenous peroxidases. Sections were washed well in
dH2O, blocked in blocking buffer (1% bovine serum albumin (BSA); 0.1% Triton-X; 0.05%
Tween-20) in PBS for 1h at room temperature and washed in PBS for 3x5min. Primary
antibodies were diluted to an appropriate concentration in primary antibody buffer (0.1%
Triton-X; 0.05% Tween-20 in PBS) and incubated on tissue sections at 4oC overnight within a
humidity chamber to prevent evaporation.
Sections were washed 3x5min in PBS before secondary antibodies conjugated to
horseradish peroxide (HRP) were diluted appropriately in secondary antibody buffer (0.05%
Tween-20 in PBS) and incubated on sections for 1h at room temperature. Sections were
washed 3x5min in PBS and incubated for a maximum of 5min until developed in 3,3’diaminobenzidine (DAB) peroxidase substrate (Vector Laboratories, UK) diluted according to
manufacturer’s instructions. Slides were counterstained in Harris haematoxylin for 2min,
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dehydrated through an ascending ethanol concentration and cleared in xylene using a Leica
Autostainer XL (Leica Biosystems, Germany) before mounting.
For detection of ENPP6 the Vectastain ABC anti-rabbit kit (Vector Laboratories, UK) was
used according to manufacturer’s instructions. After antibody staining, slides were
incubated with DAB substrate, counterstained and mounted as above.
2.3.9 Immunofluorescence
All primary and secondary antibodies and their associated working concentrations are
detailed in Appendix III.
Deparaffinised tissue sections underwent antigen retrieval and were washed, blocked and
incubated in primary antibody as detailed above in Section 2.3.8 without hydrogen peroxide
treatment. All subsequent steps were performed in darkness. Slides were washed 3x5min in
PBS and sections incubated in secondary antibodies conjugated to fluorescent reporter
molecules appropriately diluted in secondary antibody buffer.
For multiplex labelling primary antibodies with distinct species origins and secondary
antibodies with distinct species affinities were incubated simultaneously. Slides were
subsequently washed in PBS for 3x5min and counterstained in 1µg/ml Hoechst
(ThermoFisher Scientific, UK) for 4min. Slides were washed briefly in distilled water and
mounted in ProLong Gold Antifade Mountant (Thermo Fisher Scientific, UK). Slides were
imaged using a Zeiss LSM 710 or 880 laser scanning confocal microscope (Carl Zeiss,
Germany) operating a x63 oil-immersion lens.

2.4 In vitro methods
All cell culture reagents were purchased from Life Technologies (UK) unless otherwise
stated.
2.4.1 MC3T3 cell culture
MC3T3 subclone 14 (MC3T3-C14) of the MC3T3-E1 mouse osteoblast-like immortalised cell
line was purchased from ATCC (USA). Cells were cultured in α-minimum essential medium
(αMEM) without nucleosides supplemented with 10% foetal bovine serum (FBS), syringe
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filtered using a 0.22µm filter, and 50µg/ml gentamicin and maintained at 37oC in a 5% CO2
atmosphere. For passaging cells were cultured until ~80% confluent and dissociated by
addition of 0.05% trypsin-EDTA for 10min. Trypsin was inactivated through addition of an
equal volume of αMEM and cells pelleted by centrifugation at 2000xg for 5min at room
temperature. Cell pellets were resuspended in αMEM, counted using a haemocytometer
and plated in multi-well plates at an appropriate density for experimentation. Cells were not
used past passage number 12. Plated cells were cultured until ~80% confluent and
stimulated to assume an osteogenic phenotype by addition of 50µg/ml L-ascorbic acid and
5mM β-glycerophosphate (BGP) or 10mM inorganic phosphate (Pi). Cells were cultured as
above for up to 7 days with medium changed every 2-3 days.
2.4.2 Freezing and revival of MC3T3 cells
To maintain stocks of MC3T3-C14 cells, cells were dissociated, counted and pelleted as
described above in Section 2.4.1. Cells were resuspended in 1:1 αMEM:freezing buffer (20%
FBS; 20% DMSO in αMEM) to a final concentration of 3x106 cells/ml in cryovials (Scientific
Laboratory Supplies, UK). Cryovials were placed within a polystyrene box lined with cotton
wool and frozen overnight at -70oC. Vials were subsequently transferred to a -150oC freezer
for long-term storage.
To revive frozen cells, cryovials were removed from the -150oC freezer and thawed in an
incubator at 37oC. To remove DMSO, cells were transferred to a sterile universal tube once
equilibrated and 5ml of pre-warmed αMEM added slowly to prevent osmotic shock. Cells
were pelleted as in Section 2.4.1, media decanted and were gently resuspended in 1ml
αMEM. Resuspended cells were cultured in a T175 culture flask in a total volume of 25ml
αMEM at 37oC in a 5% CO2 atmosphere until ~80% confluent and passaged as per Section
2.4.1 for experimental use.
2.4.3 Primary osteoblast isolation and culture
Aliquots of Hank’s buffered salt solution (HBSS; +Ca2+, +Mg2+), phosphate buffered saline
(PBS) and 4mM EDTA, along with an appropriate volume of 1mg/ml collagenase Type II
(Worthington Biochemical Corporation, USA) in HBSS, were sterilised by filter sterilisation
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using a 0.22µm syringe filter and pre-warmed to 37oC. To isolate primary osteoblasts, 3-5
day-old mouse pups were culled by decapitation and calvaria isolated using dissection tools
sterilised by autoclaving. Isolated calvaria were combined 3/sample and agitated gently in
HBSS to wash. Calvaria were digested in collagenase solution for 10min at 37oC with
shaking, the supernatant discarded and the collagenase digestion repeated for a further
45min. The supernatant was retained as Fraction 1. Calvaria were washed in PBS with the
supernatant added to Fraction 1.
Calvaria were decalcified in 4mM EDTA at 37oC for 10min with shaking and the supernatant
retained as Fraction 2. Samples were washed in HBSS with the supernatant added to
Fraction 2. Isolated cells in Fractions 1 and 2 were pelleted by centrifugation at 2000xg for
5min at room temperature, the supernatant discarded and the cell pellet resuspended in
500µl pre-warmed αMEM prepared as in Section 2.4.1. Fractions 1 and 2 were combined
and mixed by gentle pipetting to form a single cell suspension. Combined fractions were
seeded in a T75 culture flask in a total volume of 11ml αMEM and incubated at 37 oC in a 5%
CO2 atmosphere.
During seeding isolated calvaria were incubated in collagenase solution for a further 45min
at 37oC with shaking. The supernatant was retained as Fraction 3. Isolated cells in Fraction 3
were pelleted as above and resuspended in 1ml pre-warmed αMEM. The cell suspension
was subsequently added to the previously seeded T75 flask. Cells were incubated as above
overnight to allow attachment to the culture flask and media changed to remove tissue
debris. Media was changed every 2-3 days thereafter.
For expansion, media was removed and cells dissociated by addition of 0.05% trypsin-EDTA
for 10min. Dissociation medium was inactivated by addition of an equal volume of αMEM
and cells decanted into a universal tube. Cells were pelleted by centrifugation at 2000xg for
5min at room temperature, the supernatant discarded and cells pelleted in 1ml αMEM. Cells
were either divided and expanded into T175 flasks in a total volume of 25ml αMEM, or
counted using a haemocytometer and plated in multi-well plates at an appropriate density
for experimentation. Plated cells were cultured until ~80% confluent and stimulated to
assume an osteogenic phenotype by addition of 50µg/ml L-ascorbic acid and 5mM BGP or
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10mM Pi. Cells were cultured as above for up to 21 days with medium changed every 2-3
days.
2.4.4 Alizarin Red assay and phase contrast microscopy
To assess the extent of mineralised matrix generated by MC3T3s and primary osteoblasts,
cells were plated at 100,000 cells/well of 6 well plates in a total volume of 2ml αMEM. Cells
were cultured until ~80% confluent which was designated as day 0 and subsequently
mineralised as in Sections 2.4.1 and 2.4.3. At relevant time points, media was aspirated,
cells were washed in PBS, and fixed in 10% neutral-buffered formalin (NBF; CellPath, UK) for
10min at room temperature with gentle shaking. Cells were again washed in PBS and either
stored at 4oC or immediately imaged using a phase contrast microscope. For Alizarin Red
staining, PBS was removed and cells incubated in 1ml 2% Alizarin Red S pH 4.2 for 5min at
room temperature with gentle shaking. Staining solution was removed and cells washed in
dH2O repeatedly until no stain leeching was visible. dH2O was removed and plates
photographed under standard lighting conditions. Subsequently cells were incubated in 1ml
10% cetylpyridium chloride for 0.5-1H to solubilise bound Alizarin Red. Supernatant was
transferred to a 96-well plate and absorbance read at 570nm using a Synergy HT microplate
reader (BioTek Instruments, USA).
2.4.5 Alamar blue assay
To assess cell viability during mineralisation of MC3T3s and primary osteoblasts the
alamarBlue (ThermoFisher Scientific, UK) assay was used according to manufacturer’s
instructions. 20µl alamarBlue cell viability reagent (ThermoFisher Scientific, UK) was added
to individual test and negative control wells and incubated at 37oC for 4H. Fluorescence was
read using a Synergy HT microplate reader (BioTek Instruments, USA) using 530nm
excitation and 590nm emission filters. Data were blank corrected against negative control
wells and expressed relative to ascorbic acid-only samples.
2.4.6 Matrix vesicle isolation
To isolate matrix vesicles (MVs) from the extracellular matrix of mineralising MC3T3s and
primary osteoblasts, cells were seeded at 200,000 cells/plate in 100mm cell culture-treated
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petri dishes in a total volume of 10ml αMEM. Cells were cultured until ~80% confluent
which was designated as day 0 and subsequently mineralised as in Sections 2.4.1 and 2.4.3.
At relevant time points culture media was aspirated and cells washed three times in prewarmed HBSS to remove contaminating exosomes from FBS. HBSS was removed and 3ml
pre-warmed 2.5mg/ml collagenase IA solution in HBSS was added to each plate. Plates were
incubated for 2-6h with firm agitation every hour until cells and matrix were solubilised, as
confirmed using phase contrast microscopy. The digests from 3 plates were combined into a
single universal tube and centrifuged at 2000xg for 5min at room temperature to pellet
osteoblasts. The supernatant was retained, and cell pellets re-suspended in 1ml HBSS. Cell
suspensions were divided equally into 2ml round-bottomed Eppendorf tubes (Eppendorf,
Germany) and pelleted by centrifugation as above. The supernatant was discarded and cell
pellets resuspended in either 150µl RIPA buffer (ThermoFisher Scientific, UK) supplemented
with 1X protease inhibitor cocktail (Roche, Switzerland) or 1ml cold Qiazol (Qiagen,
Netherlands) for protein and gene expression analyses as per Sections 2.6 and 2.7.
The supernatant from the digestion mix was centrifuged at 10,000xg for 30min at 4 oC to
remove cell debris including free-floating organelles and the supernatant retained. Samples
were loaded into 13.2ml thin-wall ultracentrifuge tubes (Beckman Coulter, UK) and made up
to ~11ml with vesicle isolation buffer, filtered using a 0.1µm syringe filter to remove small
particles (see Appendix I). Samples were balanced to within 0.01g and centrifuged at
100,000xg for 70min at 4oC using a Beckman Optima XL-100K ultracentrifuge (Beckman
Coulter, UK) with a SW41 Ti swing bucket rotor. The supernatant was discarded and vesicle
pellets washed in vesicle isolation buffer. Samples were again made up to ~11ml with
buffer, balanced and centrifuged as above for 60min to obtain the final vesicle pellet. The
supernatant was discarded and pellets resuspended in either 250µl vesicle isolation buffer,
lysed in 20µl 8M Urea (see Section 2.8.1), immediately frozen in liquid nitrogen (see Section
2.8.3; 2.8.4), or lysed in 100µl RIPA buffer (ThermoFisher Scientific, UK) supplemented with
1X protease inhibitor cocktail (Roche, Switzerland) for downstream analyses. Vesicle
suspensions in isolation buffer were frozen on dry ice and maintained at -70oC before
analysis.
2.4.7 Nanoparticle tracking analysis
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Nanoparticle tracking analysis (NTA) was performed using a Nanosight LM14 instrument
(Malvern Instruments, UK) equipped with a 532nm laser and a CMOS Hamamatsu Orca
Flash 2.8 camera and operating with the NTA v2.3 software. Vesicle isolates were diluted
1:1000 in vesicle isolation buffer, vortexed briefly and particle concentration and size
measured using commercial algorithms. Measurements were repeated 3 times on each
sample and the results averaged.

2.5 Electron microscopy
2.5.1 Backscattered scanning electron microscopy
Entire bones to be prepared for backscattered scanning electron microscopy (SEM) were
dissected free of soft tissue and fixed in 2.5% paraformaldehyde; 2.5% glutaraldehyde in
0.1M sodium cacodylate overnight at 4oC with gentle agitation. Bones were washed and
stored in 0.1M sodium cacodylate buffer at 4oC. Samples were bisected to reveal the
trabecular compartment and incubated in ascending ethanol concentrations for
dehydration, with final washes in acetone. Bones were subject to critical point drying using a
Polaron E3100 dryer (Quorum Technologies, UK). Humeri were embedded in an epoxy resin
block, ground using 2500 grit silicon carbide paper with water until plane and polished on a
Metaserv polisher (Buehler, UK) using 0.3µm aluminium oxide powder, before a thin carbon
coat was applied to the surface. The block was mounted on a 25mm stub and examined
under backscattered SEM using a SIGMA HD VP microscope (Carl Zeiss, Germany) fitted with
a 4 quadrant solid state angle selective backscatter detector and operating at 15keV, at a
working distance of 7mm and aperture size of 30µm. Energy dispersive X-ray spectroscopy
(EDS) was performed using the AZtecEnergy system (Oxford Instruments, UK).
2.5.2 Transmission electron microscopy
For transmission electron microscopy (TEM) of embryonic tissues, embryos were fixed
whole in 2.5% paraformaldehyde; 2.5% glutaraldehyde in 0.1M sodium cacodylate overnight
at 4oC with gentle agitation and washed in PBS. Embryonic skeletons were whole-mount
stained in 5mg/L alizarin red S in 1% sodium hydroxide at room temperature in darkness
overnight and bones of interest micro-dissected under a dissection microscope, with
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samples stored in 0.1M sodium cacodylate. Samples were post-fixed in 1% osmium
tetroxide (TAAB Laboratory Equipment, UK) in 0.1M sodium cacodylate for 1.5h at room
temperature with gentle agitation and washed thoroughly in 0.1M sodium cacodylate. Postfixed samples were dehydatred through an ethanol series (50%; 70%; 90%; 100%) for
20min/wash and washed twice in propylene oxide for 20min/wash before overnight
incubation at room temperature in 1:1 propylene oxide:resin (Hard-Plus Premix kit,
prepared as per manufacturer’s instructions; TAAB Laboratory Equipment, UK) to infiltrate
samples with resin. Infiltration solution was removed and replaced with pure resin for a 5h
incubation at room temperature. Samples were placed in a silicone embedding mould and
resin replaced. Resin was polymerised at 65oC for 48h. Ultrathin sections at ~60nm thickness
were cut using a UCT Ultracut ultramicrotome (Leica Microsystems, Germany) equipped
with an Ultra 45° diamond knife (DiATOME, USA) and mounted on 200-mesh formvarcoated copper grids (Agar Scientific, UK). Grids were stained in 1% aqueous uranyl acetate
(Agar Scientific, UK), filtered immediately before use through a 0.22µm syringe filter, for
45min and washed thoroughly in dH2O. Grids were then stained in Reynold’s lead citrate
solution for 10min in a petri dish accompanied by solid sodium hydroxide pellets to prevent
formation of lead carbonate, and washed thoroughly in dH2O. Grids were left to air dry
before examination in the TEM.
For TEM of isolated vesicles, a drop of vesicle suspension was incubated on 200-mesh
formvar-coated copper grid (Agar Scientific, UK) for 10min to allow vesicles to adsorb to the
carbon film. Excess solution was removed by touching the grid edge with filter paper and
vesicles fixed in 2.5% paraformaldehyde; 2.5% glutaraldehyde in 0.1M sodium cacodylate
for 2min. Grids were washed several times in dH2O and stained in 1% aqueous uranyl
acetate (Agar Scientific, UK), pre-filtered as above, for 1min. Excess stain was removed using
filter paper as above, grids washed briefly in dH2O and left to air dry before examination in
the TEM.
For imaging a Tecnai F20 field emission gun TEM (FEI, USA) was used, with operating at
200kV and using a 8k x 8k CMOS camera. Rough alignments for the condenser aperture,
objective aperture and for eucentricity were first performed by eye on blank carbon.
SerialEM (Mastronarde 2003) was used to refine eucentricity and for autofocussing, to
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facilitate montaging, and to operate the microscope in low dose mode. For selected area
electron diffraction (SAED) appropriate selected area apertures and the beam stopper were
inserted into the microscope column and manually centred. Images were recorded in
diffraction mode at an appropriate camera length.
2.5.3 Focussed ion beam-scanning electron microscopy
For focussed ion beam-scanning electron microscopy (FIB-SEM) of embryonic samples were
fixed, stained and dissected as per Section 2.5.2. Dissected bones were en bloc stained using
the osmium-thiocarbohydrazide (OTOTO) approach to improve electron contrast and tissue
conductivity. Samples were post-fixed in 1% osmium tetroxide (TAAB Laboratory
Equipment, UK) in 0.1M sodium cacodylate for 1h at room temperature. 1% (saturated)
thiocarbohydrazide was prepared in dH2O, heated to 60oC to ensure maximal dissolution
and filtered using a 0.22µm syringe filter immediately before use and samples immersed in
the resulting solution for 30min with gentle agitation. Osmium and thiocarbohydrazide
staining steps were repeated and a final osmium incubation performed. Samples were
subsequently incubated in freshly-prepared 3% aqueous uranyl acetate (Agar Scientific, UK)
for 5H at room temperature in darkness. Following staining, samples were embedded in
plastic resin as per Section 2.5.2. Blocks were pre-cut using an ultramicrotome equipped
with a diamond knife as per Section 2.5.2 until the sample surface was exposed, and blocks
stored in membrane boxes (Agar Scientific, UK) to protect the surface.
Blocks were mounted in 12.5mm aluminium slotted specimen stubs and coated with a thin
layer of platinum using a PP3010 cryoFIB-SEM preparation stage (Quorum Technologies,
UK). Samples were examined using a field emission gun Zeiss Crossbeam 550 FIB-SEM (Carl
Zeiss, Germany) equipped with an in-lens secondary electron detector and operating at
5keV. Low-magnification images of the block surface were taken to orient the sample and
identify regions of interest which were subject to gallium focussed ion beam milling. A
~300nm layer of platinum was deposited using a gas insertion system to protect the surface
before milling. A trapezoid trench 15µm deep was cut to reveal the imaging surface using a
30nA probe current and the surface polished using a 7nA probe current. ~5-10µm volumes
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were processed by sequential imaging using the in-lens detector and focussed ion beam
milling using a 7nA probe current.
To correct for uneven illumination across the image due to the trapping of secondary
electrons at the bottom of the milled trench a local contrast enhancement approach was
used allowing adaptive histogram equalisation within small regions rather than across the
entire image. A block size of 250px and a maximum slope of 6 was used in the algorithm.
Local contrast enhancement was followed by a despeckle operation in Fiji to reduce noise.

2.6 RNA methods
2.6.1 RNA extraction
For RNA extraction from embryonic tissue samples, embryos were immediately cooled on
ice and limbs or calvaria were micro-dissected under a dissecting microscope using
dissecting tools previously decontaminated in RNaseZap (ThermoFisher Scientific, UK).
Dissected samples were immediately frozen in liquid nitrogen and stored at -70oC until
ready for processing. Frozen samples were homogenised in 1ml cold Qiazol (Qiagen,
Netherlands) using a T10 ULTRA-TURRAX tissue homogeniser (IKA, Germany) with samples
cooled on ice every 15s until completely homogenised.
For RNA extraction from cells cultured in 6-well plates, culture media was aspirated and cell
monolayers washed in HBSS twice at room temperature. HBSS was removed and cells
scraped in 1ml cold Qiazol (Qiagen, Netherlands). Lysates were collected into Eppendorf
tubes (Eppendorf, Germany), frozen on dry ice and stored at -70oC until ready for
processing.
Homogenised tissues and cell lysates were processed identically thereafter. Samples were
thawed at room temperature if frozen, 200µl chloroform was added and samples agitated
vigorously for 30s. Samples were incubated for 3min at room temperature and centrifuged
at 12,000xg for 15min at 4oC. The upper phase was retained and an equal volume of 70%
ethanol in RNase-free water added. RNA was isolated using the RNeasy Mini Kit (Qiagen,
Netherlands) according to manufacturer’s instructions, including a 15min digest with
DNAseI (Qiagen, Netherlands) to remove DNA contamination. After washing, RNA was
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eluted in a total volume of 40µl RNase-free water and RNA concentration measured using a
NanoDrop spectrophotometer (ThermoFisher Scientific, UK) and diluted to 50ng/µl in
RNase-free water. RNA isolates were frozen on dry ice and stored at -70oC.
2.6.2 Reverse transcription
To synthesise cDNA, 10µl diluted RNA was annealed with 2µl random primers (diluted 1:60;
ThermoFisher Scientific, Renfrew, UK) through incubation in 200µl RNase-free tubes
(STARLAB, UK) at 70oC for 10min using a thermal cycler. Samples were subsequently rapidly
cooled on ice. Reverse transcription was achieved using the SuperScript III system
(ThermoFisher Scientific, UK) according to manufacturer’s instructions. A master mix
containing 4µl 5X first strand buffer, 2µl 0.1M DTT, 1µl dNTPs and 1µl SuperScript III was
prepared/sample and 8µl added to each RNA sample. Samples were incubated at 25oC for
5min, 50oC for 1h and 70oC for 15min using a thermal cycler to facilitate reverse
transcription. Resulting cDNA samples were diluted to 5ng/µl in RNase-free water and
stored at -20oC.
2.6.3 Quantitative polymerase chain reaction
All primer sequences are provided in Appendix II. Lyophilised oligonucleotides were
purchased from Sigma-Aldrich (UK), reconstituted in dH2O to a stock concentration of
100µM and stored at -20oC. Primer pairs were made from stocks at a working concentration
of 10µM in dH2O and stored at -20oC.
Quantitative polymerase chain reaction (qPCR) was used to assay gene expression in cDNA
samples reverse transcribed as above. The qPCRBIO SyGreen Mix (PCR Biosystems, UK) was
used in the following master mix: 10µl qPCRBIO SyGreen Mix, 1µl primer pair, 4µl RNasefree water, for a total volume of 15µl/reaction. Master mix was pipetted to an appropriate
number of wells of a 96-well assay plate maintained in a frozen plate holder. 5µl 5ng/µl
cDNA was added to the master mix in duplicate/sample and caps firmly affixed to the plate.
Non-tissue negative control wells in duplicate were also set up with RNase-free water in
place of cDNA. Plates were vortexed gently and briefly centrifuged. Gene expression was
assayed using a Stratagene Mx3000P real-time qPCR system (Agilent Technologies, UK)
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system with the following thermal profile: 2min at 95oC; 40 cycles of 15s at 950C followed by
1min at 60oC. Thermal cycling was followed by a melt curve analysis to ensure primer
specificity.
Data were collected using the MxPro software (Agilent Technologies, UK), with sample
duplicates averaged. Data were normalised relative to 18S and analysed using the ΔΔCt
method (Livak and Schmittgen 2001).

