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ABSTRACT

The motivation for this PhD thesis was to understand the molecular basis of how cells
regulate the formation of an organised and mechanically strong extracellular matrix
(ECM). In tendon this process begins during embryogenesis with the appearance of
bundles of narrow-diameter (~30 nm) collagen fibrils that are parallel to the tendon long
axis. At the onset of collagen fibrillogenesis, the cells elongate, the fibrils are constrained
within plasma membrane channels with their ends contained in tension-sensitive actin-
stabilised plasma membrane protrusions. The mechanism by which actin is reorganised
during cell elongation and the formation of tension-sensitive plasma membrane
protrusions is poorly understood. The small GTPase RhoA is the major regulator of actin
reorganisation into stress fibres, which have been implicated in mechanotransduction,
ECM assembly and remodelling. The hypothesis tested by this PhD thesis was that the
organisation and tensioning of extracellular collagen fibrils is generated on a blueprint of
tensioned actin filaments within the cell. Rho activity is regulated specifically by Rho
GTPase activating proteins (RhoGAPs). By comparing the global gene expression of tendon
tissues at different developmental stages, Arhgap28, a novel RhoGAP, which is expressed
during tendon development but not during postnatal maturation, was identified.

Arhgap28 belongs to a large family of RhoGAPs containing the closely related members,
Arhgap6 and Arhgap18, which have previously been shown to regulate RhoA and stress
fibre formation. Arhgap28 expression was upregulated in embryonic fibroblasts cultured in
a 3D, tensioned embryonic tendon-like construct compared to monolayer culture.
Arhgap28 expression was further enhanced during the development of mechanical
strength and stiffness of the tendon constructs, but downregulated when the tension in
tendon constructs was released. Overexpression of a C-terminal V5-tagged Arhgap28
protein caused a reduction in RhoA activation and disruption of stress fibre assembly.
Modulation of Rho signalling using lysophosphatidic acid and Y27632 showed that collagen
remodelling by cells in collagen gels and tendon constructs is regulated by RhoA signalling.
A tissue-wide gPCR analysis identified Arhgap28 in several tissues including tendon, bone,
and skin. An Arhgap28 reporter mouse (Arhgap28°') and an Arhgap28 knockout mouse
(Arhgap28™
in vivo. Arhgap28°" mice showed Arhgap28 expression in bones at E18.5. Homozygous
Arhgap28°
transcript, which if translated, would produce a protein lacking the RhoGAP domain.

) were also studied to investigate the role of Arhgap28 in tissue organisation

mice were viable, appeared normal but expressed a truncated Arhgap28

Therefore, it was hypothesised that knockout mice were normal due to compensation
from another RhoGAP. Overexpression of Arhgap6 in Arhgap28-null bone tissues was
confirmed. Upregulation in RhoA expression was also detected, further suggesting that
Arhgap28 regulates RhoA. Interestingly, a microarray comparison of bone tissues from
wild type and Arhgap28-null mice showed that genes linked to bone dysplasia are
downregulated in Arhgap28-null bone. Together, these results suggest that formation of a
strong and organised collagen ECM is mediated by RhoA-generated cellular tension and
that Arhgap28 and Arhgap6 might be co-regulators of this process.



LAY ABSTRACT

Discovery of Arhgap28, a Molecule Involved in Controlling Cell Forces Important in
Making a Strong Tendon

Movements of the body such as running or gripping a door handle require strong tissue
types such as muscle, bone, tendon, ligament and cartilage. These tissues make up the
musculoskeletal system. Their ability to transmit and withstand mechanical loading is
because of a rope-like protein called collagen, which surrounds the cells. Collagen is
important as it allows tissues of the body to endure the constant forces of being pulled,
pushed and squashed. In bone tissue, these fibrils are woven together to allow calcium to
bind, which creates strong bone that can bear the weight of the body. The collagen ropes
or ‘fibrils’ in tendon are bundled together like a rope so that tendons can be stretched
repetitively without breaking. How the collagen fibrils are organised is linked to the
function of the tissue. A disadvantage of having such a unique and strong tissue structure
is that once damaged, the collagen fibrils do not fully repair, often resulting in poor healing
and long-term recovery. It is estimated that the annual cost of tendon injury in the UK is
£25 billion. Scientists led by Professor Karl Kadler at the University of Manchester want to
understand how organisation of collagen fibrils is established during the formation of
musculoskeletal tissues, so that new medical treatments to improve tissue healing may be
developed.

As a starting point, the scientists began studying tendon tissue. Since 2004, they have
discovered that the cells that live in tendon are responsible for organising the collagen
fibrils into non-crisscrossing, straight strands. They found that the cell scaffolding plays
important roles in the organisation of collagen fibrils and in generating pulling forces used
to make tendons strong. This PhD project investigated the idea that the organisation of
the scaffolding inside the cell is responsible for determining the arrangement of the
collagen fibrils outside the cell. Scientists found a gene called Arhgap28 that is more
prevalent in cells when they make tendon tissues. Experiments showed that Arhgap28
could prevent the cell scaffolding from generating pulling forces. Scientists now think that
Arhgap28 controls how the cell is able to touch and pull on fibrils so that they can be
arranged correctly and produce a tissue that is not too stiff and not too loose. Further
understanding of Arhgap28 would pave the way for improved therapeutics for
musculoskeletal injuries in the future.
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1. Introduction

1.1 Relevance of the study

The ability of vertebrate connective tissues to withstand cycles of mechanical loading
during everyday activities such as walking and running is a direct attribute of an
extracellular matrix (ECM) comprising well-organised collagen fibrils. As will be
discussed below, fibrillar collagen account for upwards of 90% of the mass of skeletal
tissues, are indeterminate in length, are elaborately arranged in three-dimensions
(3D), and are the major source of tensile strength in vertebrates. However, it is poorly
understood how the fibrils are aligned to the mechanical axis of the tissue. The ability
of collagen fibrils to transmit force is exemplified in bone and tendon. In bone the
fibrils are the protein scaffold for mineralisation, which builds the skeleton for
attachment of muscles. In tendon, the fibrils are the primary tensile element that
transmits force from muscle to bone. The payoff for high tensile mechanical properties
is poor healing capabilities. Tendon is particularly difficult to heal. It is estimated that
the annual cost of tendon injury to the UK industry is £25 billion (The Royal College of
Surgeons of England, 2010), which is largely explained by the slow rate of healing of
the collagenous matrix and long-term physiology. There is therefore an unmet clinical
need to understand how cells generate organised arrays of collagen fibrils. This PhD
thesis tests the hypothesis that the long-range organisation of extracellular collagen
fibrils is generated on a blueprint of tensioned actin filaments within the cell. If true,
genes responsible for ECM-associated actin reorganisation should be highly expressed
during embryonic tissue morphogenesis when the organisation of the ECM is
established. The approach was to perform a genome-wide search for actin regulatory
genes in embryonic tendon, of which the parallelism of the fibrils is established

exclusively during late embryonic development. The approach identified Arhgap28, a
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novel RhoGTPase activating protein (GAP) that is present in bone and tendon and is

able to regulate RhoA-dependent actin reorganisation.

1.2 Tendon development

Tendon is a highly organised tissue composed of predominantly type | collagen. Type |
collagen is a triple helical molecule made of two al(l) chains (encoded by the COL1A1
gene) and one a2(l) chain (COL1A2). The collagen molecules assemble into fibrils that
are bundled into fibres (see review by Kadler et al., 1996). The bundles are organised
into fascicles, which then make up a tendon unit (Kastelic et al., 1978). The main cell
type in tendon is the fibroblast, which is elongated to ~50 um in length, ~5 um in
diameter during embryonic growth (Humphries et al.,, 2008), and aligns with the
collagen fibrils, parallel to the tendon long axis (Richardson et al., 2007). Although
soluble collagen molecules can spontaneously self-assemble into fibrils in a neutral salt
solution at 37°C (Gross et al., 1952, Jackson and Fessler, 1955), this self-assembly
model is not sufficient for explaining how collagen matrices are deposited in a diverse
range of elaborate patterns to serve the purpose of different tissues, such as the
parallel bundles of collagen fibrils in tendon tissue. Early work by Trelstad (1979) and
supported by Birk (1985, 1986) suggested that collagen fibrils are in close contact with
the cell surface in membrane recesses. Extended 3D reconstructions of serial
transmission electron microscopy (TEM) images of tendon cells later identified plasma
membrane projections and intracellular fibril-containing compartments that are co-
aligned with the actin cytoskeleton (Canty et al., 2004, 2006). Taken together these 3D
electron microscopy data hint at a role of the actin cytoskeleton in collagen fibril

assembly and alignment.
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1.2.1 Protrusions of the plasma membrane
Patterning of the tendon matrix occurs during embryonic development; starting from
embryonic day (or days post coitum) E13.5 in the developing mouse embryo, when
bundles of parallel narrow (~30 nm) collagen fibrils can be observed in the ECM. At the
time of collagen fibrillogenesis, embryonic tendon cells form two major types of
protrusions with their plasma membrane that can be observed by TEM (see Fig. 1). The
first type of membrane protrusions extends laterally across the width of the tendon
and form channels in the ECM that contain the collagen fibrils (see Fig. 1A, arrows in
inset). These plasma membrane-formed ECM channels were found to be stabilised by
cadherin-11-containing cell-cell junctions (Richardson et al., 2007). Delivery of small
interfering RNAs (siRNAs) targeting cadherin-11 into dissected embryonic chick
tendons by electroporation resulted in loss of cell-cell junctions and ECM channels
(Richardson et al., 2007). The loss of ECM channels was coupled with disruption of the
parallel organisation of collagen bundles suggesting that these ECM channels are

involved in maintaining the parallel organisation of collagen fibrils.

Upon closer inspection of transverse TEM images, membrane-bound collagen fibril-
containing compartments can be observed inside the cell, and double membrane
compartments encapsulating one or two collagen fibrils can be seen close to the cell
surface (Birk and Trelstad, 1985, 1986). Using 3D reconstruction of serial TEM images,
the compartments at the cell surface have been characterised as finger-like
protrusions of the plasma membrane, called fibripositors, which extend from
intracellular fibril containing compartments called fibricarriers into the ECM (Canty et
al., 2004; see Fig. 1B). Fibripositors are actin-stabilised, tension-sensitive structures

and their appearance corresponds with the establishment of the tendon matrix,
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Figure 1

Specialised cell shape and actin-stabilised fibripositors in embryonic tendon cells.

Ultrastructure of embryonic tendon examined by TEM and 3D reconstruction. (A) Image of a
transverse section with the plasma membrane of each cell traced. Reconstruction of information
from serial sections produced a 3D model showing elongated cells. Arrows point to ECM channels
formed by cadherin 11-stabilised plasma membranes of the same (open arrow) and adjacent cells
(closed arrow). (B) Fibripositors as seen in a longitudinal section (green arrow points to pinch points
occasionally observed in the lumen of the fibripositor), in a schematic diagram with representative
images of a transverse section across a fibripositor and fibricarrier, and in a 3D reconstruction
showing actin filaments aligned parallel to the long axis of the tendon. Figure made using data from
Richardson et al., 2007, Canty et al., 2004, Canty et al., 2006, Starborg et al., 2008.
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indicating a link between the cell and the organisation of a collagen ECM (discussed

below).

1.2.2 Matrix alignment is stabilised by actin
Similar to the collagen fibrils in the ECM, fibripositors are aligned parallel to the
tendon long axis. Reconstruction studies of embryonic tendon showed that
fibripositors contain intracellular actin filaments that are also aligned along the long
axis of tendon, as represented in Fig. 1B (Canty et al., 2006). Incubation of dissected
embryonic chick tendons with cytochalasin B, an actin depolymerising agent, caused a
significant reduction in the number of fibripositors as well as disorganisation of the
collagen-rich ECM (Canty et al., 2006). This finding shows that fibripositors are
stabilised by actin and suggests that the organisation of the tendon matrix is also
dependent on actin. To test if microtubules are also required for matrix organisation,
tendons were incubated with nocodazole or colchicine, compounds which block
microtubule polymerisation. However, no obvious effects on the occurrence of

fibripositors or the parallelism of collagen fibrils was observed (Canty et al., 2006).

In postnatal tendons, fibripositors are rare but can be found abundantly in areas
containing newly synthesised narrow-diameter collagen fibrils after injury (Wong et al.,
2009), which might suggest that they are involved in deposition of new collagen.
Interestingly, fibripositors and matrix organisation are not linked to collagen
processing or secretion. Treatment with cytochalasin did not affect collagen synthesis,
but treatment with nocodazole or colchicine delayed procollagen secretion (Canty et
al., 2006). These data suggest that actin-stabilised fibripositors are involved in the

organisation rather than the deposition of collagen fibrils in the ECM.
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1.2.3 Matrix alignment requires cell-generated tension
Embryonic tendon fibroblasts cultured in monolayer lack fibripositors. However,
fibripositors are present when these cells are cultured into a 3D fibrin gel-based
culture system, where the cells then generate tension (Kapacee et al., 2008, Kalson et
al., 2010). Tendon cells isolated from embryonic tendons and adult tendons, or human
mesenchymal stem cells (hMSCs) seeded in this 3D culture system in the presence of L-
ascorbate for 7-14 days, will synthesise a tensioned embryonic tendon-like tissue
construct, which includes fibripositors and an ECM containing narrow-diameter
collagen fibrils (Kapacee et al., 2008, Bayer et al., 2010, Kapacee et al., 2010). When
tension is released in tendon constructs, the parallelism of the collagen fibrils is lost
(Kapacee et al., 2008), suggesting that the organisation of the tendon ECM is linked to
mechanotransduction mechanisms, which requires the integrity of the actin
cytoskeleton. Interestingly, the number of fibripositors is also reduced in untensioned
tendon constructs and dissected tendons in culture, which lack tension (Canty et al.,
2006; Kapacee et al., 2008). It is still unclear what the role of fibripositors is but the
correlation between the appearance of fibripositors and an aligned collagen-rich
matrix is interesting because fibripositors bear striking similarities to cell-matrix
adhesions in that they make contact with the ECM, they are stabilised by actin and
they are tension-sensitive (discussed in section 1.3 below). However, the existence of

cell-matrix adhesion molecules within fibripositors has yet to be established.

1.3 Actin cytoskeleton and cell-matrix adhesions in matrix assembly
Cell-matrix adhesions enable bi-directional signalling between the cell and its
extracellular environment (for reviews, see Green and Yamada, 2007, Askari et al.,

2009). They are integrin-containing protein complexes formed at the plasma
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membrane and link proteins in the ECM to the actin cytoskeleton. Integrins are
heterodimeric receptors of ECM proteins and when activated, signal through adapter
molecules (including vinculin, tensin and a-actinin) to transmit signals to the actin
cytoskeleton. Cell-matrix adhesions are readily observed in cells in culture and are also
present in vivo (Cukierman et al., 2001, Cukierman et al., 2002). The role of cell-matrix
adhesions in linking the actin cytoskeleton for matrix assembly and
mechanotransduction in tendon tissue formation has not been fully explored but their

role has been characterised in other cell types.

The assembly of a collagen-rich ECM has been shown to be dependent upon
fibronectin assembly (reviewed by Kadler et al., 2008). For example, fibronectin-null
fibroblasts can only assemble collagen fibrils in the presence of soluble fibronectin
(Velling et al., 2002). In addition, overexpression of collagen-binding integrins, a2f1
and allB1, in these fibronectin-null fibroblasts enhanced collagen fibrillogenesis in the
presence of fibronectin (Velling et al., 2002). In contrast, inhibitory antibodies to a2f31
integrins in vascular smooth muscle cells can inhibit type | collagen fibril assembly (Li
et al.,, 2003). Antagonising fibronectin-binding integrin a5B1 can also inhibit the
remodelling of collagen gels (Sottile et al., 2007). Together, these findings suggest that
cells can directly mediate collagen fibril assembly via fibronectin assembly and

integrins.

Adapter molecules such as vinculin transmit signals from integrins to the actin
cytoskeleton. Cells isolated from vinculin knockout mouse embryos are less adherent
to collagen and are unable to penetrate 3D collagen gels (Mierke et al., 2010). The

invasiveness of vinculin-expressing cells in collagen gels has been demonstrated to be
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due to direct interaction between vinculin and actin stress fibres, which generates cell
traction via the actomyosin machinery (Humphries et al., 2007, Mierke et al., 2008,
Mierke et al., 2010). Cellular tension generated by cell-matrix adhesions is critical for
the assembly and remodelling of a fibronectin matrix and the same mechanisms may
also be involved in collagen fibril assembly. Tensin can bind directly to integrins and
actin (Davis et al., 1991, Lo et al., 1994, Miyamoto et al., 1995). It is mostly localised to
unique cell-matrix adhesions called fibrillar adhesions, which mediate fibronectin
fibrillogenesis (Pankov et al., 2000, Zamir et al., 2000; discussed in section 1.3.1
below). a-actinin cross-links actin filaments and is required for the maturation of cell-
matrix adhesions (Laukaitis et al., 2001, Choi et al., 2008). Knockdown of a-actinin
causes loss of contractile stress fibres that connect cell-matrix adhesions and prevents
maturation of focal adhesions into fibrillar adhesions and subsequently, inhibits
fibronectin remodelling (Oakes et al., 2012). These data show that adhesion to the
ECM proteins and the ability to remodel ECM requires functional signalling from cell-
matrix adhesion to initiate reorganisation of the actin cytoskeleton. How contractile
actin stress fibres mediate the assembly of fibronectin at fibrillar adhesions and how a
similar mechanism is required for the development of mechanical strength of tendon

tissue will be discussed below.

1.3.1 Actomyosin contractility in assembly of a strong ECM
Cellular contractility is essential for mechanotransduction and contributes to
development of biomechanics of tissues (Wozniak and Chen, 2009). Contractility is
mediated via the assembly of contractile actin stress fibres containing non-muscle
myosin (described in section 1.4.2). Inhibition of actomyosin contractility prevents

maturation of focal complexes into larger focal adhesions, leading to a rapid loss of

21



vinculin, paxillin and tyrosine phosphorylation from mature focal adhesions that are
required for signalling (Zamir et al., 1999, Riveline et al., 2001, Zaidel-Bar et al., 2003).
The same mechanism required for focal adhesion maturation is also required for the
translocation of fibronectin-bound integrins in fibrillar adhesions along actin stress
fibres, a process that is believed to stretch folded fibronectin dimers to facilitate its
assembly (Pankov et al., 2000, Zamir et al., 2000, Ohashi et al., 2002). The dynamic
reorganisation of the actin cytoskeleton into stress fibres required for fibronectin
assembly is regulated by signalling from Rho guanosine triphosphatases (GTPases;

Yoneda et al., 2007, Zhong et al., 1998).

The actin cytoskeleton also plays an important role in the organisation of collagen
fibrils in the tendon matrix (Canty et al., 2006). More recently, actomyosin-forces have
also been implicated in the development of a strong tendon tissue. Mechanical
strength and stiffness of fully formed tendon constructs formed by embryonic chick
tendon cell improve over 10 days in culture (Kalson et al., 2010). No improvement in
mechanical strength was observed 7 days after tendon constructs were treated with
Triton X-100, which indicated that intact membranes are required for this process.
Incubation of tendon constructs with chemical inhibitors to actin polymerisation
(cytochalasin) or cell contractility (non-muscle myosin Il inhibitor - blebbistatin)
resulted in a loss of mechanical integrity without affecting procollagen processing or
collagen secretion (Kalson et al., 2010), suggesting that the loss of mechanical strength
was not due to reduced collagen synthesis. Interestingly, increase in mechanical
strength and stiffness of tendon constructs did not correlate with an increase in cell
number, which suggested that the actomyosin-generated forces causes changes to the

properties of the ECM, which are maintained in the absence of cellular activity (Kalson
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et al., 2010). Perhaps, in a mechanism similar to fibronectin assembly, the cells ‘stretch

out’ and align collagen fibrils to form a uniform ECM, improving mechanical properties.

Major actin reorganisation events are required for the generation of plasma
membrane protrusions, mechanotransduction and actomyosin contractility -
processes demonstrated to be important in tendon formation. How these events are
regulated to produce a mechanically strong and organised tendon tissue is unknown
and signalling by Rho GTPases, which are key regulators of the actin cytoskeleton
organisation, is predicted to be involved. Understanding how actin reorganisation in
tendon is regulated would be beneficial for designing strategies for improving healing

and reducing scarring of fibrous tissues.

1.4 Rho GTPases

Rho is one of five subfamilies (Ras, Rho, Rab, Ran and Arf) of the Ras superfamily that
has over 150 members for the regulation of many aspects of cell biology, such as
proliferation, cytoskeleton reorganisation, differentiation and gene expression (for
reviews on Rho-mediated processes, see Aspenstrom et al., 2004, Heasman and Ridley,
2008). Rho GTPases are about 20-25 kDa and cycle between active, guanosine
triphosphate (GTP)- and inactive, guanosine diphosphate (GDP)-bound states,
represented in Fig. 2 (see Wennerberg et al., 2005 for a review). Small GTPases have
high binding affinity for GDP and GTP so the dissociation rate of GDP is slow and the
exchange of GDP for GTP is accelerated by guanine nucleotide exchange factors (GEFs;
reviewed by Vetter and Wittinghofer, 2001). Although they are called GTPases, their
ability to hydrolyse GTP is slow. GTPase activating proteins (GAPs) can specifically

enhance the intrinsic ability of GTPases to hydrolyse GTP to GDP (reviewed by
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Schematic representation of Rho GTPase signalling regulation.

Rho GTPases are inactive when bound to GDP. The exchange of GDP for GTP is catalysed by GEFs and
GAPs catalyse the hydrolysis of GTP to GDP. When bound to GTP, Rho GTPases can activate
downstream effectors to co-ordinate reorganisation of the actin cytoskeleton for numerous cellular
processes. We hypothesise that the putative RhoGAP, Arhgap28, is important in the regulation of
actin cytoskeleton reorganisation during tendon ECM assembly.
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Tcherkezian and Lamarche-Vane, 2007). An additional class of regulatory proteins
involved in regulating small GTPase signalling is guanine nucleotide dissociation
inhibitors (GDIs), which prevent GDP dissociation and/or masks lipid moiety on
GTPases (Garcia-Mata et al., 2011). This section of the Introduction will focus on the

Rho subfamily of GTPases, highlighting the role of RhoGAPs regulating Rho signalling.

1.4.1 Signalling of the Rho subfamily
There are 22 mammalian genes that encode the members of the Rho subfamily and
these are divided into subgroups according to similarities in the amino acid sequences
(listed in Fig. 3A). The RhoA-related subgroup: RhoA, RhoB and RhoC; the Racl-related
subgroup: Racl, Rac2, Rac3 and RhoG; the Cdc42-related subgroup: Cdc42, TC10 (or
RhoQ) and TCL (TC10-like or Rhol); and the RhoD-related subgroup: RhoD and Rif (or
RhoF) belong to the classical or typical category. This term refers to the canonical
mechanisms of GTPase regulation by GEFs and GAPs as described above. The atypical
category contains Rho members that are regulated by alternative mechanisms
independent of GEFs and GAPs (see list of atypical Rho GTPases in Fig. 3A). For
example, RhoH remains in an active, GTP-bound state because it lacks hydrolytic
activity and is resistant to nucleotide exchange and RhoGAP activity (Li et al., 2002).
This is due to two amino acid substitutions at highly conserved residues (see Fig. 3B for
the substitutions in RhoH, and in Rnds). Instead, RhoH activity is regulated at the
transcriptional level and by Rho GDIs via its isoprenyl lipid (farnesyl-isoprenoid)

modification (Li et al., 2002, Roberts et al., 2008).

All classical Rho GTPases contain an N-terminal GTPase domain and a C-terminal CAAX

motif (where C is cysteine, A is any aliphatic amino acid and X is a variable; see Fig 3B).
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The subgroups and domain organisation of Rho GTPases.

(A) An unrooted phylogenetic tree of 22 Rho GTPases based on sequence similarities of the Rho
GTPase domain using ClustlW algorithm (adapted from Aspenstrém et al., 2004; Heasman and Ridley
2008). Rho GTPases of the same subfamily are grouped in boxes. Classical Rho GTPases are in blue
and atypical Rho GTPases are in green. (B) A schematic representation of the structural organisation
of motifs and conserved domains in Rho GTPases. Annotations in the GTPase domain show the
substitution of conserved amino acid. BTB = Broad complex/Tramtrack/Bric-a-brac; CAAX =
isoprenylation signal; EFh = calcium-binding EF hand; Pro-rich = proline-rich motif.

CAAX
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The CAAX motif is recognised for post-translational isoprenylation, the addition of a
lipid moiety, which is required for localisation to membranes, where Rho GTPases can

transduce signals to and from receptors of the ECM.

