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Abstract
Serum response factor (SRF) is a widely expressed transcription factor, which in
partnership with its G-actin regulated cofactors, the MRTFs, regulates hundreds of
genes involved in cytoskeletal structure and cellular dynamics. The importance of
SRF signalling in cell migration and tumour spread has been demonstrated in
multiple studies. While this suggests that SRF might be required for all migration,
we have found that SRF-null dendritic cells are able to migrate. This suggests that
either SRF requirement is cell specific or that SRF is required for some modes of
migration but not others. To test this hypothesis, we compare the consequence of
SRF deficiency in different cell types placed in different migratory environments
namely those that favour either mesenchymal or amoeboid modes of migration. We
demonstrate that SRF dependency is not cell type specific per se but is required in
environments that favour mesenchymal migration while being dispensable for
amoeboid migration. Furthermore, we show that the impairment in mesenchymal
migration is caused by defective signal transduction of a specific subclass of
integrins required for binding to fibronectin RGD motif (Itgb1 and Itgb3) while
signalling through Itgb2 appears unaffected. We exemplify a single MRTF/SRF
target gene, NEDD9, to phenocopy the integrin dependent phenotype further
supporting defects in specific signalling pathways.
In addition to the environment specific phenotype of MRTF/SRF in migration
we noted a prominent defect in proliferation of MRTF knockout MEFs, which is
substrate dependent. I show that MRTFdko MEFs enter senescence when grown
on a stiff substrate which is prevented or delayed if the cells are grown on a soft
hydrogel.
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Impact Statement
An increasing amount of evidence has highlighted changes in the extracellular
matrix (ECM) in different pathologies which has led to an increased interest in
understanding the extracellular environment and its participation in disease
progression. Are these changes a cause or consequence of the pathology? How
does the ECM affect cellular behaviours? How does the cell affect the ECM? The
project outlined in this report has assessed cell migration and cell proliferation or
senescence as a consequence of the environment in relation to transcriptional
regulation.
MRTF/SRF transcription factor network regulates expression of a large
number of cytoskeletal genes important for actin polymerisation and contractility.
The MRTF/SRF signalling pathway is required for several actin-based behaviours
including cellular migration. Cell migration is a pathologically important step in
cancer metastasis which accounts for over 90% of cancer related deaths (Sleeman
and Steeg, 2010). Successful pharmacological targeting of cancer dissemination
with “migrastatics” (antimetastatic drugs) has proven challenging due to the
plasticity of cellular migration where multiple parallel and redundant signalling
pathways are involved. A successful migrastatic thus needs to target common
downstream effectors of migration such as actin polymerisation and contractility
(Gandalovičová et al., 2017). Though involvement of the MRTF/SRF pathway in
migration has been shown in multiple studies, it is not clear if migration is perturbed
due to global impairment of cytoskeletal dynamics or caused by defects in specific
signalling pathways. In this report I have shown an environment dependent reliance
on the MRTF/SRF pathway and shown evidence for its involvement in specific
signalling downstream of integrin β1. Migration which is integrin β1 independent
and instead mainly makes use of integrin β2, however, is MRTF/SRF independent.
These data further deepen our understanding of the MRTF/SRF pathway and
highlight the plasticity and robust nature of cellular migration. The potential
targeting of MRTF/SRF pathway as a migrastatic would in theory be useful since
integrin β1 is broadly utilised during migration, but potential for drug resistance by
activating alternative pathways (downstream of integrin β2) is high.
The data outlined in chapters 3-5 are forming the basis of a manuscript
intended for publication in a scientific journal.
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Senescence is another important aspect of cancer biology. Defined as a
permanent cessation of proliferation, senescence is a process which supresses
tumour growth. In this thesis I show a mechanosensitive induction of senescence in
MRTF/SRF deficient MEFs. Senescence is prevented or delayed if the cells are
grown on a soft hydrogel. Aberrant tissue stiffness is associated with many
pathological conditions including cancer, liver disease, kidney failure, lung fibrosis
and cardiovascular disease. In theory targeting the MRTF/SRF pathway could
induce senescence in a tissue specific manner by affecting cells in an environment
with pathology induced increase in tissue stiffness.
The data outlined in chapter 6 are forming the basis of a new research
project and have been included in an application for EMBO scholarship.
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Chapter 1 Introduction

Chapter 1.

Introduction

1.1 THE SERUM RESPONSE FACTOR (SRF) NETWORK
1.1.1 SRF function and regulation
The Serum response factor (SRF) belongs to the MADS (minichromosome
maintenance protein 1, agamous, deficient Srf) box family of transcription factors
and is highly conserved throughout evolution (Norman et al., 1988) (Figure 1). This
ubiquitously expressed protein is encoded by a single gene and was originally
identified to induce the serum responsive expression of c-fos (Treisman, 1986).
MADS box amino acids 133-222 mediate SRF dimerisation and DNA binding to the
CArG box within the Serum response element (SRE) on the DNA (Norman et al.,
1988) ~300 base pairs 5’ of transcription initiation (Treisman, 1986). The CArG box
is a 10-bp element (CCW6GG) with 1216 potential SRF binding sequences. The
CArG box is found at a high frequency throughout the genome and over 3 million
potential SRF binding sites have been statistically estimated (Sun et al., 2006a).

Figure 1. Schematic representation of SRF

SRF is a conserved transcription factor comprising of 508 amino acids. SRF activity
is regulated by cofactors which interact via the MADS box (highlighted in green)
which is also used for DNA binding.
SRF is continuously located in the nucleus and its transcriptional activation
is regulated by two families of cofactors which influence affinity, activity of
transcription and target gene specificity (Gineitis and Treisman, 2001, Shaw et al.,
1989). These families are the Ternary complex factors (TCF) and Myocardinrelated transcription factors (MRTFs). The TCFs comprise of SAP-1, Elk-1 and Net,
regulate expression of growth genes, like c-fos (Shaw et al., 1989), while the MRTF
arm involve a large number of cytoskeletal genes (Miano et al., 2007, Esnault et al.,
2014). The cofactors compete for binding to the SRF MADS box (Hill et al., 1994,
Gineitis and Treisman, 2001, Zaromytidou et al., 2006) but distinct mechanisms of
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SRF recognition are used (Zaromytidou et al., 2006). The TCF family is unable to
bind DNA on its own and piggybacks on SRF to induce transcription. MRTF/SRF
complex formation involves direct binding of MRTF to the DNA and mutation of
SRF αI-helix, which affects the ability of SRF to bend the DNA, reduces MRTF/SRF
interaction while SRF complex formation with TCF is unaffected (Zaromytidou et al.,
2006).
The TCF and MRTF cofactors link SRF activity to different signalling
networks. TCF/SRF transcription is regulated by the Ras-MEK-ERK signalling
cascade (Kortenjann et al., 1994, Treisman, 1994, Gille et al., 1992) while
MRTF/SRF mediated gene expression is regulated by Rho-actin signalling (Hill et
al., 1995, Miralles et al., 2003) (see Figure 2). This study has focused on the MRTF
arm of the pathway which is further described below.

Figure 2. Cofactors link SRF activity to different signalling pathways

Rho-actin signalling activates MRTF/SRF mediated transcription while the RasMAP kinase pathway activates TCF/SRF mediated transcription.

1.1.2 MRTFs link actin dynamics to gene regulation – microfilament to
genome communication
MRTF proteins belong to a group of G-actin binding proteins called RPEL proteins.
The conserved RPEL sequence, RPxxxEL, known as the RPEL motif, binds
monomeric G-actin and gives the group its name. This group is formed of three
classes containing one or more RPEL motif’s, the MRTF’s, Phactr’s, and ArhGAP’s.
The RPEL motifs are located close to the proteins functional domain
resulting in competitive binding of actin and effector protein (Wiezlak et al., 2012,
Miralles et al., 2003, Vartiainen et al., 2007). RPEL proteins thus act as sensors of
20
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G-actin concentration. This study has been focusing on the MRTF family which will
be discussed further below. For an overview of the other RPEL proteins, please
see box 1.

Box 1
Phactr
Phosphatase and Actin Regulator (Phactr) proteins were originally
identified in a screen for unknown protein phosphatase 1 (PP1) interacting
partners (Allen et al., 2004). There are four members of the Phactr family
mainly expressed in the nervous system and they all contain four RPEL
motifs (in red). The three C-terminal RPELs overlap with the PP1 binding
domain. Actin binding thus regulates PP1 activity and/or PP1 targeting to
substrates. RPEL3 have the highest affinity for G-actin (Mouilleron et al.,
2012). Phactr1 can shuttle through the nucleus which depends on Importin
α/β interacting with of Phactr basic residues (in grey) (Wiezlak et al., 2012)
but its nuclear function is currently not understood.

ArhGAP
ArhGAP proteins regulate activity of Rho-GTPases by catalysing GTP
hydrolysis to GDP which inactivates the protein (Gentile et al., 2008, Ba et
al., 2016). ArhGAP12 contains a single RPEL motif (in red)(Diring et al in
press) resulting in actin mediated regulation of its GAP activity.

1.1.2.1 The MRTF family
Myocardin is the founding member of the MRTF family and was discovered through
a bioinformatic screen for unknown genes specifically expressed in the
myocardium (Wang et al., 2001). Myocardin expression is limited to cardiac and
smooth muscle cells where it activates SRF mediated transcription of target genes
required for heart development in Xenopus embryos. Since SRF is ubiquitously
expressed Wang et al consequently looked for Myocardin analogues which could
regulate SRF activity outside of the cardiac system. They subsequently identified
two ubiquitously expressed myocardin-related transcription factors (MRTFs),
21
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MRTF-A (also known as MKL1, MAL, BSAC) and MRTF-B (also known as MKL2
and MAL16) (Wang et al., 2002) (Figure 3). Independently from this research
MRTF was also identified as a fusion protein found in acute megakaryoblastic
leukemia (AMKL), which they subsequently termed MKL1 (megakaryoblastic
leukemia 1) and a truncated version was identified in a screen for apoptotic
regulators which was named BSAC.

Figure 3. The MRTF protein family

Domain organisation of the MRTF family. The MRTF family comprises an Nterminal actin binding domain, the RPEL domain (3 RPEL motifs in red), a central
SRF-binding domain and a C-terminal transcription activation domain (TAD
)(Miralles et al., 2003). The RPEL domain of MRTF-A and MRTF-B share ~60%
protein homology with the myocardin RPEL domain. The RPEL domain in
myocardin is unable to facilitate nuclear export (Guettler et al., 2008). Two basic
regions are responsible for MRTF shuttling, B1 and B2/B3. MRTF interacts with the
SRF DNA binding domain (MADS box) via the B1/Q region. MRTF preferentially
interacts with SRF as a dimer. MRTF dimerise via its leucine zipper domain
(purple, LZ) (Miralles et al., 2003) as homo- or heterodimers.
1.1.2.2 MRTF regulation
Spatiotemporal regulation of MRTF is achieved through actin binding. The three
RPELs of MRTF can bind 5 actin monomers (Mouilleron et al., 2011) which
regulates MRTF subcellular localisation and association with SRF. Myocardin is
constitutively nuclear while MRTF-A and MRTF-B are able to shuttle between the
cytoplasm and nucleus and cause Rho-actin regulated SRF mediated transcription
(Miralles et al., 2003). These differences in regulation are due to variations in their
RPEL domains. In addition, post-translational modifications allow finetuning of
MRTF/SRF activity by regulating nuclear import, export and transcription.
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Nuclear import
MRTF localisation is regulated by monomeric G-actin (Posern et al., 2002, Posern
et al., 2004). MRTF contains a bipartite NLS within the RPEL domain and
subsequently interacts competitively with G-actin and importin α/β (Pawłowski et al.,
2010, Hirano and Matsuura, 2011). When G-actin is bound to MRTF the NLS is
occluded through conformational change of MRTF (Hirano and Matsuura, 2011)
which impedes nuclear import. All three RPEL motifs are required to keep MRTF in
the cytoplasm at resting conditions. When the monomeric G-actin pool is depleted,
by Rho induced actin polymerisation, MRTF is freed and the NLS can associate
with the import machinery resulting in nuclear import.
MRTF binds actin in a pentameric complex, in which each RPEL binds a
actin molecule and two additional actins are bound through the spacer regions
separating the three RPELs (Mouilleron et al., 2011). RPEL1 and 2 have much
stronger affinity for actin compared to RPEL3 (Guettler et al., 2008). Subsequently,
actin monomer 1-3 on the N-terminal end of MRTF bind stronger than actin 4-5
meaning that MRTF can sense and respond to a wide range of actin concentrations.
Myocardin has much weaker affinity for actin compared to MRTF and is
constitutively found in the nucleus. Myocardin-RPEL2 is unable to bind actin and
RPEL1 is ~3times weaker compared to MRTF-RPEL1 while RPEL-3 have
comparable affinities for actin (Guettler et al., 2008). Deletion of the NLS in B2 of
myocardin, however, cause complete cytoplasmic localisation.
In addition to importin, an siRNA screen has identified the RNA exporter
Ddx19 to regulate MRTF nuclear import (Rajakylä et al., 2015).
ERK mediated phosphorylation of S98 located in RPEL2 has been shown to
delay or prevent G-actin binding to MRTF which promotes nuclear import and
prolongs the window for MRTF/SRF transcriptional activity (Panayiotou et al., 2016).
Different kinetics of MRTF-A and B nuclear localisation have been observed
with a slower accumulation of MRTF-B into the nucleus compared to MRTF-A
(Hipp et al., 2019)(Hadden et al., 2017) the basis of which is not currently
understood.
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Nuclear export
Nuclear accumulation of MRTF is predominantly regulated via its export rate
(Vartiainen et al., 2007). MRTF has multiple nuclear export sequences (NES) which
cause MRTF nuclear export via Crm1 (Panayiotou et al., 2016). Crm1 inhibition
with leptomycin B (LMB) results in nuclear accumulation of MRTF within 5min of
treatment which is dependent on the nuclear localisation signal in the B2 region
showing that MRTF continuously shuttles through the nucleus. This rapid nuclear
accumulation suggests that the export rate of MRTF must be extremely high to
maintain a cytoplasmic localisation in resting conditions.
Crm1 mediated export of MRTF depends on its interaction with actin.
Experiments with photoactivatable GFP show that the MRTF export rate decreases
significantly when cells are treated with MRTF activating actin drugs (Cytochalasin
D, Swintolide A or Jasplakinolide) suggesting that nuclear accumulation is
predominantly regulated by the export rate (Vartiainen et al., 2007). MRTF-A
RPEL3 has ~7fold lower affinity for actin, compared to RPEL1 and RPEL2, and
would react first to reduced actin concentration and might thus be most important in
the regulation of nuclear export.
Myocardin doesn’t appear to be regulated via Crm1 export which most likely
reflects the overall reduced affinity for actin. In agreement with this, overexpression
of an un-polymerisable actin, R62D, causes re-localisation of myocardin to the
cytoplasm (Guettler et al., 2008).
Crm1 has preference for negatively charged residues and phosphorylation
of S33, located close to NES1, favours MRTF export via Crm1 (Panayiotou et al.,
2016). Phosphorylation of S549, S544 and T545 were shown to promote G-actin
binding to MRTF and promote NES2 mediated export (Muehlich et al., 2008).
Transcription
SRF residency time on the chromatin is increased by Rho-actin induced activation
of MRTF (Hipp et al., 2019). But sequestering MRTF in the nucleus is not enough
to cause MRTF/SRF mediated transcription. MRTF/SRF mediated binding to the
DNA is able to recruit RNA polymerase II but is unable to drive transcription unless
actin binding is disrupted (Vartiainen et al., 2007) (Francesco Gualdrini and Tea
Tetova unpublished data). At the moment it is unclear what is preventing
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polymerase from making RNA in this setting but actin has been implicated in
regulation of RNA polymerase and chromatin modifications (Miralles and Visa,
2006).
In addition to the regulation by actin binding, phosphorylation of SRF on
S162 in the MADS box reduces MRTF/SRF mediated transcription (Iyer et al.,
2006) possibly by changes in DNA conformation which could perturb MRTF binding
to the DNA.
Though we have advanced understanding of MRTF spatiotemporal
regulation, questions remain to be addressed. Some cell types have constitutively
nuclear MRTF but MRTF/SRF transcriptional activity is still regulated by G-actin for
the reasons outlined above. At the moment, it is not clear what causes the aberrant
subcellular localisation in these cell types. Currently there have been no studies to
assess import vs export rates in these cells. Unidentified RPEL interacting proteins
could play a role.
1.1.3 Function of the MRTF/SRF pathway
Deletion of MRTF or SRF are deleterious in a variety of different contexts. The
defects of which are mainly attributed to cytoskeletal dysregulation (Sun et al.,
2006a, Ragu et al., 2010b).

SRF plays a central role in adhesion of embryonic stem cells (Schratt et al., 2002).
Deletion of SRF causes embryonic lethality due to defects in mesodermal
patterning (Arsenian et al., 1998). The SRF phenotype becomes apparent shortly
after the onset of gastrulation. No defect is detected prior to E6.5 but by E7.5 the
SRF KO embryos are smaller than their WT or heterozygous littermates. Closer
inspection shows aberrant folding of the ectoderm and endoderm and a complete
lack of mesodermal cells. This is incompatible with life and no SRF KO embryos
are detected past E12.5.
Selective deletion of SRF in the hematopoietic lineage has shown a function
in Hematopoietic stem cell (HSC), megakaryocyte development and marginal zone
B-cells (MZB) (Ragu et al., 2010a, Ragu et al., 2010b, Guinamard et al., 2000,
Costello et al., 2015). Transplantation of SRF or MRTF null HSC fails to populate
the bone marrow (BM) due to defective adhesive properties (Ragu et al., 2010b,
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Costello et al., 2015). Selective deletion in hematopoietic cells using a Mx1-Cre
driver resulted in thrombocytopenia 5 weeks after deletion (Ragu et al., 2010a).
Cytoskeletal defects cause megakaryocyte progenitors to accumulate in the bone
marrow and impaired release of platelets once in the blood stream. Lymphocyte
specific deletion of SRF via a CD19-Cre driver causes loss of marginal zone B-cells
(MZB)(Fleige et al., 2007) a phenotype also observed in Pyk2 KO (Guinamard et
al., 2000). Though there is published evidence that the TCF arm of SRF mediated
transcription is playing a role in MZB (Costello et al., 2010) there might be
contributing effects of the MRTF arm which will be discussed further in the
discussion section of this thesis.
Myocardin was identified as a cardiac and smooth muscle cell (SMC)
specific regulator of SRF activity. Though myocardin is required for heart
development in Xenopus embryos, mice embryos show normal cardiac
development. Myocardin deletion in mice, however, causes embryonic lethality by
E10.5 due to a total absence of vascular SMCs (Li et al., 2003).
Global deletion of MRTF-B is also associated with embryonic lethality due to
defects in cardiovascular development which have been observed in two
independent studies using two different MRTF-B KO mice (Li et al., 2005, Oh et al.,
2005). MRTF-B is expressed in the ventral neural tube and evolving hindbrain at
E8.5 and in the developing cardiovascular system by E9.5. MRTF-B KO litters have
normal morphology and mendelian ratio at E12.5 but the embryos die between
E13.5-E14.5 with pericardial oedema and extensive haemorrhaging (Oh et al.,
2005).
MRTF-A knockout in mice on the other hand are viable suggestive of some
level of redundancy between the MRTFs. MRTF-A KO mice, however, fail to feed
their young due to developmental defect of the mammary tissue (Sun et al., 2006b,
Li et al., 2006). The mammary gland comprises milk producing luminal epithelial
cells and contractile myoepithelium. The myoepithelium contracts in response to
suckling induced oxytocin which causes lactation. MRTF-A KO mothers show
normal glandular function and produce milk in response to prolactin but do not
lactate (Sun et al., 2006b). Microarray transcriptomics of such mice show a
predominant defect in expression of contractile genes. This failure in milk ejection
can induce apoptosis of the glandular epithelium and premature involution.
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MRTF-A expression affects mesenchymal stem cell (MSC) differentiation,
and its deletion favours adipogenesis over osteogenesis resulting in defects in
skeletal homeostasis. The mice have shorter femoral and tibial bones and develop
osteopenia (Bian et al., 2016). Interestingly MSC differentiation responds to the
stiffness of the extracellular environment (Park et al., 2011, Sun et al., 2018) via
changes in cellular Rho-actin signalling which is suggestive of MRTF role in
responding to mechanical cues. In agreement with this, micropatterning show a
function for cell spread area in MSC differentiation (McBeath et al., 2004).
MRTF-A KO mice are significantly smaller than WT and have reduced fat
mass which appears contradictory to the above mention involvement in
adipogenesis (McDonald et al., 2015). This observation is independent of changes
in lean mass or food intake. MRTF-A KO mice show a change in their adipocyte
composition with a higher proportion of brown to white fat. These mice thus
demonstrate a higher respiratory exchange rate and thus higher energy
consumption at resting levels. The decrease body weight could contribute to the
reduced bone integrity observed in the mice since calcification is directly linked to
the mechanical load, known as Wolff’s law (Bertram, 1991, Nagaraja and Jo, 2014).
1.1.4 Function of MRTF/SRF target genes
MRTF/SRF have recently been shown to regulate a large number of cytoskeletal
target genes (Esnault et al., 2014) which goes a long way in explaining the
pathways importance for development, mesodermal patterning, contraction and
cellular migration (See Figure 4).
Cytoskeletal genes
The cellular cytoskeleton provides the mechanical scaffold for cell morphology and
cell spread area/volume. Actin is one of the main components of the cytoskeleton
and its expression is heavily regulated by MRTF/SRF mediated transcription.
Dynamic changes of the cytoskeleton are required for a variety of different cell
behaviours such as endocytosis, cell division and migration. Disruption of the
cytoskeleton or its regulation thus has deleterious effects on actin-based behaviour.
MRTF/SRF target genes include both structural components of the cytoskeleton,
like actin itself, and regulators of its assembly and turnover, like Arp2/3 and cofilin.
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In addition, MRTF/SRF target genes include regulators of actomyosin mediated
contraction. The regulation of the cytoskeleton is further discussed in the next
chapter.
Adhesion
Mechanical linkage of the cytoskeleton to the extracellular matrix (ECM) allows the
cell to probe the extracellular environment. Transmembrane receptors bind the
ECM and physically link it to the cytoskeleton causing an intracellular response.
This form of signalling is called outside-in signalling and involves a large number
for MRTF/SRF target genes. Likewise, an intracellular signal can activate
transmembrane receptor extracellular matrix engagement which is termed insideout signalling.
Integrin mediated engagement to the extracellular matrix protein fibronectin
plays an important role in skeletal homeostasis (Moursi et al., 1996, Moursi et al.,
1997, Sun et al., 2018). In particular, the MRTF/SRF target genes; integrin β1
(Itgb1), integrin α5 (Itga5) and integrin β3 (Itgb3). Integrins are required for B cell
migration in the marginal zone but not the follicular zone (Arnon et al., 2013).
As well as direct targets of actin remodelling and adhesion there are several
MRTF/SRF dependent signalling molecules required to propagate the signal from
the ECM to a cellular response. These include Rac and Rho GEFs/GAPs which are
further discussed in the next chapter.
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Figure 4. MRTF/SRF target genes regulate cytoskeletal dynamics

MRTF/SRF mediated transcription regulates many cytoskeletal target genes
including regulators of actomyosin, contractility, focal adhesions (FA) and
Extracellular matrix (ECM) remodelling. This creates a feedback loop by regulating
expression of MRTF/SRF activation. The MRTF/SRF pathway provides a long
term, nuclear, response to integrin mediated engagement to the ECM at focal
adhesions (FA).

1.1.5 MRTF/SRF in disease
Increased MRTF/SRF activity has been associated with increased metastatic
potential and migration while decreased SRF and/or MRTF activity has been
shown to decrease migratory capabilities of cells leading to immunodeficiency.
MRTF/SRF involvement in migration is thus both prominent and pathologically
important.

1.1.5.1 Cancer
MRTF is involved in acute megakaryoblastic leukaemia (AMKL) (Mercher et al.,
2001, Lopez et al., 2017). AMKL is a subtype of acute myeloid leukaemia (AML)
29

Chapter 1 Introduction

caused by aberrant proliferation of the megakaryocyte lineage. AMKL is primarily
associated with chromosome translocations causing fusion of transcription factors
turning them into “fusion-oncogenes”. One of these translocations involves MRTF,
OTT-MAL, which occurs in 5-10% of AMKL patients (Lopez et al., 2017). OTT-MAL
doesn’t respond to actin signalling and constitutively activates SRF mediated
transcription (Descot et al., 2008).
Deleted in liver cancer-1 (DLC-1) is a Rho-GAP regulating Rho-actin
signalling. Loss of DLC-1 is prominent in many different cancers including breast
cancer, liver cancer and colon cancer. It has been shown that this causes
increased MRTF nuclear localisation through Rho induced actin polymerisation
(Muehlich et al., 2012) which appears to be an important aspect of their malignancy
as siRNA-induced knockdown MRTF causes the cells to senesce (Hampl et al.,
2013, Hermanns et al., 2017).
Unpublished data from the Downward lab have shown a clear link between
Rac1-P29S mutation in melanoma and MRTF/SRF activity. Rac1-P29S mutation is
induced by UV light and occurs in 5% of melanoma. Rac1-P29S expressing cells
proliferate

better

than

those

expressing

Rac1-wt

which

is

reduced

by

pharmacological targeting of MRTF with CCG-1423. They also show that CCG1423 mediated inhibition of MRTF signalling prevents resistance to BRAF inhibitors
arguing for a promising therapeutic target (Daniel Lionarons and Julian Downward,
personal communication).
The gene signature for metastasis overlaps significantly with MRTF/SRF
target genes (Esnault et al., 2014, Yamaguchi and Condeelis, 2007) which include
a large number of cytoskeletal genes important for migration and dissemination of
cancer cells. In agreement with this MRTF/SRF is required for experimental
metastasis of MDA-MB-231 and B16 cells (Medjkane et al., 2009). Nuclear MRTF
is higher in invasive breast cancer cell line MDA-MB-231 compared to the less
invasive MDA-MB-468 (Hermann et al., 2016). This differential MRTF signalling is
attributed to higher Itgb1 expression. The authors of this study go on to show that
patients with high Itgb1 expression and high MRTF target gene -ISG15 expression
have decreased disease-free survival.
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1.1.5.2 Haematopoiesis and immune response
An effective immune response requires extensive migratory capability which is
defective in a variety of different immune cells with aberrant MRTF/SRF signalling.
Recently a child with immune deficiency symptoms was shown to have a
homozygous nonsense mutation in MRTF-A (Record et al., 2015). This mutation
causes impaired migration of patient neutrophils resulting in susceptibility to
bacterial infections. Neutrophils are part of the innate immune response which are
highly efficient migratory cells which seek out and destroy pathogens. SRF-deleted
mouse neutrophils display impaired migration. This defect is caused by impaired
integrin recycling as a consequence of cytoskeletal dysregulation (Taylor et al.,
2014).
SRF deletion in primary murine macrophages has also been documented to
impair their immune function (Sullivan et al., 2011). Though no significant defect is
detected in their chemotactic abilities they show impaired invasion through the
basement membrane and phagocytosis of bacteria.
Expression of cytoskeletal genes in HSC is regulated by SRF (Ragu et al.,
2010b, Costello et al., 2015). MRTF/SRF signalling plays an essential role in
haematopoiesis in the bone marrow though the initial colony forming activity in the
fetal liver is unaffected by the deletion of MRTF/SRF (Costello et al., 2015).
Currently ongoing work in the lab, by Diane Maurice, is investigating
MRTF/SRF involvement in T-cell response to bacterial infection in mice. Though
the MRTF/SRF deficient T cells appear to be able to arrive in the germinal centre
within the spleen during infection they fail to sustain their proliferation.
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1.2 ACTIN FUNCTION AND REGULATION
Actin proteins are globular proteins highly abundant in eukaryotic cells. These
globular subunits (G-actin) can polymerise head-to-tail into filaments in a righthanded double helix (F-actin) (Hanson and Lowy, 1963, Pollard and Borisy, 2003).
Filamentous actin (F-actin) has a structural function in the cell determining cell
shape and cell size. Actin can also be thought of as a mechanical protein required
for endocytosis, contraction and migration. In addition to these well-established
roles of F-actin, actin can also function as a signalling molecule in its monomeric Gactin form. RPEL proteins are novel G-actin binding proteins which are regulated
by changes in G-actin concentration (discussed in the previous chapter). Thus, the
regulation of actin microfilaments has a direct impact on MRTF/SRF activity. This
chapter will cover a few of these actin regulatory signalling pathways.

1.2.1 Actin regulation
The expression of actin is regulated by MRTF/SRF mediated transcription. Three
main isoforms of actin are found in vertebrates, α, β and γ. α actin is found in
skeletal, cardiac and smooth muscle while β and γ are ubiquitously expressed.
Actin proteins have an ATPase domain (Bork et al., 1992) and nucleotide binding to
the actin monomer stabilises the protein. During polymerisation G-actin subunits
are orientated with their ATP-binding cleft in the same direction giving the filament
polarity. Electron microscopy of the filament shows an arrowhead pattern of myosin
decorating the filament as a result of this polarity, and the ends of the filaments are
subsequently referred to as the barbed and pointed ends (Svitkina et al., 1997,
Small et al., 1978).
When ATP-G-actin is incorporated to the filament ATP is rapidly hydrolysed
to ADP-Pi, and the inorganic phosphate is slowly released. The nucleotide state of
actin thus gives information on the age of the filament but also influences its
elongation giving rise to a phenomenon known at treadmilling. Treadmilling of the
filament appears at steady states due to the differential kinetics of ATP-and ADPactin dissociation from the filament. ADP-actin dissociates faster from the barbed
end compared to ATP-actin and faster yet from the barbed end compared to the
pointed end (Pollard, 1986). This results in actin depolymerisation at the pointed
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end (Symons and Mitchison, 1991) and polymerisation at the barbed end of the
filament (Symons and Mitchison, 1991). Growth at the barbed end is in this setting
limited by the dissociation at the pointed end. Hydrolysis of the ATP to ADP is thus
essential for treadmilling but not for polymerisation per se (De La Cruz et al., 2000).