2.7 Protein methods
2.7.1 Protein extraction
For protein extraction from cells cultured in 6-well plates, media was aspirated and cell
monolayers washed in HBSS twice at room temperature. HBSS was removed and cells
scraped in 150µl RIPA buffer (ThermoFisher Scientific, UK) supplemented with 1X protease
inhibitor cocktail (Roche, Switzerland). For protein extraction from isolated MVs, vesicle
pellets were either lysed directly in RIPA buffer, or an aliquot of vesicle suspension in vesicle
isolation buffer was mixed with an appropriate volume of 5X RIPA buffer (see Appendix I)
and vortexed well. Lysates were collected into Eppendorf tubes (Eppendorf, Germany),
centrifuged at 10,000 x g for 5min at 4oC and stored at -20oC.
2.7.2 Bicinchoninic acid assay
For quantification of protein lysates, the Pierce bicinchoninic acid (BCA) assay was used
(ThermoFisher Scientific, UK). Samples were thawed on ice and briefly centrifuged. BSA
standards were serially diluted in RIPA buffer (ThermoFisher Scientific, UK) to the following
concentrations: 2mg/ml, 1mg/ml, 500µg/ml, 250µg/ml, 125µg/ml, 50µg/ml and 25µg/ml.
200µl/well of working reagent was made up at a dilution of 50:1, Reagent A: Reagent B and
pipetted into a 96-well assay plate. 5µl of each standard or sample was added to wells in
duplicate and the plate gently vortexed. Plates were incubated at 55 oC for 1h to develop
and absorbance read at 562nm using a Synergy HT microplate reader (BioTek Instruments,
USA). Data were blank corrected against RIPA buffer-only wells. A standard curve was
calculated using standard wells and the concentration of samples measured against the
curve.
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2.7.3 Western blotting
Samples were thawed on ice and diluted to a consistent concentration. 26µl protein sample
was combined with 10µl 4X lithium dodecyl sulfate sample buffer (Life Technologies, UK)
and 4µl DTT reducing agent (Life Technologies, UK), vortexed and centrifuged briefly.
Samples were denatured at 70oC for 10min and loaded onto a pre-cast 10% Bis-Tris gel (Life
Technologies, UK) along with 10µl pre-stained molecular weight marker (Bio-Rad,
Switzerland). Gel electrophoresis was performed using a Mini Gel Tank (Life Technologies,
UK) tank in 1XMOPS buffer (Life Technologies, UK) supplemented with 0.25% antioxidant
(Life Technologies, UK) using the following voltage scheme: 80V for 15min; 130V for 25min;
110V for 90min. Protein was transferred to a nitrocellulose membrane (GE Healthcare, USA)
in a XCell II transfer module (Life Technologies, UK) in transfer buffer (see Appendix I) on ice
at 30V for 90min.
Following transfer, the membrane was washed thoroughly in TBST (see Appendix I) and
blocked in 5% skimmed milk powder in TBST for 1H at room temperature. Primary
antibodies were prepared as in Appendix I in blocking buffer and incubated with the
membrane at 4oC overnight. Membranes were washed in TBST and probed with secondary
antibodies prepared as in Appendix I in blocking buffer for 1h at room temperature. After
washing, bound antibody was detected by enhanced chemiluminescence (ECL) using ECL
substrate (GE Healthcare, USA) prepared as per manufacturer’s instructions. Membranes
were imaged using an Odyssey Fc imaging system (LI-COR Biosciences, UK).
Digital images of blots were quantified by gel densitometry using Image Studio (LI-COR,
Biosciences, UK). Signal was normalised to either a loading control protein or using a total
protein stain (LI-COR, Biosciences, UK) performed before antibody blotting according to
manufacturer’s instructions. Data were expressed as a fold-change relative to control
samples.

2.8 Mass spectrometry
Mass spectrometry was performed on vesicles isolates prepared as per Section 2.4.6.
2.8.1 Proteomics
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After vesicle isolation, isolation buffer was removed and centrifuge tubes placed upside
down for 1-2min to eliminate any remaining buffer. Pellets were resuspended in freshly
prepared 20µl 8M urea (see Appendix I), transferred to Protein LoBind tubes (Eppendorf,
Germany) and briefly centrifuged. 2µl sample was used to quantify protein concentration
using the BCA assay (see Section 2.7.2), with the remainder snap frozen and stored at -70oC.
Mass spectrometry was performed by the Roslin Institute Proteomics Facility. Samples were
first reduced and alkylated followed by digestion with trypsin. The resulting peptides were
desalted by solid phase extraction on C18 cartridges (ThermoFisher Scientific, UK). The
cleaned peptides were labelled with stable-isotopic iTRAQ labels (ThermoFisher Scientific,
UK). Following labelling peptides were pooled and fractionated by strong cation exchange
chromatography. Individual fractions were analysed by liquid chromatography-mass
spectrometry and datasets combined to generate a protein list. Identification was
performed using the Mascot software and median ratios calculated by using the
ProteinScape (Bruker, USA) and WARP LC (Bruker, USA) software suite.
Analysis was repeated in 3 samples and the resulting datasets pooled using R. Data were
first filtered to exclude proteins identified using < 2 unique peptides and those exhibiting a
high coefficient of variation. Where a protein was identified in more than one dataset
median ratios were averaged to produce a single mean entry.
2.8.2 Bioinformatic analysis of proteomics data
Processed data were imported to Graphia (Kajeka, UK) and subject to pairwise correlation
analysis, with a cutoff value of < 0.97. Data were then subject to Markov cluster algorithm
(MCL) clustering with a granularity value of 1.2 to generate clusters of proteins with
correlated expression trends. Clusters of proteins with correlated expression over time
identified as above were subject to functional annotation using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) platform (Huang, Sherman, and
Lempicki 2009; Sherman and Lempicki 2009). Functional annotation clustering was used to
identify enriched classes of proteins within each expression cluster. GO terms found to be
enriched within a cluster were plotted using REVIGO (Supek et al. 2011).
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To visualise networks of potential interactions between proteins, those which were found to
fall into significantly enriched categories using the analyses above were indexed and
protein-protein interactions predicted using StringApp (Doncheva et al. 2019). A confidence
score cutoff of 0.9 was used and additional predicted interactors limited to 10. Data were
visualised using Cytoscape (Shannon et al. 2003).
2.8.3 Lipidomics
After vesicle isolation, isolation buffer was removed and centrifuge tubes placed upside
down for 1-2min to eliminate any remaining buffer. Vesicle pellets were snap frozen in
liquid nitrogen and stored at -70oC before analysis.
Lipidomic analysis was performed by the Institute for Genetics and Molecular Medicine
mass spectrometry facility. Samples were washed twice with ice-cold PBS and 0.4 ml of
butanol:methanol (1:1), containing Splash Lipidomix (Avanti Polar Lipids, USA) as an internal
standard, was added to the tubes. The extraction of lipids was performed at -20 C for 15 min
and finally samples were centrifuged and collected into mass spectrometry vials. The lipids
were separated at 60oC on an Acquity UPLC CSH C18 column (100 × 2.1 mm; 1.7 µm)
(Waters Corporation, USA). The mobile phases were: A) ACN:H2O (60:40) with 10 mM
ammonium formate, 0.1% formic acid and 5 µM of phosphoric acid and B) IPA:CAN (90:10)
with 10 mM ammonium formate, 0.1% formic acid and 5 µM phosphoric acid. The gradient
was as follows: 0–2 min 30% B); 2–8 min 50% B); 8–15 min 99% B), 15–16 min 99% B), 16–17
min 30% B).
The samples were maintained at 6°C in the autosampler and 2 µl of the sample injected. The
analysis of lipids was perfomed by liquid chromatography with tandem mass spectrometry,
consisting of an Ultimate 3000 HPLC (ThermoFisher Scientific, USA) coupled to a Q-Exactive
Orbitrap mass spectrometer (ThermoFisher Scientific, USA). Q-Exactive Orbitrap MS
instrument was operated in both positive and negative polarities, using the following
parameters: mass range 240–1200 m/z (positive) and 240–1600 (negative), spray voltage
3.8 kV (ESI+) and 3 kV (ESI−), sheath gas (nitrogen) flow rate 60 units, auxiliary gas (nitrogen)
flow rate 25 units, capillary temperature (320 °C), full scan MS1 mass resolving power
70,000. Data dependent fragmentation (dd-MS/MS) parameters for positive polarity TopN:
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10, resolution 17,500 units, maximum injection time: 25ms, automatic gain control target:
5e5 and normalised collision energy of 20 and 25 (arbitrary units). For negative polarity
TopN: 5, resolution 17,500 units, maximum injection time: 80 ms automatic gain control
target: 5e5 and normalised collision energy of 20 and 30 (arbitrary units) in negative
polarity. The instrument was externally calibrated to <1 ppm using ESI positive and negative
calibration solutions (ThermoFisher Scientific, USA). Peak detection and integration from
Raw data were processed using Compound Discoverer 3.0 (ThermoFisher Scientific, USA).
Files were also converted to mgf format using MSConvert software and MS2 files were
searched against LipidBlast database using LipiDex software (Ref Cell Systems 2019).
2.8.4 Bioinformatic analysis of lipidomics data
Analysis of lipidomics data was performed using the LipidR (Mohamed, Molendijk, and Hill
2020) package for R (Team 2013) according to provided workflows. Data were first
normalised using a probabilistic quotient normalisation approach and then subjected to
multivariate analysis including principal components analysis and orthogonal partial least
squares discriminant analysis (OPLS-DA).
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3.1 Introduction
The PHOSPHO1 phosphatase has been established as critical to bone mineralisation in early
postnatal mice. Phospho1-null mice possess hypomineralised bones which are
biomechanically incompetent and exhibit spontaneous defects including greenstick
fractures and thoracic scoliosis (Huesa et al. 2011; Yadav et al. 2011). As discussed
previously, the Phospho1-/- mouse phenocopies infantile hypophosphatasia in exhibiting
hyperosteoidosis and plastic deformation of the bones upon loading (Huesa et al. 2011;
Yadav et al. 2011; Carriero et al. 2014; Morcos et al. 2018). These impaired material
properties were also confirmed in older animals using methods including digital image
correlation, however the hypomineralisation evident in young animals remained only as
focal patches distributed throughout the bone (Javaheri et al. 2015; Boyde et al. 2017).
These data confirm PHOSPHO1 is essential for healthy bone mineralisation, however it
remains that bone is nevertheless formed in these animals and mineralisation defects
recover to some extent over time. Several authors have posited that this is due to a
synergistic relationship between PHOSPHO1 and the other well established bone
phosphatase TNAP. Mutations of TNAP are commonly associated with hypophosphatasia in
humans and the Alpl-null mouse exhibits severe skeletal defects including extensive
hypomineralisation (Narisawa, Frohlander, and Millan 1997; Fedde et al. 1999; Foster et al.
2013; Liu et al. 2014). Despite this striking phenotype, hydroxyapatite crystals were still
generated within MVs in the forming ECM (Anderson et al. 2004). These data suggested
another phosphatase active within MVs, later implicated as PHOSPHO1. This relationship
was confirmed by Yadav et al who demonstrated a complete lack of skeletal mineralisation
in the Phospho1-/-;Alpl-/- mouse.
Consolidation of these studies therefore indicates that PHOSPHO1 is indispensable at early
stages of skeletal mineralisation, however TNAP is able to compensate as the skeleton
matures. Despite this, the embryonic phenotype of PHOSPHO1-null animals is relatively
poorly characterised. Yadav et al showed that at 16.5 days of development in the mouse
Phospho1-/- embryos exhibited a marked reduction in bone volume while Alpl-/- embryos
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appeared normal using µCT and histological analyses (Yadav et al. 2011). Stewart and
colleagues also investigated spatial Phospho1 gene expression in embryonic chicks and
confirmed its localisation to developing bones using in situ hybridisation (Stewart et al.
2006). The majority of other studies which have examined the Phospho1-/- phenotype have
however been performed in early postnatal mice in which mineralisation defects may have
already begun to recover. Furthermore, when considering mineralisation in the skeleton,
embryonic development may represent a useful model as a system which naturally
generates mineral de novo.
Earlier studies have established that PHOSPHO1 activity is specific to PEA and PCho, severely
limiting its potential sources of substrate (Stewart et al. 2003; Roberts et al. 2004; Roberts
et al. 2005). As discussed previously, several authors have implicated MVs in the
mineralising ECM as the site of PHOSPHO1 function, with substrates generated from the
vesicle membrane through the action of intermediate phospholipases (Wuthier and
Lipscomb 2011; Stewart, Leong, and Farquharson 2017; Dillon et al. 2019). The presence of
PHOSPHO1 within MVs has indeed been confirmed using several methods including
Western blotting and proteomics of isolated vesicles (Stewart et al. 2006; Balcerzak et al.
2007; Roberts et al. 2007; Balcerzak et al. 2008; Thouverey et al. 2009b; Thouverey et al.
2011; Chaudhary et al. 2016).
The action of PHOSPHO1 is hypothesised to facilitate the intravesicular accumulation of P i in
the form of ACP (Dillon et al. 2019). To date this area has proven difficult to study given the
limitations of the technology available, however several authors have identified Ca 2+ and Pi
rich vesicles intracellularly in osteoblasts in culture and embryonic mouse and zebrafish
bone (Mahamid et al. 2008; Mahamid et al. 2010; Mahamid et al. 2011; Boonrungsiman et
al. 2012). It is however speculative that these intracellular features correspond to
extracellular MVs, particularly given data supporting their biogenesis from microvilli on the
cell surface (Thouverey et al. 2009b; Thouverey et al. 2011).
Despite these promising data the ultrastructure of developing Phospho1-/- bone and the
effect of ablation of PHOSPHO1 on MV biology at the nanoscale has yet to be investigated.
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Here I investigate the developmental phenotype of the Phospho1-/- mouse and examine the
effect of ablation of PHOSPHO1 on MV-mediated mineralisation at the nanoscale.

3.2 Aims and objectives
I will fulfill the following aims:
1. Establish the localisation of PHOSPHO1 during embryonic development of the
skeleton in the mouse.
2. Characterise the developmental phenotype of the Phospho1-/- mouse.
3. Define the ultrastructure of developing bone and the effect of ablation of
PHOSPHO1.

3.3 Materials and methods
All chemical reagents were purchased from Sigma-Aldrich (UK) unless otherwise stated.
Formulation of all non-standard buffers can be found in Appendix I.
3.3.1 Animals
All experimental protocols were approved after review by the University of Edinburgh
Biological Science Services and maintained in accordance with UK Home Office guidelines
for the care and use of laboratory animals.
Phospho1-R74X knock-out mice (Phospho1-/-) were generated by Ingenium Pharmaceuticals
(Munich, Germany) through N-ethyl-N-nitrosourea mutagenesis on a 3HeB/FeJ genetic
background (stock number 003648; The Jackson Laboratory, CA, USA) and bred to a C57BL/6
genetic background to segregate undesired mutations. Animals were maintained and
genotyped according to Sections 2.2.1 and 2.2.2. Mouse GTPs were generated and extracted
as described in section 2.2.3 and processed as below for analysis.
3.3.2 Quantitative polymerase chain reaction
RNA was isolated from embryonic samples and reverse transcribed to produce cDNA as
described in Section 2.6. Gene expression was assayed by qPCR with 25ng total cDNA and
using qPCRBIO SyGreen Mix (PCR Biosystems, UK) in a total reaction volume of 15µl.
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Reactions were carried out in duplicate, including a non-tissue control and housekeeping
gene. Plates were assayed using a Stratagene Mx3000P real-time qPCR system (Agilent
Technologies, UK) using the thermal profile described in Section 2.6. Data were analysed
using the ΔΔCt method (Livak and Schmittgen 2001).
3.3.3 Optical projection tomography
For OPT whole embryos were fixed in 4% PFA in PBS overnight at 4oC and stained wholemount in 5mg/L Alizarin red S in 1% sodium hydroxide as described in Section 2.2.4.
Embryos were embedded in 1.5% low-melting point agarose (ThermoFisher Scientific, UK),
dehydrated in methanol and cleared in BABB. Cleared samples were imaged in BABB using a
Bioptonics OPT 3001 scanner (Bioptonics, UK) as described in Section 2.2.4 with a voxel size
of 6.7µm. OPT datasets were reconstructed using NRecon v1.6.9 (Bruker, Belgium) and
visualised using Imaris (Bitplane, UK).
3.3.4 Histology and immunofluorescence
After extraction, embryos were fixed in 4% PFA in PBS pH 7.2 overnight at 4oC with gentle
agitation. Whole lower limbs and calvaria were isolated under a dissecting microscope,
washed, and stored in 70% ethanol. Samples were processed to paraffin wax using an
ASP200S tissue processor (Leica Biosystems, Germany) and embedded in paraffin wax
blocks before 3µm sections were cut onto Superfrost slides (ThermoFisher Scientific, UK)
using a rotary microtome and dried.
For detection of PHOSPHO1 and TNAP in tissue sections, slides were deparaffinised and
underwent antigen retrieval and staining with primary and secondary antibodies as
described in Section 2.3.9. Stained sides were counterstained in 1µg/ml Hoechst
(ThermoFisher Scientific, UK) for 4mim, washed in distilled water and mounted in ProLong
Gold Antifade Mountant (ThermoFisher Scientific, UK). Slides were imaged using an LSM 710
laser scanning confocal microscope (Carl Zeiss, Germany) operating a x63 oil-immersion
lens. All primary and secondary antibodies used and their associated working
concentrations are detailed in Appendix III.
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For histological investigation, slides were deparaffinised and stained as described in Sections
2.3.2 – 2.3.5. Slides were mounted in a resinous mounting medium and examined using a
Nikon Ni-U transmitted light microscope (Nikon, UK) operating an Axiocam 105 camera (Carl
Zeiss, Germany).
3.3.5 Focussed ion beam-scanning electron microscopy
Embryonic samples for FIB-SEM were fixed whole as above and en bloc stained using the
OTOTO megametal approach according to Section 2.5.3 to enhance electron contrast within
the sample. OTOTO staining was followed with incubation in 3% aqueous uranyl acetate at
room temperature for 5h. Samples were embedded in plastic resin as described in Section
2.5.2 and the sample surface exposed using an ultramicrotome equipped with a diamond
knife. Samples were coated with platinum and examined using a Crossbeam 550 FIB-SEM
(Carl Zeiss, Germany) operating at 5keV. FIB milling was carried out according to Section
2.5.3 and sequential images acquired using the in-lens secondary electron detector over
volumes of 5-10µm. Uneven illumination due to trapping of secondary electrons in the FIB
trench was corrected using a local contrast enhancement approach in Fiji described in
Section 2.5.3.
3.3.6 Transmission electron microscopy
For TEM of embryonic tissues, samples were fixed, dissected and embedded in resin as
described in Section 2.5.2. Ultrathin sections of ~60nm were cut to electron microscopy
grids and post-stained with uranyl acetate and lead citrate as described in Section 2.5.2.
Grids were imaged using a Tecnai F20 TEM operating at 200kV.
3.3.7 Statistical analysis
Data are expressed as mean ± standard deviation of at least 3 animals per experiment.
Sample size for each analysis is provided in the relevant Figure legends. Significance testing
was performed using SPSS (IBM, USA) after appropriate testing for normality and
homogeneity of variance. A p value of <0.05 was considered to be statistically significant.

3.4 Results
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3.4.1 PHOSPHO1 gene expression increases after the onset of mineralisation during
skeletal development
Gene expression in developing lower limbs and calvaria was assayed by qPCR to investigate
the expression of Phospho1 during the onset of mineralisation in the skeleton and to
correlate its expression with other markers of mineralisation. The onset of mineralisation in
the developing mouse skeleton is observed at E15 (Baldock et al. 2015) and so gene
expression was assayed between E14-E17.
In the lower limb, expression of Phospho1 increased significantly over the developmental
time course and this was mirrored by other key enzymes thought to be involved in MVmediated mineralisation including Alpl, Enpp6, Smpd3 and Enpp6 (Figure 1.1 A-D). The
master osteoblast transcription factor Runx2 was downregulated over time on average but
did not reach statistical significance; however the downstream transcription factor Osx did
exhibit significant upregulation in a similar pattern to the MV-related factors described
above (Figure 1.1 E,F). The expression of both Col1a1 and Col10a1 increased on average,
indicating progressive endochondral ossification, but did not reach significance (Figure 1.1
G,H). The expression of the SIBLING family of proteins was also investigated as these have
been implicated in regulating mineralisation at the collagen fibril (George and Veis 2008;
Staines, MacRae, and Farquharson 2012). While all SIBLING proteins exhibited a statistically
significant increase in gene expression over time, some members of the family including
Spp1, Dmp1 and Sparc displayed significant upregulation more rapidly than Ibsp and Mepe
(Figure 1.1 I-M).
In the developing calvaria Phospho1 exhibited upregulation on average at E15 after the
onset of mineralisation which persisted throughout the time course, however this did not
reach the level of statistical significance (Figure 1.2 A). A similar pattern of expression was
observed with Alpl and Enpp6, however Smpd3 displayed an overall downregulation over
time on average (Figure 1.2 B-D). Markers of cell differentiation including transcription
factors and ECM constituents exhibited variable expression over time (Figure 1.2 E-G).
Several of the SIBLING family of proteins exhibited increased expression over time on
average, including Spp1 and Dmp1, but only Ibsp displayed a significant upregulation
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Figure 3.1 Gene expression of mineralisation-associated genes over a
developmental time course in the lower limb. (A-D) Genes associated with

MV-mediated mineralisation including Phospho1, Alpl, Enpp6 and
Smpd3 exhibit significant upregulation over time. (E-H) Osteoblastic
transcription factors and markers of ECM formation indicate progressive
osteoblast differentiation and endochondral ossification. (I-M) The
SIBLING family of proteins demonstrate significant upregulation of gene
expression over time. Data represent mean ± standard deviation; n = 3.
Asterisks represent results of ANOVA statistical testing; *91
p > 0.05; ** p >
0.01; *** p > 0.001
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Figure 3.2 Gene expression of mineralisation-associated genes over a developmental time course
in the calvaria. (A-D) Genes associated with MV-mediated mineralisation including Phospho1, Alpl,
Enpp6 and Smpd3 exhibit upregulation on average over time, but this did not reach statistical
significance. (E-H) Osteoblastic transcription factors and markers of ECM formation exhibit variable
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expression over time. (I-L) The SIBLING family members Spp1, Ibsp and Dmp1 exhibit progressive
upregulation over time on average, however this was not significant. Mepe was on average
downregulated and Sparc exhibited variable expression. Data represent mean ± standard deviation;
n = 3. Asterisks represent results of ANOVA statistical testing; * p > 0.05.

compared to early embryos before mineralisation is evident (Figure 1.2 H-J). Interestingly
Mepe demonstrated an overall decrease in expression, while expression of Sparc was
variable, however neither was statistically significant (Figure 1.2 K,L).
3.4.2 PHOSPHO1 co-localises with TNAP after the onset of mineralisation in calvaria and
the long bones
To investigate the localisation of PHOSPHO1 throughout skeletal development
immunofluorescent staining of embryonic calvaria and long bones was carried out using
embryos from E14-E17. Sections were stained for both PHOSPHO1 and TNAP to determine
their localisation with respect to each other during the mineralisation process.
In lower limb samples the tibia was examined across the age range. PHOSPHO1 was
expressed after the onset of mineralisation at E15 which correlates well with the increase in
gene expression observed (Figure 3.3). PHOSPHO1 was found at the membranes of both
hypertrophic chondrocytes in the growth plate and osteoblasts at the mineralising front
where it co-localised with TNAP. There was no discernable PHOSPHO1 signal at E14 where
the tibia remained cartilaginous and neither hypertrophic chondrocytes nor osteoblasts
were evident. On close examination both PHOSPHO1 and TNAP were also present
intracellularly within both hypertrophic chondrocytes and osteoblasts (particularly at E16
and E17; Figure 3.3; white arrowheads), however no intracellular co-localisation was evident
(Figure 3.3 white arrows).
In the calvaria PHOSPHO1 was again observed to be expressed at E15 onwards, with no
discernable signal in E14 samples (Figure 3.4). In a similar manner to the tibia, PHOSPHO1
and TNAP co-localised at the membranes of osteoblasts surrounding the mineralising bone
(Figure 3.4; white arrowheads) but did not demonstrate any significant co-localisation
intracellularly (Figure 3.4; white arrows).
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Figure 3.3 Immunofluorescence staining for PHOSPHO1 and TNAP during skeletal development of
the tibia from E14-E17. PHOSPHO1 is expressed at sites of mineralisation after the onset of bone
formation at E15 and co-localises with TNAP afterwards. PHOSPHO1 and TNAP co-localise at the
membranes of hypertrophic chondrocytes. Both enzymes are present intracellularly (white
arrowheads), but do not demonstrate intracellular co-localisation (white arrows). Scale bars = 50µm.

