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Abstract
Yes-associated protein 1 (YAP1) is a transcriptional regulator that was first described as
part of the Hippo signalling cascade. In the last five years, several others regulators
have been identified, placing YAP1 at the centre of a much more complex network. One
common feature of these different regulatory mechanisms is that YAP1 localises either
in the nucleus bound to transcription factors promoting the expression of target genes or
in the cytoplasm sequestered into diverse complexes. In vivo studies reveal that YAP1
can promote tumour initiation, progression and metastasis by controlling proliferation
and survival of cancer cells. In addition to cancer cells, tumours contain many other cell
types such as cancer-associated fibroblasts (CAFs). These cells show a high ability to
promote invasion of cancer cells by remodelling the extra-cellular matrix. One possible
origin for CAFs is through the local conversion of resident NFs, however the
mechanism of this conversion is not fully understood.
This thesis aims to understand the function and regulation of YAP1 in fibroblasts during
normal development and tumour progression. Analyses of gene expression showed that

YAP1 transcriptional activity was upregulated in CAFs compared to NFs. Treatment
with actomyosin inhibitors revealed that this upregulation was dependent on the
actomyosin cytoskeleton network suggesting a role for mechanotransduction in YAP1
regulation. This high transcriptional activity was associated with a nuclear translocation
of YAP1 in CAFs compared to NFs. In order to determine the dynamics of the protein
sub-cellular localisation, YAP1 was fused to EYFP fluorescent protein. Photobleaching
experiments revealed a high mobility of YAP1 in the nucleus and the cytoplasm in both
NFs and CAFs. These experiments also highlighted a constant and fast
nucleocytoplasmic shuttling of the protein. Mathematical modelling analyses suggested
a difference in the export rates from the nucleus to the cytoplasm, NFs showing a higher
export rate than CAFs. This approach was extended to study the localisation, dynamics,
and function of five YAP1 mutants. Analyses of the mutants showed differences in
nuclear mobility and in export rates compared to the WT protein. Overall these data
suggest the major roles of nuclear binding partners as well as export machinery in the
regulation of YAP1 dynamics in NF1 and CAF1.
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In parallel, the role of YAP1 in fibroblasts during mouse development was assessed.
Deletion of YAP1 in PDGFRα+ cells led to a lethal phenotype appearing at E11.5 due to
haemorrhage in the head suggesting a crucial role of YAP1 protein in mesenchymal
cells during normal vasculature development.
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Chapter 1 Introduction

Chapter 1.

Introduction

1.1 Overview of this chapter
This thesis investigates the regulation and the function of Yes-Associated Protein 1 (YAP1)
in fibroblasts in homeostasis and in the pathological context of cancer. This introduction
chapter will first discuss the tumour microenvironment and the crosstalk between cancer
cells, stromal cells and the extracellular components. Then, it will focus on fibroblasts and
their role in normal development and pathological conditions. Finally, it will concentrate on
the different aspects of YAP1 signalling pathway.

1.2 Tumour microenvironment
1.2.1

The concept of ‘seed and soil’

For many years, research on cancer was centred on the cancer cell itself. The development
of this disease is driven by the accumulation of distinct mutations within cancer cells.
Therefore, a considerable amount of work was done to identify which genes could lead to
cancer development (oncogenes) or cancer suppression (tumour-suppressor genes). The
idea that tumours might also be supported by the surrounding tissue was first suggested in
1889 (Paget, 1989). This study highlighted that a high proportion of breast cancer cells
would metastasise from primary tumours preferentially to the bones, suggesting that cancer
cells need the right environment to develop, similar to a seed needing fertile soil to grow.
This theory is referred as the ‘seed and soil’ theory. Although this concept was already
proposed in 1889, studies on cancer cell interactions with the host tissue started only from
the late 1980s. Since then, an increasing amount of reports highlighted the complexity of
the tumour microenvironment and described the numerous interactions occurring between
cancer cells and components from the host tissues. These interactions can occur through
soluble factors, through physical contacts, or through the remodelling of the extracellular
matrix (ECM) (Fidler, 2003). Accordingly, the ability of cancer cells to adapt and interact
with the surrounding microenvironment was added to the list of hallmarks of cancer
(Hanahan and Weinberg, 2011).
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1.2.2

The tumour microenvironment

The microenvironment of the solid tumour, also called ‘stroma’, is composed of several cell
types including fibroblasts, macrophages, lymphocytes, dendritic cells, neutrophils, blood
and lymphatic endothelial cells or pericytes (Mueller and Fusenig, 2004, Joyce and Pollard,
2009) (Figure 1-1). All these cells are surrounding by the extracellular matrix (ECM) also
considered as a component of the tumour microenvironment. Stromal cells and the ECM
independently or cooperatively are involved in the development of the tumour. Here I will
briefly present the role of the vasculature and the immune cells in the microenvironment.
The composition and the role of the ECM will be discussed in section 1.2.3. The
characteristics and functions of the fibroblasts will be discussed in section 1.2.4.

Figure 1-1: The tumour microenvironment.
Figure adapted from (Joyce and Pollard, 2009).
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1.2.2.1

Blood vessels in the microenvironment

Blood vessels are present in all normal tissues as well as in tumours. They are made of a
layer of interconnected endothelial cells surrounded by a basement membrane and by mural
cells such as pericytes and smooth muscle cells (Potente et al., 2011). Blood vessels deliver
oxygen and nutrients to the tissue, remove waste metabolites or dissolved gas and provide
gateways for immune surveillance. During embryogenesis, the vascular network expands
through two processes: firstly through vasculogenesis, where new endothelial cells are
produced from progenitor cells to form new vessels, and secondly through angiogenesis,
where new capillaries sprout from existing vessels (Risau and Flamme, 1995, Risau, 1997).
In adult homeostasis, the vasculature is mostly quiescent. However, formation of new
vessels through angiogenesis is observed in pathological conditions such as wound healing
or tumour growth. During tumour growth an ‘angiogenic switch’ is observed in the early
stages of the disease progression, preceding the appearance of the solid tumour. This switch
is characterised by an increase in vessel size and density, which enables further tumour
growth (Hanahan and Folkman, 1996). The vessel integrity is modified as well since the
endothelial cells become poorly interconnected, the basement membrane gets irregular and
pericytes lose their connection. This results in leaky vessels, facilitating intravasation and
dissemination of the tumour cell (Potente et al., 2011).

1.2.2.2

Immune cells in the microenvironment

The presence of inflammatory and immune cells in the stroma was first observed by
pathologists in the middle of the 19th century (Balkwill and Mantovani, 2001). Further
studies have highlighted the close similarities between a tumour and a wound, leading to the
general description for tumours as a wound that does not heal (Haddow, 1972, Dvorak,
1986). Several studies report the tumour promoting effects of chronic inflammations. For
example, infection with Helicobacter pylori is associated with increased stomach cancers,
human papillomavirus (HPV) with cervical cancers, and Crohn’s disease with colorectal
cancers. On the other hand, a lot of work has reported the recruitment of inflammatory cells
to the stroma. Here, I will briefly discuss the general ideas regarding some inflammatory
cell types present in the tumour microenvironment: the tumour-associated macrophages, the
dendritic cells, the neutrophils and the lymphocytes.
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Macrophages represent a major component of the stroma population and are referred to as
tumour-associated macrophages (TAM) (Mueller and Fusenig, 2004, Pollard, 2004). In
homeostasis, macrophages are produced in response to infection in order to recognise,
engulf and destroy target cells. TAMs are attracted to the stroma by various growth factors
and chemo-attractant cytokines. Colony stimulating factor-1 cytokine (CSF-1) is one of
them and has been shown to be highly expressed in several tumours, including ovarian,
breast, or prostate tumours (Pollard, 2004). The role of TAMs in the tumours is still
controversial: while some studies suggest that when appropriately activated they can kill
tumours cells, others highlight their strong tumour-supporting activity. In agreement with
this latter point, clinical studies have shown that high infiltration of TAMs is associated
with poor prognosis in breast or ovarian cancers (Obeid et al., 2013, Colvin, 2014). This
tumour-supporting function of TAMs is mediated either by growth factors or through ECM
remodelling. In mammary tumours, it has been shown that TAMs produce epidermal
growth factor (EGF), increasing the invasion ability of the cancer cells. Interestingly,
expression of CSF-1 by cancer cells promotes the expression of EGF by macrophages
leading to a positive feedback loop between the cancer cells and the macrophages
(Goswami et al., 2005). In parallel, TAMs can produce growth factors (such as VEGF or
PDGF) essential for angiogenesis as well as metalloproteases to remodel the ECM, thereby
increasing the invasion of cancer cells into the surrounding stoma (Carmeliet and Jain, 2000,
Pollard, 2004). Overall, TAMs play an important role in tumour promotion and metastasis.
Other myeloid cells, such as dendritic cells or neutrophils, are also present in the tumour
microenvironment. Dendritic cells (DCs) are differentiated myeloid cells and are
specialised in antigen processing and presentation (Balkwill and Mantovani, 2012). Upon
activation, these cells have been shown to express several co-stimulatory molecules and
cytokines that can subsequently promote T-cell activation and support immune response. In
the stroma, the DCs have been shown to be defective since they cannot adequately promote
the immune response (Gabrilovich et al., 2012). Also, it has been suggested that DCs can
suppress the CD8+ T-cells (cytotoxic T-cells) response at the tumour site (Lin et al., 2010).
Several studies indicate that abnormal myelopoiesis might be the dominant mechanisms
responsible for the DCs defects observed in cancer (Gabrilovich et al., 2012, Gabrilovich,
2004).
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Neutrophils represent the most abundant type of granulocytes in the body and are
characterised by the presence of cytoplasmic granules and a specific nuclear morphology
(Gabrilovich et al., 2012). Neutrophils have a complex machinery that allows them to
engulf and destroy pathogens. These cells are attracted to the stroma by chemokines such as
granulocyte colony-stimulating factor (G-CSF) expressed by tumours cells or stromal cells
(Kowanetz et al., 2010). The contribution of these cells to tumour growth and metastasis is
still not clearly understood. Some evidences suggest that they promote primary tumour
growth, enhance angiogenesis, and induce ECM degradation. On the other hand, several
studies suggest a tumour-suppressive role of the neutrophils where they can eliminate
disseminated tumours cells (Nozawa et al., 2006, Houghton et al., 2010, Balkwill and
Mantovani, 2001).
Moreover, diverse lymphocyte populations are present in the tumour stroma and interact
with the surrounding cells through cytokines or direct contact (Fridman et al., 2012). These
cells are not randomly distributed; while T-lymphocytes are localised both in the tumour
core and at the margin, B-lymphocytes are mostly found in the invasive margin of the
growing tumours (Dieu-Nosjean et al., 2008). These two types of lymphocytes have been
reported to harbour both tumour supportive and/or tumour suppressive functions.
Interestingly, clinical studies showed that the patient prognosis is strongly dependent on the
sub-population of T-lymphocytes present in the stroma (Fridman et al., 2012). Similarly, the
role of B-lymphocytes in the tumours is dependent on their subtypes. While some B cells
enhance protumoural inflammation, others can kill cancer cells by activating the apoptotic
pathway. Furthermore, several studies suggest the cooperation between the different
populations of lymphocytes present in the stroma, adding to the complexity of the
interaction network (Nelson, 2010, Fridman et al., 2012). Among the different population of
T-cells present in the stroma, CD8+ T-cells are able to kill tumours cells and their presence
is associated with a good prognosis. These cells present cytotoxic granules containing
enzymes such as perforin and granzymes (Trapani and Smyth, 2002). Upon their release,
these enzymes interact with target cells and activate apoptotic pathways in these cells.
However, in the tumours, downregulation of CD8+ T-cells activity is observed (Fridman et
al., 2012). Therefore a considerable amount of work has been done to develop genetic
engineered CD8+ T-cells that would not be silenced and therefore could inhibit the tumour
growth. Several clinical successes using this approach have been reported, proving the
necessity to develop immunotherapy based on CD8+ T-cells (Kershaw et al., 2013).
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1.2.3

Extracellular matrix during disease progression

The extracellular matrix (ECM) is a three-dimensional structure present in all tissues and
providing a physical support for the cells. The matrix is generated from early embryonic
stages onwards and its composition varies according to its location in the body. Its
functional importance has been shown in vivo since impairment of matrix components like
fibronectin or collagen leads to embryonic lethality (Rozario and DeSimone, 2010). Here, I
will first present the composition of the ECM and then discuss how the remodelling of the
ECM can lead to pathological condition such as cancer.