1.2.1.1 Actin binding proteins (ABPs)
Actin can self-assemble and induce treadmilling, but this occurs very slowly and
cannot account for the rapid actin dynamics observed in cells. Actin binding
proteins (ABPs) increase the polymerisation rate and regulate the spatiotemporal
polymerisation and stability of the formed filament. Over 100 ABPs have been
documented, a selection of which are discussed below grouped into categories
which regulate filament elongation, stability and location which together also affect
the overall structure of the filament network. As one might expect, ABPs have a
direct effect on MRTF/SRF pathway.
Elongation
The formation of a G-actin trimer is the rate limiting step of actin polymerisation as
its formation is energetically unfavourable. Nucleators accelerate the process by
creating a protein complex which spatially brings together three G-actins or actin
related proteins. Elongation of the filament can then occur from this nucleation
point. There are a number of nucleating proteins whose activity determines the
spatiotemporal polymerisation of new filaments. The speed of elongation is
regulated either by proteins sequestering the monomers, making less of them
available for polymerisation (thymosin), or by proteins which add monomers to the
filaments (formins, profilin).
The Arp2/3 complex is composed of seven protein subunits, two of which
are actin related (Machesky et al., 1994). Arp2/3 caps the pointed end of actin
filaments with nanomolar affinity and nucleate formation of new filaments at a 70
degree angle to the parental filament giving rise to a branched network of fibres
(Mullins et al., 1998). Arp2/3 are subsequently not found in actin bundles (Welch et
al., 1997). Nucleation promoting factors (NPF), WASP/WAVE family proteins,
activate Arp2/3 and are essential for membrane ruffling. NPFs bind Arp2/3 via their
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terminal acidic domain (Machesky and Insall, 1998) while the WH-2 domain binds
an actin monomer (Miki and Takenawa, 1998).

This results in nucleation by

mimicking the structure of a G-actin trimer (two actin related molecules from the
Arp2/3 complex and one monomeric G-actin). Arpin is a negative regulator of actin
polymerisation by sequestering Arp2/3 via an NPF-related acidic motif (Dang et al.,
2013). Glia maturation factor (GMF) is a cofilin analogue which binds and inhibits
Arp2/3 mediated nucleation (Gandhi et al., 2010) and coronin is another negative
regulator of Arp2/3 (Humphries et al., 2002).
JMY nucleates both branched actin networks, by activation of Arp2/3, and
also in its own right as it has three actin binding WH2 domains (Zuchero et al.,
2009). JMY is sequestered in the nucleus by p300 where it acts as a coactivator of
p53 mediated transcription. HL-60 cell differentiation from non-motile to highly
migratory neutrophil-like cells involves the loss of p300 and relocation of JMY to the
cytoplasm. JMY activates MRTF-A signalling but only when it is located in the
cytoplasm suggesting different functions for JMY in the nucleus and cytoplasm
(Kluge et al., 2018).
Formins nucleate unbranched filaments (Pruyne et al., 2002). Unlike Arp2/3,
formins remain associated with the barbed end of the growing filament. This both
speeds up the assembly rate but also protects the barbed end from capping
proteins. The FH2 domain binds and stabilises actin trimers to initiate elongation of
the filament. FH1 recruits profilin which delivers polymerisable ATP G-actin to the
growing filament which accelerates the elongation process. The activity of formins
is regulated by Rho-GTP which associates with the GTPase binding domain (GBD).
Rho-GTP binding causes unfolding of the autoinhibitory state revealing the FH
domains. Formin activity has a direct impact on MRTF/SRF activity (Baarlink et al.,
2013, Plessner et al., 2015).
Profilin and thymosin maintain the monomeric G actin pool. Profilin binds
the barbed end of an actin monomer which overlaps with the actin binding WH2
domain in the NPF WASP (Chereau et al., 2005). Profilin catalyses the exchange
of ADP for ATP in G-actin thus increasing the speed of which depolymerised actin
is available for repolymerisation (Mockrin and Korn, 1980, Goldschmidt-Clermont et
al., 1991). Profilin adds actin monomers to the barbed end of the filament (Tilney et
al., 1983) and favours formation of unbranched actin filaments by directly
associating with the FH1 domain in formin (Kovar et al., 2006). This is further
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potentiated by inhibition of Arp2/3 mediated nucleation (Rotty et al., 2015) as
profilin sequesters G-actin away from NPF (Suarez et al., 2015).
Thymosin β4 forms a ternary complex with profilin and actin. Microinjection
of thymosin in fibroblasts causes dose dependent depolymerisation of actin
filaments due to the sequestering and thus withdrawal of actin monomers available
to maintain the filaments (Sanders et al., 1992). Overexpression of thymosin β4
increases MRTF/SRF activity even though the monomeric G-actin concentration
remain unchanged. Thymosin sequestering of G-actin is sufficient to withhold
MRTF-G-actin association which is a generalised effect of G-actin binding
proteins/WH2 containing proteins (Weissbach et al., 2016).

Stability of the filaments
Filament length is also regulated by capping and severing proteins. Capping
proteins bind to the pointed or barbed end of the filament and prevent further
elongation by physically occluding monomer addition. This can also stabilise the
filament by preventing depolymerisation. Severing proteins cut the filament creating
fresh barbed and pointed ends. This can facilitate depolymerisation at the pointed
end, making more G-actin available for polymerisation elsewhere. But severing can
also favour elongation or filament branching by making more barbed ends available
for polymerisation. Severing proteins thus regulate the dynamics of the filament.
Cofilin is a severing protein which facilitates the dissociation of actin
monomers from the pointed end of the filament. Phosphorylation of serine 3 on
cofilin via LIM domain kinase 1 (LIMK) inactivates the protein resulting in filament
stabilisation. Cofilin severing activity is important for generating new free barbed
ends for elongation which are required for lamellipodia extension (Zebda et al.,
2000, Ichetovkin et al., 2002). Cofilin binding to the filament is prevented when the
filament is under tension (Hayakawa et al., 2011). In this way the stability of the
filament is improved when external or internal forces pull on the filament. Cofilin
activity has a direct effect on MRTF/SRF activity by regulating actin dynamics
(Sotiropoulos et al., 1999, McGee et al., 2011).
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Tropomyosin binds to the side of F-actin, mechanically stabilises the
filament (Gunning et al., 2008) and recruits myosin motors to the actin filament
(Gunning et al., 2005) for transportation of cargo or generation of cellular tension.
Cortactin is enriched in the lamellipodium and binds F-actin and Arp2/3
(Weed et al., 2000). Cortactin thus facilitates branched filament nucleation and has
also been shown to stabilise the newly generated filament branch point which is
contrary to other Arp2/3 activators like the WASP family (Weaver et al., 2001,
Schnoor et al., 2018).

Crosslinking and tethering proteins
The location and structure of the filament is affected by crosslinking and tethering
proteins which physically link the filament to cellular structures (organelles, cargo or
the plasma membrane) or to other actin filaments. This also means that forces can
be applied on the filaments for transportation of cargo along the filament,
membrane deformation and generation of intracellular tension.
Myosin is a family of motor proteins comprising two heavy chains and two
pairs of light chains. The proteins are organised into three structures; head, neck
and tail. The globular head domain, in the heavy chain, is the most conserved and
contain the actin binding site and ATPase activity. The ATPase activity is regulated
by myosin light chain (MLC) phosphorylation on ser19 (Amano et al., 1996), in the
neck. ATP hydrolysis causes conformation change of the protein resulting in pulling
on the attached actin filament. Rho associated kinase (ROCK) regulates myosin
activity both directly and indirectly by phosphorylating MLC (Amano et al., 1996)
and inactivating MLC-phosphatase (Kimura et al., 1996). The tail domain links
myosin to structures within the cell or other myosin tails, linking filaments together.
Filamin-A crosslinks actin filaments together. Filamin forms a homodimer in
a V-shaped configuration and binds F-actin via its N-terminus resulting in actin
bundling at larger angles. Filamin A has been documented to bind the promoter
region of MRTF/SRF target genes and regulate MRTF mediated transcription via a
physical interaction (Kircher et al., 2015).
α-actinin forms an antiparallel dimer with actin binding domains at each end,
which is capable of bundling actin filaments in stress fibres but is also found in focal
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adhesions (FA) linking the adhesion complex to the cytoskeleton. A FRET sensor
has demonstrated that α-actinin carries tension which is important for FA
maturation (Ye et al., 2014). The α-actinin molecule extends up to 5.5 nm in
response to myosin mediated pulling on the actin filament (Hampton et al., 2007).

1.2.1.2 Rho-GTPases link actin dynamics to signalling pathways
ABPs are regulated by Rho (Ras homologous) family of small GTPases which link
actin dynamics to signalling pathways. They constitute a family of 20 proteins
regulated by their GTPase status (Ridley, 2015). Guanine nucleotide exchange
factors (GEFs) activate Rho-proteins by changing GDP for GTP, and guanine
nucleotide activating proteins (GAPs) inactivate them my catalysing the hydrolysis
of GTP to GDP. Guanine nucleotide dissociation inhibitors (GDI) sequester Rhoproteins in the cytoplasm (see Figure 5). When activated Rho-GTPases can
regulate a wide array of different cellular behaviours like migration, cell spreading,
proliferation and survival.
The most studied include Rho and Rac which, via their activation of different
ABP, regulate formation of different structural conformation of the actin network
and subsequently different actin-based behaviours.
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Figure 5. Rho-GTPase regulation

Rho-GTPases are regulated by their GTPase status. Guanine nucleotide exchange
factors (GEFs) activate Rho-proteins by changing GDP for GTP, and guanine
nucleotide activating proteins (GAPs) catalysing the hydrolysis of GTP to GDP
resulting in their inactivation. Guanine nucleotide dissociation inhibitors (GDI)
sequester Rho-proteins in the cytoplasm.

Rac-GTPase
Rac is found at the front of migrating cells in lamellipodial protrusions (Ridley et al.,
2003, Ridley et al., 1992). Activated Rac can bind the CRIB domain on WASP and
N-WASP (Aspenström et al., 1996) subsequently activating Arp2/3 and branched
actin assembly.

Rho-GTPase
Rho activity causes bundling of actin into stress fibres (Amano et al., 1997) via
activation of ROCK and the formin mDia. mDia nucleates unbranched actin
filaments and ROCK phosphorylates MLC (Amano et al., 1996) as well as myosin
phosphatase (Kimura et al., 1996) causing myosin mediated pulling on the aligned
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fibres nucleated by mDia. Myosin mediated pulling on the filament generates
cellular tension which drives formation of focal adhesions. ROCK also
phosphorylates and activates LIMK which inhibits cofilin resulting in improved
filament stability.

Reciprocal inhibition of Rho and Rac signalling pathways
Rac and Rho are traditionally thought to be spatiotemporally separated to the front
and back of the cell respectively. There is however, some evidence of both Rac
and Rho activity at the leading edge (Machacek et al., 2009) though still
spatiotemporally separated by 2-4µm and 40 seconds. This spatiotemporal
separation of Rho and Rac activity is due to reciprocal inhibition of each other’s
signalling.
Rho induced contractility activates ArhGAP22 which inhibits Rac activity
(Sanz-Moreno et al., 2008). High Myosin II activity has also been shown to displace
the Rac-GEF β-Pix from adhesions (Kuo et al., 2011). Furthermore, ROCK has
been shown to phosphorylate and activate FilGAP, a Rac-GAP, and thus reduce
Rac activity.
Rac effector WAVE-2 is a negative regulator of Rho (Sanz-Moreno et al.,
2008). Rac-GTP has also been implicated in the activation of Rho-GAP
p190RhoGAP (Bustos et al., 2008).

Signalling pathways which regulate Rho-GTPase activity and actin dynamics
Signals from the external environment can change/alter actin dynamics. These
signals are detected by receptors on the cell surface which bind soluble or
mechanical ligands. The external signal is relayed to Rho-GTPases which cause
changes in the actin cytoskeleton producing the cellular response. Four major
classes of receptors transmit extracellular signals which affect actin polymerisation
and motility (see Figure 6).
Serum mediated activation causes Rac activation in both adherent and nonadherent cells (Ridley et al., 1992, del Pozo et al., 2000). Serum starved cells
however show higher Rac activity under adhesive conditions compared to when
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they are kept in suspension indicating that both growth factor and adhesions can
trigger Rac-GTP loading (del Pozo et al., 2000). In contrast to Rac activity, the
kinase activity of the Rac effector PAK is only detected under adhesive conditions
suggesting that integrins play a role in targeting Rac to the membrane. This was
confirmed with subcellular fractionation and integrin blocking experiments (del Pozo
et al., 2000). Integrin adhesions direct the subcellular localisation of Rho-GTPase
activation (Schwartz and Shattil, 2000) and will be further discussed below.
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Figure 6 Rho-GTPase activation via external signals

Four major classes of transmembrane receptors transmit extracellular signals
which affect actin polymerisation and motility. Integrins make contact with the
extracellular matrix. Receptor tyrosine kinases (RTK) respond to growth factor
stimulation. G-protein coupled receptors (GPCR) respond to chemotactic signals
and Cadherins mediate cell-cell contacts.
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1.2.2 Integrin regulation and function
Integrins are transmembrane receptors expressed in metazoan/multicellular
organisms (Whittaker and Hynes 2002) and responsible for bidirectional signalling
across the cell membrane (Hynes, 1987). The extracellular domain engages with
the extracellular matrix while the intracellular domain links to the cytoskeleton and
intracellular signalling pathways. The integrins thus provide a mechanical linkage
between the extracellular matrix and the cytoskeleton.
Integrins form heterodimers of non-covalently associated α and β subunits.
Humans have 18α integrins and 8β integrins resulting in the possibility of 24
heterodimer combinations (Hynes, 2002). ECM ligands are very diverse but they all
bind integrin via an acidic residue (Bergelson and Hemler, 1995). Arguably the
most studied integrin ligand is the RGD motif present in the extracellular matrix
component fibronectin. Integrin affinity for their ligand is regulated by divalent
cations, Ca2+ inhibit integrins while Mg2+ and Mn2+ are involved in their activation
(Cierniewska-Cieslak et al., 2002). Ligands interact with both the α and the β
subunits. The ligand binding domain of β3 acquire two cations, one of which
interacts with the ligand aspartic acid and one which stabilises the ligand binding
surface (Xiong et al., 2002).
24 different heterodimer combinations make it possible to recognise a wide
array of ECM motifs with different integrins binding different substrates. Some
overlap between substrates does, however, exist with different integrins able to
bind the same substrate resulting in different intracellular signalling responses. The
extent of these bindings and functional consequences have not been fully
characterised but are summarised in Figure 7.
Itgb2 heterodimers are specifically expressed on immune cells and
recognise ligands other cells are unable to bind. They are important for a range of
immune cell functions including trans-endothelial migration, phagocytosis and
immune cell activation. The best studied Itgb2 heterodimers are known as LFA-1
(ItgaL/Itgb2 also known as CD11a/CD18) and Mac-1 (ItgaM/Itgb2 also known as
CD11b/CD18, or compliment receptor 3 (CR3))(Beller et al., 1982). Both of LFA-1
and Mac-1 bind to ICAM which is expressed on activated endothelium (Tan et al.,
2000). This results in immune cell adhesion and transmigration from the blood
vessel into the infected tissue. In addition to ICAM, Mac-1 recognise damaged
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proteins, fibrinogen, bloodclot factor X and iC3b-opsonized particles (Davis, 1992,
Todd, 1996). This promiscuity allows immune cells to migrate in diverse tissues to
chase pathogens.

Figure 7. Integrin subunits engage different and overlapping substrates

24 different integrin heterodimer conformations and their substrates. Different
heterodimers bind substrate specific and overlapping binding motifs (Hynes, 2002).
Different integrins can cause different intracellular responses to the same
substrate. αII is not represented in the diagram which is specifically expressed on
platelets partnering with β3.
1.2.2.1 Integrin activation
The heterodimer exhibits an active or an inactive conformation. The closed/inactive
conformation is energetically favourable (Li et al., 2017) and does not bind
extracellular ligand. Intracellular and/or extracellular interactions change the
conformation of integrins and activate their signalling. This is termed inside-out and
outside-in activation respectively. Activation of integrins turns them into intracellular
signalling platforms causing changes in actin dynamics.
Inside-out
Mechanical forces play a central role in integrin activation. Rho-GTPases does not
generally affect integrin affinity (Zhong et al., 1998) but there is evidence for
regulation of integrin activation via Rac induced actin polymerisation (Kiosses et al.,
2001). High-affinity integrins get localised to the leading edge by their physical
interaction with polymerised actin via Talin (Galbraith et al., 2007). Increasing or
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decreasing the actin polymerisation rate increased and decreased the amount of
high-affinity integrins localising at the leading edge respectively. Actin filaments
apply lateral force to the integrin intracellular domain which is predicted to stabilise
the open/activated conformation (Zhu et al., 2008). The pulling of integrins by the
actin filament causes collision with other membrane proteins creating a frictional
drag which could provide the mechanical force required to shift the equilibrium to
favour the open conformation (Zhu et al., 2008). This has been confirmed more
recently, where it has been shown that a cytoskeletal force of 1-3pN is sufficient for
a complete shift from low to high affinity conformation (Li and Springer, 2017). The
open conformation would align the extracellular domain over other glycoproteins in
the membrane and maintain the open conformation. Structural analyses show that
stabilisation of the open/active conformation is achieved through ligand binding to
the ECM (Hantgan et al., 2001). Adhesion to the ECM subsequently increases the
resistance to actin mediated pulling on the integrin which significantly increases the
force transmitted across the membrane (Zhu et al., 2008). Rac mediated actin
polymerisation can in this way cause integrin activation (inside-out).

Outside-in
In addition to Rac induced activation of integrins, integrins can activate RhoGTPases (Schwartz and Shattil, 2000, Kiosses et al., 2001, del Pozo et al., 2000,
Price et al., 1998). ECM engagement causes structural changes within the integrin
heterodimer and activates their signalling, so termed outside-in signalling (Emsley
et al., 2000, Legate et al., 2009). Table 1 shows a variety of known GEFs and
GAPs which respond to integrin mediated engagement. MRTF/SRF have been
proposed to provide the nuclear arm of outside-in signalling and thus cause a longterm response to integrin mediated adhesion (Esnault et al., 2014).
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ArhGAP22

Rac

GAP

(Sanz-Moreno et al., 2008)

Asef

Rac

GEF

(Bristow et al., 2009)

DOCK180

Rac

GEF

(Kiyokawa et al., 1998)

DOCK3

Rac

GEF

(Sanz-Moreno et al., 2008)

FilGAP

Rac

GAP

(Ohta et al., 2006)

GEF-H1

Rho

GEF

(Guilluy et al., 2011)

LARG

Rho

GEF

(Dubash et al., 2007)

p190RhoGAP

Rho

GAP

(Arthur and Burridge, 2001)

p190RhoGEF

Rho

GEF

(Lim et al., 2008)

RacGAP1

Rac

GAP

(Jacquemet et al., 2013)

Syx

Rho

GEF

(Dachsel et al., 2013)

Tiam

Rac

GEF

(Michiels et al., 1995)

Vav

Rac

GEF

(Crespo et al., 1997)

β-Pix

Rac

GEF

(Kuo et al., 2011)

α-Pix

Rac

GEF

(Gal et al., 2003)

Table 1. GEFs/GAPs activated downstream of integrin signalling

List of GEFs and GAPs shown to be activated downstream of integrin signalling
with their relevant reference.
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1.2.2.2 Integrin inactivation
Inactivation of integrins can be achieved by displacing the intracellular signal which
favours the open/active conformation. This has been shown for SHARPIN which
binds the alpha cytoplasmic tail and impairs Talin and kindlin binding (Rantala et al.,
2011). This breaks the link between the integrin and the actin network resulting in
integrin inactivation.
Some integrins have an inhibitory effect on other integrins activity. For
example, Itga2/Itgb1 engagement decreases Itgav/Itgb3 activity (Kiosses et al.,
2001). This effect has been termed trans-domain inhibition (Díaz-González et al.,
1996) and has also been observed for Itgav/Itgb3 in regulation of Itga5/Itgb1
(Blystone et al., 1994).

1.2.2.3 The integrin adhesome complex (IAC)
Activated integrins recruit a variety of adaptor and signalling molecules (talin,
vinculin, paxillin, ect) forming the integrin adhesome complex (IAC) which directly
links the ECM to the actin cytoskeleton (Vicente-Manzanares et al., 2009). Talin
head domain bind integrin cytoplasmic domain and the talin tail domain interact
with actin directly. Talin knockout abolish integrin-actin linkage (Zhang et al., 2008).
The architecture of IAC composition in z has been revealed by three
dimensional super resolution fluorescent microscopy showing a highly organised
but complex structure (Kanchanawong et al., 2010). Integrin and actin are
separated by ~40nm. This gap is bridged by a dynamic IAC which contains multiple
proteins organised in three sublayers. A integrin signalling layer containing focal
adhesion kinase (FAK) and paxillin, a force transducing layer including talin and
vinculin, and a actin regulatory layer including zyxcin and α-actinin. The x-y
organisation of integrins within individual focal adhesions has been solved by
stochastic optical reconstruction microscopy (STORM), revealing a highly
organised hierarchy with activated Itgb1 observed in linear substructures (Spiess et
al., 2018).
The IAC transduces mechanical and chemical signals controlling different
cellular functions and actin-based behaviours. Mass spectrometry analysis of
isolated IAC has revealed them to be highly complex, comprising many more
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proteins then previously appreciated. A bioinformatic analysis of data from multiple
studies has identified a core IAC composition involving 60 proteins when integrin
bind fibronectin (Horton et al., 2015). 18% of human protein kinases are found in
the adhesome highlighting the IAC as a signalling hub (Schoenherr et al., 2018,
Humphries et al., 2019).
Despite what is presumed, these proteins are not recruited individually to
the IAC. Part of the adhesome is pre-assembled in the cytoplasm and is assembled
and disassembled on the adhesion complex as dimers or trimers (Hoffmann et al.,
2014). What the biological consequence of this is remains to be firmly established
but it could potentially have intriguing consequences on adhesome composition. As
some of these protein-protein interactions are mutually exclusive their recruitment
could alter downstream signalling. For example, paxillin can bind vinculin or FAK,
but not both at the same time. Alternatively, paxillin can be found in a trimer
comprising paxillin, Fak and Cas. Paxillin accumulation at the adhesion complex
precedes that of α-actinin, and α-actinin binding stabilises paxillin in the adhesome
complex (Laukaitis et al., 2001). α-actinin in turn is found in a complex with VASP,
a nucleation promoting factor (NPF) for actin polymerisation.
The recruitment of the adhesome components does not appear to be
regulated by phosphorylation (Hoffmann et al., 2014) but does show regulation by
force (Xu et al., 2018). In agreement with this, FAK and src signalling are
independent of adhesion composition (Horton et al., 2016, Stutchbury et al., 2017).
This suggests that adhesion linked kinases may be recruited in complex with
adhesome proteins which thus spatiotemporally regulate their activity.
The adhesive and cytoskeletal repertoire varies drastically between cells
resulting in different responses to the same substrate. Different integrins form
different adhesome complexes and subsequently activate different signalling
pathways and recruiting different GEFs to the cell membrane. For example, Itgb1
but not Itgb2 has been shown to recruit the integrin scaffold protein NEDD9 (also
known as Cas-L, HEF1 and p105) (Ahn et al., 2012, Manié et al., 1997). NEDD9
belong to the Cas family of scaffold proteins which gets phosphorylated by src
family of kinases upon Itgb1 activation (Cabodi et al., 2010). Phosphorylated
NEDD9 recruits Crk adaptor via their via SH2 domain. Cks recruits the Rac-GEF,
DOCK3 which been shown to be important for mesenchymal migration and
invasiveness of melanoma cells which is further discussed in Chapter 1.3.3 (Ahn et
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al., 2012, Kim et al., 2006). Another example of integrin specific activation of
signalling molecules been shown by Shiller et al involving Itgb1 and Itgb3. Itgb1
and Itgb3 engagement to fibronectin cause Rho-induced activation of mDia and
ROCK respectively and thus act co-operatively in stress fibre formation and
contraction (Schiller et al., 2013). Different cells also vary in their expression of
adhesome proteins possibly causing differential signalling downstream of the same
integrin. To my knowledge this has not been extensively studied to date.
Individual adhesions undergo maturation from focal complexes (FC) to focal
adhesions (FA) and sequential activation of Rac and Rho respectively (Nobes and
Hall, 1995, Hotchin and Hall, 1995) (see Figure 8). It is therefore clear that the
composition of the adhesomes undergoes dynamic changes, which is difficult to
capture with current techniques and the molecular basis remains to be established
in full but is known to require force. Proteomic analysis of IAC isolated with and
without inhibition of contractility has attempted to elucidate the differential protein
composition of FC and FA showing differential recruitment of the Rac-GEF β-Pix
(Kuo et al., 2011).
Recently a new form of IAC has been identified containing a high level of
Itgb5, endocytic adaptors and clathrin component, which provide anchorage to the
substrate during mitosis (Lock et al., 2018). These novel IAC have been termed
reticular adhesions (RA). A similar IAC been described to mediate attachment to
collagen fibres during three dimensional migration (Elkhatib et al., 2017). If these
studies are describing the same IAC remains to be established but both appear in
equilibrium with focal adhesions (FA) possibly explaining the lack of FA in vivo.
Chemical and physical properties of the ECM thus have profound effects on
IAC composition and downstream signalling.
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Figure 8. Maturation of focal adhesions

As adhesions mature the signalling downstream of integrins change. This is due to
different activation of GEFs and GAPs resulting in transition from high Rac activity
to high Rho activity. The differential activation results in different actin structures.
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1.2.2.4 Integrin in actin organisation and migration
While growth factor receptors can activate Rho-GTPases globally integrins
determine where the downstream events take place by tethering GTPase
subcellular localisation. In agreement with this, dendritic cells embedded in
collagen gels with protein coated nanofibers are shown to migrate towards a
soluble chemotactic gradient along the adhesive fibres, i.e. not taking the shortest
route but the route which maintains integrin mediated adhesion (Schumann et al.,
2010). This is referred to as contact guidance, a phenomenon originally identified
>60 years ago (Weiss and Garber, 1952) and neatly shown by micropatterning for
other cell types (Doyle et al., 2009).
Integrin mediated adhesion triggers activation/recruitment of tyrosine
kinases (Na et al., 2008) which can phosphorylate and activate Vav (Cichowski et
al., 1996, Yron et al., 1999), a Rac GEF. Rac-GTP unfolds and thus activates
nucleation promoting factors like WAVE. WAVE activates Arp2/3 which nucleates
branched actin networks in the leading edge. This Rac induced actin
polymerisation causes further recruitment and activation of integrins to the leading
edge, primed and ready to engage with the substrate (Galbraith et al., 2007,
Kiosses et al., 2001, Zhong et al., 1998). Integrin mediated adhesion triggers
activation of Rac-GEFs and this loop continues, resulting in a polarisation of the
cell with new focal complexes and subsequent Rac activation at the leading edge
which is required for efficient migration toward chemotactic or hepatotactic stimuli.
As new adhesions form at the leading-edge pre-existing adhesions are
moved towards the cell body and mature from FC, high in Rac activity, to FA, high
in Rho activity (Figure 8). This reflects a different composition of the adhesome as
increased force is applied to the IAC. Forces applied over the integrins are sensed
through GEF-H1 which causes activation of RhoA (Guilluy et al., 2011). Rho-GTP
subsequently activates the formin mDia and ROCK resulting in further force
exertion and further maturation. The stiffness of the ECM provides different levels
of resistance to the actomyosin mediated pulling on the integrin. Cells seeded on a
soft substrate subsequently display fewer FA and stress fibres due to reduced
resistance and thus reduced RhoA activity. Likewise, impaired Rho activity on a
stiff substrate prevents FA maturation (Chrzanowska-Wodnicka and Burridge, 1996,
Kuo et al., 2011). As adhesions mature a change in actin structure is observed
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from branched to organised actin bundles resulting in defined zones termed
lamellipodium and lamella high in Rac and Rho activity respectively. The inhibitory
roles of Rac and Rho activity further facilitate spatiotemporal separation of Rac and
Rho in the lamellipodium and lamella respectively. This separation subsequently
explains the differential actin organisations in these regions and contribute to
cellular polarisation.
Myosin mediated pulling on the stress fibres plus actin polymerisation
produce retrograde flow of the actin filament. When this flow of actin is linked to the
ECM via the integrins it results in a pulling force being exerted on the substrate.
This is termed traction force and depends on sufficient adhesion at the leading
edge as the cell pulls the cell body forward. Subsequently adhesions in stationary
cells have been shown to slide inwards towards the cell body, i.e. the retrograde
flow is not anchored sufficiently to the substrate and is not translated to protrusions
(Smilenov et al., 1999). A migrating cell, however, shows largely stationary
adhesions.
This form of migration is often referred to as mesenchymal migration which
exerts a large amount of force on the substrate to pull the cell body forward (See
Figure 9). Mesenchymal migration relies on integrin mediated adhesion and Rac
activity and is morphologically characterised by an elongated spindle like
morphology.
Different forms of migration are further discussed in the next chapter.
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Figure 9. Cell polarity during migration.

