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Figure 4.19. Profiling the levels of very long-chain ceramide species in the presence of GW4869 or
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Figure 5.1. The addition of 10 µM S1P to BASMCs increases matrix mineralisation
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Figure 5.2. The addition of 10 µM S1P to BASMCs cultured with 5 µM desipramine induces matrix
mineralisation
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Figure 5.3. Profiling the changes in bioactive sphingolipids during the short-term exposure of
BASMCs to SK1-i or ABC294640
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Figure 5.4. Profiling the changes in ceramide species during the short-term exposure of BASMCs
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Figure 5.5. Investigating the effect of the SK1 selective inhibitor, SK1-i, and the SK2 selective
inhibitor, ABC294640, on the matrix mineralisation of BASMCs
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Figure 5.6. SK1-i and ABC294640 do not induce the matrix mineralisation of BASMCs in the
absence of BGP
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Figure 5.7. SK1-i does not induce the matrix mineralisation of A5 BASMCs in the presence of 3
BGP, but ABC294640 does
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Figure 5.8. Profiling the levels of bioactive sphingolipids in the presence of SK1-i or ABC294640 .
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Figure 5.11. The addition of the joint SK1 and SK2 inhibitor, Ski-II, caused cell death in the
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Figure 5.12. Short-term effects of SK1 and SK2 siRNAs on the mRNA expression of SK1 and SK2
and SK activity .

.

.

.

.

.

.

.

.

149

Figure 5.13. Long-term effects of SK1 and SK2 siRNAs on the mRNA expression of SK1 and SK2
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Figure 5.14. The addition of SK1 and SK2 siRNAs to 75% confluent BASMCs does not affect
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Figure 6.1. Phosphorylation of p38 MAPK is not stimulated by S1P or C2 ceramide
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Abstract
A thesis submitted to the University of Manchester by Thomas Glyn Morris for the
degree of Doctor of Philosophy entitled ‘The role of bioactive sphingolipids in
vascular calcification’ September 2015.
Vascular calcification is the formation of mineralised tissue within the walls of
arteries. The pathology has many similarities to embryonic bone formation and
involves the osteogenic differentiation of vascular smooth muscle cells (VSMCs)
and matrix mineralisation. Recent studies have demonstrated that the bioactive
sphingolipids, ceramide and sphingosine-1-phosphate (S1P), regulate embryonic
bone formation. Ceramide can be generated by lysosomal acid sphingomyelinase
(L-SMase) and neutral sphingomyelinase (N-SMase), and be converted to
sphingosine by acid ceramidase (ACDase) and subsequently to S1P by
sphingosine kinases (SK1 & SK2). This study tested the hypothesis that ceramide
and S1P also regulate VSMC matrix mineralisation.
VSMCs were cultured in the presence of 3 mM β-glycerophosphate (BGP) to
induce osteogenic differentiation and matrix mineralisation. During VSMC
mineralisation there were decreases in the activities of L-SMase and N-SMase
and increases in the levels of C18 and C20 ceramide. S1P levels also increased
during mineralisation as did SK1 and SK2 mRNA and SK activity. These results
demonstrate that ceramide and S1P have the potential to regulate VSMC
mineralisation.
The exogenous addition of C2 ceramide decreased the rate of VSMC matrix
mineralisation. Consistent with this, when VSMCs were cultured with 3 mM BGP
and the joint L-SMase and ACDase inhibitor, desipramine, total ceramide levels
increased and no matrix mineralisation was detected. These findings suggest that
ceramide is an inhibitor of VSMCs matrix mineralisation. It was also noted in the
presence of 3 mM BGP and desipramine that the mineralisation-associated
increase in S1P was inhibited. In agreement with this, when exogenous S1P was
added to the VSMCs an increase in matrix mineralisation was observed. Thus,
S1P acts as a promoter of matrix mineralisation.
To determine how S1P was promoting matrix mineralisation the signalling roles of
the ezrin, radixin and moesin (ERM) proteins were investigated. The short-term
stimulation of VSMCs with S1P led to the phosphorylation of the ERM proteins and
over the mineralisation time-course, when S1P levels increased, the levels of ERM
phosphorylation also increased. When VSMCs were cultured in the presence of 3
mM BGP and the inhibitor of ezrin phosphorylation, NSC668394, a decrease in
matrix mineralisation was observed. No increases in ERM phosphorylation were
seen in the presence of desipramine during the mineralisation time-course.
Therefore, S1P may be increasing matrix mineralisation through promoting the
phosphorylation of the ERM proteins.
This work has demonstrated that ceramide inhibits and S1P promotes VSMC
matrix mineralisation in vitro. Additionally, this work identifies activation of ERM
proteins, downstream of S1P, as a novel signalling pathway promoting matrix
mineralisation. Characterisation of novel regulators of VSMC matrix mineralisation
in vitro gives insight into the complex mechanisms contributing to vascular
calcification in vivo and will aid in identification of novel therapeutic targets.
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1.1 Overview
Vascular calcification is an active, regulated process in which vascular smooth muscle cells
(VSMCs) and other cell types from the vascular wall undergo osteogenic differentiation and
apoptosis, and deposit a matrix that becomes mineralised. This pathology commonly occurs during
human ageing and disease, and has many similarities to embryonic bone formation. The presence
of vascular calcification is a major risk factor for cardiovascular-related morbidity and mortality in
the developed world. Over the past two decades intense research has begun to understand the
molecular mechanisms involved in this debilitating condition, but as of yet, no therapies exist to
either prevent or reverse this pathology. The bioactive sphingolipids have also rose to prominence
over the last twenty years as they have been demonstrated to regulate multiple cellular processes,
including apoptosis and the regulation of pro-cell survival responses. Furthermore, the bioactive
sphingolipids, ceramide and sphingosine-1-phosphate (S1P), have recently been implicated in
bone formation and homeostasis. Thus, the hypothesis of this PhD study is that the bioactive
sphingolipids, ceramide and S1P, regulate vascular calcification.
The introduction to this PhD thesis will first give the reader an overview of vascular
calcification, where it occurs and the clinical consequences of its presence. The key processes that
lead to the initiation of vascular calcification will then be highlighted, as will the inhibitors and
promoters of the pathology. Finally, the cell signalling pathways that are activated or altered during
the initiation of vascular calcification will be discussed. The next part of the introduction will provide
an overview of sphingolipid biology, including the synthesis and metabolism of the various
members of the family, and how they are transported to their subcellular locations. The bioactive
signalling properties of ceramide, sphingosine and S1P will then be described as will their potential
to regulate signalling pathways and cellular processes that are known to be altered or implicated in
the initiation of vascular calcification. Other areas of sphingolipid biology relevant to vascular
calcification will also be highlighted. Information will then be provided with regards to how the
enzymes that control the levels of ceramide and S1P are regulated and activated.
1.2 Introduction to vascular calcification
Vascular calcification is the inappropriate and pathological deposition of mineral in the form
of calcium phosphate salts into the vascular wall (Figure 1.1 A). The pathology was first described
th

in the 19 century by the eminent pathologist Rudolf Virchow (Virchow, 1989) and examinations of
ancient Egyptian mummies and a naturally preserved “ice-man” have shown that vascular
calcification has been present in humans for at least five thousand years (Murphy et al. 2003; Allam
et al. 2011). In 2009, a meta-analysis of thirty studies that had previously investigated the
association of vascular calcification and mortality was performed (Rennenberg et al. 2009). This
study concluded that the presence of calcification in any arterial wall is an independent risk factor
for future cardiovascular events and is associated with a 3-4-fold increase in mortality (Rennenberg
et al. 2009). The presence of vascular calcification is commonly found in patients suffering from
chronic kidney disease (CKD), type II diabetes mellitus (TIIDM) and atherosclerosis (Zhu et al.

19!
!

2012). Ectopic calcification is also an inevitable consequence of ageing; a study involving over 400
asymptomatic individuals demonstrated that vascular calcification was detected in 84% of subjects
aged 50-60 and 95% of subjects aged 60-70 (Allison et al. 2004). Vascular calcification can occur
within atherosclerotic plaques, cardiac valves and in the walls of the aorta, coronary and peripheral
arteries (Demer & Tintut, 2008). Clinically, vascular calcification is referred to as calcific
vasculopathy and four different classes exist based on their anatomical location: intimal
calcification, medial calcification, calcific uremic arteriolopathy and cardiac valve calcification.

Figure 1.1. Intimal and medial calcifications of the vessel wall | A. Cross sectional schematic
of a large artery containing both intimal and medial calcification. B. Histological section of a von
Kossa stained human artery. Intimal calcification is stained black and indicated by the arrows
(image reproduced from Sage et al. 2010). C. Histological section of a human artery stained with
haematoxylin & eosin. Medial calcification is evident from dark purple staining as indicated by the
arrows (image reproduced from Amann, 2008).

Intimal calcification is exclusively seen in atherosclerotic plaques (Figure 1.1 B) and is the
most common form of calcific vasculopathy (Demer & Tintut, 2008). The clinical consequences of
intimal calcification include thrombus formation, stroke and myocardial infarction, although the
direct effect of intimal calcification on plaque rupture and stability remains controversial (Pugliese et
al. 2015). Medial calcification (also known as Mӧnckeberg’s arteriosclerosis), as illustrated in
Figure 1.1 C, occurs in the tunica media of arteries and is typically localised circumferentially along
the internal elastic lamina (Shanahan et al. 1999). This form of calcification is most prevalent in
patients with CKD, but is also found in patients suffering from TIIDM and during ageing (Lanzer et
al. 2014). The clinical consequences of medial calcification include arterial stiffening, hypertension
and heart failure (London et al. 2003). Furthermore, the presence of medial calcification in patients
with TIIDM can lead to increased morbidity due to a higher incidence of lower limb amputations
(Lew et al. 2015). Intimal and medial calcifications occur independently of each other, however, in
patients suffering from CKD and atherosclerosis, or TIIDM and atherosclerosis, both intimal and
medial calcifications have been observed in the same arterial segment (Demer & Tintut, 2014).
In contrast to intimal and medial calcifications, which are detected in large arteries, calcific
uremic arteriolopathy (previously known as vascular calciphylaxis) is a distinct form of medial
calcification that affects the small to medium sized arteries and arterioles. This is a rare form of
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calcification that leads to thrombotic ischaemia and a painful necrotizing skin condition associated
with a mortality rate of 50-80% (Wollina, 2013). The final form of calcific vasculopathy, cardiac
valve calcification, is distinct from the other forms as it occurs in cardiac valves. Calcification of
cardiac valves is common in the elderly population and its presence is associated with a 50%
increase in mortality due to cardiovascular-related complications (Otto et al. 1999). As this study is
focusing on calcification of the vasculature, cardiac valve calcification will no longer be discussed
herein (the reader is directed to the review by Towler, (2013) for more details on cardiac valve
calcification).
1.3 Key processes during vascular calcification
Features reminiscent of embryonic bone formation (also known as ossification) have been
identified in areas of vascular calcification. Mineralised tissue, cartilaginous metaplasia and
osteoblast-like cells have been detected in areas of human intimal and medial calcification (Qia et
al. 2003; Tyson et al. 2003). Furthermore, fully formed trabecular bone has been identified in areas
of human intimal calcification (Hunt et al. 2002) and hydroxyapatite, the characteristic mineral of
bone, is found as the predominant mineral in areas of vascular calcification (Duer et al. 2008).
Many of the key processes involved in ossification are also active during the initiation of vascular
calcification and appear to be essential for the development of ectopic calcification, as discussed
below.
1.3.1 Osteogenic differentiation of vascular cells
The presence of osteoblast-like cells in areas of vascular calcification suggests that cells in
the vascular wall have the potential to differentiate into these cell types. VSMCs found in the medial
layer (Figure 1.1 A) have been proposed to be the origin of osteoblast-like cells in vessel walls due
to their phenotypic plasticity. The addition of high-phosphate to culture media can induce human
VSMCs to differentiate into osteoblast-like cells in vitro (Proudfoot et al. 1998; Jono et al. 2000).
The osteogenic differentiation of VSMCs is accompanied by the loss of VSMC markers, smooth
muscle 22-alpha (SM22α) and alpha smooth muscle actin (αSMA), and the gain of osteogenic
markers, such as core binding factor alpha-1 (Cbfa1; see section 1.3.2), and increased alkaline
phosphatase (ALP) activity (Jono et al. 2000; Steitz et al. 2001). ALP is an enzyme that hydrolyses
the potent calcification inhibitor inorganic pyrophosphate (PPi; see section 1.4) and in turn
generates phosphate for mineral formation (Hessle et al. 2002). Recent findings from a genomewide gene expression study have demonstrated that when VSMCs are cultured in osteogenic
medium they express osteoblast-related genes but they are distinguishable from true osteoblast
(Alves et al. 2014); hence the use of the term osteoblast-like cells. Lineage tracing has provided
direct evidence that VSMCs give rise to osteoblast-like cells in vivo. Speer et al. (2009) used this
method in matrix Gla protein (MGP)-null mice, a model of medial calcification, to show that 97% of
osteoblast-like cells arise from VSMCs in blood vessels. More recently, lineage tracing was used in
low density lipoprotein receptor (LDLR) and apolipoprotein E-null mice fed high-fat diets, models of
intimal calcification, to show that VSMCs give rise to 80% of osteoblast-like cells (Naik et al. 2012).
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The other 20% of cells giving rise to osteoblast-like cells originated from bone marrow-derived cells
(Naik et al. 2012); demonstrating that other cell types also contribute to the initiation of vascular
calcification.
Whether VSMCs have to undergo osteogenic differentiation to initiate matrix mineralisation
is unclear as it was demonstrated recently in mastectomy specimens that VSMCs from areas of
vascular calcification do not lose their expression of VSMCs markers or display increased
expression of osteoblast markers (O'Neill & Adams, 2014). Furthermore, when rat aortic rings were
cultured ex vivo in the presence of elevated phosphate, medial calcification was detected but
osteogenic differentiation of VSMCs was not, as no changes in the mRNA levels of VSMC or
osteoblast markers were seen when compared to control rings (Mune et al. 2009). Thus,
osteogenic differentiation of VSMCs may be a consequence of mineral deposition rather than a
cause of it. Supporting this, nanocrystals of calcium phosphate have been shown in vitro to induce
the osteogenic differentiation of VSMCs (Sage et al. 2011; Villa-Bellosta et al. 2011a). Even though
it is clear that VSMCs play a key role in the initiation of vascular calcification it has been noted in
response to osteogenic-inducing media that not all preparations of VSMCs will undergo matrix
mineralisation (Canfield, unpublished observations; Shioi et al. 1995). This may be due to basal
levels of ALP activity, as VSMCs with low ALP activity fail to mineralise whereas cells with high
activity do (Shioi et al. 1995). However, what governs the basal activity of ALP activity in VSMCs is
unknown.
A subpopulation of VSMCs termed calcifying vascular cells (CVCs) have also been
proposed as the origin of osteoblast-like cells. CVCs comprise 20-40% of the total VSMC
population and spontaneously form multicellular calcified nodules when maintained in long-term
culture; the cells within the nodules also express osteoblast markers (Boström et al. 1993; Watson
et al. 1994). CVCs are distinguished as a sub-population of VSMCs by the expression of the 3G5
antigen and have been hypothesised to be mesenchymal progenitor cells as they have the ability to
differentiate into multiple mesenchymal lineages (Tintut et al. 2003). Other evidence suggests that
pericytes, advential myofibroblasts, endothelial cells and stromal vascular cells can also provide a
source of osteoblast-like cells during vascular calcification (Doherty et al. 1998; Shao et al. 2005;
Yao et al. 2013; Yang et al. 2013). As this study will use VSMCs, the potential roles of other cells
types in vascular calcification will not be elaborated upon herein.
1.3.2 Expression of osteogenic transcription factors and bone matrix proteins
During embryonic development a number of key transcription factors control the
differentiation of mesenchymal stem cells (MSCs) to mature osteoblasts and regulate the
expression of bone matrix associated proteins (Figure 1.2). Studies have revealed that these
transcription factors are also important for the initiation of vascular calcification.
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Figure 1.2. Relationship between osteogenic transcription factors and bone matrix proteins
during bone formation and vascular calcification | The transcription factors Cbfa1, Msx2 and
osterix regulate the expression of a number of bone matrix proteins (rectangle boxes) during bone
formation and vascular calcification. Both Cbfa1 and Msx2 can induce osterix expression.!

Cbfa1, also known as runt-related transcription factor 2, is an essential transcription factor
for the differentiation of MSCs into osteoblasts; Cbfa1-defecient mice die of respiratory failure
shortly after birth and show a complete lack of bone formation and mature osteoblasts (Komori et
al. 1997; Otto et al. 1997). Cbfa1 induces the expression of a number of bone matrix proteins,
which comprise the extracellular matrix of bone; these proteins include osteocalcin, osteopontin,
bone sialoprotein and type 1 collagen (Otto et al. 2003). The over expression of Cbfa1 in cultured
mouse skin fibroblasts leads to the expression of osteocalcin and bone sialoprotein, demonstrating
that Cbfa1 can drive the expression of bone matrix proteins in non-osteoblast cell lines (Ducy et al.
1997). Missense mutations in the Cbfa1 gene that abolish the DNA binding ability of the
transcription factor lead to cleidocranial dysplasia in humans, a disorder that is characterised by
absent clavicles and delayed skeletal development (Lee et al. 1997).
In healthy vascular tissue Cbfa1, osteocalcin, osteopontin and bone sialoprotein are barely
detected, but at sites of human intimal and medial calcification their expressions are markedly
enhanced (Tyson et al. 2003; Moe et al. 2002; Moe et al. 2003). The same proteins are also upregulated in vitro when VSMCs are induced to mineralise (Steitz et al. 2001; Byon et al. 2008). The
importance of Cbfa1 in vascular calcification was demonstrated in vivo by breeding apolipoprotein
E-null mice with smooth muscle cell specific Cbfa1-deficient mice; the double knockout mice were
resistant to high-fat diet-induced intimal calcification when compared to apolipoprotein E-null mice
(Sun et al. 2012). Furthermore, inhibiting Cbfa1 expression using RNA interference prevented
VSMCs from depositing a mineralised matrix in culture (Byon et al. 2008; Speer et al. 2010). Thus,
in these studies Cbfa1 appears to be essential for the initiation of vascular calcification.
Cbfa1 also regulates the expression of osterix, a transcription factor required for
osteogenic differentiation and bone formation (Nishio et al. 2006). Osterix knockout mice die before
birth and show a complete lack of osteoblasts (Nakashima et al. 2002). The over expression of
osterix in the C3H10T1/2 and C2C12 mesenchymal cell lines increases the expression of

23!
!

osteocalcin, bone sialoprotein and the activity of ALP (Matsubara et al. 2008); suggesting that
these proteins are transcriptional targets of osterix. The expression of osterix is increased in areas
of human medial calcification (Shroff et al. 2008) and this transcription factor has also been
detected in vitro during the osteogenic differentiation of VSMCs (Taylor et al. 2011; Lee et al.
2010); suggesting that it is required for the pathological process. However, studies knocking down
osterix expression during in vitro or in vivo vascular calcification are lacking, therefore the direct
role of this transcription factor in the initiation of VSMC matrix mineralisation is unknown.
Muscle segment homeobox 2 (Msx2) is an additional transcription factor that plays an
important role in the differentiation of osteoblasts as Msx2-null mice showed defects in bone
formation and calvarial development (Satokata et al. 2000). However, unlike Cbfa1-defcient mice,
the Msx2-null mice were viable and showed some evidence of bone formation (Satokata et al.
2000), suggesting that Msx2 is required for the later, but not the early stages of osteoblast
maturation and bone formation. Evidence is now accumulating that Msx2 is important for the
initiation of vascular calcification. Msx2 has been detected in areas of human intimal and medial
calcification (Tyson et al. 2003; Shimizu et al. 2011) and in vitro during the osteogenic
differentiation of VSMCs (Osaka et al. 2010). In vivo, Msx2 has been detected in the medial layer
of LDLR-null mice, which develop vascular calcification and diabetes when fed high-fat diets
(Towler et al. 1998; Al-Aly et al. 2007). Furthermore, the over expression of Msx2 in these mice
resulted in increased vascular calcification when compared to control mice, demonstrating that
Msx2 is a driver of this pathological process (Shao et al. 2005). The direct transcriptional targets of
Msx2 during vascular calcification are unknown, but Msx2 has been shown to increase osterix
expression during the osteogenic differentiation of VSMCs in vitro (Taylor et al. 2011).
Collectively, these findings suggest that Cbfa1, osterix and Msx2 regulate the osteoblastic
differentiation of VSMCs and induce the expression of a number of bone matrix associated proteins
(Figure 1.2). A number of promoters have been identified that drive the expression of these
transcription factors during vascular calcification; this is expanded upon in section 1.5.
1.3.3 Release of calcifying matrix vesicles and mineral formation
During embryonic bone formation, membrane-bound extracellular matrix vesicles (MVs)
bud from the plasma membrane of osteoblasts and initiate matrix mineralisation (Figure 1.3). MVs
are approximately 30-300 nm in diameter, contain high levels of ALP activity and provide a microenvironment for the nucleation of calcium-phosphate crystals (Anderson, 2003). Within MVs,
calcium-phosphate crystals accumulate until they perforate the vesicle bilayer and aggregate with
other extracellular crystals to form hydroxyapatite (Balcerzak et al. 2003). Proteomic analysis has
revealed that MVs released from osteoblasts are enriched with the annexin family of
transmembrane calcium channels (including annexin II, V & VI) and membrane ATPases to
increase the intravesicular concentrations of calcium and phosphate, respectively (Thouverey et al.
2011).
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Figure 1.3. Matrix mineralisation initiated by MVs | MVs bud off the surface of osteoblast-like
cells to initiation calcification. Membrane ATPases (shown in red) and annexins (shown in green)
2+
3are enriched in MVs and increase the intracellular levels of calcium (Ca ) and phosphate (PO4 )
leading to the formation of the first calcium-phosphate crystals. Crystals grow within MVs until they
perforate the vesicle bilayer and aggregate with other extracellular crystals to form hydroxyapatite.

MVs have also been detected in areas of intimal and medial calcification (Tanimura et al.
1983; Shroff et al. 2008; Schlieper et al. 2010; Schoppet et al. 2011). Electron microscopy studies
from calcified human vessels have shown that MVs form the first nidus for mineralisation (Kapustin
et al. 2011). Furthermore, in vitro studies have shown that MVs are released from calcifying
VSMCs before the onset of calcification (Reynolds et al. 2004). In normal culture conditions MVs
are released from human VSMCs and act to remove excess calcium and phosphate to prevent cell
death, but they fail to calcify due to the presence of the calcification inhibitors, MGP and fetuin-A
(Reynolds et al. 2004; Reynolds et al. 2005; Kapustin et al. 2011; Kapustin et al. 2015). However,
when VSMCs are cultured in vitro in the presence of elevated calcium and phosphate there is not
only an increase in the number of matrix vesicles released but also a decrease in levels of MGP
within MVs, leading to matrix mineralisation (Reynolds et al. 2004; Reynolds et al. 2005; Kapustin
et al. 2011). Furthermore, MVs released from calcifying VSMCs have increased ALP activity,
incorporate more calcium, and have enhanced expression of annexin II and VI channels when
compared to MVs from non-calcifying VSMCs (Reynolds et al. 2004; Chen et al. 2008a; Kapustin et
al. 2011). Decreasing calcium influx into MVs released from VSMCs under calcifying conditions
using K201, an inhibitor of annexin calcium channel activity, or verapamil, an L-type Ca
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channel

inhibitor, reduces crystal formation and matrix mineralisation (Chen et al. 2008a; Chen et al.
2010a); demonstrating the contribution of these vesicles to the initiation of vascular calcification.
A recent investigation has challenged the previously held dogma that MVs are released
from VSMCs by the budding of the plasma membrane (Figure 1.3). The study demonstrated that
MVs released from VSMCs are in fact exosome-like vesicles (~100 nm diameter), which are
released from intracellular multivesicular bodies through the exosome secretion pathway (Kapustin
et al. 2015). The study used proteomic analysis to demonstrate that exosome-like vesicles are
enriched with proteins involved in calcium nucleation (including annexin II, V & VI). Furthermore,
these vesicles can nucleate calcium-phosphate crystals and initiate crystal growth (Kapustin et al.
2015). Exosome-like vesicles were also detected in areas of calcification from human arteries;
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furthermore, in vessels from children on dialysis the presence of exosome-like vesicles preceded
calcification (Kapustin et al. 2015).
Collectively, vesicles released from VSMCs play an important role in the initiation of
vascular calcification and the process occurs in a similar manner to bone formation. However,
unlike bone formation it appears that the vesicles released by VSMCs are derived from exosomes
and not the plasma membrane. It is currently unclear whether vesicles found in areas of vascular
calcification are released by VSMCs in response to pro-calcification condition or by VSMCs that
have differentiated into an osteoblast-like phenotype. Recent in vitro evidence has also shown that
macrophages, which are commonly found in areas of intimal calcification, are also capable of
releasing calcifying vesicles when they are cultured in high-phosphate media (New et al. 2013);
further suggesting that other cell types contribute to the initiation of matrix mineralisation.
1.4 Loss of calcification inhibitors
The concentration of calcium and phosphate in the extracellular fluid that bathes VSMCs is
very close to the levels required for spontaneous precipitation of calcium-phosphate crystals
(Demer & Tintut, 2014). However, in normal conditions, the precipitation of calcium-phosphate is
prevented from occurring by the presence of calcification inhibitors. Some studies have now shown
that calcification inhibitors are decreased during the initiation of vascular calcification and vessels
become “primed” to mineralise. This was demonstrated in an ex vivo study using aortic rings from
children on dialysis suffering from CKD as these rings mineralised at a faster rate than rings from
age-matched control subjects (Shroff et al. 2010). MGP, fetuin-A and PPi have been identified as
key inhibitors of vascular calcification and their roles are expanded upon below.
MGP is a γ–carboxylated protein expressed by VSMCs that acts as an inhibitor of vascular
calcification. The inhibitory actions of MGP are mediated by the protein binding to bone
morphogenetic protein-2 (a strong inducer of the osteogenic differentiation of VSMCs) and
preventing the downstream up-regulation of Cbfa1 (Zebboudj et al. 2002). Other evidence suggests
that MGP inhibits vascular calcification by preventing hydroxyapatite formation, as seen in MVs
(Reynolds et al. 2004; Lomashvili et al. 2011). In vivo evidence strongly supports the role of MGP
as a calcification inhibitor; MGP deficient mice develop severe vascular calcification and die within
2 months of birth due to blood vessel rupture (Luo et al. 1997). MGP is expressed by VSMCs and
its expression is detected in areas of human intimal and medial calcification (Shanahan et al. 1994;
Shanahan et al. 1999). However, when vascular calcification is widespread, in diseases such as
CKD, MGP is found in its dephosphorylated uncarboxylated inactive form and the levels of inactive
MGP are directly correlated with the severity of aortic calcification (Schurgers et al. 2010). The
mechanisms responsible for this inactivation are currently unclear.
In contrast to MGP, which is expressed by VSMCs, fetuin-A is a circulating plasma inhibitor
of calcification produced predominantly in the liver (Triffitt et al. 1976). Fetuin-A accumulates in
areas of human intimal and medial calcification and during the mineralisation of VSMCs in vitro
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(Reynolds et al. 2005). A number of studies have now demonstrated that fetuin-A inhibits vascular
calcification by sequestering calcium-phosphate crystals in “calciproteins”, which are later removed
from the bloodstream (Paloian & Giachelli, 2014). Animal data supports a role for fetuin-A as an
inhibitor of calcification as mice deficient in this protein developed extensive vascular and soft
tissue calcification (Jahnen-Dechent et al. 1997; Schafer et al. 2003); this is exacerbated when
mice are fed high-phosphate diets (Westenfeld et al. 2007). It is believed that the levels of fetuin-A
increase in areas of vascular calcification in an attempt to inhibit the formation of a mineralised
matrix, however, as the pathological process builds the actions of fetuin-A become overwhelmed
and mineralisation ensues. Interestingly, the circulating levels of fetuin-A are decreased in the
hemodialysis and CKD population, and an inverse relationship is seen between the levels of the
inhibitor and the degree of vascular calcification (Ketteler et al. 2003; Hermans et al. 2007; Zheng
et al. 2009). The down-regulation of fetuin-A levels in hemodialysis patients has been linked to a
heightened inflammatory state (El-Shehaby et al. 2010); however, the mechanism of how an
increase in inflammation leads to a decrease in fetuin-A levels is unknown.
PPi is a natural inhibitor of vascular calcification and functions by preventing hydroxyapatite
formation (Fleisch & Bisaz, 1962). PPi is produced by the breakdown of ATP by the enzyme
ectonucleotide pyrophosphatase phosphodiesterase (NPP1; encoded by the ENPP1 gene), which
is expressed in bone and blood vessels (Villa-Bellosta et al. 2011b). Inhibitory concentrations of
PPi are found in the circulation; however, patients suffering from CKD have decreased levels of the
inhibitor and an inverse relationship is seen between the levels of PPi and the extent of vascular
calcification (Lomashvili et al. 2005). In vivo studies have shown that NPP1-deficient mice develop
widespread vascular calcification when fed high-phosphate diets and that transplanting aortic
allografts from NPP1-deficient mice to wild-type mice prevents further vascular calcification
(Lomashvili et al. 2014); suggesting that PPi functions in a systemic manner. Genetic mutations in
ENPP1 cause generalised arterial calcification of infancy, a debilitating human condition leading to
death within 6 months of birth due to cardiovascular-related complications (Nitschke & Rutsch,
2012).
1.5 Promoters of vascular calcification
The disproportionate burden of vascular calcification in certain disease scenarios has led
to the identification of a number of environmental triggers that promote the pathological process, as
discussed below.
1.5.1 Inflammation and tumour necrosis factor-alpha
Chronic inflammation is closely associated with vascular calcification and has been linked
with the initiation of intimal calcification. Inflammatory cells such as macrophages and mast cells
have been identified in areas of intimal calcification (Shanahan et al. 1999; Jeziorska et al. 1998;
Tyson et al. 2003). A recent study in humans has demonstrated that focal arterial inflammation
precedes intimal calcification at the same location (Abdelbaky et al. 2013); suggesting that vascular
calcification occurs as a consequence of inflammation. A similar study using in vivo molecular
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imaging in apolipoprotein E-null mice fed high-fat diets also found that inflammation preceded
vascular calcification; this was based upon the finding that macrophage infiltration occurs before
osteogenic activity in the vessel walls (Aikawa et al. 2007). However, in vitro studies have
demonstrated that calcium-phosphate crystals are ingested by macrophages and stimulate the
release of pro-inflammatory cytokines including tumour necrosis factor-alpha (TNFα) and
interleukin 1β, and 8 (Nadra et al. 2005; Nadra et al. 2008); suggesting that vascular calcification
triggers an inflammatory response. Thus, a vicious cycle may exists were vascular calcification
promotes inflammation and in-turn, inflammation promotes vascular calcification.
Macrophages are mainly responsible for the release of TNFα, which has been positively
correlated with the extent of medial calcification in patients suffering from CKD (Stenvinkel et al.
2005; Turkmen et al. 2011). A number of studies have now begun to elucidate the role of TNFα as
a promoter of vascular calcification. The in vitro addition of TNFα to VSMCs has been shown to
enhance matrix mineralisation and increase the expression of a number of osteoblast-related
proteins including Cbfa1, osterix, Msx2, ALP and bone sialoprotein (Tintut et al. 2000; Lee et al.
2010). Furthermore, TNFα released from macrophages co-cultured with human VSMCs enhanced
matrix mineralisation and increased ALP activity (Shioi et al. 2002). Studies from animal models
have provided further evidence that TNFα plays a role in vascular calcification; the administration of
infliximab, a TNFα neutralising antibody, to diabetic LDLR-null mice on high-fat diets significantly
reduced the extent of calcification and the expression of Msx2, when compared to control animals
(Al-Aly et al. 2007). A number of signalling pathways have been identified that are activated by
TNFα resulting in increased mineralisation and enhanced expression of osteogenic markers; these
include cAMP signalling (Tintut et al. 2000), Wnt-β-catenin signalling (Al-Aly et al. 2007) and
nuclear factor-kappa B signalling (Lee et al. 2010). However, how these pathways directly increase
vascular calcification is unknown.
1.5.2 Oxidative stress
Oxidative stress refers to the imbalanced redox state in which cells are exposed to
excessive levels of reactive oxygen species (ROS). ROS such as H2O2 and oxidised-low density
lipoproteins (oxLDLs) can be generated by VSMCs, endothelial cells and macrophages in response
to several stimuli (Chen & Moe, 2012). A state of increased oxidative stress is commonly found in
patients with atherosclerosis, CKD and TIIDM (Harrison et al. 2003; Dounousi et al. 2006;
Kalousová et al. 2002). As vascular calcification is common in all of these conditions, ROS have
been investigated as promoters of ectopic calcification.
The addition of H2O2 or oxLDLs to calcifying media accelerated the phenotypic switching of
VSMCs to osteoblast-like cells in vitro; this was based upon the enhanced expression of Cbfa1,
Msx2 and osterix when compared to cells culture with calcifying media alone (Bear et al. 2008;
Byon et al. 2008; Taylor et al. 2011). However, the addition of oxLDL in the absence of calcifying
media to VSMCs was not sufficient to induce mineralisation, suggesting that oxLDL cannot induce
matrix mineralisation by itself, but it can promote it (Bear et al. 2008). A reduction in the amount of
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mineralisation is also observed in vitro when VSMCs are cultured with calcifying media and the
presence of antioxidants (Roman-Garcia et al. 2011). In vivo studies also suggest that ROS
increase vascular calcification as the extent of mineralisation was significantly reduced in rat
models of intimal and medial calcification when the antioxidants, tanshinone II A and tempol, were
administered orally during the development of vascular calcification (Tang et al. 2007; Yamada et
al. 2012). Recent evidence has also shown that palmitic acid increases vascular calcification in
vitro and in vivo by increasing ROS and inducing oxidative stress (Brodeur et al. 2013).
Together, these studies demonstrate that ROS play an important role in the promotion of
vascular calcification. As ROS are potent mediators of the inflammatory response, they may
account for the presence of inflammatory cells at sites of calcification. Conversely, the inflammatory
response results in the production of ROS, suggesting a positive feedback mechanism may also be
formed.
1.5.3 Apoptosis
Extensive VSMC apoptosis is seen in areas of human intimal and medial calcification and
has been suggested to be a driver of vascular calcification (Kockx et al. 1998; Schoppet et al.
2004; Shroff et al. 2008). Studies using VSMCs in vitro have shown that apoptosis occurs before
matrix mineralisation and inhibiting apoptosis using the caspase inhibitor, ZVAD.fmk, reduces the
extent of mineralisation by 40%; conversely, stimulating apoptosis with an anti-Fas antibody
increases the rate of mineralisation by 10-fold (Proudfoot et al. 2000). Ex vivo studies using rat
aortic rings culture in high-phosphate media have also demonstrated that apoptosis precedes
matrix mineralisation as positive TUNEL staining (a method to detect apoptotic cells) in VSMCs
was observed before vascular calcification was detected (Mune et al. 2009); suggesting that
apoptosis can drive the mineralisation process. A role for apoptosis in vascular calcification was
confirmed when a mouse model of inducible VSMC-specific apoptosis was generated, and it was
shown that the chronic stimulation of VSMC apoptosis promoted both intimal and medial
calcification (Clarke et al. 2008a). The increased level of VSMC apoptosis in areas of calcification
may be due to the presence of calcium-phosphate crystals; crystals ≤1 µm in diameter lead to rapid
intracellular increases of calcium and induce VSMC apoptosis in vitro (Ewence et al. 2008).
Apoptosis has been suggested to contribute to matrix mineralisation through the production
of apoptotic bodies (ABs), which are 0.3-1.0 µm in diameter and bud from the membranes of
apoptotic VSMCs (Proudfoot et al. 2000). It has been demonstrated in vitro with VSMCs and ex
vivo with human aortic rings that ABs, like MVs and exosomes, contribute to matrix mineralisation
by concentrating calcium and phosphate to initiate crystal formation (Reynolds et al. 2004; Shroff et
al. 2010). In contrast to apoptosis, it has recently been shown that autophagy, an adaptive
response to cell stress, reduces matrix mineralisation by inhibiting MV release (Dai et al. 2013).
This result also emphasises the importance of vesicles to the initiation of matrix mineralisation.
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1.5.4 Abnormal phosphate and calcium balance
Serum phosphate levels in the healthy population range from 1.0 to 1.45 mM; however,
elevated serum phosphate levels (hyperphosphatemia) are commonly found in patients with CKD
and correlate with the extent and severity of vascular calcification (Shigematsu et al. 2003;
Kestenbaum et al. 2005; Adeney et al. 2009). Animal studies support a role for hyperphosphatemia
in the promotion of vascular calcification as it has been demonstrated that the severity of medial
calcification in mice suffering with CKD is greatly enhanced when hyperphosphatemia is induced
by placing the animals on high-phosphate diets (El-Abbadi et al. 2009). It has also been
demonstrated that culturing VSMCs in media containing inorganic phosphate concentrations of
greater than 1.4 mM up-regulates osteogenic markers (Cbfa1 and osteocalcin) and induces
VSMCs mineralisation in a dose-dependent manner (Jono et al. 2000). The addition of elevated
phosphate to cultured VSMCs in the form of the inorganic phosphate donor, beta-glycerophosphate
(BGP), is a widely established model system for the study of vascular calcification in vitro as it
reproduces many of the pathological processes that occur in vivo. For example, in the in vitro
model VSMCs undergo osteogenic differentiation, release MVs and partake in apoptosis, all
characteristics of the in vivo phenotype (Shioi et al. 1995; Wada et al. 1999; Steitz et al. 2001). For
a comprehensive review of the role of phosphate in vascular calcification the reader is directed to
the publication by Shanahan et al. (2011).
The osteogenic differentiation of VSMCs in response to elevated phosphate is thought to
be mediated by the type III sodium-dependent phosphate transporters, Pit-1 and Pit-2 (VillaBellosta et al. 2007). The levels of Pit-1 are increased 2.5-fold in the calcified aortas of CKD mice
when compared to controls; the levels of Pit-2 were not measured (Mizobuchi et al. 2006). When
VSMCs are cultured in high-phosphate media, the knockdown of Pit-1 using RNA interference
significantly reduced matrix mineralisation and prevented the expression of Cbfa1 and osteopontin,
which was rescued by the over expression of either Pit-1 or Pit-2 (Li et al. 2006; Crouthamel et al.
2013). The role of Pit-1 and Pit-2 has been explored further by generating VSMC specific Pit-1
knockout mice. When these knockout mice undergo renal ablation to induce CKD and are placed
on high-phosphate diets no increase in arterial calcification was observed when compared to
control CKD mice on high-phosphate diets (Crouthamel et al. 2013). This was due to the
compensatory up-regulation of Pit-2; however when both transporters are knocked down in vitro a
decrease in matrix mineralisation is observed (Crouthamel et al. 2013); suggesting that Pit-1 and
Pit-2 have some functional redundancy.
A recent investigation has demonstrated that Pit-1 has both phosphate uptake-dependent
and independent functions and acts as a phosphate sensor. The over expression of phosphate
transport-deficient Pit-1 mutants in Pit-1 deficient VSMCs promoted osteogenic differentiation and
increased matrix mineralisation, when compared to Pit-1 deficient VSMCs; however the extent of
mineralisation was reduced when compared to VSMCs expressing wild type Pit-1 (Chavkin et al.
2015). Whether Pit-2 also has phosphate-independent functions is currently unknown.
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In addition to hyperphosphatemia, elevated serum calcium levels (hypercalcemia) have
also been associated with vascular calcification (see review by Kapustin & Shanahan, 2012).
Elevated calcium, with normal phosphate levels, has been shown to induce the matrix
mineralisation of VSMCs in vitro; furthermore, when calcium and phosphate are elevated together
they act synergistically and a small increase in calcium markedly enhances the effects of increased
phosphate (Reynolds et al. 2004). Elevated calcium has been proposed to induce vascular
calcification by increasing MV release and decreasing the incorporation of inhibitors into MVs (see
reviews by Shanahan et al. (2011) and Kapustin & Shanahan, (2012) for more details). However,
further research is required to elucidate the exact molecular mechanisms by which an increase in
calcium can induce these effects.
1.6 Signalling mechanisms in vascular calcification
The activation and differential regulation of signalling pathways has been studied during
vascular calcification to investigate how the pathology is controlled at the molecular level and how
the promoters of VSMC matrix mineralisation may function. As discussed below, a number of
pathways and signalling molecules have been identified, but a better understanding of the
mechanisms involved is required as this will help to identify potential novel therapeutic targets.
1.6.1 The phosphatidylinositol 3-kinase/Akt signalling pathway
One

of

the

best-studied

signalling

pathways

in

vascular

calcification

is

the

phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway (Figure 1.4), which is activated by the
binding of ligands to tyrosine kinase receptors, such as Gas6 binding to Axl (Hers et al. 2011).
Downstream effects of Akt include the activation of the mammalian target of rapamycin 1 pathway
and the inhibition of pro-apoptotic signalling (Hers et al. 2011). During in vitro VSMC matrix
mineralisation there is a decrease in the protein expression levels of Gas6 and Axl and this leads to
the inactivation of the PI3K/Akt signalling pathway and the promotion of apoptosis (Son et al. 2006;
Son et al. 2007; Son et al. 2008). The mechanism(s) by which Gas6 and Axl become downregulated during VSMC matrix mineralisation is unknown. Studies have shown that over expressing
Axl, or the addition of recombinant human Gas6, attenuates high-phosphate-induced VSMC matrix
mineralisation and this is through activating the PI3K/Akt signalling pathway and preventing
apoptosis (Son et al. 2007; Collett et al. 2007). Furthermore, if a dominant negative kinase dead
Axl mutant is over expressed in VSMCs an increase in matrix mineralisation is observed (Collett et
al. 2007). Two recent studies have supported these findings and demonstrated that the adipokine,
omentin, and the antioxidant, α-lipoic acid, both inhibit high-phosphate-induced VSMC matrix
mineralisation by preventing the inactivation of PI3K/Akt signalling pathway (Duan et al. 2011; Kim
et al. 2012). However, it has also been demonstrated that H2O2 enhances high-phosphate-induced
VSMC matrix mineralisation by activating the Akt signalling pathway, which leads to the increased
expression of Cbfa1 (Byon et al. 2008). Furthermore, culturing VSMCs over expressing Akt in highphosphate media increased the rate of matrix mineralisation and the expression of Cbfa1 when
compared to controls cells (Heath et al. 2014). A potential reason as to why under certain
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conditions the PI3K/Akt signalling pathway promotes mineralisation, whereas under other it inhibits
it, could be due to the different molecules that are activated downstream of Akt. Additionally, as Akt
can be phosphorylated on two residues, Ser473 and Thr308 (Hers et al. 2011), the exact pattern of
phosphorylation may govern whether the molecule can promote or inhibit matrix mineralisation.
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Figure 1.4. The PI3k/Akt signalling pathway | The binding of a ligand, such as Gas6 to its
receptor tyrosine kinase, Axl, leads to receptor dimerisation and the activation of PI3K. Active PI3K
phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to produce phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), which leads to the activation of Akt. Akt can activate the mammalian
target of rapamycin 1 (mTOR1) pathway and inhibit apoptosis.