1.2.3.1

Composition of the extracellular matrix (ECM)

The ECM is composed of hundreds of proteins synthesised primarily by the fibroblasts.
These proteins can be divided in three groups: the collagens, the proteoglycans and the
glycoproteins (Hynes and Naba, 2012). The collagens are the main structural proteins of the
ECM and can be classified according to the structure they form: fibrillar collagens
providing tensile strength to the ECM and non-fibrillar collagens. On the other hand,
proteoglycans are interspersed among collagen fibrils and are highly glycosylated proteins.
They consist of a core protein with one or several attached glycosaminoglycan chains
(GAGs). Through these GAGs, proteoglycans are able to sequester diverse types of
molecules such as growth factors. The third major component of the ECM is the
glycoproteins. A wide range of glycoproteins exists in the ECM, among others laminins,
elastin, or fibronectin can be cited (Hynes and Naba, 2012). Although each glycoprotein has
slightly different function, they all act as ligands for cell surface receptors (such as integrins
in focal adhesions) and are therefore essential for ECM-cell interactions.
The ECM composition varies according to its location in the body and the differential
expression of interstitial components highlights the specific functions of the organs. For
example, the glycoprotein osteonectin has specifically been identified in bone where it
binds collagen and calcium (Termine et al., 1981). Even though some specific differences
exist, two main types of ECM are overall observed; the matrix present in all the interstitial
connective tissues and the basement membrane (Figure 1-2) (Bonnans et al., 2014).
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The interstitial matrix also called ‘fibrillar ECM’ is mainly composed of collagen I and
fibronectin, providing a structural scaffold for tissues. On the other hand, the basement
membrane is a compact specialised ECM, which separates the epithelium and the
endothelium from the surrounding cells. It is composed by two layers: the basal lamina
secreted specifically by epithelial or endothelial cells and the underlying connective tissue.
Both layers are attached to each other through anchoring filaments. The basement
membrane is mainly composed of collagen IV and laminins and plays a key role in
epithelial cell functions providing cues for establishment and maintenance of the apicalbasolateral polarity.

Figure 1-2: Schematic of the two types of extracellular matrix.
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1.2.3.2

Remodelling of extracellular matrix (ECM)

In the human body, tissues and organs have very distinct biochemical properties. For
example the stiffness of a tissue can change during the course of development or during
pathogenesis (Butcher et al., 2009). These biochemical properties are tightly controlled by
the specific composition of the ECM as well as post-translational modifications. Such
modifications include glycosylation, transglutamination and cross-linking and lead to
increased stiffness of the matrix. The cross-linking of the collagen occurs via two processes,
either through enzymatic reactions mediated by lysyl oxidase (LOX) family members or
through chemical modifications such as transglutaminase (Cox et al., 2013). Cross-linking
of other components such as fibronectin are mediated by transglutaminase such as Factor
XII (Barry and Mosher, 1988). On the other hand, the ECM can also be degraded (Cox and
Erler, 2011). This process occurs through matrix degrading enzymes, which includes
various proteases such as matrix metalloproteases (MMPs) or ADAMS (A Disintegrin And
Metalloproteinase). These proteases are either secreted by the cells or anchored to cell
membranes. In order to tightly regulate the degradation of the ECM, metalloproteinase
inhibitors are also present and can reversibly inhibit the activity of the proteases. Overall
the biochemical properties of the ECM are regulated by a fine balance between matrix
synthesis, secretion, modification and enzymatic degradation.
Such remodelling in composition and architecture leads to the release of trapped soluble
molecules and changes in matrix biophysical properties (stiffness and tension) (Lu et al.,
2011). Since the ECM is interacting with surrounding cells, alteration of the matrix can
transmit signals and regulate diverse cellular functions: adhesion, migration, proliferation,
apoptosis, survival and differentiation (Bonnans et al., 2014). As explained earlier, the
ECM functions as a reservoir for ligands since proteoglycans and glycoproteins are able to
sequester small molecules within the matrix. During remodelling of the ECM or upon injury,
sequestered growth factors, such as TGFβ (Transforming Growth Factor β), can be locally
released leading to modulation of diverse signalling pathways in the surrounding cells
(Wipff et al., 2007). Furthermore, the remodelling of the ECM modulates the elasticity and
stiffness of the matrix, which then affects the tension in the tissue (Paszek et al., 2005). The
surrounding cells sense and respond to these mechanical stimuli by converting them to
biochemical signals inducing specific cellular responses. This mechanism is called
mechanotransduction and will be discussed in 1.3.3.2.
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1.2.3.3

Extracellular matrix (ECM) in fibrosis and cancer

In homeostasis the ECM remodelling is tightly regulated and has essential function in
processes such as wound healing. Moreover, in the appropriate context, the ECM can
restrain malignant tumour progression. For example, one study on naked mole-rats has
shown that a high molecular mass hyaluronan (HA) (over five times larger than human or
mouse HA) can protect from cancer (Tian et al., 2013). Due to the decreased activity of
HA-degrading enzymes, the HA glycosaminoglycan expressed by naked mole-rat
fibroblasts accumulates and protects the ECM from degradation.
However prolonged alterations of the matrix remodelling lead to pathological conditions. In
the case of abnormal deposition it can lead to fibrosis or cancer and in the case of abnormal
degradation it can lead to osteoarthritis (Frantz et al., 2010). Several studies have
highlighted how soluble factors released upon ECM remodelling can lead to fibrotic or
malignant tissues. For example, upon injury, inflammatory cells are recruited to the sites
and start releasing multiple pro-inflammatory molecules such as interleukin IL-13 or TGFβ.
While IL-13 triggers fibroblast recruitment, TGFβ activates the fibroblasts inducing the
nuclear translocation of SMAD2/SMAD3 transcription factors and the expression of
specific ECM related genes such as Collagen I Alpha 1 (COL1A1) (Clarke et al., 2013).
This leads to abnormal deposition of the ECM and thickening of the tissues, called fibrosis.
Similarly, in breast carcinomas, the ECM signature present in all cells of the tumours has
been linked to the clinical outcome (Bergamaschi et al., 2008). Tumours with high
expression of protease inhibitors regulating the matrix degradation correlate with good
prognosis whereas those with high expression of MMPs correlate with poor prognosis.
Furthermore, remodelling of the ECM and changes in the elasticity and the stiffness of
tissues, has also been observed in fibrotic and malignant tissues (Paszek et al., 2005).
Collagen crosslinking, primarily mediated by LOX family members, leads to increased
ECM stiffness. These enzymes are frequently upregulated in tumours, and patients with
high LOX expression have poor survival (Payne et al., 2005). Interestingly, the ECM
architecture and stiffness has been extensively linked to breast cancer (Lee et al., 2011). In
breast cancer, collagen cross-linking by LOX enzymes induces β1 integrin clustering and
subsequent focal adhesion stabilisation in cancer cells. This leads to increased invasion of
the cells to the surrounding tissues (Levental et al., 2009).
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The density and orientation of the ECM fibres have also been shown to control immune cell
migration (Salmon et al., 2012). When fibronectin and collagen are not present, Tlymphocytes motility is higher than in a dense ECM. These ECM fibres represent migratory
tracks for any surrounding cells and fibre orientation restricts the interaction of immune
cells and cancer cells. On the other hand, alignment of the collagen fibres has been shown
to improve the efficiency of breast cancer cells migration, limiting their protrusions and
enhancing their directional persistence (Riching et al., 2014). Furthermore, the ECM
geometry has been shown to dictate the mode of cancer cell migration by affecting cell
adhesion, contractility and velocity (Tozluoğlu et al., 2013). Finally, glycoproteins present
in the ECM, such as tenascin-C, can induce blood vessel permeability enhancing cancer cell
dissemination (Saupe et al., 2013).
To summarise, this section has highlighted the dynamic and complex organisation of the
ECM and how its reorganisation can promote and support cancer progression.

1.2.4

Fibroblasts in homeostasis and in pathological conditions

Fibroblasts were first described in the late 19th century as spindle shaped cells that are
distinct from vascular, epithelial and inflammatory cells and that are embedded in the ECM
of the connective tissue (Tarin and Croft, 1970). As mentioned previously, studies have
reported the major role of fibroblasts in the synthesis of ECM components. In the fibrillar
ECM, they can produce type I, type III and type V collagens as well as fibronectin
(Rodemann and Muller, 1991). On the other hand, they can contribute to the establishment
of the basement membrane by producing type IV collagen and laminins (Chang et al., 2002).
In parallel, fibroblasts have been implicated in matrix remodelling since they can produce
different ECM-degrading proteases such as MMPs. Finally, fibroblasts secrete signalling
molecules such as growth factors, cytokines and chemokines (Kalluri and Zeisberg, 2006,
Flavell et al., 2008). Besides being present at homeostasis in connective tissue and healthy
organs, fibroblasts have also been identified at injury sites (such as wounds), as well as in
pathological conditions (such as fibrosis or cancer). Interestingly, fibroblasts in healing
wound, fibrotic tissue or tumours show common characteristics and are referred to as
‘activated fibroblasts’.
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In this part, I will first discuss the molecular heterogeneity of fibroblasts. Then, I will
present the role of fibroblasts in homeostasis and in processes such as wound healing.
Finally the origin and functions of ‘cancer-associated fibroblasts’ (CAFs) will be discussed.

1.2.4.1

The heterogeneous nature of fibroblasts

Fibroblasts are not well defined in terms of molecular markers. Although several studies
have tried to find reliable and specific molecular markers, to date, none of them have been
both exclusive to fibroblasts and present in all fibroblasts (Kalluri and Zeisberg, 2006).
Among the commonly used markers for fibroblasts are Vimentin, PDGFRα, αSMA, or
FSP1 (also called S100A4). Vimentin (an intermediate filament protein) and PDGFRα
(Platelet Derived Growth Factor-alpha) are both expressed by all mesenchymal derivatives
(Franke et al., 1978, Schatteman et al., 1992) and will mark cells other than fibroblasts
including osteoblasts and adipocytes. On the other hand, αSMA (alpha Smooth Muscle
Actin) and FSP1 (Fibroblast Specific Protein 1) are not specific to normal fibroblasts but
mark a subset of the fibroblasts, namely the ‘activated’ fibroblasts (Tomasek et al., 2002,
Strutz et al., 1995). Moreover, αSMA is also expressed by vascular smooth muscle cells
and pericytes, and FSP1 can be expressed by invasive carcinoma cells. In conclusion, to
date, the most optimal way to identify a fibroblast is through its phenotype (spindle shape),
its location and the expression of a combination of different markers. For identification of
‘activated’ fibroblasts in comparison to normal fibroblasts, their increased contractile ability
is commonly used as well.
The difficulty in identifying a general and specific fibroblast marker reflects the highly
heterogeneous nature of this population. Genome-wide analyses have shown that according
to their location in the body, fibroblasts show very distinct expression patterns (Chang et al.,
2002). Examples of differentially expressed genes include genes linked to the ECM
component synthesis, lipid metabolism, or production of growth factors. For example, while
fibroblasts from both fetal skin and fetal lung express type IV collagen, only the fetal skin
fibroblasts show high expression of type I and V collagens. These two collagens are
essential for the tensile strength of the dermis, suggesting that according to their location,
fibroblasts adapt the surrounding matrix by producing distinct components (Rinn et al.,
2006).
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1.2.4.2

Fibroblasts in normal development, wound healing and fibrosis

In addition to their general function in ECM production and remodelling, fibroblasts have
been reported to regulate the differentiation and homeostasis of adjacent epithelia. Such
epithelial-mesenchymal interactions are essential in developmental processes such as
mammary gland formation or the establishment of branched tubular epithelial structures in
the lungs (Wiseman and Werb, 2002, Hogan and Yingling, 1998). These phenomena were
demonstrated by injecting human mammary epithelial cells organoids into cleared fat pads
of immunodeficient mice. When transfected alone, the organoids would not grow, but when
co-transfected with human breast fibroblasts, the mammary epithelial cells organoids
formed ductal, lobular and acinar structures (Kuperwasser et al., 2004).
As mentioned previously, fibroblasts are not only important for controlling tissue
homeostasis, but are also essential in wound healing. Wound healing is the process where,
after injury, the cutaneous tissue will repair itself in order to restore the barrier function of
the skin (Werner et al., 2007, Kendall and Feghali-Bostwick, 2014). This healing process
can be divided into three phases: an initial inflammatory phase, followed by the production
of granulation tissue (new connective tissue) and finally the epithelial wound closure.
Fibroblasts have been reported to be important in each of these phases. First, during the
inflammatory phase, they express different cytokines such as interleukin-8 (IL-8) or
antigens such as CD40 (activating surface molecule for immune cells), leading to the
recruitment and the activation of immune cells at the site of the injury (Brouty-Boye et al.,
2000, Kolar et al., 2012). Then, during the granulation phase, fibroblasts produce the
components of the new connective tissue, which serve as a scaffold for the other recruited
cells (Tomasek et al., 2002). Finally, fibroblasts have been shown to synthesize growth
factors such as KGF/FGF7, which are essential for keratinocyte proliferation during wound
closure (Finch et al., 1989). Fibroblasts also play a role in blood clotting by producing
urokinase plasminogen activators (PAs) (Kendall and Feghali-Bostwick, 2014). Throughout
these different phases, fibroblasts differentiate into myofibroblasts showing increased
mechanical tension essential for the contraction of the matrix to seal the open wound
(Tomasek et al., 2002). Further studies have identified the mechanism regulating such
differentiation. At the early stages after injury, TGFβ is produced by keratinocytes but its
activity is repressed by a strong activation of NFκB in the fibroblasts.
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Later, this inhibition disappears and TGFβ induces differentiation of fibroblasts to
myofibroblasts showing upregulation of αSMA expression, increased synthesis of ECM
components and higher contractility essential for the closure of the wound (Werner et al.,
2007). When the different steps of wound healing are not tightly regulated, myofibroblasts
stay highly active even after the wound closure, leading to an increase in ECM production
and tissue thickening: this process is referred as fibrosis.