As adhesions mature the integrin adhesion complex (IAC) overgo from high Rac
signalling to high Rho signalling which results in formation of different actin
structures. Lamellipodia: Nascent adhesions cause Rac activation which favours
branched actin filament formation via Arp2/3 activation. Lamella: As adhesions
mature they favour Rho activation which causes the filament structure to change to
actin bundles, so called stress fibres. RhoA activation also causes myosin II
activation which pulls on the stress fibres generating force which is transduced to
the substrate via adhesions - traction force. The reciprocal inhibition of Rho and
Rac activity results in high Rho activity at the cells trailing end. Contractility of the
stress fibres is required to pull off the adhesions at the back - detachment force.
Direction of forces are highlighted with red arrows.

1.2.2.5 Integrins in proliferation and senescence
In addition to the well-known role of integrins in migration and adhesion they also
have been implicated in proliferation and senescence. Senescence is defined as a
permanent cessation of proliferation and is thus different from quiescence.
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A mitotic stimulus is insufficient to induce proliferation without adequate
adhesion to the substrate (Huang et al., 1998). This is referred to as anchorage
dependence which is a phenomenon observed in most untransformed cells (T-cell
excluded) (Stoker et al., 1968). Anchorage dependence arises from tension
dependent changes in cell shape (Huang et al., 1998, Mammoto et al., 2004).
Inhibition of cell spreading results in arrest in G1 via p27 accumulation (Mammoto
et al., 2004) which has implicated both ROCK and mDia in cell cycle regulation due
to their regulation of the actin cytoskeleton. This is achieved through activation of
Skp2 which mediates the degradation of the cell cycle inhibitor p27 (Mammoto et
al., 2004). Interestingly Skp2 has been implicated indirectly in SRFko induced
senescence of smooth muscle cells (Angstenberger et al., 2007, Werth et al., 2010).
Proliferation is increased on stiff substrates, which reflects increased
integrin binding and cell spreading. Scar formation, for example, results in
increased stiffness of the tissue which favours proliferation of vascular smooth
muscle cells (VSMC) via integrin dependent signalling to FAK, Rac and Cyclin D
(Klein et al., 2009).

Integrin mediated binding to the ECM is required for cell

spreading on the substrate and has also been implicated in activation of cell cycle
regulators. Cdk1 is activated downstream of Itgav/ Itgb3 in prostate cancer (Manes
et al., 2003, Jones et al., 2018). Intriguingly, a direct link between the cell cycle and
motility has been shown via Cdk1. Cdk1 regulates progression through G2/M but
has also been observed in lamellipodia of motile cells and phosphorylates
caldesmon, resulting in myosin-actin interaction (Manes et al., 2003).
Contrary to this Itgb3 has been shown to be upregulated in senescent cells
(Rapisarda et al., 2017) suggesting the type of adhesion is important in regulation
of cell growth. More recently a novel adhesion complex called reticular adhesions
(RA) has been shown to maintain adhesion to the substrate during cell rounding in
mitosis (Lock et al., 2018). RA contact with the ECM is important for proper
segregation of the daughter cells and their inhibition results in division errors.
Integrin mediated adhesion thus directly and indirectly regulates cell cycle
entry and maintains adhesion during division.
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1.3 CELLULAR MIGRATION
Migration is essential for many biological processes such as development, wound
healing and the immune response. Aberrant migration is associated with disease
such as metastatic spread of tumours and immunodeficiency.
Migration is driven by changes in cytoskeletal dynamics and myosin
mediated contraction which generates intracellular tension within the cell.
Adhesions to the substratum link the intracellular force to the environment which
results in translocation of the cell body. As will be discussed below adhesion can
be made via integrin mediated adhesion or non-specific friction.
1.3.1 Forces in migration
For cell translocation and migration to occur the protrusive force needs to be higher
than the forces which oppose it.
Actin polymerisation has long been appreciated as essential for migration
(Zigmond, 1993). Organisation of the filaments gives rise to different forms of
protrusions. Branched actin networks give rise to a wide lamellipodium while, finger
like projections called filipodia contain actin bundles. Actin polymerises with the
barbed end towards the leading edge of the cell (Svitkina et al., 1997, Small et al.,
1978). As actin polymerises it encounters physical resistance from the membrane
tension and any extracellular matrix barriers which are in the way. This
resistance causes the filament to drift towards the centre of the cell which is termed
retrograde flow. Cellular protrusions only result when the polymerisation rate is
higher than the retrograde flow (Watanabe and Yamashiro, 2014).
Adhesions stabilise new protrusions by anchoring them to the substrate.
Adhesions also transduce the force generated by the retrograde flow to the
substrate resulting in a pulling force referred to as traction force (Ponti et al., 2004,
Giannone et al., 2004, Renkawitz et al., 2009). Increased adhesion resists the
retrograde flow and favours protrusion while reduced adhesive strength results in
slippage of the actin filament, either of the integrin-actin linkage or the integrin-ECM
linkage. There is subsequently an inverse relationship between retrograde flow
speed and traction force (Gardel et al., 2008).
Contraction increase the retrograde flow of the actin filament which is
achieved via myosin II mediated pulling on the filament. This contributes to the
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traction force being generated at the cell leading edge but is not essential for
migration (Renkawitz et al., 2009, Sahai and Marshall, 2003, Barnhart et al., 2011).
Contraction, however, is absolutely required for cell detachment at the cell trailing
edge. When the retrograde flow is higher than the actin polymerisation rate it
results in retraction, which we observe at the cell rear. Though this can happen
passively by reduced actin polymerisation myosin II mediated contraction is
required to pull off any adhesions that are present at the cell rear (Lauffenburger
and Horwitz, 1996, Jay et al., 1995). I will refer to this as detachment force (see
Figure 9). In other words, adhesive strength and force requirement to migrate are
directly linked by affecting the detachment force (DiMilla et al., 1993, Palecek et al.,
1997). Migration efficiency shows a biphasic relationship to the substrate
adhesiveness with optimal migration at intermediate adhesiveness with optimal
traction and minimal frictional drag.
Inhibition of myosin mediated contraction reduces the retrograde flow and
causes increased cell spread area and aspect ratio as detachment force is
impaired. Subsequently, improved myosin activity is associated with a more
compact morphology and reduced aspect ratio indicative of high intracellular
tension (Barnhart et al., 2011).
Contraction can also result in round protrusions which are devoid of actin
filaments, termed blebs. Myosin mediated contraction can locally increase the
intracellular pressure resulting in separation of the cortex from the membrane,
reducing the membrane tension/cortical resistance and inducing propulsion of the
cytoplasm resulting in these round, bleb like protrusions (Paluch and Raz, 2013).
Though blebbing does occur on 2D surfaces it is much more common in a 3dimensional environment. Probably because of constraining the cell shape which
facilitates polarisation of membrane-cortex disassembly. The propulsion of the
membrane could facilitate actin filament elongation into the space as it is no longer
impeded by the membrane tension.

1.3.2 Different modes of migration: Mesenchymal vs Amoeboid
Migratory behaviours

of

single

cells

can

broadly be

divided

into

two

interchangeable modes of migration defined by the utilisation of above factors
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(Sahai and Marshall, 2003). Extracellular cues and cell intrinsic factors can push
the cell towards either of these migration modes (Figure 10).
1.3.2.1 Mesenchymal migration
Mesenchymal migration is an adhesive form of migration which exerts a large
amount of force on the substrate as the cell pulls itself forward. When encountering
a physical barrier, the cell can utilise metalloproteases to degrade the extracellular
matrix and is thus thought of as a “path-generating” mode of migration. Hallmarks
of mesenchymal migration include integrin mediated adhesion and high Rac activity.
Cells thus migrate with a notable elongated spindle like morphology and
lamellipodium at the leading edge.
1.3.2.2 Amoeboid migration
Amoeboid migration only makes transient adhesions with the substrate and
subsequently requires much less force to be exerted on the substrate to translocate
the cell body. Furthermore, the force is orientated in the opposite direction
compared to mesenchymal migration as the cell pushes the cell body forward
(Bergert et al., 2015) via actomyosin mediated contraction. Amoeboid migration
does not make use of metalloproteases and is a “path-finding” form of migration.
Hallmarks of this form of migration are thus integrin independency and high Rho
activity, protrusion in form of blebs and a rounded morphology.

Figure 10. Two interchangeable modes of migration

Migration can broadly be divided into two main modes of migration: mesenchymal
and amoeboid. Depending on cell intrinsic and external cues the cell can change its
migratory behaviour.
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1.3.3 Cell intrinsic factors affect migration mode
Cell intrinsic factors affect cell morphology and migratory behaviour. Rho activity is
associated with a round morphology while Rac activity is associated with an
elongated morphology (Sahai and Marshall, 2003).
Overexpression of the integrin scaffold protein NEDD9 causes migratory
transition from the round/amoeboid mode to an elongated/mesenchymal mode.
This is induced by the Rac-GEF DOCK3, which is recruited to NEDD9 in activated
integrins (Sanz-Moreno et al., 2008, Ahn et al., 2012).
Inhibition of matrix metalloproteases (MMP) changes the migratory
behaviour of the cells to use a more amoeboid type of migration with a more
rounded morphology depending on Rho-ROCK activity (Wolf et al., 2003, Sahai
and Marshall, 2003).
As discussed in the previous chapter, Rho and Rac activities are regulated
by external cues. The external environment thus has a prominent role to play in cell
migration by favouring Rac-dependent mesenchymal or Rho-dependent amoeboid
migration.
1.3.4 The environment affects migration mode
The structure and density of the ECM is highly heterogenous throughout the body
with large tissue variances and tissue heterogeneity (Wolf et al., 2009). The
physical environment can influence the migratory behaviour of the cell to switch
between migration modes. This has not been observed for soluble signals like
growth factors (Sahai and Marshall, 2003) suggesting mechanical signals influence
migration mode while soluble signals provide directional or activator stimuli.
Migration behaviours vary drastically between 2D and 3D environments and
some characteristics of 2D migration are not present in a 3D environment. For
example, the involvement of large focal adhesion during 3D migration has been
debated (Fraley et al., 2010, Kubow and Horwitz, 2011). Microfabrication
techniques have started to tease out how individual parameters of the environment,
such as architecture, substrate composition and stiffness affect the migratory
behaviour of the cell independently of each other to increase our understanding of
how the environment affects the migratory behaviour of the cell. For example,
MDA-MB-231 cells placed in increasingly confined/3D environments demonstrate a
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reduction in FA which is also associated with changes in the cells cytoskeletal
dynamics (Balzer et al., 2012). This migration is Itgb1 independent which is in
agreement with a downregulation of FA in confined/3D environments (Balzer et al.,
2012).
1.3.4.1 Architecture/ECM structure
Numerous studies have shown that the architecture of the environment has a
profound effect on cellular migration (Friedl and Wolf, 2010). Using microfabrication
to design confined and unconfined environments has shown environment specific
requirement for Rac and integrin mediated adhesion (Bergert et al., 2015, Balzer et
al., 2012, Liu et al., 2015, Ruprecht et al., 2015, Lammermann et al., 2013,
Lammermann et al., 2008, Hawkins et al., 2009). Based on these characteristics
unconfined/2D migration is often referred to as mesenchymal migration and a
confined/3D migration is thought to favour amoeboid migration.
As outlined above, force is required to pull or push the cell body forward but
also to overcome pre-existing adhesions. 2D cell culture favours formation of focal
adhesions as the cell needs to remain stuck to the substrate, migration in such
environment subsequently requires force to be generated to pull off the pre-existing
adhesions at the cell trailing edge as well as providing traction force at the cell front.
Computable modelling predicts that confined migration, unlike unconfined migration,
does not require specific adhesions due to a larger surface area in contact with the
substrate making focal adhesions redundant (Hawkins et al., 2009).
MDA-MB-231

cells

placed

in

confined

microchannels

show

a

downregulation of their focal adhesions and redistribution of the actin cytoskeleton
(Balzer et al., 2012). Migration in this environment is integrin independent
suggesting that the structure of the environment changes the activation status of
integrins. Though the mechanism of the downregulation/inactivation is not
understood one can speculate it is caused by the redistribution of the actin
cytoskeleton which is involved in activation of integrins (see earlier chapter 1.2.2.1).
Though specific integrin mediated adhesion is downregulated in a confined
environment, non-specific friction provides opposing force to retrograde flow
resulting in adhesion independent/amoeboid migration (Bergert et al., 2015). As in
2D, 3D migration shows maximum migration at optimal force coupling and minimal
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frictional drag. At increasing channel confinement, and thus increased cell surface
area in contact with the surface, migration efficiency should be reduced if the
retrograde flow is not increased to compensate for the increased fictional drag. In
agreement with this T cells show a biphasic relationship to the level of confinement
(Jacobelli et al., 2010).
The differential requirement on adhesion in confined and unconfined
migration result in differential requirement on force exertion with 10-100-fold more
force exerted during mesenchymal migration compared to amoeboid migration
(Raman et al., 2013, Bergert et al., 2015).
1.3.4.2 Stiffness
Tumour progression is accompanied by collagen crosslinking and ECM stiffening
(Levental et al., 2009). The rigidity or stiffness of the extracellular matrix favours
migration, this is termed durotaxis (Lo et al., 2000). High stiffness activates RhoGTPase which is accompanied by increased expression of contractile genes
(Paszek et al., 2005, Itoh et al., 1999). Increased focal adhesion accompanied by
increased contractility results in increased migration of glioblastoma cells. It is
worth noting that MRTF-A nuclear localisation increases on stiff substrates
(Hadden et al., 2017, Huang et al., 2012) and MRTF is known to regulate
expression of contractile genes (Esnault et al., 2014, Oh et al., 2005), strongly
suggesting a central role for the MRTF/SRF pathway in durotaxis and potentially
tumourigenesis.
1.3.4.3 Chemical composition
As mentioned above, optimal migration is achieved at intermediate adhesiveness
when the forces required for traction and detachment are balanced. This
assumption does not take into consideration which integrins are engaged by the
substrate. Chemical composition of the substrate will engage different integrins and
subsequently

activate

different

signalling

pathways

within

the

cell.

The

adhesiveness of the substrate can also affect the protrusive structure the cell
utilises for migration. Walker cells show extremely rapid change between blebbing
and lamellipodial protrusions on substrates of different adhesiveness (Bergert et al.,
2012).
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1.3.5 Matrix remodelling in disease
ECM remodelling is prominent in disease and can thus alter the migratory
phenotype of the cells (Provenzano et al., 2009, Overstreet et al., 2013, Sinkus et
al., 2000). For example, the stromal cells surrounding human breast cancer have
been shown to increase in stiffness from ~1kPa in normal tissue to ~20kPa in
premalignancy (Plodinec et al., 2012) which is thought to facilitate tumour invasion.
Exome sequencing of human breast cancer has shown a large fraction of
mutations in ECM interacting receptors, ECM components and the actomyosin
machinery (Shah et al., 2012) which strongly suggests that cancer cells are
involved in remodelling their environment.
During inflammation remodelling of the collagen fibres results in a looser
matrix composition which changes T-cell migration from an integrin independent
(amoeboid) to an integrin dependent (mesenchymal) mode of migration (Overstreet
et al., 2013).
Thus, understanding how the extracellular environment affects cell migration
is of outmost importance in order to design therapies to regulate aberrant migratory
behaviours.
1.3.6 MRTF/SRF in cellular migration
Migration requires reorganisation of the cellular cytoskeleton to form cellular
protrusions. Predictably, these changes in cytoskeletal dynamics have a direct
impact on MRTF/SRF mediated transcription. Coordinated cytoskeletal dynamics
and gene expression programs are necessary for efficient migration as degraded or
damaged proteins need to be replenished. An increase in actin dynamics at the
leading edge of a migrating cell means an increased demand of structural and
regulatory proteins. MRTF/SRF signalling thus proves central to responding to
increased demand of cytoskeletal proteins and a defect in this signalling cascade
has detrimental effects on cellular migration. These defects have been attributed to
cytoskeletal dysregulation demonstrated in a multitude of different cell types which
has recently been subjected for review (Gau and Roy, 2018).
Deleting SRF in the developing forebrain impairs neuronal migration, resulting
in ectopic accumulation of neurons in the subventricular zone (Alberti et al., 2005).
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MDA-MB-231 cells deficient for MRTF or SRF show impaired migration in
scratch wound assays and fail to metastasise

to the lung when adoptively

transferred via the tail vein (Medjkane et al., 2009).
Migration of macrophages and neutrophils is defective in absence of
MRTF/SRF expression (as outlined earlier in: 1.1.5.2 Haematopoiesis and immune
response).
MRTF is important for plasma membrane blebbing and entotic invasion
(Hinojosa et al., 2017) supposedly cementing MRTF/SRF requirement for
amoeboid migration as well as mesenchymal migration.

Though MRTF/SRF importance for migration been shown in a variety of
different studies across many different cell types(Taylor et al., 2014, Costello et al.,
2015, Alberti et al., 2005, Sullivan et al., 2011, Medjkane et al., 2009, Record et al.,
2015) it is not clear if the phenotype is caused by a global loss of cytoskeletal and
adhesive genes or if it is specific genes or signalling pathways which are affected.
1.3.6.1 Dendritic cell migrates independently of SRF expression in vivo
Dendritic cells (DC) are highly migratory antigen presenting cells patrolling
peripheral tissues. When they encounter an antigen, they become activated and
start to migrate to the draining lymph node where they interact with T-cells to
induce an adaptive immune response towards the antigen (Figure 11). To assess
SRF requirement for DC migration Patrick Costello in our laboratory induced a
sterile inflammatory response to the mouse ear and assessed how many wild type
(WT) and SRF knockout (SRFko) DC arrived in the draining axillary node.
Intriguingly, equal numbers of WT and SRFko DC arrived. This appears
contradictory to the current knowledge of MRTF/SRF pathway being required for
migration.
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Figure 11. SRF independent migration of dendritic cells

To the left is a schematic of dendritic cell (DC) migration from the periphery to the
draining lymph node. Centre image shows the experimental design for assessing
DC migration in vivo. Right graph shows %DC arriving at the axillary node 48 hours
after stimulation. This experiment was performed by Patrick Costello in our
laboratory (unpublished data).

Since the cell adjusts its migratory strategy to different environments we
speculated that the observed SRF independent DC migration could be due to
differential requirement for optimal migration (Wolf et al., 2013, Lämmermann and
Germain, 2014). In this thesis, experiments have been designed to assesses the
requirement for MRTF/SRF signalling in migration of different environments across
multiple cell types to further deepen our understanding of cellular migration.
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Chapter 2.

Materials & Methods

2.1 Mice
The following mouse genotypes have been used in this project: Srffl/fl, 6Gt(Rosa)26Sortm9(cre/ESR1)Arte; Mlkl-/-, Mkl2fl/fl, 6-Gt(Rosa)26Sortm9(cre/ESR1)Arte
; 6-Gt(Rosa)26Sortm9(cre/ESR1)Arte; Srffl/fl, Cd11c Cre; Cd11c Cre. Rock1fl/fl; Rock2fl/fl
and Rockfl/fl, Rockfl/fl. In the text I will refer to the 6-Gt(Rosa)26Sortm9(cre/ESR1)Arte
genotype as “Tam Cre”, and Mlkl-/-, Mkl2fl/fl will be referred to as Mrtf-a-/-, Mrtf-bfl/fl
Animals were maintained under specific-pathogen-free conditions in the
Cancer Research UK Biological Resources Unit and later the Crick Biological
Resources Unit. Animal experimentation, approved by the CRUK Animal Ethics
committee, was carried out under Home Office licences PPL 80/2602 and
P7C307997.
Young adult (7-14 week old) age and sex matched animals were used in all
the experiments.

2.2 Channel manufacturing
Microfluidic channels were made in collaboration with Ewa Paluch’s laboratory at
UCL who provided the wafer/moulds and equipment required. Wafers used
moulded 6x6, 6x8, 8x8, 10x10 µm wide/high and 6mm long channels. The
channels were cast in Polydimethylsiloxane (PDMS) (34030201, VWR) and
assembled on custom made MatTek dishes (P35-20-C-NON, MatTek) using a
PDMS coated coverslip (631-0174, VWR) to ensure all 4 sides of the channels had
similar properties. The assembled MatTek dishes were incubated at 60oC overnight
(O/N) to let the PDMS harden then stored at room temperature (RT).

The channels were coated with the desired substrate just prior to usage. After
washing the channels were filled with medium supplemented with any desired
drugs. Cells were gently loaded to the channels using a 1 mL syringe containing a
high cell concentration, a 23G blunt needle (16139956, SLS)

and metal pin

(ordered from New England Small Tube Corporation with the following
specifications: .032/.0325” OD x .015/.017” ID x 19mm (.750+/-.005”) Lg, Type 304,
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Welded & Drawn, Full Hard, Cut, Deburred & Passivated). Care was taken not to
introduce bubbles to the microfluidic system which could change the hydrostatic
pressure within the channels. Once the cells were loaded the channel block was
covered in media appropriate for the cells utilised and maintained at 37oC, 10%
CO2 until imaging.

2.3 Substrate coating
2.3.1 Fibronectin coating
Fibronectin (FN) (F2006-1MG, Sigma-Aldrich) was diluted to desired concentration
and the vessel coated for 1.5 hours at 37oC followed by two washes with PBS.
2.3.2 BSA coating
2% BSA (A7030-100g, Sigma, purity >98%) was made up in PBS and filtered
through a 0.22µM PES membrane (SLGPO33RS, Millex). The filtered BSA was
added to the vessel for 30 min at room temperature followed by two washes with
PBS.
2.3.3 ICAM-1 coating
ICAM-1 (796-IC-050, R&D) was diluted to desired concentration and the vessel
were coated for 1.5 hours at 37oC followed by two washes with PBS.
2.3.4 Uncoated/serum coated
Tissue culture plastic which has not been coated prior to cell seeding will absorb
ECM components from the serum in the tissue culture medium. Uncoated and
serum coated will thus be synonyms in this thesis.
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2.4 Cell culture
2.4.1 MDA-MB-231
Doxycycline inducible shRNA expression targeting MRTF and SRF in the
mammary carcinoma cell line MDA-MB-231 have previously been described by the
lab (Medjkane et al., 2009). MDA-MB-231 cells were cultured in DMEM medium
supplemented with 10% FCS and Penicillin/Streptomycin (P/S) at 37oC with 10%
CO2. Cells were treated with doxycycline for 72 hours prior to experiments to
induce MRTF/SRF knockdown. MDA-MB-231 cells were negative for myoplasma.
2.4.2 Bone Marrow Derived Macrophages (BMDM)
BMDM were cultured by isolating both hind legs from a mouse of desired genotype.
The bone marrow (BM) was isolated with 5 mL RPMI media supplemented with 1%
heat inactivated FCS using a syringe equipped with a 23G needle. The BM was
resuspended to make a single cell suspension and passed through a 70 µm nylon
filter (352350, Falcon). The filtered BM was subdued to Red Blood Cell (RBC) lysis
for 10 min on ice followed by 5 min centrifugation at 1200 rpm. The pellet was
resuspended in 20 mL complete Macrophage media (RPMI, P/S, 10% heat
inactivated (HI) FCS, 10% L929 conditioned media and 5 nM 2-mercaptoethanol)
and cultured in a 15-cm dish, at 37oC and 10% CO2 for 3 days. On day 3 the
contaminating fibroblasts adhere to the bottom of the dish while the macrophage
precursors are still in suspension. The suspension cells were then transferred to a
fresh 15-cm dish (353025, Falcon) and topped up with 10 mL fresh media for a
further 2 days of culture. 5 days after dissection a full media change was performed.
At this point the medium was supplemented with 1 µM 4-Hydroxy tamoxifen
(H7904-25mg, Sigma) to start the induction of ER-Cre mediated deletion of the
floxed allele. On day 7 of culture the BM had differentiated to mature macrophages
double positive for CD11b and F4/80 which was assessed by flow cytometry.
Macrophages were used for experiments from day 8 to 10. The cells were
detached by scraping, and a prior incubation with Trypsin for 5 min reduced the
amount of cell death caused by scraping.
L929 conditioned media was produced by Cell Services STP.
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2.4.3 Bone Marrow Derived Dendritic cells (BMDD)
BMDD were isolated, cultured and differentiated using both hind legs of a mouse
with desired genotype. The bone marrow was isolated as above and treated with
RBC lysis buffer. The resulting cell pellet was resuspended in 20 mL complete
Dendritic cells media (RPMI, 10% HI FCS and 200U/mL GM-CSF1 (PMC2016, Life
Technologies). BM from one mouse is split between two 10-cm dishes (353003,
Falcon) and left for 20 min at 37oC, 10% CO2 after which the suspension cells were
moved to a fresh 15-cm dish. The following day the media was toped up by 10 mL
and GM-CSF1 was added for the full volume in the dish. Flat macrophage-like cells
became evident upon which clusters of dendritic cells started to grow. ~70% DC
were achieved at day 7-8 of culture. To achieve a homogenous DC population the
cells were purified with CD11c conjugate microbeads (130-108-338, Miltenyi
Biotec) on MACS selection columns (130-042-401, Miltenyi Biotec) following the
manufacturer’s instructions. DC were detached by scraping.
2.4.4 Bone Marrow Derived Neutrophils
Neutrophils do not grow in culture and have a half-life of ~24 hours once isolated.
Work was carried out fast and on ice to improve the yield of neutrophil isolation.
Neutrophils were isolated from BM on MACS columns (130-042-401, Miltenyi
Biotec) using a neutrophil isolation kit (130-097-658, Miltenyi Biotec) according to
manufacturer’s instructions. Importantly the BM isolation media was free from
serum to reduce the chance of neutrophil activation and granulation. Neutrophils
were maintained in RPMI, 1% HI FCS and P/S at 37oC, 10% CO2.
2.4.5 Mouse Embryonic Fibroblasts (MEFs)
MEFs of the following genotypes were isolated and SV40 immortalised by
Francesco Gualdrini and Cyril Esnault: Srffl/fl, 6-Gt(Rosa)26Sortm9(cre/ESR1)Arte; Mlkl-/-,
Mkl2fl/fl, 6-Gt(Rosa)26Sortm9(cre/ESR1)Arte and 6-Gt(Rosa)26Sortm9(cre/ESR1)Arte . Three
pools of MEFs per genotype, isolated from individual embryos, were used for
experimental studies. In the text I will refer to the 6-Gt(Rosa)26Sortm9(cre/ESR1)Arte
genotype as “Tam Cre”, and Mlkl-/-, Mkl2fl/fl will be referred to as Mrtf-a-/-, Mrtf-bfl/fl.
Primary WT; Rock1fl/fl; Rock2fl/fl and Rock1fl/fl, Rock2fl/fl were a kind gift from Victoria
Sanz-Moreno’s lab at King’s College London. Primary MEFs were expanded in a
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hypoxia chamber at 3% O2 for 5 days and frozen down in vials. Unfortunately, the
Rock2fl/fl cells failed to proliferate. The primary WT, Rock1fl/fl and Rock1fl/fl, Rock2fl/fl
MEFs were immortalised with SV40 (see paragraph 2.4.6 below). MEFs were
cultured in DMEM supplemented with 10% FCS and P/S, passaged at 50%
confluency by washing with PBS and detached using Trypsin EDTA (T4049,
Sigma-Aldrich) and split 1:10 every 3 days.
2.4.6 Immortalisation
MEFs were immortalised using a double infection protocol. Phoenix cells were
grown to ~80% confluency in a 10-cm dish for each 10-cm dish of MEFs to be
immortalised. The phoenix cells were transfected with 2 µg of pBABE-SV40 largeT
using Fugene (E2311, Promega) and transferred to a CL2 incubator. 24 hours after
transfection the Phoenix cells received a complete media change. 24 hours later
the supernatant was collected and filtered through a 0.45 µM filter and 10 µg/mL of
polybrene were added to negatively charge the viral particles. The filtered
supernatants containing the virus were transferred to the MEFs to be immortalised.
The phoenix cells received 10 mL of fresh media and the whole procedure was
repeated the following day. Once the MEFs reached confluency the infected cells
were selected for with hygromycin at 50 ug/mL until un-infected control MEFs had
all died.
2.4.7 Infections
LZRS-hNEDD9-IRES-GFP and IRES-GFP was a gift from Lynda Chin (Addgene
plasmids #21962 and #21961). Infection of primary macrophages was optimised to
be performed as a single infection on day 3 of BMDM differentiation as follows.
Phoenix cells were transfected with 0.6 µg VSVG (envelope), 3 µg pxPAX2
(packaging), 6 µg plasmid using Fugene (E2311, Promega) on the day of BM
dissection. The transfection mixture was added to a semi confluent 10-cm dish of
Phoenix cells in 10 mL of macrophage media. Phoenix cells received a full media
change the following day and transfection efficiency was check on a fluorescent
microscope. On day 3 of BMDM culture the suspension cells were counted and
seeded in a 6-well plate at 750,000 cells/well. The plate was subsequently spun at
1200 rpm for 5 min to settle the cells to the bottom of the well and the supernatant
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was gently removed and topped up with 1 mL fresh macrophage media. The
supernatant was collected from the phoenix cells and filtered through a 0.45 µM
PVDF low protein binding filter (SLHV033RB, Millipore). 10 µg/mL of polybrene
were added to negatively charge the viral particles and the mixture was transferred
to the macrophages to be infected, ~1 mL per well. The following day media was
topped up with an additional millilitre of media to ensure enough nutrients and L929
were present for macrophage differentiation. The culture was continued as usual
for the BMDM culture. The day prior to the experiment the infected cells were
sorted by flow cytometry for DAPI negative and GFP positive cells. This was
typically done at day 5-7 after infection, the cells were thus deemed as CL1 cells.
2.4.8 Transient Transfections
Transient knockdown of proteins was performed using Lipofectamine RNAi MAX
(Invitrogen) in a 6-well plate according to the manufacturer’s instructions. 400,000
BMDM were seeded one day before transfection. 20µM siRNA and 1.2 µL
lipofectamine RNAi MAX were mixed individually in 250ul Opti-MEM for 5 min and
then combined for 20 min. The transfection mixture was then added to the cells and
topped up with 500 µL of complete macrophages media and kept for 72h. The
siRNA used was SMARTpool siNEDD9 (M-019466-02-0010, Dharmacon).