1.4.2 Rho and actomyosin contractility
Rho signalling can be activated in vitro by treating serum-starved fibroblasts with
lysophosphatidic acid (LPA). This activation is characterised by rapid assembly of stress
fibres and large focal adhesions, and cell contraction (Ridley and Hall, 1992, Kolodney
and Elson, 1993). Rho-activated assembly of these stress fibres are mediated via Rho
effectors, which include a formin called mammalian diaphanous 1 (mDial), and Rho-
associated kinase (ROCK; Watanabe et al., 1997, Ishizaki et al., 1997; see Fig. 4).
Activation of mDial leads to the activation of profilin, a protein required for the
polymerisation of actin into stress fibres (Watanabe et al., 1997, Chang and Peter,
2002). The contraction of stress fibres is generated by the incorporation of activated,
phosphorylated non-muscle myosin (Tan et al., 1992). Activated ROCK positively
regulates the assembly of contractile actin stress fibres by directly phosphorylating the
myosin light chain (MLC), and also by inactivating MLC phosphatase (Noda et al., 1995,
Hirose et al., 1998; see Fig. 4). ROCK also activates LIM domain-containing kinase
(LIMK) via phosphorylation, which inactivates cofilin, the actin-severing protein
(Maekawa et al., 1999). Together, these pathways stabilise filamentous (F)-actin by
inducing actin polymerisation for the assembly of contractile stress fibres. This
pathway may also mediate fibripositor stabilisation or actomyosin-driven contraction

observed in embryonic tendon cells.
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Figure 4
Rho GTPase signal transduction leads to actin reorganisation.
Activation of Rho, Rac and Cdc42 leads to the formation of contractile stress fibres, lamellipodia and

filopodia, respectively. See text for details.
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1.4.3 Rac and lamellipodia formation
Racl induces actin polymerisation into a meshwork at the leading edge of migratory
cells, which produces membrane ruffles called lamellipodia. Effectors of Rac include
WAVE (Wiskott-Aldrich syndrome protein verprolin homologous) and p21-activated
kinase (PAK1; Miki et al., 2000, Sells et al., 1997, Knaus et al., 1998; see Fig 4 for
schematic). Rac activation of the WAVE leads to activation of the Arp2/3 complex,
required for nucleation and polymerisation of branched actin filaments (Stradal et al.,
2004, Yamazaki et al., 2007). PAK can phosphorylate LIMK and inhibit cofilin (Edwards
et al., 1999). PAK can also phosphorylate and inactivate MLC kinase, which decreases
phosphorylated MLC, thereby reducing actomyosin contractility (Sanders et al., 1999).
In embryonic tendon, the cells form large lamellipodia-like plasma membrane
protrusions that are stabilised by cadherin-11 (Richardson et al., 2007). Interestingly,
morpholino-knockdown of cadherin-11 disrupts lamellipodia formation in Xenopus
cranial neural crest cells (Kashef et al., 2009). In this system, cadherin-11 functions as
an inhibitor of GEF activity towards Rac, RhoA and Cdc42, preventing their activity to
be switched off (Kashef et al.,, 2009). The formation of plasma membrane ECM

channels in embryonic tendon cells might also be regulated by Rac.

1.4.4 Cdc42 and filopodia formation
Unlike lamellipodia, filopodia contain cross-linked parallel actin filaments. Cdc42
mediates the formation of filopodia (also known as microspikes), which are long thin,
finger-like membrane protrusions at the leading edge of the cell, reminiscent of
fibripositors. Cdc42 also activates PAK, which leads to actin polymerisation and
stabilisation of F-actin in similar mechanisms described for Rac activation (Harden et

al., 1996, Sells et al., 1997). In addition, Cdc42-GTP can bind directly to and activate
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WASP (Wiskott—Aldrich syndrome protein) or the ubiquitously expressed N-WASP,
which interacts with Arp2/3 complex and profilin and induces nucleation of branched
actin (Symons et al., 1996, Abdul-Manan et al., 1999). The cross-linking of actin
filaments in filopodia has also been shown to require the actin-bundling protein fascin

(Adams and Schwartz, 2000, Vignjevic et al., 2006).

1.5 Rho GTPase activating proteins

The intrinsic GTP hydrolytic activity of GTPases is very slow. Efficient hydrolysis of GTP
requires a GAP, which accelerates the hydrolytic activity up to 10°-fold by stabilising
the bound Rho GTPase during GTP hydrolysis (Rittinger et al., 1997b). GAPs were
originally thought to be terminators of GTPase signalling, but it is now known that
some GAPs have a primary role in regulating GTPase signalling whereas some are also
signal effectors. There are over 70 genes encoding proteins that contain a RhoGAP
domain (Tcherkezian and Lamarche-Vane, 2007). This multitude of Rho-specific GAPs,
as well as GEFs, is thought to ensure signalling specificity, for example, via tissue-
specific expression, specificity for a single GTPase or signalling pathway, or that some
RhoGAPs act as scaffold proteins or effectors for crosstalk between Rho GTPases and

other signalling pathways (reviewed by Tcherkezian and Lamarche-Vane, 2007).

The RhoGAP domain is made of nine alpha-helices, of which four form a shallow
pocket of hydrophobic residues and conserved residues, including the highly
conserved catalytic arginine residue, which is orientated to allow Rho GTPase-binding
(Barrett et al., 1997). The mechanistic principle of RhoGAPs is similar to how GTP
hydrolysis occurs in Ga subunits during G protein-coupled receptor activation

(Coleman et al., 1994). Conserved residues in the shallow pocket of the RhoGAP
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domain form salt-bridging and hydrogen bond interactions with conserved regions in
the bound Rho GTPase called the P-loop, switch | and switch Il regions, as shown in the
Rho/RhoGAP interface in Fig. 5A and B (Rittinger et al., 19974, Rittinger et al., 1997b).
Binding of the GTPase causes a conformational change in the RhoGAP domain,
enabling the catalytic arginine finger to be positioned directly into the active site of the
Rho GTPase. This change enables the guanidinium group of arginine to interact with
the main carbonyl group of the glutamine residue of the GTPase (GIn63gn, Or
GIn61cyca2) and stabilise the transfer of charge during GTP hydrolysis (Rittinger et al.,
1997b). Therefore the function of RhoGAPs is not only to supply an arginine residue to
stabilise the developing negative charge on the oxygen atoms of y-phosphate to
enable GTP-hydrolysis, but also to stabilise the structure of the bound Rho GTPase, by

interacting with the switch regions.

1.5.1 RhoGAPs and matrix assembly

The role of RhoGAPs in the deposition and organisation of ECM has not been
well characterised. Most studies on RhoGAPs to date are concentrated on how
RhoGAPs regulate cell adhesion to, migration on or invasion through the ECM
(Furukawa et al., 2001, | et al., 2004, McHenry et al., 2010, Doherty et al., 2011).
p190B-RhoGAP (Arhgap5) was one of the first RhnoGAPs to be studied. P190B-RhoGAP
negatively regulates Rho activity, where microinjection of p190RhoGAP into fibroblasts
in vitro inhibited stress fibre formation but not membrane ruffling (Ridley et al., 1993).
p190RhoGAP mediates RhoA inactivation upon cell attachment to fibronectin, which is
essential for cell spreading. Expression of a GAP-deficient p190RhoGAP can prevent
this initial inactivation of RhoA (Arthur and Burridge, 2001). RhoGAP activity can be

regulated by phosphorylation and protein-protein interactions. For example, in

31



Ground state N Transition state
D

A

p50rhoGAP
p50rhoGAP

Cdc42-non-hydrolysable analogue guanosine/GAP RhoA-transition state analogue/GAP

C Transition state: Rho/RhoGAP

J > L
GMP; O- Pg O—P,-OH, v
0O 0g 0 Ol 0 O
GMP; O- Pz O- P, + OH, GMP; O- Py O + 'P; OH,+ H*
0 0 0 o

Figure 5

Mechanism of RhoGAP-induced GTP hydrolysis.

Conformational changes as a result of interaction between Rho and RhoGAP demonstrated by the
following heterodimer complexes: (A) Cdc42-5'-[B,y-imido]triphosphate (a non-hydrolysable
analogue)/p50RhoGAP (ground state) and (B) RhoA-GDP-aluminium fluoride (which mimics the
terminal phosphate of GTP, a transition-state analogue)/p50RhoGAP (transition state) complexes
viewed along the heterodimer interface. The GTPases are shown in green the ball-and-stick
representations of the respective analogues are shown in yellow. The RhoGAP is shown in blue. I, Il
and P refer to the switch I, switch Il and P loop, respectively. (C) Schematic representation of GTP
hydrolysis from the nucleotide in tri-phosphate form to the transition state of hydrolysis in a Rho-
GTP/RhoGAP complex and the products of GTP hydrolysis. Adapted from Rittenger et al. (19973,
1997b) and a review by Bos et al. (2007).

32



melanoma cells, activation of integrin Bl causes tyrosine phosphorylation of
p190RhoGAP, which is localised to sites of fibronectin-collagen matrix degradation by
invadapodia, which are actin-rich membrane protrusions seen invasive cells (Nakahara
et al., 1998). Tyrosine phosphorylation of p190RhoGAP by Src kinase enables it to
associate with p120RasGAP in vivo (Roof et al., 1998). Rnd proteins interact with
p190RhoGAP to enhance their RhoGAP activity towards RhoA and cause disruption to
stress fibre formation (Wennerberg et al., 2003). In addition, p190B-RhoGAP can
interact with Racl and this interaction is required for cell spreading on collagen or
fibronectin matrices (Bustos et al., 2008). There is very little evidence explaining how
p190RhoGAP-mediated regulation of the actin cytoskeleton affects the ECM, however,
there are some studies that link p190RhoGAP function with deposition and
degradation of the ECM. For examples, overexpression of pl190B-RhoGAP during
mammary gland development in mice caused an increased in collagen deposition
surrounding mammary ducts (Vargo-Gogola et al., 2006), and targeting p190B-RhoGAP
in endothelial cells for knockdown using siRNAs caused a reduction in expression of
matrix metalloproteinase 2 (MMP2) and MMP14 (or MT1-MMP; Guegan et al., 2008).
Together these data show that pl90RhoGAP can regulate actin cytoskeletal
reorganisation and its expression affects ECM deposition. However, understanding

how the two processes are connected requires further investigations.

Recently, a role for RhoGAP-regulated actin reorganisation in ECM organisation has
been found for deleted in liver cancer 1 (DLC1). DLC1 is a RhoGAP that was first
identified as a tumour suppressor in cancer (Ng et al.,, 2000, Yuan et al., 2003).
Contraction of collagen gels is mediated via Rho-activated assembly of contractile

stress fibres (Grinnell et al., 2003). Overexpression of DLC1 can cause loss of stress
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fibres but increase in membrane protrusions in vitro (Kim et al., 2007), suggesting that
DLC1 is a negative regulator of actin stress fibres (Wong et al., 2008, Zhou et al., 2008).
Knockdown of the cell-matrix adhesion protein tensin 2, which links the actin
cytoskeleton to adhesions (as discussed previously in section 1.3), was able to inhibit
collagen gel contraction by human foreskin fibroblasts (Clark et al., 2010). However,
knockdown of DLC1 in cells with tensin 2 knockdown was able to rescue collagen gel
contraction, which suggested that cell-matrix adhesions signals negatively regulate
DLC1 to allow stress fibre assembly required for the remodelling of collagen matrices
(Clark et al., 2010). Intriguingly, cells isolated from DLC1-null mouse embryos have
fewer actin stress fibres (Durkin et al., 2005). This observation shows that although
DLC1 negatively regulates stress fibres, it is also required for their formation and thus
it is critical to regard these regulators, GAPs and GEFs, when studying Rho GTPase

signalling.

1.6  Thesis aims
The regulators of actin reorganisation required for processes including cell elongation,
fibripositor formation and actomyosin contractility during the assembly of a strong,
collagen-rich matrix are unknown and Rho GTPase signalling is hypothesised to be
involved. The aims of this thesis are:
i. To identify a candidate regulator of actin reorganisation during the patterning of
the tendon matrix.
The approach will be to use microarray comparison of gene expression of tendon
tissues at different developmental stages: embryonic (E21), during which the
patterning of the ECM is established and the organisation of the actin cytoskeleton

has been linked to the organisation of collagen fibrils, and postnatal (3 weeks and 6
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weeks old), when the cell shape changes and the tissue grows in size. From this
analysis, a putative RhoGAP called Arhgap28 was identified as a candidate regulator

of actin reorganisation during the formation of tendon tissue.

. To examine the role of Rho signalling in tendon tissue formation and to determine

the function of Arhgap28 in regulating the actin cytoskeleton.

The approach will be gqPCR analysis of gene expression during tendon tissue
formation using a tractable tendon construct culture model, overexpression of
Arhgap28 clone and treatment with small molecules to modulate Rho signalling in
cells in culture.

To investigate the function of Arhgap28 in tissue formation in vivo.

The approach will be to knockout Arhgap28 in mouse and study the effects on the
tissue development and actin reorganisation in cells isolated from Arhgap28-null

mice.

The experimental approaches described in this thesis are expected to provide new

information on the role of actin reorganisation on the formation of a mechanically

strong, collagen-rich tissue. The information is critical for the development of medical

strategies needed to improve tendon healing, with broader applications in fibroses and

disorders where collagen fibrils are disorganised.
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CHAPTER 2

METHODS AND MATERIALS

36



2. Methods and Materials

2.1  Source of materials

All chemicals and sterilised culture reagents were obtained from Sigma-Aldrich
(Dorset, UK); characterised human mesenchymal stem cells (hMSCs) and culture
reagents for these cells were purchased from Lonza Biosciences (Verviers, Belgium);
and cell culture materials were purchased from Corning and BD Falcon (supplied by
Appleton Woods, Birmingham, UK) unless otherwise stated. Fertilised chicken eggs
were supplied by Henry Stewart and Company (Lincolnshire, UK). Control 1gGs were
purchased from Santa Cruz Biotechnology (supplied by Insight Biotechnology,

Middlesex, UK).

2.2 Cell culture

2.2.1 Human mesenchymal stem cells
Characterised hMSCs were thawed and cultured in MSC Growth Medium
(supplemented with growth supplements, L-glutamine and penicillin and
streptomycin) at 37°C, 5% CO; in a humidified environment, passaged 1 to 3 when

subconfluent and used between passages 4 to 6.

2.2.2 Primary culture of embryonic chick tendon cells
Fertilised chicken eggs were incubated at 39°C in a humidified environment upon
delivery (EO). Between E10 and E14, eggs were chilled for 30-60 minutes and embryos
were decapitated. Metatarsal tendons were pulled and chick tendon cells were
released by treatment with 1000 U/ml bacterial collagenase type 4 (Worthington
Biochemical Corporation, supplied by Lorne Laboratories, Berkshire, UK) in 0.25%

trypsin (Invitrogen, supplied by Life Technologies, Paisley, UK) for 60 to 90 minutes,
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pipetting every 10 to 15 minutes. Cells were passed through a 70 um cell strainer,
centrifuged for 5 minutes at 400 x g and resuspended in Dulbecco’s modified Eagle’s
medium containing 4.5 mg/l glucose, non-essential amino acids and 110 mg/l sodium
pyruvate (DMEM), supplemented with 10% foetal calf serum (FCS), 2 mM L-glutamine,
10,000 units (U)/ml penicillin and 10 mg/ml streptomycin at 37°C, 5% CO, in a
humidified environment, passaged 1 to 4 when subconfluent and used between

passages 3to 7.

2.2.3 NIH3T3 fibroblasts
Murine NIH3T3 fibroblasts were cultured in DMEM, supplemented with 10% FCS, 2
mM L-glutamine, 10 000 U/ml penicillin and 10 mg/ml streptomycin at 37°C, 5% CO, in
a humidified environment, passaged 1 to 6 every 3 days and used between passages

35 and 40.

2.2.4 Sa0Ss-2 cells
Human Sa0S-2 osteosarcoma cells were cultured in RPIM-1630, supplemented with
10% FCS, 2 mM L-glutamine, 10 000 U/ml penicillin and 10 mg/ml streptomycin at
37°C, 5% CO, in a humidified environment, passaged 1 to 3 once a week and used

between passages 12 and 18.

2.2.5 Three-dimensional fibrin gel culture system
For three-dimensional culture of cells to form tendon-like tissues, the method
described in Kapacee et al. (2008) was used. In brief, 6-well culture plates were lined
with Sylgard Silicone Elastomer (Dow Corning, supplied by World Precision

Instruments, Hertfordshire, UK). Two ~8 mm lengths of Mersilk Suture 3-0 (Ethicon,
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supplied by Bunzl Healthcare, Middlesex, UK) were placed 1 cm apart and pinned into
the silicone with 0.1 mm stainless steel minutien pins (Fine Science Tools GmbH,
Heidelberg, Germany). Plates were sterilised by incubation for 1 hour in 100% ethanol
under ultraviolet light and washed with sterile phosphate-buffered saline (PBS) before
cells were seeded. For each well, 7.5 x 10 cells in 500 pl fibrin gel solution (20 mg/ml
fibrinogen cleaved with 200 U/ml thrombin) were seeded, then the plate was
incubated for 5 minutes at 37°C. After, 5 ml of DMEM, supplemented with 10% FCS, 2
mM L-glutamine, 200 uM L-ascorbic acid 2-phosphate, 10,000 U/ml penicillin and 10
mg/ml streptomycin was added to each well. Plates were incubated at 37°C, 5% CO, in
a humidified environment with fresh medium replaced every 2 to 3 days. During
medium changes, fibrin gels were scored using a sterile pipette tip to detach the edges
of fibrin gels and allow them to contract and form a tendon-like tissue construct
between the two sutures. Point of full contraction is termed TO, and subsequent

culture of 3, 7 or 14 days is referred to as T3, T7 or T14, respectively.

2.2.6 Transient transfections
DNA was transfected using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s protocol for 12-well plate and 6-well plate format. 24 hours after
transfection, cells were either analysed by indirect immunofluorescence, active GTPase

pull-down assays or western blotting.

2.2.7 Collagen gel contraction assay
Collagen gels were prepared using type | collagen from rat tail tendon (Invitrogen)
adjusted to a final concentration of 1.25 mg/ml with ice-cold serum-free medium. 1 ml

was aliquoted into each well of a 12-well plate and incubated for 45 minutes at 37°C in
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5% CO; in a humidified environment, followed by incubation with serum-containing
medium for 1 hour, with 2 changes of medium. When cells were confluent, cells were
treated as described in section 2.2.8 below. Then edges of the gels were scored with a
sterile pipette tip to detached the gel from the plate. Photographs were taken with a
digital SLR over 4 days. The area of each gel was measured using Imagel software
(Abramoff et al., 2004). The area was converted to a percentage of the original, and
the means for each treatment group was calculated. Two-way ANOVA followed by a
Bonferroni test was used to determine significance differences compared to the

control sample.

2.2.8 Modulating Rho signalling in cells and tendon constructs
To modulate Rho signalling cells, collagen gels or tendon constructs were washed with
PBS three times and then equilibrated for 30 minutes with serum-free medium and
then treated for 30 minutes with final concentration of 5 uM lysophosphatidic acid
(LPA; Sigma) in 0.1% DMSO or 10 pM Y27632 (ROCK inhibitor; Sigma) in 0.1% DMSO,
diluted in serum-free medium, all at 37°C, 5% CO, in a humidified environment.
Treated tendon constructs were incubated at room temperature. The cells were then
analysed by indirect immunofluorescence, active GTPase pull-down assays or in
collagen gel contraction assays. Tendon constructs were analysed using a recoil assay

(see below).

2.2.9 Tissue recoil assay
Each tendon-like tissue was cut at one suture end to allow it to contract, and imaged
using a digital SLR at a fixed focal point over an hour with 10-second intervals. The

length of the constructs in each image was measured using Imagel software. The
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length was converted to a percentage of the original and the means for each
experimental group were calculated. The mean values were then fitted to a 3-
parameter exponential decay function using SigmaPlot (Systat Software Inc.). One-way
ANOVA and a Dunnett’s test was used to determine significance differences between
the derived Ty/, and recoil baseline values compared to control constructs incubated in

0.1% DMSO.

2.3  RNA methods
2.3.1 RNA isolation and DNase treatment

For the isolation of RNA from cells in monolayer, cells were washed with ice-cold PBS
three times and lysed with TRIzol reagent (Invitrogen) according to manufacturer’s
protocol. For the isolation of RNA from 3D tissue constructs, dissected tendons or
animal tissues, samples were washed with ice-cold PBS 3 times and snap frozen in
liquid nitrogen with 500 ul TRIzol. Frozen tissues were homogenised using a Mikro-
Dismembrator U (B. Braun Biotech International, Germany) at 2000 Hz for 90 seconds
two times. The volumes of dismembrated samples were made up to 1 ml with TRIzol
before continuing with the manufacturer’s instructions. Isolated RNA was treated with
5 U RQl DNase (Promega, Hampshire, UK) in 50 pl reactions, following the
manufacturer’s protocol for RNA precipitation and resuspended in DEPC water.
Integrity of DNase-treated RNA samples were analysed by gel electrophoresis in 1%
agarose gels in Tris-borate-EDTA buffer (Applied Biosystems). RNA concentrations
were determined using a NanoDrop ND-1000 (Thermo Fisher Scientific, Basingstoke,

UK).
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2.3.2 Reverse transcription
A 40 pl master mix consisting of 1 x reverse transcriptase (RT) reaction buffer, 5 mM
MgCl,, 1.88 uM oligo d(T)16 primers or random hexamer primers, 40 U RNase inhibitor,
1.25 mM of each dNTP and 50 U Multiscribe reverse transcriptase (all from TagMan
Reverse Transcriptase reagents, Applied Biosystems, supplied by Life Technologies,
Paisley, UK) was used to synthesise cDNA from 0.5 to 2.0 ug DNase-treated RNA using
the following thermal cycler parameters: 25°C for 10 minutes, 48°C for 30 minutes and

95°C for 5 minutes.

2.3.3 Primer design
All primers used in this study were designed using Primer3 version 0.4.0 (Rozen and
Skaletsky, 2000). Primers used for qPCR and RT-PCR were designed across exons or in
distinct exons to amplify non-genomic DNA. Primers were purchased as HSPF-purified

DNA oligos from Eurofins MWG Operons, Ebersberg, Germany).

2.3.4 Polymerase chain reaction (PCR)
A 25 pl master mix consisting of 1 x BioMix Red buffer (containing final concentration
of 2 mM MgCl, and dNTP; Bioline, London, UK) and 10 pmoles of each forward and
reverse primers (see Tables 1 and 2) was used to amplify PCR products from 1-2 pl
cDNA. The conditions for the amplification were as follows: 95°C for 3 minutes
followed by 30 cycles of 95°C for 30 seconds, 60°C for 30 seconds, 72°C for the
appropriate time to extend the product and a final extension at 72°C for 5-10 minutes.
PCR products were analysed by gel electrophoresis in 2% agarose gels and purified for

sequencing using QlAquick PCR Purification kit reagents (Qiagen, Sussex, UK).
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2.3.5 Sequencing reaction
All PCR products produced from primers were validated and confirmed by DNA
sequencing. A 15 pl reaction consisting of 1x BigDye Terminator v3.1 sequencing
reaction buffer, 1 pl BigDye Terminator v3.1 (Applied Biosystems) and 3 pmoles of
either the forward or reverse primer (listed in Tables 1-3) was used for sequencing
purified templates. The conditions for the amplification were as follows: 96°C for 1
minute followed by 25 cycles of 96°C for 10 seconds, 50°C for 5 seconds, 60°C for 4
seconds. PCR products were precipitated and subsequently sequenced by the DNA
Sequencing Facility, University of Manchester. Sequences were analysed using the
BLAST software against the NCBI nucleotide database and aligned with the expected

sequence.