1.6.2 Extracellular signal-related kinases signalling
The extracellular signal-related kinases (ERK) are activated by a signalling cascade
initiated by the binding of growth factors to tyrosine kinase receptors (Figure 1.5). The active ERKs
can phosphorylate other protein kinases and transcription factors (Samatar & Poulikakos, 2014).
The first piece of evidence to suggest that ERK signalling regulates vascular calcification was
provided when the addition of the ERK inhibitor, PD98059, reduced the rate of CVC matrix
mineralisation (Ding et al. 2006). It has also been demonstrated that ERK phosphorylation
increases during elevated phosphate-induced VSMC matrix mineralisation (Wittrant et al. 2009).
Further research has demonstrated that agents that induce oxidative stress, such as advanced
oxidation protein products and H2O2, enhance high-phosphate-induced VSMC matrix mineralisation
by activating the ERK signalling pathway (You et al. 2009; Liu et al. 2010). However, in contrast to
these studies, the activation of the ERK pathway can also decrease VSMC matrix mineralisation.
For example, when the bioactive compounds, ghrelin or connective tissue growth factor, were
added to VSMCs cultured with high-phosphate media a decrease in matrix mineralisation was
observed; this was attributed to the activation of the ERK pathway as the addition of the upstream
inhibitor of ERK, PD98059, prevented the inhibitory effects of these compounds (Liang et al. 2012;
Huang et al. 2013). Therefore, like the PI3K/Akt signalling pathway, the ERK pathway appears to
play roles in both the promotion and inhibition of VSMC matrix mineralisation. Whether ERK
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promotes or inhibits VSMC matrix mineralisation may be dependent on the exact downstream
targets that are activated by the kinase.
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Figure 1.5. The ERK signalling pathway | The binding of a ligand to its receptor tyrosine kinase,
such as fibroblast growth factor binding to the fibroblast growth factor receptor, leads to receptor
dimerisation and the activation of Ras. Active Ras initiates a phosphorylation cascade involving Raf
and MEK1/2, which results in the activation of ERK. ERK can activate other protein kinases and
transcription factors by phosphorylating them.

1.6.3 Protein kinase A signalling
Protein kinase A (PKA) signalling is initiated by a ligand binding to a G-protein coupled
receptor, this leads to an increase in cAMP levels mediated by adenylyl cyclase, and the
subsequent activation of PKA (Figure 1.6). A wide range of proteins including transcription factors
and other protein kinases are subsequently activated by PKA (Vandamme et al. 2012). PKA
signalling was demonstrated to be important for vascular calcification when the addition of the
adenylyl cyclase activator, forskolin, promoted the matrix mineralisation of VSMCs, whereas the
addition of the adenylyl cyclase inhibitor, SQ22536, decreased matrix mineralisation (Chen et al.
2006; Huang et al. 2008; Hsu et al. 2009). The effects of an increase in cAMP on matrix
mineralisation were attributed to PKA activity based on the finding that if forskolin and H89, a PKA
inhibitor, were added to VSMCs no increases in matrix mineralisation were observed (Huang et al.
2008). H89 added alone to VSMCs cultured in high-phosphate media is also enough to dosedependently decrease matrix mineralisation and ALP activity (Kang et al. 2014). The mechanism(s)
through which cAMP levels are increased during VSMC matrix mineralisation is unknown, but the
addition of TNFα to VSMCs has been shown to increase cAMP levels (Tintut et al. 2000). This may
suggest that TNFα increases VSMC matrix mineralisation, in part, by increasing cAMP levels. The
direct downstream targets of PKA that promote VSMC osteogenic differentiation and matrix
mineralisation have not been investigated.

33!
!

Extracellular
space

Ligand

G6protein&
receptor

Plasma&
membrane

Adenylyl&
cyclase

αs
β
αs
γ
G6protein

Transcription
factors

AMP
cAMP

+

PKA

PKA

“Active”

Kinases

“Inactive”

Figure 1.6. The PKA signalling pathway | The binding of a ligand to its respective G-protein
coupled receptor leads to the dissociation of the heteromeric G-protein allowing the Gαs subunit to
bind to and activate adenylyl cyclase, which converts AMP to cAMP. The binding of cAMP to PKA
activates its kinase domain and allows it to phosphorylate other target proteins including kinases
and transcription factors.

1.6.4 Other signalling molecules
Other signalling molecules have also been implicated in the initiation of vascular
calcification although less detailed studies have been performed. A small number of investigations
have demonstrated that the inactivation of the p38 mitogen-activated protein kinase (MAPK)
signalling pathway by the addition of the kinase inhibitors of p38 MAPK, SB202190 and SB203580,
reduces the extent of VSMC matrix mineralisation in response to high-phosphate media, highphosphate media supplemented with oxLDL or high-phosphate media containing diabetic serum
(Tanikawa et al. 2009; Liao et al. 2013; Kang et al. 2014). However, the exact role of the p38
MAPK signalling pathway in vascular calcification is poorly understood and the downstream targets
activated by the pathway are unknown. See section 1.11.1 for a detailed overview of the p38
MAPK signalling pathway and how ceramide and S1P can regulate this pathway. Protein kinase C
(PKC) signalling also appears to be important for vascular calcification as the inhibition of the PKCα
and δ isoforms with pharmacological inhibitors or siRNA leads to an increase in matrix
mineralisation when VSMCs or mouse aortas are cultured in high-phosphate media (Lee et al.
2014a). Finally, the Rho/Rho kinase (ROCK) signalling pathway can inhibit high-phosphateinduced VSMC matrix mineralisation as the treatment of cells with pharmacological inhibitors or
siRNA directed against ROCK increases matrix mineralisation, whereas the activation of ROCK by
the over expression of a dominant active Rho mutant reduces matrix mineralisation (Chen et al.
2010b).
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Although they have not been investigated in the initiation of vascular calcification, the ezrin,
radixin and moesin (ERM) family of signalling proteins are required for the osteogenic
differentiation of MSCs in vitro; this was based upon the finding that if the ERM proteins are
knocked down in MSCs by means of siRNA, the rate of osteogenic differentiation induced by
osteogenic inducing media was reduced (Titushkin & Cho, 2011). Given the potential requirement
for the osteogenic differentiation of VSMCs in the initiation of vascular calcification, the ERM
proteins may also be required for this pathological process to occur. See section 1.11.2 for an
outline of ERM protein signalling and how these proteins can be regulated by ceramide and S1P.
1.7 Overall conclusion of the processes and mechanisms involved in vascular calcification
VSMCs have been shown to play essential roles in vascular calcification through multiple
mechanisms (Figure 1.7). The phenotypic plasticity of VSMCs allows them to differentiate into an
osteoblast-like phenotype and up-regulate the expression of bone matrix proteins in response to
mineralising stimuli such as elevated phosphate. The osteogenic differentiation of VSMCs is
accompanied by a loss of VSMCs markers and the up-regulation of osteogenic markers. However,
whether VSMCs have to undergo osteogenic differentiation to initiate matrix mineralisation is
unclear (see section 1.3.1). Osteoblast-like cells and VSMCs initiate matrix mineralisation through
the release of MVs, exosomes and ABs that concentrate calcium and phosphate and generate the
first crystals for mineral nucleation. A number of promoters and inhibitors of vascular calcification
have now been identified, but further work is required to understand the exact signalling pathways
that mediate this process. A better understanding of the signalling pathways involved in the
initiation of vascular calcification has the potential to lead to novel therapeutic targets.
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Figure 1.7. Summary of the processes involved in vascular calcification | Vascular
calcification involves the osteogenic differentiation of VSMCs, release of apoptotic bodies and the
production of matrix vesicles, which leads to the initiation of matrix mineralisation. A number of
inhibitors and promoters of the process have also been identified.
1.8 Introduction to bioactive sphingolipids
Over the last two decades sphingolipids have come to the forefront as major signalling
molecules implicated in the regulation of various cellular functions. Before this time, they were
simply believed to be structural components of the plasma membrane. Sphingolipids were
originally named by the German biochemist, J.L.W Thudichum, in 1884 due to their enigmatic
nature. All mammalian sphingolipids are amphipathic molecules consisting of a hydrophobic C18
long-chain sphingoid base (dihydrosphingosine C18:0 or sphingosine C18:1), which can be modified
by the addition of a fatty acid chain (C14-28) to the C-2 amino group and/or the addition of a
hydrophilic head group such as phosphate, phosphocholine or sugar residues to the C-1 hydroxyl
group (Figure 1.8).
The sphingolipids with major signalling properties, termed bioactive sphingolipids, include
ceramide, ceramide-1-phosphate (C1P), sphingosine and S1P. Ceramide, sphingosine and S1P
are the best-studied sphingolipids and will be referred to here on in as the “bioactive sphingolipids”.
In general, ceramide/sphingosine cause apoptosis and growth arrest (see sections 1.10.1 &
1.10.2), whereas S1P exerts pro-cell survival effects (see section 1.10.3). The balance between
ceramide/sphingosine and S1P is referred to as the “sphingolipid rheostat” and in part governs cell
fate in response to multiple stimuli (Newton et al. 2015). Therefore, a fine balance exists between
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the levels of bioactive sphingolipids and this is maintained by the enzymes responsible for their
synthesis and degradation. Many links can be drawn between the cellular roles of the bioactive
sphingolipids and the initiation of vascular calcification (as discussed below), meaning that these
molecules may have the potential to regulate this pathological process.
1.9 Synthesis and metabolism of bioactive sphingolipids
The synthesis and metabolism of sphingolipids is a complex, interconnected pathway that
involves multiple enzymes, substrates and products (Figure 1.8). For example, it is estimated that
26 distinct enzymes act on ceramide as either a substrate or product (Hannun & Obeid 2008).
Additional complexity is introduced by the unique subcellular location of sphingolipid metabolising
enzymes and the transport of sphingolipids to and from these locations (Figure 1.9). Furthermore,
although one sphingolipid molecule may be implicated in a cellular response, say ceramide, it may
be further modified to either sphingosine, C1P, complex glycosphingolipids (GSLs) or
sphingomyelin, making it difficult to determine which specific sphingolipid is responsible for that
response. Outlined below are the pathways for the synthesis, transport and metabolism of
sphingolipids in the cell; as illustrated in Figure 1.9.
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Figure 1.8. Sphingolipid structures and metabolising enzymes | The structures and interconnectivity of sphingolipid molecules are shown. The names of
molecules are shown in red and their abbreviated metabolising enzymes are shown in blue. All structures are shown in black with the exception of the
variable fatty acid chain, which is shown in green. Abbreviations: 3-KDH R - 3-ketodihydrosphingosine reductase; CDase – ceramidase; (d)SK –
dihydrosphingosine kinase; (d)SPPase – (dihydro)sphingosine-1-phosphate phosphatase; DES – dihydroceramide desaturase; GCS – glucosylceramide
synthase; Gcase – glucosyl ceramidase; CPPase – ceramide-1-phosphate phosphatase; SMase – sphingomyelinase; S1P lyase - sphingosine-1-phosphate
lyase.
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Figure 1.9. Synthesis, metabolism and transport of sphingolipids | The de novo synthesis of
sphingolipids (green arrows) occurs in the ER and generates ceramide (CER) from 3ketodihydrosphingosine (3-KDH). Ceramide is transported from the ER to the Golgi by either CERT
(blue rectangle) or vesicular transport to produce sphingomyelin (SM) or complex GSLs,
respectively. Sphingomyelin and complex GSLs are transported to the plasma membrane by
vesicular transport. Sphingomyelin can be metabolised to ceramide by either S-SMase found at the
outer leaflet of the plasma membrane or by nSMase found at the inner leaflet. Ceramide can be
further metabolised at the plasma membrane by ceramidase (CDase) to generate sphingosine
(SPH), which can be converted to S1P by SK1/2. Sphingosine can also be converted to S1P in the
nucleus and the ER by SK2. S1P can exit the cell through the ATP-binding cassette transporters or
spinster 2 (green channel) and enter the cell through the CFTR (red channel). The salvage
pathway is shown by the dashed arrows and occurs in lysosomes and the ER to produce ceramide.
Sphingomyelin is metabolised to ceramide in lysosomes by L-SMase then acted upon by ACDase
to generate sphingosine, which is free to enter into the ER. The exit point of sphingolipids is the
breakdown of S1P in the ER. The majority of the enzymatic steps shown above are reversible, as
illustrated in Figure 1.8. Adapted from Hannun & Obeid, 2008.
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The synthetic entry point of sphingolipids is the de novo pathway (Figure 1.9, green
arrows), which occurs on the cytosolic surface of the endoplasmic reticulum (ER) to generate
ceramide (Mandon et al. 1992). The substrates of the de novo pathway are palmitoyl CoA and
serine, which condense to form 3-ketodihydrosphingosine (3-KDH) by the action of serinepalmitoyltransferase (SPT) (Hanada, 2003). 3-KDH is then reduced to dihydrosphingosine
(sphinganine) by 3-KDH reductase (Kihara & Igarashi, 2004), followed by N-acylation to
dihydroceramide by one of the six (dihydro)ceramide synthases (CerS1-6) (Mullen et al. 2012).
Each CerS has substrate preference for a specific fatty acid; for example, CerS1 shows a
preference for the C18 stearic acid (Senkal et al. 2007). Dihydroceramide is then acted upon by
dihydroceramide desaturase, which generates a 4,5-trans-double bond to produce ceramide
(Causeret et al. 2000). At this point ceramide is transported from the ER to the Golgi. Ceramide
destined for sphingomyelin generation is transported via the ceramide transport protein (CERT),
whereas ceramide destined for the production of complex GSLs is transported by vesicular
trafficking (Hanada et al. 2003). Ceramide is converted to sphingomyelin in the Golgi by the action
of

sphingomyelin

synthase

(SMS)

which

transfers

a

phosphocholine

moiety

from

phosphatidylcholine, and in the process generates diacylglycerol (Tafesse et al. 2006). The
production of complex GSLs in the Golgi involves multiple enzymes and will not be introduced as it
is beyond the scope of this study (see the review by D'Angelo et al. (2013) for more details).
Ceramide can also be acted upon by ceramide kinase (CK) in the Golgi to generate C1P (Sugiura
et al. 2002). Sphingomyelin and complex GSLs are then transported from the Golgi to the plasma
membrane by vesicular transport, where a large proportion of both these molecules are found
(Zheng et al. 2006).
At the plasma membrane sphingomyelin can be converted back to ceramide through the
sphingomyelinase pathway; either neutral sphingomyelinase (nSMase), found at the inner leaflet,
or secreted-acid sphingomyelinase (S-SMase), found at the outer leaflet can catalyse this reaction
(Hannun & Obeid, 2008; see sections 1.13 & 1.14 for more details). Ceramide generated by either
nSMase or S-SMase can be further modified at the plasma membrane to generate sphingosine by
the action of ceramidase, which removes the fatty acid chain from ceramide (Ito et al. 2014).
Sphingosine has sufficient aqueous solubility to leave the plasma membrane due to its ionisable
positive charge and incorporate into other membranes, such as those of the ER, the nucleus and
possibly the mitochondria; sphingosine is also able to flip-flop across membranes (Bartke &
Hannun, 2009). At the plasma membrane, or any other membrane, sphingosine can serve as the
substrate for sphingosine kinase 1 or 2 (SK1/2), which are responsible for the phosphorylation of
sphingosine at the primary hydroxyl group to generate S1P (Gandy & Obeid, 2013; see section
1.15 for more details). Like sphingosine, S1P has sufficient aqueous solubility to leave the plasma
membrane and incorporate into other membranes; however, unlike sphingosine, S1P cannot flipflop across membranes (Hannun & Obeid, 2008). Additionally, S1P can be exported from the cells
through ATP-binding cassette transporters (ABCA1, ABCC1 & ABCG2) and the putative
transporter spinster 2; extracellular S1P can also enter cells through the cystic fibrosis
transmembrane regulator (CFTR) (Boujaoude et al. 2001; Maceyka et al. 2012). S1P can also be
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metabolised back to sphingosine through the action of two S1P-specific phosphatases and three
lipid phosphate phosphatases (Gault et al. 2010).
In addition to the production of ceramide through the de novo and sphingomyelinase
pathways, ceramide can be generated through the salvage pathway (Figure 1.9, dashed arrows).
The substrates of the salvage pathway are sphingomyelin and complex GSLs, which are
transported from the plasma membrane to lysosomes by endocytic vesicles (Kitatani et al. 2008).
Within the acidic environment of lysosomes sphingomyelin is converted to ceramide by lysosomalacid sphingomyelinase (L-SMase) (Jenkins et al. 2009; see section 1.13 for more details).
Ceramide is also generated from the breakdown of complex GSLs; the details of which are beyond
the scope of this study, but see the review by D'Angelo et al. (2013) for more details. The liberated
ceramide can be further metabolised to sphingosine by the action of acid ceramidase (ACDase)
(Park & Schuchman, 2006). At this point sphingosine is free to leave the lysosome and can enter
into the ER where it can be recycled back to ceramide through the action of the CerSs; sphingosine
can also be phosphorylated by SK2 to generate S1P at the ER (Hannun & Obeid, 2008). The
unique exit point of sphingolipids occurs in the ER and involves the breakdown of S1P to the nonsphingolipid molecules phosphoethanolamine and hexadecenal through the irreversible action of
S1P lyase in the exit pathway (Serra & Saba, 2010).
1.10 Roles of bioactive sphingolipids in cellular processes
Bioactive sphingolipids have now been implicated in a number of cellular and physiological
processes and have been shown to regulate multiple signalling pathways. Outlined below are the
major functions of the bioactive sphingolipids and how they may be implicated in the regulation of
vascular calcification.
1.10.1 Ceramide
Ceramide was first found to be a bioactive sphingolipid in 1990 when it was demonstrated
that this lipid acts as a mediator of the monocytic differentiation of HL-60 myelocytic leukaemia
cells (Okazaki et al. 1990). Further studies also demonstrated that increased ceramide levels are
required for the neural differentiation of Neuro2a cells (Riboni et al. 1995). It is now known that
ceramide plays crucial roles in other cellular processes including the induction of apoptosis, growth
arrest and autophagy (Obeid et al. 1993; Jayadev et al. 1995; Dbaibo et al. 1995; Scarlatti et al.
2004). The levels of ceramide are increased in cells in response to stress inducing agents such as
cytokines (TNFα and interleukin-1β), oxidative stress, heat shock, chemotherapeutic agents
(etoposide, daunorubicin and paclitaxel) and UV and ionising radiation (Hannun & Obeid, 2008;
Nikolova-Karakashian & Rozenova, 2010). Several direct downstream signalling targets of
ceramide have been identified. Ceramide can bind to and activate the ceramide-activated Ser-Thr
phosphatases (CAPPs) in vitro, including protein phosphatase-1 (PP1), PP2A and PP2C (Chalfant
et al. 1999; Chalfant et al. 2004; Perry et al. 2012). Other proteins that ceramide is known to
directly interact with and activate are PKCζ (Müller et al. 1995; Bourbon et al. 2000; Bourbon et al.
2002; Wang et al. 2005), kinase suppressor of Ras (Zhang et al. 1997) and cathepsin D (Heinrich
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et al. 1999; Heinrich et al. 2004). Ceramide can also regulate the activation of the p38 MAPK
signalling pathway and the phosphorylation of the ERM family of signalling proteins; as both of
these signalling pathways have potential links to the initiation of vascular calcification (see section
1.6.4), the role of ceramide in regulating these pathways will be discussed in more detail in
sections 1.11.1 and 1.11.2.
Numerous studies have used C2 ceramide to investigate the intracellular targets of
ceramide and the signalling pathways it regulates (Kitatani et al. 2008). C2 ceramide is a shortchain synthetic ceramide analogue, which when added exogenously to culture media increases
cellular levels of total ceramide (Guillermet-Guibert et al. 2009; Jung et al. 2013). C2 ceramide is
not a naturally occurring ceramide molecule but is employed because it is water soluble and
capable of incorporating into cell membranes, unlike longer chain endogenous ceramides such as
C16 ceramide (Sot et al. 2005; Fillet et al. 2003). C6 ceramide can also be used to increase total
cellular ceramide levels (Ogretmen et al. 2002; Choi et al. 2011).
The induction of apoptosis by ceramide has been studied in detail over the past two
decades and mitochondria have been implicated as the key site for ceramide-induced apoptosis. In
vitro studies using exogenous C2 and C16 ceramide have demonstrated that ceramide can form
large stable channels in the outer mitochondrial membrane, termed mitochondrial outer-membrane
permeabilization (MOMP), which results in the induction of apoptosis (Siskind & Colombini, 2000;
Siskind et al. 2002). The in vivo relevance of this mechanism is unknown but ceramide levels are
known to increase in mitochondria during radiation-induced apoptosis (Matsko et al. 2001).
Furthermore, in MCF-7 cells increases in mitochondrial ceramide following TNFα-stimulation
enhanced the translocation of the pro-apoptotic Bax to the mitochondrial membrane (Birbes et al.
2005). Additionally, in vitro studies have demonstrated that ceramide and Bax act synergistically to
promote MOMP (Ganesan et al. 2010).
Ceramide can also induce apoptosis by activating downstream proteins (Figure 1.10). The
activation of PP2A by exogenous C2 ceramide leads to the activation of Bax, and the inactivation
of the anti-apoptotic protein Bcl-2, which leads to apoptosis (Xin & Deng, 2006; Ruvolo et al. 1999;
Ruvolo et al. 2002; Deng et al. 2009). Additionally, the activation of PP1 by ceramide induces
apoptosis by inhibiting the production of anti-apoptotic caspase-9b splice variant and promoting the
expression of the pro-apoptotic caspase-9 splice variant (Chalfant et al. 2002). Lysosomally located
cathepsin D is an additional target of ceramide that regulate apoptosis. The direct interaction of
ceramide with the cathepsin D pro-protein in lysosomes results in an autocatalytic proteolysis the
produces the mature and active cathepsin D protein (Heinrich et al. 1999). When glioma or HeLa
cells are stimulated with TNFα or treated with the chemotherapeutic-agent, gemcitabine, increases
in lysosomal ceramide occur and cathepsin D becomes activated and released in the cytosol,
leading to the activation of the pro-apoptotic proteins Bid and Bax, which induce MOMP (Heinrich
et al. 2004; Dumitru et al. 2009). The inhibition of the kinase activity of Akt by exogenous C2
ceramide has also been proposed as a mechanism by which ceramide induces apoptosis (Zhou et
al. 1998); however, how apoptosis-inducing ceramide inactivates Akt is unknown. Of relevance to
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this current PhD study, an accumulation of ceramide in cultured VSMCs induced by apolipoprotien
C-I, nitric oxide or andrographolide leads to apoptosis (Kolmakova et al. 2004; Pilane & LaBelle,
2004; Chen et al. 2013); demonstrating that ceramide has the potential to induce apoptosis in
VSMCs.
Ceramide also regulates the cell cycle (Figure 1.10). During growth arrest induced by
serum withdrawal, the levels of ceramide become elevated in MOLT-4 cells and WI38 fibroblasts
(Dbaibo et al. 1995; Lee et al. 2000). Elevated ceramide initiates growth arrest by activating PP1
and PP2A, which in-turn inhibit the activity of cyclin-dependent kinase 2, leading to the dephosphorylation of the retinoblastoma protein (Dbaibo et al. 1995; Lee et al. 2000). Dephosphorylated retinoblastoma protein sequesters E2F, an essential growth factor required for the
progression through the cell cycle (Lee et al. 2000). Ceramide also directly activates the cyclin
dependent kinase inhibitor p21 in vitro, an additional protein that can inhibit the activity of cyclindependent kinase 2 (Lee et al. 2000). Other evidence suggests that ceramide induces growth
arrest by directly activating PKCζ, which activates the stress-activated c-jun N-terminal kinases
(JNK) and inhibits Akt signalling, leading to growth arrest (Bourbon et al. 2000; Bourbon et al.
2002; Fox et al. 2007). Whether ceramide induces apoptosis or growth arrest is thought to be
mediated by the activation of other signalling proteins. For example, the inhibition of PKC prevents
ceramide-induced apoptosis but not growth arrest; whereas in cells where the retinoblastoma
protein is either missing or inactive, ceramide can induce apoptosis but not growth arrest (Hannun
& Luberto, 2000).
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Figure 1.10. Downstream targets activated by ceramide during apoptosis and growth arrest |
The activation or inhibition of the indicated proteins by ceramide can lead to signalling cascades
that ultimately lead to apoptosis or growth arrest. CDCK2 - cyclin-dependent kinase 2.
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As mentioned in the previous section ceramide is a family of molecules and each member
differs in the length of its fatty acid chain. The CerSs govern which fatty acid chain is incorporated
into ceramide in the de novo and salvage pathways (Mullen et al. 2012). This has led to the “many
ceramides” hypothesis, which states that each individual ceramide species is generated within a
distinct biochemical pathway and elicits a unique cellular function (Hannun & Obeid, 2011). The
best example of this hypothesis comes from analysing the sphingolipid composition of head and
neck squamous cell carcinomas as it was found that C18 ceramide is selectively down-regulated,
leading to enhanced cell growth, which can be reversed by over expressing CerS1, which only
increases C18 ceramide levels (Koybasi et al. 2004). In further support of the above hypothesis, a
recent study also using squamous cell carcinomas demonstrated that C18 ceramide inhibits cell
growth, whereas in contrast, C16 ceramide promotes cell growth (Senkal et al. 2010). However, in
a separate study using breast and colon cancer cells it was demonstrated that the long-chain
ceramides (C16, C18 & C20) are anti-proliferative, whereas the very long-chain ceramides (C24 &
C24:1) promote cell proliferation (Hartmann et al. 2012). Therefore, it appears that in certain cell
types individual ceramide species have unique functions, but further research is required to
understand how chain length governs downstream signalling effects.
When the above information regarding the role of ceramide in cellular functions is
considered together with what is known about vascular calcification a number of potential links can
be drawn. Firstly, stimuli that are known to increase ceramide levels, such as TNFα and oxidative
stress, are also known to promote vascular calcification (see section 1.5), suggesting that ceramide
levels may increase during VSMC matrix mineralisation. Secondly, ceramide has been implicated
in cellular differentiation processes and given the proposed importance of osteogenic differentiation
to VSMC matrix mineralisation (see section 1.3.1), a further link between ceramide and vascular
calcification can be drawn. Thirdly, ceramide is a potent inducer of apoptosis and as this process is
a major driver of VSMC matrix mineralisation, ceramide may regulate this cellular event during
vascular calcification. Finally, cell signalling molecules that are implicated in VSMC matrix
mineralisation, such as Akt, PKC, p38 MAPK and ERM proteins (see section 1.6), are also
regulated by ceramide levels. Thus, it is logical to propose that ceramide can regulate vascular
calcification.
1.10.2 Sphingosine
Sphingosine was the first sphingolipid molecule shown to have bioactive effects when it
was demonstrated to inhibit the activity of PKC in vitro (Hannun et al. 1986). Since then it has been
demonstrated that the addition of exogenous sphingosine to a wide-range of cultured cells leads to
the induction of apoptosis (Quintans et al. 1994; Ohta et al. 1994; Krown et al. 1996). TNFαstimulated apoptosis also leads to an increase in sphingosine levels, which suggest that
sphingosine may mediate the pro-apoptotic functions of this cytokine (Quintans et al. 1994; Krown
et al. 1996). Sphingosine has been suggested to induce apoptosis through the inhibition of key
signalling proteins including PKC (Ohta et al. 1994), ERK (Jarvis et al. 1997) and Akt (Chang et al.
2001). Sphingosine can also directly activate the caspase-cleaved form of PKCδ (Hamaguchi et al.
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2003) and PKA (Ma et al. 2005), with the latter occurring in a cAMP-independent-manner. A
mechanism of how sphingosine induces apoptosis was only discovered recently and it involves the
14-3-3 protein, which under normal circumstances forms a dimer with itself and binds and
inactivates the pro-apoptotic molecule, Bad (Datta et al. 2000). When sphingosine activates either
PKCδ or PKA both these kinases can phosphorylate 14-3-3 at Ser58, leading to the formation of
monomers and the release of Bad (Woodcock et al. 2010), thus leading to the initiation of MOMP.
Of the bioactive sphingolipids, sphingosine has received the least attention as a signalling
molecule. This is possibly due to its cytotoxic effects as an accumulation of sphingosine can lead to
membrane permeabilization (Ullio et al. 2012), thus making it difficult to study when present in
excess amounts.
Given that sphingosine can induce apoptosis, and that sphingosine levels are increased in
response to TNFα stimulation, links between sphingosine and the initiation of VSMC matrix
mineralisation can be formed as both apoptosis and TNFα promote mineralisation (see section
1.5). Additionally, as sphingosine can inhibit the signalling activities of PKC, ERK and Akt, proteins
that are implicated in VSMC matrix mineralisation (see section 1.6), further links between
sphingosine and vascular calcification can be drawn. Therefore, sphingosine, like ceramide, may
also have the potential to regulate vascular calcification.
1.10.3 S1P
S1P was first demonstrated to have signalling properties in 1990 when it was shown that
this lipid activates the release of intracellular stored calcium (Ghosh et al. 1990). Further research
then demonstrated that at the cellular level S1P could regulate cytoskeletal structure, promote
proliferation and supress apoptosis (Sadahira et al. 1992; Olivera & Spiegel, 1993; Cuvillier et al.
1996). The levels of S1P are increased following the binding of growth factors (such as epidermal
growth factor and platelet-derived growth factor) and cytokines (including TNFα and interleukins) to
their respective receptors (Gandy & Obeid, 2013). S1P is also known to play many roles in
cardiovascular processes including angiogenesis, the modulation of vascular tone and
atherosclerotic plaque formation, although whether S1P is pro- or anti-atherogenic is unclear
(Maceyka et al. 2012; Orr Gandy & Obeid, 2013; Levkau, 2013).
S1P is also implicated in bone homeostasis. For example, S1P induces chemotaxis and
regulates the migration of osteoclast precursors from blood to bone in vivo, and thus regulates the
precise location of bone absorption (Ishii et al. 2009). The effects of S1P on osteoclast precursor
migration and localisation are mediated by S1P binding to the S1P receptor 1 (S1PR1) and 2
(S1PR2) (Ishii et al. 2010). See below for more details on S1PRs. S1P has also been shown to
inhibit the apoptosis of osteoblasts and induce proliferation, thus maintaining an active pool of
osteoblasts within bone (Carpio et al. 1999; Grey et al. 2002). S1P induces proliferation in
osteoblasts by activating the ERK signalling pathway and inhibits apoptosis by promoting PI3K
signalling (Carpio et al. 1999; Grey et al. 2002). Furthermore, it has been demonstrated in vitro that
S1P can enhance the differentiation and mineralisation of MSC-derived osteoblasts and the
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mineralisation of primary calvarial osteoblasts (Pederson et al. 2008; Lotinun et al. 2013; Keller et
al. 2014). The enhanced mineralisation of calvarial osteoblasts was induced by S1P binding to
S1PR1 and S1PR3 (Lotinun et al. 2013; Keller et al. 2014); the downstream effects of activating
these receptors was not investigated so it is not known which signalling pathways mediate this
effect. Collectively these finding suggest that S1P is pro-bone formation.
S1P can elicit its signalling affects both intracellularly and extracellularly. To date only two
fully validated bona fide intracellular targets of S1P have been identified; S1P can inhibit the activity
of histone deacetylase 1/2 in the nucleus thus regulating epigenetic changes (Hait et al. 2009) and
activate the E3 ubiquitin ligase activity of TNFα receptor-associated factor 2 (TRAF2) in the
cytoplasm downstream of TNFα stimulation (Alvarez et al. 2010). S1P exported from cells is found
at high nM concentrations in human plasma (Ohkawa et al. 2008) where it binds lipoproteins (HDL,
LDL & VLDL) and albumin (Levkau, 2013). S1P released extracellularly can also act in an
autocrine or paracrine fashion by activating five G-protein coupled receptors termed S1PR1-5,
which is known as “inside-out” signalling (Strub et al. 2010). The majority of S1P signalling effects
described to date are attributed to S1P binding to the S1PRs. Many studies have employed
exogenous S1P to investigate both the intracellular and extracellular roles of S1P (Sato et al. 1997;
Van Brocklyn et al. 1998).
The differential expression of S1PRs in different tissues and the coupling of these
receptors to diverse α-subunits of heterotrimeric G proteins, including Gαi, Gαq and Gα12/13
proteins, can explain the diverse signalling potential of S1P (Strub et al. 2010). S1PR1 is coupled
only to Gαi, S1PR2 and S1PR3 are coupled to Gαi, Gαq and Gα12/13, and S1PR4 and S1PR5 are
coupled to Gαi and Gα12/13 (Aarthi et al. 2011). As illustrated in Figure 1.11, signalling through Gαi
leads to the activation of Ras/ERK and PI3K/Akt pathways, Gαq signalling primarily activates
phospholipase C/PKC and Gα12/13 promotes Rho/ROCK signalling (O'Sullivan & Dev, 2013). The
activation of the Ras/ERK and PI3K/Akt pathways are thought to mediate the proliferation and procell survival effects of S1P, whereas the activation of Rho/ROCK signalling is believed to regulate
changes in cytoskeletal structure downstream of S1P (Hannun & Obeid, 2008). Like ceramide, S1P
can also regulate the activity of the p38 MAPK signalling pathway and the activation of ERM
proteins; see sections 1.11.1 and 1.11.2 for an overview of how S1P regulates these pathways.
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Figure 1.11. Signalling pathways activated by S1P/S1PRs | The binding of S1P to a S1PR can
lead to the activation of Gαi, Gαq or Gα12/13 proteins, depending on which S1PR is activated and
which G-protein it is coupled to. Gαi, can activate the PLC-PKC pathway, Gαq can activate RasERK and PI3K-Akt signalling and can activate Rho-ROCK responses.

Based on the information presented above with regards to S1P in cellular functions, links
between S1P and the initiation of vascular calcification can be drawn. Given that S1P can enhance
the osteogenic-differentiation of MSCs and increase the rate of osteoblast-mediated matrix
mineralisation, S1P may also promote VSMC osteogenic differentiation and matrix mineralisation.
Thus S1P may be a promoter of vascular calcification. However, the addition of exogenous S1P
can prevent apoptosis induced by increases in ceramide (Cuvillier et al. 1996) and promote the
activation of pro-cell survival pathways such as ERK and Akt signalling (Hannun & Obeid, 2008).
Therefore, S1P may acts as an inhibitor of vascular calcification by preventing the induction of
apoptosis. Additionally, many of the downstream signalling pathways activated by S1P, such as
ERK, Akt, ROCK, PKA, p38 MAPK and ERM proteins, are differentially regulated during VSMC
matrix mineralisation (see section 1.6), further suggesting that S1P may regulate this pathological
process. Thus, it appears that S1P has the potential to regulate vascular calcification but whether it
acts as a promoter or inhibitor remains to be seen.
1.11 Downstream signalling pathways of ceramide and S1P and their potential roles in
vascular calcification
The p38 MAPK signalling pathway and the ERM family of signalling proteins have potential
links to the initiation of vascular calcification (see section 1.6.4). Both these signalling pathways
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can also be regulated by ceramide and S1P. Thus, ceramide and S1P may regulate vascular
calcification through modulating these signalling pathways. Outlined below are how these signalling
pathways are activated and the molecular mechanism through which ceramide and S1P regulate
their activation.
1.11.1 Regulation of the p38 MAPK signalling pathway by ceramide and S1P
In response to cellular stress in a variety of forms, such as inflammatory cytokines (TNFα),
UV light, oxidative stress, heat and osmotic shock, the p38 MAPK signalling pathway becomes
activated (Cuadrado & Nebreda, 2010). Given that TNFα and oxidative stress are two promoters of
vascular calcification it is no surprise that the p38 MAPK signalling pathway has been implicated in
the initiation of VSMC matrix mineralisation (see section 1.6.4). In mammals four p38 MAPK
isoforms exists and they are termed α, β, γ and δ; each isoform is a product of a distinct gene (Han
et al. 1994; Jiang et al. 1996; Lechner et al. 1996; Jiang et al. 1997). The kinase activities of the
p38 MAPK isoforms are activated by the dual phosphorylation of Thr and Tyr in the conserved ThrPro-Tyr sequence found in the activation loop (Raingeaud et al. 1995). The dual phosphorylation of
the activation loop induces a conformational re-organisation that facilitates substrate binding
(Canagarajah et al. 1997). The kinases responsible for p38 MAPK phosphorylation are termed
mitogen-activated protein kinase kinases or MKKs for short. The MKKs are activated by
phosphorylation at two Ser/Thr sites in their activation loop and this is mediated by the MKK
kinases, termed MAP3Ks (Cuadrado & Nebreda, 2010). A wide variety of MAP3Ks have been
identified that eventually lead to p38 MAPK phosphorylation and they include TAK1, ASK1, MLK3
and MEKK4 (see review by Zarubin & Han, (2005) for more details). The binding of Rac1, Cdc42 or
RhoA activates the MAP3Ks (Cuevas et al. 2007). See Figure 1.12 for an illustration of the p38
MAPK signalling pathway.
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Figure 1.12. Activation of p38 MAPK signalling | p38 MAPK is dual phosphorylated downstream
of MAP3K and MKK3/6 in response to stimuli such as UV light, heat and TNFα. Phosphorylated
p38 MAPK can activate the kinase activity of MK2, resulting in HSP27 phosphorylation.
Phosphorylated p38 MAPK also activates transcription factors and protein kinases. Adapted from
information in Zarubin & Han, 2005.
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Three MKKs are known to phosphorylate the p38 MAPK isoforms. MKK6 is capable of
phosphorylating all of the p38 MAPK isoforms, MKK3 can phosphorylate all but the p38β isoforms
and MKK4 can only phosphorylate the p38α isoform (Jiang et al. 1997; Enslen et al. 1998; Brancho
et al. 2003). The specific MKK that leads to p38 MAPK phosphorylation is not only controlled by the
stress stimuli (Remy et al. 2010), but also the cell type, as the expression levels of MKK3, MKK4
and MKK6 differ between different cell types (Alonso et al. 2000; Brancho et al. 2003). Several
protein phosphatases have been identified that can de-phosphorylate the p38 MAPK isoforms and
they include the serine/threonine phosphatases PP2A and PP2C, and tyrosine phosphatases such
as protein tyrosine phosphatase SL and striatal enriched tyrosine phosphatase (Cuadrado &
Nebreda, 2010). The activity of p38 MAPK can also be regulated by a family of dual-specific
phosphatases that de-phosphorylate both the phospho-threonine and phospho-tyrosine residues
on the activation loop, examples include of MKP-1, MKP-2 and MKP-5 (Owens & Keyse, 2007).
Once activated the p38 MAPKs can go on to phosphorylate numerous target proteins both
in the cytoplasm and the nucleus (Raingeaud et al. 1995). The classes of proteins activated by p38
MAPKs include transcription factors, kinases such as MAPK-activated protein kinase 2 (MK2) and
3 (MK3), phosphatases, cytoskeletal proteins and translational machinery proteins (see review by
Cuenda & Rousseau, (2007) for specific details). Given the fact that p38 MAPK can phosphorylate
a wide-range of proteins a number of cellular outcomes can occur following activation; the exact
outcome that is elicited depends on both the cell type and the activating stimulus (Wada &
Penninger, 2004). Thus, the cellular responses to p38 MAPK activation can be varied and
complicated. For example, the activation of p38 MAPK has been shown to induce apoptosis and
growth arrest (Ichijo et al. 1997; Dmitrieva et al. 2002; Porras et al. 2004; Dolado et al. 2007) as
well as cell survival and enhanced cell growth (Park et al. 2002; Juretic et al. 2001). As the p38
MAPK signalling pathway can regulate apoptosis links between this pathway and vascular
calcification can be drawn as apoptosis is a major promoter of VSMC matrix mineralisation.
Ceramide was first implicated in regulating the p38 MAPK pathway when it was shown in
COS7 cells that C2 ceramide could activate the kinase activity of TAK1, a MAP3K (Shirakabe et al.
1997). Further studies in Jurkat T cells demonstrated that C2 ceramide activates ASK1, an
additional MAP3K, and in-turn leads to the phosphorylation of p38 MAPK (Chen et al. 2008b).
Other studies in a wide range of cell types, including VSMCs, have also shown that exogenous C2
and C6 ceramide lead to the phosphorylation of p38 MAPK (Loidl et al. 2004; Liao et al. 2013;
Zhang et al. 2007). Increases in endogenous ceramide at the plasma membrane, mediated by
neutral SMase activity following TNFα treatment, also lead to the phosphorylation of p38 MAPK in
human alveolar epithelial cells (Chen et al. 2001). The exact mechanism by which ceramide
induces p38 MAPK phosphorylation is unknown. In contrast to the above findings, the treatment of
RBL-2H3 cells with the same concentration of C2 ceramide for similar periods of time did not result
in p38 MAPK phosphorylation (Kitatani et al. 2001). Furthermore, it has also been reported that
ceramide accumulation can lead to the de-phosphorylation, rather than the phosphorylation of p38
MAPK. When cells were treated with 4β-phorbol 12-myristate 13-acetate, ceramide was generated
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through the salvage pathway and this led to the activation of PP1 and PP2A, which subsequently
de-phosphorylate p38 MAPK (Kitatani et al. 2006; Kitatani et al. 2009). A further study has
supported this mechanism because C16 ceramide can bind to the PP2C isoform and cause p38
MAPK de-phosphorylation in vitro (Perry et al. 2012). The subcellular location of an increase in
ceramide may mediate whether this bioactive sphingolipid induce p38 MAPK phosphorylation or
de-phosphorylation, as ceramide produced at the plasma membrane led to phosphorylation
whereas ceramide produced through the salvage pathway led to de-phosphorylation. Therefore like
the p38 MAPK pathway itself, the regulation of p38 MAPK phosphorylation by ceramide is complex
and appears to be dependent on the source of ceramide.
S1P has also been implicated in the control of the p38 MAPK signalling pathway. For
example, the stimulation of VSMCs with exogenous S1P leads to the phosphorylation of p38 MAPK
and its downstream targets, MK2 and heat shock protein 27 (HSP27) (Kozawa et al. 1999a; Fegley
et al. 2003). These studies also showed that S1P was likely to be acting as a secondary
messenger through one of the S1PR as treatment with pertussis toxin, an inhibitor of Gαi subunits
of heteromeric G proteins, prevented the S1P-induced phosphorylation of p38 MAPK (Kozawa et
al. 1999b; Fegley et al. 2003). Exactly which S1PR is mediating this effect is unknown but S1PR4
and S1PR5 can be ruled out as they are not expressed by VSMCs (Fegley et al. 2003). The
mechanism through which the S1PRs lead to p38 MAPK phosphorylation is not understood but it
has been demonstrated in VSMCs that S1P binding to the S1PRs leads to the activation of RhoA
(Coussin et al. 2002; Lockman et al. 2004). As RhoA is an upstream target of p38 MAPK, the
S1PRs could be initiating the signalling pathway in this manner.
1.11.2 Regulation of the ERM protein family by ceramide and S1P
The mammalian ERM proteins are derived from separate chromosomes but are all highly
homologous with each other (Arpin et al. 2011). All of the ERM proteins are characterised by the
presence of a ~300 amino acid N-terminal FERM domain followed by a highly α-helical region and
a ~100 amino acid C-terminal ERM associated domain (C-ERMAD) (Fehon et al. 2010). When the
ERM proteins are activated the FERM domain binds to the plasma membrane and the C-ERMAD,
containing a 30 amino acid F-actin binding site, interacts with the actin cytoskeleton (Algrain et al.
1993). The ERM proteins therefore link the actin cortical cytoskeleton to the plasma membrane and
they have been implicated in cell morphology, cell polarization and the formation of membrane
protrusions (Fehon et al. 2010). In addition to linking the plasma membrane to the actin
cytoskeleton the ERM proteins can also act as scaffolding proteins. For example, the activated
FERM domains of ERM proteins can bind to the scaffolding protein, ERM-binding phosphoprotein
50, which in turn binds to other membrane proteins including signalling receptors, such as plateletderived growth factor receptor and epidermal growth factor receptor (Fehon et al. 2010). The active
ERM proteins can also directly regulate signalling molecules as it has been demonstrated in
mammary carcinoma cells that ERM phosphorylation is required for ERK and Akt activation (Elliott
et al. 2005).
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The activation of the ERM proteins is regulated by their conformational state (Figure 1.13).
In their cytosolic inactive state, the ERM proteins are monomeric and their FERM domains interact
with their own C-ERMADs, forming a closed “locked” conformation that masks the F-actin binding
site of the C-ERMAD and the membrane-binding region of the FERM domain (Bretscher et al.
2002). Upon activation, the ERM proteins are phosphorylated on threonine residues found in their
C-ERMAD domains (ezrin – Thr567, radixin – Thr564 & moesin – Thr558), which result in an open
conformation and allows the FERM domain to bind with phosphatidylinositol 4,5-bisphosphate at
the plasma membrane and the F-actin binding site to interact with the actin cortical cytoskeleton
(Bretscher et al. 2002). Several kinases have been discovered that can phosphorylate ERM
proteins on these regulatory Thr residues and they include PKCα, ROCK and nuclear factor-kappa
B inducing kinase (Adada et al. 2014). Studies have also shown that the ERM proteins can become
de-phosphorylated at their regulatory threonine residues by the actions of myosin phosphatase
(Fukata et al. 1998) and the tyrosine phosphatase, PRL-3 (Forte et al. 2008).
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Figure 1.13. Activation of ERM proteins | In the inactive “closed” conformation the FERM and CERMAD of the ERM proteins interact with each other. The activation of ERM proteins is induced by
phosphorylation (P) of the C-ERMAD downstream of PKCα and ROCK, which results in the active
“open” formation. The FERM of the active ERM protein can interact with phosphatidylinositol 4,5bisphosphate (PIP2) at the plasma membrane and the C-ERMAD can bind to the cortical actin
cytoskeleton. This results in signal transduction and changes in cytoskeleton structure. Adapted
from Adada et al. 2014.