2.4.9 Cell lysis
2.4.9.1 DNA isolation
Cell lysis and DNA isolation was performed with the Nextec DNA isolation System.
PCR was performed on the isolated DNA using KAPA 2G fast genotyping mix
(KAPA Biosystems) and the primers (Table 2). The PCR products were separated
on 1.5% agarose gel by electrophoresis and visualised with ethidium bromide.
Expected band size shown in Table 3.
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Genotyping primers

sequence

MTRF- A

GTTGCTCAGTCATGTGACACCTGTACAG

MTRF- A

GGCTTCAGTACCTTCCTAAGCTCTGCAG

MTRF- A

CATGGTGGATCCTGAGACTGGCGAATTC

MRTF- B Flox

CATGGCGACTTCCTTCTCCTCTTCTCAAGGCTG

MRTF- B Flox

GGCTTAGACAAGATGGTTGGTCTGGCACTGC

MRTF- B Flox

CCAGTGGTGTCCAGTCTTACTGAACAGCTCACTCAG

SRF

CTGTAAGGGATGGAAGCAGA

SRF

TAAGGACAGTGAGGTCCCTA

SRF

TTCGGAACTGCCGGGCACTAAA

Table 2. Genotyping primers

Allele
MRTF-A WT
MRTF-A KO

Fragment size
~600 bp
~350 bp

MRTF-B KO

364 bp

MRTF-B flox

570 bp

MRTF-B WT

460 bp

SRF WT

432 bp

SRF flox

492 bp

SRF KO

310 bp

Table 3. Predicted product sizes from WT, KO and floxed alleles

Predicted size of gene product when using the primers outlined in Table 2
2.4.9.2 RNA extraction and cDNA library preparation
RNA extraction was performed using GenElute mammalian total RNA kit (Sigma)
according to the manufacturer’s instructions.
cDNA was synthesised from the extracted RNA using Transcription First
Strand cDNA Synthesis Kit (Roche). 1 µL DNase I (1U/µl) and 1 µL 10x reaction
buffer were mixed with 8 uL of isolated RNA and incubated for 15 min at 37oC. 25
mM EDTA were then added and the samples incubated for 10 min at 65 oC. 7 µL
master mix (2µl reaction buffer, 0.5µl RNase inhibitor, 2µl dNTP and 0.5µl Reverse
transcriptase) were added and samples incubated for 10 min at 25oC followed by
30 min at 55oC and 5 min at 85oC.
Target genes were analysed with primers in Table 4, using SYBR Green
based quantitate RT PCR (Invitrogen). Relative template cDNA abundance was
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quantified using standard curve method and normalised against Rps16 or GAPDH
cDNA.
Primers
GAPDH
MRTF-A
MRTF-B
NEDD9
p16
p21
RPS16
SRF

sequence (FW)
GAAGGTGAAGGTCGGAGTCA
CTCCAGGCCAAGCAGCTG
CAAACGACAAACACCGTAGCA
CCACCCTCCTACCAGAATCA
GTCACACGACTGGGCGATT
GTTCCGCACAGGAGCAAAGT
CGCACGCTGCAGTACAAGTTACT
CACCTACCAGGTGTCGGAAT

sequence (RV)
AATGAAGGGGTCATTGATGG
CCTTCAGGCTGGACTCCAC
AGCTTCTTCACTCGCGGTTT
ATACCCCTTGAGTGCTGTGG
CATGCTGCTCCAGATGGCT
ACGGCGCAACTGCTCAC
ACATGTCCACCACCCTTCACAC
GCTGTGTGGATTGTGGAGGT

exon/intron/location
exon spanning
exon spanning
exon 10
exon spanning
exon spanning
exon spanning
exon spanning
exon spanning

Species
Mouse
Human
Human/Mouse
Mouse
Mouse
Mouse
Human
Human/Mouse

Table 4. qPCR primers

2.4.9.3 Protein extracts
For western blotting: Cells were collected and washed with ice cold PBS (500,000
cells for MDA-MB-231 cells and 1 million cells for primary macrophages). Cells
were lysed for protein analysis with 50 µL RIPA buffer (20 mM Tris pH7.4, 150 mM
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, protein and
phosphatase inhibitors added fresh before use) on ice for 10 min followed by 10
min centrifugation at 13000 rpm 4oC to pellet cell debris. The clarified supernatants
were transferred to fresh tubes and stored at -20oC. Bradford protein quantifications
were performed to determine protein concentration.

For mass spectrometry: Cells were harvested from 10-cm dishes. First the plates
were washed with ice cold PBS and 50-200 µL lysate buffer (8M urea, 50 mM
TEAB and protease and phosphatase inhibitors) was added depending on how
confluent the cells were. The plates were vigorously scraped and lysates collected
in Eppendorf tubes. Repeated aspiration through a 200 µL pipet tip were performed
to disrupt the cells. The collected lysate was centrifuged at 16,000g for 10 min at
4oC to pellet cell debris. The clarified supernatants were transferred to fresh tubes
and stored at -20oC. BCA protein quantifications were performed to determine
protein concertation and 50 µg were supplied to the Proteomics STP for further
analysis (see 2.14).
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2.5 Immunoblotting, immunofluorescence and flow cytometry
2.5.1 Western blotting
2µL 4x Laemmli buffer were added to 8 uL of cell lysis and incubated at 100oC for 5
min. The samples were loaded to 4-12% NuPAGE gels and run for 1.5 hour at 180
V in MOPS buffer. The proteins were transferred to a nitrocellulose membrane at
200 A for 1 hour and blocked with 2% BSA for 30 min at room temperature with
slight agitation. The primary antibody was added according to Table 5 bellow and
incubated overnight at 4oC with agitation. The membrane was then washed three
times in PBS-0.1% Tween 20 for 5 min at room temperature with agitation. The
infrared dye conjugated secondary antibody was added at 1/1000 in 2% BSA for 1
hour followed by two washes. The membrane was then analysed on an infrared
reader (Odyssey, Licor). Quantification were performed in ImageLite software.

2.5.2 Immunofluorescence
Coverslips were coated with the desired substrate (as outlined above) or left
uncoated. Cells were seeded and were fixed the day after with 4% PFA for 10 min
at RT. The coverslips were washed twice with PBS. At this point the coverslips
were stored at 4oC. The coverslips were then permeabilised with 0.2% Triton X-100
for 20 min at RT followed by 1h blocking in blocking buffer (10% FCS, 0.5% fish
skin gelatin in PBS). Primary antibodies were diluted in blocking buffer and 30 µL
droplets were placed on parafilm. The coverslips were laid on top of the droplets,
cell side down and incubated for 1h at RT. The coverslips were then washed three
times in PBS and placed on a droplet containing the secondary antibody and DAPI
made up in blocking buffer for another hour at RT. Dilutions of antibodies can be
found in Table 5. Actin was stained with Phalloidin (Invitrogen). The coverslips
were then washed and mounted onto Super Frost slides in Mowiol.
Images were taken with a Zeiss Axio Observer.D1 microscope with PlanAPOCHROMAT 40x or Plan-APOCHROMAT 63x Oil objectives (Zeiss). Imaging
was performed using an Axio Cam MRm camera and the ZEN pro (Zeiss) software.
Images were processed and quantified in ImageJ.
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2.5.3 Flow cytometry
Roughly 500,000 cells were aliquoted into FACS tubes and washed with FACS
buffer (PBS, 1% HI FCS). Washed cells were incubated for 20 min on ice with the
staining solution containing the fluorescently conjugated antibody of interest (Table
5). Cells were then washed and re-suspended in 500 µL FACS buffer with DAPI
and run on Flow Cytometry Analyser LSRII B (BD Biosciences). Analyses were
performed in FlowJo software (Free Star).
A cell sorter was used to isolate GFP positive cells following infection which
was performed by staff in the FACS STP.
Antibody against
Actin
BrdU
CD115
CD11b
CD11b
CD11c
CD18-FITC
CD29-PE
CD49b-FITC
CD49d-FITC
CD49e-FITC
CD61
F4/80
H3.3
Ly6G-PE
MRTF-A (C19)
pan 14 3 3
pan ERK
phospho ERK
Rac
ROCK1/2
αTubulin
αCD18

conjugated

PeCy7
PeCy7
FITC
APC
FITC
PE
FITC
FITC
FITC
FITC
APC
PE

reactivity
Mouse, Rat, Human
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse, Rat, Human
Mouse, Rat, Human
Mouse
Mouse
Mouse
Human, Mouse
Human, Mouse
Mouse

IF

WB

FACS

1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/50
1/100
1/100

1/10000
1/1000
1/500
1/10000

Blocking

Manufacturer
Santa Cruz
BD Biosciences
BD Biosciences
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
Millipore
Miltenyi
Santa Cruz
Santa Cruz
BD Biosciences
Cell Signaling
Millipore
Sigma
Sigma
10 µg/mL BD Biosciences

Order Number
sc-47778
347580
25-1152-82
25-0112-82
11-0112-82
561119
553292
12-0291-83
11-5971-82
11-0492-85
11-0493-83
11-0611-81
17-4801-82
09-838
130-102-392
sc-21558
sc-1657
610124
9101
05-389
07-1458
T5162-100UL
557440

Table 5. Antibody list

2.6 Traction Force Microscopy
Force exertion by individual cells was assessed by traction force microscopy using
fluorescent beads embedded in a deformable hydrogel in accordance with (Martiel
et al., 2015)
(https://www.sciencedirect.com/science/article/pii/S0091679X14000090?via%3Dih
ub).
Gel deformation was measured by assessing bead displacement between
images where force is applied by the cell versus a reference image where the gel
was not under tension. Bead displacement was quantified using particle image
velocimetry (PIV) and force exertion calculated based on Fourier transform traction
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cytometry (FTTC) taking into consideration the gels mechanical characteristics.
The bead displacement is linear to the traction force and is inversely proportional to
the Young modulus of the hydrogel. For further information please read (Martiel et
al., 2015).
50 kPa and 8 kPa SoftTrack Soft well plates with 1 µm yellow/green beads
were purchased from Cell Guidance. The 50 kPa gels were much too stiff to
measure the bead displacement in MDA-MB-231 and macrophages and were
subsequently not used further. The plates were washed twice with PBS prior to
usage and coated with desired substrates (see 2.3 above). Cells were seeded
sparsely to be able to image the force exerted by individual cells and let adhere
overnight (MDA-MB-231 cells, 10,000 cells/well in a 12-well plate; Macrophages,
20,000 cells/well in 12-well plate). The beads and cells were then imaged on a
Nikon Ti2 Eclipse microscope using a 40x lens at 1.5x magnification. These images
show the hydrogel under tension as the cells are exerting force on the substrate.
These images were then compared to images without tension, i.e. without the cells.
The MDA-MB-231 cells were easily removed by trypsinisation while the
macrophages were removed by osmotic lysis. Image alignment were achieved with
ImageJ Template Matching plugin and PIV and force exertion assessed with PIV
and FTTC plugin using a Poisson ratio of 0.5 and Young Modulus corresponding to
the stiffness of the hydrogel. Plugins were downloaded from
https://sites.google.com/site/qingzongtseng/imagejplugins.

2.7 Adhesion and detachment assays
To measure the adhesiveness of the cells adhesion assays were performed as
follows. Cells were seeded on different substrates and incubated at 37oC, 10% CO2
for 20 min. Non-adherent cells were washed off and the remaining cells fixed with
4% PFA for 10 min at RT and washed twice with PBS. Cells were then incubated
with 0.05% Crystal Violet for 30 min at RT and washed 5 times with water. Cells
were permeabilised with 0.2% Triton-X in PBS to release the dye and analysed on
a plate reader. Absorption was read at λ590nm.

To measure the adhesive strength of the cells centrifugal detachment assays were
performed as follows. Cells were stained with CFSE according to the
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manufacturer’s instructions (C34554, Invitrogen) and seeded on different
substrates in a 96-well plate overnight at 37oC, 10% CO2. The fluorescent intensity
was measured the next day on Envision Plate reader. The plate was then topped
up with media/PBS (370 µL total volume, all the way to the brim) and sealed with
film (being very careful not to create bubbles in the wells). The sealed plates were
then centrifuged upside down at 1500 rpm for 5 min. The detached cells were
gently removed and the plates were returned to the plate reader to measure
fluorescent intensity. The percentage of detached cells was then calculated from
the fluorescent intensity measured before and after centrifugation.

2.8 Migration assays
2.8.1 Scratch-wound assay
Cell were seeded in 24-well plate at a density of 500,000 cells/well overnight. A
single wound was created with a 10 µL pipette tip in each well. Each well was
washed twice with PBS to remove any floating cells. If inhibitors were used they
were added to the complete medium after wound induction and imaged 30 min
after the start of the treatment (the time it takes to set up multidimensional
acquisition). See Table 6 for list of drugs and inhibitors used. 3-5 random locations
were imaged per well every 30 min for 24 hours using a 10x lens. The percentage
wound closure was measured using ImageJ by dividing the wound size area at 24
hours with the original wound size at the start. Individual cell velocity and
directionality were measured by manually tracking 50 cells per acquisition using the
ImageJ plug-in MTrackJ. Individual tracks were then quantified using the
Chemotaxis ImageJ plug-in. Velocity was calculated by dividing the accumulated
distance (in µm) by time (in minutes). Directionality is defined as the euclidean
distance divided by the accumulated distance.
2.8.2 Random migration
Cells were sparsely seeded in a 96-well plate (10,000 cells/well for immune cells) in
complete medium and imaged on the Livecyte or IncuCyte Zoom instruments.
Individual cells were tracked manually using ImageJ MTrackJ plugin. Velocity was
calculated by dividing the accumulated distance (in µm) by time (in minutes).
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Directionality is defined as the euclidean distance divided by the accumulated
distance.
2.8.3 Channel migration
The channels were coated with the desired substrate just prior to usage. Cells were
gently loaded to the channels using 1 mL syringe in complete medium, a 23G blunt
needle (16139956, SLS) and 19 mm metal pin/tube (ordered from New England
Small Tube Corporation with the following specifications: .032/.0325” OD
x .015/.017” ID x 19 mm (.750+/-.005”) Lg, Type 304, Welded & Drawn, Full Hard,
Cut, Deburred & Passivated) connected with Tygon microbore tubing (WZ-0641901, Cole-Parmer). Care was taken not to introduce bubbles to the microfluidic
system. The cells were left to settle for about 1h at 37oC, 10% CO2. Random
migration in the channels was imaged on a Nikon Ti2 Eclipse microscope,
equipped with an environmental chamber, using a 60x or 20x lens. MDA-MB-231
cells were imaged every 5 min, DC every 1 min and macrophages every 5 min.
Migration was quantified by manual tracking using MTrackJ and Chemotaxis
ImageJ plugin. Velocity was calculated by dividing the accumulated distance (in
µm) by time (in minutes).

Drugs
Blebbistatin
Cilengitide
Eho-016
H1152
NSC23766
RGDS
SMIFH2
U0126
Y27632

Manufacturer
Sigma
Cambridge bioscience
Sigma
Bio Techne
insight biotechnology
Sigma
Tocris
Promega
Cambridge Bioscience

Order number
B0560
H-8174.0001
SML0526-5MG
2414/1
HY-15723A-10mg
A9041-5MG
4401/10
Antibody against
Y1000-5 mg

working concentration
10µM
10µM
5µM
5µM
100nM
100µM
20µM
10µM
30µM

Table 6. Drugs and inhibitors

2.9 F:G actin fractionation
500,000 cells/well were seeded in a 6-well plate (353046, Falcon) and processed in
accordance with the manufacturer’s instructions of the G-Actin/F-actin In Vivo
Assay Biochem Kit (BK037, Cytoskeleton Inc).
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2.10 Rac pull down
Rac pulldown assays were performed using a Rac1/Cdc42 Activation Assay Kit
(17-441, Millipore) and used according to the manufacturer’s specifications with
slight modification. Cells were grown to semi-confluence in 15-cm dish and washed
twice with ice cold TBS. 400 µL of 2x MLB Buffer were added to each plate and
cells were scraped. 800 µL was collected from each plate and spun down at 13000
rpm for 2 min allowing the removal of cell debris. 20 µL of the lysed cells were
taken for control sample and 700 µL for Rac pull down. At this stage samples were
either snap frozen in liquid nitrogen or used for immediate Rac pull down. 10 µL
PAK-1 PBD agarose or magnetic beads were added to each 700 µL samples and
agitated at 1000 rpm at 4oC for 1 hour. The beads were then pelleted at 6000 rpm
for 1 min or on a magnetic rack at 4oC and washed twice with 1x MLB. The washed
beads were re-suspended in 30 µL 4x Laemmli Buffer and incubated at 100oC for 5
min.
Pull down and control samples were loaded to 4-12% NuPAGE gel in MES
buffer and run at 150 V for 1.5 hours. The membrane transfer was performed as in
Western blotting above/below 2.5.1.

2.11 ApoTox-Glo triplex assay
To assess viability and cell death we utilised the ApoTox-Glo Triplex Assay (G6320,
Promega) in accordance with the manufacturer’s instructions. Apoptosis was
measured using a luminogenic caspase-3/7 substrate.

2.12 Proliferation and cell cycle assessments
A few different methods of assessing cell proliferation were used in this thesis.
2.12.1 Growth curve by cell counting
Cells were seeded in 6-well plates at 10,000 or 20,000 cells/well depending if cell
counting was started 1 or 3 days after seeding. Cells were counted daily up to 6
days after seeding using Countess cell counter (Invitrogen).
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2.12.2 CFSE dilution
Cells were stained with CFSE (C34554, Invitrogen) according to manufacturer’s
instruction and fluorescent intensities were measured by flow cytometry. Cell
culture was then continued as normal. At desired intervals the MFI were
reassessed and quantified as percentage intensity of original. The staining is
diluted into the daughter cells as the cell divides, reduced MFI is thus an indicator
of how many divisions the cells have undergone.
2.12.3 BrdU incorporation
Cells were treated with 10 µM BrdU for 2-4h (P4170, Sigma). Cells were then
harvested in an appropriate manner and washed in PBS. 300 µL PBS-cell
suspensions were fixed by adding 700 µL 100% ethanol and pipetting up and down
to allow adequate fixation of all cells and avoid cell lumps. Fixed cells were left at
4oC for 30 min up to 2 weeks before progressing with the staining. Samples were
washed by pelleting the cells at 2000 rpm for 5 min and resuspending them in PBS.
2M HCl was then used for 20-30 min at RT to unwind the DNA. Importantly, the
acid was then washed off with three washing steps as above. BrdU was then
stained with an anti-BrdU antibody (347580, Becton Dickinson) 1/50 for 20 min at
RT followed by a wash and incubation with 50 µL (1/200) fluorescently conjugated
secondary antibody (A11017, Invitrogen) for 20 min at RT. Cells were washed and
treated with 50 µL Ribonuclease A and 150 µL Propidium iodide (PI) for 30 min up
to 2 days at 4oC.
Samples were then analysed by flow cytometry gating for single cells, PI
histogram and BrdU positive cells.

2.13 Senescence-associated beta galactosidase staining
Senescence was assessed by fixing cells and staining for SA-βGal using
Senescence Cells Histochemical Staining Kit (CS0030, Sigma) according to the
manufacturer’s instructions. The staining was developed overnight at 37oC for
MEFs. Staining was quantified by counting the number of stained (blue) and
unstained cells across the sample.
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2.14 Mass spectrometry
Samples were lysed as outlined above (protein extracts 2.4.9.3) which was
followed by trypsin digestion and TMT labelling which was performed by Peter Faull
of the Proteomics STP. Labelling efficiency was checked prior to sample mixing.
Peptide concentration and clean up were performed on the pooled samples using a
Nest Group C18 MacroSpin column. 6 µL (~1.5 µg peptide material was injected on
Lomus B using a 2h TMT method. Peptides were separated on a 75 µm x 50 cm
Easy-Spray column over a 180 min gradient and eluted directly into the mass
spectrometer. Data acquisition was performed on an Orbitrap instrument and
Xcalibur software was used to control the data acquisition. Raw data were
processed in MaxQuant with a TMT reporter ion quantification method using a KB
Mus musculus database. Data transformation and visualisation were done in
Perseus.

2.15 Statistical analysis
Data were analysed using Prism 6 program. Bar charts and dot plots are displayed
as mean ± SEM. Boxplots with whiskers display mean and 5-95 percentiles.
Significance was determined using unpaired and paired parametric t-tests unless
otherwise stated (**** p<0.0001, *** p<0.001, ** p<0.01, * P<0.05).
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Chapter 3.

Environment specific requirement for

MRTF/SRF pathway in MDA-MB-231 cells
3.1 Aims
MRTF/SRF activity has been shown to be required for efficient cell migration in a
variety of different studies in many different cell types (Taylor et al., 2014, Costello
et al., 2015, Alberti et al., 2005, Sullivan et al., 2011, Medjkane et al., 2009, Record
et al., 2015). However, it is not clear if the phenotype of MRTF/SRF-null cells
reflects a global deficit of cytoskeletal and adhesive gene expression or the loss of
specific genes or signalling pathways.
We have found that dendritic cells are able to migrate independently of SRF
expression which led us to hypothesise the MRTF/SRF pathway might be important
for particular migratory strategies by affecting specific signalling.
This chapter will outline the experimental approach for assessing
MRTF/SRF requirement for different modes of migration in the MDA-MB-231 cell
line with doxycycline inducible knock down of MRTF or SRF using short hairpin (sh)
RNA interference.

3.2 MRTF/SRF

is

required

for

unconfined/mesenchymal

migration
Migration of dendritic cells (DC) in the periphery has been shown to be integrin
independent (Lammermann et al., 2008, Acton et al., 2012) meaning that the SRF
independent phenotype observed (see paragraph 1.3.6.1) could reflect integrin
independent, amoeboid migration. Since the cell adjusts its migratory strategy to
different environments we speculated that the dependence on MRTF/SRF
signalling could reflect differential requirement for optimal migration in different
environments (Wolf et al., 2013, Lämmermann and Germain, 2014). We made use
of microfluidic channels where we could carefully modulate the level of confinement
the cells were experiencing as well as the substrate composition to favour different
modes of migration. MDA-MB-231 cells use integrin dependent and independent
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migration when migrating in unconfined and confined environments respectively in
vitro (Balzer et al., 2012) and thus presented an ideal model to test our hypothesis.

3.2.1 Confined

microchannels

favour

adhesion

independent/amoeboid

migration
8x8 µm channels were cast in PDMS as described in the Materials and Methods.
The channels/confined and 2D/unconfined surfaces were coated with BSA to block
integrin mediated binding and thus prevents adhesive/mesenchymal migration
while non-adhesive/amoeboid migration would still be supported in the confined
environment.
In the unconfined/2D environment the cells remained rounded, did not
appear to form any attachments to the substrate (see Figure 12A), and remained
stationary (Figure 12B and C). In contrast, cells in the confined environment also
had a round morphology, indicating lack of substrate adhesion (see Figure 12A),
but they were able to move within the channel (Figure 12B and C). This shows that
the unconfined environment favours a mesenchymal migratory strategy while a
confined environment favours amoeboid migration (See Figure 12) which is in
agreement with previous publications (Balzer et al., 2012).

Figure 12. Confined migration supports adhesion independent migration

The surface was passivated with 2% BSA to prevent integrin mediated adhesion.
(A) Morphology of MDA-Mb-231 cells in unconfined and confined environments. (B)
Kymographs of MDA-MB-231 cells migrating in confined and unconfined
environments showing cell displacement over time. (C) Cells were tracked
manually in the different environments for one hour and average velocity was
quantified. Migration is only possible in the confined environment.
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3.2.2 MRTF/SRF is dispensable for confined migration of MDA-MB-231 cells
To assess MRTF/SRF requirement in the different environments, I used the
doxycycline inducible short hairpin RNA expressing MDA-MB-231 cell lines,
previously characterised by a member of the lab (Medjkane et al., 2009). Efficient
MRTF and SRF knockdown is achieved after 72h of doxycycline treatment as
assessed by qPCR and immunoblotting (Figure 13A).
To assess unconfined migration, I performed a scratch wound assay. Cells
were preincubated with doxycycline to induce MRTF and SRF depletion and
seeded to confluency in a 24-well plate. Wound closure was assessed 24h after
wounding in WT and knockdown conditions. The ability of MRTF and SRF depleted
cells to close the wound was significantly impaired, in agreement with previous
publication (Medjkane et al., 2009) (Figure 13B).
Confined migration was assessed using 8x8 µm wide microchannels coated
with BSA to favour adhesion independent migration. Cells were tracked manually
using MTrackJ ImageJ plugin and data displayed as average velocity. Intriguingly,
no difference in migration velocity was observed between control and MRTF or
SRF depleted MDA-MB-231 cells during migration in the confined environment
(see Figure 13C).
MRTF/SRF depletion thus presents an environment dependent phenotype.
This observation suggests the requirement for MRTF/SRF activity is dependent on
the mode of migration.
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Figure 13. MRTF/SRF show architecture specific requirement for MDA-MB-231
cell migration

(A) RNA and protein expression of SRF and MRTF-A 72 hours after doxycycline
induced shRNA expression. (B) Scratch wound assay, wound closure 24 hours
after wound induction. White dashed line indicates initial edge of the wound.
Quantification of wound closure assessed from 4 fields of view per condition from 3
independent experiments (n=12). (C) Migration in 8x8 µm channels coated with 2%
BSA or 50 µg/mL fibronectin. Average velocity of individual cells are displayed in
dot plots from three independent experiments n>16.

82

Chapter 3 Results

3.2.3 MRTF/SRF depleted MDA-MB-231 cells are defective in Rac activity
To assess why MRTF/SRF would be specifically needed for unconfined migration I
analysed parameters known to show differential requirement in different
environments.
Rac activity has been shown to be specifically required during unconfined
migration and is dispensable during migration in microchannels (Hung et al., 2013).
Rac-GTPase is localised to the leading edge of cells to drive actin polymerisation
and cell protrusion during two-dimensional migration (Nayal et al., 2006, Ridley et
al., 2003). There is thus an environment dependent requirement for Rac-GTPase
activity.
MRTF/SRF depleted MDA-MB-231 cells display cytoskeletal defects
including reduced cell spread area and phalloidin intensity (Medjkane et al., 2009)
suggestive of impaired actin assembly which is a common feature of MRTF/SRF
deficient cells.
To gain insight into Rac activity I measured Rac-GTP loading by using GSTPAK which specifically binds Rac-GTP, to recover Rac from cell lysates. In this
assay MRTF/SRF depleted cells demonstrated a significant reduction in Rac
activity (see Figure 14A and B).

Figure 14. MRTF/SRF depleted MDA-MB-231 cells display lower Rac activity

(A) MRTF and SRF depleted MDA-MB-231 cells display lower Rac activity
compared to control in growing conditions. Active, GTP bound Rac, was isolated
using PDB of PAK1 GST fusion protein coupled to agarose beads. Rac recovery
assessed by immunoblot. (B) Quantification shows average Rac activity from 3
independent experiments relative to control levels, n=3.
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3.2.4 MRTF/SRF activity is required for force generation in environments of
high adhesive strength
In addition to Rac activity, confined and unconfined environments differ in their
requirement for force exertion on the substrate. Force is required to pull or push the
cell body forward but also to overcome pre-existing adhesions (DiMilla et al., 1991).
Force and adhesion are thus directly linked and adhesive/mesenchymal migration
has been suggested to require 10-100-fold more force compared to adhesion
independent/amoeboid migration (Bergert et al., 2015, Raman et al., 2013).
Migration efficiency on an unconfined substrate shows a biphasic
relationship to the substrate adhesiveness with optimal migration at intermediate
adhesiveness (DiMilla et al., 1993, Palecek et al., 1997) supporting optimal traction
and minimal frictional drag. Since adhesion to different substrates varies, optimal
migration occurs at different concentrations of substrate, and for a given substrate,
different cells will behave differently.
To understand the relationship between adhesion, force and MRTF/SRF
requirement I assessed the migration of MRTF/SRF depleted cells on substrates of
different adhesiveness. Cells were seeded on surfaces coated with a serial dilution
of fibronectin and adhesive strength was assessed by a centrifugal detachment
assay. As expected MDA-MB-231 cells adhered more strongly the higher the
fibronectin concentration (Figure 15A). Importantly control and MRTF/SRF depleted
cells adhered with equal binding strength at all substrate concentrations tested. In
contrast, the migratory defect was more prominent on the highest fibronectin
concentration (50 µg/mL) which showed the highest adhesive strength (Figure 15B
displayed relative to control).
The above observation suggests that MRTF/SRF is not required for
adhesion. I therefore next investigated the ability of cells to generate and transmit
force on the substrate. To measure force exertion directly I made use of traction
force microscopy. Cells were seeded on a deformable hydrogel containing
fluorescent beads coated with 50 µg/mL fibronectin. Bead displacement could then
be measured as a direct readout of gel deformation which is proportional to the
force exerted on the substrate by the cell. MRTF/SRF deficient cells exerted
significantly less force on the substrate (see Figure 15C, D and E).
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Taken together these results show that MRTF and SRF depleted MDA-MB231 cells are defective in force generation or linkage of the cytoskeleton to the
adhesion complex rather than the physical linkage of the cell to the substrate.