1.2.4.3

Fibroblast in cancer development

Fibroblasts are also found in the tumour microenvironment of most solid tumours and are
called ‘activated fibroblasts’, ‘peri-tumoural fibroblasts’, ‘reactive stromal fibroblasts’ or
‘carcinoma-associated fibroblasts’. Since their discovery, researchers have been trying to
understand their origin (Kalluri and Zeisberg, 2006). Interestingly these fibroblasts have
similar characteristics to myofibroblasts in wound healing: expression of αSMA, faster
proliferation rate, enhanced secretion of ECM components, higher contractility (Muller and
Rodemann, 1991). The major difference is that cancer-associated fibroblasts (CAFs), like
fibrotic fibroblasts, maintain their activated phenotype and rarely revert to the normal
fibroblasts (NFs) phenotype. Several studies using mouse models of genetically altered
fibroblasts have demonstrated the direct involvement of resident fibroblasts in the initiation
of cancer (Bhowmick et al., 2004a, Trimboli et al., 2009). In this part, I will first discuss the
origin of CAFs. Then the molecular and functional differences of CAFs compared to
resident NFs will first be presented. Finally, the role of CAFs in cancer cell proliferation
and migration will be discussed.
Origins of CAFs
There are many hypotheses about the origin of CAFs, but the general consensus is that they
originate from the activation and conversion of ‘normal fibroblasts’ (NFs) (Kalluri and
Zeisberg, 2006). The signals that mediate fibroblast activation have not all been identified
yet and distinct mechanisms have been proposed. The best evidence suggests that the
activation of fibroblasts is mediated by the release of soluble factors, such as TGFβ, PDGF
(Platelet Derived Growth Factor) or FGF (Fibroblast Growth Factor).
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Several studies suggest that, by producing these growth factors, cancer cells and other
stromal cells regulate the activation of the normal resident fibroblasts during cancer
development (Massagué, 2008).
In parallel, it has been reported that some sub-populations of CAFs can originate from
epithelial cells (through an epithelial-to-mesenchymal transition), from endothelial cells
(through an endothelial-to-mesenchymal transition) or from differentiation of mesenchymal
stem cells. The epithelial-to-mesenchymal transition (EMT) is a process observed during
the embryonic development but also in fibrosis and tumour development. During this
process, the cells lose their epithelial characteristics and acquire mesenchymal ones,
increasing their ability to invade and migrate (De Wever et al., 2008). Several pieces of
evidence suggest the role of EMT as a source of CAFs (Kalluri and Zeisberg, 2006). For
example, genetic analyses have shown that the cancer cells and the surrounding fibroblasts
have similar frequency of genetic alterations and present a non-random X-chromosome
inactivation pattern (Petersen et al., 2003). Studies in fibrotic tissues have highlighted the
evidence of conversion of adjacent normal epithelial cells to activated fibroblasts. In vivo
experiments marking proximal tubular epithelial cells of kidney have shown that up to 30 %
of activated fibroblasts in kidney fibrosis originate from EMT of these kidney epithelial
cells (Iwano et al., 2002).
Similarly, endothelial-to-mesenchymal transition (EndMT) is observed in development and
in a variety of pathological states including fibrosis and cancer and has been proposed as a
source of CAFs. Interestingly, in pancreatic cancer, some CAFs co-express the endothelial
marker CD31 along with FSP1 and αSMA markers (Potenta et al., 2008). Further analyses
using a mouse model where all cells from endothelial origin are irreversibly labelled, it was
found that among FSP1+ CAFs, 30% were of endothelial origin and among αSMA+ CAF,
12% were derived from endothelial origin (Zeisberg et al., 2007).
Finally, mesenchymal stem cells (MSCs) are multipotent cells essential for tissue
homeostasis and regeneration. In normal tissue, these cells are recruited into the site of
injury or inflammation and differentiate into a variety of connective tissue cell types.
Interestingly, MSCs have also been reported to differentiate into CAFs (Bergfeld and
DeClerck, 2010, Mi et al., 2011).
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Molecular and functional differences between NFs and CAFs
Several studies have sought to identify molecular differences between CAFs and NFs,
leading to identification of several markers specific to activated fibroblasts such as smooth
muscle actin-alpha (αSMA), fibroblast specific protein-1 (FSP1 or S100a4) or fibroblast
activation protein-1 (FAP1) (Figure 1-3) (Räsänen and Vaheri, 2010). They are all good
markers of ‘activated fibroblasts’, however, no single one is entirely specific since these
proteins are also expressed by other mesenchymal cells (including pericytes and smooth
muscle cells) or other cell types (such as endothelial cells, invasive cancer cells or
melanocytes) (Kalluri and Zeisberg, 2006). Furthermore, no causal relationships between
the expression of these markers and the function of the fibroblasts have been demonstrated.

Figure 1-3: Normal and Cancer-Associated Fibroblasts.
Figure adapted from (Kalluri and Zeisberg, 2006).

In parallel, several studies tried to identify functional differences between NFs and CAFs.
Interestingly, our lab has previously shown that CAFs have a higher ability than NFs to
remodel an ECM-like gel and to promote cancer cell invasion in vitro (Gaggioli et al.,
2007). This study also suggests that Rho-mediated regulation of myosin light chain (MLC)
is essential for these functions. Rho family of GTPases is part of the Ras superfamily and
contains several members including RhoA, Ccd42 and Rac1 (Schwartz, 2004). These
enzymes can bind and hydrolyse guanosine triphosphate (GTP) leading to the regulation of
many downstream effectors. One of the first identified effector of these Rho-GTPases was
the Rho-associated coiled-coil containing kinase (ROCK). Two mammalian ROCK
homologs exist (ROCK1 and ROCK2) and they have been reported in many different
biological contexts including the regulation of actomyosin cytoskeletal organisation (Figure
1-4) (Riento and Ridley, 2003, Julian and Olson, 2014). Inhibitions of Rho-GTPases using
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Tat-C3, ROCK using Y27632, or non-muscle myosin using Blebbistatin, all led to the
impairment of the CAF functions (Gaggioli et al., 2007). Myosin light chains (MLC)
promote actomyosin contractility by activating myosin ATPase and enabling its interaction
with F-actin to induce stress fibres, form focal adhesion and generate a contractile force
(Julian and Olson, 2014). It has also been shown that ROCK kinases can inhibit the
dephosphorylating of MLC contributing to MLC phosphorylation and contractile forces
(Riento and Ridley, 2003). In addition, ROCK kinases can also regulate actin filament
dynamics by phosphorylating LIM kinases (LIMK) (Maekawa et al., 1999). Upon
phosphorylation, LIM kinases can inactivate the actin severing protein cofilin, therefore
inhibiting actin depolymerisation and increasing actin filaments within the cell (BravoCordero et al., 2013). Overall, ROCK kinases promote actomyosin mediated contractile
force and morphological changes. Interestingly, in breast tumours, CAFs compared to NFs
have pronounced stress fibres, more focal adhesions and higher level of MLC2
phosphorylation, suggesting a crucial role of the Rho/ROCK signalling cascade for CAFs
functions (Figure 1-3) (Calvo et al., 2013).

Figure 1-4: ROCK kinases and actomyosin cytoskeleton regulation
Y27632 is a ROCK inhibitor, Tat-C3 is a Rho GTPase protein family inhibitor and Blebbistatin
is non-muscle myosin II inhibitor.
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Fibroblasts interaction with cancer cells
Crosstalk between fibroblasts and cancer cells has been shown to be essential to promote
tumour growth. As an example, co-injection of human CAFs from prostate with noninvasive prostatic epithelial cells promote the tumour growth and induces migratory
phenotype of the epithelial cells (Olumi et al., 1999). Moreover, studies have also shown
that CAFs produce increased level of cytokines or growth factors, supporting cancer cell
proliferation and migration (Kalluri and Zeisberg, 2006). In human breast carcinomas,
stromal derived factor 1 (SDF-1/CXCL12) cytokine is highly expressed in CAFs leading to
the recruitment of epithelial progenitor cells and promoting angiogenesis. Furthermore, this
cytokine can directly promote tumour growth by binding to the CXCR4 receptor expressed
at the membrane of cancer cells (Orimo et al., 2005). In parallel, CAFs produce several
growth factors, including fibroblast growth factor (FGF), epithelial growth factor (EGF),
and transforming growth factor-β (TFG-β), which have all been shown to play an important
role in communication between cancer cells and fibroblasts through soluble factors (Tian et
al., 2012, Hofland et al., 1995, Stuelten et al., 2005, Bhowmick et al., 2004a). All these
soluble molecules are recognised at the cell membrane by different receptors, therefore
activating several and distinct signalling pathways in cancer cells but also in other stromal
cells. Apart from the cytokines and growth factors, exosomes have also been suggested to
promote fibroblast-cancer cell interaction. Exosomes are cell-derived vesicles released
directly from plasma membrane of cells, which have been proposed to mediate cell-cell
communications. It has been shown that CAFs can secrete exosomes that promote breast
cancer cell protrusive activity, motility and metastasis (Luga and Wrana, 2013).
Depending on the tumour type, fibroblasts and cancer cells are not necessarily in physical
contact until later stages of disease progression. For example, in the case of ductal
carcinoma of the breast, initially the tumour develops as a distinct unit and is separated
from the surrounding cells by the basement membrane (Ronnov-Jessen et al., 1996, Kalluri
and Zeisberg, 2006). The cancer at this stage is called ductal carcinoma in situ (DCIS).
Upon degradation of the basement membrane, the tumour may then develop to invasive
carcinoma (IC). This leads to the direct contact between cancer cells and connective tissues
including the fibroblasts. A report from our lab has highlighted the crucial role of
fibroblasts and their ECM remodelling ability to promote cancer cell invasion (Gaggioli et
al., 2007). This study showed that squamous cell carcinoma SCC cells need fibroblasts to
be able to invade gels mimicking the ECM in 3D in vitro assays.
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Confocal imaging highlighted the presence of tracks within this gel, produced by fibroblasts
and along which cancer cells can migrate. In the absence of those tracks, cancer cells cannot
invade the ECM-like gel. Further analyses showed that the generation of these tracks by
fibroblasts require both protease- and force-mediated matrix remodelling. Upon integrin α3
and α5 knockdown or upon blockage of Rho-mediated regulation of myosin light chain
(using Rock inhibitor or Blebbistatin), the matrix-remodelling ability of fibroblasts is
inhibited leading to a reduction in cancer cell migration. Similarly another recent study
reported that FAP+ fibroblasts produce an ECM that enhances invasive velocity and
directionality of pancreatic caner cells (Lee et al., 2011).
Finally, the role of physical contact between fibroblasts and cancer cells has been relatively
less studied. Interestingly, (Gaggioli et al., 2007) have reported that fibroblasts when
remodelling the ECM can potentially interact with cancer cells and guide them through the
tracks they have created. The role of the physical interaction between CAFs and cancer
cells is one of the topics studied in our lab.
In summary, this section described the relationships between the different components of
the microenvironment. The origin of cancer-associated fibroblasts remains a major question
in the tumour development. Are they converted from normal resident fibroblasts? What
signals triggers their conversion? How do they acquire their high contractility? What are the
crosstalks between the CAFs and the others cells from the microenvironment? To learn
more about the biology of CAFs, Fernando Calvo, a post-doctoral researcher in the lab, has
isolated fibroblasts from normal mouse mammary glands (NFs) as well as from different
stages of mammary tumours from MMTV-PyMT mice (Calvo et al., 2013). This mouse
model was chosen because of the multi-focal nature of this model (Guy et al., 1992, Lin et
al., 2003). Also this model contains a fibroblastic stroma with an increased density of
collagen fibres and its progression can be modulated by genetic manipulation of fibroblasts
(Trimboli et al., 2009, Kim et al., 2012). Taking advantage of this mouse model, he could
isolate fibroblasts from hyperplastic tissues (HpAFs), mammary adenoma tissues (AdAFs)
and mammary carcinoma tissues (CAFs). Global messenger RNA analyses were performed
and gene-set enrichment analyses (GSEA) revealed a significant increase of various
signalling pathway in fibroblasts throughout tumour progression. These results form the
basis of my analyses as described in Chapter 3.
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1.3 Yes-Associated Protein 1 (YAP1) signalling
YAP1 protein was first identified in 1994 in a screen for binding partners of the Yes
tyrosine kinase (Sudol, 1994). One of the identified partners was a 65kDa protein
phosphorylated on serines and particularly rich in prolines. This protein was therefore
named Yes-Associated Protein 65 (YAP65), also known as YAP or YAP1. At the same
time, the Hippo pathway was identified in Drosophila (Justice et al., 1995, Xu et al., 1995).
Interestingly, the link between YAP1 and the Hippo pathway, and studies on YAP1 as core
component of the pathway started a decade later. Since then, the knowledge has greatly
expanded, placing this protein at a centrepiece of signalling in the cell, controlling diverse
processes such as organ size, stem cell differentiation or cell migration. In Mammals, TAZ
is the paralog of YAP1, and both proteins share several aspects of their structure, functions
as well as regulation. Although I will refer to studies done on both paralogs, I will mainly
concentrate my explanations on YAP1 since the results of this thesis will focus on YAP1. In
the following sections, I will present the general knowledge about YAP1 biology; the link
with the Hippo pathway, its upstream regulators, its downstream functions and finally its
role in vivo.