Figure 3.4 Immunofluorescence staining for PHOSPHO1 and TNAP during skeletal development of
the calvaria from E14-E17. PHOSPHO1 is expressed at sites of mineralisation after the onset of bone
formation at E15 and co-localises with TNAP afterwards. PHOSPHO1 and TNAP co-localise at the
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membranes of hypertrophic chondrocytes. Both enzymes are present intracellularly (white
arrowheads), but do not demonstrate intracellular co-localisation (white arrows). Scale bars = 50µm.

3.4.3 Ablation of Phospho1 induces marked loss of bone throughout the developing
skeleton
Whole-mount skeletal staining and mesoscopic imaging using OPT was carried out to assess
the effect of ablation of Phospho1 throughout the entire developing skeleton and to assess
the relationship of skeletal defects to the surrounding soft tissue anatomy.
The onset of mineralisation is observed at E15, beginning in the long bones of the lower and
upper limbs, along with small areas of the distal ribs (Figure 3.5). In the head mineralised
structures present include the paired mandibles and the primary centres of the frontal and
parietal bones, along with midline structures including the developing sphenoid bone and
parts of the squamous occipital bone and base of the skull. Mineralisation in the skeleton
develops progressively so as the majority of elements are present and have begun to
mineralise by E17, and those structures present from E15 including the long bones and
calvaria have become well developed.
Phospho1-null animals demonstrated a severe delay in the onset of skeletal mineralisation,
with no staining evident until E16 (Figure 3.6). Fewer skeletal elements have begun to
mineralise by E16 which mirror those already present in Phospho1+/+ embryos by E15. Those
bones which are present at E16 are small and appear less well developed than wild-type
controls. The extent of mineralisation in the skeleton increases progressively but does not
recover to the level of wild-type controls by E17. Interestingly, the defect in mineralisation
appeared to affect the entire skeleton including both endochondral and intramembranously
formed bones.
Skeletal defects including bowing of the distal ribs are also present in Phospho1-/- animals
(Figure 3.6; white arrowheads). Furthermore, embryos are smaller than wild-type
counterparts.
Histological analysis was performed to investigate whether the Phospho1-/- phenotype
represents a defect in development, or a delay in mineralisation. The normal series of
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Scale bars = 2mm.

and torso. Bone formation occurs progressively over time so as the majority of elements are present and have begun to mineralise by E17.

tissue anatomy in grey and the eyes in purple. The onset of mineralisation is observed at E15 with a few skeletal elements present in the head

Figure 3.5 Reconstructed OPT images of whole-mount stained Phospho1+/+ embryos from E14-E17. Skeletal staining is shown in red, soft
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and which demonstrate deformities including bowed ribs (white arrowheads). Scale bars = 2mm.

until E16. Mineralised skeletal elements at E16 appear smaller and less well developed than wild-type controls with fewer elements present

tissue anatomy in grey and the eyes in purple. The onset of mineralisation in Phospho1-/- animals is severely delayed, with no staining evident

Figure 3.6 Reconstructed OPT images of whole-mount stained Phospho1-/- embryos from E14-E17. Skeletal staining is shown in red, soft
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events during development of the tibia was first established in Phospho1+/+ embryos (Figure
3.7). In E14 samples the tibia remained cartilaginous, with chondrocytes beginning to
differentiate and hypertrophy in the middle of the cartilage primordium. This was not as yet
accompanied by the deposition of a collagenous bone collar or the beginning of
mineralisation as demonstrated by trichrome and Von Kossa staining (Figure 3.7 E14; white
arrowheads) respectively. The central hypertrophic zone degenerated by E15 resulting in a
small osteogenic zone which was surrounded by a collagenous (Figure 3.7 E15; black
arrowheads) and mineralised (Figure 3.7 E15; white arrowheads) bone collar. Mineralisation
had begun in trabecular bone within the osteogenic zone (Figure 3.7 E15; white arrows). By
E16 the hypertrophic zone had retreated to the proximal and distal growth plates and the
marrow cavity had become well developed. The bone collar became thickened (Figure 3.7
E16; white arrowheads) and further mineralisation in trabecular bone was evident (Figure
3.7 E16 white arrows). By E17 all aspects of the bone microstructure were well developed,
including extensive trabecular bone (Figure 3.7 E17; white arrows).
Figure 3.8 shows the development and mineralisation of the tibia in Phospho1-/- animals.
E14 tibiae appeared normal compared to wild-type controls, with a completely cartilaginous
primordium containing a small area at the centre where chondrocytes had begun to
hypertrophy. By E15 normal development of the microstructure occurred, as far as the
formation of the osteogenic zone, collagenous bone collar and deposition of collagenous
tissue to form the presumptive trabecular bone (Figure 3.8 E15; black arrowheads),
however no mineralisation in either the bone collar or trabecular bone compartment was
observed (Figure 3.8 E15; white arrowheads). This was also reflected at E16 where
development of the marrow cavity and deposition of further collagenous tissue occurred,
but mineralisation was severely restricted and had a punctate appearance (Figure 3.8 E16;
white arrowheads). While mineralisation appeared to spread more widely by E17 to form a
thin bone collar (Figure 3.8 E17; white arrowheads) and more extensive trabecular bone
(Figure 3.8 E17; white arrows), this was not reflective of the well-established
microarchitecture of Phospho1+/+ embryos.
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Figure 3.7 Histology of the developing Phospho1+/+ tibia. Microscopic analysis reveals the normal
series of events during skeletal development. The collagenous bone collar is deposited from E15
(black arrowheads) and is also accompanied by some trabecular architecture. Mineralisation in both
the bone collar (white arrowheads) and trabecular bone (white arrows) is also evident by E15,
demonstrated by Von Kossa staining and spreads progressively over time. Scale bars = 50µm.
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Figure 3.8 Histology of the developing Phospho1-/- tibia. Microscopic analysis reveals an ablation of
mineralisation in the developing skeleton. A collagenous matrix is formed by E15 in both the bone
collar and trabecular bone (black arrowheads), however no mineralisation is evident (white
arrowheads). Some mineral is evident by E16, however this has a puncate appearance (white
arrows). By E17 mineralisation spreads throughout the bone collar (white arrowheads) and
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trabecular bone (white arrows), however appears less well developed than in wild-type controls.
Scale bars = 50µm.

In the calvaria, only a loose connective tissue overlying the brain was present at E14. By E15
an intervening mesenchymal layer had developed which contained a continuous band of
collagenous tissue as demonstrated by trichrome staining (Figure 3.9 E15; black
arrowheads) which represented the developing cranial vault. At some points along the
length of this mesenchymal layer mineralisation foci were evident as punctate Von Kosaa
staining (Figure 3.9 E15; white arrowheads). At E16 the collagenous layer was observed to
thicken and trabecularise in places (Figure 3.9 E16; black arrowheads), while mineralisation
spread along its length (Figure 3.9 E16; white arrowheads). By E17 the microstructure of the
calvaria was well developed and extensively mineralized along most of its length (Figure 3.9
E17; white arrowheads).
Figure 3.10 shows the development and mineralisation of the calvaria in Phospho1-/animals. Once again mineralisation was severely delayed, and while small areas of poorly
stained mineral could be observed in E16 and E17 calvaria (Figure 3.10 E16 and E17; white
arrowheads), this often appeared punctate and occurred sporadically over the entire length
of the developing bone. No mineralisation was observed to occur at E15 in Phospho1-null
calvaria. In a similar manner to the tibia, the tissue surrounding the hypomineralised bone
appeared to develop as normal, with a collagenous mesenchymal layer appearing at E15
and progressively thickening and becoming trabecularised over time (Figure 3.10 E15-E17;
black arrowheads).
3.4.4 Phospho1-null embryos exhibit a hypomineralised fibrous bone matrix and intact
matrix vesicles
FIB-SEM of Phospho1-null calvaria and wild-type controls was performed to investigate the
ultrastructure of the poorly mineralising bone which was observed using lower resolution
imaging approaches. Figure 3.11 shows several representative images extracted from a
milled volume.
In wild-type tissue a well mineralised zone was present surrounded by osteoblasts with
large ovoid nuclei and abundant endoplasmic reticulum (Figure 3.11 A-C). Mineralised tissue
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Figure 3.9 Histology of the developing Phospho1-/- tibia. Microscopic analysis reveals an ablation of
mineralisation in the developing skeleton. A collagenous matrix is formed by E15 in both the bone
collar and trabecular bone (black arrowheads), however no mineralisation is evident (white
arrowheads). Some mineral is evident by E16, however this has a puncate appearance (white
arrows). By E17 mineralisation spreads throughout the bone collar (white arrowheads) and
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trabecular bone (white arrows), however appears less well developed than in wild-type controls.
Scale bars = 50µm.

Figure 3.10 Histology of the developing Phospho1+/+ calvaria. Microscopic analysis reveals the
normal series of events during skeletal development in the calvaria. A loose mesenchymal tissue is
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evident at E14. By E15 a continuous collagenous layer develops as demonstrated by trichrome
staining and this thickens and trabecularises in places over time (black arrowheads). Punctate Von
Kossa staining by E15 evidences mineralisation in this layer which spreads throughout the tissue over
time (white arrowheads). Scale bars = 50µm.

appeared to take the form of tessellating cores of electron dense material varying in size
between ~400-700nm in diameter (Figure 3.11 C; white arrowheads) and surrounded by an
electron lucent halo (Figure 3.11 C; white arrows). At the forming edge of mineralised tissue,
small mineralisation foci approximately ~100-250nm in diameter (Figure 3.11 D; white
arrowheads) were present embedded in a fibrous (presumably collagen I) matrix (Figure
3.11 D; white arrows). Foci appeared to propagate and coalesce progressively as the
forming front moved away from them to form the larger mineralisation cores. Interestingly
the inactive opposite surface also appeared fibrous and less dense with respect to the bone
interior.
Phospho1-/- tissue exhibited a hypomineralised and disorganised ultrastructure which was
entirely fibrous in appearance across the majority of the tissue volumes examined (Figure
3.11 E,F). Fibrous tissue was again surrounded by cells with large ovoid nuclei and abundant
endoplasmic reticulum. Small electron dense spherical particles of approximately ~100250nm in diameter were embedded throughout the fibrous matrix (Figure 3.11 G,H; white
arrowheads) which may represent MVs which have failed to nucleate mineral in the absence
of PHOSPHO1. These particles appeared less obvious towards the centre of the developing
bone tissue compared to the forming surface. Vesicles also appeared to be associated with
protrusions from the osteoblast cell membrane extending into the matrix in several areas
(Figure 3.11 G; white arrows).
Figure 3.12 A shows a section from a second milled volume from Phospho1-/- calvarial bone
imaged at higher magnification to demonstrate vesicular structures. These electron dense
particles were again embedded within the extracellular collagenous matrix (Figure 3.12 B;
white arrowheads) and appeared to be associated with cell protrusions at the forming
surfaces (Figure 3.12 C,D; white arrows). Mineralised regions laying deeper into this tissue
volume however displayed an altered ultrastructure compared to wild-type controls (Figure
3.12 E). Electron dense regions which approximated one another but with a surrounding
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Figure 3.11 FIB-SEM of E17 mouse embryo Phospho1+/+ and Phospho1-/- calvaria. (A,B)
Representative sections through a FIB-SEM stack from Phospho1+/+ calvaria showing a mineralised
core (white arrowheads), surrounded by osteoblasts (white arrows). Scale bar = 1µm. (C) The
mineralised zone was composed of tessellating cores of electron dense material (white arrowheads)
surrounded by an electron lucent halo (white arrows). Scale bar = 500nm. (D) At the forming front,
mineralisation foci were evident (white arrowheads) embedded in a fibrous matrix (white arrows).
Scale bar = 500nm. (E,F) Representative sections through a FIB-SEM stack from Phospho1-/- calvaria
showing a marked loss of mineralised material and abundant fibrous matrix. Scale bar = 1µm. (G,H)
Spherical electron dense particles were evident in the extracellular matrix (white arrowheads) which
were often associated with cellular protrusions (white arrows). Scale bar = 500nm.

electron lucent halo were present, however these were much larger (on the scale of 1-2µm)
than those observed in wild-type tissue and also appeared less dense compared to the
background matrix. Small electron dense vesicular particles could be observed accumulating
around the periphery of these larger structures, but did not appear to invade their interior
(Figure 3.12 F,G; white arrowheads). This suggests that particles were aggregating to
contribute to the formation of these structures. Outside of these regions, particles could be
seen embedded in the collagenous matrix where they had not yet begun to coalesce (Figure
3.12 H).
TEM of E17 calvarial bone was performed to investigate this dysregulated ultrastructure at
higher resolution. Mineralised regions in wild-type tissue was observed to be composed of
small crystals 10-20nm in length and 3-5nm in width (Figure 3.13 A,B). SAED revealed that
crystals were randomly orientated given a well developed ring in the diffraction pattern
around the 211 reflection (Figure 3.13 C). The other reflections characteristic of
hydroxyapatite were not obvious. At forming surfaces crystals emanated from
mineralisation foci (Figure 3.13 D,E; white arrowheads) and appeared to spread
concentrically and coalesce with mineralised tissue. Interestingly the SAED pattern of
isolated foci appeared amorphous (Figure 3.13 F), although this may be due to the small
nature of the crystals.
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Figure 3.12 FIB-SEM of E17 mouse embryo Phospho1-/- calvaria. (A) A section through the FIB-SEM
stack showing electron dense particles in a fibrous ECM. (B) Multiple spherical electron dense
particles of ~100-250nm in diameter (white arrowheads) were distributed throughout the matrix.
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Scale bar = 500nm. (C,D) Osteoblasts surrounding the forming bone exhibited many projections
protruding into the matrix (white arrows) which were often associated with particles. Scale bars =
500nm. (E) Deeper regions in the volume appeared mineralised but with an altered ultrastructure
compare to wild-type controls. (F,G) Electron dense particles (white arrowheads) can be seen
associated with the borders of large mineralised regions and appear to coalesce and contribute to
their formation. Scale bars = 500nm. (H) Outside of mineralised regions particles can be seen
embedded in the matrix as above. Scale bar = 500nm.

In Phospho1-/- calvaria the bone matrix appeared entirely fibrous in many areas, composed
of a disorganised collagen network (Figure 3.13 G). Vesicles bounded by a membrane and
containing amorphous electron-dense material were found distributed throughout the
fibrous matrix, interwoven with collagen fibrils, which represent presumptive MVs (Figure
3.13 H; white arrowheads). SAED patterns taken from fibrous areas were entirely
amorphous (Figure 3.13 I). Some areas in Phospho1-/- tissue exhibited a dysregulated
mineralised structure. These areas appeared continuous with fibrous tissue (Figure 3.13 J;
white arrowheads) but did not exhibit well defined hydroxyapatite crystals. SAED patterns
captured from these areas demonstrated only a few crystals distributed around the 211 and
002 reflections.

3.5 Discussion
PHOSPHO1 has been shown to be critical for healthy bone mineralisation in young animals
and has been localised to extracellular MVs, however its role during skeletal development
and the effect of its ablation on MV-mediated biomineralisation has yet to be studied. This
chapter presents data indicating that PHOSPHO1 is the primary phosphatase driving bone
mineralisation during the very first steps of skeletal development and that its absence
severely perturbs embryonic bone ultrastructure, preventing the nucleation of mineral
crystals from MVs.
Here I present data on the expression and localisation of PHOSPHO1 throughout the
initiation of skeletal development. The gene expression data is intriguing given that a
significant upregulation of Phospho1 is observed in the lower limb only in late skeletal
development (E17), while the average upregulation at E15 onwards in calvaria was not
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Figure 3.13 TEM and SAED of E17 developing calvariae. (A-C) Phospho1+/+ calvarial bone exhibits
small randomly distributed crystals. (D-F) At forming surfaces crystals nucleate from mineralisation
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foci (white arrowheads) which gave amorphous SAED patterns. (G-H) Phospho1-/- calvarial bone
exhibits an entirely fibrous ultrastructure in many areas. MVs containing electron-dense amorphous
material are distributed throughout the collagenous network. SAED patterns taken from fibrous
areas are completely amorphous. (J-L) Some areas in Phospho1-/- tissue appeared to have
mineralised and were continuous with fibrous regions (white arrowheads), but did not exhibit well
developed hydroxyapatite crystals. SAED patterns from these regions exhibited only a few crystals
distributed around the 211 and 002 reflections. Scale bars = 500nm. SAED patterns are taken from
areas enclosed in white circles. statistically significant. Due to the difficulty in ensuring that

regions of tissue are homologous between E14 and E17 embryos, given the primitive nature
of the skeleton at the former and large morphological changes undertaken by the later,
entire limbs and calvariae were homogenised during mRNA isolation to ensure the capture
of all relevant cell populations. This however also signifies that regions within for example
the calvariae which are just beginning to mineralise are captured along with mature regions
and this may lead to a loss of granularity in the sample as a whole, masking local effects. The
lower limb may be less sensitive to this averaging given the larger bones present as a
fraction of tissue volume. Nevertheless, the average increase in Phospho1 expression over
time observed here agrees with the literature available. Multiple studies have shown that
Phospho1 is upregulated during mineralisation in vitro using multiple cell types including
osteoblasts, chondrocytes and vascular smooth muscle cells (Macrae et al. 2010; KifferMoreira et al. 2013; Houston et al. 2016). While other studies have confirmed that
Phospho1 expression in vivo is much higher in bone than other non-mineralising tissues
(Roberts et al. 2007), these data are the first to investigate expression over a time course
however. Expression data also reveal that Phospho1 expression is correlated with the
expression of related markers thought to be involved with MV-mediated mineralisation
including Alpl, Enpp6 and Smpd3. In the lower limb this was also accompanied by a
significant increase in expression of the terminal osteoblastic transcription factor Osx,
suggesting it drives downstream transcription of Phospho1 and related genes. This has been
supported previously, with studies demonstrating a simultaneous gene regulation of Osx,
Phospho1 and Smpd3 in MC3T3 cells stimulated with parathyroid hormone (Houston et al.
2016) and in mouse limb bud cultured overexpressing Runx2 which is upstream of osterix
(Nishimura et al. 2012). Interestingly, several of the SIBLING protein family members appear
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to be strongly regulated in their gene expression in a similar manner, particularly in the
lower limb. These proteins have been implicated in regulation of mineralisation at the level
of the collagen fibril, however the precise functions of each protein have proven extremely
difficult to ascertain (George and Veis 2008; Staines, MacRae, and Farquharson 2012). The
strong upregulation of, for example, Spp1, Ibsp and Dmp1 seen here during development of
the skeleton and in correlation with MV markers including Phospho1 and Alpl suggests that
these SIBLING proteins may also play a role in the MV mechanism. This requires much
further work to establish however. Immunofluorescence staining and confocal microscopy
revealed that PHOSPHO1 is expressed at the cell membranes of osteoblasts and
hypertrophic chondrocytes apposed to mineralising surfaces in both the lower limb and
calvaria and co-localised with TNAP after the onset of mineralisation. Previously several
authors have also shown that PHOSPHO1 is expressed in developing bones at mineralising
surfaces including in the limb bones and phalanges of embryonic chicks by
immunohistochemistry and in situ hybridisation which corresponds well with the data
presented here (Stewart et al. 2006; Macrae et al. 2010). These studies do not give high
resolution information on the intracellular localisation of PHOSPHO1 however. Confocal
microscopy further demonstrated that PHOSPHO1 can also be observed cytoplasmically
where it does not co-localise with TNAP as at the cell membrane. Under normal
circumstances TNAP is bound to the external cell membrane by means of a
glycosylphosphatidylinositol (GPI) anchor, however PHOSPHO1 does not appear to be
membrane targeted. Co-localisation of both phosphatases at the plasma membrane may
therefore reveal the sites of MV biogenesis as PHOSPHO1 becomes encapsuled in a budding
vesicle. This hypothesis would correspond well with the current leading model of MVs which
requires TNAP to be present on the MV surface and PHOSPHO1 intravesicuarly (Stewart,
Leong, and Farquharson 2017; Dillon et al. 2019).
As discussed above only a very few studies have investigated the embryonic phenotype of
the Phospho1-null mouse, revealing an ablation of mineralisation in the developing skeleton
compared to-wild type controls (Yadav et al. 2011). MacRae et al also showed that
suppression of PHOSPHO1 function using an inhibitor produced the same effect in
embryonic chicks (Macrae et al. 2010). Here mineralisation in the developing skeleton was
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assessed throughout a developmental time course using whole-mount staining and
mesoscopic OPT imaging in combination with histology to examine the Phospho1-/phenotype during the onset of mineralisation, but also to center observations within a wider
anatomical context. OPT imaging supports previous observations of a loss of mineralisation
in the skeleton in Phospho1-/- embryos, but also demonstrates that this is consistent
throughout the entire developing skeleton, including bones formed by both endochondral
and intramembranous ossification. This may indicate that PHOSPHO1 is a universal mediator
of mineralisation. Some support for this idea stems from studies which have also shown a
role for PHOSPHO1 in pathological mineralisation including, for example, vascular
calcification (Kiffer-Moreira et al. 2013; V Bobryshev et al. 2014; Hortells et al. 2017).
Histological analyses of the tibia and calvaria in Phospho1-/- animals revealed that this loss of
mineralisation was not accompanied by obvious developmental defects and the architecture
of skeletal tissues, including the deposition of a collagenous matrix, occurred as normal
compared to wild-type controls. Ablation of PHOSPHO1 therefore appears to induce a delay
to mineralisation rather than dysregulating the ossification process. These data correlate
well with the hypothesised role of PHOSPHO1 as generating Pi within MVs for subsequent
mineral nucleation. In this model, the absence of PHOSPHO1 would force the MV to rely
solely on TNAP for the production of Pi resulting in a delay to mineral nucleation, assuming a
critical mass must be achieved before nucleation is realised. It is feasible that whilst the
generation of Pi within MVs through the action of PHOSPHO1 is optimum for the rapid ECM
mineralisation during the early growth of the skeleton, this process can be mimicked over
time by the influx of TNAP-generated Pi into the vesicle through the action of phosphate
transporters (Javaheri et al. 2015).
To pursue this hypothesis further, high resolution electron microscopy was performed to
investigate the impact of a lack of PHOSPHO1 on MVs in the mineralising bone matrix. FIBSEM allowed examination of large areas of tissue in three dimensions at high resolution and
demonstrated that E17 Phospho1-/- calvarial bone was entirely fibrous in many areas and
contained small electron dense particles distributed throughout the matrix which may
correspond to MVs. This was in stark contrast to Phospho1+/+ tissue which displayed mineral
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nucleation from small foci close to the osteoblast membrane and which progressively
coalesced to form the mineralised tissue.
MVs bound to the ECM have long been hypothesised to represent the nidi for mineralisation
in many tissues including cartilage, bone and dentin (Anderson 1967, 1969; Anderson, Cecil,
and Sajdera 1975; Anderson 2003; Wuthier and Lipscomb 2011). Historically MVs have
proven difficult to visualise, however several studies in hypomineralised tissue have
succeeded. Anderson et al examined the bone from human hypophosphatasia patients
suffering from an Alpl mutation and used TEM to demonstrate MVs containing mineral
crystals bound to collagen fibrils in the ECM (Anderson et al. 1997). Interestingly this was
replicated by Takano and colleagues in rat mantle dentin treated with the potent
mineralisation inhibitor 1-hydroxyethylidene-1,1-bisphosphonate, who also showed MVs
containing mineral crystals distributed throughout a fibrous collagen network (Takano et al.
2000). Here we show corresponding results in Phospho1-/- embryonic bone with
hypomineralisation revealing MVs embedded throughout the bone matrix. Interestingly
MVs appeared amorphous with an absence of mineral crystals intravesicuarly. This was
confirmed using TEM combined with SAED under which vesicles displayed amorphous
diffraction patterns. The absence of crystalline material within MVs in Phospho1-/- bone fits
well with the overarching hypothesis that PHOSPHO1 is responsible for the intravesicular
production and accumulation of Pi.
MVs were also observed to be associated with cellular processes extending from the
osteoblast into the ECM. The biogenesis of MVs remains controversial, but the most
prevalent theories including polarised budding of vesicles from the plasma membrane or
osteoblastic microvilli (Wuthier and Lipscomb 2011). Strong evidence for the latter
hypothesis has been provided previously by studies employing proteomics to characterise
the contents of MVs and apical membrane microvilli isolated from Saos-2 cells, establishing
that large fractions of the protein cargo are shared between both organelles (Thouverey et
al. 2009b; Thouverey et al. 2011). Many of these proteins have also been found
independently in other proteomic studies examining isolated cells and embryonic tissues
(Xiao et al. 2007; Balcerzak et al. 2008). These observations are consistent with the data
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presented here which shows MVs associated with microvilli extending into the ECM. Further
detailed analysis is required to confirm the relationship between these structures however.
Collectively these data describe the expression and localisation of PHOSPHO1 and
characterise the phenotype of the Phospho1-/- mouse during skeletal development. The data
reported confirm the critical role of PHOSPHO1 in embryonic bone mineralisation, but also
for the first time reveal disruption of mineral formation by extracellular MVs in its absence
along with dysregulated bone ultrastructure. While further studies are necessary to fully
elucidate the role of PHOSPHO1 within the MV-mediated biomineralisation mechanism,
these data provide strong support for its function within MVs and afford a promising avenue
for future investigation.
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Chapter 4 | Ablation of Enpp6 results in transient bone
hypomineralization
4.1 Introduction
This chapter is made up of a manuscript which has been published in JBMRPlus. The final
paper is given here along with supplementary figures and tables.
Ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6) is a lysophospholipase C
enzyme capable of catalysing the conversion of the lysophospholipid
lysophosphatidylcholine to PCho; a potential substrate for PHOSPHO1 (Morita et al. 2016).
As discussed previously, PHOSPHO1 plays a critical role during bone biomineralisation. Its
absence leads to a significant loss of bone in postnatal mice and is accompanied by severe
skeletal defects including impaired mechanical properties reminiscent of osteomalacia and
spontaneous greenstick fractures (Macrae et al. 2010; Huesa et al. 2011; Yadav et al. 2011;
Dillon et al. 2019). The critical co-operation of PHOSPHO1 and TNAP has also been well
established through the Phospho1-/-;Alpl-/- double knock-out mouse which completely lacks
any skeletal mineralisation (Yadav et al. 2011; Huesa et al. 2015). As two phosphatases, the
PHOSPHO1-TNAP axis is therefore crucial in providing phosphate ions for bone’s mineral
phase, however the biochemical mechanisms through which substrates for these enzymes
are generated remains poorly understood. Although TNAP has many potential substrates,
PHOSPHO1’s specificity limits the sources from which these may be derived and in turn
requires that an upstream biochemical mechanism provide them.
To date this mechanism remains elusive. Both PHOSPHO1 and TNAP have been associated
with MVs in the mineralising bone matrix within which it is hypothesised that Ca 2+ and Pi
may accumulate in an amorphous state in a chemically protected environment (Roberts et
al. 2007; Chaudhary et al. 2016; Dillon et al. 2019). Several authors have postulated that the
phospholipids composing the membrane of the vesicle itself, including
phosphatidylethanolamine and phosphatidylcholine, could provide a source of PHOSPHO1
substrates given the presence of appropriate intermediate processing enzymes (Wuthier
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and Lipscomb 2011; Stewart, Leong, and Farquharson 2017). ENPP6 is one proposed
intermediate, however its role in bone mineralisation has yet to be investigated.