2.3.6 Quantitative PCR (qPCR)
Triplicates of 10 ul reactions consisting of 1x reaction buffer containing 3 mM MgCl2,
hot-start DNA polymerase, dNTPs (SensiMix SYBR no-ROX kit, Bioline), 2.5 pmoles of
each forward and reverse primers (listed in Table 1) was used to amplify PCR products
from 1 pl cDNA. The conditions for the amplification were as follows: 95°C for 10
minutes, followed by 40-50 cycles of 95°C for 15 seconds, 60°C for 15 seconds, 72°C for
15 seconds. The 2% method (Livak and Schmittgen, 2001) was used to analyse
relative fold changes in gene expression compared to the experimental control group.
A two-sample t-test, or one-way ANOVA followed by a Dunnett’s test was performed
to determine significance differences compared to the control sample. Regression

analysis was performed in the correlation of mouse age and Arhgap28 expression.
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Species Gene Forward primer 5’-3’ Reverse primer 5’-3’ Product size
rat Arhgap28 CGTGAAAGTTCCCCTTGTGT GAGAGGTGGGCAGTTCTCTG 224 bp
rat GAPDH ATGGGAAGCTGGTCATCAAC GTGGTTCACACCCATCACAA 221 bp
human Arhgap28 TGGCACCAAACCTTTTCTTC TTGGGAGCTGCTTCTTCAAT 192 bp
human GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG 186 bp
chicken Arhgap6é ACGATCTTTGGCCCTAACCTGT ACAACATCTGGGTCGGTCTCTA 206 bp
chicken Arhgap18 GGCTTATGATCGGGAAAAGCAC GCAGCGTTCCCCAATATTTCCT 247 bp
chicken Arhgap28 TGGACAAAGAGCCAGAGGTT GTTTTCTCGTCTCCGCACTC 216 bp
chicken DLC1 CCTGCGGGTCAGGAAAATCTAA TTGCTGAGGTCTGGAGTGTG 216 bp
chicken Racgapl TGGAGTACTGGAGCCAGCTT GGGGTCATGCTGAAGGTAGA 211 bp
chicken GAPDH CCTCTCTGGCAAAGTCCAAG CATCTGCCCATTTGATGTTG 200 bp
chicken COL1A1 CTGAAGAAGGCTCTGCTGCT AGGAGCCAAGTCAATGATGG 183 bp
chicken FN1 fibronectin GATCACCGCAGACAAAAGGT GACCACTGCCAAAGCCTAAG 207 bp
chicken ITGB1 integrin B1 AATGTGGTGCATGCAGATGT TTGATCGATCGCAGTTGAAG 220 bp
chicken ITGA11 integrin all ATGACAGCCTTCGTCTGCTT GTCAGCTGTGTCCAGCACAT 219 bp
chicken ACTN1 a-actinin TCACAGACATCGTCCAGAGC CTCCTGAGAAGGCGTGGTAG 206 bp
chicken TNS1 tensin ACAACGTCTGCCACCTCTTT CCCCAAATTCACTTCCCTCT 206 bp
chicken VCL vinculin GGTCGTCGTCTAGCCAATGT CAGACACCTCCTGGGTCATT 214 bp
chicken RhoA CCCAACGTGCCTATCATCTT GCAGCTCTAGTGGCCATTTC 212 bp
chicken Racl GCCATGGCAAAAGAGATAGG TTGGCATTGAATGTGATGCT 220 bp
chicken Cdc42 CTGGTGGTGCATCTCCCTAT AAAGGTCCTGCACACAATCC 213 bp
chicken RhoQ CGTGATGACCCCAAAACTCT TCACCGTGTGTTTCTTTGGA 196 bp
mouse Arhgap6é GCTGCTGTCAACATCTGGAA TCAGGCTCCAACAGGAGAGT 247 bp
mouse Arhgap18 GCCCAGACACTCAAGAAAGG TGTCGTCTACACTGGCTTGG 153 bp
mouse Arhgap28 GCCATTCAGCTCAACAGTCA TAGGGCTTGATGACCCATTC 212 bp
mouse Arhgap28 (Exon6-11) TGCTGTTCACACCAATGGAT AACATGACCGCAGCTTCTCT 624 or 388 bp
mouse Arhgap28-V5-His CAAAGATGTCCTGGCGAAAT AACTAGAAGGCACAGTCGAGG 233 bp
mouse DLC1 TGTGCTGAGAGAACGTCACC ACTCCACAGACAGGGACACC 200 bp
mouse Racgapl CACAGACAATTTGGGCACAC GCATGCCCTCTCCAATCTTA 239 bp
mouse GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA 223 bp
mouse COL1A1 GCCTGCTTCGTGTAAACTCC TTGGTTTTTGGTCACGTTCA 224 bp
mouse RhoA GTGGATGGGAAGCAGGTAGA TTGTTCCCAACCAGGATGAT 212 bp
mouse Racl CTGAAGTGCGACACCACTGT CTTGAGTCCTCGCTGTGTGA 203 bp
mouse Cdc42 CTGTTTCCGAAATGCAGACA AATCCTCTTGCCCTGCAGTA 201 bp
mouse RhoQ CTCATGAGCTATGCCAACGA GGATTTACCACGGAGAAGCA 203 bp
Table 1

Primers for RT-PCR and gPCR.
List of primers used to detect expression of rat, human, chicken and mouse genes.
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24 Comparative gene expression microarrays
2.4.1 Sample preparation

For the comparison of tendon tissues at different developmental stages, tail tendons
were dissected from Sprague Dawley rats of triplicate litters at three developmental
stages: E21, 3 weeks and 6 weeks postnatal. For the comparison of bone tissues
between Arhgap28+/+ and Arhgap28de'/de' mice (see section 2.9), tibia and fibula were
dissected from three PO neonatal litters each from defined Arhgap28+/+ or
Arhgap28de'/de' breeding. Bones were incubated in 1000 U/ml bacterial collagenase
type 4 (Worthington Biochemical Corporation) in 0.25% trypsin (Invitrogen) for 25
minutes at 37°C with agitation every 10 minutes. The bones were then removed of any
excess muscle and cartilage tissues and washed in PBS. RNA was isolated using a
dismembrator and treated with DNase as described previously in section 2.3.1. RNA
integrity was confirmed by gel electrophoresis. Integrity and measurement of total
RNA was further performed using Agilent 2100 Bioanalyzer (Agilent Technologies,
Stockport, UK). RNA was amplified by two-cycle cDNA synthesis, then labelled cRNA
was synthesised and hybridised to Rat Genome 230 2.0 or Mouse Genome 430 2.0

GeneChip arrays (Affymetrix, High Wycombe, UK).

2.4.2 Microarray analyses
All statistical analyses were performed by Dr Leo Zeef (University of Manchester);
Microarray data sets were analysed by dChip (DNA-Chip) Analyzer to normalise the
array readouts (Li and Wong, 2001). Normalised readouts were analysed using the
Robust Multichip Average method as described by lIrizarry et al. (2003). Principal
component analysis (PCA) was employed to confirm that different variables were

present as a quality control for the arrays. p values for each probe set were generated
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by Limma t-test and variant pooling with the respective controls either the (E21 or
Arhgap28+/+) and g values were subsequently generated by applying false discovery
rate correction. Gene ontology analysis was performed on probe sets that have
detected fold changes greater than 2 using Database for Annotation, Visualisation and

Integrated Discovery (DAVID) online tool (Huang da et al., 2009).

2.5 V5-His-tagged mouse Arhgap28 overexpression clone

2.5.1 Sequencing endogenous Arhgap28 transcript in mouse
Primers designed to amplify overlapping segments (of ~900 bp) was used to analyse of
mouse Arhgap28 mRNA (see Table 2). The cDNA template used in these reactions was
generated using random hexamer primers (as described in sections 2.3.1-5). A cDNA
clone of the short isoform of Mus musculus Arhgap28 (BC066788.1; Source BioScience

Geneservice, Cambridge, UK) was used as control template in these reactions.

2.5.2 Cloning into pcDNA6/V5-His C
Please see Appendix 1 for breakdown of the cloning procedure. For the generation of a
C-terminus V5-His-fusion Arhgap28 clone, the sequence encoding V5-His
(GKPIPNPLLGLDST-(His)s) was introduced immediately 5’ of the stop codon of the
endogenous, larger Arhgap28 isoform cDNA. The cDNA clone of the short Arhgap28
isoform was digested with EcoRl and BsmBI (New England Biolabs, Hertfordshire, UK)
following the manufacturer’s instructions to produce a 1123 bp fragment of the 5’
portion of the Arhgap28 clone. For the preparation of the 3’ portion of endogenous
Arhgap28 transcript, a 1209 bp fragment was amplified from mouse tendon cDNA
made with random hexamers (generated as described in sections 2.3.1-2) using a

forward primer that covered a unique endogenous BsmBI restriction recognition site
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Reaction # Forward primer 5’-3’ Reverse primer 5’-3’ Larger isoform Smaller isoform
1 CGTTGGTCTCGGTCTTTGTT CTCTGTAGGGCCACAAAACC 780 bp 780 bp
2 CCTGCGGGAAATTGAGAGTA GTGGCGGATTTTCTTCATGT 808 bp 808 bp
3 GAAGAACGTTCCAGCAGAGG GTTCATGCGGTTCTTGGATT 766 bp 766 bp
4 AGAGAAGCTGCGGTCATGTT TAGGGCTTGATGACCCATTC 821 bp -

5 AGAGAAGCTGCGGTCATGTT CAGGGATACCTGCCTGTGAT - 821 bp
6 GCCATTCAGCTCAACAGTCA AGGAGAAACGGAAGACACCA 800 bp -
7 CATGGTGTGAGGGAGCTTTC GGCTCCACAGGTAAGGAACA 759 bp -
8 CAAAGATGTCCTGGCGAAAT TCTCTTTTGTGGGCAAATCC - 813 bp
9 GCTTGTGGAAGCTGGAGACT CAGGGATACCTGCCTGTGAT 767 bp -
10 GGGTTTCTGTGTGTCCCTGT TCTCTTTTGTGGGCAAATCC 752 bp -
11 TCGGCTATGCCTTTTTGTTC AAATCCATGGAGAGCAGTGG 826 bp 826 bp
12 TGCCGTTAGCTTTCAGTGTG GGAAAATAGTTGAAAATGCCTGTC 443 bp 400 bp
Wild type Del7-9
13 TGCTGTTCACACCAATGGAT AACATGACCGCAGCTTCTCT 624 bp 388 bp
14 GAAGAACGTTCCAGCAGAGG GTTCATGCGGTTCTTGGATT 766 bp -

Table 2

Primers for sequencing murine Arhgap28 mRNA transcripts.
List of primers used to perform overlapping RT-PCRs.

Purpose

Forward primer 5’-3’

Reverse primer(s) 5’-3’

Product size

3’ portion of endogenous Arhgap28

for cloning
Sequencing from T7 primer site

Sequencing from BGH primer site

Internal BsmBl site
AAGATTTGGGTTGACCGAGACG

TAATACGACTCACTATAGGG
AACTAGAAGGCACAGTCGAGG

Genotyping Arhgap28 wild type, CCCGAATACCTAGCAGTGGA
Arhgap289tand or Arhgap287 alleles
Genotyping Arhgap28 del7-9 CCCCCTGAACCTGAAACATA
(Arhgap28%) allele
TTCAATTTACTGAACGTACA

Genotyping Cre transgene

New BstBlI site
AATTCGAAGGGCTTGATGACCC

Wild type allele
TACCGAGATCTGGGGAACAG

Mutant allele
CAACGGGTTCTTCTGTTAGTCC

GAGGCAGGAGGATCTCTGTG

AAACAGCATTGCTGTCACTT

1209 bp

NA
NA
493 bp

354 bp

400 bp

350 bp

Table 3

Primers for cloning full length murine Arhgap28-V5-His and genotyping.
List of primers used to generate cDNA for cloning, sequencing and genotyping.
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and a reverse primer that created a new BstBI site immediately before the stop codon.
iProof High-Fidelity DNA Polymerase (Bio Rad Laboratories, London, UK) was used
following the manufacturer’s protocol (see Table 3 for primer sequences). Conditions
for the amplification were as follows: 98°C for 3 minutes followed by 30 cycles of 98°C
for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds and a final extension at 72°C
for 10 minutes. The PCR fragment was sequenced and cut with BsmBIl and BstBI
restriction enzymes (New England Biolabs). pcDNA6/V5-His C vector was prepared by
digestion with EcoRIl and BstBI restriction enzymes (New England Biolabs). The three
cut fragments were purified using QIAquick Gel Extraction kit (Qiagen) and ligated
using T4 DNA Ligase (New England Biolabs) in a 20 pl reaction incubated overnight at

4°C. 10 pl of the reaction was used for transforming competent cells.

2.5.3 Transformation
One Shot Stbl3 Chemically Competent Cells (Invitrogen) were transformed with 10 pl
of the ligation mixture following the manufacturer’s instructions. The transformation
mixture (100 ul) was plated onto Lysogeny broth (LB) agar plates containing 50 pg/ml
amplicillin and incubated overnight at 37°C. Single colonies were amplified in 2 ml LB
containing 50 pg/ml ampicillin for 6 hours, with shaking at 225 rpm at 37°C. Glycerol
stock was made from 100 ul of the culture once the sequence was confirmed. DNA
was purified from each culture using QlAprep Spin Miniprep kit (Qiagen) following the

manufacturer’s protocol.
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2.6  Protein methods
2.6.1 Protein isolation

Cells in monolayer were washed with ice-cold PBS three times and incubated with ~10
wl/cm? of ice-cold cell lysis buffer (20 mM Tris/HCl pH 7.6, 150 mM NaCl, 1 mM
ethylene diamine tetra-acetic acid (EDTA), 1% Igepal CA-630, 50 mM sodium fluoride)
containing complete, mini EDTA-free protease inhibitor cocktail (Roche, Sussex, UK)
and phosphatase inhibitors (1 mM sodium orthovanadate and 1 mM sodium
pyrophosphate) on ice for 10 minutes. Cell lysates were scraped into an eppendorf and
passed through a 27 G syringe 3 times and then centrifuged for 10 minutes at 10 000 x
g, at 4°C to pellet cell debris. Concentration of the protein in the supernatant was then
determined using BCA protein assay (Pierce, supplied by Thermo Fisher Scientific),

following the manufacturer’s protocol.

2.6.2 Active GTPase pull-down assays
Activity of RhoA was measured using Active Rho Pull-Down Assay (Pierce) according to
manufacturer’s protocol. In brief, cells were plated at a density of 3 x 10* cells/cm” and
cultured to 80-90% confluence. Cells in each 15 cm dish were washed with ice-cold
Tris-buffered saline three times and then lysed with 700 pl Lysis/Binding/Wash Buffer.
Cell lysates were scraped into an eppendorf, vortexed briefly and incubated on ice for
5 minutes. The lysates were centrifuged for 15 minute at 16 000 x g, at 4°C. 700 pl of
the cell lysate was incubated with 400 pg of glutathione S-transferase (GST)-rhotekin-
receptor binding domain and 100 ul 50% agarose resin slurry for 1 hour at 4°C on a
vertical rotator, at 5 rpm. The excess supernatant was saved for analysis of total RhoA.
The incubations were centrifuged for 30 seconds at 6000 x g, at 4°C to remove the

unbound lysate and washed with 400 pl Lysis/Binding/Wash Buffer 3 times. The beads

49



were then resuspended in 50 pul of 2 x SDS Sample Buffer and boiled at 98°C for 5

minutes for analysis of RhoA by western blotting.

2.6.3 SDS-PAGE and western blotting
NuPAGE Novex 10 % polyacrylamide Bis-Tris gels (Invitrogen) were run in MOPS buffer
(50 mM 3-(N-morpholino) propane sulfonic acid, 50 mM Tris base, 0.1% SDS, 1 mM
EDTA, pH 7.7) or in MES buffer (50 mM 2-(N-morpholino) ethanesulfonic acid, 50 mM
Tris base, 0.01% SDS, 1 mM EDTA, pH 7.3) at 200 V to resolve extracted protein.
Resolved proteins were transferred onto Hybond-P PVDF membranes (GE Healthcare,
Hatfield, UK). Membranes were blocked for 1 hour with 5% Marvel in PBS containing
0.2% Tween 20. Blots were then incubated at 4°C overnight with primary antibodies,
rabbit monoclonal anti-RhoA (#2117 from Cell Signaling Technology, Hertfordshire, UK;
diluted 1:2000) or mouse monoclonal anti-V5 epitope (MCA1360 from AbD Serotec,
Oxford, UK; diluted 1:1000), diluted in the blocking buffer. Blots were washed with PBS
containing 0.2% Tween 20 for 10 minutes three times before they were incubated for
1 hour at room temperature with the appropriate HRP-conjugated secondary
antibodies (Pierce) diluted (1:1000) in the blocking buffer. Signals were detected with

SuperSignal West Dura Substrate (Pierce) and Hyperfilm ECL (GE Healthcare).

2.7  Immunofluorescence

Cells or tendon constructs were washed with ice-cold PBS 3 times and fixed with ice-
cold 4% paraformaldehyde in PBS for 20 minutes at RT. Fixed cells were washed with
PBS containing 0.1% Tween 20 three times and blocked with 1% bovine serum
albumin, 0.1% Triton X-100 in PBS containing 0.1% Tween 20 for 1 hour. Cells were

incubated with primary antibodies, mouse monoclonal anti-V5 epitope (diluted 1:500),
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mouse monoclonal anti-vinculin (V9131 from Sigma; diluted 1:500), or the appropriate
control IgGs, diluted in the blocking buffer overnight at 4°C. Cells were washed with
PBS containing 0.1% Tween 20 for 10 minutes three times and incubated with Alexa
Fluor 594-conjugated antibodies (1:200; Invitrogen) and/or Atto 488-conjugated
phalloidin (1:500; Sigma) diluted with the blocking buffer for 1 hour at room
temperature, protected from light. Stained cells were washed with PBS containing
0.1% Tween 20 for 10 minutes three times and mounted using Vector Shield
containing DAPI (Vector Laboratories, Northamptonshire, UK). Fixed 3D tissue
constructs were snap frozen in cryo embedding medium and 7 pm longitudinal
sections were cut and mounted onto SuperFrost slides (Menzel-Glaser GmbH, supplied
by Thermo Fisher Scientific). Slides then stained with Atto 488-conjugated phalloidin
diluted in the blocking buffer. Fluorescent images were taken using a digital camera
attached to an Olympus BX51 (Middlesex, UK) and captured using MetaVue imaging

software (Molecular Devices, CA, USA).

2.8 Transmission electron microscopy

Tissues were fixed for 30 minutes with 2% glutaraldehyde in 100 mM phosphate buffer
pH 7. Tissues were cut into smaller (~1 mm?) specimens and fixed overnight at 4°C in
fresh fixative. Fixed tissues were washed with 100 mM phosphate buffer pH 7 and
post-fixed for 50 minutes in 2% glutaraldehyde, 1% osmium tetraoxide in 100 mM
phosphate buffer pH 6.2 and washed extensively with distilled water. Specimens were
en bloc overnight at 4°C with 1% aqueous uranyl acetate. After, specimens were
dehydrated through a graded series of acetone (30, 50, 70 and 90%) for 10 minutes
each, and in 100% acetone for 10 minutes four times. Specimens were incubated for

10 minutes in propylene oxide and infiltrated with increasing concentrations of Agar
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Low Viscosity Resin (Agar Scientific, Essex, UK) according to manufacturer’s protocol
and embedded in fresh 100% resin and cured for 24 hours at 60°C. 70 nm sections
were cut, stained with 1% lead citrate and examined by Tecnai 12 Biotwin TEM (FEI
Electron Optics, Netherlands). Triplicate samples were used in this experiment. For
each sample, at least 13 images of TEM sections were taken and examined by
counting. The number of fibripositors and fibricarriers were divided by the number of
nuclei present in the same image (whole nuclei were counted as 1 and nuclei at the
edge on the image were counted as 0.5). Two-sample T tests were used to determine a

significance difference between the means of experimental groups.

2.9 Animals
2.9.1 Arhgap28 mice

Experiments were performed in compliance with the UK Home Office and Institutional
regulations governing animal breeding and handling. Using homologous recombination
in agouti C57BL/6N embryonic stem (ES) cell, the L1L2_Bact_P targeting gene trap
cassette (including the genes encoding B-galactosidase and neomycin) was introduced
into intron 6 of the Arhgap28 gene by the NIH Knockout Mouse Project (KOMP; CA,
USA). In addition, exons 7-9 are flanked by loxP sites. ES cells containing the Arhgap28
gene trap allele (Arhgap28°’) were injected into C57BL/6J blastocysts to produce germ
line-transmitting chimeras (prepared at the University of Oulu, Finland). Chimeric
males were assessed on coat colour and mated with wild type C57BL/6J females to
produce heterozygous progeny, which were then mated to obtain mice homozygous

gt/gt

for the Arhgap28 gene trap allele (Arhgap28”’7). For the generation of Arhgap28

del

deleted exons 7-9 (Arhgap28™') mutant males heterozygous for the Arhgap28 gene

trap allele were mated with females from a line of Cre transgenic mice (a kind gift from
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M. Briggs, University of Manchester, UK) to delete the loxP-flanked exons 7-9 by DNA
recombination. Heterozygous F1 offspring were then mated to generate

Arhgap28°¢/%¢ mice.

2.9.2 Genotyping
Mice were genotyped using genomic DNA extracted from ear punches of adult mice or
amniotic sacs of embryos using 200 pg/ml Proteinase K (Invitrogen) in buffer
containing 17.6 mM N-lauroyl sarcosine, 100 mM NaCl and 5% Chelex 100 resin (Bio
Rad Laboratories) incubated at 55°C for 2 hours, mixed occasionally by vigorous
vortexing. The resulting DNA supernatant was purified by precipitation with
phenol:chloroform:isoamyl alcohol and resuspended in 50-100 ul DEPC water.
Genotypes were determined using specific primer pairs (see Table 3) from 1 pl
genomic DNA using BioMix Red PCR reagents (Bioline). Genotyping PCRs were
performed as described in section 2.3.4. The annealing temperature for the wild

%l Jllele

type/mutant allele PCR was 53°C. The annealing temperature for the Arhgap28
was touch-down from 70-60°C for 10 cycles followed by 20 cycles at 60°C. The

annealing temperature for the Cre transgene was 50°C.

2.9.3 Whole mount X-gal stain
For detection of beta-galactosidase expression, E10.5-E15.5 embryos were fixed for 1
hour in 3.7% PFA in PBS pH 8 at room temperature. For older embryos the skin was
removed before being fixed for 1 hour in 3.7% PFA in PBS pH 7.4 at room temperature.
Embryos were then washed with PBS containing 0.1% Triton X-100 for 15 minutes
twice. Each embryos was then stained with 20 ml of freshly prepared X-gal staining

solution (1 mM X-gal (Qiagen), 5 mM potassium ferricyanide (Ks3Fe(CN)g), 5 mM
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potassium ferrocyanide (K4Fe(CN)¢), 1 mM MgCl, in PBS containing 0.1% Triton X-100)
for 24 hours at 37°C. After staining, the embryos were rinsed with PBS and post-fixed
in 4% PFA in PBS overnight at 4°C. After post-fix, the embryos were either processed
for paraffin embedding or dehydrated in 70% ethanol for 6 hours and cleared with
glycerol (10 ml of each 30, 50 and 80% glycerol in 1% potassium hydroxide and then

100% glycerol), incubating at 37°C for 2-3 days each.

2.9.4 Histology
Embryos were fixed overnight in either 4% PFA in PBS. They were then processed and
embedded in paraffin wax. 6 um sagittal sections were cut and mounted onto
SuperFrost slides. For haematoxylin and eosin staining, slides were de-paraffinised and
stained using an automated stainer and cleared into Histo-Clear (Thermo Fisher
Scientific). For Alizarin red S staining, sections were deparaffinised with xylene and
rehydrated through a graded ethanol series. Sections were then washed with distilled
water and stained with 2% Alizarin red S pH 4.2 for 10 minutes, washed with distilled
water and dehydrated. Images were captured using a Carl Zeiss Axiocam Colour CCD

camera with associated AxioVision software.

2.9.5 Mechanical testing
Elastic modulus of tendons was measured as described in Kalson et al., (2010). In brief,
tendons were pulled from P14 mouse tails and mounted onto a sandpaper (grade 100)
frame, with a 1 c¢cm length window, using superglue. The sandpaper frame was
clamped in an Instron 4301 mechanical testing machine fitted with a 100 N load cell
(Instron Inc, High Wycombe, UK). Only samples that failed in the mid portion of the

tendon were included. Tendons were tested to failure with a strain rate of 5 mm per
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minute. The length and width of the samples tested were measured from a digital
photograph using Imagel, which were used to derive corrected elastic modulus values.
One-way ANOVA followed by a Dunnett’s test was performed to determine

significance differences compared to wild type.