1.3.1

YAP1, transcriptional activator of the Hippo pathway

The Hippo pathway was the first YAP1 regulator identified and remains one of the most
fundamental ones. In this section, I will introduce the different components of this pathway
and highlight the role of YAP1 in the signalling cascade. Drosophila proteins will be
written in lowercase, while Mammalian orthologs will be written in capital letters.
Warts (LATS1/2) kinase was the first component of the Hippo pathway to be characterised.
This was done by genetic mosaic screens for tumour suppressor genes in Drosophila
(Justice et al., 1995, Xu et al., 1995). The loss of wts gene leads to excess growth of the
larvae imaginal discs. Following this, other components of the pathway such as Hippo
(MST1/2) and Salvador (SAV1) were identified in similar screens in Drosophila (Tapon et
al., 2002, Harvey et al., 2003). Inactivation of each of these proteins leads to similar
phenotypes: abnormal growth, hyperproliferation, and reduction of apoptosis. By the end of
2010, the general picture of the Hippo cascade was established (Figure 1-5) (Dong et al.,
2007, Zhao et al., 2011).
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This pathway is based on a kinase cascade wherein Hippo (MST1/2) in complex with its
regulatory protein Salvador (SAV1) phosphorylates and activates Warts (LATS1/2). This
kinase, in complex with its regulatory protein Mats (MOB), in turn phosphorylates the
transcriptional co-activator Yki (YAP1/TAZ).
Phosphorylation of Yki (YAP1/TAZ) by Warts (LATS1/2) increases its affinity for 14-3-3
protein leading to its nuclear exclusion. The transcription of genes involved in cell
proliferation and survival will therefore be inhibited (Huang et al., 2005). This pathway is
sometimes referred to as the ‘Hippo tumour suppressor pathway’.

Figure 1-5: The core components of the Hippo Pathway.

While the components of the Hippo cascade were identified mainly through screens in
Drosophila larvae tissues, the understanding of Yki and YAP1/TAZ regulation as well as
their functions came from both Mammalian and Drosophila studies. Yki, YAP1 and its
paralog TAZ are all transcriptional co-activators, meaning they do not bind directly to DNA
but instead can interact with transcription factors stimulating their activity.
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Even before the identification of the Hippo pathway, as such, the YAP1 protein was known
to bind and activate the TEAD (TEA (transcription enhancer factor) domain family
members) transcription factors (Vassilev et al., 2001). Later, this was confirmed for TAZ
protein (Zhang et al., 2009). Moreover, Scalloped (TEAD/TEF family protein) was
identified to bind Yki, mediating the transcriptional output of the Hippo pathway in
Drosophila (Wu et al., 2008, Zhao et al., 2008). More details about YAP1 and TEAD
factors interaction will be given later in this chapter.
On the other hand, the regulation of cytoplasmic sequestration of Yki, YAP1 and TAZ was
first suggested by observations made on TAZ. TAZ was first identified during a screen of
binding partners for 14-3-3 protein (Kanai et al., 2000). 14-3-3 proteins are a highly
conserved family of phosphoserine binding proteins found in all eukaryotes. By
sequestrating their ligand in the cytoplasm, 14-3-3 proteins can regulate growth, apoptosis
and cell cycle progression (Aitken, 2006, Muslin and Xing, 2000). Further studies have
shown that the cytoplasmic sequestration of YAP1/TAZ is mediated by 14-3-3 binding to
one specific serine at the N terminal of the protein: S127 for YAP1 and S89 for TAZ.
Studies in Drosophila highlighted similar mechanisms for Yki, where the protein is binding
to 14-3-3 through S168 leading to its cytoplasmic translocation (Dong et al., 2007).
As

mentioned

earlier,

LATS1/2

kinases

inhibit

YAP1/TAZ

activity

through

phosphorylation. LATS belongs to the nuclear Dbf2-related (NDR) family of protein
kinases, which is highly conserved throughout the eukaryotic world. Biochemical studies on
the Saccharomyces cerevisiae Dbf2 kinase – and its binding partner Mob1 - have identified
the motif specifically recognised by all NDR kinases in their substrates (Mah et al., 2005).
Dbf2-Mob1 preferentially phosphorylates serines and requires an arginine three residues
upstream of the phosphorylated serine: RxxS. Interestingly, YAP1 contains five HxRxxS
motifs, while TAZ contains four, and LATS1/2 directly phosphorylate them (Zhao et al.,
2007, Lei et al., 2008, Zhao et al., 2010).
Mutation of these serines to alanine renders YAP1 and TAZ completely insensitive to
inhibition by Hippo pathway leading to an elevated transcriptional activity. These mutants
called YAP1 5SA and TAZ 4SA are commonly used as constitutively active mutants for the
Hippo pathway. The serines in YAP1 are S61, S109, S127, S164 and S381 and for TAZ are
S66, S89, S117 and S311 (Figure 1-6).
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As mentioned earlier, phosphorylation of S127 in YAP1 and S89 in TAZ is essential for the
interaction with 14-3-3 leading to the protein’s cytoplasmic retention. Phosphorylation of
S381 in YAP1 and S311 in TAZ leads to recruitment of SCF E3 ubiquitin, inducing protein
ubiquitination and subsequent degradation (Zhao et al., 2010, Liu et al., 2010). Both YAP1
and TAZ have this phosphodegron, which is a sequence that upon phosphorylation directs
the starting place of protein degradation.
In conclusion, two major ways are suggested for YAP1/TAZ regulation through
phosphorylation by LATS1/2, either through cytoplasmic retention or through degradation.
TAZ protein is very unstable with a half-life shorter than two hours, therefore, degradation
is considered as the main route for TAZ regulation. On the other hand, YAP1 is a relatively
stable protein and is mainly regulated by nucleocytoplasmic shuttling (Zhao et al., 2010,
Liu et al., 2010).
In the last few decades, the number of studies on the Hippo pathway, YAP1 and TAZ has
increased almost exponentially. This has led to a considerable improvement in our
understanding of this pathway. It has also raised two issues. First, no official nomenclature
has been decided for YAP1 or TAZ isoforms leading to studies using distinct isoforms but
all referring to them as ‘YAP1’. Secondly, ‘YAP1/TAZ pathway’ and ‘Hippo pathway’ are
considered as exchangeable. Therefore, in the following paragraphs I will discuss YAP1
and its isoforms and then describe the upstream regulators of YAP1/TAZ, specifying their
dependence on the Hippo pathway.
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1.3.2

Domain composition of YAP1

Regardless of the isoform, YAP1 protein is overall composed of multiple domains (Figure
1-6); a TEAD binding domain (TEAD BD) at the N-terminus, a 14-3-3 binding domain (143-3 BD), one or two WW domains, one coiled coil domain, a transcriptional activation
domain (TAD) and a PDZ binding domain (PDZ-BD) at the protein C terminus (Piccolo et
al., 2014). The YAP1 paralog, TAZ, has the same overall structure. Surprisingly, the
isoforms used in overexpression studies are rarely discussed. This is a major issue since
some reports have shown that the different isoforms differ in signalling capability (Oka et
al., 2008, Oka et al., 2012, Iglesias-Bexiga et al., 2015). Here, I will briefly present the
known differences in the structures of the distinct YAP1 isoforms in Mammals.
In humans, 8 isoforms of YAP1 exist, the major differences being the number of WW
domains and the length of transcriptional activation domain (TAD) (Gaffney et al., 2012).
The human YAP1 gene comprises 9 exons. Exon 2 and exon 3 code for the first WW
domain, while exon 4 codes for the second domain. A short portion of exon 5 and the entire
exon 6 code for 4-20 amino acids in the TAD. The alternative splicing of exons 4, 5 and 6
generate the eight different YAP1 isoforms: four short isoforms containing one WW
domain (also called YAP1-1 isoforms) and four long isoforms containing two WW domains
(also called YAP1-2 isoforms). In mouse, only 2 isoforms have been identified. They both
contain two WW domains, which make them comparable to the long human isoforms. The
difference between those two isoforms is the few additional amino acids present in the
transcriptional activation domain (TAD). Although Marius Sudol has proposed a unified
nomenclature for YAP1 isoforms several times, so far none of them has been widely used
(Gaffney et al., 2012).
For the work in this thesis, I will use the human YAP1-2γ isoform (Figure 1-6) (Gaffney et
al., 2012, Sudol, 2013), which is 504 amino acids long and contains two WW domains as
well as 16 of the extra residues in the transcriptional activation domain (TAD). For an
easier cross-reference between the published literature and this thesis, I have also added in
brackets the commonly used amino acid number when different (Figure 1-6).
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Figure 1-6: Different domains of YAP1-2γ isoform and its binding partners.
Adapted from (Piccolo et al., 2014).