4.2 Statement of authorship
All data presented is the first author’s own work, excepting the bone marrow fat analysis
which was carried out by Dr Karla Suchacki at the Queen’s Medical Research Institute,
University of Edinburgh. Dr Louise Stephen and Dr Shun-Neng Hsu assisted with mouse
dissections. Other author contributions are provided in the Acknowledgements section of
the manuscript.

4.3 Main text
Individual pages of the paper are embedded from the following page. The original is
available at DOI 10.1002/jbm4.10439.
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Figure 4.1 ENPP6 is expressed at sites of bone formation and is upregulated during
mineralization in vitro.
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Figure 4.2 Micro-computed tomography analysis of trabecular bone in Enpp6+/+ and Enpp6-/- tibiae at 4 and 12
weeks of age demonstrates hypomineralization of the trabecular and cortical bone compartment in 4-week
tibiae and alteration of geometry.
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Figure 4.3 Backscattered scanning electron microscopy of Enpp6+/+ and Enpp6-/4-week humeri demonstrating hypomineralization within both trabecular and
cortical bone compartments.
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Figure 4.4 3-point bending and static histomorphometry demonstrate altered
mechanical properties and hyperosteoidosis, without a change in bone cell activity.
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Figure 4.5 Quantitative bone marrow fat analysis demonstrates no significant differences in
the volume of bone marrow adipose tissue normalised to tissue volume within either the
proximal or distal compartments of the tibia between genotypes in 12-week animals.
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4.4 Supplementary data
Table 4.1 Oligonucleotide primers used in quantitative polymerase chain reaction experiments.

Gene

Primer

Sequence

18S

Forward

GTAACCCGTTGAACCCCA

Reverse

CCATCCAATCGGTAGTAGCG

Forward

GTAGTCATCTTGGACCCTCTCATACTG

Reverse

GTGTGAGCTCTTACATGTGGACAGA

Forward

TTCTCATTTCGGATGCCAACA

Reverse

TGAGGATGCGGCGGAATA

Forward

GGGACGAATCTCAGGGTACA

Reverse

AGTAACTGGGGTCTCTCTCTTT

Forward

CCCTCATCTTCCCATGTTACTGG

Reverse

GGCGCTTCTCATAGGTGGTG

Enpp6

Phospho1

Alpl

Smpd3

127

CHAPTER 4 | ABLATION OF ENPP6 RESULTS IN TRANSIENT BONE HYPOMINERALISATION

Figure 4.6 Micro-computed tomography whole-bone cortical analysis of moments of inertia in
(A,B) 4-week and (C,D) 12-week tibiae measured from 15% and 10% respectively to 90% bone
length. Solid lines represent the mean ± standard deviation. Individual data points are plotted within
each % length bracket. The results of statistical significance testing between genotypes performed
using multiple t-tests with Bonferroni correction for multiple comparisons are reported at each length
bracket using colored bars. n = 4-week Enpp6-/- 4; 4-week Enpp6+/+ 5; 12-week Enpp6-/- 5; Enpp6+/+ 4
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Figure 4.7 Gene expression analysis for mineralization-related genes of whole-femoral lysates in 4and 12-week Enpp6-/- and Enpp6+/+ mice demonstrates no statistically significant differences
between genotypes in either age bracket. Data represent mean ± standard deviation. n = 4-week
Enpp6-/- 5; 4-week Enpp6+/+ 4; 12-week Enpp6-/- 4; Enpp6+/+ 4.

4.5 Conclusions
These studies are the first to characterise the skeletal phenotype of the Enpp6-/- mouse
revealing a significant role for the enzyme in bone formation and mineralisation. The
transient hypomineralisation in young animals observed here reflects that of the postnatal
Phospho1-/- mouse and the structural abnormalities exhibited may correlate well with the
dysregulated ultrastructure of Phospho1-/- embryonic bone demonstrated in Chapter 3.
Taken together these data provide compelling preliminary indications that ENPP6 affords an
additional route for the generation of PHOSPHO1 substrates within MVs. Additional data are
required to confirm this relationship conclusively however. As the Phospho1-/- phenotype
appears to particularly affect young animals, characterisation of the Enpp6-/- skeletal
phenotype in embryonic animals, and using higher resolution imaging modalities such as
FIB-SEM and TEM, may prove useful to link these models together.
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The localisation of ENPP6 is mineralising osteoblasts also requires further investigation. The
data shown here demonstrates that ENPP6 is present within the nucleus in addition to the
cytoplasm. Many of the functions of this enzyme are currently unclear (Morita et al. 2014;
Morita et al. 2016), however as a phospholipase C it could well be the case that ENPP6 has a
role to play in nuclear remodelling or choline dynamics and this does not exclude it also
functioning as part of the MV mechanism. Future localisation studies as part of those
investigating MV biogenesis from osteoblasts will be valuable in confirming it as MV cargo.
Finally, the characterisation of the Enpp6-/- skeletal phenotype and the similarities observed
with the Phospho1-/- phenotype do provide support for their combined role within MVs,
however the explicit biochemistry linking these enzymes has not been investigated.
Although methodologically challenging, direct measurement of for example a depletion in
PHOSPHO1 substrates (i.e. phosphocholine) within MVs on ablation of ENPP6 would provide
strong evidence for this relationship.
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Chapter 5 | Validating an in vitro model of matrix vesicle
isolation
5.1 Introduction
As previously discussed, MVs are membrane-bound nano-spherical bodies of approximately
100-300nm in diameter which are typically rich in lipids and proteins known to chelate Ca 2+
and Pi, and which are associated with both physiological and pathological biomineralisation
(Cui et al. 2016). Their function continues to remain controversial since their discovery in
1967 in growth plate cartilage (Anderson 1967; Bonucci 1967), with some authors
attributing these as specimen preparation artefacts (Landis, Paine, and Glimcher 1977).
Nevertheless, many in vitro and in vivo studies have shown the first mineral crystals in
diverse mineralized tissues such as bone, dentin, cartilage and mineralized vasculature are
associated with these structures in the extracellular matrix (ECM)(Bonucci 1967; Anderson
1969; Bonucci 1971; Anderson, Cecil, and Sajdera 1975; Landis 1986; Reynolds et al. 2004;
Kapustin and Shanahan 2012; Cui et al. 2017).
Some of the controversy surrounding the function of MVs stems from difficulty in studying
them in detail due to the relatively poorly characterised models available. A variety of
methods have been used in the past, including isolation of vesicles from embryonic tissue
and cell culture media, however each methodology likely provides samples of diverse purity,
biochemical activity and functionality, creating barriers to understanding their biology.
Early studies used crude collagenase digestion of bovine fetal epiphyseal cartilage in
combination with differential ultracentrifugation to isolate a vesicle pellet yielding so-called
collagenase-released matrix vesicles (CRMVs) which were relatively homogenous, however
the contaminating proteases contained in crude collagenase severely damaged the
membranous vesicle proteins (Ali, Sajdera, and Anderson 1970; Ali, Anderson, and Sajdera
1971; Wuthier and Lipscomb 2011). Other groups directly homogenized chicken epiphyseal
cartilage before differential ultracentrifugation followed by sucrose gradient fractionation
(Wuthier et al. 1978; Watkins, Stillo, and Wuthier 1980). While this method resulted in
considerable enrichment of TNAP in the final sample, the pellet was significantly
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contaminated with intracellular membrane fragments and attempts to purify the sample
resulted in a loss of functional mineralisation in solution due to the osmotic effects of
concentrated sucrose (Register et al. 1986; McLean et al. 1987). Low-trypsin collagenases
were later used in an attempt to preserve MV function during collagenase digestion. These
refined methods succeeded in isolating a vesicle fraction which was reproducible and able
to rapidly induce mineralisation in solution (Genge, Wu, and Wuthier 1990; Balcerzak et al.
2007). CRMVs derived from chicken or mouse embryonic bone and cartilage were thereafter
used for several studies characterizing their biology and cargo (Balcerzak et al. 2007;
Balcerzak et al. 2008).
Cell culture methods were adopted as an alternative to embryonic tissue which took
advantage of their inherent scalability. Many studies used growth plate chondrocyte
cultures and isolated vesicles by differential centrifugation of the media (Hale et al. 1983;
Hale and Wuthier 1986; Ishikawa et al. 1986; Schalk and Wuthier 1986; Garimella et al.
2004), however these media-isolated vesicles differed in their lipid composition and their
ability to accumulate mineral ions from matrix-bound vesicles (Hale and Wuthier 1986;
Boyan et al. 1988; Wu et al. 1989). More recently, several osteoblastic cell models have
been employed in combination of collagenase digestion to isolate MVs from the
mineralizing cell matrix. Thouverey et al used the Saos-2 human osteosarcoma cell line and
solubilised the ECM using low-trypsin collagenase before isolating both MVs and microvillar
membranes using a differential ultracentrifugation approach and confirmed the presence of
key MV markers using proteomics (Thouverey et al. 2009b; Thouverey et al. 2011).
Chaudhary and colleagues furthermore characterised CRMVs from the matrices of MC3T3s,
pre-odontoblastic 17IIA11s and the bone marrow stromal cell line ST2 cells (Chaudhary et al.
2016). The authors confirmed the localisation of, for example, TNAP and PHOSPHO1 to
17IIA11 CRMVs but also revealed an upregulation of vesicle release upon stimulation of the
cells with ascorbic acid and high concentrations of Pi.
While these studies provide a diversity of models for the study of MVs, each is accompanied
by advantages and drawbacks. Vesicle isolation from embryonic growth plates using
collagenase digestion represents a physiological model and enables phenotypic
investigation of genetically modified animals, but this has not been attempted in bone and
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so is limited to examination of hypertrophic chondrocyte MVs. Cell culture-based models
have the advantage of being easily scalable to produce enough material for several
experimental approaches, however cell lines may not reflect physiological reality and must
be genetically modified to interrogate the role of specific proteins. Primary cells may
represent a suitable compromise in that they are thought to be more physiologically
representative and can be isolated directly from genetically modified animals. However,
primary cell-derived MVs have not as yet been characterised.
Here I investigate the suitability of primary calvarial osteoblasts as a model for the isolation
of CRMVs, as compared to the MC3T3 cell line.

5.2 Aims and objectives
I will fulfil the following aims:
1. Characterise the effect of high phosphate treatment on MC3T3 mineralisation in
vitro and contrast this with primary osteoblasts.
2. Define the concentration, size distribution and structure of MC3T3-derived CRMVs
and contrast this with primary osteoblast-derived vesicles.
3. Confirm the localisation of MV markers to both MC3T3- and primary osteoblastderived CRMVs.

5.3 Materials and methods
All chemical reagents were purchased from Sigma-Aldrich (UK) unless otherwise stated.
Formulation of all non-standard buffers can be found in Appendix I.
5.3.1 MC3T3 cell culture
MC3T3-C14 cells were purchased from ATCC (USA) and cultured in αMEM without
nucleosides (Life Technologies, UK) supplemented with 10% FBS, syringe filtered using a
0.22µm filter, and 50µg/ml gentamicin and maintained at 37oC in a 5% CO2 atmosphere.
Cells were expanded, passaged, counted and plated as described in Sections 2.4.1 and 2.4.2.
Cells were treated with 50µg/ml L-ascorbic acid and 0 or 10mM Pi for up to 7 days, with
supplemented media changed every 2-3 days. For investigation of cell viability cells were
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also cultured in the presence of ascorbic acid only or ascorbic acid and 5mM BGP with
media changed every 2-3 days.
5.3.2 Primary cell culture
Primary calvarial osteoblasts were isolated from neonatal mouse pups as described in
Section 2.4.3 and cultured in αMEM supplemented as above. Cells were expanded,
passaged, counted and plated as described in Section 2.4.3. Cells were treated with 50µg/ml
L-ascorbic acid and 0 or 10mM PO43- for up to 21 days, with supplemented media changed
every 2-3 days. For investigation of cell viability cells were also cultured in the presence of
ascorbic acid only or ascorbic acid and 5mM BGP with media changed every 2-3 days.
5.3.3 Cell & matrix vesicle isolation
MC3T3s or primary osteoblasts were plated at 200,000 cells/plate in 100mm cell culturetreated petri dishes in a total volume of 10ml supplemented αMEM. Cells were cultured
until ~80% confluent which was designated as Day 0 and subsequently treated as per
section 5.3.1/5.3.2. Cells and extracellular MVs were isolated by collagenase digestion and
differential ultracentrifugation as described in Section 2.4.6. Cell pellets were resuspended
in 1ml cold Qiazol (Qiagen, Netherlands) for gene expression analyses. RNA lysates were
stored at -70oC. MV pellets were resuspended in 250µl vesicle isolation buffer, frozen on dry
ice and stored at -70oC before analysis.
5.3.4 Phase contrast microscopy and Alizarin Red assay
To assess mineralisation in vitro cells were plated at 100,000 cells/well of 6-well plates in a
total volume of 2ml αMEM and cultured as above. At relevant time points, cells were fixed,
washed in PBS and imaged using an Axiovert 25 phase contrast microscope (Zeiss, Germany)
as per section 2.4.4. Subsequently monolayers were stained with 2% Alizarin Red S. Plates
were dried and photographed under standard lighting conditions, the stain leeched using
10% cetylpyridium chloride and absorbance red using a Synergy HT microplate reader
(BioTek Instruments, USA) as per section 2.4.4.
5.3.5 Alamar blue assay
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To assay cell viability the alamar blue (ThermoFisher Scientific, UK) assay was used as per
Section 2.4.6. Briefly, cells were plated at 10,000 cells/well of a 96-well plate and cultured as
above. To evaluate the effect of additives to mineralising media, cells were treated with
either 50µg/ml L-ascorbic acid only, ascorbic acid and 5mM BGP (standard mineralising
conditions) or ascorbic acid and 10mM Pi. 20µl alamarBlue cell viability reagent
(ThermoFisher Scientific, UK) was added to individual test and negative control wells of
plates used in Section 2.4.5 and incubated at 37oC for 4h. Fluorescence or luminescence as
appropriate was read using a Synergy HT microplate reader (BioTek Instruments, USA).
5.3.6 Nanoparticle tracking analysis
NTA was performed on vesicle isolates to quantify the concentration and size of vesicles in
solution using a Nanosight LM14 instrument (Malvern Instruments, UK), operating the NTA
v2.3 software as per Section 2.4.7. Measurements were repeated 3 times on each sample
and the results averaged.
5.3.7 Transmission electron microscopy
Isolated vesicles were visualised by TEM as described in Section 2.5.2. Briefly, a drop of
vesicle suspension was incubated on a formvar- and carbon-coated copper grid (Agar
Scientific, UK) and allowed to adsorb for 10min. Vesicles were stained in 1% aqueous uranyl
acetate (Agar Scientific, UK) for 1min and excess solution removed. Grids were left to air dry
before examination using a Hitachi HT7800 transmission electron microscope (Hitachi High
Technologies, Japan) operating at 120kV.
5.3.8 RNA extraction and quantitative polymerase chain reaction
RNA was extracted and reverse transcribed as described in Sections 2.6.1 and 2.6.2 and the
resulting cDNA stored at -20oC. Gene expression was assayed by qPCR using qPCRBIO
SyGreen Mix (PCR Biosystems, UK) in a total reaction volume of 10µl using a Stratagene
Mx3000P real-time qPCR system (Agilent Technologies, UK), as described in Section 2.6.3.
Primer sequences used in qPCR reactions are given in Appendix II. Gene expression data
were normalised to 18S and analysed using the ΔΔCt method (Livak and Schmittgen 2001).
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5.3.9 Western blotting
Protein extraction, quantification and Western blotting was performed as described in
Section 2.7. For protein extraction from MVs, an aliquot of vesicle suspension in vesicle
isolation buffer was mixed with an appropriate volume of 5X RIPA buffer (see Appendix I)
and vortexed well. Lysates were centrifuged at 10,000 x g for 5min at 4oC and stored at 20oC. Primary and secondary antibodies used for Western blotting are provided in Appendix
III. Bound antibodies were detected by ECL and imaged using an Odyssey Fc imaging system
(LI-COR Biosciences, UK). Digital images of blots were quantified by gel densitometry using
Image Studio (LI-COR Biosciences, UK). Signal was normalised using a total protein stain (LICOR Biosciences, UK) performed before antibody blotting. Data were expressed as a foldchange relative to Day 0 samples.
5.3.10 Statistical analysis
Data are expressed as mean ± standard deviation of at least 3 replicates per experiment.
Sample size for each analysis is provided in the relevant figure legends. Significance testing
was performed using SPSS (IBM, USA) after appropriate testing for normality and
homogeneity of variance. A p value of <0.05 was considered to be statistically significant.

5.4 Results
5.4.1 Phosphate treatment induces mineralisation in MC3T3 cells and does not impact cell
viability
MC3T3 cells stimulated with media supplemented with 50µg/ml ascorbic acid and 10mM Pi
grew to confluence and mineralized over a 7-day time course as demonstrated by phase
contrast microscopy and Alizarin Red staining of monolayers (Fig. 5.1A-C). The alamar blue
cell viability assay was performed to assess the impact of phosphate treatment on cell
activity compared to more standard culture conditions. Phosphate-treated cells showed no
difference in reducing power compared to those treated with either ascorbic acid-only or
ascorbic acid and 5mM BGP, as used extensively in the literature to induce mineralisation in
osteoblast-like cells (Fig. 5.1D).
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Figure 5.1 Phosphate treatment induces mineralisation in MC3T3 cells. (A) Phase contrast
microscopy of MC3T3 cells in vitro demonstrating cell growth to confluency and generation of
mineralised nodules over the time course. (B) Alizarin red staining of cell monolayers demonstrating
an increase in mineralised nodule formation over time. (C) Quantification of Alizarin Red staining; n =
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6. (D) Alamar blue cell viability assay showing no difference in reducing power of phosphate-treated
cells and those treated with either ascorbic acid only or 5mM BGP (standard osteogenic conditions);
n = 8. Cell viability data are expressed as fold change relative to ascorbic acid only samples. Data
represent mean ± standard deviation. Asterisks represent results of ANOVA statistical testing; *** p >
0.001.