Figure 15. MRTF/SRF is required for force exertion

(A) Adhesive strength to surfaces coated with a serial dilution of fibronectin (µg/mL)
was assessed with a centrifugal detachment assay. Mean of 3 different
experiments is shown, error bars SEM, n=8. (B) Migration on a serial dilution of
fibronectin (µg/mL). Mean velocity of two independent experiments is shown
relative to control. >50 cells were tracked per experiment, n=2. (C) Heatmap of
force exertion assessed by traction force microscopy. Images show representative
cells from a single experiment cropped to a single field of view for clarity. (D)
Quantification showing average and maximum force exerted by individual cells
from one representative experiment performed three times, n>20, error bars SEM.
(E) Cell spread area during force assessment is displayed relative to control cells.
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3.3 Summary
MDA-MB-231 cells exhibit a context dependent requirement for MRTF/SRF activity
for migration. In confined environments, were amoeboid migration is favoured,
migration is MRTF/SRF independent. In an unconfined environment, which favours
mesenchymal migration, it is MRTF/SRF dependent. This environment specific
effect appears to be caused by defective force generation. Less force is required to
migrate in a confined environment and brings it below the threshold for MRTF/SRF
independent migration. Based on the same principle I show that MRTF/SRF
requirement depends on the substrate adhesiveness in a 2D environment.
Force is generated in cells by polymerisation of actin into filaments and
Myosin II mediated pulling on the filament (Renkawitz et al., 2009). This creates
retrograde flow within the cell which is harnessed by integrins that transduce the
force across the membrane to the substrate resulting in adhesion mediated pulling
(Gardel et al., 2008). No defect in adhesion has been observed but Rac activity is
decreased in MRTF/SRF-depleted MDA-MB-231 cells. Impaired Rac activity could
contribute to the reduced traction/protrusive force observed in our system.
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Chapter 4.

Migration properties of MRTF and SRF

deficient primary immune cells
4.1 Aims
Having demonstrated a context dependent requirement for MRTF/SRF in MDAMB-231 migration, I set out to assess if this is a universal phenotype of MRTF/SRF
deficient cells. I decided to continue my assessment in primary immune cells which
are professional migratory cells that use different migration modes (Van Goethem
et al., 2010). Using the approaches set out in Chapter 3, I aimed to assess the
roles of MRTF/SRF in confined and unconfined migration and examining their
dependence on specific signalling pathways.

4.2 Isolation of SRF and MRTF deficient mouse immune cells
Macrophages and dendritic cells were cultured from the bone marrow (BM) of
transgenic mice and neutrophils were isolated fresh from the bone marrow (See
materials and Methods: 2.4.2, 2.4.3 and 2.4.4).
Macrophages were differentiated from the bone marrow of transgenic mice of the
following genotypes: Tam Cre; SRFfl/fl, Tam Cre; MRTF-A-/-, MRTF-Bfl/fl, Tam Cre.
Bone marrow was cultured for 7 days, with tamoxifen for the last three and
differentiation was assessed by FACS staining for CD11b and F4/80. No defects
were observed in cell numbers or macrophage differentiation in absence of
MRTF/SRF expression. I routinely achieve >95% double positive cells for CD11b
and F4/80 by day 7 of culture across all three genotypes (see Figure 16A). Efficient
deletion of SRF, MRTF-A and MRTF-B was assessed by PCR (Figure 16B and C).
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Figure 16. Macrophage differentiation from bone marrow

(A) Macrophages were differentiated in vitro from the bone marrow. On day 7 of
differentiation FACS analysis was used to assess differentiation efficiency. >95% of
the culture stains positively for both CD11b and F4/80. (B,C) Tamoxifen induced
deletion of floxed alleles was assessed by PCR. (B) SRF was deleted after 3 days
of tamoxifen treatment. (C) MRTF-A and MRTF-B deletion at indicated days of
tamoxifen treatment.
For deletion of SRF in dendritic cells (DC), the DC specific cre driver
(CD11c Cre) was utilised. SRFfl/fl, CD11c Cre litters are indistinguishable from
CD11c Cre control animals and have a normal mendelian ratio. In vitro
differentiation of dendritic cells from the BM was assessed by FACS staining for
CD11c. By day 7 of DC in vitro differentiation around 70% of both WT and knockout
cultures have differentiated into CD11c positive DC (Figure 17A top panel). DC
were further purified on MACS beads in accordance with materials and methods
(see Figure 17A lower panel). Efficient deletion of SRF was assessed by PCR
(Figure 17B).
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Figure 17. Dendritic cells differentiation from bone marrow

(A) Dendritic cells were differentiated in vitro from the bone marrow of transgenic
mice. On day 7 of culture ~70 % of the culture stained positively for CD11c as
assessed by FACS. The cell culture was further purified on MACS beads resulting
in >95% CD11c positive cells. (B) PCR on the MACS purified cells shows efficient
deletion of SRF.
Neutrophils do not grow in culture and have a half-life of ~24 hours once
isolated from the bone marrow. In vitro deletion is thus not suitable in neutrophils.
Since SRFko and MRTF-Bko genotypes are embryonically lethal we opted to use
the MRTF-Ako mice which are viable. MRTF-Ako hematopoietic stem cells (HCS)
have previously been shown to have a migratory phenotype and might thus suffice
to observe an environment specific defect (Costello et al., 2015). Neutrophil
isolation from the BM was performed in accordance with the materials and methods
and the isolation efficiency assessed by FACS staining for CD11b and Ly6G (see
Figure 18A). MRTF-A deletion was confirmed by PCR (Figure 17B).
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Figure 18. Neutrophil isolation

(A) Neutrophils were isolated from the bone marrow using MACS beads. Isolated
cells were assessed by FACS for CD11b and Ly6G. >90% of the isolated cells
stained positively for both CD11b and Ly6G. (B) PCR on isolated cells shows
efficient deletion of MRTF-A.

4.3 Experimental set up for 2D/mesenchymal migration
As immune cells generally form transient adhesions with their substrate and are
often migrating with amoeboid characteristics it was important to assess their
random migration and adhesive properties on a serial dilution of fibronectin to find
which concentration supports optimal migration in a 2D environment.

4.3.1 Macrophages and dendritic cells
Macrophages and dendritic cells show higher adhesiveness when activated with
LPS but in contrast to neutrophils they migrate efficiently in their non-activated
state on 2D surfaces. For simplicity of analysis I studied non-activated dendritic
cells and macrophages.
First, I evaluated their migration on different fibronectin concentrations. Both
macrophages and dendritic cells showed a biphasic relationship to the range of
fibronectin concentrations tested (5-100 µg/mL) with optimal migration for
macrophages at 50 µg/mL and 60 µg/mL for dendritic cells. This peak in migration
was not observed in MRTF or SRF deficient cells (Figure 19A). Migration on a
lower fibronectin concentration, 10 µg/mL and 5 µg/mL for dendritic cells and
macrophages respectively, did not show impaired migration without MRTF or SRF.
In addition, both macrophages and dendritic cells were binding to and migrating on
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BSA, and migration on this substrate was MRTF/SRF independent. This will be
further assessed in Chapter 5.
Following on from this I assessed the cells adhesive properties. No
difference was observed in the cells adhesiveness, as assessed by attachment
assays (Figure 19B), they adhered equally well to all of the substrate
concentrations tested. Furthermore, to test the strength of adhesion I performed
detachment assays. There was no difference in the cells adhesive strength, neither
across the range of concentrations used, or between WT and MRTF/SRF depleted
cells (Figure 19C). This data is mirrored by equal surface expression of integrins as
assessed by flow cytometry (see Figure 19D).
Despite marked differences in migration velocity over the different
substrates no significant difference in the cells interaction with the surface across
this range was observed. This is consistent with MRTF/SRF being required for
either force generation itself or coupling of force generation to adhesion rather than
the physical linkage of the cells to the substrate.
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Figure 19. Optimal migration at intermediate substrate concentration despite no
differences in adhesiveness of the cells

(A) Dendritic cells and macrophages were plated on surfaces coated with a serial
dilution of fibronectin and their average migration velocity assessed. One
representative experiment is shown from three independent replicas of each cell
type, n>50 cells per experiment. (B) Cells were plated on surfaces coated as in (A)
and the number of adherent cells after 20 min determined. n=3 (C) Cells plated on
surfaces coated as in (A) subjected to a centrifugal detachment assay. Data shown
are displayed as % cells which are still adherent after the cells were subjected to
centrifugal force. Representative experiment shown performed three times n=6 per
experiment. (D) Integrin surface expression assessed by FACS. MFI for fluorescent
antibodies recognising different integrins.
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Although adhesion did not appear to be affected by substrate concentration
the dependence of motility on concentration suggests that MRTF/SRF dependent
migration reflects integrin mediated adhesion. To test this, cells plated on optimal
or low fibronectin coating were treated with RGD peptide. Intriguingly, RGD
dependent migration was only observed on the high fibronectin concentration.
MRTF/SRF defect thus mirrors RGD dependency without any obvious defects in
integrin expression or adhesiveness of the cells (see Figure 20). Migration on 50
µg/mL and 60 µg/mL FN for macrophages and dendritic cells respectively thus
represents mesenchymal migration in a 2D environment and depends on
MRTF/SRF signalling. This will be further assessed in Chapter 5.
Taken together MRTF is needed for integrin mediated migration on
fibronectin in 2D. This requirement is not due to attachment or strength of adhesion,
suggesting that MRTF/SRF might be involved in either force generation or coupling
to adhesion.

Figure 20. MRTF/SRF dependent migration on substrates which require integrin
mediated binding to RGD

Cells were seeded on indicated fibronectin concentrations and their migration was
assessed with or without RGD peptide. Mean from three independent experiments
are displayed normalised to WT, n=3.
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4.4 MRTF/SRF activity is required by primary macrophages to
exert force on the substrate
To understand the migratory defect observed during MRTF/SRFko migration on FN
we assessed known parameters to be important for 2D migration, as in the
assessment of MDA-MB-231. I thus assessed the cells’ ability to exert force on the
substrate, which is required to pull the cell body forward on a 2D substrate.
To examine force generation by macrophages I used traction force
microscopy. I focused on macrophages since DC are too small to generate reliable
data from this type of assay. In this assay macrophages were seeded on 8 kPa
hydrogels coated with 50 µg/mL fibronectin and gel deformation was measured.
MRTF-A and B double knockout (MRTFdko) displayed a marked reduction in force
exertion compared to WT macrophages (Figure 21A and B). As already mentioned
I did not observe any notable defect in adhesiveness or integrin expression arguing
against a defect in transmission of force to the substrate.
I also assessed basal Rac activity, which is required for actin induced
traction force generation. Lysates were collected from WT and SRFko
macrophages cultured on uncoated tissue culture plastic and a Rac pull down was
performed with GST-PAK conjugated magnetic beads. SRFko macrophages
displayed reduced Rac activity which could contribute to the cytoskeletal defect of
these cells and their inability to generate force (see Figure 21C).
Taken together with previous sections, MRTF/SRF dependent migration
requires integrin and is associated with force generation or adhesion complexcytoskeleton linkage rather than transmission of the force to the substrate.
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Figure 21. Impaired force exertion of MRTFdko macrophages

(A) MRTFdko macrophages exert significantly less force on the substrate
compared to WT. A representative experiment is shown. Heatmap of traction force
microscopy quantification of individual cells cropped to a single field of view for
clarity.(B) Average and maximum force exerted by individual cells and cell spread
area during force assessment, n>20 cells per experiment. (C) Active, GTP bound
Rac, was isolated using PDB of PAK1 GST fusion protein coupled to magnetic
beads from cell lysate of SRFko and WT macrophages grown on tissue culture
plastic. Rac recovery assessed by immunoblot. Quantification to the right, n=1.
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4.5 MRTF/SRF is not required for immune cell migration in
3D/confined environment
The results seen with macrophages and dendritic cells in 2D migration on FN
coated surfaces are consistent with our observations with MDA-MB-231 cells. I
next tested whether migration of these cells in confinement occurs independently of
MRTF/SRF. I assessed confined migration using microfluidic channels with set
dimensions. Macrophage migration was assessed in 6x8 µm channels and 6x6 µm
channels were used to confine the dendritic cells because of their smaller size. The
channels were pre-coated with fibronectin at the concentration predetermined to
show maximal defect in a 2D migration assay for each cell type (60 µg/mL for
dendritic cells and 50 µg/mL for macrophages). Migration was then assessed by
manually tracking the cells in the channels. As seen in MDA-MB-231 cells,
MRTF/SRFko immune cells migrated equally well as WT in this 3D/confined
environment (Figure 22B and D) despite a prominent defect on the same substrate
in a unconfined environment (see Figure 22). In addition to cell velocity no
differences were seen in cell displacement or kinetics of movement.
Thus, as seen with MDA-MB-231 cells MRTF/SRF activity is required for
unconfined/mesenchymal migration, but not for confined migration or migration at
suboptimal substrate concentration. To conclude, this shows an environment
specific phenotype of MRTF/SRFko immune cells.
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Figure 22. Environment dependent migratory phenotype of MRTF/SRFko immune
cells

(A) Scatter plots of macrophages migrating on a 2D substrate coated with 50
µg/mL fibronectin. Quantification to the right shows one representative experiment
performed three times, n>50 cells per experiment. (B) Migration of macrophages in
6x8 µm channels coated with 50 µg/mL fibronectin, n>50. (C) Scatter plots of
dendritic cells migrating on a 2D substrate coated with 60 µg/mL fibronectin.
Quantification to the right shows one representative experiment performed three
times, n=20 cells per experiment. (D) Migration of dendritic cells in 6x6 µm
channels coated with 60 µg/mL fibronectin, n=38.

4.6 Neutrophils
Neutrophils adhere to surfaces following activation with fMLP which induces Itgb1
expression (Mambole et al., 2010). Consistent with this fMLP induced a rapid
change in morphology suggesting that Itgb1 containing vesicles are rapidly
incorporated to the membrane upon activation resulting in ECM mediated
engagement and random migration (Figure 23). Cotreatment with Itgb1 blocking
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peptide, RGD, prevent this change morphology, indicating blockade of adhesion to
the surface (Figure 23). Integrin expression after fMLP activation was assessed by
FACS showing comparable surface expression of integrins between WT and
MRTF-Ako neutrophils (Figure 24C). Migration was assessed on a range of
different fibronectin concentrations (5-100 µg/mL) with and without RGD, to block
Itgb1 binding to the substrate. Migration on 100 µg/mL and uncoated tissue culture
plastic appeared both Itgb1 dependent and MRTF-A dependent. Low FN
concentrations appeared incapable of providing enough substrate for neutrophil
binding and the cells are mainly drifting with minimal shape change upon fMLP
activation.

Figure 23. fMLP induced adhesion of WT and MRTF-Ako neutrophils is RGD
dependent

Phase contrast images of WT and MRTF-Ako neutrophils seeded on 100 µg/mL
fibronectin with and without fMLP and RGD peptide. Non-activated neutrophils fail
to make contact with the substrate and do not migrate in a 2D/unconfined
environment. fMLP activated neutrophils show a change of shape in both WT and
MRTF-Ako genotype. The fMLP induced change of shape is completely blocked by
cotreating with integrin blocking peptide RGD. Scale bar, 10µm.
MRTF-Ako neutrophils showed an impairment in migration on 100 µg/mL
fibronectin and uncoated tissue culture plastic to a similar extent as RGD treatment
of WT neutrophils (Figure 24B and C), despite similar levels of integrin expression
on the cell surface. This bear similarities with what has previously been
documented for SRFko neutrophils (Taylor et al., 2014). However, I observed a
less prominent defect on 75 µg/mL and 50 µg/mL. The defect thus scaled with the
substrate concentration as seen in MDA-MB-231 cells. I have been unable to
accurately assess neutrophil adhesiveness due to the very transient adhesions
they form, even on 100 µg/mL FN. I have also been unable to sufficiently confine
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the neutrophils within the microchannels, possibly due to their multilobed nucleus,
and they were subsequently not used further.

Figure 24. Substrate concentration dependent migratory defect of MRTF-Ako
neutrophils despite comparable integrin expression

(A) Integrin expression was assessed by FACS after fMLP activation. MFI of
antibody staining for different integrin subunits. Data shown from one experiment of
three independent replicas, n=3 per experiment. (B) fMLP activated neutrophils
were plated on surfaces coated with a serial dilution of fibronectin and their
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average migration velocity assessed with and without 100 µg/mL RGD peptide.
One representative experiment is shown from two independent replicas, n>70 cells
per experiment. (C) Scatter plots of the cells assessed in (B).

4.7 Summary
Macrophages dendritic cell and neutrophils have different adhesive and
cytoskeletal repertoires and they show slight variations in the concentration at
which fibronectin supports optimal migration (neutrophils: 100 µg/mL, dendritic
cells: 60 µg/mL and macrophages: 50 µg/mL). These substrates depend on integrin
mediated engagement and thus represents mesenchymal migration. Migration on
these substrates is MRTF/SRF dependent in macrophages, dendritic cells and
neutrophils. No defects in adhesion per se have been observed but macrophages
are significantly less able to exert force on the substrate without MRTF expression.
Migration in a confined environment, which favours the low force utilising amoeboid
migration mode, is MRTF/SRF independent. MRTF/SRF is thus not required in
conditions in which force generation is not limiting for mobility. Defective force
exertion could result from defective actin dynamics of which Rac-GTP signalling
plays a major role. Rac-GTP loading appears to be defective in SRF deficient
macrophages which could contribute to the impaired force generation.
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Chapter 5.

Integrins differentially require MRTF/SRF

activity to promote macrophage motility
5.1 Aim
Though I have observed a highly reproducible environment specific requirement for
the MRTF/SRF pathway across three cell types, I noted prominent differences
between MDA-MB-231 and immune cell interaction with the 2D substrates. MDAMB-231 cells are unable to bind BSA and have a rounded morphology on this
substrate. Macrophages, however, bind to BSA resulting in cell spreading and
migration. I aim to address these differential engagements with the 2D environment
and the consequence for MRTF/SRF dependency.

5.2 In 2D environments, MRTF/SRF requirement is substrate
dependent
In contrast to MDA-MB-231 cells, both macrophages and dendritic cells adhere
with equal binding strength to a variety of different fibronectin concentrations tested.
Macrophages were particularly peculiar as they migrate better on BSA than on FN
(see Figure 19A). As shown in the previous chapter BSA is unable to support MDAMB-231 migration in 2D arguing for striking differences in their adhesive repertoire
compared to macrophages. Indeed, immune cells express an additional integrin,
Itgb2. Itgb2 is particularly promiscuous in its binding properties and can be
activated by binding to BSA or even plastic (Davis, 1992). This is intriguing
because while MDA-MB-231 cells do not bind BSA, both macrophages and DC
adhere and migrate on BSA coated surfaces and this is not MRTF/SRF dependent.
Blocking Itgb2 binding with a blocking antibody results in the rounding of
macrophages on BSA coated surfaces but not detachment. The physiological
ligand of Itgb2 is ICAM. I therefore assessed the role of MRTF/SRF activity in
macrophage migration on ICAM coated surface, which involves adhesion via Itgb2.
WT and MRTF/SRF deficient macrophages were seeded on surfaces
coated with 3 µg/mL recombinant ICAM1 and migration was assessed by manually
tracking the cells for 24 hours. To confirm integrin dependency during migration on
ICAM, WT motility were assessed in the presence of RGD peptide, which blocks
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Itgb1/3 adhesion, or αCD18, which blocks adhesion via Itgb2. The results shown in
Figure 25 suggest that migration on ICAM is not affected by blocking RGD binding
integrins but is perturbed when Itgb2 mediated binding is blocked in agreement
with the literature (Figure 25A). Morphology during migration is elongated as
observed on BSA. Interestingly migration on ICAM is not dependent on MRTF/SRF
signalling (Figure 25B and C).

Figure 25. Migration on ICAM is Itgb2 dependent and MRTF/SRF independent

(A) WT macrophages were plated on 3 µg/mL ICAM-1 and their motility assessed
with and without RGD blocking peptide and αCD18. (B) Motility measured as in (A)
for MRTF and SRF deficient macrophages. (C) Scatter plot of migrating cells in (B).
One representative experiment is shown from three independent replicas, n=20
cells per experiment.
Since migration on fibronectin and BSA shows differential requirement for
MRTF/SRF, I evaluated this in more detail and assessed cell morphology by
immunofluorescent staining when cells were seeded on 50 µg/mL fibronectin or 2%
BSA coated surfaces. In agreement with the migratory defect on fibronectin,
MRTF/SRF deficient macrophages displayed morphological and cytoskeletal
defects. This is consistent with what is commonly reported for MRTF/SRFko in
many cell types (Figure 26A and B). KO morphology on BSA, however, is much
more reminiscent of a WT and they form large lamellipodia when they migrate
(Figure 26C and D).
Next, I assessed the cells’ ability to exert force on the fibronectin coated and
BSA coated substrates by traction force microscopy as described earlier.
Consistent with the improved migration observed on BSA coated surfaces (Figure
27B) compared to migration on fibronectin (Figure 27A), MRTFdko macrophages
exerted more force on the BSA coated surface compared to FN and were not
impaired compared to WT (Figure 27C). BSA thus induces an MRTF/SRF
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independent generation of force suggesting force per se is not defective in KO
macrophages.

Figure 26. Substrate specific dependency on the MRTF/SRF pathways

(A) Representative immunofluorescent images of WT, SRF and MRTF deficient
macrophages plated on 50 µg/ml FN showing their morphology. Blue-DAPI, whitephalloidin. (B) Quantification of cell spread area and aspect ratio of the cells in (A)
n>50. (C) Representative fluorescent images of WT, SRF and MRTF deficient
macrophages plated on 2% BSA showing their morphology. Blue-DAPI, whitephalloidin. (D) Quantification of cell spread area and aspect ratio of the cells in (C)
n>50. Scale bar, 10 µM.

103

Chapter 5. Results

Figure 27. MRTF deficient cells exert more force on BSA coated substrates

Macrophages were plated on 50 µg/mL FN (A) or 2% BSA (B) and their migration
was assessed and displayed as average velocity. Data from one representative
experiment is shown from three independent replicas, n>50 cells per experiment.
(C) Heatmap of traction force microscopy quantification of individual cells from a
single experiment cropped to a single field of view for clarity. Scale bar, 10 µM.
MRTFdko macrophages exert more force on BSA compared to FN coated
surfaces. Quantification to the right shows average and maximum force exerted by
individual cells from one representative experiment performed three times, n>20
cells per experiment.
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5.3 Differential behaviour reflects adhesion through different
integrins
The data presented above indicate that the differential behaviours observed on FN
and BSA could be due to adhesion through different integrins. I therefore went on
to assess migration on the different substrates in presence of integrin blockers. The
best studied binding motif on fibronectin is the RGD motif which is the substrate for
a range of different integrins (the best studied include Itgb1, Itgb3). We also used
the Itgb2 blocking antibody (αCD18) to assess the involvement of the immune cell
specific integrin, Itgb2, on FN and BSA.
WT and MRTF/SRF deficient macrophages were seeded on fibronectin or
BSA coated surfaces in the presence of 100 µM RGD or 10 µg/mL αCD18 and
migration was assessed by manually tracking the cells for 24 hours. Intriguingly,
the different integrin blockers showed differential effect on the different substrates.
The RGD blocking peptide specifically impeded migration on fibronectin while
αCD18 did not appear to affect migration on this substrate (Figure 28A and B left
panels). Migration on BSA on the other hand was impaired by the presence of
αCD18 but not RGD peptide (see Figure 28A and B right panels). In agreement
with the results in Figure 19 and Figure 27, migration on fibronectin is MRTF/SRF
dependent while migration on BSA is MRTF/SRF independent (Figure 28A, B, C
and D).
Though RGD is not required for migration on BSA, Itgb1/b3 seem to affect it
as blocking RGD on BSA increase directionality of migration (Figure 28D right
panel, third from the top). This suggests that there is some sort of cross talk
between the integrins. These results strongly suggest that different substrates
activate different integrins and thus different signalling pathways. Signalling
downstream of RGD binding integrins depends on MRTF/SRF to support migration.
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Figure 28. Different substrates engage different integrins

Different integrins support migration on different substrates. (A) WT and MRTFdko
macrophages migrating on BSA or fibronectin in the presence of 100 µM RGD
peptide or 10 µg/mL Itgb2 blocking antibody (αCD18). Average velocity is shown
from one representative experiment performed >3 times, n>30 cells per
experiment. (B) Scatterplots of (A). (C) WT and SRFko macrophages migrating on
BSA or fibronectin in the presence of 100 µM RGD peptide or 10 µg/mL Itgb2
blocking antibody (αCD18). Average velocity is shown from one representative
experiment performed >3 times, n>20 cells per experiment. (D) Scatterplots of (C).
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5.3.1 Itgb2 is implicated in binding to both plastic and BSA
Next, I wanted to assess migration on uncoated tissue culture plastic which has
also been reported to bind Itgb2. Tissue culture plastic is oxidised which facilitate
absorption of ECM component from the serum that is present in the medium. Due
to the high concentration of serum in the medium (10%) I will refer to this substrate
as uncoated/serum coated, though the substrate has not been coated prior to cell
seeding.
As above, the cells were seeded in the presence of 100 µM RGD or 10
µg/mL αCD18 and migration was assessed by manually tracking the cells for 24
hours. Migration on uncoated/serum coated tissue culture plastic showed
dependency on both Itgb2 and RGD binding integrins (see Figure 29A). Migration
on this substrate was MRTF/SRF dependent suggesting that Itgb2 cannot
compensate for Itgb1/b3. This is indicative of trans-inhibition between RGD binding
integrins and Itgb2 when RGD binding dominates which will be discussed further in
chapter 7.2.5. Cell morphology was also assessed on uncoated/serum coated
surfaces. In agreement with the migratory phenotype, MRTF/SRF deficient
macrophages

showed

impaired

cell

spread

area

and

morphology

on

uncoated/serum coated surfaces (Figure 29B and C).

Figure 29. Migration on tissue culture plastic is MRTF/SRF dependent and
engages both RGD and Itgb2 integrins

(A) WT and MRTF-null macrophages were plated on tissue culture plastic and their
migration assessed in the presence of 100 µM RGD peptide or 10 µg/mL Itgb2
blocking antibody (αCD18). Average velocity is shown from one representative
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experiment performed 3 times, n>30 cells per experiment. (B) Representative
fluorescent images of WT, SRF and MRTF deficient macrophages plated on
uncoated/serum coated surface showing their morphology. Blue - DAPI, white phalloidin. Scale bar, 10 µM. (C) Quantification of cell spread area and aspect ratio
of the cells in (B) n>50.