Sphingolipids were first implicated in the regulation of ERM proteins in 2008. It was noted
that when the chemotherapeutic agent, cisplatin, was administered to MCF-7 cells an increase in LSMase activity and total ceramide was observed, as was the de-phosphorylation of ezrin and its relocation from the plasma membrane to the cytosol (Zeidan et al. 2008a). The addition of
exogenous C16 ceramide to MCF-7 cells and the treatment of the cells with bacterial SMase also
led to ezrin de-phosphorylation, further implicating ceramide in this effect (Zeidan et al. 2008a).
Further studies using HeLa cells confirmed that it was an increase in ceramide and not a decrease
in sphingomyelin that was causing ezrin de-phosphorylation (Canals et al. 2010). Interestingly,
ceramide induces ezrin de-phosphorylation in MCF-7 cells by activating PP2A (Zeidan et al.
2008a), whereas in HeLa cells PP1α is activated by ceramide leading to ezrin de-phosphorylation

51!
!

(Canals et al. 2012). Therefore in different cell types ceramide de-phosphorylates ezrin through
alternative mechanisms.
S1P can also regulate ERM proteins, but in contrast to ceramide, an increase in S1P levels
in HeLa cells led to the hyper-phosphorylation of ERM proteins (Canals et al. 2010). S1P levels
were increased in these cells by the addition of exogenous S1P or the combination of bacterial
SMase and bacterial CDase, which resulted in S1P accumulation (Canals et al. 2010). Thus,
ceramide and S1P have opposing effects on ERM protein phosphorylation. Further research in
HeLa cells demonstrated that exogenous S1P causes a dose-dependent hyper-phosphorylation of
ERM proteins and this was mediated specifically through S1PR2 (Orr Gandy et al. 2013; Gandy et
al. 2013). Epidermal growth factor also induces the hyper-phosphorylation of ERM proteins (Gandy
et al. 2013). In two recent study it was demonstrated that epidermal growth factor causes ERM
hyper-phosphorylation by increasing SK2 but not SK1 activity, which results in increased S1P
levels and the activation of S1PR2 (Gandy et al. 2013; Adada et al. 2015). The mechanism through
which the activation of S1PR2 leads to an increase in ERM phosphorylation is as of yet, unclear.
1.12 Regulation of ceramide levels
As the preceding sections have provided a strong argument for the potential of ceramide to
regulate vascular calcification (see section 1.10.1), it is important to understand in detail how the
levels of this bioactive sphingolipid are controlled. Discussed below are the pathways and enzymes
that lead to ceramide accumulation and how they are regulated.
As stated above in section 1.9, ceramide can be generated by the action of the CerS
enzymes, which add a fatty acid chain to (dihydro)sphingosine in the de novo and salvage
pathways (Figure 1.8). The CerS enzymes are primarily located at the ER, which is also the
location of the de novo pathway and the ceramide generation step of the salvage pathway, but
evidence also suggests they are present at mitochondria and mitochondrial associated membranes
(Hirschberg et al. 1993; Bionda et al. 2004). To date six CerS have been identified and each has a
preference for incorporating a particular acyl-chain length at the free amine group of
(dihydro)sphingosine to generate (dihydro)ceramide (Grösch et al. 2012). Each of the CerS also
has a unique tissue distribution with CerS1 being highly expressed in skeletal muscle but is not
detectable in kidney, liver, heart or spleen tissue; conversely, CerS2 is highly expressed in kidney,
liver, heart and spleen tissue but is not expressed in skeletal muscle (Mullen et al. 2012). Increases
in ceramide levels mediated by the CerS can result in apoptosis and this has been shown to occur
following stimulation with TNFα or treatment with the chemotherapeutic agent, daunorubicin (Bose
et al. 1995; Xu et al. 1998). Ceramide produced through the de novo pathway induces apoptosis
through activating the Raf/ERK signalling cascade (Blázquez et al. 2000). As the CerSs were not
directly investigated in this PhD study their individual roles and activations will not be elaborated
upon herein; for more information on the individual CerS see the review by Mullen et al. (2012).
Ceramide levels can also be increased in cells by the sphingomyelinases, which cleave the
phosphodiesterase bond of sphingomyelin to yield ceramide and phosphocholine (Figures 1.8 &
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1.9). Several sphingomyelinase isoforms have been identified and they are classified based upon
their pH optima being acid, neutral or alkaline. As alkaline sphingomyelinase is found in the
intestinal tract and bile and is thought to play a role in the dietary digestion of sphingomyelin (Duan,
2006), it was not investigated in this PhD study, as it is highly unlikely to have a role in VSMC
matrix mineralisation. Outlined in the next sections are the functions of the acid and neutral
sphingomyelinase enzymes, and how they may play a role in the initiation of vascular calcification.
1.13 Acid sphingomyelinases
The gene encoding human acid sphingomyelinase (aSMase) was first identified in 1992
and termed sphingomyelin phosphodiesterase 1, SMPD1 (Schuchman et al. 1992). Deficiency of
aSMase activity leads to Niemann-Pick disease (Schuchman, 2009); in human patients and murine
models of Niemann-Pick disease (Smpd1 knockout mice) the pathology is characterised by an
accumulation of sphingomyelin in lysosomes leading to neurodegeneration and premature death
(Horinouchi et al. 1995; Schuchman, 2009). The SMPD1 gene can give rise to two distinct
enzymes, L-SMase and S-SMase, which are both Zn

2+

dependent for activity and arise by

alternative processing of a common aSMase precursor protein (Schissel et al. 1996); see below for
more details. The L-SMase enzyme is predominantly found in lysosomes and S-SMase is found
extracellularly (Jenkins et al. 2009). The optimum pH for both L-SMase and S-SMase activity in
vitro is ~5.0 (Spence et al. 1989; van Diggelen et al. 2005).
The aSMase mRNA transcript gives rise to the 75 KDa acid sphingomyelinase pre-propeptide that contains an N-terminal ER signal sequence, which results in co-translational
translocation of the peptide into the ER (Ferlinz et al. 1994). During the introduction of the aSMase
pre-pro-polypeptide into the ER the signal sequence of the peptide is removed to produce the 72
KDa aSMase pro-peptide (Hurwitz et al. 1994). The aSMase pro-peptide is glycosylated at either 5
or 6 N-glycosylation sites in the Golgi (Figure 1.14), which are required for protection from enzyme
degradation, mature enzyme formation and catalytic activity (Ferlinz et al. 1997; Lansmann et al.
2003; Newrzella et al. 1996; Lansmann et al. 1996). The N-glycans are also used for trafficking
(Figure 1.1.4). The N-glycans on the aSMase pro-protein destined to become L-SMase are
modified

to

produce

mannose

6-phosphate

residues,

which

target

the

peptide

to

endosome/lysosomes through the mannose 6-phosphate receptor shuttle vesicle system (Hurwitz
et al. 1994; Schissel et al. 1998). Alternatively, the N-glycans on the aSMase pro-protein are
modified to produce a “complex” N-glycan structure, which directs the pro-peptide through the
default Golgi secretory pathway and generates extracellular S-SMase (Schissel et al. 1998).
Extracellular S-SMase is termed “Zn

2+

dependent” as the enzyme is segregated from Zn

secretory pathway (Figure 1.14) and requires exogenous Zn

2+

2+

in the

for enzyme activity (Schissel et al.

1998). The final maturation of L-SMase occurs in the in endosomes/lysosomes (Figure 1.14) and
involves the C-terminal cleavage of the L-SMase pro-peptide to generate a protein of 65 KDa
(Jenkins et al. 2011). Previous studies also demonstrated that a 52 KDa form of mature L-SMase if
found in endosomes/lysosomes (Hurwitz et al. 1994) but the study by Jenkins et al. (2011)
demonstrated that this was an inactive form of mature L-SMase generated by a leupeptin sensitive
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protease (Figure 1.14). The final maturation of S-SMase from the S-SMase pro-peptide is not
known but previous studies have reported extracellular S-SMase to have a molecular weight of 57
KDa, which suggest that some form of cleavage is occurring (Hurwitz et al. 1994; Ferlinz et al.
1994). Studies have also reported mature S-SMase to have a molecular weight of 75 KDa, which
may suggest that 57 KDa S-SMase is an inactive breakdown product (Hurwitz et al. 1994; Ferlinz
et al. 1994; Jenkins et al. 2010).
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Figure 1.14. Processing and maturation of L-SMase and S-SMase | The 72 KDa pro-acid
sphingomyelinase (aSMase) peptide is transported to the Golgi where it becomes N-glycosylated.
Pro-aSMase destined to become L-SMase has its N-glycans modified to produce mannose 6phosphate residues, which targets the peptide to endo-lysosomes where it is cleaved to produce
2+
the mature L-SMase protein of 65 KDa. Mature L-SMase encounters and tightly binds Zn in endolysosomes for enzyme activation; the mature protein can also be degraded in this compartment to
produce an inactive 52 KDa protein. Pro-aSMase destined to become S-SMase has complex Nglycans and is secreted from the cell as either a 75 or 57 KDa protein. Adapted from Jenkins et al.
2011.

1.13.1 Activation and roles of L-SMase and S-SMase
The use of cells isolated from Smpd1 knockout mice or patients with Niemann-Pick
disease have demonstrated that stress inducing agents, such as ionising and UV radiation, TNFα
stimulation and the ligation of the Fas receptor, increase aSMase activity (Cifone et al. 1994;
Santana et al. 1996; Lozano et al. 2001; Zeidan et al. 2008b). However, as these methods do not
discriminate between the L-SMase and S-SMase enzymes, which specific enzyme is required for
these increases is unknown. The activation of aSMase activity by these stress stimuli leads to the
induction of apoptosis (Cifone et al. 1994; Santana et al. 1996; Lozano et al. 2001; Zeidan et al.
2008b). This is inferred upon the finding that if aSMase is genetically deficient (as in cells from
Smpd1 knockout mice or patients with Niemann-Pick disease) cells become more resistant to
stress-induced apoptosis. The mechanisms that are involved in increasing aSMase activity in
response to stress stimuli are poorly understood but post-translational modifications of L-SMase
have been proposed. It was demonstrated in MCF-7 cells that UV radiation leads to the PKCδ
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mediated phosphorylation of L-SMase at Ser508, this is accompanied by an increase in aSMase
activity and the translocation of L-SMase from endo-lysosomes to the extracellular side of the
plasma membrane (Zeidan et al. 2008a). The addition of siRNA against PKCδ or the over
expression of the dominant negative Ser506Ala mutant prevented increases in ceramide levels and
the induction of apoptosis following UV radiation (Zeidan et al. 2008a). Additional experiments are
required to confirm this mechanism as it is not known how L-SMase exits the cell or how the
cytosolic PKCδ enters the endo-lysosome to phosphorylate L-SMase.
A specific role for L-SMase in ceramide-induced apoptosis has been proposed as an
accumulation of ceramide in lysosomes activates cathepsin D and the subsequent induction of
apoptosis (see section 1.10.1). Further supporting this, the inhibition of L-SMase activity with the
2+

tricyclic anti-depressants, desipramine and imipramine, prevented TNFα- and Cu -induced
apoptosis in primary rat hepatocytes (Osawa et al. 2005; Lang et al. 2007). However, caution must
be taken when interpreting these results as it has recently been demonstrated that desipramine
can inhibit ACDase activity as well as L-SMase activity (Elojeimy et al. 2006; Zeidan et al. 2006).
Thus, the net effect of using desipramine is a disruption of the ceramide salvage pathway. The
salvage pathway is critical as it can lead to increases in both ceramide and S1P levels (see section
1.9). Given the strong association between apoptosis and the induction of vascular calcification
(see section 1.5.3), it is possible that L-SMase may play a role in the initiation of this pathological
process by inducing apoptosis.
Specific roles for S-SMase have also been assigned and the area that has received the
most attention is the formation of atherosclerotic plaques. The action of S-SMase on low density
lipoprotein (LDL) bound sphingomyelin leads to ceramide enriched, which leads LDL aggregation,
sub-endothelial retention and foam cell formation, hallmarks of atherosclerosis (Jenkins et al.
2009). Animal studies also support a role for S-SMase in the induction of atherosclerosis; when
Smpd1-null mice are crossed with either atherosclerosis-prone LDLR-null or apolipoprotein E-null
mice decreases in atheroma formation are observed when compared to mice on LDLR-null or
apolipoprotein E-null backgrounds (Devlin et al. 2008). As intimal calcification is exclusively found
in areas of atherosclerosis links between S-SMase and vascular calcification can be formed. In
addition to its role in serum, S-SMase can also act in an autocrine or paracrine fashion and
increase ceramide levels on the extracellular side of the plasma membrane. Thus, S-SMase may
also contribute to the initiation of vascular calcification by increasing ceramide levels, which have
the potential to induce apoptosis and promote VSMC matrix mineralisation.
1.14 Neutral sphingomyelinases
2+

To date, four distinct mammalian Mg -dependent nSMase isoforms with in vitro enzymatic
activity at an optimum pH of ~7.0 have been identified; nSMase1 from the SMPD2 gene (Tomiuk et
al. 1998), nSMase2 from the SMPD3 gene (Hofmann et al. 2000), nSMase3 from the SMPD4 gene
(Krut et al. 2006), and most recently the mitochondrial-associated nSMase (MA-nSMase) from the
SMPD5 gene (Wu et al. 2010). For clarity, when nSMase activity is referred to as a whole the
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abbreviation N-SMase is used. With the exception of nSMase1, the addition of anionic
phospholipids, such as phosphatidylserine, to in vitro enzyme activity assays increases the
enzymatic activity of the individual nSMase isoforms (Tomiuk et al. 2000; Marchesini et al. 2003;
Krut et al. 2006; Wu et al. 2010). It was revealed in nSMase2 that anionic phospholipids bind to the
protein at two discrete positively charged sites (Figure 1.15) and regulate not only enzymatic
activity but also substrate affinity (Wu et al. 2011). Apart from nSMase3, all nSMase isoforms
possess a strongly conserved “catalytic core” (Figure 1.15), suggesting a common catalytic
mechanism (Clarke et al. 2006). However, the overall homologies between the different nSMases
are low (Clarke et al. 2011a). All the nSMase isoforms also contain either transmembrane or
hydrophobic domains (Figure 1.15), which are required for membrane integration, subcellular
localisation and enzyme activity (Airola & Hannun, 2013). The activity of N-SMase can be inhibited
by GW4869, a non-competitive inhibitor with an in vitro IC50 value of 1 µM (Luberto et al. 2002). A
previous review has described GW4869 as an nSMase2-sepcific inhibitor (Airola & Hannun, 2013),
however, when nSMase1 and nSMase3 were treated with 10 µM GW4869 in vitro, ~66% and ~
68% decreases in sphingomyelin hydrolysis were observed, respectively (Chipuk et al. 2012),
demonstrating that nSMase1-3 can all be inhibited by GW4869. The effect of GW4869 on MAnSMase activity has not been reported.

nSMase1

nSMase2

Catalytic core

47.6 KDa (423 A.A.)

Catalytic core

Collagen-like domain

71 KDa (655 A. A.)

nSMase3
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(866 A. A.)

MA-nSMase
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Transmembrane domain

Anionic phospholipid
binding site

53.8 KDa (483 A. A.)

Hydrophobic domain
Palmitoylation site

Phosphorylation site

Mitochondrial localisation signal

Figure 1.15. Domain structures and post-translational modifications of the nSMase isoforms
| All molecular weights correspond to human proteins, with the exception of MA-nSMase, which
corresponds to the murine protein. Adapted from Airola & Hannun, 2013.

1.14.1 Roles, activation and localisation of nSMase1
nSMase1 is ubiquitously expressed in murine tissue and was the first mammalian nSMase
to be identified and cloned based on sequence homology to bacterial sphingomyelinases (Tomiuk
et al. 1998; Tomiuk et al. 2000). Although nSMase1 has in vitro sphingomyelinase activity initial
studies over expressing the protein found that cells did not have increased total ceramide levels or
decreased sphingomyelin (Tomiuk et al. 1998; Sawai et al. 1999). Furthermore, nSMase1 knockout
mice have no apparent phenotype or changes in sphingolipid metabolism when lipid levels are
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measured using high-performance thin-layer chromatography (Zumbansen & Stoffel, 2002).
However, in spite of these findings the over expression of nSMase1 in MCF-7 cells did result in
slight increases in certain ceramide species when lipid levels were measured using the highly
sensitive high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS)
method (Clarke et al. 2011b); suggesting that nSMase1 may have subtle functions. Indeed, it has
been demonstrated that knockdown of nSMase1 by siRNA prevents ceramide accumulation in Tcell hybridomas, Jurkat T cells and zebrafish embryonic cells in response to apoptotic stimuli
(Tonnetti et al. 1999; Yabu et al. 2008; Yabu et al. 2015). Moreover, a recent study has
demonstrated that nSMase1 requires JNK mediated phosphorylation of Ser270 for enzymatic
activation (Yabu et al. 2015); suggesting that the over expression of nSMase1 in the absence of
phosphorylation may not lead to in vivo activity. In the same study it was demonstrated that heat
shock, UV exposure, treatment with H2O2 or stimulation with an anti-Fas antibody all increase
nSMase1 phosphorylation in a JNK dependent manner in Jurkat T cells, which led to increased
ceramide and the initiation of apoptosis (Yabu et al. 2015). Given that apoptosis is a promoter of
VSMCs matrix mineralisation (see section 1.5.3), nSMase1 may have a role in this pathological
process by initiation cell death.
The subcellular localisation of nSMase1 has also been investigated. In cells over
expressing nSMase1, the protein co-localised with ER and Golgi markers in multiple cell types
(Fensome et al. 2000; Rodrigues-Lima et al. 2000; Tomiuk et al. 2000; Yabu et al. 2008). However,
in rat hepatoma cells endogenous nSMase1 was predominantly found in the nucleus, although
over expressed nSMase1 was again found in the ER (Mizutani et al. 2001); suggesting that over
expression may affect protein localisation.
1.14.2 Roles, activation and localisation of nSMase2
In mice the highest expression of nSMase2 is detected in bone and brain tissue (Hofmann
et al. 2000; Khavandgar et al. 2011; Qin et al. 2012). Of the nSMase isoforms, nSMase2 has
emerged as the main candidate for stress-induced ceramide accumulation. A recent study in MCF7 cells has demonstrated that TNFα increases the activity of over expressed nSMase2, but not
over expressed nSMase1 or nSMase3 (Clarke et al. 2011b). In addition, in response to oxidative
stress in the form of H2O2 and cigarette smoke, nSMase2 is the major nSMase isoform activated in
lung epithelial cells (Levy et al. 2006; Levy et al. 2009). The phosphorylation of nSMase2 in
response to TNFα and H2O2 has been shown to increase enzymatic activity (Clarke et al. 2007;
Clarke et al. 2008b; Filosto et al. 2010). Through the use of anisomycin and phorbol esters
phosphorylation of nSMase2 was proposed to be downstream of p38 MAPK and PKCδ in response
to TNFα stimulation (Clarke et al. 2007; Clarke et al. 2008b; Filosto et al. 2010). Calcineurin has
been identified as a phosphatase capable of dephosphorylating nSMase2 and decreasing its
activity (Filosto et al. 2010). A recent investigation has determined that five conserved serine
residues are phosphorylated on nSMase2 (Figure 1.15), the phosphorylation state of these
residues controls both enzymatic activity and protein stability (Filosto et al. 2012). Furthermore, the
stimulation of nSMase2 activity with TNFα or H2O2 causes the translocation of the nSMase2 from
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the Golgi to the plasma membrane, suggesting that trafficking is an additional regulatory
mechanism (Clarke et al. 2007; Levy et al. 2006; Milhas et al. 2010). At the plasma membrane,
nSMase2 has been demonstrated to localise to the inner leaflet, with the two N-terminal
hydrophobic domains (Figure 1.15) integrating into the membrane but not spanning it (Tani &
Hannun, 2007a). nSMase2 is also palmitoylated at two cysteine clusters (Figure 1.15), which aid
with plasma membrane localisation but do not regulate enzymatic activity (Tani & Hannun, 2007b).
Given that TNFα and H2O2 are major drivers of VSMC matrix mineralisation (see section 1.5), it is
possible that nSMase2 is being activated during the initiation of vascular calcification. Thus, there
is potential that nSMase2 regulates this pathological process through increasing ceramide levels.
The development of the Smpd3 knockout mouse has led to additional insights into the
physiological roles of nSMase2. Stoffel and co-workers developed the nSMase2 knockout mouse
in 2005 by disrupting exon 1 of the Smpd3 gene. The knockout mouse lost the majority of N-SMase
activity confirming that nSMase2 is an important physiological N-SMase (Stoffel et al. 2005). What
was most striking about the investigation was the embryonic and juvenile dwarfism phenotype seen
in the nSMase2 knockout mice. Growth retardation was most visibly seen in the skeleton with the
long bones shown to have a short stature and multiple deformations (Stoffel et al. 2005). Further
investigation of the knockout mouse found that although there were defects in the formation of long
bones, no defects were found in bone mineralisation (Stoffel et al. 2007). The investigation also
revealed that nSMase2 deficiency in the hypertrophic chondrocytes of long bones was responsible
for the phenotype as chondrocyte-specific expression of nSMase2 using the Col2A1 promoter
completely reversed the phenotype in nSMase2 knockout mice (Stoffel et al. 2007).
The role of nSMase2 in skeletal development was further emphasised by an additional
investigation in 2005. A mouse model of impaired skeletal development, the fro/fro mouse, has
short stature and bone defects and was found to have a deletion in the Smpd3 gene; the deletion
removed 33 amino acids at the C-terminus of the protein and resulted in a complete loss of
nSMase2 enzymatic activity (Aubin et al. 2005; Khavandgar et al. 2011). Morphological,
radiological and biological studies of the fro/fro mouse revealed that cartilage, collagen and bone
matrix formation were normal but the matrix of developing bones was severely under-mineralised
(Sillence et al. 1993; Khavandgar et al. 2011). A recent investigation demonstrated that the
mutated Smpd3 in the fro/fro mouse is the sole cause of the observed skeletal phenotype
(Khavandgar et al. 2011). This study also characterised the skeletal phenotype of the fro/fro mouse
and found that the deficient nSMase2 causes a delay of apoptosis in hypertrophic chondrocytes
and significantly reduces osteoblast mediated-matrix mineralisation (Khavandgar et al. 2011). The
study went on to demonstrate that the Col1A1-driven osteoblast specific expression of nSMase2 in
fro/fro mice restored N-SMase activity in osteoblasts and reversed the fro/fro phenotype
(Khavandgar et al. 2011). The overall conclusion that can be drawn from this study is that
nSMase2 activity in osteoblasts is required for normal bone mineralisation.
When considered together, both the nSMase2 knockout mouse and the fro/fro mouse
present strong evidence that nSMase2 plays an important role in regulating bone-development and
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formation. Both mouse models share common characteristics; short-limbed dwarfism, deformation
of long bones and abnormalities in growth plate cartilage. However, in the nSMase2 knockout
model bone mineralization defects were not observed. Khavandgar et al. (2011) put this
discrepancy down to difference in analytical methods as Stoffel et al. (2007) only measured total
bone mineral density, which is not suitable for detecting a decrease in un-mineralised bone matrix.
The main conclusion that can be draw from the two nSMase2 deficient mice is that nSMase2
activity appears to be important in the apoptosis of hypertrophic chondrocytes and osteoblast
induced mineralisation, both important process in bone development and formation. As vascular
calcification is inherent to bone mineralisation (see section 1.3), these findings further suggest that
nSMase2 and bioactive sphingolipids may be involved in the initiation of vascular calcification. In
addition, nSMase2 expression is induced by Cbfa1 (Chae et al. 2008; Kakoi et al. 2014) and
nSMase2 is enriched in calcifying MVs released from osteoblasts (Xiao et al. 2007; Thouverey et
al. 2011). As increased Cbfa1 expression and the release of calcifying MVs is associated with
VSMC matrix mineralisation, this provides further evidence that nSMase2 may modulate vascular
calcification.
1.14.3 Roles, activation and localisation of nSMase3
nSMase3 is highly expressed in human cardiac and skeletal tissue but has low levels of
expression in other tissues such as the thymus, spleen and lungs (Krut et al. 2006). In addition to
having in vitro activity, when nSMase3 was over expressed in MCF-7 cells or RKO and DLD1
human colon cancer cell lines it was capable of decreasing sphingomyelin levels and increasing
ceramide, demonstrating that the enzyme also has in vivo activity (Krut et al. 2006; Corcoran et al.
2008). nSMase3 has been proposed to be a unique member of the nSMase family as it bears little
sequence homology to the other family members and does not possess the common catalytic core
(Figure 1.15).

Whether nSMase3 has nSMase activity has also been debated as the over

expression of nSMase3 in MCF-7, HEK293 and A549 cells did not result in increased N-SMase
activity (Clarke et al. 2011b). Furthermore, an nSMase1 and nSMase2 double knockout mouse that
maintains nSMase3 expression has no detectable N-SMase activity in brain, liver or bone extracts
(Stoffel et al. 2005). However, the role of nSMase3 may be tissue specific due to its limited
expression to muscle tissue. Supporting this hypothesis, nSMase3 was shown to be the
predominant nSMase isoform in human skeletal tissue and was shown to be responsible for the
increase in N-SMase activity following TNFα stimulation (Moylan et al. 2014). Other than being
2+

Mg -dependent and having an optimum pH of 7.2 for enzyme activity (Krut et al. 2006), little is
known regarding the activation of nSMase3 activity. The subcellular localisation of nSMase3 has
been proposed to be both the ER and the Golgi, as over expressed and endogenous nSMase3 has
been shown to localise to these organelles (Krut et al. 2006; Corcoran et al. 2008; Moylan et al.
2014). As nSMase3 appears to be the main nSMase isoform expressed in muscle tissue, nSMase3
may also play key roles in VSMCs. Furthermore, as nSMase3 activity can be increased by TNFα
stimulation, a promoter of vascular calcification (see section 1.5.1), this nSMase isoform may have
a role to play in the initiation of VSMC matrix mineralisation.

59!
!

1.14.4 Roles, activation and localisation of MA-nSMase
MA-nSMase is the most recent nSMase family member to be identified and is enriched in
the testis, pancreas and brain of mice (Wu et al. 2010). Murine MA-nSMase has in vivo activity
when over expressed in HEK293 cells, as demonstrated by increased total ceramide levels (Wu et
al. 2010). As the name implies, MA-nSMase co-localises with mitochondrial markers, although ER
co-localisation was also observed (Wu et al. 2010). Further research has demonstrated that MAnSMase is located at the outer mitochondrial membrane and the protein contains an N-terminal
mitochondrial localisation signal (Rajagopalan et al. 2015). Beyond these studies, little is known
regard the roles and activation of MA-nSMase. Furthermore, the human form of MA-nSMase is yet
to be cloned and characterised. Therefore due to the lack of knowledge about this enzyme, the role
of MA-SMase will not be investigated in this study.
1.15 Regulation of S1P levels by sphingosine kinases
Like ceramide, S1P also has a number of potential links to the initiation of vascular
calcification (see section 1.10.3). The cellular levels of S1P are tightly controlled through the action
of multiple enzymes. These include the enzymes that control the levels of sphingosine, the
precursor to S1P, and the enzymes that degrade S1P, which include S1P lyase, two S1P-specific
phosphatases (SPP1 and SPP2) and non-specific lipid phosphate phosphatases (Maceyka et al.
2012). Additionally, the levels of S1P are directly controlled though the actions of the SKs, which
phosphorylate sphingosine on its primary hydroxyl group to generate S1P in an ATP-dependent
reaction (Figure 1.8). Increased enzymatic action of the SKs has been shown to increase S1P
levels in response to multiple stimuli including cytokines, growth factors and hormones (Gandy &
Obeid, 2013). The generation of S1P by the SKs also decreases the levels of pro-apoptotic
sphingosine and shifts the sphingolipid rheostat in the favour of S1P to pro-cell survival outcomes.
The roles and activations of SKs are expanded upon below, as are their potential links to vascular
calcification.
1.15.1 SK isoforms
Two distinct SK genes are found in all mammalian cells and termed SPHK1 and SPHK2,
they give rise to the SK1 and SK2 enzymes, respectively (Kohama et al. 1998; Liu et al. 2000). In
humans, both SPHK1 and SPHK2 undergo alternative splicing to produce three SK1 variants and
two SK2 variants, as illustrated in Figure 1.16 (Venkataraman et al. 2006). Even though SK1 and
SK2 differ in size (human SK1a 42.5 KDa and human SK2b 69.2 KDa) the polypeptides share 80%
similarity and 45% overall sequence identity, with almost all of SK1 being able to be align with SK2,
as shown in Figure 1.16 (Neubauer & Pitson, 2013). Both SK1 and SK2 contain five highly
conserved regions, termed C1-C5, which are found in all known eukaryotic SKs (Leclercq & Pitson,
2006). Site-directed mutagenesis studies have shown that the C1-3 regions are necessary for ATPbinding and catalysis (Pitson et al. 2002), whereas the C4 region is required for sphingosine
binding (Yokota et al. 2004). The crystal structure of SK1 was recently solved to a resolution of 2.0
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Å and demonstrated that the protein is bi-lobal; the N-lobe harbours the ATP-binding site and the
C-lobe contains the sphingosine-binding pocket, the catalytic region is found in the region between
the two lobes (Wang et al. 2013).
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Figure 1.16. Human SK1 and SK2 splice isoforms and conserved regions | The molecular
weights and the number of amino acids (A.A.) contained within each of the human SK isoforms is
shown. All SK isoforms contain five highly conserved regions (C1-5). The majority of the SK1 splice
variants align with the larger SK2 splice variants. The N-termini of the SK isoforms have 47%
amino acid sequence identity and the C-termini have 43% identity. Only the SK2 isoforms contain a
proline-rich region. NLS – nuclear localisation signal; NES – nuclear export signal. Adapted from
Venkataraman et al. 2006 and Pitson, 2011.

SK1 and SK2 are ubiquitously expressed in all human tissues but the two enzymes are
expressed at different levels in different tissues with SK1 being highly expressed in the lungs and
spleen (Melendez et al. 2000) and SK2 in the liver and heart (Liu et al. 2000). The different tissue
distribution of SK1 and SK2 suggests that the two enzymes have distinct functions; indeed,
contrasting roles of SK1 and SK2 have been reported. For example, in a murine collagen-induced
arthritis model the administration of SK1 siRNA reduced disease severity whereas the
administration of SK2 siRNA resulted in a more aggressive disease phenotype (Lai et al. 2009).
Although there are differences in the tissue distribution and physiological functions of SK1 and
SK2, some functional redundancy does exist as demonstrated by knockout mice. In SK1 or SK2
single knockout mice no apparent phenotype is observed and mice are viable and fertile (Allende et
al. 2004; Mizugishi et al. 2005). However, SK1 and SK2 double knockout mice are not viable and
die in utero due to defects in angiogenesis and neurogenesis (Mizugishi et al. 2005). The synthesis
of SK1- and SK2-selective inhibitors such as SK1-i and ABC294640, respectively, has aided in
determining the individual role of the SK isoforms (Paugh et al. 2008; French et al. 2010).
1.15.2 Roles, activation and localisation of SK1
Of the two SK enzymes, far more is known regarding the physiological role of SK1 when
compared to SK2. It was initially demonstrated that SK1 promotes cell survival and proliferation
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when the over expression of this enzyme increased DNA synthesis and protected against
apoptosis in NIH3T3 fibroblasts, HEK293 cells and Jurkat T cells (Olivera et al. 1999). Further
research demonstrated that subcutaneous injection of SK1 transfected NIH3T3 cells into
NOD/SCID mice results in tumour formation when compared to mice injected with non-transfected
NIH3T3 cells (Xia et al. 2000). Multiple studies have now confirmed that SK1 promotes cell survival
and proliferation and a considerable number of papers have shown that SK1 expression and
activity is increased in a number of solid cancers and correlates with poor patient prognosis (Pyne
et al. 2012; Maceyka et al. 2012; Orr Gandy & Obeid, 2013). As apoptosis is a promoter of VSMC
matrix mineralisation (see section 1.5.3), SK1 has the potential to inhibit vascular calcification by
preventing this cellular process from occurring.
SK1 has been demonstrated to have intrinsic catalytic activity not dependent on posttranslational modifications as the expression of recombinant SK1 in E. coli results in in vitro
enzymatic activity (Pitson et al. 2000). However, the activity of SK1 can be increased upon
stimulation with a number of agonists, including TNFα, growth factors and hormones, resulting in
increased S1P levels (Gandy & Obeid, 2013). The increased enzymatic activity of SK1 is mediated
by its phosphorylation on Ser225 by ERK, which increases enzymatic activity by 14-fold but has no
effect on its affinity for ATP or sphingosine (Pitson et al. 2003). SK1 can be dephosphorylated at
Ser225 by PP2A, which decreases enzymatic activity (Barr et al. 2008). In addition to increasing
the activity of SK1, the phosphorylation of Ser225 causes the enzyme to translocate from the
cytosol where it is primarily located to the plasma membrane, where the majority of its substrate,
sphingosine, is present (Pitson et al. 2003). The phosphorylation of SK1 causes conformational or
electrostatic changes that expose Thr54 and Asn89 and allows these residues to interact with
phosphatidylserine, which is found at the inner leaflet of the plasma membrane (Stahelin et al.
2005). SK1 also interacts with phosphatidic acid and filamin A, which are both be found at the inner
leaflet of the plasma membrane (Delon et al. 2004; Maceyka et al. 2008). The translocation of SK1
from the cytosol to the plasma membrane is regarded as a major mechanism in regulating the
activity of the enzyme and has been shown to be mediated by calcium- and integrin-binding protein
1 (Jarman et al. 2010). Given that TNFα can promote VSMC matrix mineralisation (see section
1.5.1) and that ERK signalling has been implicated in this pathological process (see section 1.6.2),
further links between SK1 and the initiation of vascular calcification can be drawn.
1.15.3 Roles, activation and localisation of SK2
In contrast SK1, initial studies demonstrated that the over expression of SK2 in numerous
cell types results in cell cycle arrest and apoptosis (Liu et al. 2003; Igarashi et al. 2003; Maceyka et
al. 2005). Moreover, the siRNA-mediated knockdown of SK2 prevented serum withdrawal-induced
apoptosis in HEK 293 cells (Okada et al. 2005). Furthermore, mesangial cells isolated from SK2null mice are highly resistant to staurosporine-induced apoptosis when compared to wild-type cells
(Hofmann et al. 2008). However, more recent studies employing SK2 siRNA in a range of cancer
cell lines have shown that SK2 can also play a pro-cell survival role and enhance
chemotherapeutic resistance (Sankala et al. 2007, Schnitzer et al. 2009; Nemoto et al. 2009). A
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number of in vivo studies have also shown that the pharmacological inhibition of SK2 attenuates
tumour growth (French et al. 2010; Beljanski et al. 2011). Additionally, in A498, Caki-1, and MDAMB-231 cells, and U-1242 MG and U-87 MG glioblastoma cells, SK2 mRNA down-regulation by
siRNA was more effective than SK1 down-regulation at reducing cell proliferation and migration
(Van Brocklyn et al. 2005; Gao & Smith, 2011). Therefore, it appears that SK2 can promote both
apoptosis and pro-cell survival processes; whether one or the other is initiated may depend on the
subcellular localisation of the enzyme (see below). Given that the balance between cell death and
survival can regulate VSMC matrix mineralisation (see section 1.5.3), SK2 may play a role in the
initiation of vascular calcification.
Like SK1, the activity of SK2 has been reported to increase in response to a number of
agonists, such as TNFα and epidermal growth factor, leading to increases in S1P levels and procell survival outcomes (Neubauer & Pitson, 2013). Although less is known regarding the enzymatic
regulation of SK2, the activity of the enzyme has been shown to increase 2-fold following the ERK
mediated phosphorylation of either (or both) Ser351 or Thr578 (Hait et al. 2007). As mentioned
above for SK1, as both TNFα and ERK signalling have roles in VSMC matrix mineralisation, further
links between SK2 and the induction of vascular calcification can be formed. Unlike SK1, the
subcellular location of SK2 is more complex. SK2 has been reported to be present in multiple
subcellular locations, including the cytosol (Igarashi et al. 2003), ER (Maceyka et al. 2005), cell
nuclei (Hait et al. 2009) and mitochondria (Strub et al. 2011). Within the nucleus, SK2 has been
demonstrated to inhibit DNA synthesis (Igarashi et al. 2003) and regulate epigenetic changes via
its interaction with and modulation of histone deacetylase 1/2 (Hait et al. 2009). The localisation of
SK2 to cell nuclei is regulated, in part, by the enzymes nuclear localisation and nuclear export
signals (Figure 1.16; Igarashi et al. 2003; Ding et al. 2007). Phosphorylation of the nuclear export
signal of SK2 at Ser419 or Ser421 by protein kinase D has been demonstrated to cause the
translocation of SK2 from the nucleus (Ding et al. 2007). The localisation of SK2 to the ER and
mitochondria may be regulated by the N-terminus of the enzyme, which contains a lipid-binding
domain (Don & Rosen, 2009). The presence of SK2 at multiple subcellular compartments may
explain why in some circumstances the activation of the enzyme results in proliferation whilst in
others it results in apoptosis.
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1.16 Hypothesis and aims of the project
When the information presented in this introduction is taken together, many strong links
can be formed between VSMC matrix mineralisation (a fundamental process in vascular
calcification) and the cellular functions of bioactive sphingolipids. Thus, the hypothesis of this study
is that the bioactive sphingolipids, ceramide and S1P, regulate the matrix mineralisation of VSMCs.
To test this hypothesis the following aims will be addressed:
1). Investigate whether there are changes in the expressions and activities of the sphingomyelinase
and SK isoforms, and the levels of bioactive sphingolipids, during the matrix mineralisation of
VSMCs
2). Determine the role of ceramide in the matrix mineralisation of VSMCs
3). Determine the role of S1P in the matrix mineralisation of VSMCs
4). Identify the signalling pathways that ceramide and S1P use to regulate VSMC matrix
mineralisation.
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Chapter 2. Materials and Methods
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2.1. Materials
Buffer compositions and solutions are described in Appendix 1. All cell culture plastic was
purchased sterile from Corning and all cell culture reagents, including phosphate buffered saline
(PBS), were purchased from Sigma (unless otherwise stated). All acids/bases and solvents were
purchased from Fisher Scientific. All salts were purchased from Sigma. Rat aortic VSMCs were
provided by Maria Pieri and sheep aortic VSMCs were provided by Simon Forman (both University
of Manchester). The A5 preparation of bovine aortic smooth muscle cells (BASMCs) used in this
study were isolated and characterised by Samantha Borland (University of Manchester).
2.2. Cell culture
Cell isolation and culture were carried out in class II microbiological tissue culture hood
(Labcaire) using aseptic techniques. Culture media was changed every 2-3 days, unless stated
otherwise. Cells were grown and maintained in a Heracell incubator (Thermo Scientific) at 37°C in
a humidified atmosphere containing 95% air and 5% CO2. Cells were observed using phasecontrast microscopy and images were captured using a digital camera connected to an Olympus
IX51 microscope (Olympus) with the aid of the analySIS software (Soft Imaging System).
2.2.1 Isolation and culture of BASMCs
A bovine aorta (Figure 2.1 A) was obtained from a local abattoir and BASMCs were
isolated by an explant culture method, as previously described (Ross, 1971). Briefly, excess fat and
vessels were removed from the aorta followed by the removal of the adventitial layer by blunt
dissection. The aorta was cut open longitudinally to expose the luminal surface, which was washed
three times with PBS supplemented with 100 U/ml penicillin and 0.1 mg/ml streptomycin. The
intimal layer was removed by dissection to reveal the internal elastic lamina (Figure 2.1 B), followed
3

by additional washing. Medial layer explants (4-5 mm ) were removed from the aorta by cutting
downwards from the luminal face to a depth of 4-5 mm into the medial layer (Figure 2.1 C). Six
2

explants were plated medial layer down on a 200 mm Petri dish (Figure 2.1 D).
Aortic explants were cultured in Dulbecco’s modified eagles medium (DMEM; with high
glucose) supplemented with 10% (v/v) fetal bovine serum (FBS; lot #091M3397), 100 U/ml
penicillin and 0.1 mg/ml streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine and 1 X nonessential amino acids; referred to hereafter as 10% FBS-DMEM. For the first 24 hours of culture,
10% FBS-DMEM was added dropwise to each of the explants to allow them to adhere to the cell
culture plastic. Subsequently, 10 ml of 10% FBS-DMEM was added to the Petri dish. For the first
week after isolation, 1% (v/v) fungizone antimycotic solution (Gibco) was included in the 10% FBSDMEM. After 8 days BASMCs started to migrate from the explants (Figure 2.1 E) and by 10 days,
numerous BASMCs had migrated (Figure 2.1 F). At this point, the explants were removed and the
BASMCs were allowed to become confluent. Upon confluency, BASMCs were expanded at a ratio
of 1:3, using standard techniques. For all experiments BASMCs were used between passages 8
and 11 (unless otherwise stated in the appropriate figure).
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Figure 2.1. Isolation of BASMCs | A. Bovine aorta sourced from a local abattoir. B. Luminal face
of the bovine aorta during removal of excess blood and the intimal layer by blunt dissection. C.
Luminal face of the bovine aorta following the removal of medial explants. D. Six explants (4-5
3
mm ) were plated medial layer down to allow cell adhesion and migration. E. After 6 days,
BASMCs were seen migrating from the explant (seen in black). F. After 10 days, numerous
BASMCs had migrated and explants (again seen in black) were removed. A-D. Scale bar = 5 cm.
E-F. Scale bar = 500 µm.