1.3.3

Upstream regulators of YAP1

The Hippo core kinases MST1/2 and LATS1/2 represent the first regulators identified for
YAP1. However, throughout the years several others regulators have been identified.
Interestingly, some of them feed into the Hippo cascade, while others are independent or
even compete with the Hippo pathway. In the following paragraphs, I will mention the most
prominent regulators of YAP1: cell-cell adhesion and polarity, mechanotransduction, cell
density, GPCRs, and finally Wnt signalling. Most of the studies on YAP1 have been done
in the epithelial context, I will therefore introduce the apical-basolateral polarity and
represent an epithelial cell for the summary figure (Figure 1-7). However, since this thesis
concentrates on YAP1 regulation in human and mouse fibroblasts, I will mainly refer to
studies done in the mammalian system.
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1.3.3.1

Cell-cell adhesion and apico-basal polarity – through Hippo

In epithelial cells, apical-basolateral polarity is conventionally described as an asymmetry
in the plasma membrane of the cells. The lateral and basal membranes are continuous and
the apical membrane is separated physically by the presence of tight junctions. The apicalbasolateral polarity contributes to the acquisition of cell shape and regulates directional
transport in epithelial cells.
Loss of this polarity in processes such as EMT, is usually associated with increased cell
migration and tumourigenesis (Kalluri and Weinberg, 2009). The apical membrane faces
the luminal space or the external environment, while the lateral membrane interacts with
neighbouring cells, and the basal membrane interacts with basement membrane. The
epithelial cells adhere to one another through different junctions such as tight junctions
(TJs) and adherens junctions (AJs). Additionally, epithelial cells interact with the basement
membrane through focal adhesions or hemidesmosomes. Although mesenchymal cells are
not polarised, they present different types of cell-cell junctions and therefore some of the
following mechanisms are also relevant in this cell type (Figure 1-7). Interestingly, a lot of
regulators of YAP1/TAZ were identified among junctional and polarity factors.
Sribble/SCRIB defines the basolateral plasma domain, while the apical complex (CRB)
defines the apicolateral membrane (Martin-Belmonte and Perez-Moreno, 2012). Expandin
(EX1), Kibra and Merlin (NF2) interact with Crumbs complex. Merlin/NF2 also interacts
with α-catenin at the adherens junctions or with angiomotin protein at the tight junctions.
All these proteins have been linked to YAP1 regulation and I will briefly explain their
mechanisms of action.
Scribble/SCRIB is a cell polarity component localised at the basolateral membrane of
normal epithelial cells, specifically at cellular junctions such as adherens junctions and tight
junctions (Martin-Belmonte and Perez-Moreno, 2012). When at the membrane, this protein
acts as an adaptor for the two Hippo kinases inducing the MST1/2 mediated activation of
LATS1/2 (Cordenonsi et al., 2011). Upon loss of epithelial architecture (such as during the
EMT process), Scribble/SCRIB delocalises from the plasma membrane leading to the
inactivation of the Hippo cascade (Navarro et al., 2005). Furthermore, recent studies report
that Liver kinase B1 (LKB1) tumour suppressor stabilises the complex between
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Scribble/SCRIB and Hippo kinases at the basolateral membrane leading to inhibition of
YAP1/TAZ activity (Mohseni et al., 2014).
The crumbs complex (CRB) is found at the apical membrane of the epithelial cells. This
complex is composed of the transmembrane protein Crumbs and two cytoplasmic proteins
PALS and PATJ. Overexpression of Crumbs leads to mislocalisation of Expanded away
from the apical membrane and upregulation of YAP1 activity. The detailed mechanism by
which this complex controls the Hippo pathway is not fully understood yet (MartinBelmonte and Perez-Moreno, 2012). One possibility is that Crumbs complex, through
Expandin (EX1), Kibra and Merlin (NF2) (FERM domain containing proteins), controls the
Hippo pathway by regulating the activation of MST1/2 kinases.
Another possibility is that Crumbs complex directly interacts with YAP1 and TAZ leading
to their cytoplasmic localisation. Crumbs complex can also regulate YAP1/TAZ through
angiomotin family proteins (AMOTs). AMOTs proteins interact with the actin cytoskeleton
and localise at the apical membrane in tight junctions. They have been reported to interact
with LATS1/2 and YAP1/TAZ proteins as well (Mana-Capelli et al., 2014). When not
bound to F-Actin, AMOTs bind to the WW domain of YAP1, inducing its cytoplasmic
sequestration. Moreover, the interaction of AMOTs with F-actin is inhibited by LATS1/2
phosphorylation, suggesting an indirect regulation of YAP1/TAZ by LATS1/2 through
stabilisation of AMOTs/YAP1 interaction. On the other hand, AMOTs have also been
suggested as YAP1 positive cofactor preventing its phosphorylation and augmenting its
transcriptional activity (Yi et al., 2013).
Merlin/NF2 is a FERM domain containing protein encoded by neurofibromatosis type II
(NF2) tumour suppressor gene, which links actin cytoskeleton and the plasma membrane
(Chishti et al., 1998). Merlin/NF2 localises at the apico-lateral membrane in tight junctions
and adherens junctions. Overexpression of NF2 in NF2 deficient mammalian breast cancer
cells leads to the inhibition of YAP1/TAZ through LATS1/2 mediated phosphorylation
(Aragona et al., 2013). However, the mechanism by which NF2 regulates the Hippo
pathway, specifically LATS1/2 activity, is not fully understood yet. One possibility is that
NF2 promotes the assembly of the appropriate protein scaffolds to activate LATS1/2, which
leads to YAP1 phosphorylation. Another possibility is through Kibra, which has been
reported to work as a bridge between LATS1/2 and NF2 at cell-cell junctions (Yu et al.,
2010).
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Another reported mechanism is that NF2 recruits LATS1/2 to the cell membrane where it
gets activated by MST1/2-SAV complex (Yin et al., 2013). Finally, a recent study reports
another mechanisms where NF2 operates in the nucleus (Li et al., 2014). When NF2 is
bound to the E3 ubiquitin ligase CRL4, LATS1/2 are active, however, upon loss of
interaction the ligase is unleashed and ubiquitinates nuclear LATS1/2 leading to activation
of YAP1/TAZ transcriptional activity.
E cadherin and α-catenin are two major components of the adherens junctions and have
also been linked to YAP1 activity. Disruption of the interaction between α-catenin and E
cadherin inhibits the LATS1/2 mediated YAP1 phosphorylation leading to YAP1 nuclear
accumulation (Kim et al., 2011). Furthermore, another study on α-catenin showed its ability
to inhibit YAP1 activity independently of LATS1/2 by modulating YAP1 and 14-3-3
interaction through WW domain and S127 (Schlegelmilch et al., 2011).
Finally, the tight junctions are composed of two major types of proteins, the claudins and
the occludins. These proteins are associated with peripheral membrane proteins such as
zona-occludens (ZO), which link the junctions to the actin cytoskeleton. Interestingly, ZO-2
interacts with the PDZ binding domain of YAP1 and acts as a shuttle for YAP1 nuclear
translocation (Oka et al., 2010).
Although this description is not exhaustive, it highlights the complexity of YAP1/TAZ
regulation through junctional and polarity proteins.
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Figure 1-7: Summary of possible YAP1 regulations.
Summary of the various YAP1 regulations in an epithelial cell. Except for the CRUMBS
complex mediated regulation, all the others regulations occur in mesenchymal cells.
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1.3.3.2

Mechanotransduction

Chemical signals are not the only factors to drive cell fate. Other signals coming from tissue
architecture or physical forces are essential as well (Jaalouk and Lammerding, 2009,
Wozniak and Chen, 2009, Halder et al., 2012). Among such stimuli, are the elasticity or
stiffness of the extra-cellular matrix (ECM), the tension from cells pulling on each other, or
the global stretch and compression of a whole tissue are the key ones. These mechanical
signals are omnipresent in biology and their deregulation is linked to the development of a
wide array of diseases sometimes also leading to cancer progression and metastasis.
Mechanotransduction describes the cellular processes by which the cell translates
mechanical stimuli into biochemical signals. With the cytoskeleton and by the action of the
cell-cell or cell-matrix adhesion, cells manage to sense and balance the external stimuli
(Mammoto and Ingber, 2009). Forces generated inside the cells are then transmitted to the
surrounding cells or back to the ECM. The mechanisms by which the cell translates the
mechanical stimuli to biochemical ones are not fully understood yet. In this section, I will
first present general concepts about mechanotransduction and then focus on the possible
regulators of this process, among which YAP1/TAZ are one recently identified regulator
(Figure 1-7).
The first evidence showing a link between tissue architecture and cell fate was published in
1978, demonstrating that the cells would proliferate and differentiate depending to the
shape of the substrate (Folkman and Moscona, 1978). Further studies clarify this concept,
showing that it is the spread area of the cell rather than the number of cell-ECM contacts
that control cell proliferation and differentiation (Watt et al., 1988, McBeath et al., 2004).
On top of distinct tissue architectures, the body presents a wide rage of ECM stiffness in
homeostasis or during malignant processes (Paszek et al., 2005, Cox and Erler, 2011).
While a normal mammary gland has an elastic modulus of 800Pa, skeletal cells will have an
elastic modulus of 5000Pa and bone of around 2GPa. In vitro studies on mesenchymal stem
cells (MSC) highlighted the role of ECM stiffness on cell differentiation (Engler et al.,
2006). The cells differentiate into osteoblasts when seeded on a matrix that mimics the bone
tissue, into myoblasts when seeded on a matrix that mimics the muscles, and into neurons
and adipocytes when cultured on a soft matrix.
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Simultaneously, there are studies linking ECM stiffness with cell behaviour. Mammary
epithelial cells (MEC) embedded in 3D soft matrix form acinus-like structures (spheric
epithelial monolayers with a central lumen). However, when embedded in stiff matrix, they
show fewer cell-cell junctions, are not polarised, cannot form the central lumen but show a
increased migration ability (Nelson and Bissell, 2006, Weigelt and Bissell, 2008). In
conclusion, similarly to chemical signals, mechanical properties around the cells can affect
cell growth, differentiation and migration.
Integrin and the actin cytoskeleton as sensors of the mechanical forces
The machinery linking the cell to the ECM has been much studied revealing the essential
role of integrins and actin cytoskeleton (Vogel and Sheetz, 2006, Parsons et al., 2010).
Integrins are heterodimeric transmembrane receptors which cluster into multiprotein
complexes – called focal adhesions (FA) – providing a direct physical link between the
ECM and the actin cytoskeleton (Schwartz, 2010). Generally, focal adhesions are large and
elongated structures distributed across the lower surface of the cell, which depend on the
small GTPase RHOA. Cells also contain other types of focal complexes, which are smaller,
located at the protruding cell edges and require activation of CDC42 or RAC1 instead of
RHOA. Focal adhesions appear only in the presence of highly contractile actin stress fibres
and myosin inhibitors cause their rapid dissociation. These actin stress fibres can interact
with myosin and together are responsible for cell contractility. Actin is a globular protein
that can either be free as a monomer called G-actin or as a part of a microfilament called Factin. On the other hand, myosin II is a molecular motor that is essential to convert
chemical energy into mechanical force. Upon ATP hydrolyses, myosin promotes the sliding
of the actin filaments relative to one another, leading to contraction of the actin fibres
(Dufort et al., 2011). Contraction of actin stress fibres observed at focal adhesion produces
tension across the cell, allowing the cell to respond to the external mechanical stress. The
linkage between integrins and the actomyosin network is accomplished by a complex
network of protein interactions (Liu et al., 2000, Zaidel-Bar and Geiger, 2010). Major
components of this complex include vinculin, talin and paxillin proteins. The main response
of focal adhesions to forces is the recruitment of new proteins to reinforce the adhesion
complex and resist the newly applied force (Balaban et al., 2001, Elosegui-Artola et al.,
2014). Several pieces of evidence confirm the relevance of this mechanism in vivo.
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Two prominent examples of integrin-dependent processes in which positive feedback acting
on adhesion complexes plays a role are cardiac hypertrophy and remodelling of the smooth
muscle layers in arteries (Brancaccio et al., 2006, Heerkens et al., 2007).
The relationship between the ECM and the actin cytoskeleton is reciprocal. Physical
changes in external environmental forces induce focal adhesion rearrangements, leading to
cytoskeleton reorganisation and generating tension within the cell. In parallel, the activity of
actin cytoskeleton changes cell adhesion through integrins and induces ECM production
and remodelling. This was shown in fibroblasts, where cyclic stretching of the cells induces
the expression of genes linked to ECM production or remodelling (Chiquet et al., 2003).
Also, assembly and extension of the fibronectin network is mechanically regulated and
occurs in the direction of the applied force (Nguyen et al., 2009, Zhong et al., 1998, Baneyx
et al., 2002). Similar observations have been made regarding laminins and type IV collagen
(Streuli and Bissell, 1990). Overall, external forces applied on focal adhesions lead to ECM
production and remodelling in order to resist this newly applied force better.
Application of tension to cells through integrin-dependent adhesions regulates a wide range
of signalling pathways (Chiquet et al., 2003, Orr et al., 2006). This is mediated by
mechanisms associated with focal adhesion rearrangements. Considering the complex
network of proteins present at the focal adhesion, these rearrangements could be very
diverse, such as protein composition, tyrosine phosphorylation, or protein dynamics
(Schwartz, 2010, Geiger and Yamada, 2011). One possibility could be through the
recruitment of different focal adhesion molecules such as vinculin, paxillin or integrin,
which will lead to different signalling (Riveline et al., 2001). Another possibility could be
through the change of conformation, which may affect binding to other proteins leading to
downstream modification in gene expression. For example, cell stretching induces better
phosphorylation of a cytoplasmic Crk-associated substrate (Cas) by activated Src family
kinases (SFK) leading to recruitment of GEFs and activation of small GTPases at the focal
adhesion (Sawada et al., 2006). A third possibility could be through dissociation of focal
adhesion components. As an example, Zyxin, a LIM domain protein, localises at focal
adhesions upon high contractility but moves to the nucleus in response to applied stretch,
thereby inducing gene expression (Cattaruzza et al., 2004). Finally, the stability of focal
adhesions could also govern signalling.
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Newly formed focal adhesions show high levels of active SRC, tyrosine phosphorylation
and promote high RAC and CDC42 activity. On the other hand, older focal adhesions have
less active SRC and promote high RHO activity (Schwartz, 2010). Overall, a close
relationship exists between ECM stiffness, components of focal adhesions and actin
cytoskeleton. Although the machinery linking integrins and ECM have been well
documented, the exact mechanism by which the mechanical signals are transduced into
regulation of gene expression is not fully understood.