2.9.6 Bone length measurements
X-rays of mice were produced using a Flaxitron x-ray specimen radiograph system
(Flaxitron Bioptics, Berkshire, UK) and x-ray film (GE Healthcare). Bone measurements
were taken from scanned radiographic images using Imagel software. One-way
ANOVA followed by a Dunnett’s test to determine significance differences compared

to wild type.
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CHAPTER 3

IDENTIFICATION OF A CANDIDATE
REGULATOR OF ACTIN REORGANISATION

DURING TENDON TISSUE FORMATION
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3. Identification of a Candidate Regulator of Actin Reorganisation

During Tendon Tissue Formation

3.1 Chapter introduction

The second half of rodent embryonic development (E13.5 up to E21) is a critical stage
in the growth of tendons, when the ECM becomes populated with bundles of parallel
collagen fibrils. The appearance of fibrils is associated with the appearance of tension-
sensitive, actin-stabilised fibripositors at the plasma membrane of embryonic tendon
cells, which contain newly synthesised, narrow-diameter collagen fibrils (described in
the Introduction). Disruption to the actin cytoskeletal network in embryonic tendon
tissue leads to the disorganisation of collagen fibrils in the ECM (Canty et al., 2006).
The mechanism of actin reorganisation required for the specialised shape of
embryonic tendon cells and the architectural organisation of the tendon ECM is
unknown. Fibripositors are abundant in late embryonic fibroblasts but absent from
postnatal fibroblasts; the fibripositors disappear abruptly a few days after birth in
mouse and rat. The disappearance of fibripositors shortly after birth offered the
opportunity to identify genes responsible for the formation of fibripositors and the
assembly of a collagen fibril matrix. The Rho GTPases (e.g. Rho, Rac and Cdc42) are
major regulators of actin reorganisation and are fundamental for filopodia and
lamellipodia formation, retraction of plasma membranes, cell spreading and
mechanotransduction. Their activity is regulated in specific tissues by RhoGAPs.
Chapter 3 describes the results of a gene array comparison of embryonic and postnatal
tendon, which shed light on the differences in gene expression during the
development of tendon, and the discovery of Arhgap28, a putative RhoGAP and

regulator of actin reorganisation in embryonic tendon fibroblasts.
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3.2  Results
3.2.1 Cell shape changes during tendon tissue assembly

Samples of embryonic day 21 (E21), 3 weeks and 6 weeks postnatal rat tail tendons
were fixed and examined by TEM. The results show that the ultrastructures of
embryonic and postnatal rat tail tendon are similar to that previously described for
chick and mouse tendons (see Fig. 6A; Parry et al., 1978, Canty et al., 2004, Ansorge et
al., 2011). Transverse sections of E21 rat tail tendon analysed by TEM show evenly-
shaped, narrow-diameter fibrils in ECM channels formed by the plasma membrane of
the cells (Fig. 6A). In contrast, tendons at 3 weeks and 6 weeks postnatal contain
densely packed fibrils of varying diameters in the ECM. In sections of E21 tendon,
fibripositors and internal fibril-containing compartments called fibricarriers are present
(see Fig. 6A, inset). In comparison, fibripositors and fibricarriers are much reduced in
number at 3 weeks postnatal and by 6 weeks are virtually absent. Fibripositors and
fibricarriers were quantitated from electron micrographs using the method described
by Canty and co-workers (2006). This method provides a value of ‘fibripositors (or
fibricarriers) per nucleus’, as an indication of the number of these structures in a
randomly selected 70 nm-thick section of a cell. On average there were 3 fibripositors
per nucleus and 3 fibricarriers per nucleus in embryonic tendon cells, significantly
more than those found in the postnatal tendon cells (p < 0.001; see Fig. 6B). 3D
reconstructions of tendon cells in embryonic and postnatal tendon from serial
scanning electron microscope sections show the stark differences in cell shape (see Fig.
6C). These data are consistent with extensive cytoskeletal reorganisation from

embryonic to postnatal development.
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Figure 6

Ultrastructure and cell shape of embryonic and postnatal tendon cells.

(A) Transverse sections of rat tail tendon were examined by TEM. Representative micrograph of
embryonic day 21, 3 weeks and 6 weeks postnatal samples showing the ultrastructure of the tissue.
Bars = 500 nm. (B) Number of specialised membrane protrusions, fibripositors and collagen-
containing vesicles, fibricarriers per nucleus in an electron micrograph (micrographs from 3 biological
replicates counted = 46, 39, 40). Bars show SEM. *** indicate significant differences found when
compared to E21, p < 0.001. (C) 3D reconstructions of tendon cells from embryonic and postnatal
tendon tissues shown along and (inset) across the tendon axis. Bars = 5 um. Reconstructions were
made by Nick Kalson and Diana Golijani.
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3.2.2 Comparative microarray analysis
Rat tail was chosen for this analysis because it was possible to dissect tendon tissues
cleanly from the embryo for RNA isolation. RNA was isolated from tail tendon tissues
of E21, 3 week- and 6 week-old rats and prepared for cDNA microarray analysis. As
part of RNA quality control, the integrity of the RNA samples was analysed by gel
electrophoresis (Fig. 7A). The microarray readouts were normalised using dChip
analysis and then analysed by principal component analysis (PCA). PCA uses a
mathematical algorithm to assess similarities and differences between the expression
profiles of the samples, and provides a visual representation of the two largest,
uncorrelated variables, the principal components (PC #1 and PC #2), calculated
(Ringnér, 2008). The first principal component (PC #1) accounted for 61% of the total
variability between the samples and clearly separated the samples from the three
developmental stages (Fig. 7B). The second principal component (PC #2), which is
unrelated to PC #1, accounted for almost 20% of the remainder variability between the
samples, clearly showing that triplicates from each time point could be grouped (Fig.
7B). Table 4 shows the data from the dChip analysis, which indicated that the
microarray readouts were reliable. The median intensities of the arrays were between
93 and 158 (arbitrary units; see Table 4). The present call percentage (P call %)
indicates the percentage of total probe sets on the arrays that were hybridised to the
cRNA. In each array, hybridisation to 60-70% of the probe sets was detected.
Percentage of array and single outliers showed no anomalies in the readouts of
individual probe sets and probes (see Table 4). Further, comparison of microarray
readouts for control genes (listed in Table 5) show expected expression patterns for
tendon tissue. Together, these analyses confirm that the microarray readouts pass

quality control and are reliable.
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Figure 7

RNA isolated from embryonic and postnatal rat tail tendon for microarray.

(A) Agarose gel showing total RNA isolated from triplicate samples of embryonic and postnatal rat tail
tendons. (B) PCA mapping of variability between the array samples.

:ArrayA Median Intensity® P call %¢ % Array outlier® % Single outlier®
E21_ 1 119 65.9 0.293 0.046
E21 2 139 63.4 1.794* 0.229
E21_3 137 67.8 0.354 0.048
3week 1 131 63.3 0.096 0.053
3 week_2 158 62.9 0.148 0.087
3 week_3 145 64.1 0.161 0.081
6 week_1 100 58.8 0.457 0.137
6 week_2 102 60.9 0.338 0.100
6 week_3 93 58.9 0.498 0.104

Table 4

dChip analysis of microarray data sets.

(A) Triplicate samples of E21, 3 weeks and 6 weeks postnatal rat tail tendons indicated by the
number at the end of each array name. (B) Median intensity of microarray chip for each triplicate of
each experimental group. (C) Present (P) call percentage indicates the percentage of total probe sets
detected. (D) Array outlier percentage indicates the percentage of probe sets that have outliers in
the average readout profile of each probe within a probe set. (E) Percentage single outlier indicates
the percentage of probes that do not have the same intensity pattern of other probes within the
same probe set. *Value still below warning level of 5%.
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Gene

tendon matrix genes
collagen, type 1, alpha 1

collagen, type 1, alpha 2

collagen, type 2, alpha 1

fibronectin
integrin alpha 5

integrin beta 1

scleraxis
fibromodulin
biglycan
tenascin C
tenomodulin

actin genes
alpha-skeletal-actin

alpha-cardiac actin

beta-cytoskeletal actin

gamma-cytoskeletal actin

alpha-smooh muscle actin
gamma-smooth muscle actin

house-keeping genes
ribosomal protein S18

glyceraldehyde 3 phosphate
dehydrogenase

hypoxanthine guanine
phosphoribosyl transferase

ubiquitin

Table 5

Gene symbol

COL1A1

COL1A2

COL2A1

FN1

ITGAS

ITGB1

SCX
FMOD
BGN
TNC

TNMD

ACTA1

ACTC1

ACTB

ACTG1

ACTA2

ACTG2

18s

GAPDH

HPRT

UBB

E21

19455.5
3066.9

23885.3
19431.5

8283.6
543.8
548.0

2940.1

49.7

3237.2
332.6

2215.5

16609.6

1338.6

841.8

14425.7

279.8

123.8
17.4
27.1
11.8
20.4

1255.6
6118.1

6724.5
38.5

59.4

14.5

8748.3

3917.1

425.8

5113.7
6345.2

3 weeks

20960.7
31243

24292.3
20889.4

3372.2
58.6
468.5
2374.3

47.8

2637.2
256.9

1548.0

17861.4

360.6

1433.4

12097.0

776.5

44.2
13.1
234
11.9
24.8

1099.5
5532.2

5612.3
40.8

82.5

62.0

12808.3

4619.8

933.2

5244.4
6606.0

Expression of control genes in embryonic and postnatal rat tail tendon.
Mean intensities from hybridisation of triplicate samples to probe set(s) for the genes listed.

6 weeks

17602.5
4447.1

20965.5
16695.1

1077.5
27.9
300.6
2258.8

36.5

1744.8
176.6

1305.7

13478.5

314.5

1887.2

10522.6

315.1

42.1
13.2
23.1
12.2
19.1

745.0
3584.9

5210.2
51.5

66.5

20.3

7986.7

2390.0

869.5

4772.7
5600.1
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3.2.3 Gene ontology analysis
The microarray data showing the changes in expression detected by 31,042 probe sets
is visually represented in a heat map shown in Appendix 2. The heat map is generated
from hierarchical clustering of genes (or probe sets), which is based on similarities in
the expression level and the expression profile. Expression profiles detected by each
probe set (some genes have more than one probe set) in the microarray can fit into
one of eight major profiles (see Fig. 8). In the interest of selecting a target gene to
investigate tendon tissue formation, only genes that were highly expressed at E21 and
then significantly downregulated > 2-fold at 3 weeks postnatal were included (g < 0.01;
see section 2.4.2 on derivation of g values). From the readouts, 1632 probe sets fitted
this criterion, and of these probe sets, the gene IDs of 1070 were recognised by the
Database for Annotation, Visualisation and Integrated Discovery (DAVID) online tool
(Huang da et al., 2009). DAVID was used to identify enriched gene ontology categories,
in which genes are placed into functional groups according to their cellular
component, molecular function or biological process. DAVID functional annotation
clustering produced 243 clusters. The cluster with the highest enrichment score of
13.36 contained four gene ontology components in which genes of the cytoskeleton
were over-represented (listed in Appendix 3). This result further suggests that major
cytoskeletal reorganisation occurs between embryonic and postnatal tendon

development.

3.2.4 Arhgap28 as a candidate regulator of actin reorganisation in tendon
formation
Rho GTPase signalling is the major regulatory pathway for actin reorganisation. Seven

genes from the GTPase signalling family fitted the exclusion criteria (see Fig. 8). There
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Figure 8

Candidate regulators of actin reorganisation from the GTPase signalling family.

Readouts from each microarray probe set can be divided into 8 major expression cluster profiles.
Genes of the GTPase signalling family (GAPs, GEFs and GTPases) that are upregulated at least 2-folds
in embryonic rat tail tendon tissues and significantly downregulated postnatal (g < 0.001). Gene
expression levels of postnatal rat tail tendon is expressed as a percentage of the level of E21 rat tail
tendon. Bars show SEM.
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were five genes encoding GAPs: Arhgap28, Arap2, Iqgap3, Racgapl and DLC1; one
gene encoding a GEF: Ralgps2; and three genes encoding GTPases: Rasl11b, RhoV and
RhoQ. The expression of Arhgap28, detected by two probe sets, showed the most
significant reduction from embryonic to postnatal tendon development (see Fig. 8),
suggesting that Arhgap28 is a good candidate regulator of Rho signalling in embryonic

tendon.

33 Discussion

The chapter identifies a novel RhoGAP, Arhgap28, as a candidate regulator of actin
reorganisation during the patterning of tendon tissue. Data from this study show that
embryonic (E21) rat tail tendon tissue had significantly more fibripositors and
fibricarriers than postnatal (3 week- and 6 week-old) tail tendon tissue, which is in line
with data derived from mouse tail tendons (Canty et al., 2004, Humphries et al., 2008).
Comparison of cell shape and data from a comparative gene expression microarray
study between embryonic and postnatal tendon tissue indicate that there are major
cytoskeletal changes during tendon development. Analysis of molecules involved in
GTPase signalling that were differentially upregulated in embryonic tendon identified
Arhgap28 as a RhoGAP that might regulate actin reorganisation during the assembly of

an orgnaised collagen-rich ECM.

Rat tail tendon tissues were used as it is possible to isolate them from both embryonic
and postnatal stages. Data from quality control analyses suggested that the microarray
readouts were significant and PCA analysis was able to group the triplicate samples of
E21, 3 week- and 6 week-old tendon tissues. Over 1500 probe sets identified genes

that were highly expressed in E21 rat tail tendon and downregulated in 3 weeks
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postnatal rat tail tendon. However, no changes were observed in the expression levels
of integrins and actin adapter molecules between embryonic and postnatal tendon

tissues, which suggest that these molecules are not regulated transcriptionally.

It is thought that GAPs can regulate GTPases in a tissue-specific manner where as
GTPases are more ubiquitously expressed (Tcherkezian and Lamarche-Vane, 2007).
Arhgap28, a putative GAP for Rho-like small GTPases, such as RhoA, Racl and Cdc42,
was found to be expressed in E21 rat tail tendon and downregulated in postnatal tail
tendon tissue. Rho GTPases mediate a variety of cellular processes, including actin
cytoskeleton remodelling, membrane ruffling (lamellipodia) and protrusions
(filopodia), and cell contractility (reviewed by Kaibuchi et al., 1999). Many similar
processes are also present in embryonic tendon cell (discussed in the Introduction).
RhoGAPs stimulate the intrinsic hydrolytic activity of Rho GTPases. Therefore,
Arhgap28 could, potentially, be an important regulator of actin reorganisation during

tendon tissue assembly.

To date, there are no published data on the physiological functions of Arhgap28. Based
on sequence similarities Arhgap28 is closely related to Arhgap6, Arhgaplila,
Arhgapllb, Arhgap18, Arhgap40, DLC1 (Arhgap7), DLC2 (Arhgap27) and DLC3
(Arhgap38; see Fig. 9). Some of these RhoGAPs have been characterised to regulate
actin reorganisation. Proteins of the DLC family are tumour suppressor genes (Ng et
al., 2000, Ching et al., 2003, Durkin et al., 2007). Knockout of DLC1 is embryonic lethal
at E10.5 and examination of mouse embryonic fibroblasts isolated from E9.5 embryos
revealed disrupted stress fibres and focal adhesions (Durkin et al., 2005). DLC2 and

DLC3 have been shown to have GAP activity for RhoA and Cdc42 (Ching et al., 2003,
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Figure 9 (overleaf)

Unrooted phylogenetic tree of human RhoGAP proteins.

Based on alignment of the GAP domain using ClustlW algorithm (adapted from Peck 2002). * denotes
the human genes that have orthologous Drosophila genes. Names in green denote additional
RhoGAP domain-containing proteins listed by the HUGO gene nomenclature committee and these
are mapped onto the phylogenetic tree (in green lines) according to the homology of RhoGAP
domains as recognised by the Conserved Domain Database (Marchler-Bauer 2011).
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Kawai et al., 2007). Mice lacking functional Arhgap6 protein are phenotypically normal,
despite the fact that Arhgap6 is a GAP for RhoA and causes the loss of actin stress
fibres in cultured cells (Prakash et al., 2000). Arhgap18 also has specificity for RhoA
and disrupts actin stress fibres, where knockdown of Arhgap18 can enhance stress
fibre formation (Maeda et al., 2011). It is likely that Arhgap28 similarly regulates actin
stress fibre assembly. Although the functions of Arhgap28 have not been reported, its
differential expression has been listed in a variety of cDNA microarray studies, as
summarised in Table 6. These data suggest that Arhgap28 is likely to have RhoGAP

function and thus is expected to be an excellent candidate to investigate for this thesis.

In summary, the results in this chapter have identified Arhgap28, a putative RhoGAP
that is differentially upregulated during the establishment of the tendon ECM.
Arhgap28 is related to RhoGAPs that regulate RhoA and stress fibre formation. It will
be interesting to determine if Arhgap28 has similar functions, and to examine the role

of Rho signalling in the formation of a functional tendon tissue.
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- Tissue (and organism

Reference if not human) Analysis and observations
Zhaoetal., stromal cell cultured cDNA microarray; Arhgap28 was upregulated in stromal cell cultures derived
2007 from prostate tissue from benign prostatic hyperplasia compared to cells derived from cancerous

prostate tissue

Anraku et al., lung tissue used for cDNA microarray; Arhgap28 was upregulated in tissues from patients who
2008 transplantation prior died as a consequence of primary graft dysfunction compared to lung tissues
implantation from case-matched patients who had excellent outcomes
Schilling et al.,  osteoblasts and cDNA microarray; Arhgap28 was upregulated 24 hours after initiating the
2008 adipocytes derived  trans-differentiation of adipocytes into osteoblasts and 24 hours after
from the initiating the trans-differentiation of osteoblasts into adipocytes

differentiated hMSC
(bone marrow)

Févre-Montagne meningioma tissue  cDNA microarray; Arhgap28 was upregulated in atypical meningiomas and

et al., 2009 anaplastic meingiomas compared to low-grade meningiomas
Floyd et al., atherosclerotic cDNA microarray; Arhgap28 was upregulated in plaques of mice exposed to
2009 plaque tissue from  concentrated ambient air pariticles compared to mice exposed to filtered air

aorta of ApoE7- mice

Wetmore et al., serum mRNAs from cDNA microarray; Arhgap28 was upregulated in serum after treatment with
2010 rat liver hepatotoxins, acetaminophen but not after treatment with D-(+)-galactos-
amine

Hashimoto et  prefrontal cortex of cDNA microarray; Arhgap28 was upregulated in male withdrawal seizure-
al., 2011 mice resistant mice compared to female mice and to male and female withdrawal

seizure-prone mice

Lippi et al., primary culture of  siRNA transfection; knockdown of Arhgap28 mRNA did not significantly alter
2011 murine hippocampal spine morphology (filopodia or neuronal spines)

neurons
Wansbury et al., mammary cDNA microarray; Arhgap28 was upregulated in the mammary mesenchyme
2011 primordium of E12.5 compared to the mammary primordial bud epithelium

mouse embryos

Chanetal., spermatozoa of rat DNA methylation analysis; Arhgap28 gene was hyper-methylated in
2012 model for human spermatozoa of rats after treatment with bleomycin, etoposide and cis-
testicular cancer platinum
treatment

Gewurzetal., HEK cells containing siRNA screen; knockdown of Arhgap28 reduced Epstein Barr virus latent

2012 GFP reporter for NFkBmembrane protein mutant- and interleukin-1B-stimulated but not TNFa-
activation stimulated, NFkB activation

Hadj-Hamou et breast tissue cDNA microarray; Arhgap28 was downregulated in radiation-induced tumours

al., 2012 angiosarcomas compared to primary tumours

Paramanik and mitochondrial extract pull-down assay and motif scanning; Arhgap28 was found to interact with
Thakur, 2012 of mouse brain tissue ligand-binding domain of oestrogen receptorf and seven consensus motif for
casein kinase 2 phosphorylation sites

Pradatetal., deltoid muscle cDNA microarray; Arhgap28 was upregulated in patients with advanced
2012 amyotrophic lateral sclerosis compared to controls and patients with early
state of amyotrophic lateral sclerosis

Yangetal., CD133* cells cultured cDNA microarray; Arhgap28 was upregulated in these radio-resistant tumour
2012 from glioblastoma initiating (CD133*) cells after being cultured with cancer-preventative
multiforme (brain polyphenol resveratrol
tumour)
Zhuetal., embryonic palatal cDNA microarray; Arhgap28 was downregulated in cells treated with TGF
2012 mesenchyme cells
Table 6

Summary of studies in which Arhgap28 is identified as a candidate of interest.
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CHAPTERA4

ARHGAP28-RHO SIGNALLING EFFECTS

ON TENDON MATRIX ORGANISATION
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4. Arhgap28-Rho Signalling Effects on Tendon Matrix Organisation

4.1 Chapter introduction

During the establishment of an organised ECM, tendon cells undergo dynamic actin
reorganisation (Canty et al., 2006; discussed previously in the Introduction). The
development of mechanical strength and stiffness of this ECM requires actomyosin-
generated cellular tension (Kalson et al., 2010). The RhoGAP Arhgap28 was identified
previously in Chapter 3 and is predicted to regulate the dynamic remodelling of the
actin cytoskeleton in embryonic tendon cells. The function of Arhgap28 is
hypothesised to be the same as the closely related RhoGAPs, Arhgap6 and Arhgap18,
which regulate RhoA activity and stress fibre formation (discussed in Chapter 3). It is
not known if RhoA-regulated actin stress fibre formation is important for cells in
tendon tissues. Chapter 4 describes the results obtained from studies of Arhgap28 and
Rho GTPases expression in embryonic chick tendon cells cultured in the 3D tendon
construct culture system. Overexpression of an Arhgap28 cDNA clone and small
molecules to alter Rho signalling were used to determine the effects of Arhgap28
overexpression and modulated RhoA signalling on actin reorganisation and collagen
fibril remodelling. The experimental findings showed that Arhgap28 negatively
regulates RhoA-activated assembly of stress fibres, which are required for the

generation of cellular tension to organise collagen-rich ECM.

4.2  Results

4.2.1 Arhgap28 expression in tendon tissues in vivo
Arhgap28 expression in rat tail tendon tissues previously determined by the
microarray analysis in Chapter 3 was validated by qPCR (see Fig. 10). Arhgap28

expression was significantly reduced from E21 to 3 weeks postnatal by 7-fold, and by
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Figure 10

Arhgap28 expression in tendons in vivo.

(A) The expression of Arhgap28 by embryonic and postnatal rat tail (n = 3) and (B) flexor tendons (n =
3), *** and * indicate significant differences found when compared to E21, p < 0.001 and p < 0.05,
respectively. (C) mouse tail tendons from birth to 24 weeks (n = 3; r> = 0.81, p < 0.05) and (D)
neonatal mouse tissues (n = 1). Fold changes in arhgap28 gene expression normalised to GAPDH (2
BACt yalues). Bars show SEM.
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10-fold from E21 to 6 weeks postnatal (p < 0.001; Fig. 10A). To determine if another
type of tendon tissue exhibits this trend, Arhgap28 expression was examined in load-
bearing flexor tendons. The results showed that Arhgap28 expression was significantly
reduced by 3-fold in flexor tendons isolated from 3-week old rats compared to E21 rat
embryos (p < 0.05; Fig. 10B). Arhgap28 expression was also examined in different
developmental stages of murine tendon tissues. Mouse tendons are difficult to isolate
from embryos. Therefore, the earliest time point at which tendon were dissected from
mouse-tail (the most accessable location) was from newborn (PO) mice. Nonetheless,
PO tendons retain embryonic characteristics, which include narrow-diameter collagen
fibrils, fibripositors, fibricarriers and ECM channels (see Appendix 4). qPCR was
performed on mouse tendon tissues from different ages. As the age of the mice
increased from 0 to 24 weeks, the expression of Arhgap28 decreased (r* = 0.81, p <
0.05; Fig. 10C). These data show that Arhgap28 is downregulated as tendons proceed

from embryonic to postnatal development.

To determine the tissue-specific expression of Arhgap28, gPCR was performed on a
number of tissues from PO mice, including those in which collagen matrices can be
found (bone and skin) and where type | collagen is not expressed (brain; see Fig. 10D).
Arhgap28 was expressed in bone, kidney, liver, skin, tongue and tendon tissues. The
expression levels were lower in brain, heart, skeletal muscle and spleen. This finding
shows that Arhgap28 has a restricted, but not exclusive, tissue expression. The
expression of Arhgap28 in tissues as diverse in function as tendon, bone, liver and

tongue, might suggest a function involved in non cell-specific actin reorganisation.
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4.2.2 Arhgap28is upregulated in tendon constructs
In further attempts to identify the functions of Arhgap28, its expression was studied in
tendon cells, which express Arhgap28 (see Fig. 10D) cultured on 2D tissue culture
plastic and in 3D tendon-like constructs. Plastic has a stiffness of 4 x 10* kPa compared
to 4 kPa of the tendon constructs (Kalson et al., 2010). Therefore, measurement of
Arhgap28 levels cultured on plastic and in tendon-like constructs would be expected to
provide information on the role of Arhgap28 in responding to or sensing cell-matrix

stiffness.

To minimise cell- and species-specific effects, the study was broadened to include
human mesenchymal stem cells (hMSCs), which have been shown to be able to
generate tendon-like constructs (Kapacee et al., 2010). Thus, hMSCs and embryonic
chicken tendon cells were seeded into a fibrin gel, which contracted during culture to
form a linear tendon construct (see Fig. 11A). hMSCs take ~14 days to reach TO (a
nomenclature used to describe the time point at which tendon constructs are fully
formed). hMSCs in TO constructs had a significant, 7-fold upregulation of Arhgap28
expression compared to cells cultured in a 2D plastic monolayer for the same length of
time (p < 0.001; Fig. 11B). The mechanical strength and stiffness of tendon constructs
can continue to increase in culture after TO (Kalson et al., 2010). Arhgap28 expression
was examined in tendon constructs formed by human mesenchymal stem cells at T7
and T14 (7 and 14 days after TO, respectively) and compared to cells that have been
cultured in monolayer for the same length of time. Arhgap28 expression continued to
increase with time in culture, both in cells in monolayer and in tendon constructs,
although expression in tendon constructs remained greater than in monolayer at all

time points examined (Fig. 11B).
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Figure 11

Arhgap28 expression in embryonic tendon-like tissue constructs formed by in vitro.