2.2.2 Culture of bovine aorta endothelial cells
One preparation of bovine aortic endothelial cells (BAECs) was used; these cells had been
previously isolated and characterised by Dr Alaa Aziz (University of Manchester). BAECs were
cultured on gelatin-coated cell culture plastic. This was achieved by incubating the plastic surface
with 0.1% (w/v) gelatin in PBS for 20 minutes followed by washing with PBS. BAECs were cultured
in 10% FBS-DMEM with the addition of 50 µg/ml L-ascorbic acid 2-phosphate (Wako). BAECs
were expanded at a ratio of 1:3, using standard techniques. For all experiments BAECs were used
between passages 10 and 12.
2.2.3 Culture of human coronary artery smooth muscle cells
One preparation of human coronary artery smooth muscle cells (HCASMCs) was
purchased from Life Technologies (Lot # 642644). The HCASMCs were donated from a 36 year old
female. HCASMCs were grown on gelatin-coated cell culture plastic (see section 2.2.2) and
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cultured in Medium 231 (Gibco) containing 1X smooth muscle growth supplement (Gibco); referred
to hereafter as 1X Medium 231. HCASMCs were expanded at a ratio of 1:3, using standard
techniques. For all experiments HCASMCs were used between passages 6 and 8.
2.2.4 Cell counts
Cell counts were performed using a Countless Automated Cell Counter (Invitrogen)
according to the manufacturer’s protocol. Briefly, cells were dissociated from the cell culture
surface by trypsinisation followed by gentle agitation to generate a single-cell suspension. Ten µl of
the cell suspension was mixed with 10 µl 0.4% (w/v) Trypan Blue stain (Invitrogen), loaded onto a
Countless chamber slide (Invitrogen) and live cells counted. For proliferation assays the same
protocol was used and the total number of cells present in a well was calculated.
2.3. Induction and analysis of matrix mineralisation
2.3.1 Induction of BASMC mineralisation
4

2

BASMCs were plated at a density of 2x10 cells/cm in 6 well plates and cultured in 10%
FBS-DMEM until approximately 95% confluency had been attained (termed day 0). From day 0
onwards, BASMCs were induced to mineralise by the addition of 3 mM BGP (see Appendix 1) to
10% FBS-DMEM (Shioi et al. 1995). Control BASMCs were cultured in 10% FBS-DMEM, alone.
2.3.2 Induction of HCASMC mineralisation
4

2

HCASMCs were plated at a density of 1x10 cells/cm on gelatin-coated 6 well plates (see
section 2.2.2) and cultured in 1X Medium 231 until approximately 95% confluency had been
attained (termed day 0). From day 0 onwards, HCASMCs were induced to mineralise by the
addition of 5 mM BGP and 0.9 mM CaCl2 to 1X Medium 231 (see Appendix 1; Reynolds et al.
2004). Control HCASMCs were cultured in 1X Medium 231, alone.
2.3.3 Alizarin red staining and quantification of matrix mineralisation
Alizarin red was used to stain and visualize calcium-rich deposits (Collett et al. 2007). To
achieve this, cells were washed with PBS and fixed over a period of 20 minutes by incubating with
1% (w/v) sucrose and 2% (v/v) formaldehyde in PBS. Fixed cells were washed twice with H2O (pH
7), then incubated with 40 mM alizarin red (pH 4.1) for 20 minutes with gentle rocking. Excess stain
was removed by washing with H2O (pH 7) for five minutes, repeated four times. Plates were
allowed to air dry overnight and the following morning imaged using phase contrast microscopy
(see section 2.2).
To quantify the levels of matrix mineralisation, the alizarin red dye was eluted (Gregory et
al. 2004). Stained cells in individual wells of 6-well plates were incubated with 1 ml 10% (v/v) acetic
acid for 30 minutes followed by removal from the plastic surface by cell scraping. The cell lysate
was heated to 85°C for 10 minutes to further elute the stain and centrifuged (20,000 x g, 15
minutes, 4°C) to produce a cell pellet. A 500 µl aliquot of the supernatant was mixed with 200 µl
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10% (v/v) ammonium hydroxide to neutralise the acid and enhance absorbance. Triplicate 150 µl
samples were transferred to a flat bottom 96 well plate (Thermo Scientific) and the absorbance
read at a wavelength of 405 nm using a MRX II spectrophotometer (Dynex Technologies). The
levels of matrix mineralisation were placed into classes based on the absorbance values obtained
(Table 2.1).
Table 2.1. Classes of matrix mineralisation based on absorbance values.

Class

Absorbance at 405 nM (arbitrary units)

Early-mineralisation

0.09 – 0.200

Mid-mineralisation

0.201 – 1.00

Late-mineralisation

1.01 – 2.00

Heavy-mineralisation

> 2.00

2.4. Cell culture treatments
2.4.1 Addition of exogenous C2 Ceramide
C2 ceramide (Enzo Life Sciences) was solubilised and diluted in dimethyl sulfoxide
(DMSO) to provide stock solutions of 10 and 20 mM which were stored at -20°C until use. For
mineralisation experiments using C2 ceramide the stock solutions were diluted 1:1,000 in the
appropriate culture medium to provide final working concentrations of 10 and 20 µM. Vehicle
controls were prepared by diluting DMSO 1:1,000 in the appropriate culture media. For
mineralisation experiments using C2 ceramide, media was changed every 2 days.
2.4.2 Addition of exogenous S1P
S1P (Enzo Life Sciences) was solubilised by adding 2 ml of warm methanol (65°C) to 1 mg
of S1P. Aliquots were prepared containing 95.24 µl of the solubilised S1P and dried under a stream
of O2-free N2 gas. Aliquots were stored at -20°C until use. For cell culture experiments one aliquot
of S1P was re-solubilised by adding 1 ml of 10% FBS-DMEM to produce a final S1P concentration
of 125 µM. The solubilised S1P was then diluted in the appropriate culture medium to give the final
working concentrations of 10 nM, 100 nM, 1 µM and 10 µM. For mineralisation experiments using
S1P media was changed every 2 days.
2.4.3 Addition of inhibitors, agonists and antagonists
Multiple inhibitors, agonists and antagonists were used in this study and are detailed in
Table 2.2. For cell culture experiments using these compounds stock solution were diluted 1:1,000
in the appropriate culture media to give the required final concentration (see the appropriate figure
for exact concentrations). For mineralisation experiments using these compounds, media was
changes every 2 days. Vehicle controls were prepared by diluting the appropriate solvent 1:1,000
in the same culture media.
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Table 2.2. Inhibitors, agonists and antagonists used to treat cultured cells | All the
compounds were purchased as lyophilised powders and reconstituted in the indicated solvent. *
For inhibition of in vitro N-SMase activity using GW4869 the 10 mM stock was diluted further in
DMSO to provide stock solutions of 7.5, 5 and 2.5 mM, each of these stock solutions were then
diluted 1:250 in both the protein lysate and reaction mixture.

Compound (supplier and
catalogue number)

Use
(inhibitor/agonists/antagonists)

Stock solutions
(solvent)

Storage

Desipramine

Inhibitor of

1, 5 & 10 mM

-20ºC

(Sigma D3900)

L-SMase & ACDase activity

(deionised H2O)

GW4869

Inhibitor of

4ºC

(Sigma D1692 )

N-SMase activity

1 & 10 mM*
(DMSO)

SK1-i

Inhibitor of

1 mM (DMSO)

-20ºC

(Tocris Bio. 3711)

SK1 activity

ABC294640

Inhibitor of

5 mM (DMSO)

-20ºC

(MedKoo Bio. 205806)

SK2 activity

SKi-II

Inhibitor of

1 & 10 mM (DMSO)

-20ºC

(Calbiochem 567731)

SK1 & SK2 activity

N,N-dimethylsphingosine

Inhibitor of

1 & 10 mM (DMSO)

-20ºC

(Cayman Chem. Co. 02575)

SK1 & SK2 activity

SB203580

Inhibitor of p38 MAPK activity

5 mM (DMSO)

-20ºC

Negative control for SB203580

5 mM (DMSO)

-20ºC

FTY720-phosphate

Agonist for S1PR1, S1PR3,

0.01, 0.1 & 1 mM

-20ºC

(Sigma SML0377)

S1PR4 & S1PR5

(DMSO)

JTE-013

Antagonist for S1PR2

1 & 10 mM (DMSO)

4ºC

Inhibitor of ezrin phosphorylation

1 & 10 mM (DMSO)

-20ºC

(Calbiochem 559389 )
SB202474
(Calbiochem 559387)

(Sigma J4080)
NSC668394
(MerckMillipore 341216)

2.5. RNA studies
2.5.1 RNA extraction, purification and quantification
Cultured cells were washed twice with PBS and lysed in 300 µl RLT lysis buffer (Qiagen).
The cell lysate was then transferred to a QIAshredder spin column (Qiagen) for further
homogenisation. RNA was isolated and purified from the lysate using an RNeasy mini kit (Qiagen).
To ensure there was no genomic DNA contamination in the purified RNA, a DNA-free kit (Ambion)
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was used. All of the above steps were performed according to the manufacturer’s instructions. The
purified RNA was quantified using a Nanodrop 2000C spectrophotometer (Thermo Scientific) and
RNA purity was assessed by measuring the absorbance ratios at 260 and 280 nm, and 260 and
230 nm, the accepted ratios were ≥2.0 and ≥1.8, respectively.
2.5.2 Complementary DNA synthesis
Reverse transcription of total RNA was carried out using TaqMan reverse transcription
reagents (Applied Biosystems) to produce the first strand of the complementary DNA (cDNA)
molecule. A 30 µl reaction mixture was prepared in diethylpyrocarbonate (DEPC) H2O (see
Appendix 1) containing 1 µg of purified RNA, 5 mM MgCl2, 2 mM deoxynucleotide triphosphates
(0.5 mM of each), 1.67 µM random hexamers, 0.5 U/µl RNase inhibitor, 1.2 U/µl reverse
transcriptase and 1X reverse transcriptase buffer. Negative control samples were prepared using
the same reaction mixture as above minus the reverse transcriptase (-RT). cDNA was synthesised
using an Eppendorf Master Cycler (Eppendorf) with the following heat cycle: 25°C for 15 minutes,
48°C for 30 minutes and 95°C for 5 minutes.
2.5.3 End-point polymerase chain reaction
For end-point polymerase chain reaction (PCR), a 12 µl reaction mixture was prepared in
DEPC H2O containing 50 ng of cDNA, 0.83 µM of forward and reverse primers (see Table 2.3 for
details) and 1X Biomix Red (Bioline). Negative controls samples were prepared by replacing the
cDNA with –RT samples (see section 2.5.2). Amplification was achieved using an Eppendorf
Master Cycler (Eppendorf) with the following heat cycle: 95°C for 30 seconds, 60°C for 30 seconds
and 72°C for 30 seconds, repeated 35 times. Following amplification, samples were mixed with
DNA loading buffer (see Appendix 1) and run alongside Hypperladder V (Bioline) molecular weight
markers on 2% (w/v) agarose gels (see Appendix 1) containing 1X Gel Red (Biotin) for DNA
visualisation. Gels were run in TAE buffer (see Appendix 1) and separated by electrophoresis (100
V for 45 minutes). Bands were visualised under UV light and images were captured using an
UVItech camera.
Table 2.3. Primer pairs used for end-point PCR | Primer pairs were designed using primer3
software against the bovine genome. All primer pairs were exon spanning.

Sequence

Amplicon length
(bp)

nSMase2 (1)
(NM_001192363.1)

Forward – 5’ GGC-GTT-TGA-CAT-CAT-CTG-C 3’
Reverse – 5’ TAG-CGT-GTA-AAC-AGG-GAG-TGC 3’

90

nSMase2 (2)
(NM_001192363.1)

Forward – 5’ CCT-ATC-ACT-GTT-ACC-CCA-ACG 3’
Reverse – 5’ TGT-GTG-CAG-GAG-ATG-TAC-CC 3’

127

nSMase2 (3)
(NM_001192363.1)

Forward – 5’ CCC-TGT-TTA-CAC-GCT-ACA-AGG 3’
Reverse – 5’ CAC-ACT-TCC-TCA-TCA-TAG-AGA-CC 3’

109

Primer pair
(RefSeq accession number)
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2.5.4 Quantitative real-time PCR
Quantitative real-time PCR (Q-RT-PCR) was performed using both SYBR green and
TaqMan gene expression assays.
2.5.4.1 Q-RT-PCR using SYBR green
Q-RT-PCR using SYBR green was carried out using a CFX96 real time system (Bio-Rad).
For details of each primer pair used see Table 2.4. Peptidylprolyl isomerise A (PPIA) and ribosomal
protein L 12 (RPL12) were used as house-keeping genes as previous studies demonstrated they
have consistent expression during matrix mineralisation and osteogenic differentiation. Twelve µl
reaction mixtures were prepared in DEPC H2O containing 50 ng of cDNA, 0.83 µM forward and
reverse primers and 1X SYBR green PCR master mix (Applied Biosystems). Technical replicates
were performed for each sample. Prior to amplification, samples were initially heated to 95°C for 10
minutes to allow DNA polymerase activation. This was then followed by the heat cycle of: 95°C for
15 seconds, 60°C for 1 minute and 72°C for 15 seconds, repeated 40 times. A melt curve was run
after amplification by heating samples from 60°C to 90°C with 0.2°C increments. All heating and
amplification steps were performed using a CFX96 Real-Time System (BioRad).
Table 2.4. Primer pairs used for Q-RT-PCR with SYBR green | Primer pairs were designed
using primer3 software against the bovine genome. Primers pairs were exon spanning and had 90105% efficiency.

Sequence

Amplicon
length (bp)

αSMA
(NM_001034502)

Forward – 5’ ACC-GCA-TGC-AGA-AGG-AGA 3’
Reverse – 5’ GAG-CC-ACC-AAT-CCA-GAC-AGA 3’

100

SM22
(NM_001046149.1)

Forward – 5’ GAT-TAT-GGC-GTC-ACC-AAG-AC 3’
Reverse – 5’ TTG-GGA-TCT-CCA-CGG-TAG-TG 3’

143

Msx2
(NM_001079614.2)

Forward – 5’ CTG-GTC-AAA-CCC-TTC-GAG-AC 3’
Reverse – 5’ AGG-AGC-TGG-GAC-GTG-GTA-AA 3’

182

Cbfa1
(XM_002697262.1)

Forward – 5’ CCC-AAG-TTG-CCA-CCT-ATC-AC 3’
Reverse – 5’ TGA-GGC-GAT-CAG-AGA-ACC-AAA 3’

115

aSMase
(NM_001075383.2)

Forward – 5’ TTT-TGA-TCA-ACT-CCA-CAG-ATC-C 3’
Reverse – 5’ GAA-TGT-GGC-CAA-TTA-TGT-GC 3’

105

SK1
(XM_002696204.3)

Forward – 5’ GAA-CTA-TTA-CGC-CGG-GTA-CG 3’
Reverse – 5’ GGC-TGA-GCA-CAG-AGA-AGA-GG 3’

146

SK2
(XM_010815269.1)

Forward – 5’ GTT-AGC-AGG-AGC-CGT-GAA-CC 3’
Reverse – 5’ GCA-GTA-AGG-AGC-AGT-TGA-GTA-GC 3’

80

RPL12
(NM_205797.1)

Forward – 5’ CCA-GGC-AAC-TGG-TGA-TTG-G 3’
Reverse – 5’ TTG-ATG-ATC-AGG-GCA-GAA-GC 3’

108

PPIA
(NM_178320.2)

Unknown – purchased from Primer Design

~ 80

Primer pair
(RefSeq accession number)
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Following amplification, samples were run on 2% agarose gels (see section 2.5.3) to
confirm that a single amplicon of the correct size had been amplified. To confirm that the sequence
of the amplicon was correct, the amplicon was excised from the gel using as scalpel blade and
purified using a QIAEX II gel extraction kit (Qiagen) according to the manufacturer’s instructions. A
10 µl mixture was prepared in DEPC H2O containing 5 ng of the purified amplicon and 4 pmoles of
either the forward or reverse primer that had amplified the product. The mixture was then sent to
the DNA sequencing facility (University of Manchester) and sequenced using a 3730 DNA Analyzer
(Applied Biosystems) to confirm the correct target had been amplified.
2.5.4.2 Q-RT-PCR using TaqMan gene expression assays
Q-RT-PCR using TaqMan gene expression assays were carried out using a CFX96 real
time system (Bio-Rad). For details of each gene expression assay, see Table 2.5. Each assay was
purchased from Applied Biosystems and for consistency PPIA and RPL12 were used as housekeeping genes. A 20 µl reaction mixture was prepared in DEPC H2O containing 82.5 ng of cDNA
0.9 µM forward and reverse primers, 0.25 µM of the reporter probe and 1X TaqMan gene
expression master mix (Applied Biosystems). Technical replicates were performed for each
sample. Prior to amplification samples were initially heated to 95°C for 10 minutes to allow DNA
polymerase activation. This was then followed by the heat cycle of 95°C for 15 seconds and 60°C
for 1 minute, repeated 40 times. All heating and amplification steps were performed using a CFX96
Real-Time System (BioRad).
Table 2.5. TaqMan gene expression assays used for Q-RT-PCR | Details of the sequences and
binding sites of the bovine-specific primers and probes were not provided. With the exception of
PPIA and RPL12, all assays were exon spanning.

TaqMan gene expression assay

Amplicon length (bp)

Reporter dye

nSMase1
(NM_001075383.2)

74

FAM

nSMase2
(NM_001192363.1)

73

FAM

nSMase3
(NM_001205602.1)

72

FAM

PPIA
(NM_178320.2)

76

FAM

RPL12
(NM_205797.1)

71

FAM

(RefSeq accession number)
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2.5.5 Relative quantification of Q-RT-PCR data
The levels of mRNA were quantified from the Q-RT-PCR data for both SYBR green and
TaqMan gene expression assays by relative quantification using Equations 1 and 2 (Schmittgen &
Livak, 2008). The threshold cycle (Ct) value is the cycle number at which the generated
fluorescence crosses the manually set threshold.
Equation 1

Ct gene of interest – Ct averaged house-keeping genes = ΔCt sample

Equation 2

Fold difference = 2-

ΔCt

2.6. siRNA knockdown and mineralisation experiments
siRNAs were designed against bovine genes using the Block-iT RNAi designer (Invitrogen,
Life Technologies) and purchased lyophilised from Eurofins. siRNAs were solubilised in the
provided 5X buffer (30 mM HEPES (pH 7.3), 100 mM KCl & 1 mM MgCl2) to give 50 µM stocks and
stored at -20°C until use. See Table 2.6 for siRNA sequences. For control experiments the nontargeting AllStar Negative Control siRNA (Qiagen) was used.
Table 2.6. siRNA sequences for gene knockdown | All siRNAs were designed against bovine
genes and had two thymine nucleotides added at the 3’ end.

siRNA
reference

Target (RefSeq
accession number)

Sense strand

Anti-sense strand

(5’ – 3’)

(5’ – 3’)

SK1.1

SK1
(XM_002696204.3)

GGUACGAGCAGGUGACUAA-TT

UUAGUCACCUGCUCGUACC-TT

SK1.2

SK1
(XM_002696204.3)

GGCCGCUUCUUUGAACUAU-TT

AUAGUUCAAAGAAGCGGCC-TT

SK2.1

SK2
(XM_010815269.1)

GCAGUGGUGUAAGAACCAU-TT

AUGGUUCUUACACCACUGC-TT

SK2.2

SK2
(XM_010815269.1)

CCUAUUGGUCAAUCCCUUU-TT

AAAGGGAUUGACCAAUAGG-TT

2.6.1 Short-term siRNA knockdown
For short-term knockdown of gene expression the following protocol was used. BASMCs
4

2

were plated at a density of 2x10 cells/cm in individual wells of 6-well plates and cultured in 2 ml of
10% FBS-DMEM. When approximately 75% confluency had been reached, the following
knockdown media was prepared and left at room temperature for 20 minutes to allow lipid/nucleic
acid complex formation: 2 ml of 10% FBS-DMEM, 500 µl Optimem I reduced serum medium
(Gibco), 2.5 µl Lipofectamine RNAiMAX (Life Technologies) and the required concentration of
siRNA (see the appropriate figure for details). BASMCs were incubated in the knockdown media for
4 hours at 37°C, followed by washing with PBS and culture under normal conditions. After 48 hours
the above protocol was repeated, then after an additional 48 hours RNA or protein lysates were
collected.
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2.6.2 Mineralisation experiments with siRNA
For mineralisation experiments in the presence of siRNAs the same protocol was used as
described above with the exception that when BASMCs had attained approximately 95%
confluency, 3 mM BGP was added to the media at all times. Transfections were repeated every 48hours until the end of the experiment.
2.7. Immunofluorescence staining
Three sterile glass coverslips (Scientific Laboratory Supplies) were placed in individual
4

2

wells of 6-well plates and BASMCs were plated in the wells at a density of 2x10 cells/cm . The
following day, cells were washed with PBS and fixed by incubation for 10 minutes in PBS
containing 4% (v/v) formaldehyde. Fixed cells were washed with PBS followed by blocking and
permeabilisation by incubation for 1 hour with 10% (v/v) donkey serum (Sigma) and 0.5% (v/v)
Triton X-100 in PBS. Subsequently, cells were washed with PBS and incubated over a period of 1
hour with primary antibodies or isotype matched negative controls (Table 2.7). Excess primary
antibody was removed by washing with PBS, and cells were then incubated for 1 hour with the
appropriate fluorescence conjugated secondary antibody in the dark (Table 2.8). Secondary
antibodies were diluted in a PBS solution containing Hoechst 33342 (1:10,000; Invitrogen) to stain
nuclei and in some experiments TRITC-conjugated phalloidin (1:100; Sigma) to stain F-actin.
Following staining, cells on glass coverslips were mounted on glass microscope slides (Thermo
Scientific) using a drop of fluorescent mounting medium (Dako). Images were captured on a
DM500B microscope (Leica) using a DFC350FX fluorescence camera (Leica) with the aid of the
Leica application suite software. Images were processed using ImageJ software.
Table 2.7 Primary antibodies and negative controls used for immunofluorescence staining |
Primary antibodies and appropriate isotype matched negative controls were diluted in PBS. All
negative control antibodies were diluted to give the same final protein concentration as the primary
antibody.

Primary antibody (supplier
and catalogue number)

Species/isotype

Final concentration
of primary antibody

Negative control (supplier
and catalogue number)

αSMA
(Dako M0851)

Mouse
monoclonal IgG2a

3.5 µg/µl

Mouse IgG2a
(Dako X0943)

SM22α
(Abcam AB89989)

Goat
polyclonal IgGl

10 µg/µl

Goat IgG
(Santa Cruz SC-2028)

Anti-V5 antibody
(Invitrogen R960-25)

Mouse
monoclonal IgG2a

5 µg/µl

Mouse IgG2a
(Dako X0943)
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Table 2.8 Secondary antibodies used for immunofluorescence staining.

Secondary antibody

Dilution from supplier

Fluorescent conjugated tag

Donkey anti-mouse IgG
(Jackson Immuno Research 715-545-150)

1:400

Alexa Fluor 488

Donkey anti-goat
(Invitrogen #A11055)

1:400

Alexa Fluor 488

(supplier and catalogue number)

2.8. Immunoblotting
2.8.1 Protein extraction and quantification
Cultured cells were washed with PBS and incubated with RIPA lysis buffer (see Appendix
1) on ice over a period of 20 minutes with intermittent scraping to allow cell lysis. The cell lysate
was centrifuged (12,000 x g, 15 minutes, 4°C) to produce a cell pellet and the protein concentration
of the supernatant determined using the Bradford method (Bradford, 1976). This was achieved
using the Bio-Rad protein assay dye reagent (Bio-Rad) according to the manufacturer’s instructions
and reading the absorbance at 595 nm using a WPA S2000 spectrophotometer (Biochrom).
Samples were snap-frozen in liquid nitrogen and stored at -80°C before analysis.
2.8.2 Western blotting
Protein samples were diluted in 5X Laemmli sample buffer (see Appendix 1) to give a final
concentration of 1 µg/µl and heated to 95°C for 5 minutes. Samples were separated on 9%
polyacrylamide gels with 4% stacking gels (see Appendix 1); see the appropriate figure legend for
the amount of protein added to gels. Ten µl of precision plus protein standards (BioRad) were
loaded onto gels for determination of apparent molecular weights. Gels were run in 1X running
buffer (see Appendix 1) for 1.5 hours at 130 V. Samples were transferred from polyacrylamide gels
to nitrocellulose membranes (BioRad) using a Trans-Blot Turbo transfer system (BioRad)
according to the manufacturer’s instructions. Membranes were blocked for 1.5 hours in the
appropriate blocking solution (Table 2.9). Following blocking, membranes were washed with 1X
tween-tris buffered saline (TwTBS; see Appendix 1) and incubated with the appropriate primary
antibody (Table 2.9). After primary antibody incubation membranes were washed over a period of 1
hour with TwTBS and incubated with the appropriate horse radish peroxidase conjugated
secondary antibody for 1.5 hours (Table 2.10). Membranes were developed using clarity western
ECL reagents (BioRad) and bands were detected and quantified using a ChemiDoc MP imaging
system (BioRad) with the aid of the Image Lab software (BioRad).
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Table 2.9. Primary antibodies and blocking solutions used for western blotting l All primary
antibodies were diluted in a TwTBS solution containing 0.1% (v/v) fish skin gelatin. Blocking
solutions were made-up in TwTBS.

Primary antibody (supplier
and catalogue number)

Species/isotype

Blocking
solution

Dilution of
primary antibody

Incubation
period

Calponin
(Sigma C2687)

Mouse monoclonal
IgG1

5% fish skin
gelatin

1:10,000

Overnight 4°C

nSMase2 antibody (In-house
generated by Dr. Chris
Clarke, SUNY, New York)

Mouse monoclonal
IgG1

5% fish skin
gelatin

1:5,000

2 hours at
room
temperature

Anti-V5 antibody
(Invitrogen R960-25)

Mouse monoclonal
IgG2a

5% fish skin
gelatin

1:5,000

Overnight 4°C

Phospho-p38 MAPK
(Cell Sig. Tech. 4631)

Rabbit monoclonal
IgG

5% fish skin
gelatin

1:1,000

Overnight 4°C

Total-p38 MAPK
(Cell Sig. Tech. 9212)

Rabbit
polyclonal

5% fish skin
gelatin

1:1,000

Overnight 4°C

Phospho-ERM
(Cell Sig. Tech. 3149)

Rabbit monoclonal
IgG

5% fish skin
gelatin

1:1,000

Overnight 4°C

Total-ERM
(Cell Sig. Tech. 3142)

Rabbit
polyclonal

5% fish skin
gelatin

1:1,000

Overnight 4°C

Phospho-HSP27 Ser82
(Cell Sig. Tech. 2401)

Rabbit
Polyclonal

5% fish skin
gelatin

1:1,000

Overnight 4°C

β-actin
(Sigma A1978)

Mouse monoclonal
IgG1

5% fish skin
gelatin

1:10,000

30 minutes at
room
temperature

Table 2.10. Secondary antibodies used for western blotting l All secondary antibodies were
diluted in a TwTBS solution containing 0.1% (v/v) fish skin gelatin.

Secondary antibody

Dilution of secondary antibody

(supplier and catalogue number)
Donkey anti-mouse IgG
(Jackson Immuno Research 715-545-150)

1:10,000

Donkey anti-rabbit IgG
(Jackson Immuno Research 711-035-152)

1:10,000

For detection of nSMase2 using the in-house generated nSMase2 antibody (Table 2.9) a
positive control cell lysate was provided by Dr Chris Clarke (Stony Brook University, New York,
USA). The positive control cell lysate was collected from ATDC5 cells which had been cultured in
the presence of 1% insulin, transferrin and sodium selenite solution for 12 days to induce
chondrogenic differentiation.
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When using β-actin as a loading control, or when blotting with phospho and total
antibodies, the initial antibodies were stripped from membranes by heating at 80°C for 40 minutes
in strip buffer (see Appendix 1). Subsequently, membranes were washed with TwTBS and probed
with the appropriate primary antibody.
2.9. In vitro enzyme activity assays
2.9.1 Protein extraction and quantification
For all of the assays listed below, protein lysates were extracted and quantified from
cultured cells as outlined for immunoblotting (see section 2.8.1), with the exception that the RIPA
lysis buffer was replaced with the enzyme activity assay (EAA) lysis buffer (see Appendix 1).
2.9.2 N-SMase and L-SMase activity assays using NBD-C6-sphingomyelin
The in vitro SMase activity assay using the fluorescent NBD-C6-sphingomyelin substrate
(Figure 2.2.A) was first described by Loidl et al. (2002). For the N-SMase activity assay, a 50 µl
reaction mixture containing 200 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 0.2% (v/v) Triton X-100, 5
mM

dithiothreitol,

400

µM

NBD-C6-sphingomyelin

(Molecular

Probes)

and

400

µM

phosphatidylserine (Sigma) was prepared and added to 50 µl of EAA lysis buffer containing 50 µg
of protein. For the L-SMase activity assay, a 25 µl reaction mixture containing 250 mM sodium
acetate (pH 5.0), 0.2% (v/v) Triton X-100, 1 mM EDTA and 400 µM NBD-C6-sphingomyelin
(Molecular Probes) was prepared and added to 25 µl of EAA lysis buffer containing 25 µg of
protein. The final concentration of NBD-C6-sphingomyelin in both assays was 200 µM. The assays
were carried out at 37°C for 30 minutes and terminated by the addition of 1 ml chloroform:methanol
(2:1; v/v) and 200 µl H2O, followed by centrifugation (12,000 x g, 15 minutes, 4°C). The upper
aqueous phase was discarded and the lower organic phase was dried under a stream of O2-free N2
gas, then re-suspended in 15 µl chloroform:methanol (2:1; v/v). Samples and fluorescent NBD-C6ceramide

standards

(Molecular

Probes)

were

spotted

onto

heat-activated

thin-layer

chromatography plates (Merck) and separated in a thin-layer chromatography tank containing 100
ml of chloroform/methanol/10% (v/v) ammonium hydroxide (7/3/0.5; v/v/v). Plates were air-dried
and the fluorescent lipids detected using an IS-8,900 Fluor Chem plate imager (Alpha-Innotech).
NBD-C6-ceramide liberated from sphingomyelin was identified in comparison to the NBD-C6ceramide standards (Figure 2.2.B). The NBD-C6-ceramide standards were quantified using
densitometry with the aid of the AlphaEaseFC software programme (Alpha-Innotech) and plotted to
produce a standard curve. The levels of liberated NBD-C6-ceramide were quantified in comparison
to the standard curve.
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Figure 2.2. Structures and detection of fluorescent NBD-C6-sphingomyelin and NBD-C6ceramide | A. Structures of NBD-C6-sphingomyelin and NBD-C6-ceramide, and the reaction
catalysed by sphingomyelinase (SMase). B. Fluorescent C6-ceramide can be detected in
comparison to the C6-ceramide standards. C6-ceramide is not found in the blank sample
containing only EAA lysis buffer. Day 0 represents a protein sample collected from confluent
BASMCs. Fluorescent C6-sphingomyelin can be detected in both samples.

2.9.3 L-SMase activity assay using HMU-PC
The in vitro L-SMase activity assay was also performed using the artificial substrate, 6hexadecanoylamino-4-methylumbelliferyl-phosphorylcholine (HMU-PC), which is cleaved by LSMase to produce a fluorescent product, 6-hexadecanoylamino-4-methylumbelliferone (HMU); see
Figure 2.3. This assay has been previously described by van Diggelen et al. (2005). Briefly, a 55 µl
reaction mixture containing 25 µl L-SMase assay buffer (see Appendix 1), 7.5 µl Tris/Triton X-100
buffer (see Appendix 1) and 22.5 µl 1.5 mM HMU-PC stock (see Appendix 1) was prepared and
added to 25 µl EAA lysis buffer containing 25 µg of protein. The final pH of the assay was 5.2 and
the final concentration of HMU-PC was 450 µM. Assays were carried out at 37°C for 1 hour and
terminated by the addition of 500 µl stop buffer (see Appendix 1). An aliquot (300 µl) of the stopped
reaction mixture was transferred to a black flat-bottom 96-well plate and the fluorescence of the
liberated HMU read using a FLx800 microplate reader (BioTek) using the filter set of HMU:
excitation 404 nm, emission 460 nm. The levels of liberated HMU were quantified in comparison to
an HMU standard curve, which was produced by adding known concentrations of HMU
(Moscerdam Substrates) to 300 µl of stop buffer.
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2.9.4 SK activity assay
The in vitro SK activity assay was purchased from Echelon Biosciences Inc. The assay
measures SK activity by quantifying the depletion of ATP, in a luminescence manner, following the
conversion of sphingosine to S1P by SKs; see Figure 2.4. Briefly, a 35 µl reaction mixture was
prepared in the provided reaction buffer containing 133 µM sphingosine and 13 µM ATP (all from
Echelon Biosciences Inc.), and added to 5 µl EAA lysis buffer containing 5 µg of protein. The final
concentrations of sphingosine and ATP in the assay were 100 µM and 10 µM, respectively. Assays
were carried out at room temperature for 20 minutes and terminated by the addition of 40 µl of the
provided ATP detector (Echelon Biosciences Inc.), followed by a 10 minute incubation period to
stabilise the luminescent signal. Subsequently, 70 µl of the stopped reaction mixture was
transferred to a white round-bottom 96-well plate and the luminescence read for 10 seconds at all
wavelengths using an Orion L Microplate Luminometer (Titertek-Berthold). The levels of ATP were
quantified in comparison to an ATP standard curve, which was produced by adding known
concentrations of ATP (Echelon Biosciences Inc.) to 70 µl of the stopped reaction mixture.

Figure 2.4. Measurement of SK activity using a luminescent ATP depletion assay.
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2.10. Measurement of bioactive sphingolipids
To determine the levels of bioactive sphingolipids during matrix mineralisation BASMCs
were induced to mineralise as previously described (see section 2.3.1). Samples were collected by
washing cells with PBS followed by incubation with RIPA lysis buffer for 20 minutes. The Bradford
assay method (see section 2.8.1) was used to quantify the protein level in each lysate and a total of
0.5 mg of protein was transferred to a 14 ml Falcon tube, followed by snap freezing in liquid
nitrogen. Samples were sent to Dr Chris Clarke (Stony Brook University, New York, USA) and
sphingolipid analysis was performed by HPLC-MS/MS based on a protocol by Bielawski et al.
(2010) at the Lipidomics Core Facility of Stony Brook University Medical Center, New York, USA..
2.11. Over expression of nSMase2 constructs
The constructs for human wild type nSMase2 and the catalytically inactive mutants, H639A
and D428A, were provided as a gift from Dr Chris Clarke (Stony Brook University, New York, USA)
and had been sub-cloned into the pEF6-V5 expression vector (Invitrogen). Using this vector all of
the constructs had a V5 tag at their C-terminus. Previous studies using these constructs have
confirmed that the V5 tag has no effect on protein localisation and that the over expression of wild
type nSMase2 increases N-SMase activity, whilst the over expression of the H639A and D428A
mutants have no effect on N-SMase activity (Clarke et al. 2007; Milhas et al. 2010). The pEF6-V5
expression vector contains an ampicillin resistance gene for bacterial selection and uses the
human elongation factor-1 alpha promoter to drive gene expression.
2.11.1 Transformation of bacterial cells and expansion of the nSMase2 constructs
To expand the nSMase2 constructs JM109 competent E.coli cells were thawed on ice and
a 20 µl aliquot was mixed with 1 µl of the provided nSMase2 constructs (~ 200 ng/µl). The cells
were incubated on ice for 30 minutes, heat shocked to 42°C for 45 seconds to allow DNA
transformation, then cooled on ice for 2 minutes. The cells were then mixed with 250 µl Luria broth
media (see Appendix 1) followed by incubation at 37°C for 1 hour to allow ampicillin expression.
Following incubation, a 50 µl aliquot of the transformed cells was spread evenly across the surface
of a Luria broth 2% (w/v) agar plate containing 40 µg/ml ampicillin (Sigma) for selection. Plates
were incubated overnight at 37°C and the following day single colonies were selected and
transferred to 30 ml sterile Falcon tubes containing 5 ml Luria broth and 40 µg/ml ampicillin. The
Falcon tubes were then incubated overnight at 37°C with agitation to allow bacterial growth.
To confirm that the selected bacterial colonies had been transformed with the pEF6-V5
vector containing the nSMase2 constructs, plasmid DNA was isolated from 3 ml of the overnight
culture using a Qiaprep Spin Miniprep Kit (Qiagen), according to the manufacturer’s instructions,
and a restriction digest was performed. The BstX1 restriction enzyme was used due to there being
two digest sites flanking the inserted nSMase2 constructs. To perform the digest, a 50 µl reaction
mixture containing 1X NEBuffer 3.1 (New England Biolabs), 0.2 U/µl of BstX1 (New England
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Biolabs) and 5 µl of the isolated plasmid DNA was prepared and incubated at 37°C for 1 hour.
Following incubation 10 µl of the now digested DNA samples were run on 1% (w/v) agarose gels
(see Appendix 1) alongside a 1 Kb DNA ladder (New England Biolabs); as described in section
2.5.3. From Figure 2.5 it can been seen that the digest produced two bands in each sample, one at
~6,000 bp which corresponds to the pEF6-v5 vector (predicted size 5,840 bp) and the other at
~2,000 bp which corresponds to the nSMase2 inserts (predicted size 1,960 bp); thus confirming
that the bacterial cells had been transformed with the pEF6-V5 vector containing the nSMase2
constructs.

8.0 Kbp
6.0 Kbp

pEF6-V5 vector

4.0 Kbp
3.0 Kbp
2.0 Kbp

nSMase2 constructs

1.5 Kbp

Figure 2.5. Restriction digest of the pEF6-V5 nSMase2 constructs | Isolated plasmid DNA from
transformed JM109 cells was digested with BstX1 to release the nSMase2 inserts, and run on a
1% agarose gel. A 1 Kb DNA ladder was also run on the gel. The upper band at ~6.0 Kbp
corresponds to the pEF6-V5 vector and the lower band at ~2.0 Kbp corresponds to the nSMase2
constructs.

To expand that plasmid DNA further, the remaining 2 ml of the overnight culture was
transferred to 200 ml of Luria broth containing 40 µg/ml ampicillin and grown overnight at 37°C with
agitation. The following day the plasmid DNA was isolated using a HiSpeed Plasmid Maxi Kit
(Qiagen) according to the manufacturer’s instructions. The isolated DNA was quantified using a
Nanodrop 2000C spectrophotometer (Thermo Scientific) and stored at -20°C until use.
2.11.2 Short-term transfection of BASMCs using the SuperFect reagent
4

2

For immunofluorescence studies, BASMCs were plated at a density of 1x10 cells/cm in
individual wells of a 6-well plate. The next morning, BASMCs were transfected with the nSMase2
constructs using SuperFect transfection reagent (Qiagen) according to the manufacturer’s protocol.
Briefly, 2 µg of each construct was diluted in 100 µl DMEM followed by the addition of 10 µl
SuperFect transfection reagent. The mixture was then incubated at room temperature for 10
minutes to allow transfection complex formation. Subsequently, 900 µl of 10% FBS-DMEM was
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added to the mixture and immediately transferred to BASMCs that had previously been washed
with PBS. BASMCs were incubated with the transfection mixture for 2.5 hours under normal growth
conditions. Following incubation, BASMCs were washed with PBS and fresh 10% FBS-DMEM was
added. Twenty four hours post-transfection immunofluorescence staining was performed as
previously described (see section 2.7). For immunoblotting and in vitro enzyme activity assay (see
sections 2.8 & 2.9) the same protocol was used as outlined above, but protein samples were
collected 48 hours post-transfection to ensure a sufficient protein yield.
2.12. Statistical analysis
All data are shown as the mean ± the standard error of the mean (SEM) or standard
deviation (SD) as indicated in the appropriate figure legend. Statistical analyses were performed
using a student T-test, or a one-way or two-way ANOVA followed by Bonferroni’s multiple
comparison post-hoc test, as indicated in the figure legends. Results were deemed significant
when p <0.05. All statistics were calculated using GraphPad Prism 6. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤
0.001 and **** p ≤ 0.0001.
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Chapter 3. Profiling the changes in
bioactive sphingolipids during
VSMC matrix mineralisation
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3.1. Introduction
Vascular calcification is the formation of bone-like mineralised tissue within the walls of
arteries and involves the osteogenic differentiation of VSMCs and matrix mineralisation (see
Chapter 1, section 1.3). The pathology can be studied in vitro by culturing VSMCs in the presence
of the phosphate donor, BGP, which induces both osteogenic differentiation and matrix
mineralisation (Shioi et al. 1995; Collett et al. 2007). See Chapter 1, section 1.5.4 for more details
of the calcification model. The development of vascular calcification has many similarities to
embryonic bone formation, but the exact molecular mechanisms are not fully understood.
Recent studies have demonstrated that the bioactive sphingolipids, ceramide and S1P,
play roles in bone formation and bone homeostasis (Khavandgar et al. 2011; Keller et al. 2014).
Ceramide produced through nSMase2 is essential for osteoblast-mediated bone matrix
mineralisation (see Chapter 1, section 1.14.2) and S1P has multiple roles in bone homeostasis
(see Chapter 1, sections 1.10.3). Whether ceramide and S1P also have roles in vascular
calcification is unknown. The levels of ceramide are controlled in part by the nSMases (nSMase1,
nSMase2, & nSMase3) that hydrolyse sphingomyelin to generate ceramide at the plasma
membrane and the lysosomal located L-SMase. Ceramide can be further metabolised to
sphingosine and phosphorylated by SK1 and SK2 to produce S1P (see Chapter 1, Figures 1.8 &
1.9 for a detailed illustration of sphingolipid metabolism). Previous studies have demonstrated that
VSMCs have N-SMase and L-SMase activity (Augé et al. 1998; Loidl et al. 2002; Kolmakova et al.
2004), although it is not clear which SMase isoforms are expressed by these cells.
The specific aims of this chapter are as follows:
•

Isolate a population of BASMCs that are capable of undergoing osteogenic differentiation
and matrix mineralisation when cultured in the presence of BGP to use as an in vitro model
of vascular calcification.

•

Investigate which SMase and SK isoforms are expressed by BASMCs and determine
whether their mRNA expression levels are altered during matrix mineralisation and
osteogenic differentiation.

•

Use in vitro enzyme activity assays to investigate whether there are changes in L-SMase,
N-SMase and SK activity during matrix mineralisation.

•

Profile the levels of bioactive sphingolipid using HPLC-MS/MS to ascertain if ceramide and
S1P are changed during matrix mineralisation.

3.2. Methods
The protocols for the experiments detailed in this chapter are described in Chapter 2: 2.2 (Cell
culture), 2.3 (Induction and analysis of matrix mineralisation), 2.5 (RNA studies), 2.7
(Immunofluorescence staining), 2.8 (Immunoblotting), 2.9 (In vitro enzyme activity assays) and
2.10 (Measurement of bioactive sphingolipids).
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3.3. Results
3.3.1 Characterisation of a population of BASMCs that undergo both matrix mineralisation and
osteogenic differentiation
Cells were isolated from the medial layer of a bovine aorta by the explant culture method
and are referred to as preparation B1. To confirm this preparation of cells were VSMCs,
immunofluorescence staining was performed using antibodies directed against the VSMC markers,
αSMA and SM22α. When stained at 40-50% confluency, the B1 preparation of cells exhibited
spindle-like morphologies and every cell stained positive for αSMA and SM22α in a filamentous
pattern (Figure 3.1 A, lower panels). No staining was detected with the appropriate negative control
IgG antibodies (Figure 3.1 A, upper panels). To further confirm the B1 preparation of cells were
VSMCs, immunoblotting was performed using an antibody directed against calponin, an additional
VSMC marker. A band at 33 KDa, corresponding to the predicted molecular weight of calponin,
could be detected in the protein lysate from the B1 cells but not in a protein lysate collected from a
previously characterised preparation of BAECs (Figure 3.1 B). The B1 preparation of cells was
now considered to be BASMCs.
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Figure 3.1. Characterisation of B1 BASMCs | A. Passage 9, pre-confluent B1 BASMCs were
incubated with negative control antibodies (top panels), or αSMA and SM22α antibodies (lower
panels), and processed for immunofluorescence staining. Cell nuclei were stained with Hoechst
(blue). Scale bar = 100 µm. The images are representative of 3 independent experiments. B.
Calponin expression in protein lysates (20 µg) prepared from confluent B1 BASMC and BAECs
were analysed by immunoblotting. β-actin was used as a loading control. The immunoblots are
representative of 2 independent experiments.