Phosphate treatment furthermore induced expression of mineralisation-related genes in
these cells. The master osteoblast transcription factor Runx2 exhibited transient
upregulation upon stimulation with phosphate (Fig. 5.2A), however expression of
procollagen mRNA including Col1a1 remained constant (Fig. 5.2B) as has been previously
demonstrated in these cells (Franceschi and Iyer 1992). Markers directly involved in ECM
mineralisation including osteocalcin (Bglap), TNAP (Alpl), PHOSPHO1 (Phospho1) and ENPP6
(Enpp6) all exhibited statistically significant upregulation over time in culture (Fig. 5.2C-F).
5.4.2 Collagenase-released matrix vesicle concentration in MC3T3 cell matrix increases
over a mineralizing time course
NTA was performed on collagenase-released vesicle samples, isolated using differential
ultracentrifugation, to quantify the concentration of vesicles bound to the ECM and the
distribution of size within vesicle populations. The total concentration of collagenasereleased vesicles was found to increase significantly over a 7-day mineralising time course
(Fig. 5.3A). Vesicles of 100-300nm thought to correspond to MVs were found to be enriched
in all samples, thereby validating the differential ultracentrifugation protocol (Fig. 5.3B).
Furthermore, the size distribution curves of vesicle isolates from mineralizing cells (Day 2-7)
were found to be left-shifted with respect to Day 0 samples, potentially indicating
enrichment of a population of smaller vesicles (Fig. 5.3B). Later timepoints (i.e. Day 4 and
Day 7) also contained lower concentrations of small exosomes and microvesicles (50100nm; Fig. 5.3B).
Transmission electron microscopy was used to visualize isolated vesicles and to investigate
whether hydroxyapatite crystals were contained within them. Vesicles in all samples were
bound by a double membrane and varied in size, with most between 100-200nm in
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statistical testing; * p > 0.05; ** p > 0.01; *** p > 0.001.

Data represent mean ± standard deviation; n = 3. Asterisks represent results of ANOVA

markers over time. (A) Runx2; (B) Col1a1; (C) Bglap; (D) Alpl; (E) Phospho1; (F) Enpp6.

mineralisation over time. Data demonstrate an increase in MV-related mineralisation

figure 5.2 Quantitative polymerase chain reaction of MC3T3 cell lysates for markers of
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Figure legend overleaf.
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Figure 5.3 Characterisation of collagenase-released extracellular vesicles from mineralising MC3T3
ECM over time. (A) NTA of extracellular vesicles isolated from the ECM by differential
ultracentrifugation reveals a significant increase in vesicle concentration over time; n = 3. (B) Vesicles
of 100-300nm in diameter are enriched in vesicle isolates (green shaded area) which correspond to
the size of MVs. Day 2, 4 and 7 vesicle isolates are also enriched in slightly smaller particles with
respect to controls; n = 3. (C) TEM of vesicle isolates on formvar- and carbon-carbon coated grids
reveals double membrane-bound vesicles of varying size across all time points. Vesicles were not
observed to contain crystalline material. Many vesicles from Day 2 onwards exhibited disrupted or
crenelated membranes (white arrows) and were accompanied by small electron dense particles
associated with the membrane (white arrowheads). Scale bars = 500nm. Data represent mean ±
standard deviation. Asterisks represent results of ANOVA statistical testing; ** p > 0.01; *** p >
0.001.

diameter (Fig. 5.3C). Vesicles tended to associate closely together and were accompanied by
banded fibrils of approximately 7.5nm in diameter and hundreds-of-nm long bound to their
membranes, which may represent digested collagen I molecules. No electron-dense
crystalline material was observed within vesicles at any time point. Vesicles at Day 0
appeared to have a rounded morphology, however many vesicles from Day 2 onwards
exhibited disrupted membranes or displayed small ~30-60nm electron dense particles at
their membranes (Figure 5.3C; white arrowheads).
5.4.3 MC3T3-derived collagenase-released vesicles contain an increasing concentration of
PHOSPHO1 over time in culture
Western blotting of vesicle protein lysates was conducted to investigate protein cargo and
to establish localisation of mineralisation markers. Blotting for PHOSPHO1 and TNAP
confirmed that vesicles are positive for both enzymes after Day 2 (Fig. 5.4A). Furthermore,
PHOSPHO1 was found to be significantly enriched in vesicle lysates over time, while no
significant increase was observed in TNAP (Fig. 5.4B).
5.4.4 Phosphate treatment induces mineralisation in primary osteoblasts in a similar
pattern to MC3T3 cells
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Primary osteoblasts supplemented with 50µg/ml ascorbic acid and 10mM Pi grew to
confluence and mineralised in a similar manner to MC3T3 cells, but over a longer period of

Figure 5.4 MC3T3-derived collagenase-released vesicles contain mineralisation markers
PHOSPHO1 and TNAP. (A) Western blotting of vesicle protein lysates demonstrates that MC3T3derived extracellular vesicles contain both PHOSPHO1 and TNAP. Enrichment of PHOSPHO1 over the
mineralising time course was observed, while TNAP remained unchanged. Total protein staining
confirmed equal loading. Two blots are shown here from a total of three replicates. (B)
Quantification of Western blot signal by densitometry reveals a significant enrichment of PHOSPHO1
in vesicle lysates over time, while no significant difference was observed in TNAP. Data represent
mean ± standard deviation. Asterisks represent results of ANOVA statistical testing; ** p > 0.01.
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21 days as visualised by phase contrast microscopy and Alizarin red staining (Fig. 5.5A-C).
The alamar blue assay was again used to assess cell viability on phosphate treatment as
compared to standard mineralising conditions (5mM BGP) and revealed no significant
differences between controls and treatment in the cells’ reducing power.
Gene expression was assayed in mineralising cells to investigate the expression of
mineralising markers and transcription factors upon phosphate treatment. The osteoblastic
transcription factor Runx2 exhibited a significant upregulation over time and this was
accompanied by a significant downregulation in Col1a1 (Fig. 5.6A-B). Other markers of ECM
mineralisation including Bglap, Alpl, Phospho1 and Enpp6 also exhibited statistically
significant upregulation over time in culture (Fig. 5.6C-F).
5.4.5 Collagenase-released matrix vesicle concentration in primary osteoblast cell matrix
increases over a mineralizing time course
Vesicles isolated by differential ultracentrifugation were subjected to NTA to measure
concentration and size distribution within the sample. The total concentration of vesicles
was found to increase significantly from Day 0 to Day 14 and reduce slightly on average at
Day 21 (Fig. 5.7A). The concentration of vesicles at Day 21 remained significantly higher on
average than at Day 0. Vesicle size distribution was found to be considerably more variable
than that found in MC3T3 samples (Fig. 5.7B). Vesicles of 100-300nm thought to correspond
to MVs were found to be enriched in Day 14 and Day 21 samples compared to Day 0 and
Day 7 samples. Day 21 samples exhibited two strong peaks at ~150nm and ~225nm, while
Day 14 samples exhibited broad enrichment across the 100-300nm range. All samples were
found to contain small exosomes (50-100nm) and larger microvesicles (300-500nm).
Negative staining and TEM were used to visualise isolated vesicles. All samples contained
vesicles bound by a membrane and which varied in size (Fig. 5.8C). Vesicles again tended to
associate closely together and were accompanied by banded fibrils of ~7.5nm in diameter
bound to their membranes which may represent digested collagen I molecules, in a similar
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manner to MC3T3 samples. Day 0 vesicles appeared to have largely intact membranes in
contrast to Day 7-21 samples which exhibited many vesicles with thickened or disturbed
areas of membrane. Vesicles at Day 21 in particular contained many vesicles with disrupted
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Figure 5.5 Phosphate treatment induces mineralisation in primary osteoblasts. (A) Phase contrast
microscopy of primary osteoblasts in vitro demonstrating cell growth to confluency and generation of
mineralised nodules over the time course. Low mag. scale bars = 500µm; high mag. scale bars =
200µm. (B) Alizarin red staining of cell monolayers demonstrating an increase in mineralised nodule
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formation over time. (C) Quantification of Alizarin Red staining; n = 6. (D) Alamar blue cell viability
assay showing no difference in reducing power of phosphate-treated cells and those treated with
either ascorbic acid only or 5mM BGP (standard osteogenic conditions); n = 8. Cell viability data are
expressed as fold change relative to ascorbic acid only samples. Data represent mean ± standard
deviation. Asterisks represent results of ANOVA statistical testing; ** p > 0.01***; p > 0.001.

morphologies accompanied by an accumulation of material at their membranes. Vesicles in
Day 7-21 samples were also accompanied by small (~30-50nm) amorphous electron-dense
particles, some of which were associated with the vesicles (Figure 5.3; white arrowheads).
5.4.6 Primary osteoblast-derived collagenase-released vesicles contain an increasing
concentration of PHOSPHO1 over time in culture
Vesicle protein lysates were interrogated by Western blot to examine protein cargo. Blots
for PHOSPHO1 and TNAP confirmed localisation of both enzymes to vesicles (Fig. 5.8 A).
PHOSPHO1 was present in all samples, but increased significantly over time (Fig. 5.8 A,B).
Interestingly, the lower molecular weight band within the PHOSPHO1 doublet appeared to
be responsible for most of the change observed over time (Fig. 5.8A). TNAP expression was
observed in these samples after Day 14 and also increased significantly over time (Fig. 5.8
A,C).

5.5 Discussion
The attempts to date to unravel the biology of MVs have been limited by the models
available for their study. This chapter presents data indicating that primary osteoblast
CRMVs represent a new model for the study of MVs which combine several advantages of
other models.
Immortalised cell lines afford a population of cells which are genetically and phenotypically
homogenous and thereby provide data which are inherently reproducible. Several
osteoblastic cell lines in combination with collagenase digestion have been employed in the
past to study MV biology, including Saos-2 human osteosarcoma-derived cells and MC3T3
mouse osteoblast cells. In both models cells have historically been stimulated with ascorbic
acid and βGP to induce mineralisation of their matrices. Ascorbic acid acts as a co-factor for
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ANOVA statistical testing; * p > 0.05; ** p > 0.01; *** p > 0.001.

Enpp6. Data represent mean ± standard deviation; n = 3. Asterisks represent results of

mineralisation markers over time. (A) Runx2; (B) Col1a1; (C) Bglap; (D) Alpl; (E) Phospho1; (F)

markers of mineralisation over time. Data demonstrate an increase in MV-related

Figure 5.6 Quantitative polymerase chain reaction of primary osteoblast cell lysates for
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Figure legend overleaf.
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Figure 5.7 Characterisation of collagenase-released vesicles from mineralising primary osteoblast
ECM over time. (A) NTA of vesicles isolated from the ECM by differential ultracentrifugation reveals a
significant increase in vesicle concentration over time; n = 3. (B) Vesicles of 100-300nm in diameter
are enriched in vesicle isolates (green shaded area) from Day 7 which correspond to the size of MVs.
Day 21 samples showed two strong peaks at ~150nm and ~225nm. All samples contained small
exosomes (50-100nm) and larger microvesicles (300-500nm); n = 3. (C) TEM of vesicle isolates on
formvar- and carbon-carbon coated grids reveals double membrane-bound vesicles of varying size
across all time points. Vesicles from Day 7 onwards exhibited disrupted or crenelated membranes
(white arrows). Vesicles were not observed to contain crystalline material but did contain amorphous
electron dense particles, often associated with the membranes (white arrowheads). Scale bars =
500nm. Data represent mean ± standard deviation. Asterisks represent results of ANOVA statistical
testing; ** p > 0.01; *** p > 0.001.

lysyl hydroxylase which is key in the production of collagen to form the ECM (Schwarz,
Mandell, and Bissell 1981). Furthermore, ascorbic acid treatment of osteoblasts in vitro has
been shown to induce increase expression of terminal differentiation and mineralisation
markers such as TNAP and osteocalcin (Franceschi and Iyer 1992; Franceschi, Iyer, and Cui
1994; Xiao et al. 1997).
βGP in culture media acts as an exogenous source of Pi as a substrate for TNAP. Several
studies have shown that mineralizing cells including odontoblasts, chondrocytes and
osteoblasts are sensitive to Pi and respond by upregulating the expression of mineralisationassociated genes and transcription factors (Foster et al. 2006; Julien et al. 2007; Julien et al.
2009; Khoshniat et al. 2011; Chaudhary et al. 2016). The signaling mechanism through which
this is achieved remains largely elusive, however several studies have shown its effects are
dependent on the phosphorylation of Erk1/2 (Julien et al. 2009; Tada et al. 2011; Chaudhary
et al. 2016). Traditionally the hydrolysis of βGP by cells in culture provides this source of
exogenous Pi however several studies have shown direct stimulation with Pi achieves the
same results (Foster et al. 2006; Julien et al. 2007; Julien et al. 2009; Khoshniat et al. 2011;
Chaudhary et al. 2016).
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The data presented here agrees with those studies, showing that stimulation of both

MC3T3s and primary osteoblasts with ascorbic acid and high Pi induced the formation of a
mineralised ECM over time. Furthermore, treatment induced significant upregulation of

Figure 5.8 Primary osteoblast-derived collagenase-released vesicles contain mineralisation
markers PHOSPHO1 and TNAP. (A) Western blotting of vesicle protein lysates demonstrates that
primary osteoblast-derived extracellular vesicles contain both PHOSPHO1 and TNAP. Enrichment of
PHOSPHO1 and TNAP over the mineralising time course was observed. Total protein staining
confirmed equal loading. Two blots are shown from a total of three replicates. (B) Quantification of
Western blot signal by densitometry reveals a significant enrichment of PHOSPHO1 and TNAP in
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vesicle lysates over time; n=3. Data represent mean ± standard deviation. Asterisks represent results
of ANOVA statistical testing; * p > 0.05; ** p > 0.01; *** p > 0.001.

several key mineralisation markers in both cell types including the master osteoblast
transcription factor Runx2. Runx2 induces downstream transcription of markers associated
with ECM mineralisation and MVs including Bglap, Alpl and Phospho1, and as shown here
ENPP6, which are also observed to be significantly upregulated in the data (Schroeder,
Jensen, and Westendorf 2005; Kawane et al. 2018; Komori 2018, 2019). Interestingly, while
an accompanying significant downregulation of Col1a1 in primary cells indicates
differentiation of the cells into an osteogenic phenotype, this is not observed in MC3T3s.
The well-established alamar blue assay was also carried out to determine any negative
impact of treatment with high concentrations of Pi on cell viability. No significant differences
were observed in reducing power of cells treated with Pi compared to ascorbic acid-only
samples or those treated with 5mM βGP as in standard osteogenic media in either cell type.
The alamar blue assay has been used for decades to measure cell viability in culture and
relies on the capacity of cells to maintain a reducing environment intracellularly due to
metabolic function (O'Brien et al. 2000; Rampersad 2012). While this is not a perfect
measure of cell viability, toxic conditions would be expected to either reduce cell numbers
or compromise metabolic activity.
Previous studies using cell culture models have achieved purified populations of vesicles
which share several characteristics. These studies generally describe vesicles which are
between 100 and 300nm in diameter and intimately associated with the ECM in vivo
(Wuthier and Lipscomb 2011). Chaudhary et al demonstrated that treatment of MC3T3s
with ascorbic acid and phosphate rapidly induced the release of MVs into the ECM within
24-72h of stimulation (Chaudhary et al. 2016). Furthermore the authors showed that CRMVs
isolates from the ECM ranged between 50-220nm in diameter. The concentration of CRMVs
derived from both MC3T3s and primary osteoblasts increased significantly over time
compared to Day 0 untreated cells in agreement with the literature. In the MC3T3s the size
distribution of vesicles in the sample largely fell within the expected 100-300nm range,
however those from later timepoints appeared to peak consistently around 150nm. These
data indicate that MC3T3-derived CRMVs are homogenous and may therefore provide a
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relatively pure population of MVs. In contrast, primary osteoblast-derived samples exhibited
a much more variable size distribution, particularly at early time points, potentially
indicating that the sample is more heterogeneous. Day 21 samples exhibited strong peaks at
~150nm (also observed in MC3T3-derived vesicles) and ~225nm which may indicate
enrichment of particular vesicle populations late in culture. While all samples contained
some small exosomes (50-100nm) and larger microvesicles (>300nm), many more were
found comparatively in primary osteoblast samples, again suggesting that primary cellderived samples contain several populations of vesicles. The distribution of these
contaminating vesicles did not however appear to change over time in culture.
Negative staining of vesicular samples was performed and samples examined using TEM to
visualise the structure of vesicles. The data presented here show that vesicles derived from
untreated cells exhibit a rounded morphology and intact membranes, whereas those
isolated at later time points display disrupted membranes and are accompanied by small
electron dense particles, many of which are associated with the vesicle membrane itself.
Previously studies have reported crystalline material present within MVs using TEM in
several tissues (Anderson 1969; Arsenault 1991), however mineral crystals are typically not
reported in isolated vesicles, irrespective of the method of isolation (Balcerzak et al. 2007;
Balcerzak et al. 2008; Thouverey et al. 2009b; Thouverey et al. 2011; Chaudhary et al. 2016).
The reason for this is unknown but may potentially indicate that those vesicles observed to
contain mineral in vivo have degraded to the point where they are not represented in
purified samples and that ultracentrifuged samples represent immature vesicles which have
not yet mineralised. This may be supported by the observation of electron dense
amorphous particles associated with the membranes of both MC3T3- and primary
osteoblast-derived vesicles observed here which potentially represent accumulations of
ACP. These particles were not present in Day 0 untreated samples. However, further
investigation is required to confirm these particles as composed of calcium phosphate
before this conclusion can be drawn definitively. Furthermore, vesicles from Day 2 onwards
often exhibited disrupted or crenelated membranes in the absence of amorphous particles
which may indicate that vesicle membranes are degenerating in order to release their cargo.
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Several studies have characterized the protein cargo of MVs, revealing the localisation of
key markers, for example PHOSPHO1 and TNAP, using methods including Western blotting
and proteomics (Roberts et al. 2007; Balcerzak et al. 2008; Thouverey et al. 2009b;
Thouverey et al. 2011; Chaudhary et al. 2016). The presence of both PHOSPHO1 and TNAP
in isolated CRMVs was confirmed in both cell types by Western blotting. In MC3T3-derived
vesicles PHOSPHO1 was found to be significantly enriched over time in culture, however
was only observed as a single isoform rather than the doublet which is usually evident in
blots. Stewart et al also showed enrichment of the lower molecular weight isoform in
primary chondrocyte-derived CRMVs upon treatment with ascorbic acid and Chaudhary
demonstrated similar enrichment in 17IIA11 odontoblast-like cell-derived CRMVs stimulated
with ascorbic acid and Pi (Stewart et al. 2006; Chaudhary et al. 2016). Significant enrichment
over time of the lower isoform was also observed in primary osteoblast-derived CRMVs. This
may suggest that the lower molecular weight isoform is that which is functionally involved in
MVs, while the higher mass isoform is performing other functions within the cell. Several
authors have suggested roles for PHOSPHO1 outside of bone mineralisation which has been
implicated in, for example, differentiation of erythrocytes and regulation of energy
metabolism (Huang et al. 2018; Dillon et al. 2019; Suchacki et al. 2020). It is therefore
possible that PHOSPHO1 fulfils a secondary function within the osteoblast.
TNAP was also detected in both MC3T3- and primary osteoblast-derived vesicles. The
enzyme was highly significantly enriched over time in primary vesicles, but not in MC3T3
samples. It has been previously established that the highly mineralising C14 MC3T3-E1
subclone used here highly expresses PHOSPHO1 but exhibits low levels of TNAP (Wang et al.
1999; Huesa et al. 2015). Huesa et al further demonstrated that under mineralising
conditions this clone did not upregulate TNAP expression by Western blot. The data
presented here therefore likely agree with the literature in finding no enrichment of TNAP in
MC3T3-derived CRMVs, but its localisation supports the conclusion that these samples
indeed represent MVs.
Collectively these data describe the phenotype of MC3T3- and primary osteoblast-derived
CRMVs. Taken together, these data confirm that vesicles isolated from the mineralising
matrices of MC3T3s stimulated with ascorbic acid and Pi conform with the expected
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parameters of MVs in the behavior of the cells, the structure of the vesicles and localisation
of key enzymes. Primary calvarial osteoblasts have not previously been used a model for MV
isolation, however these data indicate that primary osteoblastic CRMVs carry all of the
hallmarks of those generated by other models. In addition, primary cells convey several
advantages over cell line models in that they are considered to be more physiologically
relevant, as demonstrated well here by a lack of TNAP enrichment in MC3T3 samples which
was evident in primary cell samples. Furthermore, primary osteoblasts can be isolated
directly from already well characterised genetically modified models, allowing more detailed
investigation of their phenotypes, without resorting to genetic engineering of cell lines.
These data therefore validate primary calvarial osteoblasts as a suitable model for the study
of MVs.
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Chapter 6 | Investigating the biogenesis and function of
matrix vesicles
6.1 Introduction
One of the most controversial and least investigated aspects of MV biology is their
biogenesis from osteoblasts and other mineralising cells during the formation of mineralised
tissues. Early studies used various forms of electron microscopy in an attempt to visualize
vesicles forming from cells. Bonucci studied mineralizing hypertrophic chondrocytes,
showing that mineral was formed inside osmophilic extracellular structures and that these
structures which were associated with cellular processes (Bonucci 1970; Bonucci 1971).
Similar observations were also made by Thyburg and Friberg around the same time (Thyberg
and Friberg 1970, 1972).
Cryo-electron microscopy studies later added to these findings. Small filaments of a similar
diameter to cytoskeletal filaments were observed attached to the internal membrane of
vesicles in cartilage ECM prepared by slam freezing and freeze substitution suggesting a
direct vesicle budding mechanism (Akisaka et al. 1988). Furthermore, several freeze fracture
studies succeeded in directly visualising vesicles budding from the tips of cellular processes
emanating from chondrocytes (Borg, Runyan, and Wuthier 1978; Cecil and Clarke Anderson
1978; Takagi et al. 1979; Borg, Runyan, and Wuthier 1981). These studies provide strong
evidence that MVs actively bud from cellular processes, however the cellular mechanisms
which induce and or/regulate MV formation remained unclear.
An early fluorescence microscopy study in growth plate hypertrophic chondrocytes
implicated a role for actin- and vinculin-rich centres at the cell membrane in vesicle
biogenesis (Hale et al. 1983). This was further supported by a study which cultured
chondrocytes with Cytochalasin D to inhibit actin microfilament assembly and demonstrated
an increased release of TNAP-rich vesicles from the cells (Hale and Wuthier 1987).
Conversely, stabilisation of the actin cytoskeleton using phalloidin had the opposite effect.
More recently Thouverey and colleagues tested this hypothesis by co-sedimenting apical cell
microvilli and MVs from mineralising Saos-2 osteosarcoma cells and analysing protein
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contents and composition by mass spectrometry (Thouverey et al. 2009b; Thouverey et al.
2011). The authors found that the proteome of apical microvilli and isolated MVs were
similar and were enriched for key markers such as TNAP and PHOSPHO1. The studies
furthermore found that the cytoskeletal regulator cofilin-1 co-localised with calcium binding
annexins at the periphery of mineralising cells and that inhibition of actin polymerisation
enhanced MV formation. Cytoskeletal constituents and cytoskeletal regulating markers
including cofilin-1, vinculin, actinin α1 and others were found to comprise the proteomes of
both MVs and apical microvilli. Many of these markers have been identified as comprising
the MV proteome in other studies using methods including Western blot and proteomics
(Balcerzak et al. 2007; Balcerzak et al. 2008; Wuthier and Lipscomb 2011; Chaudhary et al.
2016). Collectively these studies implicate strong evidence for both vesicle budding from the
microvilli of mineralising cells and a role for severing of actin filaments and/or actin
depolymerisation during the budding process.
As discussed and demonstrated in previous chapters, PHOSPHO1 is also critical for the
function of MVs in providing Pi for the formation of mineral, however the source of its
substrates remains speculative. Some evidence (including that presented in earlier chapters)
supports the hypothesis that PHOSPHO1 substrates are derived through breakdown of the
MV membrane itself, as mediated by phospholipases (Stewart, Leong, and Farquharson
2017; Dillon et al. 2019).
The lipid composition of isolated MVs has been studied previously by mass spectrometry,
revealing several interesting observations. MVs were found to be enriched in nonpolar lipids
such as cholesterol and depleted in phospholipids compared to the generic cell membrane,
suggesting that vesicle formation occurs at cholesterol-rich lipid raft membrane sites
(Peress, Anderson, and Sajdera 1974; Wuthier and Eanes 1975; Wuthier 1976a).
Interestingly, of the phospholipids which were found comprising MVs, some such as
phosphatidylserine (PS), sphingomyelin (SM) and total lysophospholipids were enriched
compared to the plasma membrane, while PC and PEA were depleted (Peress, Anderson,
and Sajdera 1974; Wuthier 1975; Wuthier 1976a). The higher than expected share of
lysophospholipids and lower concentrations of PC and PEA led some authors to conclude
that phospholipases were active within MVs (Wuthier and Lipscomb 2011).
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These studies characterising the lipid composition of MVs support the hypothesis that PC
and PEA comprising the MV membrane represent a pool of substrates for the intravesicular
action of PHOSPHO1, accessed via the action of phospholipase enzymes. Despite these
observations, Phospho1-/- MV lipids have not as yet been studied.
This chapter uses mass spectrometry to characterize the proteome of primary osteoblastderived CRMVs and to contrast the lipid composition of Phospho1-/- and wild-type vesicles.