5.4 MRTF/SRF activity affects coupling to Rac activation in
macrophages
To assess the intracellular signalling induced by these different substrates I made
use of pharmacological perturbation. I was particularly interested in inhibitors of
Rho and Rac activity as they are active downstream of integrins and play a
fundamental role in cell morphology and migration. In addition, they have been
shown to be differentially required for confined and unconfined migration (Ruprecht
et al., 2015, Hung et al., 2013).
First, I assessed the effect of ROCK which is implicated in contractility.
Itgb1/b3 mediated adhesion synergises to activate contractility via Rho (Schiller et
al., 2013). Macrophages were plated on fibronectin, BSA or uncoated/serum
coated surfaces and motility in the presence or absence of the ROCK inhibitor,
Y27632 was assessed (Figure 30). ROCK inhibition reduced motility of WT
macrophages on fibronectin but not MRTF or SRF deficient cells (Figure 30A and
B). ROCK inhibited WT macrophages migrating on fibronectin was comparable to
that of MRTF or SRF deficient cells. In contrast, migration on BSA was unaffected
by ROCK inhibition across both WT and MRTF/SRF deficient macrophages (Figure
30A and B), suggesting different signalling downstream of FN and BSA substrates.
On an uncoated/serum coated surface WT migration was not significantly
affected by ROCK inhibition. Most interestingly though, migration of MRTF/SRFko
macrophages was significantly increased when treated with Y27632 and KO cells
migrated equally well as WT (Figure 30A and B).
To visualise cell morphology under the rescued conditions I seeded WT and
MRTF deficient macrophages on uncoated/serum coated coverslips with and
without Y27632 treatment and stained the cells for phalloidin. Morphologically the
MRTF deficient cells look comparable to WT once ROCK is inhibited (Figure 31A),
with increased cell spread area and phalloidin intensity (Figure 31B and C).
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ROCK thus appears to be activated downstream of RGD binding integrins
(Itgb1/b3) but not Itgb2. And MRTF/SRF deficient migration on uncoated//serum
coated substrate is rescued by ROCK inhibition meaning that there is no defect in
the contractile machinery per se.
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Figure 30. ROCK inhibition rescues MRTF/SRFko migration

(A) Scatterplots of macrophage migration when plated on uncoated/serum coated,
BSA or fibronectin coated surfaces. Migration was assessed with and without
ROCK inhibition with 30 µM Y27632. (B) Average velocity of cell migration in (A).
Data from one representative experiment performed three times for WT and
SRFko, MRTFdko performed twice on FN and BSA and three times on
uncoated/serum coated surface, n>100 cells per experiment.
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Figure 31. Improved cell morphology with Y27632

(A) Representative fluorescent images of WT and MRTF deficient macrophages
plated on uncoated/serum coated surface and treated with Y27632. Blue-DAPI,
white-phalloidin. Y27632 rescues morphology of MRTFdko macrophages. Scale
bar, 10 µM. (B) Quantification of phalloidin intensity and (C) cell spread area with
and without Y27632. Data from one of two experiments, n=50 cells per experiment.
The data described above show that Itgb1/b3 dependent migration is impeded by
ROCK inhibition while migration on Itgb2 dependent substrate is ROCK
independent. Since motility on uncoated/serum coated substrate is using both
Itgb1/b3 and Itgb2, I next tested whether the rescued motility by ROCK inhibition
involves Itgb2.
First I tested MDA-MB-231 cells, which do not express Itgb2 (Wu et al.,
2001). I assessed MRTF/SRF depleted MDA-MB-231 migration with and without
Y27632 in a scratch wound assay. Though macrophage migration was significantly
improved (Figure 32A), Y27632 impeded MDA-MB-231 cell migration (Figure 32B).
Next, I tested whether the restoration of motility in macrophages following
ROCK inhibition required Itgb2. As already mentioned, Itgb2 can bind to plastic. I
seeded WT and MRTF/SRF deficient macrophages on uncoated/serum coated
surface and assessed migration in the presence of Y27632 or cotreatment with
Y27632 and αCD18. Migration of MRTF and SRF deficient macrophages was
significantly improved with the ROCK inhibitor as previously shown and
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cotreatment with the Itgb2 blocker prevented the increased migration while not
having a dramatic effect on WT migration (Figure 32C and D).

Figure 32. Y27632 mediated rescue of MRTF/SRF deficient migration is
dependent on Itgb2

(A) Macrophages migration in a scratch wound assay was assessed by manually
tracking cells as they migrate into the wounded area. Migration was assessed with
and without Y27632, n=50. (B) MDA-MB-231 cell migration in a scratch wound
assay was assessed by measuring the wound area 18h after wounding. Migration
was assessed with and without Y27632. Quantification of wound closure assessed
from 4 fields of view per condition n=4. (C) Scatter plots of macrophages migrating
on uncoated/serum coated surface in the presence of Y27632 or co-treatment with
Y27632 and αCD18. (D) Quantification of (C), displayed as average velocity from
one representative experiment performed three times, n~20 cells per experiment.

Since 2D migration involves Rac activation I next tested whether the ability of
ROCK inhibition to rescue motility on uncoated/serum coated surfaces reflects
increased levels of Rac-GTP (Evers et al., 2000). MRTF and SRF deficient cells
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exhibited reduced Rac-GTP loading, as measured by the GST-PAK pulldown
assay. Y27632 treatment significantly restored Rac activity in this assay (see
Figure 33A).
The effect of Y27632 treatment on Rac activity led me to investigate events
downstream of Rac. I used the F-actin pelleting assay to assess actin
polymerisation. Consistent with the Rac activation data, F-actin levels were
reduced in MRTF and SRF deficient cells but were restored by ROCK inhibition
(Figure 33B). Taken together with the results in Figure 31, these data suggest that
downstream events of Rac activity, such as actin polymerisation, is intact in
MRTF/SRF deficient macrophages, and suggests that MRTF/SRF dependent
migration results from impaired Rac activation downstream if RGD binding integrins.

Figure 33. Y27632 treatment results in increased Rac activity

(A) Active, GTP bound Rac, was isolated using PDB of PAK1 GST fusion protein
coupled to magnetic beads from cell lysate of WT, SRF and MRTF deficient
macrophages grown on tissue culture plastic and treated for 1h with Y27632. Rac
recovery assessed by immunoblot. Quantification to the right from 3 independent
experiments normalised to untreated WT cells, n=3. (B) Y27632 increases F:G113
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actin ratio in SRFko and MRTFdko macrophages. F-actin pelleting assay
performed on cells treated with Y27632 for 1h. Quantification below shows average
from 2 independent experiments.

5.5 Rac GEFs are differentially required for motility on different
substrates
The results in the previous section suggest that Rac activity could be differentially
regulated on the different substrates. We attempted to isolate and characterise the
integrin adhesion complexes (IAC) induced by the different substrates using
established protocols. Though IAC isolation is still under optimisation it is an
unbiased way to understand the differential signalling induced by the different
substrates and their relevance to MRTF/SRF signalling and an interesting avenue
of further studies. I therefore investigated the involvement of Rac GEFs in
macrophage motility on different substrates using small molecules. Interestingly,
the Rac-GEFs Vav and Tiam been shown to be activated downstream of Itgb1 and
Itgb2 respectively (Yron et al., 1999, Grönholm et al., 2011). WT and knockout cells
were plated on different substrates and motility evaluated in the presence of
NSC23766, which inhibits Rac GEF Tiam (Gao et al., 2004), and EHop-016, which
inhibits Vav (Montalvo-Ortiz et al., 2012).
WT migration on fibronectin was impaired by EHop-016 but not by treatment
with NSC23766 (Figure 34A). MRTFdko migration was not further reduced by
either of the drugs on fibronectin. In contrast, migration on BSA coated surface was
unaffected by EHop-016 treatment but was impaired when treated with NSC23766
in both WT and MRTF deficient macrophages. Migration on uncoated/serum
coated surfaces were not significantly altered by either of the drugs. These results
suggest that Tiam is activated downstream of Itgb2 while Vav is activated
downstream of Itgb1.
Consistent with the notion that ROCK inhibition allows Rac activation by
Itgb2 on uncoated/serum coated substrate (Figure 32C), motility was not restored
in cells treated with both Y27632 and NSC23766 while cotreatment with Y27632
and EHop-016 still restored KO migration (Figure 34B). Similarly, the observed
increase in cell spread area and phalloidin intensity by Y27632 was prevented by
cotreatment with NSC23766 (Figure 34C).
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Figure 34. Different Rac-GEFs are required on different substrates

(A) WT and MRTF deficient macrophages were plated on 50 µg/mL fibronectin, 2%
BSA or uncoated/serum coated surfaces and migration was assessed with and
without EHop-016 or NSC23766. Data from one experiment performed twice, n>40
cells per experiment. Rac is activated by different GEFs on different substrates. (B)
MRTF deficient macrophages plated on uncoated/serum coated surface and
treated with Y27632 alone or in combination with EHop-016 or NSC23766.
Migration was assessed by manually tracking the cells and displayed as average
velocity. Data from one experiment performed twice, n=30 cells per experiment. (C)
Cell area and phalloidin intensity assessed in MRTF deficient macrophages plated
on uncoated/serum coated surface and treated with Y27632 alone or in
combination with NSC23766, n=50.

Above results suggest that Rac GEFs are differentially involved in motility
according to the substrate and implicate Vav and Tiam downstream of Itgb1/b3 and
Itgb2 respectively. To assess the IAC I examined existing database for evidence
that expression of these GEFs is MRTF/SRF dependent. Though Tiam is not a
published MRTF/SRF target gene, Vav3 has been shown to be regulated by
MRTF/SRF signalling in MEFs/3T3 (Esnault et al., 2014).
Vav knockout macrophages have previously been studied and exhibit an
increased in aspect ratio while they are not impaired in Rac activity (Bhavsar et al.,
2009). This is different to what we have observed for MRTF/SRF null macrophages,
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which show an unchanged aspect ratio and reduced Rac activity (Figure 33A and
Figure 29C). I thus examined the database for other regulators of Rac activity. Of
particular interest was the integrin scaffold protein NEDD9 (also known as Cas-L,
HEF1 and p105), a previously identified MRTF/SRF target (Bruna et al., 2012,
Esnault et al., 2014) which, like Vav, has been shown to be specifically activated by
RGD binding integrins (Ahn et al., 2012, Manié et al., 1997). Furthermore, upon
activation NEDD9 associates with DOCK3, a Rac-GEF which is important for Rac
activation in mesenchymal migration (Sanz-Moreno et al., 2008). Based on this
information I decided to further assess the potential involvement of NEDD9 in the
phenotype observed in MRTF/SRF deficient macrophages.
To assess whether NEDD9 is an MRTF/SRF target gene in macrophages I
quantified NEDD9 mRNA expression by qPCR. NEDD9 expression was
significantly reduced in MRTF and SRF deficient cells consistent with NEDD9 being
an MRTF/SRF target gene (Figure 35A).
Next, I wanted to assess the effect of NEDD9 depletion in macrophages.
NEDD9 was knocked down using RNA interference in WT macrophages for 48
hours. The cells were then seeded on fibronectin or BSA coated surfaces and
migration was assessed the next day. Manual tracking of the cells showed that the
velocity of NEDD9-depleted cells was reduced on fibronectin but not on BSA
coated surfaces (Figure 35B and C). This is consistent with the idea that
MRTF/SRF target genes affect specific signalling downstream of fibronectin binding.
Encouraged by the above data we decided to assess if the phenotype
displayed by MRTF and SRF deficient macrophages could be rescued by
overexpressing NEDD9. WT and SRF null macrophages were transduced with a
retroviral expression vector containing NEDD9-IRES-GFP on day three after BM
isolation in accordance with materials and methods. Macrophage culturing protocol
was then continued as normal and SRF was deleted by tamoxifen treatment. GFP
positive cells were sorted by flow cytometry and macrophage differentiation
assessed by FACS staining for CD11c and F4/80. This protocol achieved an ~10%
infection efficiency and NEDD9 overexpression did not perturbed macrophage
differentiation (Figure 35D). The cells were subsequently seeded on fibronectin or
BSA coated surfaces and migration was assessed. Migration of WT macrophages
on fibronectin was slightly reduced when NEDD9 is overexpressed, while migration
of SRF deficient cells was significantly improved by NEDD9 expression (Figure
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35E). Importantly, migration on BSA was not significantly altered by NEDD9
overexpression in either of the genotypes (Figure 35F). This is consistent with
NEDD9 being specifically required downstream of integrin binding to fibronectin.
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Figure 35. NEDD9 is an MRTF/SRF target gene and is differentially required for
migration on different substrates

(A) NEDD9 mRNA expression was assessed in WT and MRTF/SRF deficient
macrophages. (B) NEDD9 mRNA knockdown assessed by qPCR 24h and 48h
after transfection of WT macrophages with siRNA for NEDD9. (C) Migration of
siNEDD9 transfected macrophages was assessed compared with siControl or untransfected. Migration assessed on fibronectin or BSA coated surfaces. Data from
one representative experiment performed three times, n=20 cells per experiment.
(D) NEDD9-IRES-GFP infection of WT and SRF deficient macrophages was
assessed by FACS and sorted for GFP positive cells. GFP positive cells stain
positively for macrophage markers CD11b and F4/80. Migration of macrophages
with and without NEDD9-IRES-GFP was assessed on fibronectin (E) or BSA (F)
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coated surfaces. Data shown from one representative experiment performed 3
times, n=50 and n=40 on fibronectin and BSA respectively.

5.6 Summary
The data presented in this chapter show differential requirement for MRTF/SRF
signalling during migration on different substrates. This differential effect is due to
engagement of different integrins. Integrin mediated binding to the RGD motif on
fibronectin (via Itgb1) require MRTF/SRF signalling for efficient migration while
migration on Itgb1 independent substrates, ICAM or BSA, is MRTF/SRF
independent and require Itgb2. MRTF/SRFko cells thus appear defective in specific
signalling pathways rather than globally defective in cytoskeletal dynamics. My data
suggests that the defect observed in migration of MRTF and SRF deficient cells is
caused upstream of Rac activation but downstream of integrin mediated binding to
fibronectin. Consistent with this I have exemplified a single MRTF/SRF target gene,
NEDD9, to play such a role. Migration on BSA or ICAM, which engage different
integrin compared to fibronectin is NEDD9 and MRTF/SRF independent.
MRTF/SRF KO cells does not appear to be globally defective in their
cytoskeletal dynamics. They can polymerise actin to form lamellipodia, they can
exert force and they can migrate if they receive the right signals from their
environment. These results suggest that MRTF/SRFko macrophages can establish
sufficient IAC for migration when Rac activity is restored. Either through a particular
integrin or by chemically bypassing the problem by activating Rac.
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Chapter 6.

Mechanosensitive induction of

senescence in MRTF/SRFko MEFs
6.1 Aims
Senescence is defined as a permanent cessation of proliferation and is thus
different from quiescence. Senescence can be induced in different ways but all
results in impaired proliferation and cell cycle arrest. Senescence is often
associated with increased expression of negative regulators of the cell cycle (p53,
p16 and p21) and hypo-phosphorylation of retinoblastoma protein (pRB). In
addition senescence is associated with changes in morphology and cells often
appear flattened with fewer visible stress fibres (Kuilman et al., 2010). However,
the most widely used marker of senescence is Senescence associated beta
galactosidase (SA-βGal) which measures β-galactosidase activity at suboptimal pH
(pH 6), activity should thus only be detected in senescent cells which have elevated
levels of lysosomal β-galactosidase (Lee et al., 2006, Dimri et al., 1995).
Genetic studies have shown that MRTF/SRF is not required for cell
proliferation in many different cell types (Schratt et al., 2001). However, depletion of
MRTF or SRF in smooth muscle cells and in liver cancer cells has been reported to
induce cell senescence (Werth et al., 2010, Angstenberger et al., 2007, Hampl et
al., 2013). Studies in the lab revealed that SRF and MRTF deficient MEFs fail to
proliferate in culture, even following immortalisation with SV40 large T antigen.
SV40 T antigen bind to and functionally inactivating p53 (Lane and Crawford, 1979)
and pRB (DeCaprio et al., 1988).
The first part of this chapter will establish the phenotype of MRTFdko MEFs
by assessing different markers of senescence. Following on from this I attempted
to assess the cause of the phenotype by comparing it to the currently available
literature. Finally, I made use of quantitative proteomics to address the
MRTF/SRFko phenotype.
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6.2 SRF and MRTFdko MEFs enter senescence
To investigate MRTF and SRF deficient MEFs I studied pools of MEFs isolated
from three different embryos per genotype. The genotypes used were: Tam Cre;
Srffl/fl,Tam Cre; Mrtf-a-/-, Mrtf-bfl/fl, Tam Cre. In this system, addition of tamoxifen
induces deletion of SRF and MRTF-B via Cre mediated deletion. 10 days after
tamoxifen mediated deletion of MRTF-B there is significantly fewer cells compared
to control, consistent with observations from previous lab members. I considered
three possible explanations for the impaired growth: 1) the cells detach due to
reduced cell adhesion and are lost during cell culturing, 2) the MRTF-null cells
enter an apoptotic program or 3) impaired proliferation results in failed expansion of
the MRTF-null culture.
I carefully observed the cells during the course of tamoxifen treatment but
no notable increase in numbers of detached cells or visual signs of apoptotic cell
death were observed. Lack of apoptosis was confirmed by caspase 3 luciferase
assay (Figure 36D). To assess proliferation I stained the cells with a fluorescent
dye (CFSE), the dye is diluted into the daughter cells during division and can be
used to observe up to 8 cycles by flow cytometry. Mean fluorescent intensity (MFI)
measured the day of staining and compared to the day after revealed reduced
proliferation of the MRTF-null cells (Figure 36E). The MRTF-null cells remained
adherent but adopted a flattened morphology devoid of stress fibres, similar to that
seen in senescent cells. I subsequently stained the cells for Senescenceassociated β-galactosidase (SA-βGal). MRTF-null MEFs showed a strong increase
in percentage of SA-βGal positive cells compared to WT (Figure 36F).
These results are consistent with a model in which MRTF signalling
suppresses cell senescence.
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Figure 36. MRTFdko MEFs fail to proliferate due to senescence

(A) Schematic illustrating the timeline of the experiment. (B) MRTF-B deletion in the
three MEF pools were assessed by PCR after 10 days of tamoxifen treatment. (C)
MRTF-B mRNA levels was determined by qPCR. (D) Apoptosis was assessed with
a Caspase assay following preincubation with tamoxifen for 11 days. Average of
three independent experiments n=9. (E) Proliferation was assessed by CFSE
dilution after 24 hours as assessed by FACS. Cells were stained with CFSE after
10 days of tamoxifen. MFI was measured by FACS 0 and 24 hours later. Right,
data displayed as MFI. Performed once, n=3. (F) Cells were stained for
senescence associated beta galactosidase (SA-βGal) after 10 days of tamoxifen
treatment. Showing one of > 5 independent experiments.
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Next, I set out to establish whether inactivation of SRF in MEFs also induces
a senescent phenotype. SRF null MEFs have not been reported to show any
reduction in proliferation. As SRF is a much more stable protein compared to
MRTF, this could delay the onset of a senescent phenotype. I therefore set out to
delete SRF long term and specifically look for the presence of a senescent
phenotype (Figure 37A).
Though SRF was efficiently deleted at RNA level by day 7 (Figure 37B), as
previously shown, I did not observe any significant defect in the growth of the
culture or increase in SA-βGal staining (Figure 37D). By day 10 of tamoxifen
treatment, however, there was a marked decrease in growth and ~40% of SRF-null
cells stained positively for SA-βGal (Figure 37D and E). These cultures can be
maintained for a considerable amount of time without increasing in cell number, but
eventually one of the SRF null pools resumed growth after 17 days on tamoxifen
treatment. Importantly, the cells that grow out are not deleted for SRF. This
suggests that lack of MRTF/SRF impairs the growth of MEFs in vitro.
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Figure 37. SRFko MEFs enter senescence

(A) Schematic illustrating the timeline of the experiment. After 7 days of tamoxifen
treatment WT and SRF deficient cells were seeded for proliferation assessment.
The cells were counted up to 6 days after plating (B). (C) qPCR of SRF mRNA
show efficient deletion of SRF at both 7 and 10 days of tamoxifen treatment. (D)
Senescence-associated beta galactosidase, SA-βGal, staining on cells treated with
tamoxifen for 7 or 10 days. (E) Representative image showing SA-βGal staining
from (C). One representative experiment is shown from three independent replicas.
3 independent pools each of WT and SRF-null MEF cultures were used in each
experiment, n=3. (F) After 17 days on tamoxifen one of the 3 pools of SRF deficient
MEFs start to grow again. SRF expression was assessed by qPCR and compared
to SRF expression at day 10 (C).
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6.3 The senescent response is mechanosensitive
The data above suggests that MRTF/SRF activity inhibits a senescence signal in
MEFs. Since MRTF/SRF is controlled by Rho-actin signalling, which increases with
substrate stiffness, I next tested whether substrate stiffness affected the senescent
phenotype. For these experiments I used polyacrylamide hydrogels of 50 kPa (soft)
and compared it against plastic (stiff). Cells were plated on soft or stiff substrates
after 7 days of tamoxifen treatment (before the senescent phenotype becomes
evident) and their growth properties were analysed on the different substrates.
Three pools of WT and SRFko MEFs were stained with CFSE and MFI
dilution assessed after 3 days grown on soft or stiff substrates. On plastic WT
MEFs diluted the CFSE staining to a greater extent compared to SRF-null MEFs
indicating that they have completed more cell cycles (Figure 38B and D), it is worth
noting that SRF-null MEFs stain less strongly then WT at the start of the
experiment which could potentially be due to reduced cell volume of SRF-null cells.
However, on the soft substrate both WT and SRF-null MEFs showed equal CFSE
dilution suggesting they have completed comparable number of cell cycles (Figure
38C and D). SRF-null MEFs showed a greater CFSE dilution when grown on soft
compared to stiff surfaces. This suggest that SRFko MEFs do not senesce on a
soft substrate.
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Figure 38. CFSE dilution in MEFs seeded on soft and stiff substrates

(A) Schematic illustrating the timeline of the experiment. Cells were plated on
plastic or 50 kPa hydrogel after 7 days of tamoxifen treatment and their grow
properties analysed by CFSE dilution. On day 10, the cells were stained with CFSE
and MFI of the staining assessed by FACS (0h). Cells were re-plated on plastic and
50 kPa substrates. (B and C) Representative FACS plots of the CFSE dilution for
cells grown in plastic (B) and (50kPa), red and black arrows indicate profile of SRFnull and WT MEFs respectively at 0 and 72 hours post CFSE staining. (D) MFI at
72 hours is displayed as percentage of the original staining intensity at 0h. One of
two independent experiments performed in 3 pools each of WT and SRFko MEF
cell cultures, n=3 pools per experiment.
To expand on the mechanosensitive phenotype observed I performed
additional experiments on soft and on stiff substrates. First, I assessed proliferation
by cell counting and BrdU incorporation. Three pools of WT and MRTFdko MEFs
were seeded at equal cell numbers on plastic or on 50kPa hydrogel and their
growth was assessed by cell counting. MRTFdko cells seeded on plastic showed a
significant defect in proliferation compared to WT (Figure 39B). However,
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proliferation on the soft substrate appeared comparable to WT (Figure 39B). These
results were confirmed by BrdU incorporation which was significantly impaired on
stiff but not on the soft substrate (Figure 39C). Following on from this I assessed
senescence in cells grown on the soft and stiff substrates by staining for SA-βGal.
In agreement with the proliferation data, cells grown on soft substrate showed a
significant reduction in number of SA-βGal positive cells compared to the stiff
substrate (Figure 39D and E). This suggests that a soft substrate delays or
prevents the senescent phenotype.
Next, I assessed how the cell cycle was affected by the different substrates.
Propidium iodide (PI) staining of the DNA indicated the distribution of cells at each
phase of the cell cycle by assessing DNA content. WT and MRTF-depleted cells
were seeded on soft or stiff substrates at day 7 of tamoxifen treatment and fixed
three days after on day 10 of tamoxifen treatment (when the senescent phenotype
is prominent). Cells were stained with PI and assessed by FACS (
Figure 40B). MRTF-depleted cells showed a reduced number of cells in S-phase
when grown on a stiff substrate which was increased if grown on a soft substrate (
Figure 40B). Following on from this I assessed expression of known regulators of
senescence, p21 and p16 by qPCR. No significant increase in p21 expression was
observed between WT and MRTF-null cells grown in either of the substrates (
Figure 40C). p16 expression appeared to be slightly increased in MRTF-null MEFs
but was not differentially expressed on the soft substrate. Differential induction of
senescence on different substrates is thus not governed by changes in expression
of p16 or p21.
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Figure 39. Mechanosensitive senescent phenotype of MRTF/SRFko MEFs

(A) Schematic illustrating the timeline of the experiment. (B) On days 7 of
tamoxifen treatment equal numbers of WT and MRTF-null MEFs were plated on
plastic or 50kPa hydrogel and their growth properties assessed by cell counting up
to 6 days. One of three independent experiments. Three pools each of WT and
MRTF-null MEFs counted in duplicates, n=6 (C) BrdU incorporation was assessed
after 10 days of tamoxifen treatment by FACS. One of two independent
experiments. (D) Representative images of
senescence associated beta
galactosidase, SA-βGal, staining on cells treated with tamoxifen for 10 days. (E)
Quantification of SA-βGal staining as in (D). One of 5 independent experiments.
Three pools each of WT and MRTF-null MEFs was assessed and averaged for
each experiment, n=3.
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Figure 40. Analysis of the cell cycle in MRTFdko MEFs

(A) Schematic illustrating the timeline of the experiment. (B) Following 7 days of
tamoxifen treatment WT and MRTF-null MEFs were seeded on soft and stiff
surfaces. Three days later cells were fixed and stained for PI and analysed by
FACS. Quantification to the right showing one of two independent experiments
performed in three WT and three MRTF-null MEF pools per experiment, n=3. (C)
Lysates from cells grown on soft or stiff substrates were assessed by qPCR for
MRTF-B, p21 and p16 expression., n=3

6.4 The senescent phenotype is independent of ERK signalling
MRTF/SRF signalling was previously shown to be essential for proliferation of liver
cancer cells (Huh7) lacking the DLC1 tumour suppressor, a Rho GAP (Muehlich et
al., 2012). In these cells MRTF/SRF signalling antagonises an oncogene-induced
senescent phenotype resulting in increased ERK signalling (Hampl et al., 2013).
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Importantly, they show that the senescent phenotype can be prevented if MAPK
signalling in inhibited with U0126. I therefore tested whether the MRTF/SRFko
induced senescence phenotype is affected by ERK signalling.
First, I assessed pERK levels by immunoblotting in lysates from three pools
of SRFko MEFs treated with tamoxifen for 0, 7 and 10 days. pERK levels increased
at day 7 of tamoxifen treatment and the senescent phenotype was observed at day
10 (Figure 41B and C). Pool 2 had lower ERK activity at day 10, which are the cells
which eventually escape the senescent phenotype and likely reflects re-expression
of SRF as shown earlier (Figure 37F).
The senescent phenotype induced by knocking down MRTF in HuH7 can be
prevented by U0126 treatment which inhibits MAPK signalling (Hampl et al., 2013).
I next assessed if the MRTF/SRFko induced senescent phenotype is reliant on
ERK signalling by inhibiting MAPK with U0126. Cells were pre-treated with
tamoxifen for 7 days and then seeded to assess their growth with and without 10
µM U0126. Cells were counted for 6 days, with U0126 being replenished every 2
days. The growth of MRTF/SRFko MEFs was not improved by blocking the ERK
signalling pathway and WT proliferation was perturbed. To assess if the cells were
senescent or not they were stained for SA-βGal at day 11 of tamoxifen treatment
which corresponds to day 4 of the growth curve. No significant change in SA-βGal
staining were observed with U0126, although a slight reduction was observed in
the MRTF-null cells.
Taken together these results suggest that ERK activity is associated with
the senescent phenotype observed in MRTF-SRF-null MEFs, but not causal. This
will be further discussed in the Discussion.
The senescent phenotype observed in hepatocellular carcinoma is currently
under investigation to validate the published findings and further assess the
relationship between the senescent phenotype observed in the two cell types.
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Figure 41. SRFko MEFs show increased pERK but the senescent phenotype is
not driven by MAPK signalling

(A) Schematic illustrating the timeline of the experiment. (B) pERK was assessed
by immunoblotting in cells treated for 0, 7 and 10 days with tamoxifen. (C)
Quantification of (B). (D) Representative images of senescence associated beta
galactosidase, SA-βGal, staining of untreated and U0126 treated cells. (E) Growth
assessment of WT, SRF and MRTF-null MEFs treated with and without U0126. (F)
Quantification of SA-βGal in (D) (blue, MRTF-null, red, SRF-null). One of two
independent experiments performed across three pools each of WT, MRTF-null or
SRF-null MEFs, n=3.
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6.5 Comparison of the MRTF/SRF and ROCK associated
senescent phenotype
A previous study has shown that inactivation of ROCK1/2 results in senescence in
SV40 immortalised MEFs (Kümper et al., 2016). Since both ROCK and MRTF/SRF
signalling are downstream of Rho, I investigated the relation between them.
First, I examined ROCK1/2 KO MEFs. Primary ROCK1fl/fl,ROCK2fl/fl MEFs
were a kind gift from Victoria Sanz-Moreno. The cells were expanded and
immortalised with SV40 as outlined in the materials and methods. To inactivate
ROCK, cells were infected with adenovirus expressing Cre (MOI 125 of virus).
Although ROCK1/2-null MEFs initially grew slower, by day 11 the culture increased
in cell number and ROCK1/2 was detected (Figure 42B and C). This suggests
deletion was inefficient, so I turned to pharmacological inhibitors of ROCK to
inactivate the pathways.

Figure 42. Inefficient deletion of ROCK1/2 via adeno-cre

(A) Schematic illustrating the timeline of the experiment. (B) Growth assessment of
MEFs infected with or without Adeno-Cre. (C) 5 and 11 days after infection with
Adeno-Cre, protein levels of ROCK were assessed by immunoblotting.
To inhibit ROCK I used Y27632 and the more stringent inhibitor H1152.
Blebbistatin was used to inhibit the ROCK effector myosinII. In agreement with the
findings of Kumper et al 2016, H1152 treatment, but not Y27632 or Blebbistatin,
effectively abolished proliferation of WT MEFs (Figure 43B). Neither of the drugs
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relieved the senescence upon MRTF inactivation. Though inhibiting ROCK clearly
induce senescence it is unclear if this is induced by reduced contractility or other
parallel signalling of RhoA/ROCK. I thus assessed the effect of blocking mDia with
SMFIH2. Proliferation of WT MEFs was reduced but not blocked (Figure 43C).

Figure 43. Rho pathways in senescence

(A) Schematic of Rho signalling and pharmacological inhibitors. (B and C) Cells
were seeded at equal numbers after 7 days of tamoxifen treatment and their growth
was assessed for up to 6 days with and without different inhibitors of Rho
signalling, with drugs replenished every 2 days. H1152 and Y27632: one of three
independent experiments. Blebbistatin: one of two independent experiments.
SMIFH2: this experiment has been performed once. All experiments performed in
three pools each of WT and MRTF-null MEFs counted in duplicates, n=6.
Next, I tested whether the senescent phenotype induced in ROCK-inhibited
cells is mechanosensitive. Cells were plated on plastic or 50 kPa hydrogels and the
effect of H1152 on senescence and the cell cycle was assessed with SA-βGal
staining and PI staining respectively. Similarly to MRTF/SRFko induced
senescence, H1152 treatment greatly increased SA-βGal positive cells on plastic,
but not on the soft substrate (Figure 44A and B). Contrary to MRTF-null cells
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however, H1152 cells show a large increase in binucleated cells (Figure 44C and
D) suggestive of either an increased number of cells in G2, or failed cytokinesis.
In summary, both ROCK and MRTF/SRF inactivation appears to induce
senescence in a mechanosensitive fashion, which is relieved on a soft substrate.