YAP1/TAZ as mediators of the biological responses
YAP1 and TAZ have recently been suggested as key mediators of the biological effects
observed in response to ECM elasticity and cell shape (Dupont et al., 2011). In this study,
human epithelial cells cultured on a stiff matrix exhibit a nuclear localisation of YAP1/TAZ
and a high transcriptional activity. This is inhibited when cells are cultured on a soft matrix.
A similar observation was made when the cells are grown on micropatterns of matrix with
similar stiffness but different sizes. Cells on large substrates show nuclear YAP1/TAZ,
whereas cells confined to a small surface present a cytoplasmic localisation. Furthermore, it
has been shown that YAP1/TAZ are required for differentiation of mesenchymal stem cells
(MSC) to osteoblast on hard or large substrates (Engler et al., 2006). Upon depletion of
YAP1 and TAZ, MSCs plated on hard or large substrates could not differentiate into
osteoblasts. MSCs cultured on stiff or large substrates differentiate into adipocytes like
observed on soft or small substrates (Dupont et al., 2011). Interestingly, disruption of
endogenous tensile forces through inhibition of F-actin and myosin inactivates YAP1/TAZ
even in cells cultured on stiff or large substrates (Dupont et al., 2011). In parallel,
overexpression of active DIAPH1 (F-actin nucleator) leads to increased YAP1/TAZ activity.
This was the first evidence that YAP1/TAZ are involved in mediating the response to
mechanical signals. Genetic experiments in fly embryos showed that the expression of actin
polymerization antagonists lead to a decrease in the activity of Yki in developing tissues as
well (Sansores-Garcia et al., 2011, Fernandez et al., 2011). Thus, the regulation of YAP,
TAZ and Yki by actomyosin cytoskeleton is an evolutionarily conserved phenomenon
relevant for the control of organ growth in vivo.
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However the link between focal adhesions, actin cytoskeleton and YAP1/TAZ is still not
completely understood. A recent paper suggests a mechanism whereby mechanical forces
regulate YAP1/TAZ through F-actin-capping and -severing proteins (Aragona et al., 2013).
Cofilin, Capzb and Gelsolin were identified as potential YAP1/TAZ inhibitors. Cofilin and
Gelsolin, also known as actin-depolymerising factors, which increase the turnover of Factin by severing microfilaments. After severing, Gelsolin stays attached to the barbed end
of actin filament in order to prevent filament annealing and polymerisation. CapZ, like
Gelsolin, has an actin-capping function. Accordingly, depletion of Cofilin, CapZ or
Gelsolin, leads to reappearance of F-actin stress fibres, YAP1/TAZ nuclear accumulation
and transcriptional activity.
Another possible mechanism could be similar to the regulation of MAL by the ratio
between G-actin versus F-actin. MAL, also known as MRTF-A, is a transcriptional cofactor
of serum response factor (SRF). Several studies have shown that monomeric G-actin binds
to MAL and causes its nuclear exclusion and functional inhibition (Miralles et al., 2003).
Upon serum stimulation, RHOA gets activated increasing actin polymerisation and
reducing the amount of free G-actin. MAL is therefore free to translocate to the nucleus and
activate SRF-mediated transcription. Although the idea is interesting, several reports
suggest a different route of regulation for YAP1 and TAZ. Firstly, cells on small ECM
substrates display high SRF activity but low YAP1/TAZ activity (Connelly et al., 2010,
Dupont et al., 2011). Secondly, expression of non-polymerisable G-actin is sufficient to
inhibit MAL translocation but has no effect on YAP1/TAZ (Dupont et al., 2011).
Mechanical regulation of YAP1/TAZ has mostly been studied in isolated cells, meaning
this mechanism operates cell autonomously and independently of any cell-cell contacts.
However, in tissues the actin cytoskeleton is also connected to adherens junctions and tight
junctions, transmitting mechanical forces to neighbouring cells (Figure 1-7). Recently one
study showed that in kidney epithelial cells (MDCK) the entry of YAP1 to the nucleus upon
mechanical forces is dependent on E-cadherin extracellular engagement at adherens
junctions (Benham-Pyle et al., 2015). Interestingly, many regulators of the Hippo pathway
display actin-binding domains and therefore could also represent regulators of YAP1/TAZ
during mechanotransduction. Future work will be necessary to understand the possible
interplay between mechanotransduction and Hippo pathway.
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1.3.3.3

YAP1 regulation through Contact Inhibition of Proliferation (CIP)

Contact Inhibition of Proliferation (CIP) is a paradigm of epithelial biology and is the
phenomenon by which a cell ceases to proliferate after contact with other cells (McClatchey
and Yap, 2012). Importantly, CIP is abolished in various types of cancer cells in culture and
represents a hallmark of cancer (Hanahan and Weinberg, 2011). In vitro, culturing of cell
monolayers growing to confluence is used to study CIP. YAP1 and TAZ are nuclear under
sparse conditions but translocate to the cytoplasm when cells are confluent leading to the
inhibition of proliferation and growth (Zhao et al., 2007). Also, S127 phosphorylation of
YAP1 increases during CIP and the overexpression of LATS1/2-insensitive 5SA mutant
allows the cells to proliferate to higher densities. While the first reports suggest an essential
role for Hippo core kinases in YAP1/TAZ regulation during CIP, other data suggest a more
complex mechanism independent of Hippo cascade and similar to regulation observed for
mechanotransduction (Schlegelmilch et al., 2011, Aragona et al., 2013). One possibility to
combine all these different observations is that CIP might be happening in two steps. First,
when cells start to form cell-cell adhesions, Hippo signalling gets activated through
different polarity proteins leading to cytoplasmic translocation of a pool of YAP1/TAZ. As
proliferation continues, cells get confluent leading to decreased mechanical stress leading to
the complete cytoplasmic translocation of YAP1/TAZ.

1.3.3.4

G protein –coupled receptors (GPCRs)

G protein–coupled receptors (GPCRs) represent one of the largest protein family of
receptors. When a ligand binds to one of these receptors, it induces a conformational change
in the GPCR allowing it to act as a guanine nucleotide exchange factor (GEF). The GPCR
can then activate an associated G protein by exchanging its bound GDP for a GTP. The αsubunit of G protein together with the bound GTP can then dissociate from the β and the γ
subunits to further affect intracellular signalling protein. The intracellular targets of Gα
depend on the type of α subunit.
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The role of GPCRs as YAP1 regulators has been identified in a study seeking new
regulators of YAP1 phosphorylation (Yu et al., 2012). Activation of Gs-coupled receptors
by epinephrine or glucagon increases LATS1/2 kinase activity, resulting in inhibition of
YAP1 function. On the other hand, activation of G12/13- or Gq/11-coupled receptors by
lysophosphatidic acid (LPA) or sphingosine 1-phosphate (S1P) inhibits LATS1/2 kinases
resulting in YAP1 activation. Expression of a RhoA dominant-negative mutant, as well as
treatment with RhoGTPase specific inhibitor (C. botulinum toxin C3), leads to YAP1
phosphorylation even upon LPA stimulation. This suggests a major role for RhoGTPases in
YAP1/TAZ regulation downstream of GPCRs. RhoGTPases are known to regulate cellular
actin dynamics. Interestingly, YAP1 activation upon LPA simulation of G12/13- or Gq/11coupled receptors is blocked when cells are treated with actin cytoskeleton inhibitor such as
latrunculin B. Another study reports the role of Gq/11 as YAP1 positive regulator (Feng et
al., 2014). Gq/11 regulation is also dependent on the TRIO-RHO/RAC complex confirming
the role of actin cytoskeleton. However, one major difference compared to the previous
study is that Gq/11 regulation appears to be completely independent of LATS1/2.
Interestingly, two new studies exclude roles for LATS1/2 in regulation of YAP1/TAZ
activity by Rho suggesting a new model for YAP1 regulation by RhoGTPases through Factin (Wang et al., 2014, Sorrentino et al., 2014).

1.3.3.5

Wnt signalling and its crosstalk with the Hippo pathway

Recent work has shown a link between the YAP1/TAZ pathway and Wnt signalling
(Azzolin et al., 2014). At the core of Wnt pathway is the regulation of transcriptional coactivator β-catenin by a cytoplasmic destruction complex composed of APC, Axin, GSK3
proteins. In the absence of Wnt ligand, the destruction complex targets β-catenin. On the
other hand, when Wnt ligand binds to Frizzled family receptor, it causes functional
inactivation of the destruction complex resulting in β-catenin accumulation in the nucleus
inducing transcription of target genes. Interestingly, YAP1 and TAZ have been reported to
interact with Axin and to be part of the β-catenin destruction complex, inducing their
cytoplasmic sequestration. Upon receptor activation by Wnt, the β-catenin destruction
complex collapses and YAP1/TAZ can translocate to the nucleus inducing transcription.
Furthermore, both YAP1 and β-catenin can also form a complex in the nucleus with TBX5
transcription factor (Rosenbluh et al., 2012).

55

Chapter 1 Introduction

1.3.3.6

Other identified YAP1 regulators

In addition to serine phosphorylation or protein-protein interaction, YAP1 can be regulated
through tyrosine phosphorylation or lysine methylation.
YAP1 was first identified as a binding partner of Src family kinases (SFKs) (Sudol, 1994).
This interaction is mediated by the proline-rich SH3 binding domain of YAP1 and the SH3
domain of SFKs (Figure 1-7). In parallel, several tyrosine kinases such as YES, SRC and cABL have been identified as regulators of YAP1 through phosphorylation of the tyrosine
Y357 (Zaidi et al., 2004, Levy et al., 2008, Tamm et al., 2011). Because of their role in
several signalling pathways, tyrosine kinases represent a major regulator of YAP1. So far
their role in YAP1 regulation has been characterised in response to DNA damage (Levy et
al., 2008).
Another regulator of YAP1 is SET 7 (Oudhoff et al., 2013). SET 7 is a lysine
methyltransferase (FMT), which regulates gene expression by modulating chromatin
structure. Recently, lysine methylation of non-histone proteins has been discovered as a
regulatory mechanism to control protein function, primarily by affecting protein stability.
Upon monomethylation of lysine 494 of YAP1 by Set7, the protein gets sequestrated in the
cytoplasm. The mechanism of the nuclear exclusion is however not understood yet.