3.3.1.1. BGP induced matrix mineralisation of B1 BASMCs
To investigate whether the B1 preparation of BASMCs can undergo matrix mineralisation,
cells were grown to approximately 95% confluency (termed day 0), and cultured in the presence of
3 mM BGP. Controls cells were cultured in the absence of BGP. Mineralisation was first detected at
day 8, as indicated by positive alizarin red staining, which was localised upon dense multi-cellular
regions (Figure 3.2 A). By day 10, the areas of positive alizarin red staining had increased (Figure
3.2 A) and the level of mineralisation was significantly increased when compared to control cells at
the same time-point (Figure 3.2 B). At days 12 and 14 there were further increases in the levels of
mineralisation, these increases were significant when compared to control cells at the same time-
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points (Figure 3.2 B). The levels of mineralisation detected at days 8, 10, 12 and 14 are referred to
hereafter as early-, mid-, late- and heavy-mineralisation (see Chapter 2, section 2.3 for further
details). No mineralisation was detected at any time-points when cells were cultured in the absence
of BGP.
3.3.1.2. Osteogenic differentiation of B1 BASMCs
To confirm that preparation B1 BASMCs were undergoing osteogenic differentiation, Q-RTPCR was performed on cDNA samples prepared from mRNA collected at day 0 and at the early-,
mid- and late-mineralisation time-points. Due to the high levels of mineral present at the heavymineralisation time-point, mRNA of sufficient quality could not be extracted from cells and therefore
Q-RT-PCR could not be performed.
At day 0, there was a high relative mRNA expression of the VSMC markers (αSMA and
SM22α) and very low expression of the osteoblast markers Cbfa1 and Msx2 (Figure 3.2 C). For
control cells cultured in the absence of BGP, the relative expression levels of all the cell markers
remained fairly constant at all time-points. At the early-mineralisation time-point, there were no
differences in expression for any of the cell markers when BASMCs cultured in the presence of 3
mM BGP were compared to controls (Figure 3.2 C). At the mid-mineralisation time-point, there
were significant decreases in the expressions of the VSMCs markers and significant increases in
the osteoblast markers when BASMCs cultured in the presence of 3 mM BGP were compared to
controls (Figure 3.2 C). At the late-mineralisation time-point, the expression of the VSMCs markers
decreased further, the increased expression of Msx2 was maintained and the expression of Cbfa1
returned to control levels (Figure 3.2 C)
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Figure 3.2. BGP induced matrix mineralisation and osteogenic differentiation of B1 BASMCs
| B1 BASMCs were cultured in the indicated media from day 0 when the cells were approximately
95% confluent. A. Representative phase contrast images of BASMCs stained with alizarin red
when cells cultured with 3 mM BGP had reached early-, mid-, late- and heavy-mineralisation (min).
Areas of mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed
quantification of matrix mineralisation. C. cDNA samples were collected from BASMCs at day 0
and at the early-, mid- and late-mineralisation time-points. Using Q-RT-PCR with SYBR green, the
changes in mRNA levels of αSMA, SM22α, Cbfa1 and Msx2 were determined and are shown
relative to the house-keeping genes, PPIA and RPL12. All data are presented as mean ± SEM
(n=8 samples at all time-points from 3 independent experiments). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤
0.001 and **** p ≤ 0.0001 for control vs 3 mM BGP by two-way ANOVA.

89!
!

3.3.2 Investigating which SMase and SK isoforms are expressed by BASMCs and determining if
the cells have L-SMase, N-SMase and SK activity
3.3.2.1. Detection of SMase and SK isoforms in BASMCs
Q-RT-PCR was used to investigate which of the SMase and SK isoforms are expressed by
confluent BASMCs. aSMase, nSMase1, nSMase3, SK1 and SK2 mRNAs could all be detected
(Table 3.1). nSMase2 mRNA was not detected (Table 3.1). Of the nSMase isoforms detected, the
relative expression of nSMase3 mRNA was approximately 10-fold greater than that of nSMase1
mRNA. The relative mRNA expression of the SK isoforms also differed with SK1 being present at
2-fold higher than SK2. All amplified mRNA products were sequenced to confirm the correct
amplicons had been generated.

Table 3.1. Relative mRNA expression levels of aSMase, nSMase1, nSMase2, nSMase3, SK1
and SK2 in confluent BASMCs | mRNA expression levels were measured in cDNA samples
collected from confluent B1 BASMCs using Q-RT-PCR and are shown relative to the housekeeping
genes PPIA and RPL12. The levels of aSMase, SK1 and SK2 were measured using SYBR green
and the levels of nSMase1, nSMase2 and nSMase3 were measured using TaqMan gene
expression assays. n=8 samples from 3 independent experiments. N.A. – not applicable.

Target

Mean relative mRNA expression

Standard error

aSMase

0.03507

0.0007883

nSMase1

0.00463

0.0001631

nSMase2

Not detected

N.A.

nSMase3

0.03350

0.0007795

SK1

0.01729

0.0019947

SK2

0.00951

0.0011231

To confirm that the bovine-specific TaqMan nSMase2 gene expression assay that was
used above for Q-RT-PCR could amplify nSMase2, a cDNA sample was prepared from mRNA
collected from confluent BAECs. nSMase2 was amplified from the BAEC cDNA but the relative
expression was extremely low and close to the limit of detection using this method (Figure 3.3 A). A
cDNA sample was also prepared from mRNA collected from pre-confluent BASMCs to see if
nSMase2 could be detected by Q-RT-PCR in dividing cells; however nSMase2 was not detected
(Figure 3.3 A). To further investigate whether nSMase2 is expressed in BASMCs three sets of
bovine-specific nSMase2 primer pairs were designed, termed nSMase2 (1-3), and used for endpoint PCR. All of the primer pairs could amplify nSMase2 from the confluent BAEC cDNA samples
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(Figure 3.3 B) although none of them could amplify nSMase2 from the confluent BASMC cDNA
samples (Figure 3.3 C). cDNA samples were also prepared from mRNA collected from 3 unrelated
cows (termed cows 2-4) and probed with the nSMase2 (2) primer pair. Using this primer pair,
nSMase2 was not detected in any of the BASMC cDNA samples (Figure 3.3 D). All amplified
mRNA products were sequenced to confirm the correct amplicons had been generated. No
amplified products were detected in any of the -RT controls.

!

Figure 3.3. nSMase2 was not detected in BASMCs | A. Q-RT-PCR was performed using the
nSMase2 TaqMan gene expression assay on cDNA samples from pre-confluent (~60-70%
confluence) B1 BASMCs and confluent BAECs. mRNA expression is shown relative to the housekeeping genes, PPIA and RPL12. Data are presented as mean ± SD (n=2 individual samples). BC. End-point PCR using the nSMase2 (1-3) primer pairs on confluent BAECs (B) and confluent B1
BASMCs (C). D. End-point PCR using the nSMase2 (2) primer pair on confluent BAECs and 4
preparations of unrelated BASMCs. B-D. For each primer pair, positive samples (+) and -RT
negative control samples (-) were run. The predicted molecular weights of the amplified products
are: nSMase2 (1) 90 bp, nSMase2 (2) 127 bp & nSMase2 (3) 109 bp. Molecular weight markers
were run on all of the gels and the 200 and 100 bp markers are highlighted by the red and blue
arrows, respectively.

To determine whether nSMase2 protein could be detected, protein lysates from confluent
BASMCs, cow 2 BASMCs, BAECs, HCASMCs, and rat and sheep aortic VSMCs were subjected to
immunoblot analysis using the monoclonal nSMase2 antibody. nSMase2 immunoreactivity at 71
KDa (predicted molecular weight of nSMase2) was only detected in the BAECs lysate and the
positive control cell lysate (Figure 3.4). Other nSMase2 commercial antibodies were also tested but
specificity for nSMase2 could not be confirmed (data not shown).

91!
!

Figure 3.4. nSMase2 protein was not detected in VSMCs | nSMase2 expression in protein
lysates (40 µg) prepared from confluent B1 BASMCs, cow 2 BASMCs, BAECs, HCASMCs, and rat
and sheep aortic VSMCs was analysed by immunoblotting. For details of the positive control
sample see chapter 2 section 2.8.1. β-actin was used as a loading control. The immunoblots are
representative of 2 independent experiments.

3.3.2.2. Detection of L-SMase, N-SMase and SK activity in BASMCs
Both L-SMase and N-SMase activity could be detected in protein lysates from confluent
BASMCs, with L-SMase activity being approximately 2-fold higher than that of N-SMase (Figure
3.5). SK activity was also detected in the confluent BASMC protein lysate (Figure 3.5).

SMase activity
pmoles /µg of protein/minute

1.0
0.8

0.6
0.4

0.2
0.0

L-SMase

N-SMase

µmoles ATP consumption/µg of protein/minute

!

SK activity
1.4

1.2
1.0
0.8
0.6
0.4
0.2
0.0

Figure 3.5. Detection of SMase and SK activity in confluent BASMCs | Protein lysates were
collected from confluent B1 BASMCs and assayed for in vitro L-SMase, N-SMase and SK activity.
The NBD-C6-sphingomyelin substrate was used for the SMase assays. All data are presented as
mean ± SEM (n=3 samples from 3 independent experiments).
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3.3.3 Investigating whether there are changes in mRNA expressions of aSMase, nSMase1,
nSMase2, nSMase3, SK1 and SK2 during the matrix mineralisation and osteogenic differentiation
of BASMCs
Q-RT-PCR was used to determine if the expressions of aSMase, nSMase1, nSMase3,
SK1 and SK2 are differentially regulated at the mRNA level during the matrix mineralisation and
osteogenic differentiation of BASMCs. The same cDNA samples that were used to confirm the
osteogenic differentiation of BASMCs were used (Figure 3.2 C). The expression of nSMase2
mRNA was also investigated using the TaqMan gene expression assay to see if nSMase2 could be
detected when BASMCs undergo matrix mineralisation and osteogenic differentiation. The day 0
values shown in Figure 3.6 are the same as those shown in Table 3.1.
At all time-points the mRNA expressions of aSMase, nSMase1, SK1 and SK2 remained
relatively constant when BASMCs were cultured in control media (Figure 3.6). The expression of
nSMase3 mRNA gradually increased with time when BASMCs were cultured in control media
(Figure 3.6). When BASMCs were cultured in the presence of 3 mM BGP, the expression of
nSMase1 mRNA significantly increased 2-fold at the late-mineralisation time-point when compared
to controls (Figure 3.6). For SK1 mRNA, a 1.4-fold significant increase in expression in the
presence of 3 mM BGP was only seen at the mid-mineralisation time-point when compared to
controls at the same time-point (Figure 3.6). At the mid- and late-mineralisation time-points, 1.8-fold
significant increases in SK2 mRNA were observed when BASMCs cultured in the presence of 3
mM BGP were compared to control cells at the same time-points (Figure 3.6). The mRNA
expression of aSMase and nSMase3 were not altered at any time-points when BASMCs cultured in
the presence of 3 mM BGP were compared to control cells (Figure 3.6). nSMase2 mRNA was not
detected at any time-points when BASMCs were cultured in either the presence of 3 mM BGP or
control media (Figure 3.6).
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Figure 3.6. mRNA expression levels of aSMase, nSMase1, nSMase2, nSMase3, SK1 and SK2
during the matrix mineralisation and osteogenic differentiation of BASMCs | Using Q-RTPCR the changes in mRNA levels of aSMase, nSMase1, nSMase2, nSMase3, SK1 and SK2 were
determined and are shown relative to the house-keeping genes, PPIA and RPL12. The levels of
aSMase, SK1 and SK2 were measured using SYBR green and the levels of nSMase1, nSMase2
and nSMase3 were measured using TaqMan gene expression assays. The cDNA samples that
were shown in Figure 3.2 were used. All data are presented as mean ± SEM (n=8 samples at all
time-points from 3 independent experiments). ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001 for
control vs 3 mM BGP by two-way ANOVA.

It was also investigated whether there were changes in mRNA expressions of aSMase,
nSMase1, nSMase3, SK1 and SK2 in the A5 preparation of BASMCs, which do not mineralise
when they are cultured in the presence of 3 mM BGP for up to 12 days (Figure 3.7 A). The A5
BASMCs were isolated and characterised by Samantha Borland (Canfield lab). cDNA samples
were prepared from mRNA collected from the A5 BASMCs at day 0 and after 8, 10 and 12 days of
culture in either control media or media supplemented with 3 mM BGP. Q-RT-PCR was performed
on the cDNA samples and at no time-points were any differences seen in the mRNA levels of
aSMase, nSMase1, nSMase3, SK1 and SK2 when cells cultured with 3 mM BGP were compared
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to control cells at the same time-points (Figure 3.7 B). Of note, nSMase2 mRNA was not detected
at any time-points in the A5 BASMCs (Figure 3.7).
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Figure 3.7. mRNA expression levels of aSMase, nSMase1, nSMase2, nSMase3, SK1 and SK2
in the A5 preparation of non-mineralising BASMCs | A5 BASMCs were cultured in the indicated
media from day 0 when the cells were approximately 95% confluent. A. Representative phase
contrast images of BASMCs stained with alizarin red at days 8, 10 and 12. Scale bar = 500 µm. B.
Using Q-RT-PCR the changes in mRNA levels of aSMase, nSMase1, nSMase2, nSMase3, SK1
and SK2 were determined and are shown relative to the house-keeping genes, PPIA and RPL12.
The levels of aSMase, SK1 and SK2 were measured using SYBR green and the levels of
nSMase1, nSMase2 and nSMase3 were measured using TaqMan gene expression assays. All
data are presented as mean ± SEM (n=3 samples at all time-points from 1 independent
experiment). Data was analysed by two-way ANOVA.
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3.3.4 Investigating whether there are changes in L-SMase, N-SMase and SK activity during the
matrix mineralisation of BASMCs
Protein lysates were collected from BASMCs during the matrix mineralisation time-course
(Figure 3.8 A & B) to investigate whether the increased mRNA expressions of nSMase1, SK1 and
SK2 leads to increases in N-SMase and SK activity, respectively. The activity of L-SMase was also
measured during the time-course to see if aSMase mRNA expression correlates with L-SMase
activity. The HMU-PC substrate was used to measure L-SMase activity as it has a higherthroughput than the NBD-C6-sphingomyelin substrate. Activity assays were not performed at the
heavy-mineralisation time-point as insufficient protein was extracted when using the lysis buffer
required for these assays.
At all time-points the activities of L-SMase and N-SMase were increased in control media
when compared to confluent BASMCs at day 0 (Figure 3.8 C & D). The activity of SK remained
relatively stable at all time-points in control media when compared to confluent BASMCs at day 0
(Figure 3.8 E). In the presence of 3 mM BGP, the activities of L-SMase and N-SMase decreased
significantly at the late-mineralisation time-point when compared to cells cultured in control media
at the same time-point (Figure 3.8 C & D). No changes in L-SMase or N-SMase activity were seen
at any other time-points when cells cultured in the presence of 3 mM BGP were compared to
controls. At the late-mineralisation time-point a significant increase in SK activity was detected
when cells cultured with 3 mM BGP were compared to controls at the same time-point (Figure 3.8
E). No significant changes in SK activity were seen at the early- or mid-mineralisation time-points
when cells cultured in the presence of 3 mM BGP were compared to controls, although a trend for
an increase was noted at the mid-mineralisation time-point (Figure 3.8 E).
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Figure 3.8. L-SMase, N-SMase and SK activity levels during the matrix mineralisation of
BASMCs | B1 BASMCs were cultured in the indicated media from day 0 when the cells were
approximately 95% confluent. A. Representative phase contrast images of BASMCs stained with
alizarin red when cells cultured with 3 mM BGP had reached early-, mid- and late-mineralisation
(min). Areas of mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed
quantification of matrix mineralisation. C-E. Protein lysates were collected from BASMCs at day 0,
and at the early-, mid-, and late-mineralisation time-points and the indicated in vitro activity assay
was performed. All data are presented as mean ± SEM (n=4 samples at all time-points from 4
independent experiments). * p ≤ 0.05, ** p ≤ 0.01 and **** p ≤ 0.0001 for control vs 3 mM BGP by
two-way ANOVA.
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3.3.5 Profiling the changes in bioactive sphingolipids during the matrix mineralisation of BASMCs
As changes were detected in the activities of L-SMase, N-SMase and SK during the matrix
mineralisation of BASMCs, the levels of bioactive sphingolipids were measured using HPLCMS/MS to determine if there were also changes in lipid levels.
In confluent BASMCs there was a difference in magnitude between the levels of total
ceramide, sphingosine and S1P, with total ceramide being present at the highest concentration and
S1P the lowest (Table 3.2). Of the individual ceramide species, C16 was the most abundant,
followed closely by C24 and C24:1 (Table 3.2). The ceramide species with the lowest levels, in
order of increasing concentration were: C20, C18, C26:1 and C26 (Table 3.2). The majority of total
ceramide was comprised of very long-chain species, which made up two-thirds of the total (Table
3.2).
Table 3.2. Levels of bioactive sphingolipids in confluent BASMCs | Cell lysates were collected
from confluent B1 BASMCs and the levels of bioactive sphingolipids were measured using HPLCMS/MS. n=4 samples for each molecule from 4 independent experiments.

Sphingolipid molecule/species

Mean value
(pmoles/mg protein )

Standard error

Total ceramide

1323.99

93.34

Sphingosine

23.71

9.55

S1P

3.17

1.96

C14 ceramide

15.60

1.22

C16 ceramide

371.39

92.95

C18 ceramide

4.59

1.06

C18:1 ceramide

24.66

4.72

C20 ceramide

1.64

0.25

C20:1 ceramide

20.78

2.41

C22 ceramide

29.81

5.13

C22:1 ceramide

153.31

17.94

C24 ceramide

335.49

31.82

C24:1 ceramide

332.80

112.27

C26 ceramide

18.40

4.26

C26:1 ceramide

7.58

2.79

Long-chain (C14-20) ceramide

438.66

99.98

Very long-chain (C22-26) ceramide

877.38

162.37
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The levels of bioactive sphingolipids were also determined during the matrix mineralisation
time-course at the early-, mid-, late- and heavy-mineralisation time-points (Figure 3.9 A & B). At all
time-points when BASMCs were cultured in control media the levels of total ceramide and
sphingosine were increased approximately 1.25-fold when compared to confluent cells at day 0
(Figure 3.9 C). The levels of S1P remained relatively constant at all post-confluent time-points
when cells cultured in control media were compared to day 0 cells (Figure 3.9 C). Culturing cells in
the presence of 3 mM BGP had no effect on total ceramide levels at any time-points when
compared to time-matched controls (Figure 3.9 C). The presence of 3 mM BGP did, however,
decrease sphingosine levels at the mid-, late- and heavy-mineralisation time-points when
compared to time-matched controls, although these decreases were not significant (Figure 3.9 C).
No changes in sphingosine levels in the presence of 3 mM BGP were detected at the earlymineralisation time-point. The most striking finding of the bioactive sphingolipid profiling was the
large increases in S1P levels at the late- and heavy-mineralisation time-points. The presence of 3
mM BGP led to a 2-fold increase in S1P levels at the late-mineralisation time-point and a 3.5-fold
increase at the heavy-mineralisation time-point when compared to time-matched controls (Figure
3.9 C). No changes in S1P levels in the presence of 3 mM BGP were seen at the early-, or midmineralisation time-points.
The levels of individual ceramide species were also profiled during the matrix
mineralisation time-course. At all time-points no changes were detected in the combined levels of
long-chain (C14-20) or very long-chain (C22-26) ceramide species when BASMCs cultured with 3
mM BGP were compared to time-matched controls (Figure 3.10). However, subtle differences were
detected in the levels of some individual species. C18 ceramide levels were significantly increased
at the heavy-mineralisation time-point when cells cultured in the presence of 3 mM BGP were
compared to time matched controls (Figure 3.10). There was also a trend for an increase in C20
ceramide at the same time-point; however this increase did not reach significance, p=0.087 (Figure
3.10).
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Figure 3.9. Profiling the levels of bioactive sphingolipids during the matrix mineralisation of
BASMCs | B1 BASMCs were cultured in the indicated media from day 0 when the cells were
approximately 95% confluent. A. Representative phase contrast images of BASMCs stained with
alizarin red when cells cultured with 3 mM BGP had reached early-, mid-, late- and heavymineralisation (min). Areas of mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin
red dye allowed quantification of matrix mineralisation. C. Cell lysates were collected from
BASMCs at day 0 and at the early-, mid-, late- and heavy-mineralisation time-points. The levels of
total ceramide, sphingosine and S1P were measured in the lysates using HPLC-MS/MS. All data
are presented as mean ± SEM (n=4 samples at all time-points from 4 independent experiments). **
p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001 for control vs 3 mM BGP by two-way ANOVA.
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Figure 3.10. Profiling the levels of ceramide species during the matrix mineralisation of
BASMCs | The levels of individual ceramide species (C14-26) were measured in B1 BASMC
lysates using HPLC-MS/MS during matrix mineralisation. Experimental details are the same as
outlined in Figure 3.9. All data are presented as mean ± SEM (n=4 samples at all time-points from
4 independent experiments). ** p ≤ 0.01 for control vs 3 mM BGP by two-way ANOVA.
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3.4. Discussion
3.4.1 Isolation of a population of BASMCs to be used as an in vitro model of vascular calcification
To investigate vascular calcification in this study an in vitro model was used that required
isolating a population of VSMCs from the arterial wall. An established method for this purpose is
medial explant culture, which involves the migration and outgrowth of VSMCs from medial sections
(Ross, 1971; Boström et al. 1993). Possible sources of contamination using this method come from
endothelial cells and adventitial fibroblasts. Therefore, it is required to confirm that the isolated cells
are VSMCs, which has been traditionally done by immunofluorescence staining for VSMC markers,
such as αSMA and SM22α (Shioi et al. 1995; Proudfoot et al. 1998; Steitz et al. 2001). In the
present study, the B1 cells isolated from the medial explants all stained positively for αSMA and
SM22α using immunofluorescence. Immunoblotting was also used to confirm the B1 cells
expressed calponin, an additional VSMC marker (Proudfoot & Shanahan, 2012). The possibility
that the B1 population of cells could have been contaminated with endothelial cells is highly
unlikely. This is due to the fact that when using a large vessel, such as that of a bovine aorta, the
endothelial layer can easily be removed from the vessel wall by scraping. Additionally,
contamination with adventitial fibroblasts is also highly unlikely as the external elastic lamina
provides a visible barrier between the medial and adventitial layer when removing the medial
explants. Therefore to the best of our knowledge, the B1 cells used in this study are BASMCs.
Not all preparations of VSMCs will undergo matrix mineralisation when they are cultured in
high phosphate media (as was shown with the A5 BASMCs) and this is thought to reflect the
heterogeneous population of VSMCs found in the vessel wall (Owens et al. 2004). To investigate
whether the B1 preparation of BASMCs could mineralise in response to BGP, the cells were
cultured in the presence of 3 mM BGP for 14 days. Mineralisation was first detected after 8 days
and by days 10 and 12 the pattern of mineralisation became more widespread. These properties
are similar to previous studies that have used this in vitro model with different preparations of
BASMCs (Shioi et al. 1995; Collett et al. 2007). The osteogenic differentiation of B1 BASMCs
during matrix mineralisation was also confirmed by the down-regulation of αSMA and SM22α, and
the up-regulation of the osteoblast marker, Msx2. These markers have been used previously to
confirm VSMC osteogenic differentiation (Steitz et al. 2001; Taylor et al. 2011). An increase in the
osteoblast marker, Cbfa1, was also observed although this was only a transient increase. This is
consistent with a previous study that has demonstrated that Cbfa1 transiently increasing during the
osteogenic differentiation of the C2C12 myoblastic cell line (Lee et al. 1999). The importance of an
increase in Cbfa1 during VSMC matrix mineralisation has been emphasised in smooth muscle cell
specific Cbfa1-deficient mice, as these mice are resistant to high-fat diet-induced intimal
calcification (Sun et al. 2012).
In conclusion, these results have demonstrated that the B1 preparation of BASMCs not
only mineralise but also and undergo osteogenic differentiation in response to BGP, thus serving
as a valid preparation of VSMCs for the study of vascular calcification in vitro.
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3.4.2 Lack of nSMase2 expression in BASMCs and during osteogenic differentiation and matrix
mineralisation
The BASMCs expressed nSMase1 and nSMase3 mRNA, and the relative levels of
nSMase3 were around 10-fold higher than that of nSMase1; the significance of this is unknown but
is consistent with a previous study using MCF-7 cells (Clarke et al. 2011). nSMase2 was not
detected at either the mRNA or protein level in BASMCs, A5 BASMCs or other preparation of
BASMCs, although it was in BAECs, confirming that the primers and antibody used can detect
nSMase2 in bovine cells. Furthermore, nSMase2 could not be detected at the protein level in
HCASMCs and VSMCs derived from rat and sheep cells. The lack of nSMase2 expression in the
VSMCs used in this study is surprising, as previous investigations using rabbit, human and bovine
VSMCs have demonstrated that nSMase2 is the sole contributor to the increase in N-SMase
activity seen when cells are stimulated with TNFα (Tellier et al. 2007) H2O2 (Cinq-Frais et al. 2013)
and oxLDL (Auge et al. 2002). The contribution of nSMase2 to the increases in N-SMase activity
were inferred upon the finding that if nSMase2 siRNA is present, no increases in N-SMase activity
are observed. However, in none of these studies was the expression of nSMase2 demonstrated at
the mRNA or protein level (Tellier et al. 2007; Cinq-Frais et al. 2013; Auge et al. 2002). A recent
study by Kapustin et al. (2015) did detect nSMase2 at the mRNA levels using Q-RT-PCR in
confluent human aortic VSMCs, although personal communications with the lead author revealed
that the levels of expression were extremely low and close to the limit of detection when using this
method. Therefore, it does not appear that nSMase2 is expressed under control conditions by
VSMCs.
In C2C12 myoblastic cells and ATDC5 chondrogenic cells nSMase2 has been shown to be
transcriptionally up-regulated by the osteoblast transcription factor, Cbfa1, which binds to the
promoter region of nSMase2 (Chae et al. 2008; Kakoi et al. 2014). Furthermore, the levels of
nSMase2 have been shown to increase during the osteogenic differentiation of MC3T3-E1 preosteoblasts into fully mature osteoblasts and nSMase2 has been shown to be essential for
osteoblast-mediated bone mineralisation (Khavandgar et al. 2011). However, in the present study
nSMase2 was not detected at the mRNA level at any time-point during the osteogenic
differentiation and matrix mineralisation of BASMCs. These findings therefore suggest that 1)
nSMase2 expression is not stimulated by the up-regulation of Cbfa1 or the osteogenic
differentiation of VSMCs and 2) that nSMase2 is not required for the matrix mineralisation of
VSMCs. These findings also demonstrate that although there are many similarities between
osteoblast and VSMC matrix mineralisation, there are also some differences, which is consistent
with other studies. For example, bone morphogenetic protein-7 has been shown to induce the
osteogenic differentiation of mesenchymal stem cells (Chaudhary et al. 2004) whereas the same
molecule inhibits the osteogenic differentiation of VSMCs (Kang et al. 2010).
The possibility that nSMase2 does not play a role in vascular calcification cannot be fully
ruled out as this protein was detected in BAECs and a recent study has demonstrated that
endothelial cells can also contribute to the initiation of vascular calcification (Buendía et al. 2015).
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In the study by Buendía et al. (2015) the addition of endothelial micro-particles derived from either
senescent endothelial cells or endothelial cells treated with TNFα enhanced the osteogenic
differentiation and matrix mineralisation of VSMCs when compared to appropriate controls. As
nSMase2 has been shown to be involved in micro-particle release (Kapustin et al. 2015), cellular
senescence (Venable et al. 1995) and downstream responses to TNFα (Clarke et al. 2011), it may
also play a role in endothelial-mediated vascular calcification.
3.4.3 Changes in ceramide levels during the matrix mineralisation of BASMCs
Ceramide has previously been shown to be required for bone formation based on the
finding that if the nSMase2 gene is mutated in mice (termed fro/fro mice), N-SMase activity and
total ceramide levels decrease, and defects in osteoblast-mediated bone mineralisation are
observed (Khavandgar et al. 2011). Normal bone formation can be restored in the fro/fro mice by
specifically overexpressing nSMase2 in osteoblast cells, which increases N-SMase activity and
total ceramide to levels comparable to those seen in control animals (Khavandgar et al. 2011).
Furthermore, ceramide is involved in differentiation processes including the monocytic
differentiation of HL-60 cells and the neural differentiation of Neuro2a cells (Okazaki et al. 1990;
Riboni et al. 1995). Therefore, ceramide may also play a role in the osteogenic differentiation and
matrix mineralisation of VSMCs. To investigate this further the levels of ceramide were measured
during the matrix mineralisation of BASMCs using HPLC-MS/MS, this method has previously been
used to investigate the changes in total ceramide and ceramide species during the ageing of small
arteries (Ohanian et al. 2014). The advantages of measuring bioactive sphingolipids by HPLCMS/MS over other methods such as thin layer chromatography analysis are that 1) higher levels of
specificity and sensitivity are achieved, 2) absolute rather than relative quantification levels are
provided and 3) individual ceramide species can be identified (Bielawski et al. 2010).
In the present study, no changes were detected in the levels of total ceramide during the
matrix mineralisation of BASMCs. When considered with the role of ceramide in the Khavandgar et
al. (2011) study, this result may suggest that the presence of ceramide, rather than an increase in
ceramide, is required for matrix mineralisation. There were however, subtle increases in the levels
of C18 and C20 ceramide species when mineralisation was widespread. The increase in C20
ceramide did not reach statistical significance (p=0.087) but this appeared to be due to low n
numbers, rather than a chance effect, as a clear trend for an increase in the levels of this lipid were
detected at both the late- and heavy-mineralisation time-points. The importance of these increases
is unknown, as is whether they were increasing as a cause or consequence of matrix
mineralisation. A previous study has implicated C18 ceramide in growth arrest (Koybasi et al.
2004), but how this fits with a role in matrix mineralisation is unclear. A specific role for C20
ceramide is yet to be identified. Regardless, this result demonstrates that there are changes in
ceramide levels during matrix mineralisation and suggests that this class of lipid is somehow
involved in the process.
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It is not known whether the increases in C18 and C20 ceramide at the heavy mineralisation
time-point were due to increased L-SMase or N-SMase activity, because activity assays for these
enzymes could not be performed at this time-point. However, it is also possible that the increases
in ceramide species could have been mediated by S-SMase acting on the outer leaflet of the
plasma membrane or through the action of the CerS family of enzymes in either the de novo
pathway or the ceramide salvage pathway (see Chapter 1, sections 1.12 & 1.13.1). The most likely
candidates out of the CerS family are CerS1 and CerS4 as these enzymes show a preference
towards the generation of C18 and C20 ceramide (Mullen et al. 2012). Thus, which enzymes are
responsible for increases in C18 and C20 ceramide during matrix mineralisation is unclear. The
implications of a decrease in L-SMase and N-SMase activity at the late mineralisation time-point is
unknown but may suggest that these enzymes have a role to play in the process; this possibility will
be investigated further in Chapter 4.
The decrease in N-SMase activity seen during the matrix mineralisation of BASMCs does
not fit with the increase in nSMase1 mRNA seen at the same time-point. The main reason for this
could be that the mRNA levels of nSMase1 do not correlate with protein levels and therefore
activity. The increased mRNA expression of nSMase1 may have been a consequence of
osteogenic differentiation, as the mRNA expressions of numerous proteins are altered during this
pathological process (Alves et al. 2014). However, the mechanism by which osteogenic
differentiation may up-regulate nSMase1 transcription is unknown and the promoter region of the
gene remains to be identified. The increase in nSMase1 mRNA was a direct result of matrix
mineralisation and osteogenic differentiation and not a response to the high phosphate media, as
nSMase1 mRNA did not increase in the A5 BASMCs when they were maintained in 3 mM BGP for
the same time-period.
The levels of aSMase mRNA also did not appear to correlate with L-SMase activity in this
study because when L-SMase activity was decreased no changes were detected in aSMase
mRNA levels. This is in contrast to previous studies that have demonstrated a positive correlation
between aSMase mRNA levels and L-SMase activity (Langmann et al. 1999; Murate et al. 2002).
However, to directly correlate aSMase mRNA levels with L-SMase activity is difficult as the
aSMase transcript gives rise to both the L-SMase protein and the S-SMase protein through
alternative trafficking of the common precursor protein (Jenkins et al. 2011; see Chapter 1, section
1.13). Therefore, the decrease in L-SMase activity seen in this study may have been the result of
more of the common protein precursor being directed towards S-SMase production, resulting in a
decrease in L-SMase activity but not a decrease in aSMase mRNA levels.
3.4.4 Changes in S1P levels during the matrix mineralisation of BASMCs
During the matrix mineralisation of the BASMCs there was a progressive increase in the
levels of S1P when compared to control cells. This is a novel finding as the levels of S1P have not
been previously investigated during VSMC matrix mineralisation. However, S1P has been shown to
play roles in osteogenic differentiation and osteoblast-mediated matrix mineralisation. For example,
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S1P promotes the osteogenic differentiation of MSCs and subsequently increases their rate of
matrix mineralisation (Pederson et al. 2008). The addition of S1P to cultured primary calvarial
osteoblasts has also been demonstrated to enhance matrix mineralisation (Lotinun et al. 2013;
Keller et al. 2014). Furthermore and of interest to vascular calcification, exogenous S1P has been
show to induce the expression of osteoblast proteins in human aortic valve interstitial cells and
increase their rate of matrix mineralisation (Fernández-Pisonero et al. 2014). Whether the
increases in S1P levels seen during the matrix mineralisation of BASMCs are driving matrix
mineralisation is unknown but will be investigated further in Chapter 5.
The increase detected in S1P levels in the present study was accompanied by a decrease
in sphingosine levels and an increase in SK activity. These results suggest that an increase in the
phosphorylation of sphingosine by the SKs was responsible for the increase in S1P levels.
However, the possibility that the increase in S1P levels was mediated through a decrease in S1P
phosphatase or S1P lyase activity cannot be ruled out. The increase in SK activity appeared to be
mediated in part through increased transcription of SK1 and SK2 as the mRNA expression levels of
both these proteins increased during matrix mineralisation. These increases were a direct result of
matrix mineralisation and osteogenic differentiation and not a response to the high phosphate
media as SK1 and SK2 mRNA levels did not increase when the A5 BASMCs were cultured with 3
mM BGP for the same period of time. Previous studies have demonstrated that increased SK1 and
SK2 mRNA leads to increased protein levels and SK activity (Yamanaka et al. 2004; Anelli et al.
2008; Hait et al. 2005). Whether the increases in SK1 and SK2 mRNA were leading to an increase
in protein levels in the BASMCs could not be confirmed in this study as none of the commercially
available antibodies tested could detect SK1 or SK2 protein in bovine cells. In addition to
transcriptional regulation, post-translational modifications in the form of phosphorylation have also
been shown to increase the enzymatic activities of both SK1 and SK2 (Pitson et al. 2003; Hait et al.
2007). Therefore, there is a possibility that the increase in SK activity was also mediated by posttranslational changes to SK1 and SK2.
The individual contribution of SK1 and SK2 to the overall increase in SK activity in
BASMCs during matrix mineralisation was not investigated in this study. In future studies, this could
be achieved by taking advantage of the different in vitro enzymatic properties of SK1 and SK2.
When sphingosine is presented in a BSA complex in the presence of 1 M KCl, SK1 activity is
inhibited, whereas when sphingosine is presented in a micellar form with Triton X-100, SK2 activity
is inhibited (Liu et al. 2000). This method has been used in VSMCs to demonstrate that SK1 is the
predominant SK isoform responsible for an increase in SK activity following stimulation with TNFα
(Tellier et al. 2007). This approach could also been used to investigate whether the higher basal
mRNA expression of SK1 when compared to SK2 in control BASMCs results in higher SK1 than
SK2 activity. A higher basal level of SK1 mRNA when compared to SK2 is in agreement with
previous studies using cultured cells (Radef-Huang et al. 2007; Gao & Smith, 2013; Gandy et al.
2013).
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The increase in SK1 mRNA seen in this study was transient, whereas the increase in SK2
mRNA was sustained. A transient increase in SK1 mRNA and a sustained increase in SK2 mRNA
is in agreement with a previous study following the LPS-treatment of mouse lungs (Wadgaonkar et
al. 2009) and suggests the two enzymes have differential forms of transcriptional regulation. Little
is known with regards to the transcriptional regulation of SK1, but the hypoxia inducible factor2α
has been shown to bind to the promoter region of SK1 and increase mRNA expression (Anelli et al.
2008). However, how this would fit with a role in osteogenic differentiation and matrix mineralisation
is unclear. The up-regulation of SK2 mRNA during osteogenic differentiation and matrix
mineralisation could have been mediated by the cAMP response element-binding (CREB)
transcription factor. CREB has been shown to bind to and increase SK2 mRNA levels (Mizutani et
al. 2015) and the expression of CREB has been previously shown to increase during the matrix
mineralisation and osteogenic differentiation of VSMCs (Tintut et al. 2000), thus, providing a link
between increased SK2 mRNA and the osteogenic differentiation and matrix mineralisation of
VSMCs.
3.4.5 Overall conclusion
In summary, the results in this chapter have demonstrated that the B1 preparation of
BASMCs can be used to study vascular calcification in vitro. Using the B1 BASMCs this study has
shown that nSMase2 is not expressed under control conditions or during osteogenic differentiation
and matrix mineralisation. During the matrix mineralisation of BASMCs there were subtle increases
in the levels of C18 and C20 ceramide, and large increases in the levels of S1P. Additionally, the
activities of both L-SMase and N-SMase decreased when mineralisation was widespread, which
suggests these enzymes may have a role in matrix mineralisation. The increase in S1P levels was
accompanied by an increase in SK activity and the mRNA expressions of SK1 and SK2.
Collectively, these findings suggest that sphingolipids play a role in matrix mineralisation; however,
it is unclear whether ceramide and S1P are promoters or inhibitors of the process. This possibility
will be examined in Chapters 4 and 5.
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Chapter 4. Investigating the role of
ceramide in VSMC matrix
mineralisation
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4.1. Introduction
The results in Chapter 3 demonstrated that during the matrix mineralisation of BASMCs
there were decreases in the in vitro activities of the ceramide generating enzymes, L-SMase and
N-SMase, and increases in the levels of the C18 and C20 ceramide species. Therefore, in this
chapter the role of ceramide in matrix mineralisation will be investigated further. A variety of
approaches will be used including the addition of exogenous C2 ceramide, over expressing
nSMase2, inhibiting the activity of L-SMase and ACDase in the ceramide salvage pathway and
inhibiting N-SMase activity. Exogenous C2 ceramide is a cell permeable analogue of ceramide that
is readily taken up by cells in vitro and increases total ceramide levels (Jung et al. 2013). The over
expression of human nSMase2 has been used previously as a way of increasing total endogenous
ceramide levels (Marchesini et al. 2003). Desipramine inhibits both L-SMase and ACDase activity
and disrupts the ceramide salvage pathway (Elojeimy et al. 2006). GW4869 is a non-competitive
inhibitor of N-SMase activity that can inhibit all nSMase (1-3) isoforms in vitro (Chipuk et al. 2012)
and prevent in vivo increases in ceramide levels (Luberto et al. 2002).
The specific aims of this chapter are as follows:
•

Investigate the effect of C2 ceramide on the matrix mineralisation of BASMCs

•

Generate a transient line of BASMCs over expressing human nSMase2

•

Confirm that GW4869 can decrease N-SMase activity in BASMCs

•

Confirm that desipramine inhibits both L-SMase and ACDase activity

•

Investigate the effect of GW4869 on the matrix mineralisation of BASMCs

•

Investigate the effect of desipramine on the matrix mineralisation of BASMCs

4.2. Methods
The protocols for the experiments detailed in this chapter are described in Chapter 2: 2.2 (Cell
culture), 2.3 (Induction and analysis of matrix mineralisation), 2.4 (Cell culture treatments), 2.7
(Immunofluorescence staining), 2.8 (Immunoblotting), 2.9 (In vitro enzyme activity assays) 2.10
(Measurement of bioactive sphingolipids) and 2.11 (Over expression of nSMase2 constructs).
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4.3. Results
4.3.1 The addition of C2 ceramide to BASMCs reduces matrix mineralisation
Culturing BASMCs in the presence of BGP and 10 µM C2 ceramide significantly decreased
matrix mineralisation when compared to cells cultured with BGP alone (Figure 4.1). Culturing the
BASMCs with 10 µM C2 ceramide in the absence of BGP did not induce matrix mineralisation or
visually affect the viability of the cells (Figure 4.1 A).

A.

Control &
10 µM C2 ceramide

Control

B.

3 mM BGP

3 mM BGP &
10 µM C2 ceramide

Quantification of mineralisation
Absorbance (405 nm)

1.0

*

0.8
0.6

0.4
0.2

0.0

3 mM BGP

3 mM BGP &
10 µM C2 ceramide

Figure 4.1. The addition of C2 ceramide to BASMCs reduces matrix mineralisation | B1
BASMCs were cultured in the indicated media from day 0 when the cells were approximately 95%
confluent. All conditions contained the same concentration of vehicle, DMSO (1:1,000). A.
Representative phase contrast images of BASMCs stained with alizarin red when cells cultured
with 3 mM BGP had reached mid-mineralisation. Areas of mineralisation stain red. Scale bar = 500
µm. B. Elution of alizarin red dye allowed quantification of matrix mineralisation. All data are
presented as mean ± SEM (n=6 samples for all conditions from 3 independent experiments). * p ≤
0.05 by the student T-test.

4.3.2 Over expressing nSMase2 in BASMC by transient transfection
To further investigate the role of ceramide in matrix mineralisation attempts were made to
transiently over express nSMase2 in BASMCs. Constructs for wild type nSMase2 and the
catalytically inactive nSMase2 mutants, D428A and H639A, which have no N-SMase activity
(Clarke et al. 2007), were used and each had a V5 tag at the C-terminus. The B1 BASMCs were
transiently transfected with the nSMase2 constructs using the SuperFect reagent. Control cells
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were treated with the SuperFect reagent in the absence of any over expressing constructs.
Successfully transfected BASMCs were identified by positive immunofluorescent staining when
using the anti-V5 antibody (Figure 4.2). No staining was detected with the appropriate negative
control IgG antibody or in non-transfected control cells (Figure 4.2). The transfection efficiency for
all constructs was approximately 2%. Higher-power immunoflorescence staining images
demonstrated that the V5 tag could be detected throughout the cell with more intense staining seen
around the peri-nuclear region (Figure 4.3), which is consistent with a previous study in which
nSMase2 was over expressed in human airway epithelial cells (Levy et al. 2006).
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!
!
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nSMase2
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!
!

D428A
! nSMase2
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!
!
!

H639A
nSMase2
! Construct
!
Figure 4.2. Determining the transfection efficiency of the different nSMase2 constructs in
BASMCs | Immunofluorescence staining was performed on B1 BASMCs 24 hours posttransfection with the indicated nSMase2 constructs. BASMCs were stained with phalloidin (F-actin
stain; red in composites), Hoechst (nuclei stain; blue in composites) and either a negative control
mouse IgG2a or the anti-V5 antibody (green in composites). Scale bar = 250 µm. Images are
representative of 2 independent experiments.!
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Figure 4.3. High-power immunofluorescence staining images of BASMCs transfected with
the different nSMase2 constructs | Experimental details are the same as those indicated in
Figure 4.2. Scale bar = 50 µm. Images are representative of 2 independent experiments.!

To confirm that the V5 tag was attached to the nSMase2 protein, immunoblotting was
performed using protein lysates collected from control cells and cells transfected with the different
nSMase2 constructs. When blotting with the anti-nSMase2 antibody no bands were detected in the
control protein lysate (as previously reported in Chapter 3, Section 3.3.2.1), but bands were
detected at 75 KDa in all the protein lysates collected from transfected cells (Figure 4.4 A, blue
arrow). The increased size in nSMase2 (usually 71 KDa) is likely to be due to the presence of the
V5 tag. The membrane was then stripped and re-probed with the anti-V5 antibody. Bands were
detected in the same places as were seen with the nSMase2 antibody (Figure 4.5 A, green arrow),
confirming that the V5 tag was attached to the nSMase2 proteins. To investigate whether the over
expressed nSMase2 constructs altered in vitro activity, the N-SMase activity assay was performed.
The wild type nSMase2 construct increased N-SMase activity when compared to the control protein
lysate, whereas the catalytically inactive nSMase2 constructs had no effect (Figure 4.4 B).
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Figure 4.4. The nSMase2 constructs produce V5 tagged nSMase2 protein and the wild type
construct increases N-SMase activity | B1 BASMCs were transfected with the indicated
nSMase2 constructs and 48 hours later protein lysates were collected. A. nSMase2 and V5
expression in protein lysates (20 µg) were analysed by immunoblotting. β-actin was used as a
loading control. The immunoblots are representative of 2 independent experiments. B. The in vitro
N-SMase activity assay was performed using protein lysates from the transfected BASMCs. All
data are presented as mean ± SD (n=2 samples for all conditions from 2 independent
experiments).

Although these experiments have shown that nSMase2 can be over expressed in B1
BASMCs and increase N-SMase activity, the transfection efficiency was deemed too low to
continue with matrix mineralisation experiments.
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4.3.3 Investigating the effect of GW4869 on N-SMase activity
To confirm that GW4869 can inhibit N-SMase activity, protein lysates from confluent
BASMCs were pre-incubated with 10-40 µM GW4869 for 30 minutes at 37°C. The in vitro N-SMase
activity assay was then performed in the presence of the same concentration of GW4869 and a
dose-dependent decrease in N-SMase activity was observed (Figure 4.5).