(A) Schematic to show the 3D culture system used to form embryonic tendon-like tissues in vitro as
described in section 2.2.5. (B) The expression of Arhgap28 by human mesenchymal stem cells
(hMSCs) cultured in monolayer and in the 3D tendon culture system at matched time points (TO: n =
6, T7, T14: n = 1). (C) The expression of Arhgap28 by embryonic chick tendon cells cultured in
monolayer, in the 3D tendon culture system and from tendons in vivo (n = 3). Fold changes in
arhgap28 gene expression normalised to GAPDH (222¢t values). Bars show SEM. *** indicate
significant differences found when compared to monolayer, p < 0.001.
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To determine if the level of Arhgap28 expression in tendon constructs is comparable to
embryonic tendon, embryonic chick tendon and the isolated cells were examined.
Similar to the results observed in hMSCs, Arhgap28 expression in embryonic chick
tendon cells was significantly upregulated by 20-fold in tendon constructs compared to
culture in monolayer (p < 0.001; see Fig. 11C). Arhgap28 expression in embryonic chick
tendon tissue was even more upregulated compared to cells in monolayer, by 30-fold
(p < 0.001; Fig. 11C). These findings suggest that the tendon construct is a good culture

model for studying the role of Arhgap28 in tendon tissue formation in vitro.

4.2.3 Tendon matrix gene expression during formation of tendon constructs
Cells cultured in the 3D tendon construct culture system experience a host of changes,
which include 2D to 3D environment, cell shape, disorganised matrix to alignment
collagen-rich matrix, and high levels of 2D, multi-directional tension to uniaxial
tension. To explore the possible factors that may explain the differences in Arhgap28
expression in cells cultured on 2D plastic or in a 3D matrix, the expression of matrix
molecules, adhesion molecules, RhoGAP and Rho GTPase genes were examined
throughout the formation of tendon constructs. The formation of tendon constructs by
embryonic chick tendon cells took 9 days in the experiments described in this section.
RNA was isolated from cells cultured in 2D day 0 (d0), in the fibrin gel in 3D (dO, d3,
d6), in fully formed tendon constructs (TO) and during the improvement of mechanical

properties (T3, T7, T14; see Fig. 12-13).

As described previously in the Introduction, collagen fibrillogenesis is dependent upon
fibronectin fibrillogenesis and integrins. COL1A1 expression was readily detectable in

2D and significantly increased by 6-fold at TO (p < 0.001; see Fig. 12A). However, after
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Expression of ECM and adhesion genes during tendon construct formation.

Primary embryonic chick tendon cells were seeded into fibrin gels for the formation of tendon
constructs. (A) The expression of Collal, fibronectin, 1 integrin and a5 integrin genes and (B) genes
encoding adhesion proteins a-actinin, tensin and vinculin was quantified by gPCR (n = 3). Fold
changes in gene expression normalised to GAPDH (2-22¢t values). Bars show SEM. *** and * indicate
significant differences found when compared to monolayer (2D at day 0), p < 0.001 and p < 0.05,
respectively.
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T7, COL1A1 expression was no longer significantly different to cells in 2D. Fibronectin
(FN1) expression was upregulated during the formation of tendon constructs, and at
T14, reached 6-fold higher than expression in 2D at dO (p < 0.05; Fig. 12A). The
expression of collagen-binding integrins, integrin B1 (ITGB1) and a1l (ITGA11), that are
involved in collagen assembly were also detected (Fig. 12A; Velling et al., 2002). At
T14, ITGB1 expression was 4-fold greater than 2D at TO (p < 0.001). However, no
significant increase in ITGA11 expression was observed (Fig. 12A). Collectively, these
expression data suggest that assembly of ECM in tendon constructs occurred most

prominently once uniaxial tension is established (TO onwards).

As part of the characterisation of tendon construct formation by embryonic chick
tendon cells, expression of adhesion proteins involved in signal transduction from cell-
matrix adhesions to the assembly of contractile stress fibres was examined (see Fig.
12B). The expression of a-actinin (ACTN1) increased as tendon constructs formed and
reached a significant 5-fold increase at T14 compared to expression in 2D at dO (p <
0.001, Fig. 12B). Tensin (TNS1) expression was significant upregulated by 2-fold at TO
(p < 0.05; Fig. 12B). No significant change in vinculin (VCL) expression was observed
(Fig. 12B). These data are suggestive of signal transduction form cell-matrix adhesions

in tendon constructs.

4.2.4 RhoGAP and Rho GTPase expression during formation of tendon
construct
Arhgap6 and Arhgap18 are RhoGAPs closely related to Arhgap28 that have recently
been demonstrated to have RhoGAP activity specific for RhoA (Prakash et al., 2000,

Maeda et al., 2011). Both RhoGAPs were upregulated during the development of
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tendon constructs. Arhgap6 was significantly upregulated by 3-fold at TO (p < 0.05),
and reached 6-fold higher at T14 compared to expression in 2D at dO (p < 0.001; Fig.
13A). At T14, Arhgap18 upregulation was 7-fold greater than in 2D at dO (p < 0.001;
Fig. 13A). Upregulation in Arhgap6 and Arhgap18 during the deposition of a collagen
matrix suggests that regulation of Rho signalling and stress fibres by these RhoGAPs
plays an important role. As expected, Arhgap28 expression was significantly
upregulated in tendon constructs, from 14-fold at T3 to 35-fold at T14, compared to
expression in 2D at TO (p < 0.05, p < 0.001, respectively; Fig. 12A), confirming that
Arhgap28 is important during the process of tendon construct formation in vitro. The
further upregulation in Arhgap28 expression after TO indicates that Arhgap28 is

involved in the development of mechanical properties of tendon constructs.

Two other RhoGAPs, DLC1 and Racgapl were identified in the microarray as
differentially upregulated in embryonic tendon (see Chapter 3). The expression of
DLC1 was significantly upregulated by 5-fold at T14 whereas Racgapl was only
significantly upregulated, by 4-fold, after 3 days in fibrin (p < 0.001; Fig. 13B). Due to
the time point at which these RhoGAPs are upregulated, these data suggest that they
are not likely to be involved in the assembly of the tendon matrix. Rho GTPases were
also examined. The expression of RhoA, Racl, Cdc42 and RhoQ (one of the candidates
identified in the microarray) were all significantly upregulated at T14 (Fig. 13C). These
data suggest that Rho signalling might not be regulated transcriptionally during tendon
construct formation but once the mechanical properties of the tissues are fully

developed (at T14), Rho signalling is upregulated.
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Figure 13

Expression of RhoGAPs and Rho GTPases during tendon construct formation.

Primary embryonic chick tendon cells were seeded into fibrin gels for the formation of tendon
constructs. (A) The expression of genes encoding Arhgap28 and related RhoGAPs, Arhgap6 and
Arhgap18; (B) candidate RhoGAPs, DLC1 and Racgap1; and (C) Rho GTPases, RhoA, Racl, Cdc42 and
RhoQ was quantified by gqPCR (n = 3). Fold changes in gene expression normalised to GAPDH (2-24Ct
values). Bars show SEM. *** and * indicate significant differences found when compared to
monolayer (2D at day 0), p < 0.001 and p < 0.05, respectively.
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4.2.5 Gene expression changes during tendon tissue recoil
Tendon tissue develops under tension in vivo and this is reproduced in the 3D culture
system for tendon constructs from TO onwards (Kapacee et al., 2008, Kalson et al.,
2010). To inspect if tensile forces affect the expression of Arhgap28 and other Rho
GTPase signalling, fully formed tendon constructs at TO were untensioned and gene
expression was analysed after 1, 6 and 24 hours (Fig. 14). Of all the RhoGAPs
examined, only Arhga6 and Arhgap28 were significantly downregulated (p < 0.05; see
Fig. 14A and B). No significant changes were found in the expression of Rho GTPases,
RhoA, Racl, Cdc42 and RhoQ, when tendon constructs were not under tension (Fig.
14C). Interestingly, expression of a-actinin, tensin and vinculin were significantly
downregulated 24 hours after constructs were not under tension (Fig. 14D), which is

indicative of the downregulation of contractile stress fibres.

4.2.6 Arhgap28is predicted to function similarly to Arhgap6 and Arhgap18
Induction of Arhgap28 expression during tendon construct formation was mirrored by
the expression of Arhgap6 and Arhgap18, which suggests that they are part of the
same actin reorganisation mechanism. In addition, Arhgap6 and Arhgap28 were
significantly downregulated when the tension in tendon constructs was lost. RhoGAP
function is mediated via the RhoGAP domain (represented schematically in Fig. 15A),
which enhances hydrolysis of GTP bound by the target Rho GTPase. Alignment of the
RhoGAP domains of murine Arhgap6, Arhgap18 and Arhgap28 show high homology
and confirms the presence of a putative catalytic arginine residue in Arhgap28 (Fig.

15B).
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Figure 14

Gene expression by untensioned tendon constructs during recoil.

Tendon constructs formed by primary embryonic chick tendon cells were untensioned. (A) The
expression of genes encoding Arhgap28 and related RhoGAPs, Arhgap6 and Arhgap18; (B) candidate
RhoGAPs, DLC1 and Racgapl; (C) Rho GTPases, RhoA, Racl, Cdc42 and RhoQ; and (D) adhesion
proteins, a-actinin, tensin and vinculin was quantified by qPCR (n = 3). Fold changes in gene
expression normalised to GAPDH (2-24Ct values). Bars show SEM. *** and * indicate significant
differences found when compared to 0 hr, p < 0.001 and p < 0.05, respectively.
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Figure 15

Sequence alignment of the RhoGAP domain of Arhgap28-related RhoGAPs.

(A) The helical segments and loops in RhoGAP domain. (B) The sequences of Arhgap6, Arhgap18 and
Arhgap28 were aligned and the sequences of RhoGAP domain is shown. The helical segments (AQ, A,
Al, B, C, D, E, Fand G) are shown in yellow. Residues conserved in all three RhoGAPs are highlighted
in red. The catalytic arginine residue is highlighted in pink.
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4.2.7 Validation of C-terminal V5-His fusion murine Arhgap28 cDNA clone
An overexpression strategy was taken to study Arhgap28 in vitro. First, it was noted
that two major isoforms of murine Arhgap28 exists — Pubmed IDs: NM_172964.4 and
BC066788.1, which encode products of 729 and 708 amino acid residues (aa),
respectively, differing only in the C-terminus (see Fig. 16A). Using an overlapping PCR
approach, the transcript expressed in tendon was determined to be the larger isoform
(Fig. 16A and B). A cDNA clone of the smaller isoform was used as a control template
for generating PCR fragments by primers specific for the smaller isoform (Fig. 16B). The
products of the reactions were sequenced, and confirmed that the transcript
expressed in Arhgap28 would putatively translate into the 729 aa protein. This full-
length cDNA was cloned into a pcDNA6/V5-His C vector for the overexpression of a C-
terminal V5-His fusion protein (see Fig. 17A; section 2.5.2 and Appendix 1 for cloning

method).

The clone was tested in the readily transfectable murine NIH3T3 fibroblast cell line.
RNA was isolated from NIH3T3 cells transiently transfected with the Lipofectamine
transfection reagent only (L), empty vector (E) or Arhgap28-V5 clone (replicates #6 and
#8) for RT-PCR. As expected, the expression of Arhgap28-V5 transcript was only
detected in the replicates (Fig. 17B). “No RT controls” were included to demonstrate
that contaminating plasmid DNA had been eliminated in DNase treatment (Fig. 17B).
The predicted molecular weight of the fusion protein is 85 kDa. Proteins isolated from
transfected NIH3T3 cells were analysed by western blotting using an antibody specific
for the V5 epitope (see Fig. 17C). A band that migrated at the predicted molecular
weight was observed in the replicates transfected with the Arhgap28-V5 clone but not

in cells were transfected with empty vector. Validated V5-tagged proteins were also
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Figure 16

Sequencing of the endogenous Arhgap28 transcript expressed in mouse tendon.

(A) Difference in C-terminus of the two major Arhgap28 isoforms from amino acid residue 679. PCR
strategy to determine the sequence of endogenous Arhgap28 transcript expressed in tendon.
Overlapping products of PCR reactions 1 to 12 by specific primers (numbers in grey) are sequenced.
Reactions in the boxes are unique to either the larger or the smaller isoform. ATG and TAG indicates
the start and stop codons, respectively. Diagram not drawn to scale. (B) RNA was isolated from
mouse tail tendon cells and the 12 overlapping RT-PCRs were performed and visualised by gel
electrophoresis. Products were subsequently purified and confirmed by DNA sequencing. A cDNA
clone of the smaller Arhgap28 isoform was used as control template.
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Figure 17

Expression of V5-tagged Arhgap28 in NIH3T3 fibroblasts.

(A) Arhgap28 was cloned into a pcDNA6 vector where a V5-His6é tag was introduced into the
Arhgap28 sequence immediately 5’ of the stop codon. (B) RNA was isolated from NIH3T3 fibroblasts
transiently transfected with Lipofectamine only (L), the empty vector (E) or the Arhgap28-V5 clones
(#6 or #8). RT-PCRs were performed to detect the expression of house-keeping gene, GAPDH (221
bp) or Arhgap28-V5 using specific primers (329 bp). No RT controls confirmed the absence of
genomic contamination. (C) Protein was isolated for western blotting to detect V5-tagged protein
expression. A positive signal was detected at ~90 kDa. The predicted molecular weight of Arhgap28-
V5 is 85 kDa. Control lysates were included — Talin-V5 (60 kDa), mock transfection (=), myristoylated-
FAK-V5 (+; 175 kDa).
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included as positive controls for the antibody (see Fig. 17C). It is important to note
here that custom-made and commercial antibodies specific for Arhgap28 were also
tested but none detected a band corresponding to the one detected by the V5
antibody (see Appendix 5). These data confirm that this Arhgap28-V5 fusion protein

could be used in overexpression studies in vitro.

4.2.8 Arhgap28 negatively regulates RhoA signalling and stress fibre
assembly
To examine if Arhgap28 has the same negative regulatory effects on RhoA signalling
and actin stress fibres as Arhgap6 and Arhgap18, Sa0S-2 cells were selected for study
because they form prominent stress fibres in 2D culture (cells adhered to tissue culture
plastics or glass). Overexpression of Arhgap28-V5 was confirmed in transiently
transfected cells by western blotting using the anti-V5 antibody (Fig. 18A). Active RhoA
was examined by a rhotekin-GST pull-down assay to precipitate GTP-bound Rho. Total
lysate and bound fractions were analysed by western blotting using an antibody
specific for RhoA. Overexpression of Arhgap28-V5 caused a reduction in active RhoA
compared to cells transfected with the transfection reagent or the empty vector only
(Fig. 18B). Actin stress fibres were examined in transfected cells by phalloidin staining
and immunofluorescence using the V5 antibody. Sa0S-2 cells without staining for V5
exhibit prominent stress fibres (Fig. 18C). Cells expressing Arhgap28-V5, as identified
by staining with V5 antibodies, have disrupted actin stress fibres (Fig. 18C). Multiple
actin microspikes and membrane ruffles were also observed on the edge of these cells
(see Fig. 18C, arrows). These overexpression studies suggest that Arhgap28 expression

negatively regulates RhoA signalling.
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Figure 18

Arhgap28-V5 inhibits RhoA activation and stress fibre formation in Sa0S-2 cells.

Sa0S-2 cells were transfected with empty vector or Arhgap28-V5 cDNA. (A) The expression of
Arhgap28-V5 was confirmed by western blotting suing an antibody to V5. (B) Active RhoA was
measured by western blotting. A representative image of a western blot is shown (n = 2). (C) F-actin
in cells expressing Arhgap28-V5 were visualised under high magnification (x100) using anti-V5
antibodies and phalloidin (n = 3). Arrows point to membrane ruffling and F-actin protrusions. Bars =
25 pm.
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To examine if Arhgap28-V5 expression has the same effect in tendon cells, primary
embryonic chick tendon cells were transiently transfected with the Arhgap28-V5 clone.
These cells, like Sa0S-2 cells, have prominent actin stress fibres in vitro (see Fig. 19).
Expression of the V5-fusion protein in chick tendon cells was confirmed by staining
with the V5 antibody (Fig. 19). However, due to the low transfection efficiency of
primary cells (see Fig. 19A), the level of active RhoA would not be evident in a pull-
down assay. Under higher magnification, embryonic tendon cells stained positive for
V5 contained disrupted actin stress fibres compared to cells that have were not
stained positive with the V5 antibody (Fig. 19B). Similar to Sa0S-2 cells overexpressing
Arhgap28-V5, tendon cells expressing the fusion protein displayed multiple actin
microspikes and membrane ruffles (see Fig. 19B arrows). Taken together with the
findings observed in Sa0S-2 cells, these data indicate that Arhgap28 negatively

regulates RhoA-mediated actin stress fibre assembly.

4.2.9 Modulating RhoA signalling affects tendon matrix remodelling
Arhgap28 is upregulated during tendon tissue formation and downregulated when
tension is lost, therefore, it was hypothesised that Arhgap28 regulates RhoA-mediated
cell contractility during collagen matrix assembly and organisation. To examine the
effects of RhoA signalling on remodelling of collagen ECM, LPA was used to induce
RhoA activation. Sa0S-2 cells were treated with 5 uM LPA for 30 minutes in serum-free
conditions and an increase in active RhoA was detected, compared to basal levels in
controls (Fig. 20A). Assembly of actin stress fibres and focal adhesions were examined
using phalloidin and vinculin antibody staining. Sa0S-2 cells have prominent stress
fibres and large vinculin focal adhesions in the cell periphery even in serum-free and

0.1% DMSO controls (Fig. 20B). Cells treated with LPA appeared to have more stress
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Lipofectamine Empty vector + Arhgap28-V5

Figure 19

Overexpression of Arhgap28-V5 inhibits stress fibre formation in embryonic tendon cells.

(A) Primary embryonic chick tendon cells were transfected with empty vector or Arhgap28-V5 cDNA
(n = 3). Bars = 50 um. Arrows point to cells stained by V5 antibodies. (B) F-actin in cells
overexpressing Arhgap28-V5 were visualised under high magnification (x100) using anti-V5
antibodies and phalloidin. Arrows point to membrane ruffling and F-actin protrusions. Bars = 25 um.
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Figure 20

Modulating Rho signalling in Sa0S-2 cells affects collagen gel contraction.

Sa0S-2 cells were treated with and without 5 uM LPA in serum-free medium for 30 minutes. Serum-
free and 0.1% DMSO controls were included. (A) RhoA in total lysates and Rhotekin-GST-bound
fractions were measured by western blotting followed by densitometry. A representative image of a
western blot is shown. (B) Focal adhesions and actin stress fibres were visualised by
immunofluorescence using anti-vinculin antibodies and phalloidin. Bars = 100 pum. Arrows point to
perinuclear focal adhesions. (C) Collagen gel contraction assay was performed in the presence of
serum. The area of collagen gel was measured over 4 days. Bars show SEM. *** and * indicate

significant differences found when compared to 0.1% DMSO control, p < 0.001 and p < 0.05,
respectively.
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fibres, and more vinculin-stained focal adhesions located in the cell periphery and

close to the ventral side of nucleus (Fig. 20B, arrows).

Collagen gel contraction assay was performed to assess if modulating RhoA signalling
affects collagen remodelling. Sa0S-2 cells were plated onto collagen gels and treated
with 5 uM LPA or 10 puM of the ROCK inhibitor Y27632 (to inhibit the downstream
effector of RhoA activation), and the areas of the gels were measured over 4 days. Due
to the length of time in culture, this experiment was performed in the presence of
serum. In all conditions, cells appeared healthy and the collagen gels contracted down
to ~40% of the original area (Fig. 20C). No significant differences were observed in LPA-
treated collagen gels compared to 0.1% DMSO controls at any of the time points (Fig.
20C). This lack of difference could be due to the presence of growth factors in the
serum in the 0.1% DMSO controls. However, treatment with Y27632 significantly
inhibited the initial stages of gel contraction at 6, 24 and 48 hours (Fig. 20C),

suggesting that Rho signalling is required for collagen gel remodelling.

To examine if modulating RhoA signalling also affects tendon cells, embryonic chick
tendon cells were treated with 5 uM of LPA in serum-free conditions. LPA treatment
increased basal level of active RhoA compared to 0.1% DMSO control (Fig. 21A). LPA
also induced the assembly of more actin stress fibres and large vinculin focal adhesions
in these cells (Fig. 21B). These data confirms that LPA induces RhoA activation in
tendon cells. To determine if LPA treatment affects RhoA activation in tendon
constructs, they were treated at TO for 24 hours with 5 pM LPA in serum-free
conditions. Due to the interference by the large amounts of collagen in tendon

constructs, active RhoA assays could not be performed (Clark et al., 2010). However,

92



A Total Active

DMSO LPA DMSO LPA
RhoA

Control \ i| 0.1% DMSO

Figure 21

LPA stimulates RhoA activation and stress fibre formation in tendon cells.

Primary embryonic chick tendon cells were treated with and without 5 pM LPA in serum-free
medium for 30 minutes. (A) RhoA in total lysates and Rhotekin-GST-bound fractions were measured
by western blotting (n = 3). A representative image of a western blot is shown. (B) Focal adhesions
and actin stress fibres were visualised by immunofluorescence using anti-vinculin antibodies and
phalloidin (n = 3). Bars = 100 um.
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phalloidin staining of longitudinal sections confirmed that LPA could induce actin stress
fibre assembly in tendon constructs (see Fig. 22A), so a similar induction of contractile
actin stress fibres assembly via RhoA activation, observed in tendon cells in monolayer,

was predicted in tendon constructs.

To determine if modulating RhoA signalling affects remodelling of the tendon matrix,
fully formed tendon constructs were treated with LPA or Y27632 for two hours in
serum-free conditions. Then the tension was released and the rate of recoil was
measured at 10-second intervals over 30 minutes (Fig. 22B). A single exponential, 3-
parameter fit of the mean length of tendon constructs was calculated. The recoil
baseline deduced from this fit showed that tendon constructs treated with 0.1% DMSO
recoiled to 60% of their original length (Fig. 22C). LPA treatment significantly increased
recoil to 53% of the original length and tendon constructs treated with Y27632 could
only recoil to 71% of their original length (p < 0.001; Fig. 22C). The rate of contraction
was also deduced as a measure of ti;, which is the time taken for the tendon
constructs to achieve half of their recoil baseline. Control tendon constructs took 7.4 +
0.3 minutes, LPA treatment significantly reduced this to 5.4 + 0.1 minutes and tendon
constructs treated with Y27632 took significantly longer (11.2 + 0.1 minutes) to
contract to half its recoil baseline (p < 0.001; Fig. 22D). These data suggest that

contraction of the tendon matrix is mediated by Rho signalling that is tightly regulated.

4.2.10 siRNA-mediated knockdown of Arhgap28 in tendon constructs
The tendon construct recoil experiment provides an assay to test if Arhgap28 is
involved in regulating actin stress fibres and cellular contractility in combination with

use of RNA interference. If the hypothesis that Arhgap28 negatively regulates RhoA

94



0.1% DMSO

5 uM,LRA

B a
100 * 0.1% DMSO
& © 5uMLPA
CH
— % 10 uM Y27632
g
] ““,o
N o, L0
» '.."s"-.
© o
c LIS 3.
Eo '0.0.. :o.o.“ 3 .
. ) -,
% 75 :.f ..... ...' o’ .o .
(0] ’:".- .o~. ..0."..00 oe
%0 °° °.' o Sooon,,
= el '*"."v.-.'.'h".; T
(V] ® o0, ° o L .
hed wot” % S o .O.Q'.
qL) ° PO o p 1 ':
a ele Tee o, Mo, - . .
o® a'..l.‘ ¢.o:'. %‘\' ..o~v..~. :
50 ¢
0O n
0 300 600 900 1200 1500 1800
Time (s)
C 80 3 D 700 3 *ok ok
— * %k
X
< 600
res)
g) 60
02 * ok ok 500
£ ©
= c
% & D 400 * %k
o 5 40 -
3 6 = 300
S o
S:J Eé) 200
T 20
8
o 100
e
0 n 0O n
0.1% DMSO 5 puM LPA 10 uM 0.1% DMSO 5 uM LPA 10 uM
Y27632 Y27632
Figure 22

Modulating Rho signalling in tendon constructs affects tissue recoil.