6.2 Aims and objectives
I will fulfil the following aims:
1. Characterise the proteome of primary osteoblast-derived CRMVs.
2. Establish the presence of cytoskeleton regulating proteins within MVs and
authenticate the actin-depolymerisation mechanism of MV budding.
3. Investigate the effect of ablation of PHOSPHO1 on the lipid composition of MVs.

6.3 Materials and methods
All chemical reagents were purchased from Sigma-Aldrich (Gillingham, UK) unless otherwise
stated. Formulation of all non-standard buffers can be found in Appendix I.
6.3.1 Primary osteoblast cell culture
Primary calvarial osteoblasts were isolated from Phospho1+/+ and Phospho1-/- neonatal
mouse pups as described in Section 2.4.3 and cultured in αMEM supplemented with 10%
FBS, syringe filtered using a 0.22µm filter, and 50µg/ml gentamicin. Cells were expanded,
passaged, counted and plated as described in Section 2.4.3. Cells were treated with 50µg/ml
L-ascorbic acid and 10mM Pi for up to 21 days, with supplemented media changed every 2-3
days.
6.3.2 Matrix vesicle isolation
MC3T3s or primary osteoblasts were plated at 200,000 cells/plate in 100mm cell culturetreated petri dishes in a total volume of 10ml supplemented αMEM. Cells were cultured
until ~80% confluent which was designated as Day 0 and subsequently treated as per
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section 2.4.3. MVs were isolated by collagenase digestion and differential
ultracentrifugation as described in Section 2.4.6.
6.3.3 Proteomics and bioinformatic analysis
Phospho1+/+ MV pellets isolated as above were lysed directly in freshly prepared 8M urea,
transferred to Protein LoBind tubes (Eppendorf, Germany), snap frozen and stored at -70oC
before analysis. Samples were processed according to Section 2.8.1 and analysed by mass
spectrometry by the Roslin Institute Proteomics Facility.
Analysis was repeated in 3 samples and the resulting datasets pooled using R. Data were
filtered and replicates averaged according to Section 2.8.1.
Graphia (Kajeka, UK) was used to perform pairwise correlation analysis and Markov
clustering to generate clusters of proteins with correlated expression trends. These clusters
were functionally annotated using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) platform (Huang, Sherman, and Lempicki 2009; Sherman and Lempicki
2009) and functional annotation clustering performed. GO terms found to be enriched
within a cluster were plotted using REVIGO (Supek et al. 2011).
To visualise networks of potential interactions between proteins, those which were found to
fall into significantly enriched categories using the analyses above were indexed and
protein-protein interactions predicted using StringApp (Doncheva et al. 2019). A confidence
score cutoff of 0.9 was used and additional predicted interactors limited to 10. Data were
visualised using Cytoscape (Shannon et al. 2003).
6.3.4 Lipidomics and bioinformatic analysis
Lipidomics was performed by the Institute for Genetics and Molecular Medicine Mass
Spectrometry facility, University of Edinburgh. Phospho1+/+ and Phospho1-/- MV pellets
isolated as above were snap frozen in liquid nitrogen and stored at -70oC before submission
to the facility. Lipidomics was performed by liquid chromatography/mass spectrometry. Raw
data were normalized and analysed using the LipidR (Mohamed, Molendijk, and Hill 2020)
package for R (Team 2013).
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6.4 Results
6.4.1 Primary osteoblast-derived CRMV cargo is heterogeneous and varies over time
Proteomics of isolated Phospho1+/+ vesicles was undertaken to characterise protein cargo
and gain insights into potential mechanisms of vesicle biogenesis.
1301 proteins were identified after exclusion of those classified using less than 2 unique
peptides and with a large coefficient of variation. These comprised some classical osteoblast
markers including, for example, TNAP, OPN and ENPP1 (Figure 6.1 A-C). Unexpectedly,
PHOSPHO1 was not identified. MVs were heterogeneous in cargo and displayed markers of
both exosomes and microvesicles (Figure 6.1 D-L). Established exosomal markers included
CD81, CD63 (identified in only 1 of 3 datasets), CD9, tumor susceptibility gene 101 (TSG101)
and programmed cell death 6-interacting protein (Alix). Those which are more characteristic
of microvesicles included integrins (such as integrins β1 and α5) and heat shock proteins
(including heat shock proteins 90α and 90β), but not CD40. Markers of other vesicle
subtypes such as lysosomes and apoptotic bodies were also present including for example
lysosomal associated protein 1 (LAMP1) and annexin A5 (Figure 6.1 M,N). Vesicles therefore
appeared heterogeneous, with potentially several populations present.
Functional annotation was performed using the DAVID platform to gain insight into the
functions of proteins identified and the potential pathways within which they may act. GO
cellular compartment terms identify the subcellular localisation associated with subgroups
of the dataset. Table 6.1 displays the first 25 cellular compartment GO terms, ranked by
their enrichment according to the Benjamini-corrected p value. A large proportion of the
dataset (61.5%) was associated with the ‘extracellular exosome’ term, confirming that
osteoblast-derived CRMVs represent a typical extracellular vesicle population. Other similar
terms which were also significantly enriched included those associated with membranes,
including the cell membrane, endoplasmic reticulum, cell surface, membrane rafts, the
lysosomal membrane, the intermediate compartment and lamellipodia. Other terms which
were highly significantly enriched include those associated with cell-matrix and cell-cell
contact sites, such as focal adhesion, cell-cell adherens junctions and the extracellular
matrix.
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Figure 6.1 Expression of selected markers found within primary osteoblast derived MVs by
proteomics at 0, 7, 14 and 21 days in culture. (A-C) Classical osteoblasts markers including alkaline
phosphatase (TNAP), osteopontin (OPN) and ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1) are found in MV samples. (D-H) Known markers of exosomes such as CD81, CD63 (identified
in 1 of 3 replicates), CD9, tumor susceptibility gene 101 (TSG101) and programmed cell death 6interacting protein (Alix) are represented in MV samples. (I-L) Markers of larger microvesicles are
also present including various integrins and heat shock proteins, but not CD40. (M,N) Markers of
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other vesicle subtypes including lysosomes (lysosomal associated protein 1; LAMP1) and apoptotic
bodies (annexin A5) are also present. Data represent mean ± standard deviation.

Molecular function GO terms describe the molecular activity of proteins within the dataset.
Table 6.2 displays the first 25 molecular function GO terms, ranked by their enrichment
according to the Benjamini-corrected p value. Those proteins involved in cell-cell adhesion
which are linked to cadherin binding were the most significantly enriched (p = 5.67x10-65),
which correlates well with many of the cellular compartment terms identified in Table 6.1.
Interestingly, terms associated with ribosomal activity were also significantly enriched.
Other highly enriched functional terms identified GTPases as significantly enriched, along
with cytoskeletal and cytoskeleton-regulating (e.g. actin- and integrin-binding) proteins.
While functional annotation is useful, there is redundancy in these data as a single protein
may be a component of multiple annotated terms. Functional annotation clustering
attempts to reduce redundancy by amalgamating related terms and providing an overall
enrichment score as compared to the genome as a whole. Table 6.3 displays the first 15
clusters and representative GO terms, ranked by their enrichment score. Terms affiliated
with cell-cell adhesion are the most enriched, with a score of 56.5. Other clusters which are
highly enriched include terms describing ribosomes (cluster 2, 29.7), GTPases (cluster 6,
15.4; cluster 8, 11.3) and regulation of the cytoskeleton (cluster 7, 14.6; cluster 9, 9.3).
To distinguish trends in MV cargo over time in culture, analysis of the proteomics dataset
using Graphia (Kajeka, UK) was performed. Graphia performs pairwise Pearson correlations
between each protein and subsequently clusters correlation matrices using an MCL
approach, allowing identification of groups of proteins which display similar trends in
expression over time. Graphia analysis excluding correlations < 0.97 and with an MCL
granularity value of 1.2 identified 5 clusters of proteins correlated in their expression (Figure
6.2 A,B). Figure 6.2 C displays the mean fold change of all proteins in each cluster,
demonstrating that those which fall into Cluster 1 are consistently downregulated over time
on average compared to Day 0 samples, while those in Cluster 2 are consistently
upregulated over time on average. The remaining clusters demonstrate diverse temporal
expression patterns. Cluster 3 proteins remain unchanged until Day 21 where they exhibit
considerable upregulation on average. In contrast, proteins in Clusters 4 and 5 are
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GO term ID

GO term

Count

%
total

GO:0070062
GO:0005925
GO:0016020
GO:0005913
GO:0043209
GO:0042470
GO:0031012
GO:0005737
GO:0005829
GO:0022625
GO:0005840
GO:0005783
GO:0030529
GO:0005768
GO:0009986
GO:0048471
GO:0022627
GO:0045121
GO:0005765
GO:0005911
GO:0005793

extracellular exosome
focal adhesion
Membrane
cell-cell adherens junction
myelin sheath
Melanosome
extracellular matrix
Cytoplasm
Cytosol
cytosolic large ribosomal subunit
Ribosome
endoplasmic reticulum
intracellular ribonucleoprotein complex
Endosome
cell surface
perinuclear region of cytoplasm
cytosolic small ribosomal subunit
membrane raft
lysosomal membrane
cell-cell junction
endoplasmic reticulum-Golgi intermediate
compartment
Lamellipodium
Intracellular
small ribosomal subunit
extracellular vesicle

671
176
668
121
88
60
95
585
250
46
61
176
68
91
98
103
27
57
53
48
26

61.5
16.1
61.2
11.1
8.1
5.5
8.7
53.6
22.9
4.2
5.6
16.1
6.2
8.3
9.0
9.4
2.5
5.2
4.9
4.4
2.4

Benjaminicorrected p
value
0
1.46E-114
4.17E-72
1.90E-67
3.73E-56
3.62E-46
5.12E-45
5.12E-45
7.00E-45
6.76E-31
1.83E-28
1.63E-27
2.68E-20
5.86E-20
2.37E-19
6.06E-19
9.40E-18
1.80E-17
5.30E-17
2.65E-16
1.79E-13

38
158
17
21

3.5
14.5
1.6
1.9

2.99E-12
4.52E-12
5.37E-12
7.68E-12

GO:0030027
GO:0005622
GO:0015935
GO:1903561

Table 6.1 Cellular compartment GO terms associated within proteins found within primary
osteoblast-derived CRMVs.
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GO term ID

GO term

Count

%
total

GO:0006412
GO:0098609
GO:0006457
GO:0015031
GO:0006810
GO:0006886
GO:0001649
GO:0007264
GO:0016192
GO:0007155
GO:0002479

translation
cell-cell adhesion
protein folding
protein transport
transport
intracellular protein transport
osteoblast differentiation
small GTPase mediated signal transduction
vesicle-mediated transport
cell adhesion
antigen processing and presentation of
exogenous peptide antigen via MHC class I, TAPdependent
cell migration
cell separation after cytokinesis
response to endoplasmic reticulum stress
endocytosis
platelet aggregation
proteolysis involved in cellular protein catabolic
process
regulation of centrosome duplication
substrate adhesion-dependent cell spreading
positive regulation of cell migration
cell-matrix adhesion
viral budding via host ESCRT complex
ribosomal small subunit assembly
single organismal cell-cell adhesion
actin cytoskeleton organization

96
66
46
97
194
49
31
45
42
68
15

8.8
6.0
4.2
8.9
17.8
4.5
2.8
4.1
3.8
6.2
1.4

Benjaminicorrected p
value
1.29E-30
1.29E-30
3.45E-21
3.20E-18
8.94E-16
2.26E-12
3.47E-10
1.08E-09
1.87E-09
4.49E-09
7.15E-08

36
11
21
33
15
18

3.3
1.0
1.9
3.0
1.4
1.6

2.10E-07
5.75E-07
1.44E-06
2.04E-06
2.04E-06
2.04E-06

11
15
34
20
8
11
23
26

1.0
1.4
3.1
1.8
0.7
1.0
2.1
2.4

2.04E-06
3.87E-06
8.32E-06
9.09E-06
1.06E-05
1.10E-05
2.26E-05
5.63E-05

GO:0016477
GO:0000920
GO:0034976
GO:0006897
GO:0070527
GO:0051603
GO:0010824
GO:0034446
GO:0030335
GO:0007160
GO:0039702
GO:0000028
GO:0016337
GO:0030036

Table 6.2 Molecular function GO terms associated within proteins found within primary
osteoblast-derived CRMVs.
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Annotation
cluster
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Enrichment
score
56.5
29.7
22.4
20.4
17.0
15.4
14.6
11.3
9.3
7.4
6.8
6.5
5.7
5.4
5.2

Representative GO terms
Cell-cell adhesion; cell-cell adherens junction
Ribosome; ribonucleoprotein
Transport; protein transport
Endoplasmic reticulum
Protein folding; chaperone; unfolded protein binding
GTPase activity; small GTPase superfamily; prenylation
Actin-binding; actin filament binding
Nucleotide-binding; GTP binding; ATP binding
Focal adhesion; regulation of actin cytoskeleton
Lysosome
ECM-receptor interaction; PI3K-Akt signalling pathway
Proteasome; proteasome core complex; endopeptidase activity
Annexin; calcium/phospholipid-binding
Oxidoreductase; oxidation-reduction process
Thioredoxin domain; cell redox homeostasis

Table 6.3 Functional annotation clusters found to be enriched within primary osteoblast-derived
CRMVs.
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A

B

Cluster 5

Cluster 1
Cluster 4
Cluster 2

Cluster 5

Cluster 3

C

Figure 6.2 Graphia analysis of proteomics data identifies 5 clusters of proteins with correlated
expression over time in culture. (A,B) Rotated views of a 3D model showing individual proteins as
nodes and correlations between nodes as edges. Nodes are coloured to identify clusters. (C) Mean
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fold change of all proteins within each cluster potted over time in culture. Data represent mean fold
change ± standard error.

These temporal expression patterns are likely related to protein function and the
phenotypic status of cells in culture. Upon stimulation with AA and Pi and initiation of
mineralisation primary osteoblasts appear to downregulate Cluster 1 proteins within their
extracellular vesicle cargo. Conversely, Cluster 2 proteins are actively upregulated on
average and therefore are likely to have been actively trafficked to vesicles to mediate
biomineralisation.
Functional annotation clustering was performed on lists of proteins identified within
clusters to associate classes of proteins with their average expression over time. Cluster 1
was composed of proteins involved with cell-cell adhesion, cytoskeletal proteins and those
associated with regulation of the cytoskeleton (Figure 6.3). Cell-cell adhesion and
cytoskeletal organisation proteins were also found in Cluster 2, however these represented
a different class of proteins. Those found in Cluster 1 are structural constituents of the
adherens/focal adhesion complex, including transmembrane cadherin and junctional
complex proteins such as the catenin family, vinculin and others involved in binding of the
cytoskeleton to these sites including fascin, filamin and talin2. Similarly, Cluster 1
cytoskeletal proteins represented structural constituents of the cytoskeleton such as actins,
tubulins and myosins. Actin cytoskeleton regulators were also present including actinin α1
and actin-related protein (ARP) 2/3 complex subunits. Furthermore, molecules involved in
the microtubule network were also represented, such as dynein chains and the dynactin2
subunit.
Conversely, proteins which fall into Cluster 2 appear to be directly related to the membrane
at these regions including TNAP, several integrins, flotillin 1, ion channels and membrane
receptors such as epidermal growth factor receptor (EGFR), low density lipoprotein
receptor-related protein 1 (LRP1). Interestingly a large proportion of the proteins identified
in Cluster 2 were involved with regulating actin polymerisation at the terminal ends of
filaments, including markers such as formin-like 2, profilin 1, tropomodulin, cofilins and
cortactin. A large subset of enriched Cluster 2 proteins were identified as lipoproteins
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clusters and represented GO terms are displayed ranked by their enrichment score.

functional annotation clustering gives a high-level overview of the identity of proteins in each cluster. The first 3

labelled. Size of each term related to the Bonferroni-adjusted p-value associated with its enrichment. DAVID

REVIGO plots provide a visual summary of GO terms identified within each cluster. Major represented terms are

Figure 6.3 Graphia clusters represent distinct functional segments of the vesicle proteome.

VAL
CHAPTER 6 | INVESTIGATING THE BIOGENESIS AND FUNCTION OF MATRIX VESICLES

168

VAL
CHAPTER 6 | INVESTIGATING THE BIOGENESIS AND FUNCTION OF MATRIX VESICLES

(Figure 6.3). These included a large variety of GTPases including RAB vesicle trafficking
proteins, along with associated G proteins. Interestingly, Ras homolog family member A
(RhoA) and RAS-related C3 botulinum substrate 1 (Rac1) which are major antagonistic
GTPases regulating cytoskeletal organisation and the related RAS-related protein 1 (Rap1)
and 2 (Rap2) are also present. This subset also included membrane-modifying proteins
associated with lipid rafts such as caveolin 1, phospholipid scramblase 3 and raftlin family
member 2.
Cluster 3 proteins which are upregulated on average only at Day 21 again feature
enrichment of cell-cell adhesion associated GO terms, however these tend to represent
those associated with focal adhesions involved with cell-matrix binding such as radixin,
zyxin, LIM and SH3 domain protein 1 (LASP1) and syndecan binding proteins. Cluster 4 is
highly enriched for ribosomal subunits and related proteins such as poly(A) RNA-binding
proteins, while Cluster 5 represents a small number of protein transport markers including
several RAB GTPases and also lysosomal proteins such as LAMP1.
6.4.2 MV biogenesis may be induced by actin depolymerisation, mediated by
RhoA/Rac1/CDC42 signalling
Protein interactions were visualised using StringApp (Doncheva et al. 2019) for Cytoscape
(Shannon et al. 2003) to provide more detailed insights as to which cellular pathways are
regulated during MV biogenesis. Lists of protein accession numbers were extracted from
DAVID according to functional annotation and networks constructed using a confidence
score cutoff of 0.9. Additional interactors which were not present in the dataset but were
computationally predicted given proteins provided were limited to 10.
A network was constructed using proteins annotated as involved with the cytoskeleton
(Figure 6.4 A). Given the previously established average downregulation of cytoskeletal
structural constituents, the interactors of beta-actin were first investigated (Figure 6.4 B). All
direct structural interactors with beta-actin were observed to be downregulated on average,
however several subunits of the Arp complex involved with the creation of branched actin
networks and the acting capping/severing proteins cofilin 1 and 2 and gelsolin were
upregulated. Interestingly, the antagonistic RhoA and Rac1 along with the cell division
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Figure 6.4 STRING protein interaction network constructed from proteins annotated with
cytoskeletal GO terms. Proteins are coloured by their average fold change over time in culture. The
size of nodes is proportional to fold change from 0. (A) Overview of the entire cytoskeletal protein
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interaction network. (B) Structural components of the cytoskeleton which are observed to interact
with β actin are downregulated on average, while actin severing proteins are upregulated. (C) The
RhoA, Rac1 and CDC42 GTPases form a signalling network which appears to co-ordinate cytoskeletal
regulators.

control protein 42 homolog (CDC42) GTPases are all upregulated on average after Day 0.
Figure 6.4 C displays the network of interactors for RhoA, CDC42 and Rac1. Interestingly, Ras
GTPase-activating-like protein 1 (IQGAP1) and 2 (IQGAP2), regulators of Rac1 and CDC42
activity, are both downregulated while Rho associated coiled-coil containing protein kinase
2 (ROCK2), the effector kinase of RhoA signalling is overrepresented on average after Day 0.
Collectively these data indicate considerable reorganisation of the cytoskeleton upon
stimulation of osteoblasts with AA and Pi to induce MV release. The decrease observed in
structural cytoskeleton components and upregulation observed in factors mediating actin
severing may indicate that actin depolymerisation is critical to MV biogenesis.
Given the apparently regulatory influences of these GTPases on vesicle biogenesis, a second
network was constructed using proteins annotated as having GTPase activity (Figure 6.5 A).
This network exhibited a dense region of interconnectivity which represented several Rab
small GTPases regulating vesicle and membrane trafficking, the majority of which were
either upregulated or displayed no change. The most highly upregulated protein on average
in this region was Rab23 which exhibited predicted interactions with several others
including Rab2a, the Rab5 family, Rab13, Rab18, Rab32 and Rab35, implicated in endosomal
trafficking and recycling. A smaller cluster within the network exhibited a number of
heterotrimeric G protein subunits (Figure 6.5 C). Interestingly, the majority of these subunits
were predicted interactors of RhoA but not Rac1.
Given that major signalling GTPases RhoA, Rac1 and CDC42 were represented in both
networks, these were combined in an attempt to elucidate long range relationships which
may mediate MV biogenesis (Figure 6.6 A). The resulting network exhibited two dense
regions of interconnectivity representing Rab small GTPases and structural cytoskeleton
constituents and cytoskeletal-binding proteins respectively. These regions were bridged by
RhoA, Rac1 and, to a lesser extent, CDC42 (Figure 6.6 B). This indicates that these GTPases
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Figure 6.5 STRING protein interaction networks constructed from proteins annotated with GTPase
GO terms. Proteins are coloured by their average fold change over time in culture. The size of nodes
is proportional to fold change from 0. (A) Overview of the entire GTPase protein interaction network.
(B) A dense region of the network represents Rab GTPases with multiple interactions between nodes
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and the majority of which are upregulated on average. (C) A smaller cluster also represented G
protein subunits which were predicted to interact with RhoA.