N-SMase activity

% decrease in N-SMase activity

120
100
80
60
40

20
0
0

10

20

30

40

GW4869 concentration (µM)
Figure 4.5. GW4869 dose-dependently inhibits the in vitro activity of N-SMase | Protein
lysates collected from confluent B1 BASMCs were pre-incubated with 10-40 µM GW4869 at 37°C
for 30 minutes before the in vitro N-SMase activity assay was performed in the presence of the
same concentration of GW4869. All conditions contained the same concentration of vehicle, DMSO
(1:1,000). All data are presented as mean ± SD (n=2 samples at all concentrations from 2
independent experiments).

4.3.4 Investigating the effect of desipramine on L-SMase activity
To confirm that desipramine can inhibit L-SMase activity, BASMCs were cultured for 24
hours in control media, media supplemented with BGP or media supplemented with BGP and 10
µM desipramine. The in vitro L-SMase activity assay was then performed. The presence of 10 µM
desipramine in media containing BGP significantly decreased L-SMase activity when compared to
cells cultured with BGP alone (Figure 4.6). Culturing BASMCs for 24 hours with BGP had no effect
on L-SMase activity when compared to cells cultured in control media (Figure 4.6).
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Figure 4.6. Desipramine inhibits the in vitro activity of L-SMase | B1 BASMCs were grown to
approximately 95% confluency then cultured in the presence of the indicated media for 24 hours.
All conditions contained the same concentration of vehicle, H2O (1:1,000). Protein lysates were
collected after 24 hours and the in vitro L-SMase activity assay was performed using the HMU-PC
substrate. All data are presented as mean ± SEM (n=4 samples at all time-points from 4
independent experiments). * p ≤ 0.05 for 3 mM BGP vs 3 mM BGP & 10 µM desipramine by oneway ANOVA.

4.3.5 Short-term effects of GW4869 and desipramine on bioactive sphingolipids
To determine whether GW4869 or desipramine also affect the levels of bioactive
sphingolipids, BASMCs were cultured for 24 hours in either control media, media supplemented
with BGP, media supplemented with BGP and 10 µM GW4869, or media supplemented with BGP
and 10 µM desipramine. Cell lysates were then collected and the levels of bioactive sphingolipids
were measured using HPLC-MS/MS. The addition of GW4869 to media containing BGP had no
effect on the levels of total ceramide, sphingosine or S1P when compared to cells cultured with
BGP alone (Figure 4.7). GW4869 also had no effects on the levels of individual ceramide species
(Figure 4.8). The addition of desipramine to media containing BGP increased total ceramide,
decreased sphingosine and had no effect on S1P levels when compared to cells cultured with BGP
alone (Figure 4.7). Desipramine also significantly increased the levels of C18, C18:1, C22, C24,
C26 and C26:1 ceramide species. The levels of C14, C16, C20 and C20:1 ceramide also increased
in response to desipramine, but these changes were not significant (Figure 4.8). When the longchain (C14-20) and very long-chain (C22-26) ceramide species were combined, the addition of
desipramine only caused a significant increase in the levels of very long-chain species (Figure 4.8).
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Figure 4.7. Profiling the changes in bioactive sphingolipids during the short-term exposure
of BASMCs to GW4869 or desipramine | B1 BASMCs were grown to approximately 95%
confluency then cultured in the presence of the indicated media for 24 hours. All conditions
contained the same concentration of vehicle, DMSO (1:1,000). Cell lysates were collected after 24
hours and the levels of total ceramide, sphingosine and S1P were measured using HPLC-MS/MS.
All data are presented as mean ± SEM (n=4 samples for all conditions for total ceramide and
sphingosine, n=3 samples for all conditions for S1P from 4/3 independent experiments). ** p ≤ 0.01
and *** p ≤ 0.001 for 3 mM BGP vs 3 mM BGP & 10 µM GW4869/3 mM BGP & 10 µM desipramine
by one-way ANOVA.
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Figure 4.8. Profiling the changes in ceramide species during the short-term exposure of
BASMCs to GW4869 or desipramine | The levels of individual ceramide species (C14-26) were
measured in cell lysates using HPLC-MS/MS after the 24 hour exposure of B1 BASMCs to 10 µM
GW4869 or 10 µM desipramine. Experimental details are the same as outlined in Figure 4.7. All
data are presented as mean +/- SEM (n=4 samples for all conditions from 4 independent
experiments). * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 for 3 mM BGP vs 3 mM BGP & 10 µM
GW4869/3 mM BGP & 10 µM desipramine by one-way ANOVA
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4.3.6 Investigating the effect of GW4869 on VSMC matrix mineralisation
Culturing BASMCs in the presence of BGP and 1-10 µM GW4869 caused a dosedependent increase in matrix mineralisation when compared to cells cultured with BGP alone
(Figure 4.9 A). Quantification of mineralisation revealed that 1 µM GW4869 significantly increased
matrix mineralisation at the late-mineralisation time-point, whereas 10 µM significant increased
mineralisation at the mid- and late-mineralisation time-points (Figure 4.9 B). Culturing the BASMCs
in the absence of BGP and the presence of 10 µM GW4869 over the mineralisation time-courses
did not induce spontaneous matrix mineralisation or cause visually adverse effects to the cells
(Figure 4.10).
To determine whether the increase in matrix mineralisation observed with GW4869 could
be rescued by the addition of exogenous ceramide, the cells were incubated with BGP, 10 µM
GW4869 and 10-20 µM C2 ceramide. The addition of 20 µM C2 ceramide to cells cultured with
BGP and GW4869 reduced matrix mineralisation to levels comparable to those seen with BGP
alone (Figure 4.11). The addition of 10 µM C2 ceramide also reduced matrix mineralisation,
although the levels of mineralisation were still higher than those seen with BGP alone (Figure
4.11).
It was also investigated whether the addition of BGP and GW4869 could induce the matrix
mineralisation of the A5 BASMCs; the preparation of cells that do not mineralise in the presence of
BGP alone (see Chapter 3 Figure 3.7). When BGP and 10 µM GW4869 were added to the A5
BASMCs, no mineralisation was detected after 14 days (Figure 4.12), the time it usually takes for
the B1 BASMCs to reach the late/heavy mineralisation time-point.
To determine if GW4869 could also increase the matrix mineralisation of another
preparation of VSMCs, a population of HCASMCs was used that mineralises in the presence of 5
mM BGP and 0.9 mM CaCl2 (mineralising media). When mineralising media and 10 µM GW4869
was added to the HCASMCs a significant increase in matrix mineralisation was observed when
compared to cells cultured with mineralising media alone (Figure 4.13). Culturing the HCASMCs in
the absence of mineralising media and the presence of 10 µM GW4869 over the mineralisation
time-courses did not induce spontaneous matrix mineralisation or cause visually adverse effects to
the cells (Figure 4.14).
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Figure 4.9. Investigating the effect of the N-SMase inhibitor, GW4869, on the matrix
mineralisation by BASMCs | B1 BASMCs were cultured in the indicated media from day 0 when
the cells were approximately 95% confluent. All conditions contained the same concentration of
vehicle, DMSO (1:1,000). A. Representative phase contrast images of BASMCs stained with
alizarin red when cells cultured with 3 mM BGP had reached early-, mid- and late-mineralisation
(min). Areas of mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed
quantification of matrix mineralisation. All data are presented as mean ± SEM (n=9 samples at all
time-points from 3 independent experiments). **** p ≤ 0.0001 for 3 mM BGP vs 3 mM BGP & 1/10
µM GW4869 by two-way ANOVA.
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Figure 4.10. GW4869 does not induce the matrix mineralisation of BASMCs in the absence
of BGP | B1 BASMCs were cultured in the indicated media from day 0 when the cells were
approximately 95% confluent. All conditions contained the same concentration of vehicle, DMSO
(1:1,000). Shown are representative phase contrast images of BASMCs stained with alizarin red
when cells cultured with 3 mM BGP had reached the late-mineralisation time-point. Areas of
mineralisation stain red. Scale bar = 500 µm. Images are representative of 2 independent
experiments.
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Figure 4.11. The effect of GW4869 on matrix mineralisation can be rescued by the addition
of 20 µM C2 ceramide | B1 BASMCs were cultured in the indicated media from day 0 when the
cells were approximately 95% confluent. All conditions contained the same concentration of
vehicle, DMSO (1:1,000). A. Representative phase contrast images of BASMCs stained with
alizarin red when cells cultured with 3 mM BGP had reached mid-mineralisation. Areas of
mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of
matrix mineralisation. All data are presented as mean ± SEM (n=3 samples for all conditions from 3
independent experiment). *** p ≤ 0.001 and **** p ≤ 0.0001 for 3 mM BGP vs the indicated culture
media by one-way ANOVA. N.S. – no significance.
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Figure 4.12. GW4869 does not induce the matrix mineralisation of A5 BASMCs in the
presence of BGP | A5 BASMCs were cultured in the indicated media from day 0 when the cells
were approximately 95% confluent. All conditions contained the same concentration of vehicle,
DMSO (1:1,000). Shown are representative phase contrast images of BASMCs stained with
alizarin red 14 days post-confluency. Areas of mineralisation stain red. Scale bar = 500 µm. Images
are representative of 2 independent experiments.
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Figure 4.13. Investigating the effect of the N-SMase inhibitor, GW4869, on the matrix
mineralisation by HCASMCs | HCASMCs were cultured in the indicated media from day 0 when
the cells were approximately 95% confluent. All conditions contained the same concentration of
vehicle, DMSO (1:1,000). A. Representative phase contrast images of HCASMCs stained with
alizarin red 14 days post-confluency. Areas of mineralisation stain red. Scale bar = 500 µm. B.
Elution of alizarin red dye allowed quantification of matrix mineralisation. All data are presented as
mean ± SEM (n=4 samples for all conditions from 2 independent experiments). **** p ≤ 0.0001 for
mineralising media vs mineralising media & 10 µM GW4869 by two-way ANOVA.
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Figure 4.14. GW4869 does not induce the matrix mineralisation of HCASMCs in the absence
of mineralising media | B1 BASMCs were cultured in the indicated media from day 0 when the
cells were approximately 95% confluent. All conditions contained the same concentration of
vehicle, DMSO (1:1,000). Shown are representative phase contrast images of HCASMCs stained
with alizarin red 20 days post-confluency. Areas of mineralisation stain red. Scale bar = 500 µm.
Images are representative of 2 independent experiments.

4.3.7 Investigating the effect of desipramine on VSMC matrix mineralisation
Culturing BASMCs in the presence of BGP and 1-10 µM desipramine caused a dosedependent reduction in matrix mineralisation when compared to cells cultured with BGP alone
(Figure 4.15 A). No mineralisation was seen at all when using 10 µM desipramine (Figure 4.15 A).
Quantification of mineralisation demonstrated that at the late- and heavy-mineralisation time-points,
both 1 and 10 µM desipramine had significantly decreased matrix mineralisation (Figure 4.15 B).

122!
!

!

Early-min

A.

Late-min

Heavy-min

Control

3 mM BGP

3 mM BGP

1 µM
desipramine

10 µM
desipramine

Quantification of mineralisation
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Figure 4.15. Investigating the effect of desipramine on the matrix mineralisation by BASMCs
| B1 BASMCs were cultured in the indicated media from day 0 when the cells were approximately
95% confluent. All conditions contained the same concentration of vehicle, H2O (1:1,000). A.
Representative phase contrast images of BASMCs stained with alizarin red when cells cultured
with 3 mM BGP had reached early-, late- and heavy-mineralisation (min). Areas of mineralisation
stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of matrix
mineralisation. All data are presented as mean ± SEM (n=9 samples at all time-points from 3
independent experiments). **** p ≤ 0.0001 for 3 mM BGP vs 3 mM BGP & 1/10 µM desipramine by
two-way ANOVA.
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4.3.8 Profiling the levels of bioactive sphingolipids in the presence of GW4869 and desipramine
during the matrix mineralisation time-course
As there were changes in the levels of matrix mineralisation when BASMCs were cultured
with GW4869 or desipramine (Figures 4.9 & 4.15), the sphingolipid profile of BASMCs was
analysed in the presence of these inhibitors during the mineralisation time-course. As shown
before, when compared to BASMCs cultured in the presence of BGP alone, the addition of 10 µM
GW4869 significantly increased matrix mineralisation, whereas the addition of 10 µM desipramine
significantly decreased matrix mineralisation (Figure 4.16 A & B). At the same time-points that cells
were stained with alizarin red in Figure 4.16 A, cell lysates were collected from parallel cultures and
the levels of bioactive sphingolipids were measured. The pre-mineralisation time-point
corresponded to 2 days before the BASMCs cultured with BGP had entered into the earlymineralisation time-point.
4.3.8.1 Effects of GW4869 on bioactive sphingolipids during matrix mineralisation
Throughout the mineralisation time-course no differences were detected in the levels of
total ceramide, the overall levels of long-chain (C14-20) ceramide species, the overall levels of very
long-chain (C22-26) ceramide species or sphingosine when BASMCs cultured with BGP and 10
µM GW4869 were compared to cells cultured with BGP alone, at the same time-points (Figures
4.17, 4.18 & 4.19). Non-significant trends for increases in the levels of C18 and C20 ceramide
species were detected at the early-, mid- and late-mineralisation time-points when BASMCs
cultured with BGP and 10 µM GW4869 were compared to cells cultured with BGP alone, at the
same time-points (Figure 4.18). At the mid-mineralisation time-point a non-significant increase in
S1P was observed when BASMCs cultured with BGP and 10 µM GW4869 were compared to cells
cultured with BGP alone (Figure 4.17).
4.3.8.2 Effects of desipramine on bioactive sphingolipids during matrix mineralisation
Culturing BASMCs in the presence of BGP and 10 µM desipramine induced non-significant
increases in total ceramide levels at all time-points when compared to cells cultured with BGP
alone at the same time-points (Figure 4.17). The addition of 10 µM desipramine also caused trends
for increases in the levels of all of the individual ceramide species (C14-26:1), although these
trends did not become significant for all ceramide species at all time-points (Figures 4.18 & 4.19).
At the pre- and early-mineralisation time-points, the addition of BGP and 10 µM desipramine to
BASMCs caused trends for decreases in sphingosine levels when compared to cells cultured with
BGP alone at the same time-point (Figure 4.17); this change was not apparent at the mid- and latemineralisation time-points (Figure 4.17). Culturing BASMCs in the presence of BGP and 10 µM
desipramine also prevented the BGP-induced increase in S1P levels at the late-mineralisation
time-point (Figure 4.17).
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Figure 4.16. Time-points of mineralisation during the profiling of bioactive sphingolipids in
the presence of GW4869 or desipramine | B1 BASMCs were cultured in the indicated media
from day 0 when the cells were approximately 95% confluent. All conditions contained the same
concentration of vehicle, DMSO (1:1,000). A. Representative phase contrast images of BASMCs
stained with alizarin red when cells cultured with 3 mM BGP had reached pre-, early-, mid- and
late-mineralisation (min). The pre-mineralisation time-point corresponded to 2 days before the
BASMCs cultured with 3 mM BGP had entered into the early-mineralisation time-point. Areas of
mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of
matrix mineralisation. All data are presented as mean ± SEM (n=3 samples at all time-points from 3
independent experiments). * p ≤ 0.05, ** p ≤ 0.01, and **** p ≤ 0.0001 for 3 mM BGP vs 3 mM BGP
& 10 µM GW4869/3 mM BGP & 10 µM desipramine by two-way ANOVA.
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Figure 4.17. Profiling the levels of bioactive sphingolipids in the presence of GW4869 or
desipramine | Cell lysates were collected during the mineralisation of B1 BASMCs in the presence
of 10 µM GW4869 or 10 µM desipramine at the pre-, early-, mid- and late-mineralisation timepoints, as illustrated in Figure 4.16. The levels of total ceramide, sphingosine and S1P were
measured in the lysates using HPLC-MS/MS. All data are presented as mean ± SEM (n=3 samples
at all time-points from 3 independent experiments, unless indicated otherwise). *** p ≤ 0.001 for 3
mM BGP vs 3 mM BGP & 10 µM GW4869/3 mM BGP & 10 µM desipramine by two-way ANOVA.
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Figure 4.18. Profiling the levels of long-chain ceramide species in the presence of GW4869
or desipramine | The levels of long-chain ceramide species (C14-20) were measured in B1
BASMC lysates using HPLC-MS/MS during matrix mineralisation. Experimental details are the
same as those outlined in Figure 4.17. All data are presented as mean ± SEM (n=3 samples at all
time-points from 3 independent experiments). * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 for 3 mM
BGP vs 3 mM BGP & 10 µM GW4869/3 mM BGP & 10 µM desipramine by two-way ANOVA.
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Figure 4.19. Profiling the levels of very long-chain ceramide species in the presence of
GW4869 or desipramine | The levels of very long-chain ceramide species (C22-26) were
measured in B1 BASMC lysates using HPLC-MS/MS during matrix mineralisation. Experimental
details are the same as those outlined in Figure 4.17. All data are presented as mean ± SEM (n=3
samples at all time-points from 3 independent experiments). * p ≤ 0.05 and ** p ≤ 0.01 for 3 mM
BGP vs 3 mM BGP & 10 µM GW4869/3 mM BGP & 10 µM desipramine by two-way ANOVA.
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4.4. Discussion
4.4.1 The addition of ceramide reduces matrix mineralisation
The addition of exogenous C2 ceramide to BASMCs decreased matrix mineralisation in
response to BGP, which suggests that ceramide is an inhibitor of matrix mineralisation. C2
ceramide is a cell permeable, synthetic form of naturally occurring ceramide (Sot et al. 2005) and
has been used in a number of studies to increase cellular levels of total ceramide (GuillermetGuibert et al. 2009; Jung et al. 2013). However, it may not be ceramide per se that is inhibiting
matrix mineralisation as a recent study has demonstrated that a small proportion of exogenously
added C2 ceramide is converted to ceramide-1-phosphate in BV2 microglial cells (Jung et al.
2013). Furthermore, the addition of C2 ceramide to hepatocytes increases sphingosine levels
(Nikolova-Karakashian et al. 1997). Therefore this result demonstrates that C2 ceramide can
decrease the matrix mineralisation of BASMCs, although at this point it is not clear whether this
effect is mediated by ceramide, or a metabolite of ceramide.
The finding in this current study that C2 ceramide decreases matrix mineralisation is in
contrast to results presented in a paper that was published during the course of this PhD (Liao et
al. 2013). The study by Liao et al. (2013) demonstrated that the addition of 1-10 µM C2 ceramide to
human femoral artery VSMCs cultured with 10 mM BGP increased matrix mineralisation when
compared to cells cultured with 10 mM BGP alone. A reason for this discrepancy could be the
different embryonic origins of the VSMCs, which has been shown to affect the ability of VSMCs to
mineralise (Leroux-Berger et al. 2011). The femoral artery VSMCs used in the Liao et al. (2013)
study were derived from the splanchnic mesoderm, whereas the BASMCs mainly originate from
somites (Majesky, 2007). Furthermore, the differences observed could also reflect the different
culture conditions for mineralisation as 3 mM BGP was used in the present study whereas 10 mM
BGP was used in the Liao et al. (2013) paper. C2 ceramide has also been demonstrated to have
cell type-specific effects - 10 µM C2 ceramide has previously been shown to cause extensive
apoptosis of HeLa cells within 5 hours, but the addition of 50 µM C2 ceramide to macrophages for
24 hours had no effect on cell viability (Galvan & Roizman, 1998; Hsu et al. 2001). The addition of
C2 ceramide to femoral artery VSMCs in the Liao et al. (2013) study also induced apoptosis
whereas no visible signs of apoptosis were seen when using the BASMCs (present study), which
may also suggest that C2 ceramide is having cell type-specific effects. Thus, it is possible that C2
ceramide acts differently on VSMCs of different embryonic origins and this may explain its
contrasting effect on matrix mineralisation.
In an attempt to further investigate the role of ceramide in matrix mineralisation, nSMase2
was transiently transfected in BASMCs to increase endogenous ceramide levels. However, even
though a few of the BASMCs were transfected with the nSMase2 constructs and this did result in
increased

nSMase2

protein

expression

and

activity, the

overall transfection

efficiency

(approximately 2%) was too low to continue with matrix mineralisation experiments. To study the
role of over expressed nSMase2 in matrix mineralisation a population of BASMCs would have to be
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generated that stably overexpress nSMase2. This could be achieved in the future by means of a
lentiviral over expression system.
4.4.2 Investigating the effect of GW4869 on matrix mineralisation
To substantiate the finding that ceramide, or a metabolite of ceramide, can inhibit matrix
mineralisation and to investigate whether the N-SMase production of ceramide is involved, the NSMase inhibitor, GW4869, was used. GW4869 is able to inhibit the individual in vitro activities of
nSMase1-3 (Chipuk et al. 2012) and in this present study the addition of GW4869 dosedependently decreased the in vitro N-SMase activity of BASMCs. The values obtained for the
dose-dependent decrease in in vitro N-SMase activity for BASMCs in the presence of GW4869
(10-40 µM) are in agreement with a previous study using the inhibitor (Marchesini et al. 2003). The
effects of GW4869 on the levels of bioactive sphingolipids were also investigated by incubating the
BASMCs with 10 µM GW4869 and BGP for 24 hours. However, no changes were seen in the
levels of ceramide, sphingosine or S1P after the incubation period when compared to cells cultured
with BGP alone. This result may appear surprising as the preceding result demonstrated that 10
µM GW4869 could inhibit in vitro N-SMase activity. However, previous studies have demonstrated
that GW4869 does not decrease the basal levels of ceramide, but rather prevents N-SMase
mediated increases in ceramide levels in response to stimuli such as TNFα, penta-acetyl
geniposide and hypoxia (Luberto et al. 2002; Peng et al. 2006; Cogolludo et al. 2008). Therefore,
as no increases in ceramide levels were detected when cells were cultured in the presence of BGP
alone over 24 hours, it is not surprising that the addition of GW4869 did not decrease ceramide
levels. This finding also demonstrates that mechanisms other than the N-SMase mediated
production of ceramide are in place to maintain the basal levels of ceramide in BASMCs.
The addition of 1-10 µM GW4869 to BASMCs over the mineralisation time-course caused
a dose-dependent increase in matrix mineralisation. Furthermore, culturing HCASMCs in the
presence of GW4869 (10 µM) also increased matrix mineralisation. These results therefore
suggest that GW4869 is capable of increasing both bovine and human VSMCs matrix
mineralisation. However, this finding is in contrast to the study by Liao et al. (2013), which
demonstrated that 20 µM GW4869 is capable of reducing the matrix mineralisation of human
femoral artery VSMCs. A possible reason for the disparity in results between the Liao et al. (2013)
paper and this current PhD study could be the cell culture models of vascular calcification that were
used. In the Liao et al. (2013) paper 10 mM BGP and 50 µg/ml oxLDL were used as the stimuli to
induce matrix mineralisation, whereas in this current PhD study only 3 mM BGP (or in the case of
the HCASMCs 5 mM BGP and 0.9 mM CaCl2) was used. As oxLDLs are commonly associated
with intimal calcification, rather than medial calcification (reviewed by Demer & Tintut, 2014), the
model used by Liao et al. (2013) is likely to be more reflective of the intimal phenotype, while the
model used in this current PhD study better represents the medial phenotype. Furthermore, oxLDL
is known to rapidly increase N-SMase activity over a short time period, as was shown in the Liao et
al. (2013) paper, which also introduces differences between the roles of N-SMase activity in the
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two models. Therefore based on the results obtained using these different cell culture models, it is
possible that GW4869 plays different roles in intimal and medial calcification.
The increase in matrix mineralisation detected with GW4869 in the present study was not
due to an indirect effect such as an increase in apoptosis, which is known to increase VSMC matrix
mineralisation (Proudfoot et al. 2000), as no visually adverse cellular effects were seen when either
the BASMCs or the HCASMCs were cultured in the absence of the mineralising stimulus and the
presence of GW4869. Furthermore, GW4869 was not increasing matrix mineralisation by forming a
mineralisation nidus, which again is known to increase VSMC matrix mineralisation (Sage et al.
2011), because when a non-mineralising preparation of BASMCs were cultured in the presence of
BGP and 10 µM GW4869, no mineralisation was detected.
To further confirm that GW4869 was not increasing matrix mineralisation by an off-target
effect and to reinforce the role of ceramide in matrix mineralisation, rescue experiments were
performed using C2 ceramide. Previous studies have demonstrated that the addition of C2
ceramide can alleviate the effects of GW4869 both in vitro and in vivo (Kolmakova et al. 2004;
Khodorova et al. 2013; Kakoi et al. 2014). Indeed, when the BASMCs were cultured in the
presence of BGP, 10 µM GW4869 and 20 µM C2 ceramide no significant differences were
detected in the levels of matrix mineralisation when compared with cells cultured with BGP alone.
Thus, this result again suggests that GW4869 is not increasing matrix mineralisation through an
off-target effect and demonstrates that C2 ceramide can rescue the effects of GW4869. However,
caution must be taken when interpreting this result because it is not known whether C2 ceramide is
directly rescuing the effect caused by GW4869 or by decreasing matrix mineralisation through an
unrelated mechanism. Nevertheless, the finding that C2 ceramide can prevent the GW4869induced increase in matrix mineralisation further demonstrates that C2 ceramide is an inhibitor of
the matrix mineralisation process.
To investigate how GW4869 might be increasing matrix mineralisation the levels of
bioactive sphingolipids were measured during the mineralisation time-course. The only changes in
the levels of ceramide species seen in the presence of BGP and GW4869 were increases in the
levels of C18 and C20 ceramide. These increases were not quite statistically significant but this is
believed to be due to the low n number, rather than a chance effect, as in all of the individual
experiments before the data was combined, clear increases in these species were observed. The
fact that C18 and C20 ceramide increased during matrix mineralisation is surprising as GW4869
should prevent increases in ceramide species rather than cause increases (as explained above),
but this may imply that C18 and C20 ceramide species are increased independent of N-SMase
activity. The increases seen in C18 and C20 ceramide are interesting as results from Chapter 3
also demonstrated that these species increase when mineralisation is heavy and widespread
(Chapter 3, Figure 3.10). Furthermore, the addition of GW4869 to mineralising media also caused
a trend for an increase in S1P levels at the mid-mineralisation time-point. Again this is interesting
as results in Chapter 3, Figure 3.9, demonstrated that S1P increases when mineralisation is
present. Thus, it appears that the levels of C18 ceramide, C20 ceramide and S1P increase when
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mineralisation is widespread and heavy and by increasing the rate of matrix mineralisation
GW4869 is bringing forward these increases. However, from these results it is not clear how
GW4869 is increasing matrix mineralisation. Therefore, it is difficult to determine the role of NSMase produced ceramide in matrix mineralisation.
4.4.3 Investigating the effect of desipramine on matrix mineralisation
To further corroborate that ceramide, or a metabolite of ceramide, is capable of inhibiting
matrix mineralisation and to determine if the production of ceramide through the salvage pathway is
required, the pharmacological inhibitor, desipramine, was used. Desipramine disrupts the
production of ceramide through the salvage pathway by interfering with the enzymatic activities of
L-SMase and ACDase (Elojeimy et al. 2006; Zeidan et al. 2006). The disruption of L-SMase activity
by desipramine was confirmed in this present study by incubating the BASMCs with 10 µM
desipramine for 24 hours, which resulted in a decrease in in vitro L-SMase activity. The levels of
bioactive sphingolipids were also measured after the incubation period with desipramine and a
decrease in sphingosine levels were detected, thus confirming that desipramine can also inhibit
ACDase activity. The incubation of BASMCs with desipramine also caused an increase in total
ceramide levels. The increase in total ceramide levels may seem unusual at first because
desipramine is decreasing L-SMase activity but this has been reported previously (Elojeimy et al.
2006) and can be explained. Because desipramine is inhibiting both ACDase activity, as well as LSMase activity, it is believed that ceramide is accumulating within lysosomes because it cannot be
converted to sphingosine. Thus, there is a backlog in the pathway that results in a build-up of
ceramide.
The

addition

of

desipramine

to

BASMCs

dose-dependently

decreased

matrix

mineralisation, demonstrating that the correct functioning of L-SMase and ACDase in the salvage
pathway is required for matrix mineralisation. To investigate the effects of desipramine in matrix
mineralisation further the levels of bioactive sphingolipids were profiled. Throughout the timecourse the levels of total ceramide were increased in the presence of desipramine. The increase in
total ceramide was not statistically significant but as mentioned above this is likely to be due to the
low n numbers. The finding that total ceramide increases suggests that ceramide accumulation in
lysosomes inhibits matrix mineralisation. The only lysosomal target of ceramide identified to date is
cathepsin D (Heinrich et al. 2000), which suggests that activation of this protein may have been
inhibiting matrix mineralisation. As ceramide is trapped within lysosomes (Chatelut et al. 1998) it is
unlikely that the bioactive sphingolipid was activating any targets found within the cytosol, such as
PP1 and PP2A. Additionally, ceramide accumulation within lysosomes may have prevented matrix
mineralisation through enhancing other cellular process associated with lysosomes, such as
autophagy, which has been shown to prevent the matrix mineralisation of VSMCs (Dai et al. 2013)
and be enhanced by ceramide stimulation (Scarlatti et al. 2004). The finding that the lysosomal
accumulation of ceramide can decrease matrix mineralisation is consistent with the previous finding
that C2 ceramide can inhibit the process. Together, these results may suggest that C2 ceramide is
inhibiting mineralisation by accumulating in lysosomes as C2 ceramide is capable of trans-bilayer
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and inter-bilayer movement (Venkataraman & Futerman, 2000) meaning it is feasible that the lipid
could find its way to this compartment. However, this hypothesis has not been proven.
The addition of 10 µM desipramine to BASMCs cultured with BGP also prevented the
increase in S1P that was detected at the late-mineralisation time-point when cells were cultured
with BGP alone. This result suggests that S1P may be required for matrix mineralisation and that
by inhibiting L-SMase and ACDase activity, desipramine is decreasing the pool of sphingosine that
can be phosphorylated by SKs to generate S1P. Thus, the ceramide salvage pathway may be
required for matrix mineralisation as a means of increasing S1P levels. As discussed in Chapter 3,
S1P has been shown previously to enhance osteoblast mediated matrix mineralisation, although it
is not known which pathway mediates the increase in S1P levels. Therefore, the use of
desipramine in this study has demonstrated that an increase in ceramide or preventing an increase
in S1P is inhibitory to matrix mineralisation.
4.4.4 Overall conclusion
In summary, the results in this chapter have demonstrated that interfering with sphingolipid
metabolism, either by the addition of C2 ceramide, GW4869 or desipramine causes alteration to
the rate of BASMC matrix mineralisation, which suggests that sphingolipids regulate matrix
mineralisation. The results obtained using C2 ceramide and desipramine suggests that ceramide is
an inhibitor of matrix mineralisation. However, it may not be ceramide per se that is having the
inhibitory effect as sphingolipids are an interconnected family of molecules and a disruption to one
part of the pathway is likely to result in downstream changes to other parts of the pathway. Indeed,
the reduction in matrix mineralisation detected in the presence of desipramine may have been due
to preventing an increase in S1P rather than by increasing ceramide levels. Therefore in
conclusion, this chapter has demonstrated that sphingolipids have the potential to inhibit matrix
mineralisation but it is not clear which sphingolipid mediates this effect. The possibility that S1P can
also regulate BASMC matrix mineralisation will be investigated in Chapter 5.
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Chapter 5. Investigating the role of
S1P in VSMC matrix mineralisation
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5.1. Introduction
The results in Chapter 3 demonstrated that during the matrix mineralisation of BASMCs
there was an increase in the mRNA levels of SK1 and SK2, SK activity and S1P levels, which
suggest that the SK mediated production of S1P may play a role in matrix mineralisation.
Furthermore, during the desipramine-induced inhibition of BASMC matrix mineralisation shown in
Chapter 4, no increases in the levels of S1P were detected, suggesting that S1P may be required
to drive matrix mineralisation.
S1P is a signalling lipid produced through the action of the SKs (SK1 and SK2), which
phosphorylate sphingosine to generate S1P. Although both SK1 and SK2 catalyse the same
reaction, the proteins differ in their subcellular location and physiological functions (see Chapter 1,
section 1.15). S1P mediates its downstream signalling effects either extracellularly by activating the
S1PRs or intracellularly by acting as a secondary messenger (Maceyka et al. 2012). Therefore, to
study the role of S1P further in the matrix mineralisation of BASMCs, the levels of S1P will be
increased by the addition of exogenous S1P, which has been shown to activate S1PR1-5 and
increase intracellular levels of S1P, depending on its concentration (Van Brocklyn et al. 1998). The
role of SKs will also be investigated by using SK-isoform selective enzyme inhibitors, SK1-i for SK1
(Paugh et al. 2008) and ABC294649 for SK2 (French et al. 2010), and siRNA mediated gene
knockdown.
The specific aims of this chapter are as follows:
•

Investigate the effect of exogenous S1P on the matrix mineralisation of BASMCs

•

Investigate the effect of the SK1 isoform-selective inhibitor, SK1-i, on the matrix
mineralisation of BASMCs

•

Investigate the effect of the SK2 isoform-selective inhibitor, ABC294640, on the matrix
mineralisation of BASMCs

•

Knockdown SK1 and SK2 mRNA levels using siRNA and investigate what effect this has
on the matrix mineralisation of BASMCs

5.2. Methods
The protocols for the experiments detailed in this chapter are described in Chapter 2: 2.2 (Cell
culture), 2.3 (Induction and analysis of matrix mineralisation), 2.4 (Cell culture treatments), 2.5
(RNA studies), 2.6 (siRNA knockdown and mineralisation experiments), 2.9 (In vitro enzyme
activity assays) and 2.10 (Measurement of bioactive sphingolipids).
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5.3. Results
5.3.1 The addition of S1P to BASMCs increases matrix mineralisation
Culturing BASMCs in the presence of BGP and 10 µM S1P significantly increased matrix
mineralisation when compared to cells cultured with BGP alone (Figure 5.1). Culturing BASMCs
with BGP and lower concentrations of S1P (10 nM – 1 µM) did not increase matrix mineralisation
(Figure 5.1 A & B). Culturing the BASMCs with 10 nM - 10 µM S1P in the absence of BGP did not
induce matrix mineralisation or visually affect the viability of the cells (Figure 5.1 A, upper panels).
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Control &
1 µM S1P

Control &
10 µM S1P

3 mM BGP

3 mM BGP
& 10 nM S1P

3 mM BGP
& 100 nM S1P

3 mM BGP
& 1 µM S1P

3 mM BGP
& 10 µM S1P

B.

Quantification of mineralisation
Absorbance (405 nm)
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0.4
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0.2
0.1
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3 mM BGP

3 mM BGP
& 10 nM S1P

3 mM BGP
& 100 nM S1P

3 mM BGP
& 1 µM S1P

3 mM BGP
& 10 µM S1P

Figure 5.1. The addition of 10 µM S1P to BASMCs increases matrix mineralisation | B1
BASMCs were cultured in the indicated media from day 0 when the cells were approximately 95%
confluent. A. Representative phase contrast images of BASMCs stained with alizarin red when
cells cultured with 3 mM BGP had reached mid-mineralisation. Areas of mineralisation stain red.
Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of matrix mineralisation. All
data are presented as mean ± SEM (n=3 samples for all conditions from 3 independent
experiment). ** p ≤ 0.01 for 3 mM BGP vs 3 mM BGP & 10 µM S1P by one-way ANOVA.
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5.3.2 The addition of S1P to BASMCs cultured with desipramine and BGP increases matrix
mineralisation
In agreement with results presented in Chapter 4 (Figure 4.15), culturing BASMCs in the
presence of BGP and 5 µM desipramine significantly decreased matrix mineralisation when
compared to cells cultured with BGP alone (Figure 5.2). To determine whether the addition of S1P
could overcome the inhibitory effect of desipramine on matrix mineralisation, BASMCs were
cultured in the presence of BGP, 5 µM desipramine and 10 µM S1P. A visual increase in matrix
mineralisation was observed when the BASMCs were cultured with BGP, desipramine and S1P
when compared to cells cultured with BGP and desipramine (Figure 5.2 A); however, this increase
was not significant (Figure 5.2 B).

A.

3 mM BGP
& 5 µM desipramine

3 mM BGP

B.

Quantification of mineralisation
N.S.

2.0

Absorbance (405 nm)

3 mM BGP, 5 µM
desipramine & 10 µM S1P

*
1.5
1.0
N.S.

0.5
0.0

3 mM BGP

3 mM BGP &
5 µM desipramine

3 mM BGP,
5 µM desipramine
& 10 µM S1P

Figure 5.2. The addition of 10 µM S1P to BASMCs cultured with 5 µM desipramine induces
matrix mineralisation | B1 BASMCs were cultured in the indicated media from day 0 when the
cells were approximately 95% confluent. All conditions contained the same concentration of
vehicle, H2O (1:1,000). A. Representative phase contrast images of BASMCs stained with alizarin
red when cells cultured with 3 mM BGP had reached mid-mineralisation. Areas of mineralisation
stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of matrix
mineralisation. All data are presented as mean ± SEM (n=3 samples for all conditions from 3
independent experiment). * p ≤ 0.05 for 3 mM BGP vs 3 mM BGP & 5 µM desipramine/ 3 mM BGP,
5 µM desipramine & 10 µM S1P by one-way ANOVA. N.S. – no significance.
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5.3.3 Short-term effects of SK1-i and ABC294640 on bioactive sphingolipids
To investigate the short-term effect of SK1-i and ABC295640 on the levels of bioactive
sphingolipids, BASMCs were cultured for 24 hours in either control media, media supplemented
with BGP, media supplemented with BGP and 1 µM SK1-i or media supplemented with BGP and 5
µM ABC294640. Cell lysates were then collected and the levels of bioactive sphingolipids were
measured by HPLC-MS/MS. When higher concentrations of either SK1-i or ABC294640 were
added to BASMCs they appeared to be cytotoxic (images not shown).
The addition of SK1-i to media containing BGP had no effect on the levels of total
ceramide, but it did increase sphingosine levels and decrease S1P levels when compared to cells
cultured with BGP alone; however these changes were not significant (Figure 5.3). SK1-i did not
affect the levels of any of the ceramide species (Figure 5.4). In contrast, the addition of
ABC294640 to media containing BGP had no effect on the levels of total ceramide, sphingosine or
S1P when compared to cells cultured with BGP alone (Figure 5.3). ABC294640 did, however,
significantly increase the levels of C26 ceramide (Figure 5.4). No changes were seen with any of
the other ceramide species.
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3 mM BGP &
1 µM SK1-i

3 mM BGP &
5 µM ABC294640

Figure 5.3. Profiling the changes in bioactive sphingolipids during the short-term exposure
of BASMCs to SK1-i or ABC294640 | B1 BASMCs were grown to approximately 95% confluency
then cultured in the presence of the indicated media for 24 hours. All conditions contained the
same concentration of vehicle, DMSO (1:1,000). Cell lysates were collected after 24 hours and the
levels of total ceramide, sphingosine and S1P were measured using HPLC-MS/MS. All data are
presented as mean ± SEM (n=4 samples for all conditions for total ceramide and sphingosine, n=3
samples for all conditions for S1P from 4/3 independent experiments). Statistical analysis was
performed using a one-way ANOVA.
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Figure 5.4. Profiling the changes in ceramide species during the short-term exposure of
BASMCs to SK1-i or ABC294640 | The levels of individual ceramide species (C14-26) were
measured in cell lysates using HPLC-MS/MS after the 24 hour exposure of B1 BASMCs to 1 µM
SK1-i or 5 µM ABC294640. Experimental details are the same as outlined in Figure 5.3. All data
are presented as mean ± SEM (n=4 samples for all conditions from 4 independent experiments). *
p ≤ 0.05 for 3 mM BGP vs 3 mM BGP & 5 µM ABC294640 by one-way ANOVA.!
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5.3.4 Investigating the effects of SK1-i and ABC294640 on BASMC matrix mineralisation
Culturing BASMCs in the presence of 1 µM SK1-i and BGP increased the levels of matrix
mineralisation at the mid- and late-mineralisation time-points when compared to cells cultured with
BGP alone at the same time-point (Figure 5.5 A). However, quantification of matrix mineralisation
revealed that only the increase at the mid-mineralisation time-point was significant (Figure 5.5 B).
Culturing BASMCs in the presence of 5 µM ABC294640 and BGP increased matrix mineralisation
at the early-, mid- and late-mineralisation time-points when compared to cells cultured with BGP
alone at the same time-point (Figure 5.5 A). Quantification of matrix mineralisation demonstrated
that all of these increases were significant (Figure 5.5 B). When the BASMCs were cultured in the
absence of BGP and the presence of either 1 µM SK1-i or 5 µM ABC294640 for 14 days, matrix
mineralisation was not observed nor was any visually adverse cellular effects (Figure 5.6).
It was also investigated whether the addition of BGP and SK1-i or ABC294640 could
induce the matrix mineralisation of the A5 BASMCs; the preparation of cells that do not mineralise
in the presence of BGP alone (see Chapter 3 Figure 3.7). When this preparation of BASMCs was
cultured in the presence of BGP or BGP and 1 µM SK1-i for 14 days, no mineralisation was
observed (Figure 5.7). However, when these BASMCs were cultured with BGP and 5 µM
ABC294640 for the same time-period, small nodules of mineralisation formed (Figure 5.7),
suggesting that ABC294640 can induce spontaneous mineralisation.
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Figure 5.5. Investigating the effect of the SK1 selective inhibitor, SK1-i, and the SK2
selective inhibitor, ABC294640, on the matrix mineralisation of BASMCs | B1 BASMCs were
cultured in the indicated media from day 0 when the cells were approximately 95% confluent. All
conditions contained the same concentration of vehicle, DMSO (1:1,000). A. Representative phase
contrast images of BASMCs stained with alizarin red when cells cultured with 3 mM BGP had
reached pre-, early-, mid- and late-mineralisation (min). The pre-mineralisation time-point
corresponded to 2 days before the BASMCs cultured with 3 mM BGP had entered into the earlymineralisation time-point. Areas of mineralisation stain red. Scale bar = 500 µm. B. Elution of
alizarin red dye allowed quantification of matrix mineralisation. All data are presented as mean ±
SEM (n=3 samples at all time-points from 3 independent experiments). * p ≤ 0.05, ** p ≤ 0.01, and
**** p ≤ 0.0001 for 3 mM BGP vs 3 mM BGP & 1 µM SK1-i/3 mM BGP & 5 µM ABC294640 by twoway ANOVA.
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Figure 5.6. SK1-i and ABC294640 do not induce the matrix mineralisation of BASMCs in the
absence of BGP | B1 BASMCs were cultured in the indicated media from day 0 when the cells
were approximately 95% confluent. All conditions contained the same concentration of vehicle,
DMSO (1:1,000). Shown are representative phase contrast images of BASMCs stained with
alizarin red when cells cultured with 3 mM BGP had reached the late-mineralisation time-point.
Areas of mineralisation stain red. Scale bar = 500 µm. Images are representative of 2 independent
experiments
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Figure 5.7. SK1-i does not induce the matrix mineralisation of A5 BASMCs in the presence
of BGP, but ABC294640 does | A5 BASMCs were cultured in the indicated media from day 0
when the cells were approximately 95% confluent. All conditions contained the same concentration
of vehicle, DMSO (1:1,000). Shown are representative phase contrast images of BASMCs stained
with alizarin red 14 days post-confluency. Areas of mineralisation stain red. Scale bar = 500 µm.
Images are representative of 2 independent experiments.
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5.3.5 Profiling the levels of bioactive sphingolipids in the presence of SK1-i and ABC294640 during
the matrix mineralisation time-course
At the same time-points that cells were stained with alizarin red (Figure 5.5 A) cell lysates
were collected from parallel cultures and the levels of bioactive sphingolipids were measured. The
pre-mineralisation time-point corresponded to 2 days before the BASMCs cultured with BGP had
entered into the early-mineralisation time-point.
The addition of 1 µM SK1-i to BASMCs cultured in the presence of BGP caused no
significant differences to the levels of total ceramide at any time-points when compared to cells
cultured with BGP alone (Figure 5.8). However, 1 µM SK1-i did significantly increase sphingosine
levels at the pre-, early- and mid-mineralisation time-points and cause a trend for an increase at the
late-mineralisation time-point (Figure 5.8). Additionally, at the late-mineralisation time-point 1 µM
SK1-i significantly increased C20 and C20:1 ceramide species (Figures 5.9 & 5.10). At no timepoints were significant changes seen in the levels of overall long-chain (C14-C20) or very longchain (C22-C26) ceramide species (Figures 5.9 & 5.10).
The addition of 5 µM ABC294640 to BASMCs cultured in the presence of BGP did not
cause any significant changes to the levels of total ceramide or sphingosine when compared to
cells cultured with BGP alone at any time-points (Figure 5.8). The addition of 5 µM ABC294640 did,
however, cause increases in the levels of S1P at the early- and mid-mineralisation time-points,
although only the increase at the mid-mineralisation time-point was significant (Figure 5.8). The
addition of 5 µM ABC294640 did not cause any significant changes to the levels of individual
ceramide species or the levels of overall long-chain (C14-C20) or very long-chain (C22-C26)
ceramide species when combined (Figures 5.9 & 5.10).
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Figure 5.8. Profiling the levels of bioactive sphingolipids in the presence of SK1-i or
ABC294640 | Cell lysates were collected during the mineralisation of B1 BASMCs in the presence
of 1 µM SK1-i or 5 µM ABC294640 at the pre-, early-, mid- and late-mineralisation time-points, as
illustrated in Figure 5.5. The levels of total ceramide, sphingosine and S1P were measured in the
lysates using HPLC-MS/MS. All data are presented as mean ± SEM (n=3 samples at all time-points
from 3 independent experiments, unless indicated otherwise). * = p ≤ 0.05 and ** p ≤ 0.01 for 3 mM
BGP vs 3 mM BGP & 1 µM SK1-i /3 mM BGP & 5 µM ABC294640 by two-way ANOVA.
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Figure 5.9. Profiling the levels of long-chain ceramide species in the presence of SK1-i or
ABC294640 | The levels of long-chain ceramide species (C14-20) were measured in B1 BASMC
lysates using HPLC-MS/MS during matrix mineralisation. Experimental details are the same as
outlined those in Figure 5.8. All data are presented as mean ± SEM (n=3 samples at all time-points
from 3 independent experiments). * p ≤ 0.05 for 3 mM BGP vs 3 mM BGP & 1 µM SK1-i by twoway ANOVA.
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Figure 5.10. Profiling the levels of very long-chain ceramide species in the presence of SK1-i
or ABC294640 | The levels of very long-chain ceramide species (C22-26) were measured in B1
BASMC lysates using HPLC-MS/MS during matrix mineralisation. Experimental details are the
same as those outlined in Figure 5.8. All data are presented as mean ± SEM (n=3 samples at all
time-points from 3 independent experiments). Statistical analysis was performed using a two-way
ANOVA.
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5.3.6 Investigating the effects of joint SK1 and SK2 inhibitors on matrix mineralisation
To investigate the effect of joint SK1 and SK2 inhibition on matrix mineralisation, Ski-II was
used. However, when the BASMCs were cultured in the presence of BGP and 1-10 µM Ski-II cells
began to detach from the cell culture surface and by day 10 cells appeared unhealthy and were not
viable for mineralisation experiments (Figure 5.11). Therefore, an additional joint SK1 and SK2
inhibitor, N,N-dimethylsphingosine, was also tested. Again, when N,N-dimethylsphingosine was
added at 1 and 10 µM to confluent BASMCs both concentrations caused the majority of cells to
detach from the cell culture surface within 48 hours (data not shown). When 1 µM SK1-i and 5 µM
ABC294640 were added in combination to BASMCs, cells also detached from the cell culture
surface after 8 days (data not shown). Together these results suggest that SK1 and SK2 are
required for BASMC viability.