Tendon constructs formed by primary embryonic chick tendon cells were treated with 5 uM LPA or
10 uM Y27632 for 2 hours in serum-free conditions. (A) Changes to actin stress fibres were observed
in longitudinal sections with phalloidin staining. Bar = 50 um. (B) After 2 hours, the constructs were
un-tensioned and the recoil length was measured at 10 second-intervals for 30 minutes. A single
exponential, 3-parameter fit was used to fit the mean values. Bars show SEM. (C) The recoil baseline,
which is the calculated length of the construct at the end of the exponential fit. (D) The half-time,
which is the time required to achieve half of the recoil baseline. *** indicates significant differences

found when compared to 0.1% DMSO, p < 0.001.
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and stress fibres is true, then knocking down Arhgap28 would lead to increased rate of
tendon construct tissue recoil. However, compensation from Arhgap6 and Arhgap18
might be expected. During this PhD, siRNAs targeting the chick Arhgap28 transcript
were tested (see Fig. 23). Due to low transfection efficiency of primary chick tendon
cells using Lipofectamine, the Amaxa electroporation system was tested as described
previously (Richardson et al., 2007). Electroporation of cells produced ~50%
knockdown in Arhgap28 mRNA levels (see Fig. 23A). However, the formation of tendon
constructs by these cells takes up to 9 days raised concerns regarding if siRNA
knockdown would persist. Therefore fully formed tendon constructs were removed
from culture and electroporated as described for embryonic chick tendons (Richardson
et al. 2007). However, consistency with knockdown data obtained from cells was not
achieved (see Fig. 23A) and that tendon constructs were no longer under tension made
this method undesirable. An alternative method of electroporation was tested; a Grass
Instruments SD9 Stimulator that is often used to deliver molecules including siRNAs to
Xenopus embryos via electroporation (described by Bonev et al., 2011; see Fig. 23B).
The method was optimised using labelled oligos and propidium iodide staining for cell
death (see Fig. 23C). However, due to the limited penetration of the siRNAs into the
tissue, a notable knockdown in Arhgap28 mRNA level was not detected (see Fig. 23D).
For further investigating of the function of Arhgap28, a suitable method for knocking

down is required.

4.3 Discussion
This chapter described a possible new function for the novel RhoGAP, Arhgap28, in the
regulation of RhoA activation and actin stress fibre formation. Arhgap28 was

upregulated during the formation of an organised embryonic tendon matrix in vivo and
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Figure 23

Strategies used to knockdown Arhgap28.

(A) Arhgap28 was targeted for knockdown using siRNAs (100 or 300 pmol) in primary embryonic
chick cells using Lipofectamine and Amaxa electroporator, and in in tendon constructs using the
Amaxa. Arhgap28 mRNA levels were measure by qPCR (n = 2). (B) Fully formed tendon constructs
made with embryonic chick tendon cells on Sylgard were cut away from the well. Excess Sylgard was
cut away from the edges, a hole in the Sylgard was cut from underneath the construct with
disturbing the tissue and the minutien pins were trimmed down. The tendon construct attached to
the Sylgard was then inverted into a 35 mm dish containing Sylgard with a trough to fit the construct.
75 — 100 ul of Ringer’s buffer containing 300 or 500 pmol siRNA or 2 um FITC-labelled control oligos
was pipetted into the trough, covering the construct. The electroporation apparatus was arranged so
that electrodes were on either sides of the width of the construct without any contact. Electrical
current of 20 V for 50 ms was applied twice with normal polarity and repeated twice with reverse
polarity. Each construct was treated at 4 points evenly along the construct. Constructs were then
placed in a well containing complete medium and incubated for 24 hours at 37°C, 5% CO,. (C)
Constructs were stained with propidium iodide and imaged for cell death and oligo uptake. (D) gPCR
analysis of Arhgap28 mRNA level. Fold changes in mRNA levels were normalised to GAPDH (2-2ACt
values). Bars show SEM.
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in vitro. Arhgap28 was further upregulated during the cellular tension-dependent
improvement in the matrix mechanical properties, but downregulated when the
matrix was no longer under tension. Expression of a C-terminal V5 fusion Arhgap28
protein caused a reduction in basal levels of active RhoA and disruption to stress
fibres. These results indicate that Arhgap28 negatively regulates stress fibre assembly
via inactivation of RhoA, providing a mechanism by which cellular tension is regulated
in fibrous tissues. The development of mechanical integrity of the tendon matrix has
been shown to be dependent on actomyosin machinery (Kalson et al., 2010). In this
study, remodelling of collagen matrices was found to be regulated by Rho signalling.
These findings implicate Arhgap28 in the development of the tendon matrix, by

suppressing over active cellular contractility.

Arhgap28 was identified in Chapter 3 as differentially upregulated in embryonic
tendon tissue in a microarray comparing rat tail tendon tissue at different
developmental stages. This upregulation was validated in the rat flexor tendon, mouse
tail tendon, and in tendon constructs formed by hMSCs and embryonic chick tendon
cells, suggesting that the role of Arhgap28 in the formation of an organised collagen
ECM is highly conserved. Significant upregulation of Arhgap28 commenced from TO in
tendon constructs form by chick cells. This upregulation from TO was concurrent with
upregulation in gene expression of COL1A1, fibronectin and B1 integrin, which are

required for collagen fibrillogenesis.

During the formation of tendon constructs, there was also an upregulation in cell-
matrix adhesion proteins (tensin and a-actinin) and Rho GTPases (RhoA, Racl, Cdc42

and RhoQ), which are involved in actin reorganisation and the assembly of contractile
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stress fibres (discussed in the Introduction). As well as Arhgap28, the upregulation of
previously characterised RhoGAPs, Arhgap6, Arhgap18 and DLC1, were also observed
from TO in tendon constructs. These RhoGAPs have been shown to regulate actin
stress fibre assembly (Maeda et al., 2011, Prakash et al., 2000, Wong et al., 2008, Zhou
et al., 2008). Together, these results suggest that major actin reorganisation events
occur during tendon matrix assembly and development of mechanical properties, and
that Rho GTPases signalling required cell contractility are tightly regulated by a number
of RhoGAPs. Interestingly, Racgapl was only significantly upregulated at d3 in fibrin
gels, before the tendon constructs are formed. This is most likely because Racgapl, a
GAP with specificity for Racl and Cdc42, and is associated with cell migration and

invasion through ECM (Wang et al., 2011).

Tensioning of the tendon matrix involves actomyosin-mediated cell contractility
(Kalson et al., 2010). Untensioning of tendon constructs did not affect the expression
of Rho GTPases. However, Arhgap28, Arhgap6 and the adhesion proteins examined
(vinculin, tensin and a-actinin) were all significantly downregulated after 24 hours,
suggesting that these molecules are involved in the tensioning of the tendon matrix.
Cellular tension is generated by actin stress fibres (Burridge and Chrzanowska-
Wodnicka, 1996). In this context, the closely related Arhgap6 and Arhgap18 regulate
the formation actin stress fibres via RhoA (Prakash et al., 2000, Maeda et al., 2011). In
this study, overexpression of Arhgap28-V5 caused a reduction in RhoA activity, loss of
stress fibres, which is similar to the effects observed for Arhgap6 and Arhgapl8
(Prakash et al., 2000, Maeda et al., 2011). Overexpression of Arhgap28-V5 also caused
an increase in occurrence of membrane protrusions and ruffling. Sustained RhoA

activity has inhibitory effects on Racl- and Cdc42-activated lamellipodia and filopodia
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formation (Arthur and Burridge, 2001, Cox et al., 2001), which explains the appearance
of actin microspikes and membrane ruffles in Arhgap28-overexpressing cells. Assays
assessing levels of active Racl and Cdc42 in cells overexpressing Arhgap28-V5 would
confirm this. These data suggest that Arhgap28 negatively regulates RhoA signalling in

embryonic tendon cells, which could be critical for responding to tensile stresses.

Collagen gel remodelling by fibroblasts is regulated by Rho-ROCK-generated cellular
tension (Grinnell et al., 2003). Here, modulating Rho-ROCK signalling via treatment
with LPA and the ROCK inhibitor Y27632 confirmed that Rho signalling is required for
collagen ECM remodelling. Unlike collagen gels, where there is a meshwork of fibrils,
the collagen fibrils in embryonic tendon are highly organised in parallel bundles. LPA
and Y27632 treatment of tendon constructs confirmed that contraction of tendon-like
ECM is also regulated by Rho signalling. In migratory cells, RhoA signalling mediates
the retraction of the tail to allow the cell to move forward (Worthylake et al., 2001).
However, fibroblasts in normal tissues are non-migratory. It has been demonstrated
that stress fibre contraction in non-migratory cells lead to stronger focal adhesions
(Chrzanowska-Wodnicka and Burridge, 1996). These data suggest that tendon cells are
in contact with the ECM via cell-matrix adhesions, which are linked to contractile stress

fibres.

RhoA-mediated stress fibre contraction has been shown to be required for the
stretching of fibronectin molecules (Yoneda et al., 2007, Zhong et al., 1998). However,
Arhgap28 and Arhgap6 upregulation during collagen fibrillogenesis in tendon
constructs suggest that the actomyosin-mediated contractility is tightly regulated. It

would be interesting to explore further the role of RhoA signalling and actin stress
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fibre on the mechanical integrity and organisation of tendon ECM. One reason why it
would be important to regulate stress fibres during the establishment of a strong
tendon ECM is for alignment of collagen fibrils. For example, the purpose of stress
fibres in myofibroblasts is to remodel the collagen fibres at the wound site into parallel
bundles along the long axis (Hinz et al., 2001). A similar mechanism might be involved

during the remodelling of collagen fibrils in tendon tissue.

In summary, Arhgap28 is a RhoGAP that regulates RhoA and stress fibre formation
during the assembly of a strong, organised collagen ECM. RhoA signalling is required
for remodelling of collagen matrices, via contractile stress fibres and cell-matrix
adhesions. Therefore, in tendon tissues, Arhgap28 is predicted to be important for the
alignment of collagen fibrils in the ECM and improve its tensile properties. In future
work, it will be interesting to explore if modulating RhoA signalling by knockdown of
Arhgap28, perhaps by lentiviral-delivery of shRNAs, affects collagen fibril organisation

and cell-matrix adhesions.
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5. Study of Arhgap28 Function in the Arhgap28° Reporter Mouse

and Arhgap28”' Knockout Mouse

5.1 Chapter introduction

In Chapter 4, Arhgap28 was shown to regulate RhoA and assembly of stress fibres,
which are required for the generation of cellular tension in tendon tissues. To
complement the in vitro overexpression studies, a knockout approach was taken to
study the function of Arhgap28 in ECM organisation in vivo. Chapter 5 describes two
mouse models for the disruption of the Arhgap28 gene — using a gene trap approach
(Arhgap28°" mouse) and cross breeding this Arhgap28’" mouse with a Cre transgenic

del mouse, where exons 7-9 were excised from the

mouse to produce the Arhgap28
Arhgap28 gene. The gene trap approach was unsuccessful at disrupting the expression
of wild type Arhgap28 transcript, but the Arhgap28’" mouse was used to report the
spatial and temporal activation of the Arhgap28 gene. Development of tendon

del/del

appeared to be unaffected in Arhgap28-deficient, Arhgap28 mice. However, as

will be discussed below, RNA analysis suggests that upregulation of Arhgap6 might

compensate for the lack of Arhgap28 in Arhgap28%/

mice. The reporter mouse
showed that Arhgap28 expression was activated prominently in bone from E18.5. Data
obtained at the end of the PhD period of study from a microarray comparison of PO
wild type and Arhgap28de'/de' bone tissues showed a downregulation in genes that are

linked to bone dysplasia. This data might suggest that the Arhgap28-null mice have a

bone ECM phenotype.
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5.2  Results
5.2.1 Targeted disruption of the mouse Arhgap28 gene by gene trapping

Arhgap28 gene trap (Arhgap28°') mice were generated as described in section 2.9.1
using ES cells containing the L1L2_Bact_P targeting gene trap cassette (including the
genes encoding B-galactosidase and neomycin) introduced into intron 6 of the
Arhgap28 gene. The ES cells were purchased from KOMP (NIH Knockout Mouse
Project; see Fig. 24). The insertion of the gene trap at this position is predicted to
disrupt expression of the endogenous Arhgap28 transcript and instead a PB-
galactosidase fusion transcript will be expressed under the control of the endogenous
promoter of the Arhgap28 gene. A PCR strategy was devised to confirm the genotypes
(wild type, heterozygous or homozygous) of pups in a single reaction (see Fig. 24). A
forward primer and a reverse primer that span intron 6 were used so that a 493 bp
product confirmed the presence of the wild type allele. The same forward primer and
an additional reverse primer that binds the 5’ end on the gene trap cassette were used

to produce a 354 bp product and confirmed the presence of the Arhgap28°* allele.

5.2.2 Arhgap28°/° mice are viable
Mice heterozygous for the Arhgap28°" allele were viable and fertile. Litters resulted
from cross breeding heterozygotes were examined during embryonic development (at
E12.5, E15.5 and E18.5) and a normal Mendelian distribution of genotypes was
observed (see Table 7). Only 4 out of 39 embryos at E15.5 were resorbed. Pups aged
between PO and P7 from heterozygous breedings were also genotyped. Although
Arhgap28gt/gt mice survived and were indistinguishable from their littermates,
homozygotes accounted for 8 + 3% of the genotypes, instead of the expected 25% (see

Table 7). A possible explanation was that some homozygous pups were eaten by their
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Figure 24

Genotyping for the Arhgap289t allele by PCR.

Schematic showing the genotyping strategy for identifying the presence of the gene trap cassette
targeted to the Arhgap28 gene. Representative gel image of genotyping PCR products performed as
described in section 2.9.2. DNA from wild type (+/+) animals will only produce a 493 bp product
whereas DNA from homozygous (gt/gt) animals will only produce a 354 bp product and DNA from
heterozygous (+/gt) animals will produce both bands.

:Day of gestation +/+ +/gt gt/st resorbed
E12.5 2 5 3 0
E15.5 8 21 6 4
E18.5 2 7 2 0
Percentage * SEM 20+ 4% 54 £+ 5% 19+ 6% 6+6%
Born 31 55 11

Percentage * SEM 32+6% 60+ 5% 8+3%

Table 7
Mendelian ratio of heterozygous Arhgap289t matings.
Percentage of wild type (+/+), heterozygous (+/gt) and homozygous (gt/gt) offspring.
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mothers as no adult deaths were observed.

5.2.3 Arhgap28°/° mice do not display histological abnormalities
Arhgap28 is upregulated in tendon during embryonic development and detected in
various tissues in newborn mice (see Chapter 4). To examine if limb development was
affected by the mutant allele, Arhgap28gt/gt embryos were examined histologically. No
apparent differences between wild type, Arhgap28™% and Arhgap28°7%* embryos were
observed (see Fig. 25A). Tail tendons from E15.5 embryos were examined by TEM to
detect any changes during the establishment of the tendon ECM (see Fig. 25B).
Features such as fibripositors, plasma membrane channels and narrow-diameter
collagen fibrils were seen in tendons of wild type and homozygous embryos, with no

apparent differences between them.

To investigate if expression of the Arhgap28 transcript in mice with the Arhgap28
allele was disrupted, RNA from tendons of PO mice was isolated and analysed by RT-
PCR. The genotypes of the mice were confirmed (see Fig. 25C). Analysis of gene
expression using primers that span exon 6 to exon 11 would produce a 624 bp product
if an intact Arhgap28 transcript were present. Surprisingly, intact Arhgap28 transcript
was detected in tendon tissue isolated from Arhgap28gt/gt mice (see Fig. 25D). This
result meant that the predicted splicing between exon 6 and the splice acceptor of the
reporter gene did not occur. PCRs detecting expression of COL1A1 and GAPDH served
as control reactions and no differences were observed between wild type and
Arhgap28°/%" mice (Fig. 25D). These data suggest that Arhgap28°7* mice develop
normally because Arhgap28 gene was not sufficiently disrupted by the gene trap

cassette.
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Figure 25

Mice homozygous for the Arhgap289t allele appear normal.

(A) Sagittal sections of wild type (+/+), heterozygous (+/gt) and homozygous Arhgap289mutant (gt/
gt) embryos at gestation day E15.5 stained with H&E and close-up of the limbs. (B) Representative
micrographs of transverse sections of tail tendon from wild type and Arhgap289/9t mutant E15.5
embryos examined by TEM. Bars = 1 pm. (C) DNA was isolated from wild type, Arhgap28*/4t and
Arhgap289Y/9t mutant neonatal tail tendons cells to confirm genotypes. (D) RNA was also isolated RT-
PCR was performed to detect the expression of Arhgap28 transcript spanning from exon 6 to 11,

Collal and GAPDHs.
107



5.2.4 Arhgap28 has a restricted expression pattern through embryonic
development
The expression of the reporter gene, B-galactosidase, in the gene trap cassette is
driven by the promoter of the Arhgap28 gene. Its expression was used to track the
spatial and temporal expression of Arhgap28 during embryonic development. B-
galactosidase activity was localised in embryos by X-gal staining. B-galactosidase
activity had a restricted spatial pattern and could be detected from E11.5, the earliest
time point examined, to E18.5, just before birth (see Fig. 26A). B-galactosidase activity
was observed in what appeared to be mesenchymal progenitors and later, at E18.5, in
bone tissues. E18.5 embryos were sectioned and counter stained with Alizarin red S to
localise bone tissue. Cells stained positive for B-galactosidase activity were localised to
the calcified portions of long bones and ribs (see Fig. 26B). Surprisingly, B-galactosidase
activity was not observed in tendon tissues, which might suggest that the Arhgap28

promoter is not as active as in bone tissues during late-embryonic development.

5.2.5 Targeted disruption of the Arhgap28® allele by Cre recombinase
An alternative strategy to disrupt the Arhgap28 gene was to cross breed Arhgap28+/gt
mice with Cre transgenic mice (as described in section 2.9.1). In the gene trap cassette
designed by KOMP, loxP sites flank exons 7 and 9 of the Arhgap28 gene. Therefore,
expression of Cre recombinase would be expected to excise exons 7, 8 and 9, and

%l allele (see Fig. 27A). The absence of exons 7-9

produce mice harbouring an Arhgap28
would cause a shift in the coding sequence and if this mutant Arhgap28 transcript
were stable and translated, it would produce a truncated (312 aa instead of 729 aa)

protein without the RhoGAP domain, represented in Appendix 6. The PCR strategy

described previously (section 5.2.1) was used to confirm genotypes (wild type,
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Figure 26

Spatial and temporal expression of Arhgap28 in Arhgap289Y/9t reporter mice.

Embryos from time-mated heterozygous Arhgap289t mice were stained with X-gal and genotyped. (A)
Embryos homozygous for the Arhgap289t allele were imaged. Wild type embryos acted as controls
(not shown). Bars = 2 mm.(B) Arhgap2897/9t embryos from E18.5 litters were processed for wax
embedding and sagittal sections were counterstained with Alizarin red S to stain for calcified matrix.
Areas of where X-gal-positive cells are shown. Cells stained positive with X-gal are blue green and
red shows tissues stained with Alizarin red S. Bars = 200 um.
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Figure 27

Genotyping for the Arhgap28?¢ allele by PCR.

(A) Schematic showing the genotyping strategy for identifying the presence of the gene trap cassette
targeted to the Arhgap28 gene and for the detection of Arhgap28 del7-9 KO allele. (B)
Representative gel image of genotyping PCR products performed as described in section 2.9.2. In the
first genotyping PCR which distinguishes between wild type (493 bp) or mutant Arhgap28 allele
(either the Arhgap289t or Arhgap28%! allele; 354 bp). The second genotyping PCR tests for the
presence of the Arhgap289 allele, the product of the mutant Arhgap28 allele after Cre recombinase-
mediated DNA excision (400 bp). The third genotyping PCR tests for the presence of the deleter Cre
transgene (350 bp).
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heterozygous or homozygous) of pups in a single reaction (see Fig. 27B). A second PCR
confirmed the presence of the new Arhgap28de' allele. A third PCR confirmed the

%l allele were

presence of the Cre transgene. Mice heterozygous for the Arhgap28
viable and fertile. Litters resulted from cross breeding heterozygotes had a normal

Mendelian distribution of genotypes: 30 £ 9% wild types; 49 + 5% heterozygotes; and

22 + 8% homozygotes (+ SEM; from a total of 37 pups, in 8 litters).

5.2.6 Arhgap28?/? mice do not display histological abnormalities despite
expression of a truncated Arhgap28 transcript
Arhgap28de'/de' embryos (E15.5) were examined histologically and no apparent
differences were observed compared to wild types (see Fig. 28A). RT-PCR was
performed on RNA isolated from neonatal tendon cells using primers that spanned
exons 6 to exons 11, which would produce a 624 bp product if an intact Arhgap28
transcript were present. In cells isolated from wild types, expression of intact
Arhgap28 transcript was confirmed (see Fig. 28B). In cells isolated from Arhgap28+/de’
and Arhgap28de’/de' mice, a PCR product of ~350 bp was amplified and confirmed by
DNA sequencing to lack sequences encoded by exons 7-9 of the Arhgap28 transcript
(see Fig. 27B). The predicted amino acid sequence that resulted from Arhgap28de'
transcript was slightly longer than expected, 367 aa (instead of 312 aa), which was

probably the result of altered intron-exon splicing, causing some foreign sequences to

remain in the transcript (shown in Fig. 28B and Appendix 6).

5.2.7 Arhgap28°¢/? mice do not display tendon abnormalities
Tail tendons from E15.5 Arhgap28de'/de’ embryos were examined by TEM to detect any

changes during the establishment of the tendon ECM (see Fig. 29A). Features such as
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Figure 28

Mice homozygous for the Arhgap28°! allele appear normal.

(A) Sagittal sections of wild type (+/+) and homozygous Arhgap28 del7-9 mutant (gt/gt) embryos at
gestation day E15.5 stained with H&E. (B) RNA was isolated from wild type, Arhgap28+/@¢ and
Arhgap289e//del mutant neonatal tail tendons cells and RT-PCR was used to detect expression of wild
type and mutant Arhgap28 transcript spanning from exons 6 to 11. RT-PCRs for Collal and GAPDH
was used as loading controls. (C) The sequence of the mutant Arhgap289! transcript is shown.
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fibripositors, plasma membrane channels and narrow-diameter collagen fibrils were

seen in tendons of wild type and Arhgap28€/!

embryos, with no apparent differences
between them. As an indication of mechanical strength, the elastic modulus of tail
tendons isolated from 2-week-old pups was measured (as described in section 2.9.5;
from a total of 14 pups, in 2 litters). No significant differences were found in the elastic
modulus of tail tendons between wild type, heterozygous and homozygous
Arhgap28de' mice (see Fig. 29B). These data suggest that Arhgap28 is not essential for

the development of tendon tissue, albeit in the presence of potential compensating

mechanisms.

The results in Chapter 4 implicated a role for Arhgap28 in regulating stress fibres.
Tendon cells were isolated from PO tail tendons of wild type, heterozygous and

homozygous Arhgap28°

mice and the stress fibres were examined by phalloidin
staining. Tendon cells of all genotypes were able to attach to tissue culture plastics and
glass, and no apparent differences were observed in cell spreading and stress fibres in
Arhgap28de'/de' tendon cells compared to wild types (see Fig. 29C). These observations

suggest that Arhgap28 may not be the only RhoGAP regulating actin reorganisation in

these cells.

5.2.8 Comparison of gene expression between bone tissues of wild type and
Arhga28°¢/%' mutant mice
Arhgap28 is prominently expressed in bone tissues from E18.5, as indicated by the B-
galactosidase reporter assay (see Fig. 26). To understand the function of Arhgap28 in
vivo, the effect of loss of Arhgap28 was further investigated in bone tissues. First, RNA

del/del

was isolated from the tibia and fibula of PO wild type and Arhgap28 mice, and
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Figure 29

Arhgap28?¢' mice appear to have normal tendon development.

(A) Representative micrographs of transverse sections of tail tendon from wild type and Arhgap28%!
mutant E15.5 embryos examined by TEM. Bars = 1 um. (B) Elastic modulus of tail tendons from P14
mice (p = 0.58). n indicates the number of tendons measured. (C) F-actin in primary tendon cells
isolated from PO mouse tails were visualised using phalloidin. Bars = 50 um.
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overlapping PCRs were performed to determine which Arhgap28 isoform was
expressed in bone tissues and if the mutant transcript could be detected in mutant
mice (Fig. 30A). The larger isoform of Arhgap28 was expressed in wild type bone
tissues, which is the same isoform expressed in tendon tissues (see Fig. 29B). The
overlapping PCRs confirmed that exons 7-9 were absent in the Arhgap28 transcript of
Arhgap28°?/?®" mutants (see Fig. 30B). The products of these reactions were sequenced

del/del mutants would be

and confirmed that the transcript expressed in Arhgap28
translated into the 367 aa protein, lacking in a functional RhoGAP domain (for the

sequences, see Appendix 6).