Figure 44. H1152 shows mechanosensitive induction of senescence

(A) WT MEFs were plated on either plastic or 50 kPa hydrogels and treated with
H1152 for 5 days. After 5 days of H1152 treatment the cells were stained for
senescence associated beta galactosidase, SA-βGal. (B) Representative images of
SA-βGal staining. (C) Staining of the DNA with PI was assessed by FACS and
quantified in (D). These experiments have been performed once in three pools of
WT MEFs, n=3.

6.6 Altered integrin expression of senescent cells
During the course of the above experiments, I noted that the senescent MRTFdko
cells appeared more tightly adherent to the substrate, trypsinisation being
insufficient to detach them. Previous studies have shown the adhesive properties of
senescent cells to be altered and increased. Indeed, expression of Itgb3 has been
shown to coincide with senescence (Rapisarda et al., 2017). I therefore analysed
the expression of Itgb1 and Itgb3 on the cell surface of senescent cells.
Senescence was induced by H1152 treatment (5 days) in WT cells or by
MRTF inactivation (10 days) and integrin expression was assessed by FACS.
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H1152 induced senescence showed an increased expression of Itgb3 compared to
untreated while no difference was observed in Itgb1 expression levels (Figure 45A
and B). Similarly, MRTFdko-induced senescence caused an increased expression
of Itgav while Iigb1 was reduced compared to WT (Figure 45C and D). Senescent
cells thus display altered integrin expression with increased Itgav/Iitgb3 expression
on the cell surface.
Next, I wanted to assess the involvement of these integrins in the senescent
phenotype by blocking their interaction with the substrate. Three pools each of WT
and MRTFdko MEFs were pre-treated with tamoxifen for 7 days and seeded for the
growth assay in the presence of RGD blocking peptide to block Itgb1 and Itgb3 or
the more specific integrin inhibitor, cilengitide, which inhibit Itgb3. Growth was
assessed for up to six days and peptides were replenished every 2 days.
Cilengitide caused a more rounded morphology while the RGD peptide had a much
milder effect on morphology. Neither of the drugs significantly affected MRTF-null
MEF proliferation (Figure 45E and F), suggesting that blocking integrin does not
relieve cells from senescence. The growth of WT MEFs treated with cilengitide is
perturbed while the RGD peptide does not have a notable effect on proliferation
(Figure 45E and F),
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Figure 45. Altered integrin expression in senescent cells

(A and B) Integrin expression was assessed in three pools of WT MEFs treated
with or without H1152 for 5 days. (A) Itgb3 and (B) Itgb1. FACS profiles to the left
and quantification to the right. This experiment was performed once in three
different WT MEF cell lines. (C and D) Integrin expression was assessed in WT
and MRTF-null MEFs following 10 days of tamoxifen treatment. (C) Itgav and (D)
Itgb1. FACS profiles to the left and quantification to the right. This experiment has
been performed once across one MEF cell line for both WT and MRTFdko. (E)
Schematic of the experiment to inhibit integrin mediated adhesion. (F) Equal
numbers of WT and MRTF-null MEFs were plated following 7 days of tamoxifen
treatment in the presence of Cilengitide or RGD. Cell growth was assessed for up
to 6 days and drugs replenished every 2 days. This experiment has been
performed once by counting three pools each of WT and MRTF-null MEFs in
duplicates, n=6.
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6.7 Proteomic analysis of MRTF/SRFko induced senescence
Senescence has previously been shown to require protein synthesis which would
suggest that de-novo gene expression drives the senescent phenotype (Li et al.,
2013). Known regulators of senescence include p16, p21 and p53. ROCK inhibition,
however, has been shown to induce senescence without notable changes in p16,
p21 or p53 protein levels and instead was associated with changes in Cks1, Cdk1
or CyclinA (Kümper et al., 2016). To identify protein changes associated with
MRTF/SRFko induced senescence, I used quantitative mass spectrometry.

6.7.1 Sample preparation
Tam Cre; Srffl/fl, Tam Cre; MRTF-A-/-, MRTF-Bfl/fl, Tam Cre were initially assessed
10 day after tamoxifen treatment and the senescent phenotype was confirmed by
growth curve and SA-βGal staining (Figure 39) before submitting to the Crick
Proteomics Technology platform (see Table 7).

Table 7. Proteomics samples

6 samples were collected from the genotypes indicated in the +/- Tamoxifen
treatment. The samples were confirmed as either senescent or non-senescent (the
data of which are shown in Figure 39).
Each sample were labelled with the TMT technology to allow quantification and
comparison of protein expression among samples. The raw data were processed
by Peter Faull of the Proteomics Technology platform using MaxQuant. Briefly the
values were converted to Log-2 scale in Perseus software and median normalised.
This identified 3467 peptides across the 6 samples.
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Samples 1 and 2 were used as experimental controls to remove any bias for
protein changes induced by tamoxifen alone. Samples 2, 3 and 5 represent nonsenescent controls and samples 4 and 6 were SRFko and MRTFdko induced
senescent samples respectively.

6.7.2 CyclinA, Cdk1 and Cks expression
First, I wanted to compare MRTF/SRF induced senescence to the reported
ROCK inhibition induced senescence. ROCK inhibition has been reported to be
associated with decreased Cks1, Cdk1 and CyclinA (Ccna2) expression (Kümper
et al., 2016). We did not observe any changes in protein expression of Cks1, Cdk1
or CyclinA when assessing changes in protein expression between control and
MRTF/SRF-depleted senescent MEFs. There was however a change in Cks2
expression observed in two of the four conditions assessed. Cks2 is an interaction
partner of Cks1.

Figure 46. CyklinA, Cdk1 and Cks expression changes

Proteins/peptides identified in the two senescent samples (4 and 6) were compared
against 3 different non-senescent controls (2, 3 and 5) resulting in 4 data sets (A,
B, C and D). (A) changes between sample 2 (Tam Cre + Tamoxifen) and 4 (SRFko
on tamoxifen), (B) changes between samples 2 (Tam Cre + Tamoxifen) and 6
(MRTFdko). (C) Changes between samples 3 (SRFfl without Tam) and 4 (SRFko),
(D) changes between samples 5 (MRTF-Ako, MRTF-Bfl without Tamoxifen) and 6
(MRTFdko). Normalised Log2 values are indicated. The protein of interest
highlighted in red.
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6.7.3 Myoferlin, p21 and p16 expression
Next, I compared MRTF/SRF induced senescence to senescent MRTFdepleted liver cancer cells where the MRTF target gene myoferlin antagonises
ERK-dependent oncogene-induced senescence (Hampl et al., 2013, Hermanns et
al., 2017). No changes were observed in expression levels of myoferlin, p16 or p21
between control and senescent MEFs (Figure 47).

Figure 47. Myoferlin, p21 and p16 expression change

Proteins/peptides identified in the two senescent samples (4 and 6) were compared
against 3 different non-senescent controls (2, 3 and 5) resulting in 4 data sets (A,
B, C and D). (A) changes between samples 2 and 4, (B) changes between samples
2 and 6. (C) Changes between samples 3 and 4, (D) changes between samples 5
and 6. Normalised Log2 values are indicated. Protein of interest is highlighted in
red.
6.7.4 Proteins altered in MRTF/SRFko induced senescence
To assess which proteins changed upon MRTFdko- or SRFko-induced senescence
I compared expression levels in senescent samples (4 and 6) to that of the three
non-senescent controls (2, 3 and 5). To exclude proteins which did not change in
the senescent samples I excluded proteins which showed <0.5 and >-0.5 change in
both the SRFko and MRTFdko senescent samples (samples 4 and 6) when
compared to control (sample 2) and compared to undeleted SRF fl/fl and MRTF-Ako,
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MRTF-Bfl/fl controls (samples 3 and 5) which resulted in 192 proteins. To exclude
proteins which changed upon tamoxifen addition alone, I excluded proteins which
changes >1 and <-1 between samples control samples with and without tamoxifen
(samples 1 and 2). This resulted in a list of 168 proteins which showed altered
expression in MRTF/SRFko induced senescenc which are listed in Table 13 in the
Appendix. Of these 168 hits, 109 were upregulated while 59 were downregulated.
DAVID functional annotation (Huang et al., 2008) was performed on these hits to
group them into functional categories. Upregulated hits were mainly comprised of
metabolic proteins but also included regulators and components of the extracellular
matrix (Table 8). The downregulated proteins were mainly known MRTF/SRF
targets important for focal adhesions and cytoskeleton (Table 9). No changes in
known senescence or cell cycle regulators were detected in this experiment.

Upregulated Gene ontology Biological processes
oxidation-reduction process
transport
metabolic process
ion transport
lipid metabolic process

Count
30
24
20
12
10

PValue
3E-17
5E-04
4E-11
8E-04
2E-03

Table 8. Upregulated biological processes in MRTF/SRFko induced senescence

Downregulated Gene ontology Biological processes
membrane organization
rRNA processing
actomyosin structure organization
platelet aggregation
ribosome biogenesis
cytoskeleton organization
actin cytoskeleton organization
mesenchyme migration

Count
4
4
3
3
3
3
3
2

PValue
9E-04
6E-03
3E-03
6E-03
3E-02
4E-02
7E-02
1E-02

Table 9. Downregulated biological processes in MRTF/SRFko induced
senescence

DAVID functional annotation on proteins which are downregulated in senescent
MRTF/SRFko MEFs (Huang et al., 2008).
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6.8 Proteomic analysis of the mechanosensitive senescent
phenotype
These presented above data established the changes in protein expression which
are associated with the senescent phenotype of MRTFdko and SRFko MEFs. But
their interpretation is hard since MRTF/SRF regulate expression of many genes
independently of senescence. To refine our approach, we evaluated changes in
SRFko and MRTFdko MEFs ± senescence by growing the cell on soft vs stiff
substrates (Figure 48).

Figure 48. Experimental strategy

By comparing the same genetic background to senescence inducing and nonsenescence inducing substrates we aim to identify proteins which are specifically
regulated in senescence.
6.8.1 Sample preparation
To assess the mechanosensitive induction of senescence MRTF/SRF
deficient MEFs and H1152-treated MEFs were grown on soft and stiff substrates.
The senescent phenotype was confirmed by growth curve and SA-βGal staining
(Figure 39 and Figure 44A) before samples were submitted to the Crick Proteomics
Technology platform. Submitted samples are shown in Table 10.
Samples were processed as in 6.7.1. Here, each fraction was injected in
duplicates and analysed using HCD MS2 as before and also by HCD Multinotch
MS3, which increase sensitivity. The raw data were processed by Peter Faull of the
Proteomics Technology platform using MaxQuant. The values were converted to
Log-2 scale in Perseus software and median normalised. We identified 3447
peptides across all the 10 MS2 and 10 MS3 analysed samples. Principal
component analysis (PCA) was generated on Perseus (Figure 49). Senescent
samples cluster on both soft and stiff suggesting MRTF/SRFko and H1152 induced
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senescence show comparable changes. The groups can also be clearly
discriminated when grown on the soft vs stiff substrate.

Table 10. Proteomics samples

10 mass spectrometry samples were collected from the genotypes indicated in the
table. The samples were confirmed as either senescent or non-senescent (see
Figure 39, and Figure 44).

Figure 49. PCA plot of detected proteins

Principal component analysis (PCA) on samples from Table 10. Orange senescent samples (S03, S05 and S07) on plastic. Green - samples where
senescent been prevented by growing the MEFs on a soft substrate (50kPa) (S04,
S06 and S08). Black – control samples on plastic (S01 and S09). Grey – control
samples on soft substrate (50kPa) (S02 and S10)
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6.8.2 CyclinA, Cdk1 and Cks expression
First, I compared WT and KO cells grown on plastic. I compared the MRTF/SRF
induced senescence to what has been reported for ROCK inhibition (as in 6.7.2).
Cks1 was not detected in this data set and we did not observe any changes in
protein expression of Cdk1 or CyclinA when comparing control and senescent
MEFs (Figure 50A), in agreement with the first screen (Figure 46). Cks2 was
downregulated in both MRTFdko and SRFko induced senescence across both
MS2 and MS3 analyses which is in line with our previous results. Cks2 was also
reduced in H1152 treated cells in the more sensitive MS3 analysis but not in MS2
(Figure 50B).

Figure 50. CyclinA, Cdk1 and Cks expression changes

(A) Left, MS2 analysis of proteomic samples. Right, MS3 analysis of proteomic
samples. Y-axis compares changes in protein expression between sample S01
(non-senescent control) and S05 (MRTF-null) on plastic substrate. X-axis
compares changes in protein expression between sample S01(non-senescent
control) and S03 (SRF-null) on plastic. Normalised Log2 values are indicated.
Protein of interest is indicated in red for each graph. (B) Comparing changes in
protein expression between samples S09 (untreated control) and S07 (H1152
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induced senescence). Y-axis compare changes in MS2 analysis, X-axis compare
changes in MS3 analysis. Normalised Log2 values are indicated. Protein of interest
is highlighted in red.
6.8.3 Myoferlin, p16 and p53 expression
Next, I compared the MRTF/SRFko-induced senescence to what has been
reported in MRTF-depleted liver cancer cells (as in 6.7.3). MRTF-depletion induced
senescence in liver cancer cells is accompanied with decreased expression of
myoferlin (myof) and elevated expression of p16 and p53 (Hampl et al., 2013,
Hermanns et al., 2017). In my system, no change was observed in expression
levels of myoferlin, p53 when assessing protein expression between control and
senescent MEFs in either of the MS2 or MS3 analyses (p21 was not detected in
this data set) (Figure 51A and B). This is true for both MRTF/SRFko and H1152
induced senescence. p16 appear reduced in the more sensitive MS3 analysis
(Figure 51A and B bottom panel).
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Figure 51. Myoferlin, p53 and p16 expression changes

(A) Left, MS2 analysis of proteomic samples. Right, MS3 analysis of proteomic
samples. Y-axis compares changes in protein expression between sample S01
(non-senescent control) and S05 (MRTF-null) on plastic substrate. X-axis
compares changes in protein expression between sample S01(non-senescent
control) and S03 (SRF-null) on plastic. Normalised Log2 values are indicated.
Protein of interest is indicated in red for each graph. (B) Comparing changes in
protein expression between samples S09 (untreated control) and S07 (H1152
induced senescence). Y-axis compare changes in MS2 analysis, X-axis compare
changes in MS3 analysis. Normalised Log2 values are indicated. Protein of interest
is highlighted in red.
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6.8.4 Mechanosensitive proteins expression in MRTF/SRF-induced
senescence
To assess proteins which were changed upon MRTF/SRF induced senescence I
excluded peptides which only showed minimal change of <0.5 and >-0.5 compared
to control (S01-S03 and S01-S05) in both MS2 and MS3 analysis. This resulted in
794 proteins showing different expression in MRTF/SRFko induced senescence.
Next, I wanted to assess which of the above proteins were specifically
altered in MRTF/SRFko by the substrate stiffness. I excluded proteins which only
showed minimal change of <0.5 and >-0.5 on the soft substrate compared to stiff
substrate in MRTF and SRF deficient samples (S03-S04 and S05-S06) for both the
MS2 and MS3 analyses. Finally, I excluded proteins which did not change in the
same direction across the MS2 and MS3 analysis. This identified 79 proteins, 16 of
which are specifically upregulated and 63 of which are specifically downregulated
when MRTF or SRF knockout MEFs are grown under senescence-inducing
conditions on plastic compared with non-senescent growth conditions on hydrogel.
Interestingly, 9 of the 16 upregulated and 53 of the 63 downregulated proteins are
specifically changed in H1152 treated cells (S07 and S08). A full list of these
proteins can be found in appendix.
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Figure 52. Mechanosensitive proteins changing in MRTF/SRFko and H1152induced senescence

79 mechano-regulated proteins are displayed in a heat map for fold change when
comparing senescent samples to non-senescent control on plastic (far-left
samples) or on 50kPa (far-right samples). Each sample is shown in duplicates
analysed with either MS2 or MS3.
DAVID functional annotation (Huang et al., 2008) was performed on the 79
identified proteins to group them into functional categories. Upregulated hits were
mainly comprised of DNA processing and metabolism and downregulated
mechanosensitive proteins were involved in ECM interaction (Table 12 and Table
12).
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Upregulated mechanosensitive Biological processes
transcription, DNA-templated
regulation of transcription, DNA-templated
apoptotic process
translation
cell-cell adhesion
glycolytic process
glucose metabolic process

Count
12
12
6
5
4
3
3

PValue
0.032
0.097
0.033
0.037
0.022
0.006
0.019

Table 11. Mechanosensitive changes of senescence associated proteins

DAVID functional annotation on proteins which are upregulated in senescent
MRTF/SRFko MEFs when grown on plastic but not in non-senescent MRTF/SRFko
MEFs grown of 50kPa (Huang et al., 2008).

Downregulated mechanosensitive Biological processes
cell adhesion
extracellular fibril organization
extracellular matrix organization

Count
3
2
2

PValue
0.060
0.009
0.091

Table 12. Mechanosensitive changes of senescence associated proteins

DAVID functional annotation on proteins which are downregulated in senescent
MRTF/SRFko MEFs when grown on plastic but not in non-senescent MRTF/SRFko
MEFs grown of 50kPa (Huang et al., 2008).
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6.9 Summary
MRTFdko and SRFko MRFs enter a mechanosensitive program of senescence
which does not appear to bear any similarities to the previously published
phenotype of siMRTF induced senescence in Huh7 cells. No changes are
observed in p16, p21 or p53. Senescence induced by H1152 mediated inhibition of
ROCK also shows a mechanosensitive phenotype and we observe an overlap in
mechanosensitive proteins which are differentially expressed in both MRTF/SRFko
induced and H1152 induced senescence. Further work will need to be done to
validate the proteins identified.

149

Chapter 5. Results

Chapter 7.

Discussion

7.1 Outline
In this thesis, I have shown that MRTF/SRF depletion results in environment
specific effects on cell migration and senescence.
In the first part of the thesis, I have shown that MRTF/SRF signalling is not
required for migration induced by confinement but is required for migration in 2D.
Confinement-induced

migration

is

integrin-independent

and

bypasses

the

requirement for MRTF/SRF signalling. MRTF/SRF deletion leads to defective force
generation which is specifically required during 2D/mesenchymal migration.
Strikingly, this reflects defective coupling of the contractile machinery to adhesion
rather than adhesion defects per se. Adhesions via RGD-dependent integrins
require MRTF/SRF signalling while RGD-independent adhesions mediated by Itgb2
do not. As a result, migration on different substrates, which engage different
integrins, subsequently shows differential reliance on the MRTF/SRF signalling
pathway for migration.
The cells’ interaction with the substrate also affects cell proliferation. In a
parallel project I have been investigating the mechanosensitive induction of
senescence in MRTF/SRFko MEFs. My data reveal a novel role for MRFT
signalling which acts to antagonise cell senescence induced by mechanical stress.

7.2 MRTF/SRF activity is required for force generation and
unconfined migration
Cells use different strategies for migration in different physical contexts. Previous
studies have shown that migration on unconfined/2D surfaces requires formation of
focal adhesions to maintain adhesion to the substrate. In contrast, migration in a
confined environment where the cell has a large surface area in contact with the
substrate, does not require large focal adhesions. These differential requirements
for adhesion are the defining feature of the two main modes of migration:
mesenchymal (adhesion dependent); and amoeboid (adhesion independent). In
this thesis, I have utilised different levels of confinement and substrate
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compositions to favour different modes of migration and investigated how these
impacts on the reliance on the MRTF/SRF pathway.
I used microfluidic channels to assess migration of MDA-MB-231 cells,
primary murine dendritic cells and macrophages in a confined environment and I
found that confined migration does not require MRTF/SRF signalling. However,
migration in 2D does require MRTF/SRF. The reliance on the MRTF/SRF signalling
pathway for migration depends on the level of confinement. This suggests that the
MRTF/SRF pathway is particularly important for mesenchymal/adhesive migration
which is favoured in an unconfined environment, while the MRTF/SRF pathway is
dispensable for amoeboid/non-adhesive migration favoured by the confined
environment. Although I did not stain focal adhesions in channels, I can assume
from the literature (Petrie and Yamada, 2016, Balzer et al., 2012), that adhesions
are reduced in the confined environment. Thus, the above observations could be
caused by differential reliance on adhesions which is discussed below.

7.2.1 Adhesion
MRTF/SRF mediated transcription regulates expression of a large number of genes
involved in cytoskeletal structure and dynamics and defects in adhesion have been
reported for MRTF/SRFko cells (Schratt et al., 2002). In principle, cellular
adhesiveness might depend on both the inherent adhesive and cytoskeletal
repertoire of the cell and the properties of the extracellular environment. The
requirement for SRF might thus vary according to cell type (see Figure 53). Leitner
et al have previously shown that MRTF depletion or overexpression has differential
effect on migration of different cell types due to their differential intrinsic properties,
i.e. adhesive and cytoskeletal repertoire (Leitner et al., 2011).

151

Chapter 5. Results

Figure 53. Adhesive properties and migration

The adhesive properties of the cells are regulated by both (A) intrinsic properties of
the cell and (B) extrinsic properties of the extracellular environment. Increasing or
decreasing the adhesiveness by either (A) or (B) has a direct effect on migration
efficiency, by affecting how much force is required to migrate. Too high
adhesiveness impairs migration as the cell cannot generate sufficient force to
detach pre-existing adhesions. Too little adhesion results in impaired traction force
exerted on the substrate.
In this work I have assessed adhesiveness of WT and KO cells across a
range of substrate concentrations. I found that MRTF/SRFko macrophages and
dendritic cells adhere to the same extent and with equal binding strength as WT
cells across a range of different substrate concentrations suggesting the adhesion
of the cell to the substrate is not perturbed per se. This is mirrored by equal surface
expression of a variety of different integrins between WT and MRTF/SRFko cells.
Defective adhesion thus does not seem to be the cause of the migratory defect
observed in 2D.
WT macrophages and dendritic cells show a biphasic relationship to the
substrate

concentration

with

optimal

migration

at

intermediate

substrate

concentration. Similar results are observed for MDA-MB-231 cells. Optimal
migration is achieved at a substrate adhesiveness which supports traction force
and minimal frictional drag (DiMilla et al., 1993) directly linking force and migration
(see Figure 53) (DiMilla et al., 1991). Consistent with this, the differential effect
observed by Leitner et al can thus be explained by changes in adhesion vs force
above or below optimum. Highly adhesive, stationary cells, show improved
migration upon MRTF-depletion which reflects reduced adhesion induced frictional
drag and thus improved balance between force and adhesion (Leitner et al., 2011).
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In contrast, MRTF-depletion in low adhesive, migratory cells results in impaired
migration by reducing adhesion mediated traction below optimum (Leitner et al.,
2011). I used different concentrations of fibronectin to manipulate the adhesive
properties of the substrate and assessed the effect of MRTF/SRF deletion.
MRTF/SRF migration defect is observed at fibronectin concentration for optimal
migration while migration on the low and high fibronectin concentration is unaffected. Since we do not observe any differences in the adhesion following
MRTF/SRF-deletion the MRTF/SRF dependent and independent migration
observed on the different substrate concentrations most likely reflects differential
requirement for force. Force exertion will be discussed below.

7.2.2 Force exertion
In mesenchymal migration, force is required to pull off the pre-existing
adhesions at the cell’s trailing edge, and to provide traction force at the leading
edge. Force requirement to migrate scales with the adhesion strength of the cells.
The force requirement between mesenchymal and amoeboid migration has been
estimated to differ 10-100-fold. This is a by-product of adhesions with the substrate
meaning that

the cells

need to utilise more force to migrate during

mesenchymal/unconfined migration (Raman et al., 2013, DiMilla et al., 1991,
Bergert et al., 2015). Using traction force microscopy, I found that both MRTF/SRF
deficient MDA-MB-231 cells and macrophages are exerting less force on the
substrate compared to control cells when seeded on FN. This is consistent with the
idea that differential requirement for MRTF/SRF on different FN concentrations
reflects a differential requirement for force. This is supported by differential
adhesion strengths of MDA-MB-231 cells on the different concentrations used.
MRTF/SRF requirement appears less important on a low substrate adhesiveness
which would suggest that MRTF/SRF is particularly important for detachment force
(at the cell rear) rather than traction force (at the cell front). However, I do not
observe an elongated trailing edge in MRTF/SRF deficient cells suggesting that the
traction force at the cell front is impaired as well. Protrusive/traction force is driven
by Rac induced actin polymerisation (Ridley, 2011). MRTF/SRF-depleted MDAMB-231 cells show reduced Rac activity which supports the idea of impaired
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traction

force

at

the

cell

front.

Together

these

data

show

that

unconfined/mesenchymal migration is defective in MRTF/SRF deficient cells due to
defective force generation rather than force transmission. The force requirement to
migrate in a confined, low adhesive, environment is below the threshold for
MRTF/SRF independent migration.

7.2.3 Integrin dependent force exertion
Data on dendritic cells and macrophages are more difficult to interpret, as cells do
not show any difference in adhesion strength across the substrates and adhere
equally strongly on 100 µg/mL as on 5 µg/mL fibronectin. This is most likely due to
immune cells expressing Itgb2, which is not present in MDA-MB-231. Itgb2 has
been shown to bind plastic. Thus, the MRTF/SRF independent migration observed
on low FN concentrations could reflect differential integrin binding. Blocking nonspecific binding with PEG or the PEG analogue F127 could potentially be useful to
exclude ITBG2 binding from the adhesion strength and migration experiment.
Therefore, I turned my attention to the type, rather than the strength of the
adhesion. Previous publications have shown differential integrin requirement on
these different substrates (McNally and Anderson, 1994, Davis, 1992). Strikingly, I
found that migration on the Itgb2 dependent substrates, ICAM and BSA, is
MRTF/SRF independent. Furthermore, I show that force exertion on BSA is
independent of MRTF/SRF signalling. Thus, the dependence on MRTF/SRF for
migration on different substrates reflects adhesion via different integrins. I have not
distinguished between different Itgb2 heterodimer complexes during these
assessments. ICAM can be bound by both LFA-1 and Mac-1, and BSA could in
theory activate Mac-1 due to the presence of denatured proteins and/or endotoxins.
BSA mediated activation of Mac-1 would explain the dramatic increase in migration
observed in macrophages but not dendritic cell (Figure 19A). Though dendritic cells
migrate independently of MRTF/SRF expression on BSA without expressing Mac-1.
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I have shown a substrate dependent rather than a concentration dependent
effect resulting from their differential integrin engagement. Migration and force
exertion on the RGD dependent substrate fibronectin are MRTF/SRF dependent
while migration and force exertion on BSA is independent of MRTF/SRF signalling.
Taken together the data suggest that MRTF/SRFko macrophages have no deficit in
the contractile machinery itself but are rather defective in the ability to activate it.
This substrate dependent effect strongly suggests that MRTF/SRF dependency
reflects genes that affect specific signalling pathways rather than a global defect in
cytoskeletal gene expression.
It is possible there is a defect in integrin adhesion complex (IAC) formation
downstream of fibronectin binding while the IAC downstream of BSA binding is
MRTF/SRF independent. This could explain the defective signalling observed. To
date I have been unable to isolate sufficient IAC from the different substrates to
assess their composition, though this would be an interesting avenue of further
studies. This could also provide clues to potential defect in coupling of the actin
cytoskeleton to the integrin subcellular domain which would be important to
transmit the force to the substrate.
Though I have not distinguished between the different RGD binding
integrins (Itgav/Itgb3, Itgav/Itgb5, Itga5/Itgb1) it is likely that RGD is mainly bound
by Itgb1 in macrophages as it is the most highly expressed. The literature also
suggests that Itgb3 plays a minimal role in mature human macrophage adhesion
(McNally and Anderson, 2002).
Defective RGD-dependent integrin signalling might also explain a number of
previously documented roles of MRTF/SRF signalling. For example, the MRTF-Ako
phenotype in skeletal homeostasis (Bian et al., 2016) might underpin cellfibronectin linkage which is required for osteoblast differentiation (Moursi et al.,
1996, Moursi et al., 1997). In addition, migration of B-cells in the follicular and
marginal zones of the spleen is differentially affected by integrin deficiency (Arnon
et al., 2013). Marginal zone B cells (MZB) are absent in SRFfl/flCD19-Cre mice
(Fleige et al., 2007) which could reflect defective integrin signalling. As most cells
use RGD dependent migration, MRTF/SRF independent behaviours might have
previously been underappreciated.
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7.2.4 Rac signalling is differentially regulated by integrins
Rac is important for cell morphology and drives protrusive force at the leading edge
during

mesenchymal

migration.