3 mM BGP

3 mM BGP
& 1 µM Ski-II

3 mM BGP
& 10 µM Ski-II

Figure 5.11. The addition of the joint SK1 and SK2 inhibitor, Ski-II, caused cell death in the
presence of BGP | B1 BASMCs were cultured in the indicated media from day 0 when BASMCs
were approximately 95% confluent. All conditions contained the same concentration of vehicle,
DMSO (1:1,000). Shown are representative phase contrast images of BASMC 10 days post-culture
with 3 mM BGP and 1/10 µM Ski-II. Scale bar = 500 µm. Images are representative of 2
independent experiments.
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5.3.7 Investigating the effects of SK1 and SK2 mRNA knockdown on the matrix mineralisation of
BASMCs
To investigate the roles of SK1 and SK2 further in BASMC matrix mineralisation, two
siRNAs against bovine SK1 (termed SK1.1 & SK1.2) and two siRNAs against bovine SK2 (SK2.1 &
SK2.2) were designed. The non-targeting AllStar siRNA nucleotide designed by Qiagen was used
as the negative control.
The knockdown efficiencies of the different siRNAs were tested by transfecting the
BASMCs with the different siRNA twice, over a period of 4 days. SK1.1 siRNA at a concentration of
20 nM was able to knockdown SK1 mRNA levels by 77.7%, and did not affect SK2 mRNA levels,
when compared to the same concentration of the negative control siRNA (Figure 5.12 A). The
addition of the SK1.2 siRNA at 20 nM did not decrease SK1 mRNA levels (or SK2 mRNA levels)
and was therefore not used for future experiments (Figure 5.12 A). SK2.1 and SK2.2 at 20 nM
decreased SK2 mRNA levels by 62.0% and 62.3% respectively; they did not affect SK1 mRNA
levels (Figure 5.12 A). Higher concentrations (40 nM and 80 nM) of all of the siRNA molecules
were tested but none of them enhanced the knockdown efficiency beyond that seen for 20 nM
(data not shown). Similar levels of SK1 and SK2 mRNA knockdowns were also seen when 20 nM
SK1.1, SK2.1 or SK2.2 were added to BASMCs for 10 days (Figure 5.13 A).
It was also investigated whether the decrease of SK1 and SK2 mRNA decreased SK
activity. The addition of 20 nM SK1.1, SK2.1 or SK2.2 to BASMCs for either 4 or 10 days did not
decrease SK activity when compared to the same concentration of the negative control siRNA for
the same time-period (Figures 5.12 B & 5.13 B). When 75% confluent BASMCs were treated with
SK1.1, SK2.1 or SK2.2 siRNAs at 20 nM for 1, 2 and 3 days, no differences in cell morphology
(Figure 5.14 A) or cell numbers (Figure 5.14 B) were detected when compared to cells treated with
the negative control siRNA.
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Figure 5.12. Short-term effects of SK1 and SK2 siRNAs on the mRNA expression of SK1 and
SK2 and SK activity | B1 BASMCs were grown to approximately 75% confluency then transfected
with either 20 nM of the negative control siRNA or 20 nM of the indicated siRNA. Transfections
were repeated after 48 hours, then after another 48 hours either cDNA samples were prepared and
Q-RT-PCR was performed (A) or protein lysates were collected and the in vitro SK activity assay
was performed (B). All data are presented as mean ± SD (n=2 samples for all conditions from 2
independent experiments).
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Figure 5.13. Long-term effects of SK1 and SK2 siRNAs on the mRNA expression of SK1 and
SK2 and SK activity | B1 BASMCs were grown to approximately 75% confluency then transfected
with either 20 nM of the negative control siRNA or 20 nM of the indicated siRNA molecule.
Transfections were then repeated every 48 hours. Following 10 days of transfections either cDNA
samples were prepared and Q-RT-PCR was performed (A.) or protein lysates were collected and
the in vitro SK activity assay was performed (B.). All data are presented as mean ± SD (n=2
samples for all conditions from 2 independent experiments).
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Figure 5.14. The addition of SK1 and SK2 siRNAs to 75% confluent BASMCs does not affect
proliferation | B1 BASMCs were grown to approximately 75% confluency (Termed day 0) then
transfected with either 20 nM of the negative control siRNA or 20 nM of the indicated siRNA
molecule. Forty eight hours after day 0 (day 2), cells were transfected again. A. Phase contrast
images of B1 BASMCs at days 0, 1, 2 and 3. Scale bar = 500 µm. B. At days 0, 1, 2, and 3, cell
counts were performed to measure proliferation. All data are presented as mean ± SD (n=2
samples for all conditions from 2 independent experiments).
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To investigate the effects of SK1 and SK2 mRNA knockdown on the matrix mineralisation
of BASMCs, cells were cultured in the presence of BGP and either 20 nM of SK1.1, SK2.1 or
SK2.2. Cells cultured in the presence of BGP and 20 nM negative control siRNA were used as
controls. Phase contrast images revealed that the addition of the different SK1/SK2 siRNAs had no
effect on the levels of matrix mineralisation when compared to the negative control siRNA (Figure
5.15 A). This was confirmed by quantification of matrix mineralisation (Figure 5.15 B).

A.

3 mM BGP &
SK1.1 siRNA

3 mM BGP &
-ve control siRNA

B.

3 mM BGP &
SK2.1 siRNA

3 mM BGP &
SK2.2 siRNA

Quantification of mineralisation

Absorbance (405 nm)

0.8
0.6
0.4
0.2
0

-ve
control

SK1.1
siRNA

SK2.1
siRNA

SK2.2
siRNA

Figure 5.15. Investigating the role of SK1 and SK2 mRNA knockdown on the matrix
mineralisation of BASMCs | B1 BASMCs were grown to approximately 75% confluency then
transfected with either 20 nM of the negative control siRNA or 20 nM of the indicated siRNA
molecule. Transfections were then repeated every 48 hours. Three mM BGP was only added to the
culture media 48 hours after the first transfection when cells were approximately 95% confluent. A.
Phase contrast images of alizarin red stained B1 BASMCs when cells cultured in –ve control siRNA
and 3 mM BGP had reached the mid-mineralisation time-point. Scale bar = 500 µm. B. Dye elution
of alizarin red stained BASMCs to allow quantification of matrix mineralisation. All data are
presented as mean ± SEM (n=3 samples for all conditions from 3 independent experiments).
Statistical analysis was performed using a one-way ANOVA.
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5.4. Discussion
5.4.1 The addition of S1P increases matrix mineralisation
The addition of 10 µM S1P to BASMCs increased matrix mineralisation in response to
BGP, which suggests that S1P is a promoter of the process. This finding is in agreement with
previous studies that have shown that S1P can enhance osteoblast-mediated matrix mineralisation
(Lotinun et al. 2013; Keller et al. 2014) and draws parallels between bone formation and vascular
calcification. S1P (10 µM) also partially prevented the inhibitory effect of desipramine on BGPinduced matrix mineralisation, suggesting that desipramine inhibits mineralisation, at least in part,
through preventing increases in S1P levels.
S1P was only able to increase the matrix mineralisation of BASMCs at 10 µM and not at
lower concentrations (10 nM – 1 µM). These results suggest that S1P was acting intracellularly,
rather than extracellularly, as previous studies have shown that the five S1PRs are activated by low
nM concentrations of S1P whereas higher concentrations (1-10 µM) are required to increase the
intracellular levels of S1P and activate intracellular targets (Maceyka et al. 2002; Sato et al. 1997;
Van Brocklyn et al. 1998). Only two intracellular targets of S1P have been fully validated to date
and they are TRAF2 and histone deacetylase 1/2 (Alvarez et al. 2010; Hait et al. 2009). A possible
link between TRAF2 and increased matrix mineralisation can be postulated as S1P stimulated
TRAF2 activity was shown to activate nuclear factor-kappa B signalling (Alvarez et al. 2010), which
has recently been shown to accelerate VSMC matrix mineralisation (Zhao et al. 2012). Thus, S1P
may be increasing matrix mineralisation by activating nuclear factor-kappa B signalling. This
possibility could be tested in future studies.
5.4.2 Investigating the effects of SK isoform-selective inhibitors on matrix mineralisation
To further investigate the role of S1P in matrix mineralisation and to determine if the SK1mediated production of S1P is involved, the SK1 isoform-selective inhibitor, SK1-i, was used
(Paugh et al. 2008). The addition of 1 µM SK1-i to BASMCs over a period of 24-hours caused a
slight increase in sphingosine levels and a minor decrease in S1P levels, which implies that SK1-i
was inhibiting SK1 activity. A larger decrease in S1P levels would have been expected with higher
concentration of SK1-i as the Ki for the inhibitor is 10 µM (Paugh et al. 2008), however, when 5 and
10 µM SK1-i were added to the BASMCs for 48 hours, extensive cell death was seen. This result is
consistent with a previous study that has demonstrated that 50% of U937 cells undergo apoptosis
after being treated with 15 µM SK1-i for 24-hours (Paugh et al. 2008). Therefore, 1 µM SK1-i was
used for future experiments performed with BASMCs.
When SK1-i was added to the BASMCs cultured in the presence of BGP an increase in
matrix mineralisation was observed. The increase in matrix mineralisation seen with SK1-i was not
likely to be a consequence of an off-target effect known to increase matrix mineralisation, such as
apoptosis (Proudfoot et al. 2000), as no visually adverse cellular effects were seen when the
BASMCs were cultured in the presence of SK1-i for 12 days. Furthermore, SK1-i was not forming a
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nidus for mineralisation and increasing matrix mineralisation in this manner, as no spontaneous
mineralisation was observed when the non-mineralising preparation of BASMCs were cultured in
the presence of SK1-i and BGP.
The levels of bioactive sphingolipids were measured in the presence of SK1-i during the
matrix mineralisation of BASMCs to examine how SK1-i might be increasing matrix mineralisation.
The addition of SK1-i caused the levels of C20 and C20:1 ceramide species to increase during
matrix mineralisation. This result suggests that SK1 inhibition was occurring as decreased SK1
activity is known to cause increases in ceramide levels (Maceyka et al. 2005; Gao & Smith, 2011).
Surprisingly, the addition of SK1-i did not decrease S1P levels during matrix mineralisation, which
suggests that the increases in S1P levels seen during matrix mineralisation are mediated by SK2
rather than SK1. SK1-i may have increased matrix mineralisation through sphingosine
accumulation, as the levels of this lipid were increased at all time-points during the matrix
mineralisation of BASMCs. The increases in sphingosine are likely to be due to SK1 inhibition, as
this would result in a build-up of the enzyme’s substrate, sphingosine. It is possible that
sphingosine enhanced matrix mineralisation in this study by inhibiting the activities of PKCα and
PKCδ (Saraiva et al. 2003) as it has been shown recently that decreased PKCα and PKCδ activity
leads to enhanced VSMC osteogenic differentiation and matrix mineralisation (Lee et al. 2014a).
Therefore, based on these findings it appears that SK1-i is enhancing matrix mineralisation through
increasing sphingosine levels rather than decreasing S1P levels.
To determine if SK2 was responsible for the increases in S1P levels during the matrix
mineralisation of BASMCs, and to further confirm that S1P promotes matrix mineralisation, the SK2!
isoform-selective inhibitor, ABC294640 was employed (French et al. 2010). When ABC294640 was
added to the BASMCs for 24-hours no changes were seen in the levels of sphingosine or S1P.
This was unexpected as previous studies have shown that ABC294640 results in decreased
sphingosine and S1P levels after a period of 24-48 hours (French et al. 2010; Gao et al. 2013).
However, in these previous studies 40 µM ABC294640 was used, whereas in this present study
only 5 µM ABC294640 was applied. Higher concentrations of ABC294640 were added to BASMCs
(10 and 15 µM) to see if similar results could be obtained but these higher concentrations caused
extensive cell death within 48 hours, meaning they could not be used for long-term matrix
mineralisation experiments. For this reason a concentration of 5 µM ABC294640 was used for
experiments performed with BASMCs. Even though 5 µM ABC294640 did not decrease S1P levels
in this present study an inhibitory effect of ABC294640 on SK2 cannot fully be ruled out in BASMCs
as it has been demonstrated previously that in the presence of ABC294640, SK1 mRNA is
increased to compensate for the loss in SK2 activity (Gao et al. 2013). Therefore, if ABC294640
had been inhibiting SK2 activity a decrease in S1P levels might not necessarily have been
observed.
Following the addition of ABC294640 to BASMCs cultured in the presence of BGP a
dramatic increase in matrix mineralisation was observed. This was not due to mass apoptosis as
cells cultured in the absence of BGP but in the presence of ABC294640 appeared healthy
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throughout the mineralisation time-course. Interestingly, the addition of ABC294640 and BGP to a
(normally) non-mineralising preparation of BASMCs was able to induce the formation of small
nodules of mineral. This result may suggest that ABC294640 is increasing matrix mineralisation
through providing a nidus for mineralisation or it could mean that the inhibitor is capable of initiating
the mineralisation of non-mineralising BASMCs.
To better understand how ABC294640 might have been increasing matrix mineralisation
the levels of bioactive sphingolipids were profiled during the mineralisation time-course. The only
change that ABC294640 elicited was an increase in S1P levels at the mid-mineralisation timepoint. It is unlikely that this increase was a direct result of SK2 inhibition because in theory this
inhibitor should decrease S1P levels rather than cause increases. Therefore the increase in S1P
seen at the mid-mineralisation time-point was probably occurring because ABC294640 was
increasing the rate of matrix mineralisation and as a result bringing forward the increase in S1P
levels. Thus, it appears that ABC294640 was increasing matrix-mineralisation through an off-target
effect not directly related to SK2. An off-target effect of ABC294640 has been reported previously
as the inhibitor is able to act as an antagonist for the α sub-type of the estrogen receptor (Antoon et
al. 2010). Previous studies have also shown that VSMC express the α sub-type of the estrogen
receptor and in vitro and in vivo models of vascular calcification have demonstrated that activation
of this receptor by estrogen inhibits vascular calcification (Balica et al. 1997; Osako et al. 2010).
Therefore, ABC294640 may have increased matrix mineralisation through inhibiting the antimineralisation effects of estrogen, which has been reported to be present in FBS (Beinhauer et al.
2015).
The joint SK1 and SK2 inhibitors, Ski-II and N,N-dimethylsphingosine (Gao et al. 2013),
were also used to investigate the role of S1P in matrix mineralisation. However, when these
inhibitor were applied to the BASMCs for a prolonged period of time (10 days) they were cytotoxic
and unsuitable for mineralisation experiments. Furthermore, when 1 µM SK1-i and 5 µM
ABC294640 were added in combination to BASMCs cell death was also observed. These findings
suggest that SK activity is essential for normal BASMC function and imply that SK1 and SK2 have
some functional redundancy. This is in agreement with animal studies as single SK1 or SK2
knockout mice are viable, whereas dual SK1 and SK2 knockout mice are embryonic lethal (Allende
et al. 2004; Mizugishi et al. 2005).
5.4.3 Investigating the effects of SK1 and SK2 mRNA knockdown on matrix mineralisation
As the use of SK1 and SK2 isoforms-selective inhibitors did not provide definitive evidence
for the roles of SK1 and SK2 in matrix mineralisation a different approach was taken which involved
knocking down the mRNA expressions of SK1 and SK2 using isoenzyme-selective siRNAs. The
knockdown efficiencies of the SK1 and SK2 siRNAs used in this present study (approximately 75%
and 60%, respectively) are similar to previous papers that have knocked-down these proteins using
siRNA (Sukocheva et al. 2006; Gao & Smith, 2011; Gandy et al. 2013). However, the SK1 and SK2
siRNAs used in this study did not result in a decrease in overall SK activity. This is in contrast to a
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previous study that showed that decreasing either SK1 levels by 80% or SK2 levels by 70% with
siRNA results in a ~50% decrease in overall SK activity (Sukocheva et al. 2006). A possible
explanation why there were no decreases in SK activity, although there were decreases in mRNA
levels in this present study, could be that the knockdown of the targeted SK isoform was being
compensated by an up-regulation of the other SK isoform. However, this is unlikely as no increases
in the mRNA levels of the non-targeted SK isoform were seen in the presence of the siRNA
targeting the other SK isoform. Another explanation could be that although there were decreases in
the mRNA levels of SK1 and SK2 this might not have translated into a decrease in protein levels.
This could not be confirmed in the present study as the commercially available SK1 and SK2
antibodies used could not detect the proteins in bovine samples. Furthermore, when the SK1/2
siRNAs were added to the BASMCs no changes were seen in the levels of matrix mineralisation,
which is consistent with the finding that the SK1/2 siRNAs did not decrease SK1/SK2 activity.
5.4.4 Overall conclusion
In summary, the results in this chapter have demonstrated that if the levels of bioactive
sphingolipids are altered, changes are seen in the rate of BASMC matrix mineralisation; further
suggesting that bioactive sphingolipids are capable of regulating VSMC matrix mineralisation. The
use of exogenous S1P has demonstrated that this bioactive sphingolipid is a promoter of matrix
mineralisation and suggests that the increases seen in S1P during matrix mineralisation were
driving the process. The use of isoform-selective SK inhibitors and siRNAs were not able to
definitively define which SK isoform was responsible for the increase in S1P levels during matrix
mineralisation. However, the results obtained using SK1-i did suggest that sphingosine may also
be a promoter of matrix mineralisation. Therefore in conclusion, this chapter has demonstrated that
S1P is a promoter of VSMC matrix mineralisation but it is not clear which SK isoform is mediating
these increases.
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Chapter 6. Investigating the
downstream signalling pathways of
ceramide and S1P during VSMC
matrix mineralisation
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6.1. Introduction
The results in Chapter 4 demonstrated that culturing the BASMCs in the presence of the NSMase inhibitor, GW4869, increased matrix mineralisation, whereas culturing the cells in the
presence of the joint L-SMase and ACDase inhibitor, desipramine, decreased matrix
mineralisation. The mechanism through which GW4869 increased matrix mineralisation was
unclear from the profiling of bioactive sphingolipids, although it appeared that desipramine was
decreasing mineralisation through either increasing ceramide levels or preventing an increase in
S1P. Additionally, the results in Chapter 5 showed that when the BASMCs were cultured in the
presence of the SK1 selective-inhibitor, SK1-i, or the SK2 selective-inhibitor, ABC294640,
increases in matrix mineralisation occurred. From the profiling of bioactive sphingolipids, the
mechanism by which ABC294640 was increasing matrix mineralisation was still unclear, but it
appeared that SK1-i may have increased mineralisation through increasing sphingosine levels.
Therefore to further investigate the mechanisms by which these inhibitors may increase or
decrease matrix mineralisation the p38 MAPK signalling pathway and ERM family of signalling
proteins were studied as they have both been shown to be regulated by the levels of bioactive
sphingolipids (see Chapter 1, section 1.11). Furthermore, p38 MAPK has previously been shown to
regulate VSMC matrix mineralisation (see Chapter 1, section 1.6.4) and ERM proteins have been
demonstrated to modulate the osteogenic differentiation of MSCs (Titushkin & Cho, 2011). The p38
MAPK and ERM signalling pathways have been described in Chapter 1, section 1.11.
The specific aims of this chapter are as follows:
•

Determine whether exogenous C2 ceramide or S1P regulate p38 MAPK and ERM protein
phosphorylation in BASMCs

•

Profile the changes in phosphorylation of p38 MAPK and ERM proteins in the presence of
GW4869, desipramine, SK1-i and ABC294640 during BASMC matrix mineralisation

•

Investigate the role of p38 MAPK in BASMCs matrix mineralisation

•

Investigate the role of ERM proteins in BASMCs matrix mineralisation

6.2. Methods
The protocols for the experiments detailed in this chapter are described in Chapter 2: 2.2 (Cell
culture), 2.3 (Induction and analysis of alizarin red staining), 2.4 (Cell culture treatments) and 2.8
(Immunoblotting).
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6.3. Results
6.3.1 The phosphorylation of p38 MAPK is not regulated by exogenous C2 ceramide or S1P in
BASMCs following short-term stimulation
To examine whether exogenous C2 ceramide or S1P could regulate the phosphorylation of
p38 MAPK over a short time-period, BASMCs were serum-starved for 2 hours then treated with
either 10 µM C2 ceramide or 10 µM S1P for 5 or 10 minutes. Protein lysates were collected at
these time-points and analysed for phospho-p38 MAPK, total-p38 MAPK and β-actin by
immunoblotting. At both time-points, neither C2 ceramide nor S1P altered the phosphorylation state
of phospho-p38 MAPK, or the phospho-p38 MAPK to total-p38 MAPK (p-p38/t-p38) ratio, when
compared to the time-matched controls (Figure 6.1).
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Figure 6.1. Phosphorylation of p38 MAPK is not stimulated by S1P or C2 ceramide | A.
Approximately 95% confluent B1 BASMCs were cultured in serum-free DMEM (2 ml) for 2 hours.
Subsequently, cells were stimulated by the addition of 10 µM S1P or 10 µM C2 ceramide to the
serum-free media (both were prepared in 160 µl of 10% FBS-DMEM). Vehicle control BASMCs
were treated with 160 µl of 10% FBS-DMEM. The final concentration of FBS in all wells was 0.8%
(v/v). All wells also contained DMSO at 1:1,000. Protein lysates were collected before stimulation
and after 5 and 10 minutes of stimulation. The phosphorylation of p38 MAPK (p-p38 MAPK) and
the expression of total-p38 MAPK were analysed in the protein lysates (20 µg) by immunoblotting.
β-actin was used as a loading control. The immunoblots are representative of 3 independent
experiments. B. Quantification of bands by densitometry. Data are presented as mean ± SEM (n=3
independent experiments). Statistical analysis was performed by one-way ANOVAs at 5 minutes
and 10 minutes.
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6.3.2 Profiling the changes in p38 MAPK phosphorylation in the presence of GW4869,
desipramine, SK1-i and ABC294640 during BASMC matrix mineralisation
At the same time as cell lysates were collected to investigate the levels of bioactive
sphingolipids in the presence of 10 µM GW4869, 10 µM desipramine, 1 µM SK1-i and 5 µM
ABC294640 during matrix mineralisation (Chapter 4, Figure 4.16 & Chapter 5, Figure 5.5), protein
lysates were also collected. To aid data interpretation the figures that correspond to the time-points
and levels of mineralisation when sample were collected have been reproduced from Chapters 4
and 5, and shown in this chapter as Figures 6.2 and 6.3. The protein samples were subjected to
immunoblotting to investigate if there were changes in p38 MAPK phosphorylation during matrix
mineralisation and if the sphingolipid inhibitors altered this pathway.
When the BASMCs were cultured in control media during the matrix mineralisation timecourse the ratios of p-p38/t-p38 were around 0.8 at the pre- and early-mineralisation time-points; at
the mid- and late-mineralisation time-points the ratios increased slightly to around 1.0 (Figure 6.4).
When the cells were cultured in the presence of BGP, the ratio of p-p38/t-p38 was around 0.9 at
the pre-mineralisation time-point; which was not significantly different to the time-matched control
(Figure 6.4). At the early mineralisation time-point when small nodules of mineral had formed in the
presence of BGP there was a marked decrease in the ratio of p-p38/t-p38 to around 0.3; however,
this decrease was not statistically significant when compared to the time-matched control (Figure
6.4). At the mid-mineralisation time-point, when further increases in matrix mineralisation were
seen in the presence of BGP, the ratio of p-p38/t-p38 decreased even further, and this decrease
was significantly different to the time-matched control (Figure 6.4). At the late-mineralisation timepoint in the presence of BGP phospho-p38 MAPK was barely detectable and the ratio of p-p38/tp38 was close to zero (Figure 6.4).
When the BASMCs were cultured in the presence of BGP and 10 µM GW4869, an
increases in the rate of matrix mineralisation was detected when compared to the cells cultured
with BGP alone (Figure 6.2). The presence of BGP and GW4869 also accelerated the rate at which
phospho-p38 MAPK became de-phosphorylated, when compared to cells cultured with BGP alone
(Figure 6.4). When the ratios of p-p38/t-p38 from cells cultured with BGP and GW4869 were
compared to those from cells cultured with BGP alone, decreases were seen at the pre-, early and
mid-mineralisation time-points, however only the decrease at the pre-mineralisation time-point was
significant (Figure 6.4).
Culturing the BASMCs in the presence of BGP and 10 µM desipramine completely
prevented matrix mineralisation when compared to cells cultured with BGP alone (Figure 6.2). The
addition of desipramine to media containing BGP also prevented p38 MAPK from becoming dephosphorylated at the early-, mid- and late-mineralisation time-points (Figure 6.4). This led to a
significant difference in the ratios of p-p38/t-p38 at the mid- and late-mineralisation time-points
when cells cultured with BGP and desipramine were compared to BGP alone at the same timepoints (Figure 6.4).
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The addition of 1 µM SK1-i to media containing BGP increased the levels of matrix
mineralisation; however, only the increase at the mid-mineralisation time-point was significant when
compared to cells cultured with BGP alone (Figure 6.3). In a similar manner, the addition of SK1-i
and BGP did not alter the rate at which p38 MAPK became de-phosphorylated and no significant
changes were seen at any time-points when compared to cells cultured with BGP alone (Figure
6.4). Of note, whilst it appeared in the blot shown in Figure 6.4 that BGP and SK1-i were
decreasing the expression of total-p38 MAPK at the mid- and late-mineralisation time-points, this
did not occur in the two repeat experiments.
The addition of 5 µM ABC294640 to media containing BGP increased the rate of BASMC
matrix mineralisation when compared to cells cultured with BGP alone (Figure 6.4). Like GW4869,
ABC29460 also accelerated the rate at which phospho-p38 MAPK became de-phosphorylated
(Figure 6.4). When the ratios of p-p38/t-p38 from cells cultured with BGP and ABC294640 were
compared to those from cells cultured with BGP alone, decreases were apparent at the pre-, early
and mid-mineralisation time-points; however only the decrease at the pre-mineralisation time-point
was significant (Figure 6.4).
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Figure 6.2. Stages of mineralisation when protein lysates were collected from cells cultured
in the presence of GW4869 and desipramine | B1 BASMCs were cultured in the indicated media
from day 0 when the cells were approximately 95% confluent. All conditions contained the same
concentration of vehicle, DMSO (1:1,000). A. Representative phase contrast images of BASMCs
stained with alizarin red when cells cultured with 3 mM BGP had reached pre-, early-, mid- and
late-mineralisation (min). The pre-mineralisation time-point corresponded to 2 days before the
BASMCs cultured with 3 mM BGP had entered into the early-mineralisation time-point. Areas of
mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of
matrix mineralisation. All data are presented as mean ± SEM (n=3 samples at all time-points from 3
independent experiments). * p ≤ 0.05, ** p ≤ 0.01, and **** p ≤ 0.0001 for 3 mM BGP vs 3 mM BGP
& 10 µM GW4869/3 mM BGP & 10 µM desipramine by two-way ANOVA. Figure reproduced from
Chapter 4, Figure 4.16.
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Figure 6.3. Stages of mineralisation when protein lysates were collected from cells cultured
in the presence of SK1-i and ABC294640 | B1 BASMCs were cultured in the indicated media
from day 0 when the cells were approximately 95% confluent. All conditions contained the same
concentration of vehicle, DMSO (1:1,000). A. Representative phase contrast images of BASMCs
stained with alizarin red when cells cultured with 3 mM BGP had reached pre-, early-, mid- and
late-mineralisation (min). The pre-mineralisation time-point corresponded to 2 days before the
BASMCs cultured with 3 mM BGP had entered into the early-mineralisation time-point. Areas of
mineralisation stain red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of
matrix mineralisation. All data are presented as mean ± SEM (n=3 samples at all time-points from 3
independent experiments). * p ≤ 0.05, ** p ≤ 0.01, and **** p ≤ 0.0001 for 3 mM BGP vs 3 mM BGP
& 1 µM SK1-i/3 mM BGP & 5 µM ABC294640 by two-way ANOVA. Figure reproduced from
Chapter 5, Figure 5.5.
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Figure 6.4. Investigating the levels of p38 MAPK-phosphorylation in the presence of sphingolipid inhibitors during BASMC matrix mineralisation |
A. Protein lysates were collected during the matrix mineralisation of B1 BASMCs in the presence of the indicated media at the pre-, early-, mid- and latemineralisation time-points; as illustrated in Figure 6.2 & 6.3. The phosphorylation of p38 MAPK (p-p38 MAPK) and the expression of total-p38 MAPK were
analysed in the protein lysates (20 µg) by immunoblotting. β-actin was used as a loading control. The immunoblots are representative of 3 independent
experiments. B. Quantification of bands by densitometry. Data are presented as mean ± SEM (n=3 independent experiments). **** p ≤ 0.0001 for control vs 3
$$
$$$
$$$$
mM BGP at the same time-point by two-way ANOVA.
p ≤ 0.01,
p ≤ 0.001 and
p ≤ 0.0001 for 3 mM BGP vs 3 mM BGP and the indicated
concentration of inhibitor at the same time-point by two-way ANOVA.
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6.3.3 Investigating the role of p38 MAPK in BASMC matrix mineralisation
To further investigate the role of p38 MAPK signalling in BASMC matrix mineralisation
SB203580 was used. SB203580 inhibits the kinase activity of p38 MAPK but does not inhibit the
phosphorylation of p38 MAPK (Kumar et al. 1999). To confirm that SB203580 could inhibit the
kinase activity of p38 MAPK the phosphorylation of a downstream target, HSP27, was analysed
following heat-shock. To do this, BASMCs were incubated with media containing 5 µM SB203580
for 1 hour at 37°C followed by heat-shock at 44°C for 30 minutes. SB202474 is the negative control
compound for SB203580 and was also used in the heat-shock experiment. The incubation of
BASMCs with SB203580 prevented the phosphorylation of HSP27 following heat-shock when
compared to cells incubated with both control media and media supplement with SB202474 (Figure
6.5 A). This inhibition was statistically significant (Figure 6.5 B).