To investigate the possibility that other RhoGAPs can compensate for the absence of
Arhgap28, such as Arhgap6, Arhgap18, DLC1 and Racgap1l (as discussed in Chapter 4),
the expression of these genes was examined in wild type and Arhgap28de'/de’ bone
tissues by gPCR (Fig. 31). Arhgap28 expression was detectable in tissues from
Arhgap28de'/de' mice, which was expected because the mutant transcript is stable (see
Fig. 31A). However, it was clear that it was at significantly lower levels compared to
expression in bone tissues from wild type mice (p < 0.001; Fig. 31A). Surprisingly, a
significant 2-fold upregulation in Arhgap6 expression was detected in Arhgap28de'/de’
tissues (p < 0.001), but no differences were found in the expression of Arhgap18, DLC1
and Racgapl (see Fig. 31A and B). These data show that in tissues devoid of functional
Arhgap28, there is compensatory upregulation of Arhgap6, which might indicate that
the Arhgap6-Arhgap28 pair might co-regulate the same Rho signalling pathway for
actin reorganisation. In addition to RhoGAPs, expression of Rho GTPases were also

examined. A significant upregulation in RhoA expression, but not in expression of Racl,

Cdc42 or RhoQ, was found in Arhgap287¢/?® bone tissues compared to wild type (p <
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Figure 30

Comparison of the full length transcripts of wild type and Arhgap28?¢ alleles.

PCR strategy used to examine the Arhgap28 transcript expressed by wild type and Arhgap28de/del
mice. (A) Overlapping products of PCR reactions 1, 4, 6-7, 9-14 by specific primers (numbers in grey)
are sequenced. Reactions in the box will not produce a product with cDNA from Arhgap28de/del. ATG
and TAG indicates the start and stop codons, respectively. Diagram not drawn to scale. (B) RNA was
isolated from the tibia and fibular of PO mice, and the 10 overlapping RT-PCRs were performed and
visualised by gel electrophoresis. Products were subsequently purified and confirmed by DNA
sequencing.
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Expression of RhoGAPs and Rho GTPases in Arhgap28d¢/del hone tissues.

RNA was isolated from bone tissues (from tibia and fibula) of PO wild type and Arhgap289e/del mice.
(A) The expression of genes encoding Arhgap28 and related RhoGAPs, Arhgap6 and Arhgapl8; (B)
candidate RhoGAPs, DLC1 and Racgapl; and (C) Rho GTPases, RhoA, Racl, Cdc42 and RhoQ was
quantified by gPCR (n = 3). Fold changes in gene expression normalised to GAPDH (222t values).
Bars show SEM. *** and * indicate significant differences found when compared to wild type, p <
0.001 and p < 0.05, respectively.
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0.05; see Fig. 31C). Again, these data were indicative of a role of Arhgap28 in RhoA

regulation.

5.2.9 Comparative microarray and gene ontology analysis
To identify global changes in gene expression, microarray analysis was performed to

del/del mice.

compare RNA from bone tissues (tibia and fibula) of wild type and Arhgap28
The integrity of the RNA samples isolated from wild type and Arhgap28de'/de' bone
tissue was analysed by gel electrophoresis (Fig. 32A). The microarray readouts were
analysed by dChip analysis and PCA, as described previously in section 3.2.2. PC #1
accounted for 46% of the total variability between samples, grouping the triplicates of
wild type and Arhgap28-null bone tissues (see Fig. 32B). The data from dChip analysis
is presented in Table 8. The median intensities of the arrays were between 137 and
184 (arbitrary units; see Table 8). Hybridisation to 60-63% of the probe sets was
detected (see P call % in Table 8). Percentage of array and single outliers showed no
anomalies in the readouts of individual probe sets and probes (see Table 8). A total of
45, 037 probe sets were detected. However, only 363 probe sets showed differential
expression 2 t 2 fold difference. A heat map generated by hierarchical clustering of all

the genes (or probe sets), based on similarities in the expression level and the

expression profile is shown in Appendix 7.

The microarray readouts indicated that Arhgap28 expression was detected by 3 probe
sets, which showed that Arhgap28 was downregulated in Arhgap28de’/de' bone by 1- to

2.5-fold (see Table 9). This was expected because a 3’ microarray was used and the

del

mutant Arhgap28™ transcript contains the endogenous 3’-end. In contrast to the gPCR

analyses performed previously (see Fig. 31), readouts for Arhgap6 did not show a
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Figure 32

RNA isolated from Arhgap28*/* and Arhgap289!/9¢l bone tissues for microarray.

(A) Agarose gel showing total RNA isolated from triplicate samples of PO tibia and fibula tissues from
wild type and Arhgap289e//?e! mice. (B) PCA mapping of variability between the array samples.

:ArrayA Median Intensity® P call %°¢ % Array outlier® % Single outliert
wt_1 142 63.3 0.353 0.106
wt_2 184 61.2 0.081 0.037
wt_3 180 60.15 0.184 0.072
del_1 137 61.7 0.339 0.091
del_2 143 61.6 0.306 0.100
del_3 139 63.4 0.554 0.158

Table 8

dChip analysis of microarray data sets.

(A) Triplicate samples of RNA from tibia and fibula of PO Arhgap28** (wt) and Arhgap289e/de! (del)
mice indicated by the number at the end of each array name. (B) Median intensity of microarray chip
for each triplicate of each experimental group. (C) Present (P) call percentage indicates the
percentage of total probe sets detected. (D) Array outlier percentage indicates the percentage of
probe sets that have outliers in the average readout profile of each probe within a probe set. (E)
Percentage single outlier indicates the percentage of probes that do not have the same intensity
pattern of other probes within the probe set.
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Gene Gene symbol Wild type Arhgap28del/del Fold change q value

RhoGAP genes
Arhgap28 Arhgap28 271.7 110.3 -2.5 0.037
82.5 76.5 -1.1 0.345
67.1 64.2 -1.0 0.466
Arhgap6 Arhgap6 62.2 62.1 -1.0 0.656
271.4 275.8 1.0 0.607
20.2 24.7 1.2 0.257
Arhgap18 Arhgap18 488.6 397.5 -1.2 0.106
82.2 73.2 -1.1 0.356
Deleted in liver DLC1 48.6 52.3 1.1 0.413
cancer 1
Racgapl Racgapl 7.8 8.3 11 0.439
751.7 890.4 1.2 0.194
414.0 511.0 1.2 0.123
Rho GTPases genes
RhoA RhoA 51125 5060.3 -1.0 0.627
4777.4 4752.9 -1.0 0.643
12.9 16.3 1.3 0.099
Racl Racl 3672.1 3349.2 -1.1 0.254
3591.8 3611.5 1.0 0.645
14.5 18.0 1.2 0.085
Cdc42 Cdc42 239.8 190.0 -1.3 0.197
4229.0 3745.1 -1.1 0.191
3386.3 3059.5 -1.1 0.352
8834.9 8114.0 -1.1 0.270
RhoQ RhoQ 2126.4 2001.0 -1.1 0.520
actin genes
alpha-skeletal actin Actal 334.1 94.0 -3.6 0.015
alpha-cardiac-actin Actcl 687.1 223.8 -3.1 0.046
bone collagen genes
collagen, type |, Collal 10217.8 10997.6 1.1 0.413
alpha 1 10473.8 11427.3 1.1 0.528
collagen, type |, Coll1a2 321.6 767.0 2.4 0.163
alpha 2 23205.8 24471.2 1.1 0.422
19122.7 1024.8 1.1 0.444
collagen, type X, Coll0al 1917.6 1024.8 -1.9 0.056
alpha 1
Table 9

Expression of genes of interest in Arhgap289e/el hone tissues.
Comparison of gene expression in wild type and Arhgap289/de bone tissues. Mean intensities from
hybridisation of triplicate samples to probe set(s) for the genes listed.
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differential expression (with a fold change > +2) in Arhgap28de'/de’ bone (see Table 9).
Expression of the RhoGAPs (Arhgapl18, DLC1 and Racgapl) and Rho GTPases (RhoA,
Racl, Cdc42 and RhoQ) also showed no differential expression in Arhgap28de'/de’ bone
(see Table 9). The discrepancy between the microarray and the qPCR analyses could be
because gPCR is a more quantitative and sensitive method of detecting gene
expression. Interestingly, the actin genes detected by this microarray study, ACTA1 and

del/del

ACTC1, were both downregulated by ~3-fold in the bone tissue of Arhgap28 mice

(see Table 9).

DAVID online tool was used to perform gene ontology analyses on probe sets showing
a differential expression > 2-fold (as described in Chapter 3). After filtering the data, 57
probe sets detected genes that were downregulated in the mutant samples and 306
probe sets detected genes that were upregulated in the mutant samples. DAVID
identified 10 functional annotation clusters in the genes that were downregulated. The
top 3 annotation clusters and the genes that are over-represented in these clusters are
listed in Table 10. All three clusters contained genes indicative of a cartilage ECM, for
example, COL2A1, COL9A1, hyaluronan and proteoglycan link protein 1 (HAPLN1),
matrillin 1 (MATN1) and MATN3, and some genes that are linked to negatively
regulating bone mass, angiotensin Il receptor, type 2 (AGTR2) and a transmembrane

protein called delta-like 1 homolog (DLK1).

For genes that were upregulated in mutant bone tissue, 65 annotation clusters were
identified and the top 3 clusters are listed in Table 11. The genes that were over-
represented in the first cluster were genes involved in targeting proteins for

ubiquitination. For example, this cluster contained 13 E3 ubiquitin protein ligases,
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Cluster Matched
components® pvalue® genes® Gene names (if annotated) of corresponding probe IDs in the GO listP

Annotation cluster 1, Enrichment score 6.72

SP_PIR_KEYWORDS 4.13E-11 21 Egfl6, Haplnl, Mial, Sfrp4, Ccl6, Col2al, Lectl, Ptn, Matn3, Ecrg4, Matn3, HapIn1l,

secreted Ccl12, Comp, C1qtnf3, Angptll, Hapinl, Nts, Mfap5, Haplnl, Epyc, Ecrg4, Mmrn1,
Cmal, Col9al, Cxcl14

G0:0005576~ 6.53E-10 22 Egfl6, Haplnl, Mial, Sfrp4, Ccl6, Col2al, Lectl, Ptn, Matn3, Ecrg4, Hapln1, Matn3,

extracellular region Ccl12, Comp, C1lqtnf3, Angptll, Hapinl, Nts, Mfap5, Matn1, Hapin1, Epyc, Ecrg4,
Mmrn1, Cmal, Col9al, Cxcl14

SP_PIR_KEYWORDS  1.06E-7 24 Egfl6, Mial, Sfrp4, Ccl6, Col2al, Snorc, DIk1, Ptn, Matn3, Ecrg4, Matn3, Ccl12, Comp,

signal Clqtnf3, Cd300Id, Angptll, Nts, Mfap5, Matn1, Cpa3, Epyc, Ecrgd, Mmrn1, Cmal,
Col9al, Cxcl14

G0:0044421~ 1.57E-7 14 Hapin1, Hapln1, Angptl1, Egfl6, DIk1, Mfap5, Matn1, Col2al, Haplnl, Epyc, Ptn, Matn3,

extracellular region Hapinl, Matn3, Col9al, Ccl12, Cxcl14, Comp

part

UP_SEQ_FEATURE 7.64E-7 24 Egfl6, Mial, Sfrp4, Ccl6, Col2al, Snorc, DIk1, Ptn, Matn3, Ecrg4, Matn3, Ccl12, Comp,

signal peptide Clqtnf3, Cd300ld, Angptll, Nts, Mfap5, Matn1, Cpa3, Epyc, Ecrgd, Mmrn1, Cmal,
Col9al, Cxcl14

UP_SEQ_FEATURE 1.86E-6 21 Egfl6, Haplnl, Mial, Sfrp4, Ccl6, Lectl, DIk1, Ptn, Matn3, Matn3, Hapin1, Ccl12, Comp,

disufide bond Agtr2, Cd300Id, Angptl1, Hapinl, Matn1, Cpa3, Hapinl, Epyc, Mmrn1, Cmal, Col9al,
Cxcl14

Annotation cluster 2, Enrichment score 3.78

G0:0005578~ 1.48E-7 10 Egfl6, Haplnl, Hapln1, Mfap5, Matn1, Col2al, HapIn1, Epyc, Ptn, Matn3, Matn4,
proteinaceous ECM Hapin1, Col9al1, Comp

G0:0031012~ 2.07E-7 10 Egfl6, Haplnl, Hapln1, Mfap5, Matn1, Col2al, Hapln1, Epyc, Ptn, Matn3, Matn4,
extracellular matrix Hapinl, Col9al, Comp

SP_PIR_KEYWORDS  1.48E-5 7 Hapln1, Hapin1, Egfl6, Hapin1, Mfap5, Col9al, Comp, Col2al, Hapinl, Epyc
extracellular matrix

G0:0007155~ 7.13E-3 6 Hapln1, Hapln1, Egfl6, Mial, HapIn1, Col9al, Comp, Col2al, Hapinl

cell adhesion

G0:0022610~ 7.19E-3 6 Hapln1, Hapln1, Egfl6, Mial, HapIn1, Col9al, Comp, Col2al, Hapinl

biological adhesion

Annotation cluster 3, Enrichment score 2.24

SP_PIR_KEYWORDS  2.32E-4 6 Egfl6, Matn3, Mmrn1, Comp, Matn1, Dlk1, Matn3
egf-like domain

Table 10

Top 3 annotation clusters of genes downregulated in Arhgap28de/de! bone.

Annotation cluster analysis of probe sets detecting a significant fold change greater than -2 from wild
type to Arhgap287/del produced 10 clusters. The top 3 annotation clusters with the highest
enrichment score are listed here. (A) The top gene ontology components of the cluster. (B) The
statistical significance of this grouping where the lower the score the more unlikely this clustering is
due to chance. (C) The number of probe sets that recognise genes contributing to the GO term. (D)
List of gene names of the Affymetrix Mouse Genome 430 2.0 array probe IDs.
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including membrane-associated ring finger (C3HC;) 3 (MARCH3), MARCH5, MYC-
binding protein 2 (MYBP2); 3 peptidases; and a gene, PSMD14, which encodes a
regulatory subunit of 26S proteasome (see Table 11 for full list of genes). The second
cluster contained genes that promote actin polymerisation, including platelet-
activating factor acetyl-hydrolase 1b (PAFAH1B1), tropomodulin 1 (TMOD1) and Diap3
(also known as mDia2); actin nucleation (Spirel); and genes involved in linking the
actin cytoskeleton to the plasma membrane, including utrophin (UTRN) and spectrin
(SPNA1). The third cluster of over-represented genes that were upregulated in
Arhgap28de'/de' bone tissue contained zinc finger proteins, which bind DNA or RNA. To
summarise, these GO analyses data show that loss of Arhgap28-mediated RhoA
signalling causes (i) downregulation of cartilage ECM genes; (ii) upregulation in genes
involved in targeting proteins for degradation by ubiquitination; and (iii) upregulation
of genes involved in anchorage of the actin cytoskeleton to the plasma membrane.

Whether or not these effects are linked will require further investigation.

5.3 Discussion

The results show that loss of Arhgap28 did not appear to affect embryonic
development, the formation of a mechanically strong tendon tissue or actin
reorganisation in primary tendon cells. However, this lack of phenotype could be due
to compensation in RhoGAP activity resulting from upregulation in Arhgap6
expression, which suggests a new Arhgap28 and Arhgap6 co-regulation of RhoA
signalling in tissues. The results showed that expression of Arhgap28 was activated in
bone tissues before birth. Microarray analysis on bone tissues from PO wild type and
Arhgap28de'/de' mice showed that in Arhgap28-null bone tissues, there was a

downregulation of genes encoding cartilage ECM molecules, an upregulation of
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Cluster

components® p value®

Matched
genes®

Gene names (if annotated) of corresponding probe IDs in the GO list?

Annotation cluster 1, Enrichment score 5.02

SP_PIR_KEYWORDS  1.47E-6
ubl conjugation

pathway

G0:0030163~ 1.64E-6
protein catabolic

process

G0:0019941~ 1.72E-6

modification-
dependent protein
catabolic process

G0:0009057~ 5.25E-6
macromolecule

catabolic process

SP_PIR_KEYWORDS  6.21E-6
ligase

G0:0006508~ 2.91E-3
proteolysis

19

21

20

22

11

22

March3, Cblb, Herc4, Mycbp2, Ranbp2, March3, Rad18, FbxI7, Mkrn1, Spopl, Usp7,
March5, Phrl, Hipl, Fbxo30, Hacel, March3, Ube2o, Mycbp2, Dtl, Huwel, Mkrn1,
Psmd14, Usp25, Hercl

March3, Cblb, Herc4, Mycbp2, Ranbp2, March3, Rad18, FbxI7, Mkrn1, Spopl, Usp7,
March5, Phrl, Hip1, Fbxo30, Usp32, Hacel, March3, Ybey, Usp32, Btrc, Ube2o,
Mycbp2, Dtl, TtlI3, Huwel, Mkrn1, Psmd14, Usp25, Hercl

March3, Cblb, Herc4, Mycbp2, Ranbp2, March3, Rad18, FbxI7, Mkrn1, Spopl, Usp7,
March5, Phrl, Hip1, Fbxo30, Usp32, Hacel, March3, Ybey, Usp32, Ube20o, Mycbp2, Dtl,
Ttll3, Huwel, Mkrn1, Psmd14, Usp25, Hercl

March3, Cblb, Herc4, Mycbp2, Ranbp2, March3, Rad18, FbxI7, Mkrn1, Spopl, Usp7,
March5, Phrl, Pan3, Hip1, Fbxo30, Usp32, Hacel, March3, Ybey, Usp32, Btrc, Ube2o,
Mycbp2, Dtl, TtlI3, Huwel, Mkrn1, Psmd14, Usp25, Hercl

Hacel, March3, Cblb, March3, Herc4, Mycbp2, Btrc, March3, Rad18, Ube20o, Mkrn1,
Mycbp2, Huwel, Mkrn1, March5, Phrl, Hipl

Cblb, March3, Herc4, Mycbp2, Ranbp2, March3, Rad18, Fbx|7, Mkrn1, Spopl, Usp7,
March5, Phrl, Hip1, Fbxo30, Usp32, Hacel, March3, Ybey, Usp32, Ube20o, Mycbp2, Dtl,
Ttll3, Huwel, Mkrn1, Psmd14, Kel, Metap2, Usp25, Hercl

Annotation cluster 2, Enrichment score 3.38

G0:0003779~ 1.03E-4
actin binding
G0:0030036~ 3.71E-4

actin cytoskeleton
organization

G0:0007010~ 7.02E-4
cytoskeleton
organization

G0:0008092~ 8.28E-4
cytoskeletal protein
binding

13

12

14

Myo1D, Spnal, Myo1D, Epb4.1, Spnal, Spirel, Spirel, Utrn, Fhdcl, Trpm7, Tmod1,
Mtss1, Epb4.9, Epb4.1, Sic4al, Epb4.1, Diap3, Add1, Fhdcl

Myo1D, Pafah1bl, Trpm7, Rictor, Fhdcl, Tmod1, Mtss1, Epb4.1, Sorbs1, Epb4.1,
Sorbs1, Diap3, Fhdcl

Myo1D, Pafah1b1l, Stradb Trpm7, Rictor, Fhdcl, Tmod1, Mtss1, Epb4.9, Epb4.1, Sorbs1,
Epb4.1, Sorbs1, Diap3, Cenpe, Fhdcl

Myo1D, Spnal, Myo1D, Epb4.1, Pafahl1b1l, Spnal, Spirel, Spirel, Utrn, Fhdcl, Trpm7,
Tmod1, Mtss1, Epb4.9, Epb4.1, Slc4al, Epb4.1, Diap3, Fhdcl, Add1

Annotation cluster 3, Enrichment score 3.15

UP_SEQ_FEATURE  1.09E-2
zinc finger
region:RanBP2-type

3

Rbmb5, Neil3, Fus

Table 11

Top 3 annotation clusters of genes upregulated in Arhgap289//d¢/ hone.
Annotation cluster analysis of probe sets detecting a significant fold change greater than 2 from wild
type to Arhgap287/del produced 65 clusters. The top 3 annotation clusters with the highest
enrichment score are listed here. (A) The top gene ontology components of the cluster. (B) The
statistical significance of this grouping where the lower the score the more unlikely this clustering is
due to chance. (C) The number of probe sets that recognise genes contributing to the GO term. (D)
List of gene names of the Affymetrix Mouse Genome 430 2.0 array probe IDs.
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molecules involved in ubiquitination and molecules involved in stabilising actin
polymerisation and anchorage to the plasma membrane. These new findings reveal

possible insights in the critical regulation of RhoA signalling during tissue development.

To knockout Arhgap28, a mouse model based on gene trapping that is designed to
target the disruption of the Arhgap28 gene was investigated. However, results from
RNA analysis suggested that the reporter gene was not spliced to the targeted exon,
which meant that this approach was not able to disrupt the expression of the
endogenous Arhgap28 transcript. Cross breeding the Arhgap28°" mouse and a mouse

del

expressing Cre recombinase resulted in the Arhgap28™ mouse. RNA analysis

confirmed that Arhgap28 transcript lacking exons 7-9 was expressed in the Arhgap28de'

mouse. Sequencing this transcript confirmed that a shift in the reading frame so that if

it were translated, the protein would lack the RhoGAP domain (see Appendix 6).

Despite the lack of expression of Arhgap28 containing the RhoGAP domain in
Arhgap28de'/de' embryos, the mice appear to develop normally. Examination of tendon
tissue by TEM and mechanical testing also showed that tendon development was not
affected by loss of Arhgap28 function. Although the previous chapter showed that
overexpression of Arhgap28 was able to disrupt actin stress fibres, no obvious changes
in actin reorganisation was observed in primary tendon cells lacking Arhgap28. Data
from Chapter 4 showed that Arhgap6 was also upregulated during the assembly of a
tensioned tendon matrix. Knockout of Arhgap6 does not cause abnormalities in mice
(Prakash et al., 2000). Due to the large family of mammalian RhoGAPs (discussed in the
Introduction; see Fig. 9), it was predicted that Arhgap28 deficiency might be

compensated for by functional redundancy between Arhgap28 and other RhoGAPs. To
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this end, qPCR analysis performed on wild type and Arhgap28de’/de' bone tissues,
because Arhgap28 transcription was prominently activated in this tissue just before
birth. Of all the RhoGAPs examined, compensatory upregulation was only observed in
the expression of Arhgap6. It was surprising that Arhgap18 was not upregulated in
ArhgaZSdeWe’ bone tissues because Arhgap6 and Arhgap18 have both been shown to
negatively regulate RhoA and actin stress fibres (Prakash et al., 2000, Maeda et al.,
2011). These results reveal the potential of a novel co-regulatory mechanism for RhoA

signalling and actin stress fibres by Arhgap6 and Arhgap28.

RhoA expression detected by gPCR was also significantly upregulated in bone tissues
of Arhgap28-null mice. RhoA expression is activated by transcription factor Myc (Chan
et al., 2010). In the microarray comparison between wild type and Arhgap28de’/de' bone
tissues, Myc was not differentially regulated. An alternative explanation is that RhoA
mRNA in Arhgap28de’/de' is more stable than in wild type tissues. It has been
documented that overexpression of RhoA and other Rho GTPases is linked to cancer
and the stability of RhoA transcripts in cancer cells has been shown to be a result of
altered polyadenylation signals (Moscow et al., 1994, and for a review on RhoGTPases
and cancer, see Ellenbroek and Collard, 2007). These results further suggest why it

would be biologically important to have more than one RhoGAP regulating RhoA.

Detection of B-galactosidase activity resulting from Arhgap28 gene activation in
Arhgap28gt/gt mice showed that Arhgap28 expression is activated in bone tissue just
before birth. Histological analysis of bone showed that B-galactosidase activity was
restricted to cells found in the calcified portion of the bone, where type | collagen is

expressed. A microarray comparison of the gene expression between bone tissues of
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PO wild type and Arhgap28-null mice did not detect any changes in expression of genes
encoding COL1A1 or COL1A2. This was expected because tendon tissue from
Arhg028de'/de’ mouse did not exhibit any significant differences in mechanical strength,
which is largely attributed to the content of type | collagen in the tissue. No changes

were observed in expression of RhoGAPs of interest or Rho GTPases.

Interestingly, the microarray study revealed downregulation in ACTA1 and ACTC1
genes in Arhgap28-null bone tissue, which encode isoforms of actin found most
abundantly in muscle. Downregulation in both these genes has also been observed in a
microarray study of chondrocyte differentiation in vitro (James et al.,, 2005).
Downregulation of ACTA1 was observed in bone in response to mechanical loading
(Mantila Roosa et al., 2011). Together, these data are suggestive of change in the cells
of Arhgap28de’/de' bone tissues. Gene ontology analysis revealed an enrichment of
genes that encode ECM molecules associated with a cartilage tissue (including COL2A1,
COL9A1, MATN3 and COMP) were downregulated in Arhgap28-null bone tissues.
However, because Arhgap28 expression was not localised to cartilage, the
downregulation of these genes might be an indicator of a bone ECM phenotype.
Mutations in these genes are associated with bone dysplasia (for reviews, see
Francomano et al., 1996, Briggs and Chapman, 2002, Jackson et al., 2012).