MRTF/SRF-depleted

MDA-MB-231

and

macrophages show reduced Rac activity. Interestingly different Rac GEFs are
activated downstream of different integrins. I found that Vav and Tiam are
differentially required for macrophage migration on fibronectin and BSA
respectively (see Figure 54B). The literature supports my observations of Vav
being activated via Itgb1 (Yron et al., 1999, Manié et al., 1997) and Tiam being
activated via TIGB2 (Manié et al., 1997). In addition, Vav, but not Tiam, have been
shown to play an essential role for macrophage force generation on fibronectin
(Hind et al., 2015).
Cell morphology during migration on BSA is significantly elongated
compared to that on fibronectin suggestive of reduced cell tension (Barnhart et al.,
2011, Cai et al., 2006, Sahai and Marshall, 2003). In agreement with this, ROCK
inhibition with Y27632 specifically impairs migration on Fibronectin but not on BSA.
Cell migration on uncoated/serum coated substrates which engages both
RGD-binding integrins and Itgb2 is ROCK-independent but MRTF/SRF-dependent.
In MRTF/SRF deficient macrophages ROCK inhibition results in restored migration
in a Rac dependent manner. This is in agreement with the reciprocal inhibition of
Rho and Rac signalling where ROCK inhibition subsequently cause an increase in
Rac activity (Ulrich et al., 2009, Sanz-Moreno et al., 2008). The rescue of
MRTF/SRF-deficient macrophage migration via ROCK inhibition is dependent on
Tiam and Itgb2, but not Vav arguing, for increased Rac signalling via Itgb2
signalling. Consistent with this, MDA-MB-231 cells which lack Itgb2 expression (Wu
et al., 2001) are not rescued when ROCK is inhibited. ROCK inhibition on
fibronectin does not rescue migration of MRTF/SRF deficient macrophages despite
increased cell spread area which is indicative of increased Rac activity. I thus
suggest that the substrate and Itgb2 dependent rescue in the presence of Y27632
mediated ROCK inhibition is due to localised activation of Rac at the site of Itgb2
adhesion rather than over all Rac activity, a phenomenon known as contact
guidance. This idea could be verified using a Rac-GTP FRET probe on the different
substrates to visualise the localisation of Rac activation.
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I confirmed increased Rac activity after Y27632 treatment with a Rac pull
down. I also show that downstream signalling of Rac, for example actin
polymerisation, is increased. This is a particularly important finding as it shows that
MRTF/SRFko macrophages are not globally defective in their actin cytoskeleton.
Events downstream of Rac, such as F-actin polymerisation and migration are
subsequently intact in MRTF/SRF-deficient macrophages. These results show that
MRTF/SRF-deficient macrophages are defective in signalling downstream of RGDbinding integrins but upstream of Rac activation.

7.2.5 Trans-inhibition of integrins
Blocking RGD-dependent adhesion in macrophages plated on BSA results in a
slight increase in directionality suggesting that there is some sort of cross talk
between the integrins even though RGD-dependent adhesions is not required for
migration per se (Figure 28D), this is referred to as trans-inhibition and might
explain why migration of macrophages on tissue culture plastic is MRTF/SRF
dependent even though Itgb2 mediated migration is utilised. Though this has not
been the focus of the present study I would postulate the trans-inhibition is caused
via ROCK which appears to be activated downstream of RGD binding integrins and
impedes Itgb2 signalling upstream or at the level of Tiam activation (Figure 54B).
RGD mediated migration is thus dominant and inhibits Itgb2 signalling via ROCK.
7.2.6 The MRTF/SRF target gene NEDD9 is required for migration on
fibronectin
In this thesis I have shown that inhibition of Vav shares many similarities with
MRTF/SRF deletion in terms of substrate-dependent migration. However, Vav KO
macrophages are morphologically different from MRTF/SRFko cells, and do not
show defects in Rac activity (Bhavsar et al., 2009). While defective Vav signalling
could contribute to the phenotype observed in MRTF/SRFko cells, I considered the
possibility that other factors might contribute. I focused on NEDD9 which is a
MRTF/SRF target in fibroblasts (Esnault et al., 2014, Bruna et al., 2012). I found
that NEDD9 is a MRTF/SRF target in macrophages. NEDD9 is an integrin scaffold
protein known to be activated downstream of Itgb1 and Itgb3 which are both RGD
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binding integrins (Ahn et al., 2012, Manié et al., 1997). NEDD9 recruits DOCK3, a
GEF for Rac, to the cell front and has been shown to be important for
mesenchymal migration (Sanz-Moreno et al., 2008). NEDD9 thus links Rac-GEF
to integrins and causes targeted Rac activation at sites of adhesion which
contributes to contact guidance. Similarly to MRTF/SRF-deletion, NEDD9 has been
implicated in skeletal homeostasis (Omata et al., 2016) and maintenance of
marginal zone B cells (MZB) (Seo et al., 2005).
I showed that ectopic expression of this single MRTF/SRF target gene
rescues defective migration on fibronectin but had no effect on migration mediated
by Itgb2. Further experiments are required to substantiate this result. For example,
it would be important to assess F-actin level in NEDD9 rescued macrophages and
their ability to exert force on fibronectin coated surfaces. In addition, it would be
expected that DOCK3 depletion would inhibit motility on fibronectin but not BSA. To
confirm that Rac signalling is playing a central role in the MRTF/SRF dependent
phenotype the dependence of NEDD9 rescue on DOCK3 should be assessed.
Additionally, it would be important to validate NEDD9 dependency across
other cell types, such as MDA-MB-231 cells. Previous studies in MDA-MB-231 cells
have suggested that MRTF-depletion impairs migration due to impaired actin
expression (Salvany et al., 2014). NEDD9 mediated rescue in these cells would
thus suggest that the actin defect is caused by impaired integrin mediated
signalling to induce actin polymerisation rather than impaired actin expression per
se.

7.2.7 Conclusion: MRTF/SRF activity is required for integrin signalling
downstream of fibronectin binding
Hundreds of cytoskeletal genes are dysregulated upon MRTF knockout which
causes defects in actin-based behaviours like migration (Esnault et al., 2014).
MRFT/SRF target genes include a large number of contractile genes and it has
been assumed that defective contractile behaviours reflect a global deficit in
MRTF/SRF target gene expression (Foster et al., 2017, Gualdrini et al., 2016).
However, the data presented here demonstrate that MRTF is not required for all
migration. This study shows environment specific requirement for the MRTF/SRF
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pathway (model presented in Figure 54). Migration in a 2D, unconfined
environment, relies on MRTF/SRF signalling for efficient migration. Migration in
confinement, however, is MRTF/SRF independent. We conclude that MRTF/SRF is
needed

for

force

generation

which

is

specifically

required

for

unconfined/mesenchymal migration.
Furthermore, we show that MRTF/SRF dependence is substrate-specific, or
more explicitly that the phenotype depends on the type of integrin engaged by the
substrate (Figure 54B). Signalling downstream of integrins responsible for RGD
mediated engagement to fibronectin is MRTF/SRF dependent. Conversely,
migration on Itgb2 dependent substrates (ICAM and BSA) is MRTF/SRF
independent

in

macrophages.

Interestingly

MRTFdko

macrophages

exert

significantly more force on BSA compared to fibronectin suggestive of defective
adhesion mediated force generation downstream of RGD mediated integrin
engagement in the knockout cells. Signalling to the force machinery via Itgb2,
however, is MRTF/SRF independent. This substrate dependent effect strongly
suggests that MRTF/SRF dependence reflects activity of specific target genes in
force coupling, rather than global effect on cytoskeletal gene expression.
My data suggest that re-expression of a single MRTF/SRF target gene, NEDD9,
is enough to rescue the environment specific phenotype.

Figure 54. Model of MRTF/SRF dependent migration

(A) Phase diagram showing MRTF/SRF dependent and independent migration in
different levels of confinement and substrate composition. Migration in
2D/unconfined environment is MRTF/SRF dependent on fibronectin (highlighted in
red) but not on BSA/ICAM (highlighted in green). Migration in confinement is
MRTF/SRF independent on both fibronectin and BSA coated surfaces (highlighted
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in green). (B) Schematic of integrin signalling downstream of Itgb1 and Itgb2 when
binding different substrates. Signalling downstream of Itgb1 binding to RGD motif
on fibronectin is require MRTF/SRF signalling, highlighted in red. Signalling
downstream of Itgb2 binding to BSA/ICAM is MRTF/SRF independent, highlighted
in green.
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7.3 MRTF/SRF activity and senescence
Senescence is defined as a permanent cessation of proliferation and can be
induced
by DNA damage, replicative stress or oncogene expression.
In MEFs, deletion of MRTF/SRF causes the cells to enter senescence. This
phenotype can be prevented or delayed if the cells are grown on a soft substrate
rather than tissue culture plastic. We have thus observed a mechanosensitive
induction of senescence when MRTF/SRF signalling is blocked. Changes in ECM
stiffness is associated with disease. For example, the stromal cells surrounding
breast tumours have been shown to increase in stiffness from ~1kPa in normal
tissue to ~20kPa in premalignant tissue (Plodinec et al., 2012) which is thought to
facilitate tumour invasion. Proliferation rates are also higher on a stiff rather than
soft substrate. Targeting of the MRTF/SRF pathway could thus have therapeutic
potential by only inducing senescence in area with pathologically increased tissue
stiffness.
To try and elucidate the mechanism of the mechanosensitive induction of
senescence in MRTF/SRFko MEFs I have assessed previously published
MRTF/SRF phenotypes linked to senescence as well as performed quantitative
proteomics on the senescent samples.

7.3.1 MRTF/SRFko induced senescence is independent of MAPK signalling
MRTF signalling has been implicated in senescence of hepatocellular carcinoma
(Hampl et al., 2013). These cells have inactivated DLC-1 (a Rho-GAP) and display
elevated Rho activity and MRTF/SRF signalling. MRTF/SRF activity is an important
aspect of these cells’ tumorigenic capacity as MRTF knockdown causes the cells to
senesce. A model of senescence in liver cancer cells is shown in Figure 55. The
authors suggest that senescence is induced in MRTF-depleted cells due to
reduced expression of the MRTF/SRF target gene myoferlin, which regulates
EGRF ubiquitination (Hermanns et al., 2017). Increased EGRF signalling results in
elevated Ras activity which activates MAPK signalling. They show that inhibition of
MAPK with U0126 prevents the senescent phenotype. Although I also observe
increased MAPK signalling in my assays, the senescent phenotype does not
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require MAPK as MRTF/SRFko MEFs still senesce in the presence of U0126. One
possible explanation for this is that the senescent phenotype has already been
established by the time of U0126 addition to the cells. I find this, however, unlikely
as the senescent phenotype can be rescued/prevented within this time frame by
seeding cells on a soft substrate. In the proteomics samples collected there is no
change in myoferlin expression further suggesting that the senescence phenotypes
observed by Hampel at al and myself differ in their mechanism. Nonetheless, it will
be important to assess Ras activity in MRTF/SRFko MEFs to establish the role of
oncogene induced senescence, and the effect of SOS inhibition could also be
tested.
The senescent phenotype observed in hepatocellular carcinoma is currently
under investigation to validate the published findings and further assess the
relationship between the senescent phenotype observed in the liver cancer cells
and MEFs.

Figure 55. Model of senescence induced by MRTF-depletion in liver cancer cells

Model of MRTF-knockdown induced senescence in hepatocellular carcinoma
proposed by Hermanns et al (Hampl et al., 2013, Hermanns et al., 2017).

7.3.2 Integrin-Rho-ROCK

signalling

does

not

appear

to

drive

the

MRTF/SRFko induced senescence
The senescent phenotype observed in MRTF-depleted hepatocellular carcinoma
cells is only apparent in cells with high RhoA activity (Hampl et al., 2013). Rho
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activity increases with tissue stiffness and could thus explain the stiffness
dependent phenotype I observe in MRTF/SRFko MEFs. Though I have not
measured Rho activity directly to confirm this hypothesis I have used
pharmacological perturbation at different levels of Rho signalling to assess the role
of this pathway in the senescent phenotype (see Figure 56).
Downstream inhibition of Rho by targeting Formins (SMIFH2) or ROCK
(Y27632 or H1152) does not prevent senescence in MRTFdko MEFs. But H1152
mediated inhibition of ROCK induces a senescent phenotype in WT MEFs; this is in
agreement with Kumper et al. In experiments presented here, blocking ROCK
downstream signalling with Blebbistatin does not have such a potent effect.
Although proliferation of WT MEFs is reduced when Myosin II mediated contractility
is inhibited with blebbistatin it is not blocked and SA-βgal staining is not significantly
increased. Whether the senescence induced by ROCK inhibition with H1152 is
caused by impaired contractility or other downstream ROCK effectors still needs to
be established.
I have also targeted Rho upstream signalling with integrin inhibitors and
assessed the impact on the senescent phenotype and proliferation. Rho have been
shown to be activated by Itga5/Itgb1 and Itgav/Itgb3 integrins (Schiller et al., 2013),
the expression pattern of which appears to be altered in senescent

cells

(Rapisarda et al., 2017). Both H1152 and MRTFdko induced senescence in MEFs
display increased surface expression of Itgav/Itgb3 though blocking their binding
does not prevent the senescent phenotype. Whether or not the change in integrin
expression is a cause or consequence of senescence remains to be firmly
evaluated.
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Figure 56. Integrin-Rho-ROCK signalling in senescence

Schematic of Rho signalling pathway and the inhibitors used in this thesis. H1152
and MRTFdko (in purple) both induce a senescent phenotype in MEFs. Inhibition at
other levels of the Rho signalling pathway (in red) does not induce a pronounced
senescent phenotype.

7.3.3 ROCK inhibited and MRTF/SRF-deletion in MEFs share non-canonical
senescence signature
Kumper et al have shown that ROCK1/2ko and H1152 treated MEFs enter an
unconventional senescent program (Kümper et al., 2016). By a SILAC based
proteomic approach they show that H1152 treated MEFs enter senescence
independently of p53 and do not demonstrate any change in canonical cell cycle
regulators like p16, p21 or pRB. This bears striking similarities to the phenotype
presented in this thesis. Though pRB still needs to be assessed in my samples, I
do not observe any changes in RNA or protein expression of p16 or p21.
Kumper and colleagues suggest that H1152 induced senescence is driven
by changes in CyclinA (Ccna2), Cdk1, Cks1b and Cks2 expression. However, I did
not observe any significant change of CyclinA (Ccna2), Cdk1, or Cks1b proteins in
my samples. There is however a decrease in expression of Cks2.
Although every effort was made to keep the experimental conditions the
same as published in Kumper et al we opted for TMT labelling, to be able to
simultaneously compare multiple conditions, rather than SILAC heavy/light labelling.
This could account for the differences seen in H1152 induced senescence.
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H1152 induced senescence causes a dramatic change in cell morphology
and obvious signs of failed cytokinesis, resulting in cells with multiple nuclei (Figure
44C). I would thus suspect that H1152 induced senescence is caused by DNA
damage induced senescence, though this was not assessed in their paper.
MRTFdko or SRFko MEFs rarely show bi-nucleated cells (
Figure 40B) suggesting that the phenotype is, perhaps less severe than in
ROCK inhibition.
Both H1152 treatment and MRTF/SRF-inactivation appear to result in a
mechanosensitive induction of senescence. Quantitative proteomics of H1152 and
MRTF/SRFko senescent cells show ~70 senescence associated protein changes
which are reversed if the cells are grown on a soft substrate. Further evaluation is
required to assess the role of these proteins in senescence. Are the changes
observed correlating to the senescent phenotype or are any of the hits drivers of
senescence?

7.3.4 Metabolic alterations in MRTF/SRFko induced senescence
A general phenotype of senescent cells includes alterations in their metabolism
(Flor et al., 2017, Coppé et al., 2010). Senescent cells display reduced glycolysis
and increased respiration and catabolism of proteins and lipids. This is opposite to
the Warburg effect observed in cancer. Metabolic changes could be a “symptom” of
DNA damage which has been shown to cause alteration in cellular metabolism
(Turgeon et al., 2018). For example, p53 causes decreased glycolysis and
increased glutamate catabolism. pRb has also been shown to be regulated by and
regulating metabolism (Reynolds et al., 2014, Nicolay and Dyson, 2013). Whether
metabolic changes are a cause or consequence of senescence remains to be
established though an interesting avenue of study. Oncogene induced senescence
via Ras results in upregulation of proteins involved in mitochondrial electron
transport chain and downregulation of proteins involved in glycolysis (Li et al.,
2013). Therapy induced senescence by chemo-or radiotherapy has been shown to
display altered lipid metabolism. Lipid peroxidation correlates better than ROS with
induction of senescence and its inhibition with aldehyde scavenging compounds
prevents chemotherapy induced senescence (Flor et al., 2016).
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The bulk of upregulated proteins in MRTF/SRFko induced senescence are
metabolic proteins involved in amino acid metabolism and mitochondrial electron
transport chain (see Figure 57). Three mitochondrial proteins overlap with what has
been observed for oncogene induced senescence (Uqcrc2, Atp5b and Cox5a) (Li
et al., 2013). MRTF/SRFko cells might also have reduced glycolysis as the
negative regulator of glycolysis, Zbtb7a, is upregulated (Liu et al., 2014). It is
therefore possible that MRTF/SRFko senescent cells display altered metabolism,
with reduced glycolysis and increased respiration and catabolism of proteins and
lipids. This could be confirmed by measuring OCR and/or ECAR in the senescent
cells.
Unpublished data in the lab from Cyril Esnault have shown reduced
glycolysis and respiration in SRFko MEFs following 7 days of tamoxifen treatment.
These measurements were performed prior to the onset of the senescent
phenotype and highlights a metabolic profile of MRTF/SRF signalling.
Interestingly, three proteins found in a screen for therapy induced
senescence markers (Flor et al., 2017)

are found in our data set (Aldh18a1,

Aldh4a1 and Aldh1L2).
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Figure 57. Metabolic proteins upregulated in MRTF/SRFko-induced senescence

Upregulated proteins are mainly mitochondrial proteins involved in metabolism.
MRTF/SRFko induced senescence causes upregulation of the proteins in red.
Processes shown in purple take place in the cytoplasm.

7.3.5 Regulators of cell-ECM interaction affected by MRTF/SRFko induced
senescence
Senescent cells have an altered secretome and lay down different ECM compared
to proliferating or quiescent cells (Krtolica et al., 2001, Choi et al., 2011). This
probably explains the altered adhesive properties I have observed in both
MRTF/SRFko and H1152 induced senescence. It remains to be established
whether this is driving the senescent process or a consequence of it. There is,
however, some evidence that ECM from young diploid fibroblasts can delay the
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onset of senescence of old fibroblasts (Choi et al., 2011). It would be interesting to
grow WT MEFs on ECM laid down by senescent cells and vice versa.
My proteomic analysis has shown that upregulated proteins in senescent
cells include ECM components and regulators. These changes include Emilin-1
and periostin (Postn) which are both upregulated in MRTF/SRFko and H1152
induced senescence. Periostin is an extracellular matrix protein implicated in
fibrosis and ageing of myofibroblasts (Li et al., 2014). It has also been implicated in
establishment of the metastatic niche (Malanchi et al., 2011). Anti-periostin
antibody limits growth in a low adhesive environment (Malanchi et al., 2011).
Emilin-1 is an extracellular matrix protein expressed in skin, whose deletion causes
hyperproliferation and increased wound closure (Danussi et al., 2011). Emilin-1
antiproliferative role has also been shown in epithelial cells (Modica et al., 2017).

7.3.6 Changes in cell cycle regulators during MRTF/SRFko induced
senescence
Senescence is defined as a permanent cessation of proliferation and thus cell cycle
arrest. Senescence is associated with increased expression of negative regulators
of the cell cycle (p53, p16 and p21) and hypo-phosphorylation of retinoblastoma
protein (pRB) (Kuilman et al., 2010). Despite the prominent induction of
senescence and cessation of proliferation in MRTF/SRFko MEFs we do not
observe a significant change in expression levels of known regulators of the cell
cycle.
The cell cycle is heavily regulated by post-translational modifications as well
as protein expression. Phospho-proteomics would undoubtedly provide more
information on the senescence phenotype and it is possible that senescence
related changes would be more prominent at a posttranslational level. This has not
been assessed to date but is an important aspect of further studies.
Interestingly, most of the mitosis related proteins identified in the proteomics
experiment are regulators of cytokinesis. Failure of cytokinesis is a very prominent
phenotype of H1152 induced senescence but is less marked in MRTF/SRFko
induced senescence. MRTF/SRFko may induce senescence as a result of failed
cytokinesis but prior to accumulation of binucleated cells, resulting in a less
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morphologically severe phenotype compared to ROCK inhibition. This hypothesis
would support the initial notion that H1152 and MRTF/SRFko induced senescence
are caused by a similar mechanism downstream of Rho signalling.
Cep55, for example, is downregulated in MRTF/SRFko induced senescence.
Cep55 is a centrosome protein that is important during cytokinesis. Its upregulation
is associated with poor prognosis of breast cancer (Kalimutho et al., 2018),
hepatocellular carcinoma (Li et al., 2018), non-small-cell lung carcinoma (Jiang et
al., 2018), pancreatic cancer (Peng et al., 2017) and glioma. Cep55 expression has
been shown to respond to cellular glucose uptake and regulate expression of
GLUT1 though the precise mechanism remains elusive at best (Wang et al., 2016).
Furthermore, reduced Cep55 expression has been associated with reduced
proliferation (Peng et al., 2017). The literature on Cep55 thus supports our
observation although Cep55 has not been implicated in senescence directly.

7.3.7 Mechanosensitive proteins involved in MRTF/SRFko induced
senescence
Senescence is prevented if the cells are grown on a soft hydrogel which suggests
that the stiffness of the substrate provides a pro-senescent signal/stimulus which is
inhibited by MRTF/SRF (Figure 58). This appears to be the case for both
MRTF/SRFko and H1152 induced senescence in MEFs. Proteomic analysis of
proteins which are differentially regulated on the different substrates has revealed
~80 proteins that show mechanosensitive expression. These include regulators of
RNA processing and protein folding during ER stress. Both of these processes
have previously been implicated in senescence (Denoyelle et al., 2006). This
suggests that the cells are under reduced stress on the soft substrate. I see two
possible explanations for this. i) The proliferation rate is reduced on soft substrates
compared to stiff which could provide the cell with more time to repair DNA damage
or misfolded proteins. ii) MEFs are significantly stretched on a stiff substrate which
might put the nucleus under mechanical strain. To my knowledge mechanical
stress has not been investigated in other senescent models and could be an
exciting avenue of further research. Excessive cell spreading could explain why
MRTF/SRF-inactivation in MEFs but not macrophages causes senescence.
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Important questions remain to be addressed in our interpretation of the data
presented. Outstanding questions include the following; What is the signal from the
environment? How is this signal processed and interpreted by the cells? Which
signalling pathways are involved? How does MRTF/SRF prevent senescence?

Figure 58. Model of MRTF/SRF role in mechanosensitive senescence

Stiff substrates provide a pro-senescent signal which is inhibited by the MRTF/SRF
pathway. MRTF/SRF signalling is increased by substrate stiffness. Strength of
stimulation is indicated by the thick and thin arrows.
7.3.8 Conclusion
MRTF/SRF activity is not required for cell cycle progression in many cell types
(Schratt et al., 2001). However, we have observed a mechanosensitive induction of
senescence in MRTF/SRF-deficient MEFs. Quantitative proteomics have given us
insight into the changes associated with MRTF/SRFko induced senescence and
how it might be prevented or delayed on a soft substrate. Intriguingly, the cells
show changes in metabolic processes which is recognised as a general process in
senescence. However there appears to be no changes in known regulators of the
cell cycle (p53, p16 or p21). Further work will confirm the mechanosensitive
candidate proteins and assess their involvement in established models of
senescence, such as oncogene Ras-induced senescence. Other interesting
avenues of study include assessing expression of senescence associated
secretory phenotype (SASP) proteins and markers of DNA damage such as γH2AX.
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Cox6c
Sumf1
Hspa9
Atp5a1
Cnpy4
Pdha1
Sfxn3
Oat
Cask
Hspa5
Pdia4
Asrgl1
Gstt3
Sp1
Echs1
Hadh
Pygb
Hspe1
Rbbp9
Prdx5
Fkbp7
Uqcrb
Atp5h
Nid1
Prkcsh

Rrp8
Lrrfip1
Nolc1
Armc3
Zcchc24 Cnot2
Celf2
Fhl1
Utp15
Pex5
H2afx
Acta2
Dkc1
Txlna
Cap1
Cnn2
Myh9
Hmga1
Exoc2
Shank3
Ddx27
Tmsb10
Micall2 Gpn1
Cnot10 Suds3
Med10 Nexn
Nop58
Irf2bpl
Ripk2
Tagln
Ctsd
Dnttip2
Myh14
Q5XFZ0
Cdk2ap1
Tagln2
Pde4d
Map3k19
Rpf2
Hist1h2ah
Mta3
Cep55
Rps25
Snap47
Actb
Tmf1
Filip1l
Rttn
Nifk
Amotl2
Crabp1
Tjp2
Lmod1
Ing5
Actg1
Dlgap5
Get4
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168 identified proteins from 6.7.4. Blue shade indicates proteins which are
increased in the senescence inducing conditions on plastic. Red shade indicate
proteins which are reduced in the senescence inducing conditions

Acaa2
Ppib
Tubb2a Naga
Atp5g1 Gstt1
Lmf2
Rgn
Cacna2d1 Txndc5
Qtrtd1
Uqcrc2
Kctd12 Ndufs1
Canx
Acot9
Rac1
Leprel2
Glud1
Sdhb
Postn
Plp2
Acat1
Atp5b
Ivd
Aco2
Mesdc2 Scrn3
Prdx4
Tmpo
Zbtb7a Acadl
Bcap31 Got2
Fuca1
Txndc12
F13a1
Sucla2
Ltf
Dpp7
Slc25a3 F10
D10Jhu81eSsr1
H6pd
Cox5a
Serpinb1a Oxct1
Idh2
Atpif1
Pdhb
Csad
Sdha
Gstm1
Atp5f1 Atp5j
Decr1
Dld
Emilin1 Mark3
Med16 Fdx1
Cox4i1 Idh3a
Bphl
Aldh18a1
Igf2
Igfbp2
Aldh4a1 Ltbp2
Hmgcl
Hadha
Ncam1 Atp5d
Aldh2
Lrpap1
Cnpy2
Glrx
Ndufs6 Mdh2
Aldh1l2 Col2a1
Rap1b
Etfb
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Table 13. Proteins identified to change MRTF/SRFko MEFs
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ATP biosynthetic process
biological adhesion
developmental process
cation homeostasis
response to oxidative stress
cellular metabolic process stabilization
cellular metabolic process
cell adhesion
anatomical structure development
RNA biosynthetic process
cell cycle phase;cell cycle process;cell division;cellular process;meiosis I
cellular metabolic process
cellular component assembly
actin cytoskeleton organization;transcription, DNA-dependent
actin cytoskeleton organization
cell migrationnegative regulation of cellular metabolic process
carbohydrate metabolic process;glycolysis
catabolic process
carbohydrate metabolic process
cell differentiation
carbohydrate catabolic process metabolic process;
transcription, DNA-dependent

cell cycle phase;cell cycle process;cell division
amine transport
cellular metabolic process
protein-DNA complex assembly
biological adhesion
cell cycle phase;cell cycle process
cellular metabolic processRNA metabolic process;transcription, DNA-dependent
negative regulation of apoptosis
cell differentiation
cell-cell signaling;cellular metabolic process
B cell activation
cellular metabolic process
transcription initiation, DNA-dependent
deoxyribonucleoside triphosphate metabolic process
cell cycle checkpoint
cellular macromolecule biosynthetic process
cellular component organization
regulation of developmental process
regulation of cell-matrix adhesion
bcellular homeostasis
protein transport
cellular metabolic proces
cellular response to stres
;cell cycle phase;cell cycle process;cell development
regulation of cell migration
apoptosis
cellular metabolic process

biosynthetic processtranscription, DNA-dependent
anatomical structure development;vascular smooth muscle contraction
biological regulation
regulation of biological process secretion
apoptosis;RNA biosynthetic process
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79 identified proteins and their Gene Ontology Biological Processes (GOBP) as
identified in Perseus software. Blue shade indicates mechanosensitive proteins
which are increased in the senescence inducing conditions on plastic. Red shade
indicate mechanosensitive proteins which are reduced in the senescence
inducing conditions

GOBP name
cellular macromolecule metabolic process
positive regulation of cell proliferation
blood coagulation
apoptosis
cell proliferation; protein metabolic process
translation

Table 14. Identified mechanosensitive proteins in MRTF/SRFko-induced senescence

Gene name
Lamc1
Ltf
F11
Postn
Tspan31
Rbbp6
Cox5a
Atp5o
Col5a1
Fam3c
Ltbp2
Gpx7
Dhx9
Pelp1
Kctd12
Anxa4
Ewsr1
Cks2
Ywhaz
Hexim1
Fkbp4
Ppid
Mpp1
Msn
Tiprl
Usp14
Eno1
Eef1a1
Pir
Stip1
Tox3
Gapdh
Cnbp
Lsm12
Fam192a
Arpp19
Ywhae
Ranbp3
H3f3a
Rps27
Pmm1
Pik3r1
Tbcb
Pa2g4
Basp1
Ccdc50
Ubqln2
Pfdn2
Pea15a
Ube2l3
Gtf2a1
Dut
Tdrd1
Denr
Nucks1
Bag4
Camsap1
Sdc1
Sdc4
Rad23b
Dctd
Ptma
Tceb3
Eef1b2
Mcfd2
Ciapin1
Marcksl1
Sh3bgrl
Limd2
Lbh
Atxn1
Lrrfip1
Acta2
S100a6
Arfip1
Tmsb4x
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