may represent a critical signalling centre mediating coordination between protein trafficking
of MV markers and membrane and cytoskeletal dynamics during MV budding.
6.4.3 Sites of vesicle budding may localise to specialised focal adhesion domains
While the data described above implicate breakdown of the actin cytoskeleton in MV
biogenesis, it is unclear how the cytoskeleton is integrated with the cell membrane. As
functional terms associated with cell adhesion were significantly represented within the
functional annotation results, a protein interaction network for proteins annotated with
terms related to cell adhesion was constructed (Figure 6.7 A).
Cadherins were present and upregulated on average in the dataset, however these included
cadherin-2 (also known as N-cadherin) and cadherin-13 (also known as T-cadherin) which
are not traditionally associated with matrix adhesion (Figure 6.7 B). Catenins (both β and α
catenins) were also represented, although both were downregulated on average after Day
0. Interestingly, the membrane proteins flotillin1 and flotillin2 which are critical mediators
of vesicle budding during endocytosis were found to be upregulated, while caveolin 1
associated with membrane invaginations known as caveolae was downregulated on average
(Figure 6.7B).
Several α and β integrins (including α1, α5, α8, β1, β3, β5) were found within the dataset,
the majority of which were overrepresented in vesicles on average after Day 0 (Figure 6.7
C). Integrins were found to interact with proteins linking terminal adhesion complexes to
the actin cytoskeleton such as talin 1 and vinculin which were also represented in the data
but did not exhibit any significant regulation. Taken together, these data indicate that
vesicles display the signature of focal adhesions, however also exhibit several unexpected
features including flotillins.
To investigate the integration of adhesion proteins and the cytoskeletal and signaling
networks discussed previously, a merged network was constructed (Figure 6.8 A).
Interestingly, focal adhesion proteins were observed to interact directly with βactin through
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Figure 6.6 Merged STRING protein interaction network constructed by merging cytoskeletal and
GTPase-related networks. Proteins are coloured by their average fold change over time in culture.
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The size of nodes is proportional to fold change from 0. (A) Overview of the entire protein interaction
network. (B) The RhoA/Rac1/CDC42 signalling complex provides a mechanism linking Rab GTPases
involved with vesicle and protein trafficking and the cytoskeleton, potentially regulating vesicle
budding.

vinculin and thereby to the Rac1 GTPase; one arm of the Rac1/RhoA signaling pathway
identified above (Figure 6.8 B). Rac1/RhoA signaling was again demonstrated to be critical
and formed a central nexus of the merged network, linking aspects of the cytoskeleton,
focal adhesion complex and small GTPase protein trafficking (Figure 6.8 C).
6.4.4 Ablation of PHOSPHO1 changes MV lipid composition
To examine the biology of MVs in the absence of PHOSPHO1, Phospho1-/- and control MVs
derived from mineralising primary osteoblasts were subjected to lipidomic analysis.
Principal components analysis (PCA) was performed to reduce dimensionality of the data
and explore differences between groups (Figure 6.9). Collectively principal components
(PCs) 1 and 2 explained 59.3% of the variation in the dataset and demonstrate a separation
of Phospho1-/- and Phospho1+/+ samples at Day 0, but the genotypes progressively converge
in later samples (Figure 6.9 A,B). Other PCs which explained smaller segments of the
variation did however reveal some interesting differences. While genotypes were not fully
separated on PC3, Day 14 and Day 21 samples did appear to cluster distinctly from Day 7
samples (Figure 6.9 C,D). Similarly, Day 21 samples clustered separately from Day 7 samples
on PC4 but did not appear distinct from Day 0 or Day 14 samples. Regulation of the lipid
composition of vesicles therefore appears to be complex and vary according to both
genotype and days in culture. This may indicate that slightly different populations of vesicles
are captured at different time points.
In an attempt to compensate for complex interdependent variation supervised multivariate
analysis using an orthogonal partial least squares discriminant analysis (OPLS-DA) approach
to compute PCs which maximally separate specific groups. Figure 6.10 A,C,E,G show the first
PC plotted against the first orthogonal component for each pairwise analysis. PC1 (x-axis)
represents variation between the two groups, while the orthogonal component (y-axis)
represents variation within the group. Figure 6.10 B,D,F,H plot the component loadings for
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Figure 6.7 STRING protein interaction networks constructed from proteins annotated with cell
adhesion GO terms. Proteins are coloured by their average fold change over time in culture. The size
of nodes is proportional to fold change from 0. (A) Overview of the entire protein interaction
network. (B) α- and β-catenin were both downregulated on average and were predicted to interact
with flotillin-1 which was highly upregulated on average. (C) Several integrins and linking proteins
such as vinculin characteristic of focal adhesions were represented.
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Figure 6.8 Merged STRING protein interaction network constructed by merging cytoskeletal,
GTPase and cell adhesion-related networks. Proteins are coloured by their average fold change over
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time in culture. The size of nodes is proportional to fold change from 0. (A) Overview of the entire
merged protein interaction network. (B) Focal adhesion proteins were observed to interact directly
with βactin through vinculin and thereby to the Rac1. (C) Rac1/RhoA signaling is critical and forms a
central nexus of the merged network, linking aspects of the cytoskeleton, focal adhesion complex and
small GTPase protein trafficking.

individual lipid classes and label the first 10 most regulated lipids separating groups.
Interestingly, between genotypes lipids which were highly significantly regulated included
many PE and lysoPE species (Figure 6.10 A,B). Over time in culture, vesicles demonstrated
not only a greater degree of separation compared to Day 0 samples, but also appeared to
exhibit distinct patterns in the lipid species which were differentially observed. Day 7
samples exhibited enrichment of PCs compared to Day 0 vesicles (Figure 6.10 C,D) while Day
14 samples exhibited an enrichment of bis(monoacylglycero)phosphates (bMPs) and a
depletion in diacylglycerols (DGs) (Figure 6.10 E,F) compared to Day 0 vesicles. Day 21
samples were variable, but exhibited enrichment of some bMP species and depletion of
some specific PEs. Therefore, time in culture had a considerable effect on the lipid
composition of vesicles isolated. This may be due to differentially released vesicle
populations, dynamic processes transforming vesicle species over time, or complex
interactions combining both mechanisms.
Datasets were partitioned to include only a single timepoint and subjected to differential
analysis in an attempt to investigate the effect of ablation of PHOSPHO1 independently
from time in culture. Figure 6.11 shows volcano plots plotted from segregated datasets
comparing Phospho1-/- and Phospho1+/+ samples within specified time points. Time points
were observed to be unique with respect to the species of lipids significantly differentially
expressed between genotypes. In Day 0 and Day 7 and Day 21 samples only a small number
of lipids were significantly differentially expressed, including several species of lysoPE, PE,
PC, BMP and DGs. In contrast, Day 14 samples exhibited an extensive increase in the
number of differentially regulated lipid species (Figure 6.11 C,E). Interestingly, a substantial
number of PC species were differentially regulated compared to other lipid classes, however
the majority of classes were more highly regulated in Day 14 samples compared to other
time points (Figure 6.11 E).
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Figure 6.9 Principal components analysis of Phospho1+/+ and Phospho1-/- MV lipidomes. (A,C,E)
Samples plotted on principal components 1-4, explaining a total of 74.8% of the total variation in the
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dataset, coloured by genotype. (B,D,F) Samples plotted on principal components 1-4, coloured by
days in culture. Ellipses demarcate the 95% confidence interval of each group.

Normalised peak areas were plotted according to day in culture and separated by genotype
for each lipid class and pairwise t-tests performed with Bonferroni correction to investigate
the effect of ablation of PHOSPHO1 on the concentration of each class within MVs (Figure
6.12). Interestingly, vesicles exhibited a significant enrichment of lipids related to
PHOSPHO1 function, including PC and lysoPC in Day 0 Phospho1-/- samples (Figure 6.12 A,B).
These lipids remained slightly more abundant in Phospho1-null samples at other time points
on average in, but this did not reach statistical significance. While PE was not significantly
regulated between genotypes, lysoPE was significantly enriched in Phospho1-null MVs at
Day 0, Day 7 and Day 14, remaining increased on average at Day 21 but not reaching
significance. Interestingly, SM which has also been implicated in the PHOSPHO1 pathway did
not appear differentially regulated between genotypes (Figure 6.12 E). Other lipid classes
including cerimides, bMPs, triglycerides (TGs), cholesterol esters and diacylglycerols (DGs)
exhibited significant differences between genotypes at one or more genotypes (Figure 6.12
G,J,K,L,M), while others including lysosphingomyelins, PSs and phosphatidylinositols did not
(Figure 6.12 F,H,I).

6.5 Discussion
MVs have been shown to play a critical role in biomineralisation of bone and PHOSPHO1 is a
key component of this process, however the cellular mechanisms which regulate the
formation of MVs, and the subsequent biochemical pathway through which PHOSPHO1
facilitates mineral nucleation remain as yet unclear. This chapter presents data implicating
GTPase signaling in the co-ordination of MV budding from focal adhesion-like sites and
demonstrating dysregulation of the vesicle lipidome upon ablation of PHOSPHO1.
Several studies have characterised the proteome of MVs isolated using various model
systems, including embryonic growth plates and osteoblastic cells (Xiao et al. 2007;
Balcerzak et al. 2008; Thouverey et al. 2009b; Thouverey et al. 2011). These studies identify
several MV markers which are found consistently and are directly involved in the
mineralisation process including for example TNAP and ENPP1. Data presented here show
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Figure 6.10 OPLS-DA analysis of the Phospho1+/+ and Phospho1-/- MV lipidomes. (A,B,C,E,G)
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Samples plotted on the first computed principal component and first orthogonal component,
coloured by (A) genotype; and (C,E,G) day in culture compared to Day 0 samples. Ellipses represent
the 95% confidence interval associated with each group. (B,D,F,H) Component loadings for each lipid
species associated with each pairwise comparison. The first 10 most highly regulated lipid species are
labelled.

that primary osteoblast-derived CRMVs also contain these markers, validating their identity
as MVs.
Markers of other vesicle subtypes were also represented however, including exosomal
markers (CD81, CD63, CD9. TSG101 and Alix), lysosomes (LAMP1) and apoptotic bodies
(Annexin A5). These markers are thought to distinguish vesicle subtypes, however there
may be some redundancy in their functions (Kowal et al. 2016). Previous studies of MVs
have not identified the majority of these markers. Chaudhary and colleagues however
isolated CRMVs from odontoblast-like cells in culture and demonstrated that they were
negative for exosomal marker CD81, but positive for the lysosome marker LAMP1
(Chaudhary et al. 2016). In comparison with data presented here, these studies indicate that
primary osteoblast-derived CRMVs are heterogeneous and samples contain not only MVs,
but other extracellular vesicles of various origins. This is supported by functional annotation
data which revealed enrichment of a wide range of GO terms related to diverse biological
processes. The expression of these markers within MVs varied by day in culture in complex
patterns, potentially indicating that the release of vesicle subtypes fluctuates over time in
culture.
Interestingly, proteomic analysis was not able to identify PHOSPHO1 within vesicle samples,
in contrast with Western blot demonstrated in Chapter 5 and previous studies (Roberts et
al. 2007; Thouverey et al. 2011; Chaudhary et al. 2016). This may be due to the nature of
shotgun proteomics and/or the tryptic digestion of PHOSPHO1 (Matallana-Surget, Leroy,
and Wattiez 2010; Zhang et al. 2013). Untargeted shotgun approaches by their nature
represent a random sample of the proteins present in a complex mixture and so may not
represent the full diversity of the proteins content. In addition, proteins undergo proteolytic
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Figure 6.11 Volcano plots showing differentially regulated lipid
species between genotypes at each day in culture. (A-D) Volcano
plots show only a few lipid species are statistically differentially
regulated between genotypes at Day 0, Day 7 and Day 21. A much
higher number of species are differentially regulated at Day 14. (E)
Bar plot sowing the number of statistically differentially regulated
lipid species of each class by day in culture. A large number of
regulated species are PCs and PEs.
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represent results of ANOVA statistical testing; * p < 0.05; ** p < 0.01; *** p < 0.001.

according to genotype and day in culture. Points represent individual lipid species. Asterisks

Figure 6.12 Box plots showing normalised peak area for selected lipid classes, plotted
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digestion by trypsin during sample processing. Depending on their structure, the digestion
of some proteins may result in small peptides which are difficult to map to their parent. This
is compounded by stringent data processing performed here which excludes protein
identifications made using fewer than 2 unique peptides to ensure identifications are
reliable. Further work would be required to investigate whether this is the case for
PHOSPHO1, however a targeted proteomics approach may be more appropriate for future
investigations.
Network analysis using Graphia succeeded in identifying 5 clusters of proteins with
correlated expression over time in culture. Of these, Cluster 1 proteins were consistently
downregulated over time, while Cluster 2 proteins were consistently upregulated. Cluster 3
proteins were consistent in expression until Day 21 where they were they exhibited
considerable upregulation on average. Furthermore, Cluster 2 included mineralisation
markers such as TNAP, OPN and NPP1. These clusters likely therefore represent proteins
which are involved with MV-mediated biomineralisation, compared with other clusters
which exhibited varying expression patterns over time.
Clustered functional annotation was performed on Clusters using the REVIGO and DAVID
platforms and revealed that structural cytoskeletal components, including markers of actin
filaments (e.g. β-actin, γ-actin, some components of the ARP 2/3 complex, filamins and talin
2) and the microtubule network (e.g. dyneins, dynactin and tubulins) are all downregulated
on average over time. Vesicles isolated from mineralising samples (i.e. at Days 7 – 21)
therefore appear to be depleted in cytoskeletal components, compared to Day 0 samples
before the induction of mineralisation. Conversely, other proteins which regulate actin
filament assembly were upregulated on average within Cluster 2, including cofilin 1 and
profillin 1.
The cytoskeleton is intimately involved with intracellular vesicular trafficking, and emerging
evidence associates complicated cytoskeletal dynamics in the regulation of both endocytosis
and extracellular vesicle release (Smythe and Ayscough 2006; Durre et al. 2018; Latifkar et
al. 2019). Actin depolymerisation has previously been implicated in MV biogenesis by
studies showing that actin polymerisation inhibitors increase MV release and conversely
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stabilisation of actin inhibits MV release (Hale and Wuthier 1986; Thouverey et al. 2009b)
Cytoskeleton-regulating proteins which were found within Cluster 2 appear to represent the
terminal aspect of cytoskeletal filaments and in particular regulation of actin polymerisation.
Profilin 1 is a ubiquitous actin-binding protein which is thought to act in two ways; either in
stimulating actin polymerisation by assisting with nucleotide exchange and thereby
catalysing the conversion of ADP-bound actin monomers to polymerisation competent ATPbound monomers, or in the presence of depleted ATP or actin-capping proteins to sequester
monomers and thereby inhibit polymerisation (Ding, Bae, and Roy 2012; Alkam et al. 2017).
Intriguingly, several f-actin capping protein complex subunits were found in the dataset,
although their expression was variable.
Cofilin 1 is also ubiquitous and functions to either enhance dissociation of ADP-actin at the
pointed end of filaments, thereby increasing the pool of actin monomers available to
profilin 1, or can also sever F-actin filaments at the barbed end (Bamburg, McGough, and
Ono 1999; Vartiainen et al. 2002; Hotulainen et al. 2005). Cofilin activity is regulated by
phosphorylation at its serine 3 residue, mediated by the LIM-kinases and the slingshot,
chronophin or protein phosphatases 1 and 2A (PP1 and PP2A) phosphatases (Bamburg,
McGough, and Ono 1999; Ambach et al. 2000; Vartiainen et al. 2002; Hotulainen et al.
2005). The cofilin-inactivating LIM-kinases were not found in the MV dataset, however both
PP1 and PP2A were present within Cluster 2 of the dataset and therefore were upregulated
on average within MVs over time.
Taken together these data are consistent with the hypothesis that MV biogenesis is
mediated by actin depolymerisation and provide a molecular mechanism to underpin the
process as regulated by cofilin-profilin dynamics. Activation of cofilin 1 by the action of PP1
and PP2A and modulation of profilin 1 activity by actin capping proteins may act to sever
actin filaments from their attachments to the plasma membrane and thereby allow outward
vesicle budding from these sites. This hypothesis would correlate well with the loss of
structural cytoskeletal proteins such as actins and tubulins from mineralising vesicle
samples.
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Cell-cell adhesion was a major feature identified by functional annotation clustering in
proteins within Clusters 1, 2 and 3. Several proteins which maintained relatively consistent
expression over time (found divided between Cluster 1 and Cluster 3) appeared to represent
focal adhesion sites, including vinculin, talin and zyxin. Focal adhesions are specialised
protein complexes at the plasma membrane which mediate cell-matrix attachment and are
involved with several signaling pathways, particularly cell migration and
mechanotransduction (Parsons, Horwitz, and Schwartz 2010; Burridge 2017). The focal
adhesion is a multiprotein complex linking transmembrane integrins to F-actin filaments.
Talin and vinculin are the best studied mediators of this interaction, able to bind both
intracellular integrin domains and F-actin interdependently (Parsons, Horwitz, and Schwartz
2010; Atherton et al. 2015; Boujemaa-Paterski et al. 2020). While not a direct contributor to
the adhesion complex, zyxin is thought to regulate actin polymerisation dynamics (Lele et al.
2006; Hirata, Tatsumi, and Sokabe 2008; Parsons, Horwitz, and Schwartz 2010; Burridge
2017).
Multiple integrin α and β subunits were also found within Cluster 2 and which were
upregulated over time in culture, completing the adhesion complex. The presence of
integrins within extracellular vesicles is well established across several distinct areas of
biology including for example cancer and immune cell function (Guo et al. 2019; Hurwitz
and Meckes 2019; Altei et al. 2021; Nolte, Nolte-'t Hoen, and Margadant 2021). Despite this,
the role of focal adhesion sites in the biogenesis of microvesicles has not been thoroughly
investigated to date (Akers et al. 2013; Tricarico, Clancy, and D'Souza-Schorey 2017). Given
that integrins, but not structural complex proteins are upregulated within MVs over time,
focal adhesion disassembly is unlikely to directly mediate MV release, however focal
adhesions may represent the structural context surrounding sites of MV biogenesis. Further
investigation is required to clarify the role of focal adhesion sites in the release of MVs.
Another class of proteins which were enriched within Cluster 2 and therefore upregulated
on average over time were small GTPases. These included several Rab GTPases along with
members of the Rho family. GTPases function as molecular switches, cycling between an
active GTP-bound state and inactive GDP-bound state upon hydrolysis of GTP (Stenmark
2009; Zhen and Stenmark 2015). This process is regulated by the interplay between
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GTPases, guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and
guanosine nucleotide dissociation inhibitors (GDIs), which are usually specific to the GTPase
in question. GEFs activate GTPases by promoting the exchange of GDP for GTP while GAPs
cause inactivation by stimulating GTPase activity. GDIs prevent dissociation of GDP, but also
prevents GTPase localisation to membranes. In an activated state GTPases bind to a huge
diversity of effector proteins and induce downstream effects. Effectors can themselves act
as either GEFs or GAPs and this complex feedback mechanism allows GTPases to regulate a
huge variety of cellular functions (Stenmark 2009; Zhen and Stenmark 2015).
The Rab family of small GTPases function to control intracellular vesicular trafficking
between membrane compartments in conjunction with SNARE proteins (Stenmark 2009;
Zhen and Stenmark 2015). Several Rabs were identified in MV samples, including 1A, 1B, 2A,
2B, 4B, 6A, 7A, 8A, 10, 11B, 13, 21, 23 and 35. It is extremely difficult to tease out the exact
functions of specific Rabs without comprehensive and targeted experiments, however
several of the enzymes identified here are involved with some aspect of protein transport
between Golgi compartments or from the Golgi to the plasma membrane and so are
presumably involved in selection of vesicle cargo (Goud, Liu, and Storrie 2018). Interestingly,
Rab8 and Rab11 both of which are represented here appear to have a role in the formation
of, or delivery of cargo to, cellular protrusions including microvilli and primary cilia (Hattula
et al. 2006; Sato et al. 2007; Knodler et al. 2010). Furthermore, Rab21 has a direct role in
the regulation of endocytic/exocytic traffic of integrins (Pellinen et al. 2006; Pellinen et al.
2008). Although there has been speculation on the role of Rab proteins in the regulation of
extracellular vesicle formation, these pathways remain to be clarified (Blanc and Vidal
2018).
Other small GTPases identified in the dataset as upregulated were the Rho family members
RhoA, Rac1 and CDC42 which have an established central role to play in regulation of the
cytoskeleton and focal adhesion formation/maturation (Sit and Manser 2011; Lawson and
Burridge 2014; Hodge and Ridley 2016; Warner, Wilson, and Caswell 2019). Rac1/CDC42 and
RhoA activity were often thought to be in opposition, with the former promoting actin
polymerisation and lamellipodia/filopodia formation while the later promotes actomyosin
contractility, however recent evidence suggests a more complex interdependent
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relationship mediated by a large number of effectors and inhibitors (Sit and Manser 2011;
Lawson and Burridge 2014; Hodge and Ridley 2016; Warner, Wilson, and Caswell 2019).
Data presented here suggests that RhoA signaling is dominant during MV biogenesis as
Rac1/CDC42 GAPs IQGAP1 and IQGAP2 are downregulated compared to Day 0 samples,
while the RhoA effector kinase ROCK2 is overrepresented. A stimulation of actomyosin
contractility may appear counterintuitive, however a small number of studies have shown
that RhoA signaling is critical for the release of microvesicles from tumour cells, postulating
that increased contractility at the neck of blebbing vesicles contributes to membrane fission
(Muralidharan-Chari et al. 2009; Sedgwick et al. 2015). Intriguingly, these studies also
strongly implicated ADP-ribosylation factor 6 (ARF6) upstream of RhoA as a critical mediator
of this process. ARF6 was identified in MV samples and was consistently upregulated
compared to Day 0 vesicles.
In silico predictions of protein interactions presented here furthermore implicated the
RhoA/Rac1/CDC42 signaling complex as able to regulate all identified aspects of MV
biogenesis, including cytoskeletal dynamics, adhesion complexes and Rab GTPase protein
transport. Collectively, these data provide strong preliminary evidence for the role of
RhoA/Rac1/CDC42 signaling in mediating MV biogenesis during skeletal biomineralisation.
While these data are encouraging, it should be appreciated that trends observed here relate
to the proteomes of isolated vesicles only, and no data are available concerning the
dynamics of these systems occurring intracellularly. Further detailed investigations are
required to augment these data and understand the mechanism as a whole.
Mass spectrometry was also used to investigate the lipidome of Phospho1-/- vesicles,
showing differential enrichment of certain lipid classes in a time-dependent fashion. The
variation observed likely relates to the previously discussed heterogeneity of the samples,
with a distinct population of MVs and non-MV extracellular vesicles captured at each time
point. When directly comparing the expression of lipid classes between genotypes at each
time point, the ablation of PHOSPHO1 was observed to induce a significant enrichment of
PC, lysoPC and lysoPE at Day 0, however only lysoPE remained significantly enriched at
additional time points, aside from in Day 21 samples. Previous studies have found MVs to
be enriched in lysophospholipids and depleted in PC compared to the cell membrane as a
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whole (Peress, Anderson, and Sajdera 1974; Wuthier and Eanes 1975; Wuthier 1976a). The
data presented here and observations in the literature are consistent with the hypothesis
that PHOSPHO1 substrates are scavenged from the MV membrane through the action of
phospholipases. Indeed, several studies have shown a marked loss of PC, PE and SM in
mineralising cartilage without an accompanying accumulation of lysoPC and lysoPE,
implicating the activity of phospholipases and lysophospholipases (Wuthier 1973; Wu et al.
2002). The accumulation of only lysoPE and not lysoPC at later time points observed here
may relate to non-MV vesicle populations masking potential effects.
Collectively these data characterise the proteome of primary osteoblast-derived CRMVs,
showing the role of the cytoskeleton and GTPase signalling in MV biogenesis. Mass
spectrometry data also show alternations in the vesicle lipidome upon ablation of
PHOSPHO1. These observations add to the existing literature in implicating cytoskeletal
dynamics in regulating MV release during bone biomineralisation and support the
hypothesis that PHOSPHO1 acts to generate Pi intravesicuarly using substrates scavenged
from the vesicle membrane.
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Chapter 7 | Final discussion
7.1 General discussion
Biomineralisation of the skeleton is a fundamental developmental process critical to the
skeleton’s many functions and therefore a detailed understanding of the mechanisms
governing it is crucial. A deeper appreciation of these mechanisms will have a wide-ranging
impact, both in the basic science of biomineralisation but also in opening new potential
avenues for therapeutic intervention in a huge diversity of diseases involving dysregulated
mineralisation, from musculoskeletal conditions like hypophosphatasia and osteoarthritis to
ectopic mineralisation disorders such as vascular calcification. The phosphatase PHOSPHO1
within extracellular MVs has been implicated as a key regulator of skeletal mineralisation
however a detailed model of MV function, and where PHOSPHO1 fits within this
mechanism, remains to be elucidated. This thesis investigates the role of PHOSPHO1 within
MVs during skeletal development and presents novel data supporting its hypothesised
generation of Pi from MV membrane lipids.
The evidence supporting a role for PHOSPHO1 in skeletal mineralisation comes primarily
from characterisation of the Phospho1-/- mouse which phenocopies infantile
hypophosphatasia and exhibits a loss of bone in young animals along with mechanical
defects due to poor mineralisation (Huesa et al. 2011; Yadav et al. 2011). An interesting
aspect of the Phospho1-/- phenotype is that the initial delay in mineralisation recovers over
time, although some effects persist into adulthood (Javaheri et al. 2015; Boyde et al. 2017).
These observations led to the hypothesis that PHOSPHO1 functions synergistically with
TNAP during MV-mediated biomineralisation, however the latter well-established bone
phosphatase is not able to compensate for the loss of PHOSPHO1 during early skeletal
development (Yadav et al. 2011; Stewart, Leong, and Farquharson 2017; Dillon et al. 2019).
Despite these observations, the detailed functional role of PHOSPHO1 during embryonic
skeletal development has not been thoroughly investigated to date.
The work presented in Chapter 3 characterised the expression and localisation of
PHOSPHO1 during skeletal development in the mouse which appeared to be expressed
intracellularly and at the membranes of osteoblasts where it colocalised with TNAP. These
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data correlate well with previous studies of PHOSPHO1 localisation (Stewart et al. 2006;
Macrae et al. 2010). The phenotype of Phospho1-/- embryos from the initiation of skeletal
mineralisation was also established using macro- and microscopic imaging, demonstrating a
marked delay in bone formation in knock-out animals, but which was not accompanied by
dysregulated development of the surrounding tissue. This indicates that PHOSPHO1 is
involved specifically with the mineralisation process and the knock-out mouse therefore
represents an excellent model for the investigation of biomineralisation without influencing,
for example, osteoblast differentiation or tissue morphogenesis. These observations are
consistent with the small number of studies which have investigated the embryonic function
of PHOSPHO1 in the mouse and chick but is the first to establish the series of events during
tissue development from the initiation of mineralisation (Macrae et al. 2010; Yadav et al.
2011).
Chapter 3 also for the first time investigated Phospho1-/- embryonic bone using high
resolution imaging techniques. This revealed a stark dysregulation of mineralisation in
Phospho1-/- animals and vesicular structures embedded throughout the matrix. While
vesicular structures were observed to contain electron dense substance, they did not
contain crystalline material. These data are the opposite of what was shown in early studies
of Alpl-/- tissues where vesicles were observed to contain mineral which failed to propagate
more widely (Anderson et al. 1997; Takano et al. 2000). These data strongly support the
leading hypothesis of MV function which suggests co-operation between PHOSPHO1
intravesicuarly and TNAP on the MV external membrane (Stewart, Leong, and Farquharson
2017; Dillon et al. 2019). Importantly, these data also suggest that PHOSPHO1 is the
principal phosphatase effecting accumulation of Pi for mineral nucleation, while TNAP may
enable propagation of mineral foci due to its hydrolysis of the mineralisation inhibitor
pyrophosphate in the ECM (Anderson et al. 1997; Anderson et al. 2004).
While these data are promising, an unresolved controversy remains surrounding the source
of substrates for PHOSPHO1 within MVs. PHOSPHO1 demonstrates remarkable specificity
towards PCho and PEA (Roberts et al. 2004; Roberts et al. 2005) and there are no obvious
sources of these metabolites in the ECM. Several authors hypothesised that substrates may
be generated by the chemical transformation of MV membrane constituent phospholipids
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PC, PE and SM mediated by a series of phospholipase enzymes (Wuthier and Lipscomb
2011; Stewart, Leong, and Farquharson 2017; Dillon et al. 2019). The lysophospholipase C
ENPP6 is thought to be part of this biochemical mechanism upstream of PHOSPHO1,
however its potential role in bone mineralisation had yet to be investigated. Chapter 4
presents data which characterises the skeletal phenotype of the Enpp6-/- mouse for the first
time revealing transient hypomineralisation in young animals compared to controls and as
accompanied by impaired structural and functional properties. In addition, SEM revealed a
failure of mineralisation foci in trabecular bone to propagate and fuse.
These data demonstrate that the skeletal phenotype of the Enpp6-/- mouse appears to
represent a mild version of the Phospho1-/- phenotype which similarly recovers over time.
This correlates well with previous studies which have shown degradation of phospholipids
including PC and PE and high concentrations of lysophospholipid breakdown products in
mineralising tissues (Peress, Anderson, and Sajdera 1974; Wuthier and Eanes 1975; Wu et
al. 2002; Genge, Wu, and Wuthier 2003). The mild nature of this phenotype might also be
explained should multiple pathways contribute to the generation of PHOSPHO1 substrates.
Some evidence is provided for this by studies implicating the sphingomyelinase SMPD3 as
part of a similar mechanism but utilising SM rather than PC (Khavandgar and Murshed
2015).
In addition, it is interesting to note that MVs have proven difficult to directly visualise in the
past and imaging of vesicles embedded in the ECM has only been achieved readily in studies
using either Phospho1-/- or Alpl-/- tissue, while they are not always obvious in wild-type
tissue. This may represent indirect evidence that the nucleation of mineral in the ECM is
contingent on the breakdown of MVs which is disrupted in the absence of either
phosphatase.
Some of the controversy surrounding the function of MVs stems from difficulty in studying
them in detail due to the relatively poorly characterised models available. Several methods
including the isolation of MVs from embryonic tissues and culture media have been used in
the past, but likely result in samples of diverse purity, biochemical activity and functionality
(Wuthier and Lipscomb 2011). More recently, several authors have employed collagenase
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digestion to purify CRMVs from the mineralising matrices of cells in culture which
overcomes some of the disadvantages of other methods (Balcerzak et al. 2007; Thouverey
et al. 2009a; Thouverey et al. 2011; Chaudhary et al. 2016). The cells which have been used
in this method thus far include immortalised cells lines including the human Saos-2
osteosarcoma line, mouse MC3T3-E1 osteoblastic line and human 17IIA11 odontoblast line.
While cell lines convey advantages such as genetic homogeneity and scalability, primary
cells may be more physiologically representative, but can also be isolated from already well
characterised mouse models to interrogate specific aspects of MV biology.
Chapter 5 presents data comparing CRMVs isolated from MC3T3-E1 cells and primary
calvarial osteoblasts. Primary osteoblasts stimulated with AA and Pi were shown to
upregulate CRMV release in a similar manner to MC3T3s and displayed similar localisation of
key enzymes including TNAP and PHOSPHO1. This confirms that primary osteoblasts
represent a valid model for the study of MVs and one which enables the scalable study of
genetically modified vesicles isolated from already well established animal models. The
particle size distribution data shown here does potentially indicate that primary osteoblastderived CRMV samples are more heterogeneous than cell line-derived samples however and
so further purification of these samples may be required. Recently an intriguing study used
an immunoprecipitation approach with an antibody against TNAP to pull down vesicles from
osteoblast culture media (Iordachescu, Hulley, and Grover 2018). This method succeeded in
purifying only a very small fraction of the total number of vesicles within the media,
however a combination of collagenase digestion, ultracentrifugation and subsequent
immunoprecipitation may represent a viable strategy for isolation of a concentrated sample
enriched in MVs.
One of the most controversial and least investigated aspects of MV biology is their
biogenesis from osteoblasts and other mineralising cells during the formation of mineralised
tissues. Chapter 6 reports data from a proteomics study of primary osteoblast CRMVs
revealing protein fingerprints of several aspects of the vesicle biogenesis process.
Bioinformatic clustering of proteins by correlating their expression over time in culture
reduced some of the variation induced by heterogeneity of the sample. Subsequent analysis
of the clusters identified demonstrated a depletion of structural cytoskeletal components
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and cytoskeletal-binding proteins after Day 0, while enrichment of proteins regulating actin
polymerisation/depolymerisation was observed. A key mediator of this process may be the
F-actin severing protein cofilin-1. Previous studies have implicated actin depolymerisation as
regulating the biogenesis of MVs and the data presented here are entirely consistent with
this hypothesis (Hale et al. 1983; Hale and Wuthier 1987). Furthermore, cytoskeletal
depolymerisation induced by cofilin-1 has been previously suggested to regulate this
process (Thouverey et al. 2011).
In addition, functional analysis combined with protein interaction network analysis revealed
a central role for the major RhoA/Rac1/CDC42 GTPases in regulating cytoskeletal dynamics
during MV biogenesis and potentially coordinating vesicle budding with the delivery of
cargo via Rab mediated protein trafficking. While several of these markers have been
identified within proteomic studies of MVs in the past (Xiao et al. 2007; Balcerzak et al.
2008; Thouverey et al. 2011), these data are the first to link GTPase signaling directly to
vesicle generation. RhoA signaling appeared to be dominant during MV biogenesis as the
Rac1/CDC42 GAPS IQGAP1 and IQGAP2 exhibit substantial downregulation after Day 0,
while the RhoA effector kinase ROCK2 is overrepresented. GTPase signaling is however
notoriously complex and its overall effects are dependent on interdependent feedback
mechanisms regulating activation and inactivation of multiple components of the signaling
complex. While these data provide an intriguing new direction for research investigating MV
biogenesis, detailed and meticulous studies are required to fully elucidate this mechanism.
Mass spectrometry was also used in Chapter 6 to investigate the lipidome of Phospho1-/vesicles, showing differential enrichment of certain lipid classes (particularly lysoPE species)
in a time-dependent fashion. As discussed previously, it is hypothesised that PHOSPHO1
substrates PEA and PCho are generated intravesicuarly through the action of
phospholipases (Wuthier and Lipscomb 2011; Stewart, Leong, and Farquharson 2017; Dillon
et al. 2019). Other studies have found that MVs in mineralising cartilage were enriched in
cholesterol and lysophospholipids and depleted in phospholipids including PE and PC
compared to the plasma membrane (Peress, Anderson, and Sajdera 1974; Wuthier and
Eanes 1975; Wuthier 1976a). These early studies provided evidence to suggest that
phospholipases are indeed active within MVs and this is further supported here by data
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suggesting a role for ENPP6 in Chapter 3. The data presented in Chapter 6 characterising the
lipidome of Phospho1-/- and wild-type vesicles is the first attempt to elucidate internal
vesicle biochemistry using knock-out samples and the accumulation of lysoPE upstream of
PHOSPHO1 in PHOSPHO1-null vesicles provides compelling preliminary evidence for the
hypothesis that Pi for bone mineralisation is generated initially from the breakdown of MV
membrane phospholipids.
This thesis has confirmed the essential role played by PHOSPHO1 during biomineralisation
of the developing skeleton and has made the first steps in substantiating the biochemical
mechanism upstream of PHOSPHO1 within MVs. While the findings presented here provide
compelling evidence for the importance of this mechanism, they also highlight the
remaining considerable gaps in our knowledge. Further studies interrogating MV-mediated
biomineralisation are therefore vital to understanding the fundamental mechanisms
regulating biomineralisation, both for discovery science and to open novel avenues for
therapeutic intervention in the future.