/%l mice were

As a preliminary analysis, litters from cross breeding Arhgap28
examined by x-ray at P7 (see Fig. 33A). The lengths of the tibia and femur were
measured (from a total 12 pups, in 3 litters). No significant differences were found

between the bone lengths of heterozygous and wild type mice (see Fig. 33B). However,

the Arhgap28de'/de’ mouse examined had tibias that were 15% shorter, and femurs that
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Figure 33

Preliminary analysis of bone length of the Arhgap289!/de! mouse.

(A) Representative image of x-rays of wild type (n = 4), Arhgap28*/?¢! (n = 4) and Arhgap287/de! (n = 1)
P4 mice (from a total of 12 pups, in 3 litters). Bars = 10 mm. Open arrow points to the tibia and closed
arrow points to the femur. (B) Length of tibia and femur measured from the x-ray images. * indicates
significant differences found when compared to wild type, p < 0.05. n indicates the number of bones
measured.
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were 20% shorter than the wild type bones (Fig. 33B). Although a more extensive

examination of more mice is required, together with the microarray data, this

preliminary finding suggests that a bone length phenotype can be expected in the

Arhgap28-null mouse.

Intriguingly, bone tissues from Arhgap28®/*

mice show an upregulation of genes
involved in ubiquitination and actin reorganisation compared to wild type. Most of the
genes enriched in the top cluster were E3 ubiquitin ligases, which mediate the
specificity of the ubiquitination pathway (reviewed by Deshaies and Joazeiro, 2009).
The target for many of these E3 ligases is unknown. The genes that stand out include
HACE1, which catalyses the ubiquitination of Racl (Torrino et al., 2011), MYCBP2,
which can bind Myc (Guo et al., 1998) but whether or not it is inhibitory or enhancing
for RhoA transcription is unknown. The second cluster contained genes that bind to
actin for polymerisation, stabilisation and linkage to the plasma membrane. The

upregulation of these genes may be a response to the altered RhoA signalling in

Arhgap28-deficient bone tissue.

In summary, Arhgap28 is a RhoGAP dispensable for embryonic development, which
might be due to compensatory upregulation of Arhgap6 expression. Arhgap28
expression is localised to bone tissues and loss of Arhgap28 causes a downregulation in
genes that are linked to bone dysplasia. Therefore, it is likely that Arhgap28-null mice
have a bone phenotype. In future work, it will be interesting to explore if Arhgap28
and Arhgap6 co-regulate RhoA signalling, and if a double knockout mutant produces a

tendon phenotype.
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CHAPTER 6

CONCLUDING REMARKS
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6. Concluding Remarks

The mechanical stiffness of musculoskeletal tissues is directly related to the
organisation of collagen fibrils in the ECM. For example, the strongest tensile tissues
such as tendon and ligament have collagen fibrils arranged in strict parallel register,
which presumably is the best organisation to resist uniaxial force. As another example,
skin is able to resist planar forces because the collagen fibrils in the dermis are
arranged in a lattice weave. Conversely, tissues with the least tensile strength, for
example vitreous humour, have disorganised collagen fibrils. Furthermore, the
collagen fibrils are pre-stressed by cells to ensure that tissues can respond directly to
applied forces. It is poorly understood how the tissue-specific arrangement and pre-

stressing of collagen fibrils is achieved.

In previous work done by Canty and colleagues (2004, 2006), the parallel fibrils in
embryonic tendon were shown to be co-aligned with the actin cytoskeleton of the
tendon fibroblasts. Building on these observations, this PhD thesis hypothesised that
organisation of actin filaments inside the cell leads to the tensioning and alignment of
collagen fibrils outside the cell. The work presented in this thesis identified a novel
RhoGAP called Arhgap28 that is highly expressed during embryonic tendon tissue
morphogenesis. Findings from in vitro studies showed that Arhgap28 is responsible for
negative regulation of RhoA signalling and assembly of actin stress fibres needed for
tensioning the collagen-rich ECM. In a knockout mouse model, Arhgap28 was
dispensable for tendon development due to possible compensation from Arhgap6.
Furthermore, data from a microarray study suggested that absence of Arhgap28 in
bone tissue might lead to a bone growth defect. In conclusion, Arhgap28 is a potential

regulator of RhoA-generated stress fibres.
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It has been shown that cells respond to stiff/rigid ECM via Rho-activated actin stress
fibres (Matthews et al., 2006, Keung et al., 2011, Bordeleau et al., 2012). However,
how a cell exerts tension and stiffens the ECM is not well understood. This thesis
proposes that it is via the actin cytoskeleton and that its regulation by RhoGAP has a
prominent involvement. It is known that overactive RhoA signalling is linked to cancer
(for review, see Ellenbroek and Collard, 2007) and loss of RhoGAPs that regulated
RhoA, such as DLC1, is also associated with cancer (Kim et al., 2007), further suggesting
that RhoA signalling affects cell fate. The data from this thesis suggest that Arhgap28
might play the role of a rheostat in RhoA-mediated actin contraction, acting as a
balancer required to control cell fate (for example, cartilage or bone) during tissue

formation. This proposed role for Arhgap28 illustrated in the model in Figure 34.

There are a few studies that show that the differentiation of mesenchymal stem cells
into an osteogenic lineage can be influenced by Rho/ROCK signalling. Mechanical
stimulation by fluid flow induces RhoA/ROCKII-dependent osteogenic differentiation
(Arnsdorf et al., 2009), osteogenic differentiation induced by bone-morphogenetic
protein is also dependent on ROCK signalling and cellular tension, which positively
feeds back onto the BMP-induced signalling (Chen et al., 2011, Wang et al., 2012).
Surprisingly, mice expressing a dominant-negative RhoA have a bone sclerotic
phenotype, which suggests that lack of RhoA signalling enhances mineralisation
(Negishi-Koga et al., 2011). These disagreements linking Rho/ROCK and bone
development could be due to need for a balanced signal and crosstalk between

Rho/ROCK and growth factors rather an all or nothing response.

132



cell migration

y

ECM synthesis

{

ECM alignment and
tensioning
(fibripositor?)

Arhgap28 Rho-mediated
and actomyosin
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via cell-matrix
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ECM maturation
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stiffening)

Figure 34

cell-cell adhesions

e e cell senescence

Evidence from tendon development:

E12.5 - cell condensation
- cell elongation
- cell-cell adhesions (cadherin-11)

E14.5 - fibripositors (actin-stabilised)
- narrow diameter collagen fibrils
- aligned fibrils (tensioned)

E16.5 - crimp formation
- buckling of fibril bundles

E18.5 -increase in number of fibrils
- increase in tissue stiffness

Birth - fibripositors disappear
- increase in fibril diameter and
length
- Arhgap28 is off

Aged - stiffness of tissue increases (max)

Injury - fibripositors
- new collagen fibrils

Proposed model of a role for Arhgap28 in regulation of tensional homeostasis in tissue formation.

In embryonic tendon, cells use RhoA-regulated stress fibres to generate pulling forces to tension the
collagen fibrils in the matrix. Arhgap28 is upregulated during embryonic development and acts as a
rheostat to fine tune the tensional homeostasis by inhibiting RhoA activation and actin stress fibres.
It is hypothesised that this ‘Arhgap28 loop’ regulates the stiffening of the embryonic ECM and that
mature tendon tissue is regulated by alternative mechanisms as Arhgap28 expression is switched off
after birth. *Failure to achieve the optimal tissue tension could lead to abnormal cell differentiation

and/or poor organisation of ECM.
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Future studies of the role of Arhgap28 in RhoA-mediated tissue stiffening could be
focused on investigating the link between tension and Arhgap28 expression. The
results in this thesis correlated Arhgap28 expression with tendon constructs under
tension. It would be important to test this hypothesis by examining the expression of
Arhgap28 in after treatment of tendon constructs with reagents such as blebbistatin or
Y27632, which inhibit cell-generated forces, or beta-aminopropionitrile, which reduces
cross-links between collagens and thus reduces tissue stiffness/tension. RhoA
mediates tail retraction in migratory cells (Worthylake et al., 2001) and live cell
imaging combined with the expression of fluorescent-tagged Arhgap28 would help
determine its localisation and effect of overexpression during cell migration. An
antibody specific to Arhgap28 would enable the localisation in various tissues and

allow further studies of Arhgap28 function in different cell types.

Another area of further research into Arhgap28 function would be to determine the
signalling cues that activate Arhgap28 during the patterning of ECM. Matrix assembly
and detection of the ECM occurs at cell-matrix adhesion sites, therefore it is
hypothesised that Arhgap28 is activated by signals downstream of cell-matrix
adhesions in similar mechanisms described for other RhoGAPs. For examples, upon
activation of integrin B1, p190RhoGAP is activated via tyrosine phosphorylation at the
N-terminus by Src (Roof et al. 1998), and more recently, the identification of protein-
protein interaction domains within DLC1 suggest direction interaction between DLC1
and cell-matrix adhesion proteins tensin, talin and focal adhesion kinase (Cao et al.,

2012, Lietal., 2011).
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The most recent results from the Arhgap28de'

mouse show compensatory upregulation
in Arhgap6 expression. Interestingly, the Arhgap6 knockout mouse is also non-lethal
and does not have an apparent phenotype (Prakash et al., 2000). This Arhgap6
knockout mouse model provides an opportunity to explore the possibility of a mutual
RhoA regulation by Arhgap6 and Arhgap28. These Arhgap6 knockout mice, a generous
gift from Professor Igna van den Veyver (Baylor College of Medicine, Houston, TX,
USA), are now within the animal facilities at the University of Manchester. The

Arhgap6/Arhgap28 double knockout mice are expected to either have a pronounced

phenotype or further compensation by Arhgap18.

The future direction of research aimed at understanding the function of Arhgap28 will
be largely influenced by the phenotype of the Arhgap28 knockout mouse and of the
Arhgap6/Arhgap28 double knockout mouse. If the mice exhibit a short statue, RnoGAP
proteins could become new candidates for genes that cause chondrodysplasias.
Likewise, if mechanical measurements on the mice show that Arhgap6 and/or
Arhgap28 determine tissue stiffness, research could focus on the roles of these RhoA
regulators in tissue stiffness, which has been shown to affect cell fate, cancer and
tissue morphogenesis (for examples, see Huang and Ingber, 2005, Engler et al., 2006,

Goffin et al., 2006, Vargo-Gogola et al., 2006).
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Smaller isoform cDNA clone in pSPORT1  PSPORT1 - smaller Arhgap28 isoform
vector (BC066788.1, Source BioScience 4 A A

Geneservice)

Double digest with EcroRl and BsmBI to
produce 1123 bp containing 5’ portion of

1113 in Arhgap28 sequence (BsmBlI
4109 bp +3710bp §? gap a ( )

Arhgap28 clone
gap . 5’ Arhgap28 (1123 bp)
264 (EcoRl)

2. Amplify 3’ end of endogenous mouse size

Arhgap28 transcript by PCR (bp)

PCR from endogenous BsmBI site to new 1500

BstBlI site just before stop codon to 1000 < 3" Arhgap28 (1209 bp)
produce 1209 bp product 800

3. pcDNA6/V5-His vector C (invitrogen) pcDNAG/V5-His vector C
Double digest with EcroRI and BstBI to 4 ‘v
linearise vector 953 (EcoRl)

= 1001 (BstBI)
5144 bp

4. Ligation of all 3 gel-purified fragments together
Linearised pcDNA/V5-His + 5’ end of Arhgap28 + 3’ end of endogenously expressed Arhgap28

pcDNAG6-Arhgap28-V5-His
4 ‘v 953 (EcoRl)
2

*

5144 bp + 2332 bp Arhgap28

*

1001 (BstBI)
Appendix 1

Cloning of pcDNA6-Arhgap28-V5-His.
As described in section 2.5.
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Appendix 2

Gene expression changes between embryonic and postnatal tendons.

Two-dimensional hierarchical cluster heat map analysis of the microarray readouts showing fold
changes greater than 2 between E21 and 3 weeks postnatal. This type of clustering is based on
similarities in the expression profiles and expression levels. Arrow points to the location of Arhgap28
Hierarchical clustering was performed using Cluster 3.0 software and visualised using Java TreeView.
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Cluster Matched
components® pvalueB  genes®  Gene names (if annotated) of corresponding probe IDs in the GO list?

Annotation cluster 1, Enrichment score 13.26

G0:0043228~ 1.90E-16 170 P2rx2, Mapk1, 1371450_AT, Spag5, Sox11, 1396539_AT, 1392742_AT, Tpr, Ncaph, 1380653_AT,
non-membrane- Tmpo, Polrla, Tobpl, 1377175_AT, Epb4.113, Pold1, 1379116_AT, Smc4, Cdk5rap2, Hnrnpal,
1397481_AT, RGD1561360, Ophn1, Chek1, Ncapd2, Fbxo5, Kif20a, Hmgb2, Ka15, Cgnll, Rbm4b,
1390723 _AT, Utx, Rom39, Smcla, Nol8, Digap1, Ndn, 1396420_AT, Tuba4a, Actnl, Cdcal,
Klhdc3, Top2a, Krt5, 1383332_AT, Mki67, 1371756_AT, Espl1, Krt10, P2rx2, Lmnb1, 1372708 AT,
Dsp, Tnks2, Atplb4, 1397489 AT, Zwint, Fancd2, Krt1-14, 1372777_AT, Ikbkap, Xpo1,
LOC685179, RGD1305846, Cenpe, Chd1, Srpk2, 1381590 AT, RGD1561740, 1396437 _AT,
1395613_AT, 1393649 _AT, 1396641_AT, Lmnb2, Incenp, Spbc25, Ckap5, RGD1565341, Nefh,
Atrx, Timeless, Igf2bp2, Cenpn, 1398695_AT, Myh10, 1394646_AT, Pdcd6ip, 1381517_AT,
1379830_AT, Kif20b, Nol5, Myh3, 1378671_AT, 1375518 AT, LOC290704, 1376405_AT,
Epb4.113, Dlgap1, Mdcl, Smarca4, LOC690123, Stfa3, Tacc3, Rad51, 1375661_AT, 1397779_AT,
1388944_AT, Kal7, Kif15, 1398000_AT, Fntb, 1392607_AT, Igf2bp2, Kif2c, Anln, Krt1-12, Actr10,
Utx, Nol5, Decr2, Adarb1, Cenpj, Phrl, Ncorl, Pspcl, Rifl, 1380087 _AT, 1397449 _AT, Aspm,
Krt1, Sept6, Rhoq, Krt78, Chd1, Numal, Suv39h2, Sept6, Mad2I1, Bublb, Tobpl, Aurkb, Smc3,
1397745_AT, 1382229_AT, Nup160, Nfib, Hells, 1381141_AT, Cenpq, Ccnb1, Satb1, 1390737_AT,
Rif1, Reccl, 1395092_AT, Bazlb, 1380763_AT, 1376374_AT, Nolcl, RGD1310778, RGD1563577,
Map2, Cnfn, 1389955_AT, Polal, Hspa9, Kiflb, RGD1560863, Mpdz, 1372874_AT, DIg7, Zfp57,
Bazlb, Sox11, Dsccl, Myc, 1376005_AT, 1391373_AT, 1385944 AT, Top2a, Csnk2al, Blm,
1382587 _AT, 1397240_AT, Cdc45|, Kif1l, 1375404_AT, Cep250, Fam33a, Cenpt, Tnnt2,
1391464 AT, Freq, Lor, Dnmtl, 1397324 AT, Satb1, Actcl, 1380807_AT, 1392311_AT, Mcm2,
1396017_AT, LOC690043, Prpf4b, C2cd3, Mcm3, Hipk2, Bubl

bounded organelle

G0:0043232~ 1.90E-16 170 P2rx2, Mapk1, 1371450_AT, Spag5, Sox11, 1396539 _AT, 1392742_AT, Tpr, Ncaph, 1380653_AT,
intracellular non- Tmpo, Polrla, Tobpl, 1377175 AT, Epb4.113, Pold1, 1379116_AT, Smc4, Cdk5rap2, Hnrnpal,
membrane- 1397481_AT, RGD1561360, Ophn1, Chek1, Ncapd2, Fbxo5, Kif20a, Hmgb2, Ka15, Cgnl1, Rom4b,
bounded organelle 1390723 _AT, Utx, Rbm39, Smcla, Nol8, Dlgap1, Ndn, 1396420_AT, Tubada, Actn1, Cdcal,

Klhdc3, Top2a, Krt5, 1383332_AT, Mki67, 1371756_AT, Espl1, Krt10, P2rx2, Lmnbl, 1372708 AT,
Dsp, Tnks2, Atplb4, 1397489_AT, Zwint, Fancd2, Krt1-14, 1372777_AT, Ikbkap, Xpo1,
LOC685179, RGD1305846, Cenpe, Chd1, Srpk2, 1381590 AT, RGD1561740, 1396437_AT,
1395613_AT, 1393649_AT, 1396641_AT, Lmnb2, Incenp, Spbc25, Ckap5, RGD1565341, Nefh,
Atrx, Timeless, 1gf2bp2, Cenpn, 1398695_AT, Myh10, 1394646_AT, Pdcd6ip, 1381517 _AT,
1379830_AT, Kif20b, Nol5, Myh3, 1378671_AT, 1375518 AT, LOC290704, 1376405_AT,
Epb4.113, Dlgapl, Mdcl, Smarca4, LOC690123, Stfa3, Tacc3, Rad51, 1375661_AT, 1397779_AT,
1388944_AT, Kal7, Kif15, 1398000_AT, Fntb, 1392607 _AT, Igf2bp2, Kif2c, Anin, Krt1-12, Actr10,
Utx, Nol5, Decr2, Adarb1, Cenpj, Phrl, Ncorl, Pspcl, Rifl, 1380087 AT, 1397449 AT, Aspm,
Krt1, Sept6, Rhogq, Krt78, Chd1, Numal, Suv39h2, Sept6, Mad2I1, Bublb, Tobpl, Aurkb, Smc3,
1397745_AT, 1382229_AT, Nup160, Nfib, Hells, 1381141_AT, Cenpg, Ccnb1, Satb1, 1390737_AT,
Rif1, Reccl, 1395092_AT, Bazlb, 1380763_AT, 1376374_AT, Nolcl, RGD1310778, RGD1563577,
Map2, Cnfn, 1389955_AT, Polal, Hspa9, Kiflb, RGD1560863, Mpdz, 1372874_AT, DIg7, Zfp57,
Bazlb, Sox11, Dsccl, Myc, 1376005_AT, 1391373_AT, 1385944_AT, Top2a, Csnk2a1l, BIm,
1382587_AT, 1397240_AT, Cdc45|, Kifll, 1375404_AT, Cep250, Fam33a, Cenpt, Tnnt2,
1391464_AT, Freq, Lor, Dnmt1, 1397324 AT, Satb1, Actcl, 1380807 AT, 1392311_AT, Mcm2,
1396017_AT, LOC690043, Prpfab, C2cd3, Mcm3, Hipk2, Bubl

G0:0005856~ 2.37E-12 99 1383997_AT, P2rx2, Spag5, 1396539_AT, 1392742_AT, 1380653_AT, Kal7, Kif15, 1398000_AT,

cytoskeleton Fntb, 1392607_AT, Epb4.113, Igf2bp2, 1379116_AT, Cdk5rap2, Kif2c, Anln, Krt1-12, Actr10,
1397481_AT, Ophn1, Fbxo5, Kif20a, Kal15, Cgnl1, Cenpj, Ncorl, Phrl, 1390723_AT, Robm39,
Dlgapl, Ndn, 1397449 AT, Aspm, Tuba4a, Krt1, Sept6, Rhog, Actnl, LOC685672, Numal, Krt78,
Top2a, Krt5, 1383332_AT, Mad2I1, 1371756_AT, Espl1, Krt10, P2rx2, Aurkb, Lmnb1, Smc3,
1397745_AT, Dsp, 1382229_AT, Tnks2, 1397489 AT, 1381141_AT, Ccnbl, Krt1-14, 1390737 _AT,
1372777_AT, Cenpe, 1395092_AT, 1381590 _AT, RGD1561740, 1396437_AT, 1380763_AT,
1395613_AT, 1376374_AT, Cnfn, Ophnl, Map2, Lmnb2, Incenp, Ckap5, Kiflb, Nefh, Mpdz,
1372874_AT, |gf2bp2, Dlg7, Myc, 1398695_AT, 1376005_AT, Myh10, 1391373 _AT, 1385944_AT,
Top2a, 1382587_AT, Pdcdb6ip, 1397240 AT, Cdc45l, Kifll, 1381517 AT, 1375404 _AT, Kif20b,
Cep250, Myh3, Fam33a, Tnnt2, Freq, Lor, 1376405_AT, 1397324 AT, LOC290704, Actcl,
1380807_AT, 1392311_AT, Epb4.113, Dlgap1l, 1396017_AT, Mdcl, C2cd3, Mcm3, Hipk2, Stfa3,

Tacc3
G0:0044430~ 4.34E-11 78 1381141_AT, P2rx2, Sapg5, Ccnbl, Krt1-14, 1396539_AT, 1390737_AT, 1392742_AT, Cenpe,
cytoskeletal part 1380653_AT, Kal7, Kif15, 1381590_AT, RGD1561740, Fntb, Igf2bp2, 1396437 _AT, 1395613 _AT,

1376374 _AT, CdkSrap2, Kif2c, Map2, Anln, Lmnb2, Incenp, Actrl0, Krt1-12, 1397481_AT, Kiflb,
Nefh, Fbxo5, Kif20a, Mpdz, Kal5, 1372874 AT, Igfbp2, Dlg7, Cenpj, Ncorl, Myc, 1398695_AT,
1376005_AT, Myh10, 1391373_AT, 1385944_AT, Top2a, Digap1, Ndn, 1382587 AT, Pdcd6ip,
1397449 AT, Aspm, 1397240 AT, Tubada, Cdc45|, Krtl, 1381517 AT, Kif11, Sept6, Actnl, Rhog,
Kif20b, Krt78, Cep250, Myh3, Numal, Fam33a, Tnnt2, Freq, Sept6, Top2a, Krt5, 1383332 AT,
Mad2l1, 1371756_AT, LOC290704, 1376405_AT, Krt10, Espl1, Actcl, 1380807_AT, Aurkb, P2rx2,
Lmnb1, Dlgapl, Smc3, 1397745_AT, C2cd3, Mcm3, Hipk2, Tnks2, 1397489_AT, Tacc3

Appendix 3

Genes of the top annotation cluster produced by gene ontology analysis.

Annotation cluster analysis of probe sets detecting a significant fold change greater than -2 from E21
to 3 weeks postnatal (g < 0.01) produced 243 clusters. The top annotation cluster with the highest
enrichment score is shown here. (A) The top gene ontology components of this cluster. (B) The
statistical significance of this grouping where the lower the score the more unlikely this clustering is
due to chance. (C) The number of probe sets that recognise genes contributing to the gene ontology
term. (D) List of gene names of the Affymetrix Rat Genome 230 2.0 array probe IDs. Where genes
have not been annotated, the probe ID is set in italic. 149



Appendix 4
PO mouse tail tendon retain embryonic characteristics.

Representative micrograph of a transverse section of PO mouse tail tendon examined by TEM. Bars=
1pm.
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Appendix 5

Arhgap28 antibodies tested are not specific.

Lysates isolated from NIH3T3 cells transiently transfected with empty vector or murine Arhgap28-V5

clone (replicates #6 and #8) were analysed by western blotting. Antibodies to V5 detected a band of

the predicted molecular weight only in lysates from the replicates #6 and #8 (from Figure 16C). The
lysates were also blotted with antibodies diluted 1:1000 following methods described in section

2.6.3:

(i) custom made, affinity purified rabbit polyclonal antibody raised to MPDRNKWKKSDIKKE
(residues 303-317, 633 aa residues before the start of the RhoGAP domain) of murine Arhgap28
(Eurogentec),

(i) commercially available, rabbit polyclonal antibody raised to an internal region of Arhgap28 of
human origin (SC-84697, Santa Cruz Biotechnology), or

(iii) commercially available, rabbit polyclonal antibody raised to KEGSFAVPRSDSVAILETIPVLPVHSNGS
PEPGQPVQNAISDDDFLEKNI(residues 71-120) of human Arhgap28 (SAB2103052; Sigma).
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Appendix 6

Sequences of Arhgap28 transcripts.

Predicted amino acid sequences of Arhgap28 from wild type, predicted Arhgap287!, actual
Arhgap289 transcripts. Sequence in blue a result of remainder sequence from Cre-medated
recomibination. Sequence in green is the RhoGAP domain.
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Appendix 7

Gene expression changes between PO wild type and Arhgap289e//de! hones.

Two-dimensional hierarchical cluster heat map analysis of the microarray readouts for all probe sets.
This type of clustering is based on similarities in the expression profiles and expression levels.
Hierarchical clustering was performed using Cluster 3.0 software and visualised using Java TreeView.
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