1.3.4

YAP1 as a co-activator of transcription

YAP1 and TAZ are co-activators meaning they do not bind directly to the DNA but instead
can interact with transcription factors (TF) and stimulate their activity. Furthermore, YAP1
lacks any DNA-binding site but possess a transcription activation domain (Zhao et al., 2008,
Tian et al., 2010). In the mammalian field and before the discovery of Hippo pathway,
YAP1 was isolated as binding partner of TEAD (TEA (transcription enhancer factor)
domain family members), whereas TAZ was isolated as binding partner of Runt-related
transcription factors (RUNX) (Vassilev et al., 2001, Kanai et al., 2000). Further studies
have expanded this list of transcription factors, including TEAD, p73, Runx2 and the
cytoplasmic COOH-terminal fragment of ErbB4 (Yagi et al., 1999, Basu et al., 2003, Strano
et al., 2005, Komuro et al., 2003)

56

Chapter 1 Introduction

So far only TEAD factors have been demonstrated to be important for the growthpromoting function of YAP1 (Zhao et al., 2008, Ota and Sasaki, 2008). In humans, the
TEAD family has four highly homologous proteins sharing DNA-binding TEA domain.
Chromatin immunoprecipitation analyses have shown that YAP1 and TEAD1 bind to
common promoters. Further, TEAD1/TEAD2 knockout mice show a similar phenotype to
YAP1 knockout mice (Sawada et al., 2008). Also, constitutive repression of TEAD factors
blocks YAP1 induced liver overgrowth (Liu-Chittenden et al., 2012).
The three-dimensional structure of the TEAD1 DNA-binding domain has been solved
(Anbanandam et al., 2006). In a study of the three-dimensional structure, YAP1 residues
50-171 form a complex with TEAD1 and interface3 including residues 86-100 is the most
critical for this complex formation (Li et al., 2010). Among these highly conserved residues
at the N terminal of this region, S94 was identified as invariable in YAP1 across species.
Y406 of TEAD1 directly forms a hydrogen bond with S94 in YAP1. The importance of this
binding has been highlighted since mutation of either Y406 in TEAD1 or S94 in YAP1
strongly disrupts YAP1-TEAD1 interaction and abolishes TEAD1 activation by YAP1
(Zhao et al., 2008). This was confirmed with 3D structure between YAP1 and TEAD4
(Chen et al., 2010). TEAD1 mutation (Y421H) is observed in patients with Sveinsson’s
chorioretinal atrophy (SCRA). Interestingly, this mutation is exactly where YAP1 and
TEAD1 are interacting (Kitagawa, 2007).
Genome-wide analyses done by several groups have identified a YAP1/TAZ signature. A
list of genes such as CTGF, CYR61, ANKRD1 is now widely used to monitor YAP1/TAZ
activity. However, all these studies have been made with overexpression of exogenous
YAP1 or TAZ, without loss-of-function experiments. Therefore, the overexpression could
show only a small fraction of YAP1 and TAZ targets and the absence of loss-of-function
experiments prevents the identification of specific direct targets of YAP1 or TAZ. While
writing this thesis, two new papers were published on genome wide analysis of endogenous
YAP1/TAZ, confirming TEAD factors as the main factors for YAP1/TAZ transcriptional
activity and highlighting their specificity. This will be further discussed in the Chapter3
discussion.
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The function of YAP1 in the nucleus might be wider than only transcription of target genes.
Recently, two papers have suggested a role of YAP1 as a general regulator of the
microRNA processing machinery (Mori et al., 2014, Chaulk et al., 2014). The exact
mechanism and the link with YAP1/TEAD interaction still need to be clarified.

1.3.5

YAP1 nucleocytoplasmic shuttling

As previously presented, most of YAP1 regulators are cytoplasmic, and the general idea is
that YAP1 phosphorylation will induce its cytoplasmic retention in the cytoplasm (Zhao et
al., 2007). Upon loss of phosphorylation, both YAP1 and its paralog TAZ can translocate to
the nucleus and activate the transcription of target genes. However, several observations
suggest a more complex regulation of the nucleocytoplasmic shuttling. First,
phosphorylated YAP1 on S127 by LATS1/2 can localise in the nucleus (Wada et al., 2011).
Secondly, LATS1/2 and 14-3-3 proteins have been observed in the nucleus (Brunet et al.,
2002). Also, blockade of Crm1 export machinery by LeptomycinB induces nuclear
accumulation of S127 phosphorylated YAP1 or non-phosphorylated YAP1 in cells
previously treated with actomyosin inhibitor such as Y27632, Blebbistatin, Latrunculin A
(Ren et al., 2010, Dupont et al., 2011). Finally, in vivo, YAP1 S127A mutant, insensitive to
LATS1/2 phosphorylation, is not restricted only to the nucleus (Barry et al., 2013).
Although several YAP1 partners have been identified, the mechanism by which YAP1
shuttles from the cytoplasm to the nucleus is still enigmatic. Posttranslational modifications
as well as protein-protein interactions could represent potential candidates.
Serine phosphorylation of YAP1 by serine/threonine protein kinases such as LATS1/2 or
Akt could regulate the binding of YAP1 to cytoplasmic partner(s) such as 14-3-3.
Cytoplasmic 14-3-3 can sequester YAP1 in the cytoplasm. However the presence of YAP1
phosphorylated on S127 in the nucleus and the observation that 14-3-3 shuttles between the
cytoplasm and the nucleus (Brunet et al., 2002), suggest another mechanism. Upon loss of
the interaction in the nucleus, YAP1 could interact with nuclear 14-3-3 leading to its
translocation to the cytoplasm and further sequestration. Phosphorylation of S127 in the
nucleus could represent the first event for YAP1-14-3-3 interaction in the nucleus.

58

Chapter 1 Introduction

A similar scenario could take place upon tyrosine phosphorylation of YAP1 by tyrosine
protein kinases such as SRC or c-ABL. While most SRC family kinases (SFK) are found at
plasma membrane, c-ABL shuttles continuously between the nucleus and the cytoplasm
(Taagepera et al., 1998). YAP1 phosphorylation by c-ABL has been shown to stabilise the
interaction between YAP1 and p73 inducing transcription of pro-apoptotic genes (Levy et
al., 2008). On the other hand, YAP1 phosphorylation by the tyrosine kinase YES1 on Y357
is essential for YAP1 nuclear interaction with β-catenin and TBX5 inducing anti-apoptotic
gene expression (Rosenbluh et al., 2012). Also since the SFKs and c-ABL have been linked
to cytoskeleton regulation, they could represent a link between mechanotransduction and
YAP1 shuttling. Overall, tyrosine phosphorylation of YAP1 could regulate nuclear
accumulation through stabilisation of YAP1 interactions with nuclear partners.
Besides the interactions induced by posttranslational modifications, YAP1 has several
motifs involved in protein-protein interactions. The WW domain is one of them. This
domain is named after two tryptophan (WW) residues spaced 20-22 amino acids apart,
which are essential for the domain structure and function. WW domains recognise short
proline-rich motifs of diverse proteins such as LATS1/2, AMOT or ErbB4 (Sudol and
Hunter, 2000, Webb et al., 2011). These different interactions could lead to either
cytoplasmic accumulation (AMOT) or nuclear accumulation (COOH-terminal fragment of
ErbB4). Another domain is the PDZ-binding domain present at the C-terminus of YAP1.
This domain binds to PDZ-domain-containing proteins such as zonula occludens protein
(ZO). Interestingly, ZO-2 has been reported to act as a shuttle, facilitating YAP1
translocation from the cytoplasm to the nucleus (Oka et al., 2010). Finally, the proline-rich
domain - first domain identified in YAP1 – has been shown to interact with several Src
family kinases (Sudol, 1994).
Overall, there are numerous regulators of YAP1 subcellular localisation, however the
mechanisms by which they affect YAP1 dynamics are still not completely understood.
What is the nucleocytoplasmic shuttling machinery? What are the rates of import and
export of YAP1? To what extent do the interactions with nuclear or cytoplasmic partners
affect YAP1 mobility?
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1.3.6

YAP1 function in vivo

In Drosophila, Yki is required for the proliferation of several embryonic tissues and the loss
of the different Hippo pathway components or F-actin inhibitors induces tissue overgrowth
(Halder and Johnson, 2011). This function is conserved in mammals. Germline deletions of
MST1/2 or LATS2 lead to early embryonic death caused by multiple defects, around
embryonic day E8.5 and E10.5 respectively (McPherson et al., 2004, Zhou et al., 2009),
confirming the role of Hippo pathway in vivo. Germline knockout embryos of both
YAP1/TAZ die before implantation (Nishioka et al., 2009). Interestingly, this could be
linked to the first cell fate decision occurring at the blastocyst stage, where the outer cells of
the blastocyst differentiate into trophectoderm. These cells acquire strong apico-basal
polarity and show a nuclear enrichment of YAP {Nishioka, 2009 #469}. On the other hand,
cells from the inner cell mass are not polarised and show a cytoplasmic localisation of
YAP1. Knockout of only YAP1 leads to embryonic lethality around embryonic stage E8.5
(Morin-Kensicki et al., 2006). The embryos show defects in body axis elongation, in neural
morphogenesis, in the formation of the yolk sac vasculature and in choriollantoic fusion.
Furthermore, the TEAD1/2 knockout embryos exhibit a similar phenotypes (Sawada et al.,
2008). The mechanisms that regulate YAP1/TAZ at these early stages of development are
not fully understood but most likely involve partners described earlier in this chapter.
Overexpression of YAP1 in adult mouse leads to increase in organ size, increased cell
proliferation, and tumorigenesis (Dong et al., 2007, Camargo et al., 2007). Studies of YAP1
function in specific organs have been possible with the use of conditional knockout alleles
and inducible transgenic mice. Overall, organ specific YAP1 overexpression in the adult
mouse at homeostasis leads to hyperproliferation, defective differentiation and increased
organ size. This has been shown in the liver, the heart, the intestinal epithelium, the
epidermis, the nervous system and the pancreas (Camargo et al., 2007, Dong et al., 2007,
Schlegelmilch et al., 2011, Zhang et al., 2011, Lavado et al., 2013, Gao et al., 2013, Piccolo
et al., 2014).
On the other hand, tissue-specific knockouts of YAP1 during embryonic development show
decreased cell proliferation and increased apoptosis, leading to defects in morphogenesis of
several organs. This was shown in the liver, the heart, the epidermis and the kidney (Zhang
et al., 2010, Xin et al., 2013, Schlegelmilch et al., 2011, Reginensi et al., 2013).
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Interestingly, YAP1 knockout had no effect on the intestinal epithelium, nervous system or
pancreas development at adult homeostasis (Cai et al., 2010, Lavado et al., 2013, Zhang et
al., 2014b). However, it induces severe defects in epithelial proliferation and crypt
repopulation during intestinal regeneration.
Furthermore, in most of these studies, YAP1 function is dependent on TEAD transcription
factors. Phenotypes observed after YAP1 overexpression in the liver and the heart are
abrogated when the endogenous YAP1 is unable to bind to TEAD factors or if TEAD
factors are deleted simultaneously. Also knock-in of YAP1 mutant unable to bind TEAD
does not rescue the phenotype observed after endogenous knockout.
Overall, most of the mechanisms that regulate YAP1 and TAZ in early development are not
understood yet. Further studies are required to establish the link between the different
partners identified in vitro and the role of YAP1 in vivo during development or in adult
mice.

1.3.7

YAP1 in cancer

YAP1 is amplified in several human cancers (Overholtzer et al., 2006, Muramatsu et al.,
2011) and its expression in solid tumours is strongly correlated with poor patient outcome
(Steinhardt et al., 2008, Wang et al., 2010, Hall et al., 2010, Ge et al., 2011). Immunohistochemical analyses of human tumour samples further confirmed that YAP1 is active in
several types of cancers such as late-stage ovarian, colon, gastric, liver, oesophageal, nonsmall-cell lung cancers and lobular type of invasive breast cancers (Piccolo et al., 2014).
Experimentally, YAP1 expression induces EMT (Overholtzer et al., 2006), enhances in
vitro invasion and promotes tumour growth and metastasis in vivo (Wang et al., 2012,
Lamar et al., 2012). As mentioned previously, tissue-specific overexpression of WT YAP1
or constitutively active 5SA mutant results in tissue overgrowth and tumour formation
(Dong et al., 2007, Camargo et al., 2007). Also, YAP1 deletion blocks the development of
pancreatic ductal adenocarcinomas after conditional mutation of KRAS and p53 (Zhang et
al., 2014b).
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Overall, these studies suggest that YAP1 promotes some of the key hallmarks of cancer
such as uncontrolled proliferation, prevention of cell death and increased dissemination
ability (Dupont et al., 2011, Moroishi et al., 2015). Surprisingly, most of the studies on
YAP1/TAZ during cancer progression have been done in epithelial cells; its role in stromal
cells still needs clarification.
The drivers of YAP1/TAZ upregulation during cancer development are not clearly
understood yet. However, one striking observation is that several Hippo pathway
components (except NF2) are infrequently mutated or overexpressed in human cancers
(Harvey et al., 2013). Although no difference is observed at genomic level, the Hippo
pathway could be modulated through non-genetic events. As an example, loss of polarity in
epithelial cells during EMT results in modification of the Hippo cascade. During this
transition, epithelial cells lose their cell-cell adhesion and gain migratory and invasive
properties, leading to the loss of YAP1/TAZ regulation through the upstream components
of the Hippo pathway. As mentioned earlier, several different upstream regulators of YAP1
exist and could potentially control YAP1 activity during tumour formation as well.
Mutations in some of the upstream regulators of YAP1 could therefore be important for
priming tumour growth. Liver kinase B1 (LKB1) is a tumour suppressor, which is mutated
in 15-35% of non-small cell lung carcinomas and 20% of cervical carcinomas. Interestingly,
LKB1 has been linked to the Hippo cascade, because it can regulate the localisation of
Scribble and therefore induce activation of LST1/2 and LATS1/2 (Mohseni et al., 2014).
Another example is that of the GPCRs. As explained previously, mutations in GNAQ and
GNA11 genes lead to increased YAP1 activity, either though inhibition of LATS1/2 or
through actin polymerisation and dissociation of AMOT-YAP1 complex.
These studies highlight the therapeutic potential of YAP1 and TAZ inhibition to control
cancer development. The best targets for small-molecule therapeutics are generally kinases.
However, due to the complexity of YAP1 upstream network regulators and the fact that the
key kinases are tumour suppressors, the main focus has been on the interaction between
YAP1 and its nuclear partners so far. Verteporfin belongs to the porphyrin family and
abrogates the interaction between YAP1 and TEAD factors. This small molecule was
shown to inhibit uveal melanoma cell tumorigenesis and proliferation as well as YAP1
induced liver tumorigenesis in vivo (Liu-Chittenden et al., 2012, Feng et al., 2014).
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VGLL4 is a natural inhibitor of the YAP1-TEAD interaction and has been shown to be
downregulated in human gastric cancer. Recent data using a peptide-based YAP1 inhibitor
mimicking VGLL4 function showed its efficiency to suppress gastric cancer growth (Jiao et
al., 2014).