7.2 Future research
As discussed, several aspects of the MV-mediated biomineralisation mechanism and the
role of PHOSPHO1 within it remain unclear and would benefit from further investigation.
Although these and other studies have clearly demonstrated the importance of PHOSPHO1,
the fact remains that no human mutation in PHOSPHO1 has been associated with
hypophosphatasia in the literature. Hypophosphatasia is likely underdiagnosed due to its
complex clinical presentation and overlap of symptoms with other conditions like
osteogenesis imperfecta, however studies have shown that the vast majority of cases can be
traced to a mutation in ALPL (Zurutuza et al. 1999; Mornet 2000; Taillandier et al. 2015;
Baujat et al. 2017; Garcia-Fontana et al. 2019; Bhadada et al. 2020). Interestingly, this
condition is often asymptomatic in children and only recognised due to premature loss of
teeth or atraumatic bone fractures later in life. Another form of hypophosphatasia is the
neonatal lethal form of the disease which is extremely severe and until the recent advent of
asfotase alfa (recombinant targeted TNAP) treatment was uniformly fatal (Castells et al.
2018). The causes of neonatal hypophosphatasia remain unclear as very few cases have
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been characterised (Castells et al. 2018). It is interesting to speculate that these cases may
be caused by a PHOSPHO1 mutation and a genome-wide association study should be
performed to explore this possibility. More broadly, the role played by PHOSPHO1 in other
conditions of dysregulated or ectopic biomineralisation has yet to be thoroughly explored.
Given its function appears to be restricted to the mineralisation process, PHOSPHO1 may
represent an excellent drug target for modulating biomineralisation as a therapeutic
intervention. Translational experiments should be performed using mouse models of
conditions such as vascular calcification, osteoarthritis, osteoporosis and osteosarcoma to
assess whether this approach has the potential for patient benefit. The ability to fine-tune
the biomineralisation process through inhibition and/or promotion of targets including
PHOSPHO1 would revolutionise the treatment of many bone and mineral disorders for
which current treatments are often accompanied by severe disadvantages.
As has been explored in this thesis, the precise biochemical mechanism through which MVs
accumulate Ca2+ and Pi remains opaque. The data presented here point towards several
interesting avenues for investigation, however further studies are required to fully elucidate
biochemical pathways. For instance, the Phospho1-/-;Alpl-/- double knock-out mouse exhibits
a profound phenotype with a complete lack of skeletal mineralisation, however the relative
contribution of PHOSPHO1 and TNAP to intravesicular Pi accumulation, or whether as has
been theorised TNAP only serves to hydrolyse mineralisation inhibitors is unanswered
(Yadav et al. 2011). The advent of accurate and cheap genetic manipulation technologies
such as CRISPR-Cas9 gene editing may help in unravelling this previously intractable
problem. Using cell culture based MV-isolation methods future studies may employ
selective gene knock-outs singly and in combination to establish the relative contribution of
these phosphatases. Gene editing could be used together with advanced imaging
techniques such as cryo-transmission electron microscopy and electron energy loss
spectroscopy to maintain MVs in their normal hydrated chemical environment and ask
questions about intravesicular accumulation of amorphous phases with and without
PHOSPHO1, TNAP and other supporting proteins. These studies will demonstrate
conclusively the roles of individual components within the MV-mediated biomineralisation
mechanism.
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Some of the difficulty in investigating MVs stems from the interdisciplinarity required, given
that the hypothesised mechanism involves phosphatase and phospholipase enzymes, ion
channels, phospholipids and metabolites, all at nanoscopic length scales. The dynamics of
this system resulting ultimately in hydroxyapatite mineral nucleation are also likely
regulated by physical chemistry and thermodynamic principles. Many of the technologies
required to deliver insight into MV biochemistry are available but are usually employed
within the distinct fields of molecular biology and physical chemistry. Future studies
attempting to decode MV-mediated mineralisation should cross disciplinary boundaries and
integrate cellular/molecular biology methods such as in vivo/ex vivo genetically modified
models and mass spectrometry of biological molecules with physical chemistry approaches
such as nuclear magnetic resonance, electron/X-ray diffraction and energy dispersive X-ray
spectroscopy/electron energy loss spectroscopy to decipher these intractable problems.
One question which might benefit from the combined application of these technologies is
how MVs breakdown to release ACP and how ACP is subsequently delivered to the
surrounding collagen fibrils and its nucleation within those fibrils controlled. The application
of cryo-electron microscopy methods to preserve a hydrated chemical environment while
allowing nanoscopic imaging will be critical as these amorphous phases are extremely
thermodynamically sensitive. If a methodology can be found to correlate solid state nuclear
magnetic resonance spectroscopy (which would allow investigation of the chemical
relationships between calcium phosphate phases, the MV membrane, intra- and
extravesicular metabolites and collagen fibrils) and cryo-electron microscopy imaging, this
would represent a leap forward in our understanding of bone biomineralisation.
For similar reasons as above, the mechanisms regulating MV biogenesis from mineralising
cells has also been historically understudied, however a small number of studies have
indirectly implicated cytoskeletal dynamics in vesicle blebbing and Rab small GTPases in
regulating vesicle cargo. The data presented here support these ideas and further suggest a
complex feedback system centred around the RhoA and Rac1/CDC42 GTPases may be
responsible for coordinating vesicle budding, cytoskeletal organisation and Rab-mediated
protein trafficking. GTPase signalling is extremely complex due to the huge number of
potential inhibitors and effectors which are able to regulate the activity and downstream
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consequences of individual enzymes. Detailed and meticulous studies of the activation
status of each of these GTPases using for example phosphoproteomics, combined with the
use of individual genetically modified models expressing constitutively activated and nonactivated enzymes are required to fully elucidate the influence of each component of this
signalling complex. These painstaking experiments could also be combined with advanced
bioimaging approaches to ultimately understand how intracellular signalling induces MV
biogenesis and how the osteoblast co-ordinates vesicle budding with collagen fibril
deposition. Tagging of MV-associated proteins including PHOSPHO1 with fluorescent
reporter molecules, along with expression of GTPase mutants engineered to fluoresce
differently upon activation, will enable live-cell imaging approaches to directly track the
relationship between GTPase signalling and MV biogenesis. Further correlation of live cell
data with the cell ultrastructure using correlative light-electron microscopy techniques
would reveal the cellular machinery which is necessary to facilitate this mechanism.
Collectively, the work presented here along with these ambitious experiments would bring
together several aspects of MV biology, and in the long term convey a profound
understanding of this mechanism and how it underpins bone biomineralisation. This
understanding is essential, not only to broaden our insight into the fascinating composite
tissue that is bone, but also to inform directions for therapeutic research. Musculoskeletal
conditions are already an enormous source of morbidity and mortality in society. Looking to
the future, and with a greater proportion of the population living longer, diseases of
dysregulated bone biology in old age such as osteoporosis and osteoarthritis will exact an
ever-intensifying societal and economic burden. Developing an intricate knowledge of how
mineralised tissues are formed – and how we can intervene in pathologies of these tissues –
will be critical to ensuring health and wellbeing throughout life.
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Appendix I: Non-standard buffer formulations
All chemical reagents were purchased from Sigma-Aldrich (MO, USA) unless otherwise
stated.
Buffer

Formulation

5X RIPA

250mM Tris; 750mM NaCl; 2.5% sodium dexycholate; 0.5%
SDS; 5% Triton-X

8M urea

8M Urea, 0.1% SDS in 50mM HEPES-NaOH, pH 8.0

DNA extraction solution 1

0.2mM EDTA; 0.1% NaOH in dH2O

DNA extraction solution 2

40mM Tris in dH2O, pH 5.5

Immunohistochemistry
blocking buffer
Immunohistochemistry
primary antibody buffer
Immunohistochemistry
secondary antibody
buffer

1% BSA; 0.1% Triton-X; 0.05% Tween-20
0.1% Triton-X; 0.05% Tween-20 in PBS

0.05% Tween-20 in PBS

Reynold’s lead citrate

3% aqueous lead citrate

Supplemented αMEM

αMEM without nucleosides (Invitrogen, USA; 12561)
supplemented with 10% foetal bovine serum (Invitrogen,
USA), syringe filtered using a 0.22µm filter, and 50µg/ml
gentamicin (Invitrogen, USA).

TBST

0.1% Triton-X in Tris-buffered saline

Vesicle isolation buffer

50mM Tris-HCl (pH 7.6), filtered using a 0.1µm syringe filter

Western blot MOPS
running buffer
Western blot transfer
buffer

50mM MOPS, 0.1% SDS, 1mM EDTA in 50mM Tris, pH 7.7
29mM glycine; 50mM Tris; 0.04% SDS in 80% ethanol
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Appendix II: Primers
All primers were purchased from Sigma-Aldrich (MO, USA) as lyophilised powder and made
up to 100µM stocks in nuclease-free water. Stocks were diluted to a working concentration
of 10µM. Stock and working solutions were stored at -20oC.
Gene

Species

Phospho1R74X

Mouse

18S

Mouse

Phospho1

Mouse

Alpl

Mouse

Enpp6

Mouse

Smpd3

Mouse

Runx2

Mouse

Osx

Mouse

Col1a1

Mouse

Col10a1

Mouse

Spp1

Mouse

Ibsp

Mouse

Primer

Sequence

Forward

TCCTCCTCACCTTCGACTTC

Reverse

ATGCGGCGGAATAAACTGT

Forward

GTAACCCGTTGAACCCCA

Reverse

CCATCCAATCGGTAGTAGCG

Forward

TTCTCATTTCGGATGCCAACA

Reverse

TGAGGATGCGGCGGAATA

Forward

GGGACGAATCTCAGGGTACA

Reverse

AGTAACTGGGGTCTCTCTCTTT

Forward

GTAGTCATCTTGGACCCTCTCATACTG

Reverse

GTGTGAGCTCTTACATGTGGACAGA

Forward

CCCTCATCTTCCCATGTTACTGG

Reverse

GGCGCTTCTCATAGGTGGTG

Forward

GACTGTGGTTACCGTCATGGC

Reverse

ACTTGGTTTTTCATAACAGCGGA

Forward

ATGGCGTCCTCTCTGCTTG

Reverse

TGAAAGGTCAGCGTATGGCTT

Forward

GCTCCTCTTAGGGGCCACT

Reverse

ATTGGGGACCCTTAGGCCAT

Forward

CATAAAGGGCCCACTTGCTA

Reverse

CAGGAATGCCTTGTTCTCCT

Forward

ATGCTGTGTCCTCTGAAGAAA

Reverse

ATCGTCATCATCGTCGTCCA

Forward

CACACTTTCCACACTCTCGG

Reverse

CTTCACTTTTGGAGCCCTGC

Product
size (bp)
355
102
84
107
81
75
84
156
91
98
98
136
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Dmp1

Mouse

Mepe

Mouse

Sparc

Mouse

Forward

GAGTCATCAGAAGAAAGTCAAGC

Reverse

CTTAGAGAGTCCACCAGCCG

Forward

AGAAATATCACGCAGCCTGTAA

Reverse

GGAGACTTTAGCATCATTGACATC

Forward

TTGCTGAGGAGATAGTGGAGG

Reverse

TCTGCACCGTCCTCAAATTC

129
129
106
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Appendix III: Antibodies

Host
species
Human
Anti(Fab
PHOSPHO1
fragment)
Antibody

Primary
antibodies Anti-TNAP

Rat

Anti-ENPP6 Rabbit
Anti-rabbit
AlexaFluor
647
Anti-rat
AlexaFluor
488
Secondary Antiantibodies human
AlexaFluor
594
Antihuman
HRP
Anti-rat
HRP

Source
Bio-Rad
(HCA093)
R&D Systems
(MAB29091)
Abcam
(ab224564)

Applications

Dilutions

Immunohistochemistry
Immunofluorescence
Western blot
Immunohistochemistry
Immunofluorescence
Western blot

1:500
1:500
1:500
1:500
1:500
1:500

Immunohistochemistry 1:20

Goat

ThermoFisher
Scientific
Immunofluorescence
(A27040)

2µg/ml

Goat

ThermoFisher
Scientific (A- Immunofluorescence
11006)

2µg/ml

Goat

ThermoFisher
Scientific (A- Immunofluorescence
11014)

2µg/ml

Goat

Bio-Rad
(STAR126P)

Western blot

1:500

Goat

R&D Systems
(HAF005)

Western blot

1:500
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