Figure 6.5. Confirmation that SB203580 inhibits the downstream actions of p38 MAPK | A.
Approximately 95% confluent B1 BASMCs were incubated in control media or media supplemented
with either 5 µM SB202474 (-ve control inhibitor) or 5 µM SB203580 (+ve control inhibitor) for 1
hour at 37°C. All conditions contained the same concentration of vehicle, DMSO (1:1,000).
Following incubation, BASMCs were heated to 44°C for 30 minutes and cell lysates collected. The
phosphorylation of HSP27 (p-HSP27) was analysed in the protein lysates (20 µg) by
immunoblotting. β-actin was used as a loading control. The immunoblots are representative of 3
independent experiments. B. Quantification of bands by densitometry. Data are presented as mean
± SEM (n=3 independent experiments). *** p ≤ 0.001 for 5 µM SB202474 (-ve) vs 5 µM SB203580
(+ve) by one-way ANOVA.
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To determine what effect p38 MAPK inhibition has on the matrix mineralisation of
BASMCs, SB203580 was applied to the cells over the matrix mineralisation time-course. Culturing
the BASMCs in control media and the presence of either 5 µM SB202474 or SB203580 over the
mineralisation time-course did not induce spontaneous mineralisation or cause any adverse cellular
effects (Figure 6.6 A). However, when the BASMCs were incubated in the presence of BGP and 5
µM SB203580 over the matrix mineralisation time-course a significant decrease in matrix
mineralisation was observed when compared to cells cultured with either BGP alone or BGP and 5
µM SB202474 (Figure 6.6). Culturing the BASMCs in the presence of BGP and SB202474
appeared to cause a slight increase in matrix mineralisation when compared to cells cultured with
BGP alone (Figure 6.6 A); however when a student T-test was performed on the two data sets the
difference was not statistically significant.
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Figure 6.6. Inhibition of p38 MAPK with SB203580 decreases matrix mineralisation | B1
BASMCs were cultured in the indicated media from day 0 when the cells were approximately 95%
confluent. All conditions contained the same concentration of vehicle, DMSO (1:1,000). A.
Representative phase contrast images of BASMCs stained with alizarin red when cells cultured
with 3 mM BGP had reached mid-mineralisation (min). Areas of mineralisation stain red. Scale bar
= 500 µm. B. Elution of alizarin red dye allowed quantification of matrix mineralisation. All data are
presented as mean ± SEM (n=3 samples for all conditions from 3 independent experiments). * p ≤
0.05 and ** p ≤ 0.01 by one-way ANOVA.
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6.3.4 The phosphorylation of ERM proteins is regulated by exogenous S1P but not exogenous C2
ceramide following short-term stimulation
To examine whether exogenous C2 ceramide or S1P could regulate the phosphorylation of
ERM proteins over a short time-period, BASMCs were serum-starved for 2 hours then treated with
either 10 µM C2 ceramide or 10 µM S1P for 5 or 10 minutes. Protein lysates were collected at
these time-points and analysed for phospho-ERM, total-ERM and β-actin by immunoblotting. At
both time-points C2 ceramide did not appear to alter the phosphorylation state of ERM proteins, or
the ratio of phospho-ERM to β-actin (p-ERM/β-actin), when compared to the time-matched controls
(Figure 6.7). In contrast, after 5 and 10 minutes of stimulation with S1P the levels of phospho-ERM
increased as did the ratio of p-ERM/β-actin, when compared to the time-matched control (Figure
6.7). Both of these increases were statistically significant when compared to the time-matched
controls (Figure 6.7 B). Of note, when increases in the phosphorylation of ERM proteins were
observed following S1P treatment decreases were also seen in the levels of total-ERM proteins
(Figure 6.7 A). This is because the total ERM antibody binds to ERM proteins in the same region
where they become phosphorylated, thus when there is an increase is phospho levels there is a
decrease in total levels and vice versa. Therefore, for all blot quantification with the phospho-ERM
antibody data are presented relative to β-actin and not total ERM.
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Figure 6.7. Phosphorylation of ERM proteins is stimulated by S1P but not C2 ceramide | A.
Approximately 95% confluent B1 BASMCs were cultured in serum-free DMEM (2 ml) for 2 hours.
Subsequently, cells were stimulated by the addition of 10 µM S1P or 10 µM C2 ceramide to the
serum-free media (both were prepared in 160 µl of 10% FBS-DMEM). Vehicle control BASMCs
were treated with 160 µl of 10% FBS-DMEM. The final concentration of FBS in all wells was 0.8%
(v/v). All wells also contained DMSO at 1:1,000. Protein lysates were collected before stimulation
and after 5 and 10 minutes of stimulation. The phosphorylation of ERM (p-ERM) proteins and the
expression of total-ERM proteins were analysed in the protein lysates (20 µg) by immunoblotting.
β-actin was used as a loading control. The immunoblots are representative of 3 independent
experiments. B. Quantification of bands by densitometry. Data are presented as mean ± SEM (n=3
independent experiments). * p ≤ 0.05 and ** p ≤ 0.01 for control vs 10 µM S1P by one-way
ANOVAs at 5 minutes and 10 minutes.
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6.3.5 S1P increases the phosphorylation of ERM proteins through one of the S1PRs but not
S1PR2
To investigate whether S1P was increasing ERM phosphorylation through one of the
S1PRs, a pharmacological approach was taken using JTE-013, which is a specific-antagonist of
S1PR2 (Arikawa et al. 2003). BASMCs were incubated with 1 and 10 µM JTE-013 for 1 hour prior
to stimulation with 10 µM S1P. The incubation of BASMCs with either 1 or 10 µM JTE-013 for 1
hour did not prevent the phosphorylation of ERM proteins in response to S1P stimulation for 10
minutes (Figure 6.8). JTE-013 at 1-10 µM also had no effect on the basal levels of ERM
phosphorylation in the absence of S1P stimulation (Figure 6.8). The BASMCs were also treated
with FTY720-phosphate, an agonist for S1PR1, S1PR3, S1PR4 and S1PR5 (Chun & Hartung,
2010). When the cells were treated with 0.01-1 µM FTY720-phosphate for 10 minutes a dosedependent increase in ERM phosphorylation and the ratios of p-ERM/β-actin was observed when
compared to cells treated with the vehicle control for the same period of time (Figure 6.9). The
increase in ERM-phosphorylation seen with 1 µM FTY720-phosphate was similar, but slightly less,
than that seen with 10 µM S1P (Figure 6.9). Thus, it appeared that S1P increased phospho-ERM
levels by acting through S1PR1, S1PR3, S1PR4 or S1PR5.
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Figure 6.8. The S1P-stimulated phosphorylation of ERM proteins is not mediated by S1PR2 |
A. Approximately 95% confluent B1 BASMCs were cultured in serum-free DMEM (2 ml) for 2
hours, followed by the addition of the vehicle (DMSO, 1:1,000) or 1-10 µM JTE-013 for 1 hour.
Subsequently, cells were stimulated by the addition of 10 µM S1P to the serum-free media (S1P
was prepared in 160 µl of 10% FBS-DMEM). The vehicle control for S1P was 160 µl of 10% FBSDMEM. The final concentration of FBS in all wells was 0.8% (v/v). Protein lysates were collected at
time 0 and after 10 minutes of stimulation. The phosphorylation of ERM (p-ERM) proteins and the
expression of total-ERM proteins were analysed in the protein lysates (20 µg) by immunoblotting.
β-actin was used as a loading control. The immunoblots are representative of 2 independent
experiments. B. Quantification of bands by densitometry. Data are presented as mean ± SD (n=2
independent experiments).
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Figure 6.9. The phosphorylation of ERM proteins can be stimulated by the S1PR1, S1PR3,
S1PR4 and S1PR5 agonist FTY720-phosphate | A. Approximately 95% confluent B1 BASMCs
were cultured in serum-free DMEM (2 ml) for 2 hours. Cells were then stimulated by the direct
addition of 10 µM S1P or the indicated concentration of FTY720-phosphate (-P) to the serum-free
media for 10 minutes. Both the S1P and differing concentration of FTY720-phosphate were
prepared in 160 µl of 10% FBS-DMEM. The vehicle control for S1P was 160 µl of 10% FBSDMEM. The final concentration of FBS in all wells was 0.8% (v/v). All wells also contained DMSO
at 1:1,000. Protein lysates were collected at time 0 and after 10 minutes of stimulation. The
phosphorylation of ERM (p-ERM) proteins and the expression of total-ERM proteins were analysed
in the protein lysates (20 µg) by immunoblotting. β-actin was used as a loading control. The
immunoblots are representative of 2 independent experiments. B. Quantification of bands by
densitometry. Data are presented as mean ± SD (n=2 independent experiments).
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6.3.6 Profiling the changes in ERM protein phosphorylation in the presence of GW4869,
desipramine, SK1-i and ABC294640 during BASMC matrix mineralisation
To investigate if there were changes in ERM protein phosphorylation during the
mineralisation of BASMCs and to determine if the sphingolipid inhibitors altered this pathway,
immunoblotting was performed using the same protein lysates that were described in section 6.3.2
and used in Figure 6.4. When the BASMCs were cultured in control media phospho-ERM was
barely detectable at any time-points and the ratio of p-ERM/β-actin was around zero at all timepoints (Figure 6.10). In the presence of BGP alone, phospho-ERM was first detected at the midmineralisation time-point (Figure 6.10). At the late-mineralisation time-point in the presence of BGP
further increases were detected in phospho-ERM and the ratio of p-ERM/β-actin increased to
around 0.2 (Figure 6.10). However, even though similar increases were apparent in three individual
experiments, when data were collated this increase did not reach statistical significance.
When the BASMCs were cultured in the presence of BGP and 10 µM GW4869 increases
in phospho-ERM were first detected at the early-mineralisation time point (Figure 6.10). Further
increases in phospho-ERM levels were seen at both the mid- and late-mineralisation time-points
with the mean ratios of p-ERM/β-actin being 0.3 at both time-points (Figure 6.10). Similar increases
were detected in all three experiments. However, again, due to variability in the ratios of p-ERM/βactin between repeat experiments the increases seen with BGP and GW4869 at the mid- and latemineralisation time-points were not significant when compared to the cells cultured with BGP at the
same time-points (Figure 6.10).
Culturing the BASMCs in the presence of BGP and 10 µM desipramine almost completely
prevented the phosphorylation of ERM proteins at all time-points (Figure 6.10). This was the same
as when cells were cultured in control media (Figure 6.10).
The addition of BGP and 10 µM SK1-i to the BASMCs resulted in an increase in phosphoERM levels at the mid-mineralisation time-point; at this time-point the mean ratio of p-ERM/β-actin
was 0.3 (Figure 6.10). At the late-mineralisation time-point in the presence of BGP and SK1-i a
striking increase in the levels of phospho-ERM was observed; total ERM were barely detectable at
this time-point and the mean ratio of p-ERM/β-actin was around 0.6 (Figure 6.10). The increase in
the ratio of p-ERM/β-actin at the late-mineralisation time-point in the presence of BGP and SK1-i
was not statistically significant when compared to cells cultured with BGP alone at the same timepoint; this again was due to variability across the repeat experiments (Figure 6.10).
When the BASMCs were cultured in the presence of BGP and 5 µM ABC294640 phosphoERM was first detected at the early-mineralisation time-point (Figure 6.10). At the mid- and latemineralisation time-points further increases were seen in the levels of phospho-ERM and the mean
ratios of p-ERM/β-actin for both time-points were around 0.25. Although similar changes in pERM/β-actin were detected in all three independent experiments, when data were collated these
changes were not statistically significant when compared to cells cultured with BGP alone, at the
same time-points (Figure 6.10).
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Figure 6.10. Investigating the levels of ERM-phosphorylation in the presence of sphingolipid inhibitors during BASMC matrix mineralisation | A.
Protein lysates were collected during the matrix mineralisation of B1 BASMCs in the presence of the indicated media at the pre-, early-, mid- and latemineralisation time-points; as illustrated in Figure 6.2 & 6.3. The phosphorylation of ERM (p-ERM) proteins and the expression of total-ERM proteins were
analysed in the protein lysates (20 µg) by immunoblotting. β-actin was used as a loading control. The immunoblots are representative of 3 independent
experiments. B. Quantification of bands by densitometry. Data are presented as mean ± SEM (n=3 independent experiments). Statistical analysis was
performed by two-way ANOVA.
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6.3.7 Investigating the role of ERM proteins in BASMC matrix mineralisation
To investigate the role of the ERM proteins in BASMC matrix mineralisation the inhibitor of
ezrin phosphorylation, NSC668394, was used (Bulut et al. 2012). To confirm that NSC668394
could inhibit ezrin phosphorylation, confluent BASMCs were incubated with 1 or 10 µM NSC668394
overnight, serum-starved for 2 hours, then stimulated by the addition of the vehicle or 10 µM S1P
for 10 minutes. Protein lysates were collected at these time-points and analysed for phospho-ERM,
total-ERM and β-actin by immunoblotting. Incubating the BASMCs with NSC668394 caused a
dose-dependent decrease in both the levels of phospho-ERM and the ratio of p-ERM/β-actin after
stimulation with S1P, when compared to control cells (Figure 6.11). NSC668394 at 1-10 µM also
cause a dose-dependent decrease in total ERM levels in the absence of S1P stimulation, when
compared to the non-stimulated control (Figure 6.11).
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Figure 6.11. Confirmation that NSC668394 inhibits the phosphorylation of ezrin | A.
Approximately 95% confluent B1 BASMCs were incubated with control media (10% FBS-DMEM) or
control media containing 1-10 µM NSC668394 for 12 hours. All conditions contained the vehicle,
DMSO at 1:1,000. Cells were then cultured in serum-free DMEM (2 ml) for 2 hours. Subsequently,
cells were stimulated by the addition of 10 µM S1P to the serum-free media (S1P was prepared in
160 µl of 10% FBS-DMEM). The vehicle control for S1P was 160 µl of 10% FBS-DMEM. The final
concentration of FBS in all wells was 0.8% (v/v). Protein lysates were collected before stimulation
and after 10 minutes of stimulation. The phosphorylation of ERM (p-ERM) proteins and the
expression of total-ERM proteins were analysed in the protein lysates (20 µg) by immunoblotting.
β-actin was used as a loading control. The immunoblots are representative of 2 independent
experiments. B. Quantification of bands by densitometry. Data are presented as mean ± SD (n=2
independent experiments).
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To determine what effect ezrin inhibition has on the matrix mineralisation of BASMCs,
NSC668394 was applied to the cells over the matrix mineralisation time-course. Culturing the
BASMCs in control media and the presence of either 1 or 10 µM NSC668394 over the
mineralisation time-course did not induce spontaneous mineralisation or cause any adverse cellular
effects (Figure 6.12 A). When the BASMCs were incubated in the presence of BGP and 1 µM
NSC668394 no change in matrix mineralisation was observed when compared to cells cultured
with BGP alone (Figure 6.12). However, when the cells were cultured in the presence of BGP and
10 µM NSC668394 a marked decrease in matrix mineralisation was observed (Figure 6.12).
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Figure 6.12. Inhibition of ezrin phosphorylation with NSC668394 decreased matrix
mineralisation | B1 BASMCs were cultured in the indicated media from day 0 when the cells were
approximately 95% confluent. All conditions contained the same concentration of vehicle, DMSO
(1:1,000). A. Representative phase contrast images of BASMCs stained with alizarin red when
cells cultured with 3 mM BGP had reached mid-mineralisation (min). Areas of mineralisation stain
red. Scale bar = 500 µm. B. Elution of alizarin red dye allowed quantification of matrix
mineralisation. All data are presented as mean ± SD (n=2 samples for all conditions from 2
independent experiment).
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6.4. Discussion
6.4.1 Examining the role of the p38 MAPK pathway during BASMC matrix mineralisation and its
regulation by ceramide and S1P
The p38 MAPK signalling pathway is activated by a variety of stress inducing agents
including cytokines such as TNFα and oxidative stress (Cuadrado & Nebreda, 2010). As both
TNFα and oxidative stress promote vascular calcification the role of the p38 MAPK pathway has
been previously studied in vascular calcification. When the inhibitor of the kinases activity of p38
MAPK, SB203580, is added to VSMCs during in vitro matrix mineralisation a decrease is observed
in the rate at which a mineralised matrix is deposited (Tanikawa et al. 2009; Liao et al. 2013; Kang
et al. 2014). Therefore, the p38 MAPK signalling pathway has been implicated in the development
of vascular calcification. However, the exact mechanisms by which this pathway is activated are
unknown as is the phosphorylation state of p38 MAPK during the matrix mineralisation time-course.
Ceramide and S1P can also alter the phosphorylation state of p38 MAPK (see Chapter 1, section
1.11.1), and because results in Chapters 4 and 5 demonstrated that these bioactive sphingolipids
regulate BASMC matrix mineralisation, the role of the p38 MAPK signalling pathway was
investigated during BASMC matrix mineralisation.
To determine if ceramide or S1P could regulate the p38 MAPK signalling pathway in
BASMCs, short-term experiments were performed initially. Previous studies have demonstrated
that ceramide can regulate the activity of p38 MAPK but it has been reported that the sphingolipid
can induce both the de-phosphorylation and the phosphorylation of p38 MAPK (Kitatani et al. 2006;
Loidl et al. 2004). It is thought that the subcellular location of the increase in ceramide determines
the outcome of p38 MAPK phosphorylation as either exogenously added ceramide or ceramide
produced at the plasma membrane leads to p38 MAPK phosphorylation (Chen et al. 2001; Loidl et
al. 2004; Liao et al. 2013), whereas ceramide produced through the salvage pathway causes dephosphorylation (Loidl et al. 2004). However, in this present study when the BASMCs were
stimulated for 5 or 10 minutes with exogenous C2 ceramide no changes in p38 MAPK
phosphorylation were detected. The reason for this could be both the short-chain length of C2
ceramide and the duration of stimulation used. In previous studies, when ceramide was shown to
stimulate p38 MAPK phosphorylation in VSMCs over a 5-10 minute time-period the longer chain
C6 ceramide was used (Loidl et al. 2004). Furthermore, when C2 ceramide was able to induce p38
MAPK phosphorylation in VSMCs a time-period of 24 hours was required (Liao et al. 2013).
Therefore, in future experiments either a longer time-period or a longer chain-length of exogenous
ceramide will be needed to determine if the bioactive sphingolipid can regulate p38 MAPK
signalling in BASMCs. Thus, it is unclear whether ceramide can regulate p38 MAPK signalling in
BASMCs over a short time-period.
Previous studies using VSMCs have also demonstrated that short-term (5-10 minute)
stimulation with exogenous S1P can induce the phosphorylation of p38 MAPK (Kozawa et al.
1999b; Fegley et al. 2003). However, when the BASMCs were treated with exogenous S1P for 5 or
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10 minutes in this present study no changes in p38 MAPK phosphorylation were observed. A
reason for this discrepancy could be the differences in the VSMCs used. In the Fegley et al. (2003)
study rat pulmonary artery VSMCs were used and in the Kozawa et al. (1999b) study the A10 cell
line of smooth muscle cells derived from the aorta of an embryonic rat were used. As there are
differences in signalling pathways between pulmonary artery VSMCs and BASMCs (Hartsfield et
al. 1999), and also A10 cells and BASMCs (Rao et al. 1997), this may explain why the stimulation
of BASMCs with S1P did not result in p38 MAPK phosphorylation. Therefore, over a short-time
period it does not appear that S1P can induce the phosphorylation of p38 MAPK in BASMCs.
The role of p38 MAPK was also investigated during the matrix mineralisation of BASMCs.
When the BASMCs were cultured in the presence of BGP alone, an inverse relationship was
observed between the level of matrix mineralisation and the levels of p38 MAPK phosphorylation.
This is a novel finding, as the levels of p38 MAPK phosphorylation have not been investigated
previously during VSMC matrix mineralisation. The levels of p38 MAPK phosphorylation were also
studied in the presence of the sphingolipid inhibitors during the mineralisation time-course. When
either GW4869 or ABC294640 was added to the mineralising media the rate of BASMC matrix
mineralisation increased and the time it took for p38 MAPK to become de-phosphorylated
decreased. This result provides further evidence that when mineralisation increases the level of
phosphorylated p38 MAPK decrease. Furthermore, when desipramine was added to the BASMCs
with mineralising media no matrix mineralisation formed and no decreases in p38 MAPK
phosphorylation were seen.
To further investigate the role of p38 MAPK phosphorylation in BASMCs matrix
mineralisation the inhibitor of the kinases activity of the p38 MAPK, SB203580, was used (Kumar et
al. 1999). In BASMCs, SB203580 was able to prevent the phosphorylation of a downstream target
of p38 MAPK, HSP27, following stimulation with heat-shock. This finding is consistent with a
previous study using SB203580 in VSMCs (Ito et al. 2000) and confirms that the compound can
inhibit the kinase activity of p38 MAPK. When SB203580 was added to the BASMCs in the
presence of BGP during the mineralisation time-course, there was a significant decrease in matrix
mineralisation. This result, therefore, suggests that the kinase activity of p38 MAPK is required for
matrix mineralisation to occur. When considered with the previous finding that p38 MAPK
phosphorylation levels decrease when BASMC matrix mineralisation increases this finding could
suggest that p38 MAPK activity is only required for the initiation of matrix mineralisation and not the
actual mineralisation process per se. This suggestion is consistent with previous studies which
have shown both in vitro and in vivo that p38 MAPK signalling is required for osteoblast
differentiation and maturation (Greenblatt et al. 2010; Hu et al. 2003; Guicheux et al. 2003;
Rodríguez-Carballo et al. 2014). Therefore, p38 MAPK activity may be required to initiate the
osteogenic differentiation of BASMCs. However, once the cells have become differentiated they
may then respond differently to extra-cellular stimuli and this could explain why the levels of p38
MAPK phosphorylation decrease when mineralisation is present.
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Of note, in the experiments using SB203580 a slight increase in matrix mineralisation was
seen when the negative control compound for SB203580 was used, SB202474. This may have
been because SB202474 has been shown to have off-target effects on the Wnt/β-catenin signalling
pathway (Bellei et al. 2012), which has also been implicated in VSMC matrix mineralisation (Al-Aly
et al. 2007).
Collectively, these studies have shown that the p38 MAPK signalling pathway regulates
BASMCs matrix mineralisation and it appears that the phosphorylation and activation of p38 MAPK
is required for the early stages, but not the late stages, of the process. Whether any of the
sphingolipid inhibitors act through this pathway to alter the rate of matrix mineralisation is unclear
as neither ceramide nor S1P could regulate the levels of p38 MAPK phosphorylation over a short
period of time. However, over the mineralisation time-course it cannot be ruled out that either
ceramide or S1P was regulated p38 MAPK phosphorylation.
6.4.2 Examining the role of ERM proteins during BASMC matrix mineralisation and their regulation
by ceramide and S1P
The ERM proteins are activated by phosphorylation and they link the cortical actin
cytoskeleton to the plasma membrane; they also act as scaffolding proteins and bring together cell
surface receptors and signalling molecules (see Chapter 1 section 1.11.2). The phosphorylation
state of the ERM proteins can be governed by ceramide and S1P, with ceramide promoting dephosphorylation and S1P promoting hyper-phosphorylation (Canals et al. 2012). The role of ERM
proteins has not been investigated previously in VSMC matrix mineralisation but they have been
shown to be required for the osteogenic differentiation of MSCs (Titushkin & Cho, 2011). As
osteogenic differentiation is linked to VSMC matrix mineralisation the ERM proteins could also
have a role in this process.
To determine if ceramide or S1P could regulate the phosphorylation status of ERM
proteins short-term experiments were performed with the BASMCs. The 5 or 10 minute stimulation
of the BASMCs with C2 ceramide did not cause any changes to the levels of ERM protein
phosphorylation. A reason for this could be similar to the one outlined above for C2 ceramide and
p38 MAPK phosphorylation. In the studies that have demonstrated that ceramide can dephosphorylate ERM proteins, ceramide levels were increased endogenously by the treatment with
bacterial sphingomyelinase or exogenously with the longer-chain C16 ceramide (Zeidan et al.
2008a; Canals et al. 2010). Furthermore, a longer time-period of stimulation may have been
required with C2 ceramide as it took 30 minutes of stimulation for C16 ceramide to decrease ERM
protein phosphorylation (Zeidan et al. 2008a). Therefore, future experiments will need to be
performed with more naturally occurring ceramide and/or longer periods of stimulation to determine
if ceramide can cause the de-phosphorylation of ERM proteins in BASMCS.
The treatment of the BASMCs with 10 µM S1P for both 5 and 10 minutes resulted in an
increase in the phosphorylation of the ERM proteins. This finding is consistent with previous
studies using HeLa cells and pulmonary artery endothelial cells (Adyshev et al. 2011; Orr Gandy et
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al. 2013). It was then investigated whether S1P was increasing ERM protein phosphorylation
through one of the S1PR. Of the 5 S1PRs only S1PR1, S1PR2 and S1PR3 have been reported to
be expressed in aortic VSMCs (Ryu et al. 2002). When the antagonist to S1PR2, JTE-013, was
added to the BASMCs at concentrations known to inhibit the receptor (Arikawa et al. 2003), no
decreases in ERM protein phosphorylation were seen following stimulation with S1P. Conversely,
when FTY720-phosphate, an agonist for S1PR1, S1PR3, S1PR4 and S1PR5 (Chun & Hartung,
2010), was added to the BASMCs a dose-dependent increase in ERM protein phosphorylation was
observed. The concentrations used to see the dose-dependent increase have been used in
previous studies to activate the aforementioned receptors (Gandy et al. 2013). Collectively these
findings suggest that in the BASMCs S1P was increasing ERM protein phosphorylation through
activating either or both, S1PR1 or S1PR3. This is in contrast to previous studies using HeLa cells
that have demonstrated that S1P caused ERM protein phosphorylation through the activation of
S1PR2 (Gandy et al. 2013; Orr Gandy et al. 2013). Together, these results may suggest that
different cell types utilise different S1PRs to elicit the same downstream effect. This could be due
to the coupling of the same G protein to different S1PRs in the different cell types. Of note, with a
concentration of 10 µM S1P, the possibility that the lipid was also directly activating intracellular
targets that cause ERM protein phosphorylation independent of S1PRs cannot be fully ruled out.
The role of the ERM proteins was also investigated during the matrix mineralisation of
BASMCs. During the matrix mineralisation time-course extremely low levels of phosphorylated
ERM proteins were detected in the control cells. However, when the BASMCs mineralised the
phosphorylation levels of the ERM proteins increased. This finding therefore suggests that the
ERM proteins have the potential to play a regulatory role in BASMC matrix mineralisation. To
explore this possibility further the inhibitor of ezrin phosphorylation and actin binding, NSC668394,
was employed, which has an IC50 value of 8 µM (Bulut et al. 2012). No global inhibitors of ERM
phosphorylation are available, nor are radixin- or moesin-selective inhibitors. Incubating the
BASMCs with 1-10 µM NSC668394 overnight caused a dose-dependent decrease in ERM-protein
phosphorylation following the short-term (10 minutes) stimulation with S1P. These finding are
consistent with two previous studies that have used NSC668394 in cell culture studies (Xiao et al.
2014; Pore et al. 2015). However, caution must be taken in this current study when interpreting the
finding that NSC668394 inhibits the S1P-induced phosphorylation of ERM-pproteins, as the
inhibitor at 1-10 µM also decreased the expression of total ERM protein expression. Thus, it is not
clear whether the effects of NSC668394 on S1P-stimulated ERM phosphorylation are due to a
reduction in basal ERM expression, or rather an effect specific to S1P signalling. Another point that
needs to be noted from this experiments is that within the concentration range used in this study,
NSC668394 only inhibits the phosphorylation of ezrin but not radixin or moesin (Bulut et al. 2012).
It is therefore likely that radixin and moesin were still being phosphorylated in response to S1P
stimulation and this may explain why NSC668294 was not able to completely prevent ERM protein
phosphorylation.
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The addition of 10 µM NSC668394 to the BASMCs during the mineralisation time-course
led to a decrease in matrix mineralisation. This novel finding therefore suggests that ezrin
activation is required for the mineralisation process. Whether the activations of radixin and moesin
are also required for matrix mineralisation is unknown but due to the high degree of homology
between the ERM proteins (Fehon et al. 2010), it is highly probable. Given that S1P can increase
ERM protein phosphorylation in BASMCs and ERM protein phosphorylation is required for matrix
mineralisation a link between S1P, ERM protein phosphorylation and matrix mineralisation can be
drawn. Furthermore, as it was shown that S1P levels increase during BASMC matrix mineralisation
(see Chapter 3, Figure 3.9) and that the addition of exogenous S1P increases the rate of
mineralisation (see Chapter 5, Figure 5.1) it is plausible that S1P drives matrix mineralisation
through inducing ERM protein phosphorylation. These studies have therefore developed a potential
mechanism of how S1P can promote matrix mineralisation. However, future experiments will need
to be performed to confirm this mechanism.
How phosphorylated ERM proteins, or more specifically phosphorylated ezrin, increases
matrix mineralisation is not clear, but it is known that when activated this family of proteins can form
signalling complexes and alter the structure of the cortical actin cytoskeleton (Arpin et al. 2011).
The cortical actin cytoskeleton has not been implicated in VSMC matrix mineralisation previously
but both the actin stress fibres and the microtubule cytoskeleton have. Reorganisation of actin
stress fibres by means of ROCK inhibition increases the rate of matrix mineralisation both in VSMC
culture and during the ex vivo culture of rat aortic segments (Chen et al. 2010b). Additionally,
microtubule stabilisation with paclitaxel inhibited VSMC matrix mineralisation in vitro, whereas the
inhibitor of tubulin polymerisation, nocodazole, increased mineralisation (Lee et al. 2014b). The
same effects were also observed in the presence of paclitaxel and nocodazole during the ex vivo
calcification of a mouse aorta (Lee et al. 2014b), demonstrating that the cytoskeleton is also
important for VSMCs mineralisation within a vessel wall, which better represents the physiological
environment of VSMCs. Whether the ERM proteins were also increasing matrix mineralisation
through forming signalling complexes is unknown, but ERM proteins can activate Akt and ERK
signalling (Elliott et al. 2005), and both these signalling pathways have been implicated in the
initiation of vascular calcification (see Chapter 1, section 1.6).
As the above finding demonstrated that ERM protein phosphorylation could regulate
BASMCs matrix mineralisation it was investigated whether the sphingolipid inhibitors (GW4869,
desipramine, SK1-i & ABC294640) were altering matrix mineralisation through interfering with ERM
phosphorylation. When GW4869 was added to the BASMCs in the presence of BGP increases in
matrix mineralisation were seen, as were increases in ERM protein phosphorylation. This result
may imply that GW4869 was increasing mineralisation through this pathway. However, as it was
not clear from the profiling of bioactive sphingolipids how GW4869 was increases mineralisation it
is difficult to say whether this is correct or not. Furthermore, the increase in ERM protein
phosphorylation in the presence of GW4869 may have been a result of the amplified rate of matrix
mineralisation and not a direct effect of GW4869. The addition of the SK2-selective inhibitor,
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ABC294640, to the BASMCs dramatically increased the rate of matrix mineralisation but did not
drastically affect the levels of ERM protein phosphorylation, suggesting that ABC294640 was not
increasing matrix mineralisation through altering the levels of ERM phosphorylation.
SK1-i was able to cause minor increases in matrix mineralisation when it was added in
combination with BGP to the BASMCs. Interestingly, SK1-i caused large increases in ERM protein
phosphorylation, suggesting that this pathway may have been responsible for the increase in
matrix mineralisation. The major change in bioactive sphingolipids seen with SK1-i during matrix
mineralisation was an increase in sphingosine levels. This finding may therefore imply that
sphingosine can also increase the levels of ERM phosphorylation. However, additional studies will
be required to substantiate this finding. The most interesting finding was that desipramine, which
when added in combination BGP prevented matrix mineralisation, also prevented increases in
ERM protein phosphorylation. This could suggest that desipramine was inhibiting matrix
mineralisation through preventing increases in ERM phosphorylation. Furthermore, as desipramine
was able to prevent increases in S1P levels (see Chapter 4, Figure 4.17), this may further suggest
that S1P drives matrix mineralisation through increasing ERM protein phosphorylation.
6.4.3 Overall conclusion
In summary, the results in this chapter have demonstrated that inhibiting the kinase activity
of p38 MAPK decreases the matrix mineralisation of BASMCs, suggesting that p38 MAPK is a
promoter of the process. However, when the BASMCs began to mineralise there was a steady
decrease in the levels of p38 MAPK phosphorylation, which may imply that the kinase is only
required for the initiation of matrix mineralisation. Neither the short-term stimulation with exogenous
C2 ceramide or S1P could alter the phosphorylation state of p38 MAPK in the BASMCs and it did
not appear that the sphingolipid inhibitors, GW4869, desipramine, SK1-i and ABC294640, were
altering matrix mineralisation through interfering with the p38 MAPK signalling pathway. This
chapter also demonstrated that the levels of ERM phosphorylation increase during matrix
mineralisation and by inhibiting ezrin phosphorylation, decreases in matrix mineralisation were
observed. Following the short-term (5-10 minute) stimulation, exogenous S1P was able to increase
the phosphorylation of ERM proteins in BASMCs, possibly through S1PR1 or S1PR3. Exogenous
C2 ceramide had no effect on ERM phosphorylation over the same time-period. As S1P levels are
known to increase during BASMC matrix mineralisation and because exogenous S1P can
accelerate the rate of matrix mineralisation, it is possible that S1P was increasing matrix
mineralisation through inducing the phosphorylation of ERM proteins. Further supporting this is the
finding that when desipramine was added to the BASMCs increases in S1P did not occur, ERM
proteins did not become phosphorylated and no matrix mineralisation was observed. Therefore
collectively, this chapter has identified the ERM proteins as a pathway through which S1P
increases matrix mineralisation.
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Chapter 7. General discussion
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7.1. Summary and conclusions
Vascular calcification is the formation of bone-like mineralised tissue within the walls of
arteries and is associated with a 3-4 fold increase in cardiovascular-related mortality (Rennenberg
et al. 2009). The pathology has many similarities to embryonic bone formation and involves the
osteogenic differentiation of VSMCs and the formation of a mineralised matrix (Demer & Tintut,
2014). Studies over the last two decades have begun to identify the many promoters and inhibitors
of this pathological process but at this time, no therapies are available to either prevent or reverse
vascular calcification (Sage et al. 2010). This demonstrates that further research into the field is
needed and highlights that a better understanding of the molecular mechanisms involved in this
process is required, as this may lead to novel therapeutic targets. Recently the bioactive
sphingolipids, ceramide and S1P, have been implicated in osteoblast-mediated embryonic bone
formation and bone homeostasis (Khavandgar et al. 2011; Keller et al. 2014). Furthermore,
ceramide and S1P regulate many of the cellular processes that initiate vascular calcification (see
Chapter 1, section 1.10). Thus, the hypothesis of this PhD thesis was that ceramide and S1P
regulate the matrix mineralisation of VSMCs and therefore contribute to the development of
vascular calcification. To study vascular calcification a well-established in vitro cell culture model
was used (Shioi et al. 1995). The model involves culturing BASMCs in the presence of BGP for up
to 14 days, which induces osteogenic differentiation and matrix mineralisation.
To test the above hypothesis, the initial aim was to determine whether there were changes
in the expression and activities of the sphingomyelinase (aSMase, nSMase1, nSMase2 &
nSMase3) and SK isoforms during the matrix mineralisation of BASMCs, as these classes of
enzymes, in-part, control the levels of ceramide and S1P. With the exception of nSMase2, all of the
sphingomyelinase isoforms and SK isoforms could be detected in the BASMCs, as could L-SMase,
N-SMase and SK activity. Furthermore, nSMase2 protein could not be detected in human, sheep or
rat VSMC. As L-SMase, N-SMase and SK activity could be detected in the BASMCs the next aim
was to examine if there were changes in the activities of these classes of enzymes during BASMC
matrix mineralisation. At the late mineralisation time-point the activities of both L-SMase and NSMase decreased, whereas SK activity increased (Figure 7.1). This result suggests that the levels
of ceramide and S1P may also change during this pathological process. To test this hypothesis the
levels of bioactive sphingolipid were profiled during matrix mineralisation. Over the time-course of
mineralisation no changes were seen in the levels of total ceramide but subtle increases in the
levels of C18 and C20 ceramide were seen when mineralisation was widespread (Figure 7.1). This
finding demonstrates that there are changes in ceramide species during matrix mineralisation but
suggests that these increases are not due to the L-SMase or N-SMase classes of enzymes,
because when the ceramide species increased, the activities of these enzymes decreased.
However, consistent with the observed increase in SK activity, large increases in S1P levels were
detected during the mineralisation time-course (Figure 7.1). Thus, these findings have shown that
there are increases in the levels of specific ceramide species and S1P during matrix mineralisation,
which suggests that these bioactive sphingolipids have the potential to regulate VSMC matrix
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mineralisation. Alternatively, these lipids could have been increased as a consequence of
mineralisation.
The second aim of the study was to investigate the role of ceramide in the matrix
mineralisation of BASMCs and to determine whether the bioactive sphingolipid can regulate the
process. Therefore, the cell-permeable ceramide analogue, C2 ceramide, was added exogenously
to the cells over the mineralisation time-course. C2 ceramide decreased matrix mineralisation
(Figure 7.1), which implies that the bioactive sphingolipid is an inhibitor of the mineralisation
process. However, as C2 ceramide can be metabolised to other sphingolipids (Jung et al. 2013), it
was not clear if it was ceramide per se that was inhibiting matrix mineralisation. Therefore, to
disrupt endogenous ceramide production an inhibitor of N-SMase activity, GW4869, was used
(Luberto et al. 2002). GW4869 was able to inhibit in vitro N-SMase activity in BASMCs and when
added to the cells over the mineralisation time-course, an increase in matrix mineralisation was
observed. These results suggest that N-SMase activity is an inhibitor of matrix mineralisation and,
consistent with the preceding finding, imply that ceramide is required to reduce the extent of matrix
mineralisation. However, when the levels of bioactive sphingolipids were profiled in the presence of
GW4869 over the mineralisation time-course, no decreases were seen in the levels of total
ceramide or ceramide species, which may suggest that GW4869 was increasing matrix
mineralisation through a ceramide-independent manner. Therefore, the role of ceramide in matrix
mineralisation was examined further using an inhibitor of the ceramide salvage pathway,
desipramine (Elojeimy et al. 2006). Desipramine was able to disrupt the salvage pathway and as a
result cause an increase in ceramide levels, presumably within lysosomes, which led to the
inhibition of matrix mineralisation. This result again demonstrates that ceramide can regulate the
mineralisation process and consistent with the result seen with C2 ceramide, implies that an
increase in ceramide can decrease matrix mineralisation. However, as desipramine also prevented
the mineralisation-associated increases in S1P levels, it is possible that it is S1P and not ceramide
that regulates matrix mineralisation.
To investigate if S1P can regulate VSMC matrix mineralisation, S1P was added
exogenously to the BASMCs, and an increase in matrix mineralisation was observed (Figure 7.1).
This suggests that the large increase detected in S1P levels during matrix mineralisation is a driver
of the process and supports the suggestion that desipramine may have been decreasing matrix
mineralisation through preventing increases in S1P levels. S1P has previously been shown to
enhance osteoblast-mediated matrix mineralisation (Keller et al. 2014), so this result draws
parallels between bone formation and vascular calcification. In an attempt to decipher which SK
isoform was responsible for the increase in S1P levels during matrix mineralisation and to further
demonstrate that S1P is required for BASMCs matrix mineralisation, the SK1 and SK2 isoformsselective inhibitors, SK1-i and ABC294640, respectively, were used (Paugh et al. 2008; French et
al. 2010). The addition of both SK1-i and ABC294640 increased matrix mineralisation. However,
when the levels of bioactive sphingolipids were profiled in the presence of the inhibitors neither
SK1-i nor ABC294640 was able to decrease the levels of S1P during matrix mineralisation. Thus, it
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appeared that both of these inhibitors were increasing matrix mineralisation through mechanisms
not directly related to S1P. Therefore, the individual contribution of SK1 and SK2 to the increase in
S1P levels during the matrix mineralisation of BASMCs is unknown. Attempts were also made to
inhibit SK1 and SK2 through the use of siRNA, although this proved unsuccessful as none of the
SK1 or SK2 siRNAs designed could decrease overall SK activity, although they could decrease
mRNA levels. Therefore, together these results have shown that S1P is a promoter of BASMC
matrix mineralisation but it is unclear through which SK isoform the increases in S1P levels are
derived. One possibility that was not explored in this study is that S1P levels were increasing due
to a decrease in activity of S1P lyase or one of the S1P phosphatases. However, as decreases in
sphingosine levels were seen during matrix mineralisation this strongly suggests that the increases
in S1P were due to SK activity.

Exogenous addition (10 µM)

S1P

BASMC

C2
ceramide

Promotes
mineralisation

Decreases
mineralisation

Matrix
mineralisation

3 mM BGP

SK activity
S1P levels

Low

↑ C18 + C20 Ceramide

High

Figure 7.1. Regulation of BASMC matrix mineralisation by ceramide and S1P | During the
matrix mineralisation of BASMCs induced by 3 mM BGP there was an increase in SK activity and
the levels of S1P. When mineralisation was widespread increases in C18 and C20 ceramide were
also seen. The exogenous addition of S1P was able to promote matrix mineralisation whereas the
exogenous addition of C2 ceramide decreased mineralisation.

The final aim of the study was to investigate through which signalling pathways ceramide
and S1P were regulating the matrix mineralisation of BASMCs. The p38 MAPK pathway was
initially chosen as p38 MAPK phosphorylation has been shown to be regulated by both ceramide
and S1P (Kitatani et al. 2006; Kozawa et al. 1999b). Over a short-time period (5-10 minutes)
neither exogenous C2 ceramide nor S1P could regulate the levels of p38 MAPK phosphorylation in
BASMCs; longer time-periods were not investigated. The levels of p38 MAPK phosphorylation
were also investigated during the mineralisation time-course and in the presence of the
sphingolipid inhibitors, GW4869, desipramine, SK1-i and ABC294640. During BASMC matrix
mineralisation there was a decrease in p38 MAPK phosphorylation and this decrease occurred
earlier when the rate of mineralisation was increased in the presence of GW4869 and ABC294640.
Interestingly, no decrease in p38 MAPK phosphorylation was detected when cells cultured in the
presence of desipramine, which inhibited mineralisation. This result therefore suggests that a
decrease in p38 MAPK activity is needed for mineralisation to proceed. However, when the
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inhibitor of p38 MAPK activity, SB203580 (Kumar et al. 1999), was added, a reduction in matrix
mineralisation was also observed, implying that p38 MAPK activity is actually required for the
initiation of matrix mineralisation. As these results could not conclusively define the role of p38
MAPK signalling in BASMC matrix mineralisation it was difficult to conclude whether ceramide and
S1P were acting through this pathway.
The phosphorylation and subsequent activation of the ERM proteins was also investigated
as a possible mechanism through which ceramide and S1P may have been acting as the ERM
proteins are also known to be regulated by these bioactive sphingolipids (Zeidan et al. 2008a;
Canals et al. 2010). Over a short-time period (5-10 minutes) S1P was able to induce the
phosphorylation of ERM proteins and this appeared to be mediated through either S1PR1 or
S1PR3 (Figure 7.2). In contrast, C2 ceramide was not able to regulate ERM protein
phosphorylation over the same time-period. To determine if ERM proteins are also involved in
BASMC matrix mineralisation the levels of ERM phosphorylation were studied over the
mineralisation time-course and in the presence of GW4869, desipramine, SK1-i and ABC294640.
During matrix mineralisation there was an increase in ERM protein phosphorylation and this was
increased further when GW4869 and SK1-i (which also increase mineralisation) were added to the
mineralising media. In the presence of desipramine (which inhibits mineralisation), no increases in
ERM phosphorylation were seen. To investigate if ERM proteins have a role in matrix
mineralisation, the inhibitor of ezrin activity, NSC668394 (Bulut et al. 2012), was used, and this
reagent decreased the rate of mineralisation (Figure 7.2). This result therefore demonstrates that
the phosphorylation of ERM proteins is required for the matrix mineralisation of BASMC and is a
novel finding. How ERM proteins regulate matrix mineralisation is unknown but it may be through
the modulation of the cytoskeleton, as this has previously been implicated in the induction of VSMC
matrix mineralisation (Chen et al. 2010b; Lee et al. 2014).Taken together these results could
suggest that S1P promotes matrix mineralisation through inducing the phosphorylation of ERM
proteins. Furthermore, the decrease in matrix mineralisation seen in the presence of desipramine
may have been due to a reduction in S1P levels, which would prevent ERM phosphorylation and
therefore inhibit matrix mineralisation.
10 µM NSC668394
Inhibits ezrin
phosphorylation

BASMC

Decreases
mineralisation

Matrix mineralisation

3 mM BGP
P

Inactive “closed”
ERM proteins

Induces ezrin
phosphorylation

Promotes
mineralisation

10 µM S1P

Active “open”
ERM proteins

Figure 7.2. Regulation of BASMC matrix mineralisation by ezrin phosphorylation and S1P |
During the matrix mineralisation of BASMCs induced by 3 mM BGP the ERM proteins become
phosphorylated and activated. The addition of NSC668394 prevented ezrin phosphorylation and
decreased the levels of matrix mineralisation. Conversely, the addition of S1P induced ERM
phosphorylation and promoted matrix mineralisation.
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7.2. Overall findings
The overall conclusion that can be drawn from this study is that ceramide and S1P regulate
the matrix mineralisation of BASMCs (Figure 7.1). It was not clear through which mechanisms
ceramide was regulating BASMC matrix mineralisation and because this lipid can be metabolised
to a number of other bioactive sphingolipids whether ceramide itself is actually an inhibitor of the
process is unknown. Conversely, S1P was a promoter of BASMCs matrix mineralisation and this
may have been mediated though the phosphorylation of ERM proteins, which are required for
matrix mineralisation to occur (Figure 7.2). Thus, ceramide and S1P may form the basis for novel
therapies for the treatment of vascular calcification.
7.3. Future work
7.3.1 Determine if ceramide is an inhibitor of BASMC matrix mineralisation
The addition of the ceramide analogue, C2 ceramide, to BASMCs decreased BASMC
matrix mineralisation. This suggests that ceramide is an inhibitor of matrix mineralisation, but
because C2 ceramide can be metabolised to other bioactive sphingolipids (Jung et al. 2013), it
might not be ceramide per se that is having the inhibitory effect. To address this question, ceramide
levels could be increased in the BASMCs during matrix mineralisation by methods that are known
to predominantly increase ceramide levels, but not the levels of other bioactive sphingolipids. One
such method would be to treat the BASMCs with exogenously added bacterial sphingomyelinase;
this would lead to an increase in ceramide levels but not other bioactive sphingolipids, such as
sphingosine and S1P (Canals et al. 2010). Cells treated with bacterial sphingomyelinase could then
be cultured in the presence of BGP, and if ceramide is an inhibitor of matrix mineralisation, a
decrease in the rate of mineralisation would be expected to occur when compared to controls.
Additionally, nSMase2 could be over expressed in the BASMCs as this has been shown previously
to increase endogenous ceramide levels (Clarke et al. 2011). Attempts were made at over
expressing nSMase2 in BASMCs in this study but only a transient transfection approach was taken
and this resulted in a transfection efficiency that was too low to continue with mineralisation
experiments (see Chapter 4, Section 4.4.1). Therefore, for future experiments, nSMase2 could be
transfected in the BASMCs using lentiviruses. Control cells would be transfected with catalytically
inactive nSMase constructs. The advantage of lentiviruses over transient transfections is that when
the cells become transfected, the nSMase2 gene becomes integrated into the cells genome, thus,
a population of BASMCs could be isolated where all of the cells over express nSMase2. The
nSMase2 over expressing cells could then be cultured in the presence of BGP, and if ceramide is
an inhibitor of matrix mineralisation, the rate of matrix mineralisation should be reduced when
compared to cells over expressing catalytically inactive nSMase2.
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7.3.2 Elucidate which SK isoform is responsible for the increases in S1P levels during matrix
mineralisation
This study has shown that SK activity, as well as S1P levels, increase during the matrix
mineralisation of BASMCs. To determine which individual SK isoform is responsible for the
increase in overall SK activity, future studies could take advantage of the different in vitro
enzymatic properties of SK1 and SK2. When sphingosine is presented in a BSA complex in the
presence of 1 M KCl, SK1 activity is inhibited, whereas when sphingosine is presented in a micellar
form with Triton X-100, SK2 activity is inhibited (Liu et al. 2000). Thus, isoform-selective SK activity
assays could be performed on the samples collected during the matrix mineralisation time-course
and this would provide evidence as to which SK isoform is increasing SK activity and S1P levels.
The knowledge of which individual SK isoform is responsible for the increases SK activity during
matrix mineralisation will allow a more targeted approach to prevent increases in S1P levels.
7.3.3 Further investigate the role of ERM proteins in BASMC matrix mineralisation
This study has shown for the first time that the ERM proteins are involved in the matrix
mineralisation of BASMCs. Through the use of the ezrin inhibitor, NSC668394, it was shown that
the phosphorylation of ezrin is required for matrix mineralisation. To confirm this finding, future
experiments would need to be performed. For example, ezrin expression could be knocked down
using siRNA, and if the above result is correct, this should also lead to a decrease in matrix
mineralisation. Additionally, both the wild type and the T567A ezrin mutant, which cannot be
phosphorylated (Orr Gandy et al. 2013), could be over expressed in the BASMCs during matrix
mineralisation experiments. If ezrin is a promoter of matrix mineralisation than an increase in
mineralisation should be seen with the wild type ezrin, when compared to the ezrin mutant. Future
work will also involve investigating through which S1PR S1P is acting to cause ERM
phosphorylation. In this present study, evidence suggested that S1P was acting through either
S1PR1 or S1PR3. This could be confirmed in future experiments by using SEW-2871, a S1PR1selective agonist (Sanna et al. 2004), or BML241, an antagonist for S1PR3 (Long et al. 2010). If
the addition of SEW-2871 increases ERM phosphorylation in BASMCs this would suggest that S1P
is acting through this receptor. Conversely, if no increases in ERM phosphorylation are detected in
response to S1P-stimulation when cells have been pre-incubated with BML241, this would suggest
that S1P is activating S1PR3 to induce ERM phosphorylation.
7.3.4 Investigate whether S1P and ERM proteins are also promoters of matrix mineralisation in
more physiological models of vascular calcification
All of the investigations in this present study were performed using the in vitro model of
vascular calcification. Therefore, future work would involve taking the main findings from this study;
S1P is a promoter of matrix mineralisation and ezrin phosphorylation is required for the process to
occur, and applying them to more physiological models of vascular calcification. This could initially
be achieved by using the ex vivo model of vascular calcification, which involves taking aortic
segments from rats and culturing them in high-phosphate media to induce matrix mineralisation

190!
!

(Lomashvili et al. 2004). Exogenous S1P could be added to the culture media to see if it also
increases matrix mineralisation ex vivo, as could the addition of NSC668394, to see if ezrin
phosphorylation is also required. This approach could also be used with human vessels taken from
patients suffering from CKD, as these vessels are “primed” to mineralise when cultured in high
phosphate and better represent the human pathological process (Shroff et al. 2010). Finally, in vivo
models of vascular calcification could be used. Two such models are the 5/6 nephrectomy mouse
that undergoes medial calcification when treated with calcitriol and fed a high-phosphate diet
(Mendoza et al. 2008) and the apolipoprotein E and LDLR-null mouse that develops
atherosclerosis and intimal calcification when on a diet enriched with fat and cholesterol (Naik et al.
2012). These models could be used to investigate whether the levels of S1P and ezrin
phosphorylation are increased in areas of vascular calcification; if they are, this would imply that
they are also promoters of matrix mineralisation in vivo.
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Appendix 1. Buffer compositions and solutions

500 mM BGP stock solution: 3.24 g BGP (Sigma) in 30 ml serum free 10% FCS-DMEM, sterile
filtered. Stored at -20°C.
90 mM CaCl2 stock solution: 132 mg CaCl2 (Sigma) in 10 ml serum free 10% FCS-DMEM, sterile
filtered. Stored at -20°C.
DEPC H2O: 1 ml DEPC in 1 L distilled H2O, stirred for 24 hours then sterilised.
6X DNA loading buffer: 30% (v/v) glycerol, 0.25% (w/v) bromophenol blue & 0.25% (w/v) xylene
cyanol.
1 or 2% agarose gels: 1 or 2 g agarose in 100 ml TAE buffer.
TAE buffer: 40 mM Tris, 20 mM acetic acid & 1 mM EDTA.
RIPA lysis buffer: 50 mM Tris (pH 7.4), 150 mM NaCl, 25 nM sodium deoxycholate, 1% (v/v)
Triton X-100, 3.5 mM sodium dodecyl sulphate, 5% (v/v) glycerol, 1 mM dithiothreitol, 50 µM
sodium orthovanadate, 200 µM sodium pyrophosphate & 1 Roche mini-inhibitor tablet per 10 ml.
5X Laemmli sample buffer: 320 mM Tris (pH 6.8), 5% (w/v) sodium dodecyl sulphate, 25% (v/v)
glycerol, 5% (v/v) β-mercaptoethanol & 0.1% (w/v) bromophenol blue.
9% acrylamide separating gel: 375 mM Tris (pH 8.8), 9% (v/v) acrylamide, 3.5 mM sodium
dodecyl sulphate, 0.125% (v/v) N,N,N’,N’-Tetramethylethane-1,2-diamine & 12 mM ammonium
persulphate.
4% acrylamide stacking gel: 125 mM Tris (pH 6.8), 4% (v/v) acrylamide, 3 mM sodium dodecyl
sulphate, 0.25% (v/v) N,N,N’,N’-Tetramethylethane-1,2-diamine & 12 mM ammonium persulphate.
1X running buffer: 25 mM Tris, 50 mM glycine & 3.5 mM sodium dodecyl sulphate.
1X TwTBS: 15 mM Tris (pH 8), 0.1% (v/v) Tween 20 & 150 mM NaCl.
Strip buffer: 60 mM Tris (pH 6.8), 2% (w/v) sodium dodecyl sulphate & 0.7% β-mercaptoethanol.
Enzyme activity assay (EAA) lysis buffer: 50 mM Tris-HCl pH7.4, 0.2% (v/v) Triton X-100, 50
µM sodium orthovandate, 0.2 mM sodium pyrophosphate & 1 Roche mini inhibitor tablet per 10 ml.
L-SMase activity assay buffer: 750 mM sodium Acetate pH 5.2, 0.3% (v/v) Triton X-100, 3 mM
EDTA (final 1 mM, used Na-EDTA).
Tris/Triton buffer: 50 mM Tris-HCl pH 7.4 & 0.2% (v/v) Triton X-100.
1.5 mM HMU-PC stock: 10 mg HMU-PC (Moscerdam Substrates) dissolved in 11.2 ml Tris/Triton
X-100 buffer (50 mM Tris-HCl pH 7.4 & 0.2% Triton X-100).
Stop buffer: 0.5 M sodium bicarbonate pH 10.7 & 0.25% (v/v) Triton X-100.
Luria broth: 1% (w/v) tryptone, 1% (w/v) NaCl & 0.5% (w/v) yeast extract. pH adjusted to 7.4 with
NaOH and autoclaved.
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