1.4 Aim of this thesis
In this introduction chapter, we have first discussed the role of fibroblasts in homeostasis as
well as their implication in diseases such as fibrosis or cancer. Secondly, the role of YAP1
as a key player of signalling pathways has been highlighted. Finally, the correlation
between YAP1 and poor prognosis in cancer progression has been discussed. In tumour
biology, YAP1 expression or activity has not been studied in other cells than cancer cells.
Cancer-associated fibroblasts present in the tumour stroma have increased ECM
remodelling abilities. Moreover, increased ECM stiffness is a feature of most solid tumours
and can regulate YAP1 through mechanotransduction. This could highlight a potential link
between ECM remodelling and YAP1 activity in stromal cells.
In this thesis, I will therefore focus on the role and regulation of YAP1 in normal fibroblasts
(NFs) versus cancer-associated fibroblasts (CAFs). In the first part of the results, I will
analyse the upregulation of YAP1 activity and highlight the role of mechanotransduction as
YAP1 regulator in fibroblasts. Then I will study YAP1 dynamics with the aim to
understand the mechanisms and regulation of its nucleocytoplasmic shuttling. Finally, I will
assess the role of YAP1 in fibroblasts in vivo using transgenic mice harbouring YAP1
knockout in different mesenchymal cells.
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Chapter 2.

Materials & Methods

2.1 Reagents and Chemicals
Adenosine triphosphate (ATP), β-mercaptoethanol, Bromophenol blue, Bovine serum
albumin (BSA), Deoxynucleotides (dNTPs), Dimethylsulfoxide (DMSO), Ethanol (EtOH),
Ethylene diamine tetraacetic acid (EDTA), Formaldehyde (FA), Glycine, 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Hydrochloric acid (HCl), Lithium
chloride (LiCl), Methanol (MeOH), IGEPAL (NP40), Paraformaldehyde (PFA),
phenylmethanesulfonylfluoride (PMSF), Polybrene (Hexadimethrin bromide), Ponceau S,
Potassium chloride (KCl), Potassium phosphate (KH2PO4), Proteinase K, Sodium butyrate,
Sodium deoxycholate, Sodium phosphate (Na2HPO4), Sodium hydroxide (NaOH),
Tetramethylethylenediamine (TEMED), Tris base, Tris HCl, TRITON X100, Tween-20 and
Xylene cyanol FF were all purchased from SIGMA. Acetic acid, 40 % acrylamide solution,
glycerol, magnesium chloride (MgCl2), sodium acetate, sodium chloride (NaCl), and
sodiumdodecyl sulphate (SDS) were purchased from Fisher Scientific. UltraPure agarose
was purchased from Invitrogen. Proteinase inhibitor cocktail were purchased from Roche.

2.1.1

Enzymes

Restriction enzymes were purchased from New England BioLabs (NEB) and were supplied
and used with the appropriate buffers. PCR reactions were performed using either High
Fidelity Phusion polymerase (PCR Kit with HF Buffer from NEB) or Hot Star Taq Plus
Polymerase (PCR Kit with 10X and Q buffers from Qiagen). DNA polymerase 1 (Klenow
fragment), Alkaline Phosphatase Calf Intestinal (CIP), T4 DNA Ligase, Quick ligase and
their appropriate buffers were purchased from NEB.

2.1.2

Buffers and solutions

Some common buffers and solutions are listed below:
Phosphate buffered saline (PBS)
1.5 mM KH2PO4, 8 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, pH 7.4
Tris buffered saline (TBS)
137 mM NaCl, 2.7 mM KCl, 20 mM Tris HCl, pH 7.4
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TE buffer
10 mM Tris HCl pH 7.5, 1 mM EDTA
50 x TAE
2 M Tris-acetate (242 g Tris base + 57.1 ml glacial acetic acid per litre), 0.05 M EDTA pH
8.0
10 x Protein Electrophoresis Buffer
1.92 M glycine, 0.25 M Tris Base
SDS running buffer
100 ml of 10 x protein buffer, 890 ml distilled water (dH20), 10 ml 10 % SDS
Transfer buffer
100 ml of 10 x protein buffer, 699 ml distilled water (dH20), 200 ml methanol, 1 ml
10 % SDS
Stripping buffer
0.15 M glycine pH 2.5, 0.4 % SDS
5 x SDS sample buffer
0.32 M Tris pH 6.8, 10 % SDS, 50 % glycerol, 3M β-mercaptoethanol, 0.05 %
bromophenol blue
6 x DNA loading buffer
0.25 % bromophenol blue, 0.25 % xylene cyanol FF, 30 % glycerol

2.1.3

Cell-culture reagents

Fetal calf serum (FCS) was purchased from Labtech. Matrigel was purchased from BD
Biosciences. DMEM, Opti-MEM and Penicillin-Streptomycin (Pen-Strep) were purchased
from Gibco. Inhibitors used are the following:

Inhibitor

Supplier

Concentration used

ROCK inh. Y27632

Calbiochem

10 µM

Blebbistatin

Calbiochem

10 uM

Src inh. Dasatinib

LC Laboratories

0.5 µM

Leptomycin B

LC laboratories

50 nM

All inhibitors were diluted to the appropriate concentration either in H 2O or
Dimethylsulfoxide (DMSO) as requested by the supplier.
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2.2 Cell culture manipulations
2.2.1

Cell lines

Mouse breast cancer fibroblasts were isolated from transgenic FVB/n mice expressing the
Polyoma Middle T antigen oncogene under the Mouse Mammary Tumour Virus promotor
(MMTV-PyMT). Fibroblasts were isolated from normal mammary glands, hyperplastic
(HpAF), adenoma (AdAF) and carcinoma mammary tissues (CAF), generally from 6 weekold females. The cells were subsequently immortalised with the Human Papillomavirus
(HPV-E6) retrovirus. More detailed information regarding fibroblast isolation can be found
in the publication (Calvo et al., 2013).
Human vulval (VCAF), Cervival (CerCAF) and Head and Neck (HNCAF) fibroblasts were
isolated from patient tissue samples and immortalised by pBABE-Hygro-hTERT retroviral
transfection (Human Telomerase Reverse Transcriptase) by Steven Hooper – Senior
Officer/Super Hero in our lab. HEK293FT and NIH3T3 were used for chromatin
immunoprecipitation experiments.

2.2.2

Cell culture

All fibroblasts were cultured in DMEM media containing 10% FBS and insulin-transferrinselenium (Invitrogen) at 37°C and 10% CO2. HEK293FT were cultured in DMEM media
containing 10% FBS (Invitrogen) at 37°C and 10% CO2. The cells were removed from the
cell culture dish with 0.1% trypsin and 0.02% versene (both purchased from Life
Technologies) after washing with PBS. Trypsin was neutralised by addition of cell culture
media containing 10% FBS.

2.2.3

Transient DNA transfections

All the fibroblasts were transfected with Lipofectamine 2000 reagent. Prior to the
transfection, 100000 cells for murine fibroblasts and 150000 cells for human fibroblasts
were cultured for 24 h in 6-well plates in order to transfect them at 90%. confluence. The
media was changed to 800 µl Opti-MEM containing 5% FBS 30 minutes prior to the
transfection.
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On the day of transfection two tubes were prepared (for one well):
Tube 1: 2 µg DNA in 100 µl Opti-MEM
Tube 2: 4 µl of Lipofectamine in 100 µl Opti-MEM
The two tubes were mixed and incubated for 30 minutes. The transfection mix was added
drop wise to cells and incubated for 3-5 h at 37 °C. Subsequently, the transfection mix was
removed and normal media was added.

2.2.4

Transfection of siRNA oligos

siRNA oligos were ordered from Dharmacon and stock concentrations were made up at 20
µM. Smart pools were generated by mixing an equal volume of each of the four siRNAs
oligos for a single gene. The Allstars non-targeting siRNA oligo (Qiagen) was used as a
control. All the fibroblasts were transfected with DharmaFECT 1 transfection reagent
(Dharmacon) with a final siRNA concentration of 100 nM. Prior to the transfection 100000
cells for murine fibroblasts and 150000 cells for human fibroblasts were cultured for 24
hours in 6-well plates in order to transfect them at 90%. confluency. The media was
changed to 800 µl Opti-MEM containing 5% FBS 30 minutes prior to the transfection.
On the day of transfection two tubes were prepared (for one well):
Tube 1: 98 µl Opti-MEM and 2 µl DharmaFECT transfection reagent
Tube 2: 95 µl Opti-MEM and 5 µl siRNA (20 µM stock)
Tube 1 and 2 were mixed and incubated for 20 minutes. The transfection complexes were
added drop wise to the cells cultured in 6-wells. The cells were incubated 5 hours or
overnight then the media was removed and the cells washed with PBS and 2 ml fresh
DMEM media was added.
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The sequences used for transient knockdown experiments are shown below:
YAP1 MOUSE (Gene ID 22601)
YAP1 ♯1

D-010505-01

GGAGAAGUUUACUACAUAA

YAP1 ♯2

D-010505-02

CCACCAAGCUAGAUAAAGA

YAP1 ♯3

D-010505-03

GAGAUGCAAUGAACAUAGA

YAP1 ♯4

D-010505-04

CAAUAGUUCCGAUCCCUUU

Control
Allstars

2.2.5

1027281

Sequence not specified

Generation of stable cell-lines

Lentivirus with EYFP-YAP1 plasmids was first produced by Calcium Phosphate
Transfection in HEK293FT. 750000 cells were plated and cultured for 24 hours in 6 wellplate. The next day two tubes were prepared:
Tube1:

5 ug in total of DNA (three and EYFP-YAP1 lentivirus)
50 µl of 2.5 mM CaCl2
dH2O to 500 µl

Tube2:

500 µl of HEPES

Tube 1 and 2 were mixed by adding the content of tube1 slowly to the tube 2 while
bubbling the HEPES. After 30 min at room temperature, the mix was vortexed and added to
the cells in 2ml fresh media. After 24 hours, medium was replaced with the addition of
sodium butyrate 10 mM to stimulate virus production for 6 hours, fresh media was then
added to the cells. The next day, the viruses were collected, filtered (0.45 µm) and added to
fibroblasts with polybrene (8 µg/ml). After 48 hours, the viruses were removed and cells
were washed with PBS. Cells were then cultured as normal and FACs sorted for EYFP+
population.
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2.2.6

Flow cytometry sorting

Flow cytometry sorting was used to purify cells stably expressing EYFP protein using
530/30 Blue-A laser. To prepare cells for flow cytometry sorting, cells were trypsinised
then collected in PBS. After centrifugation, the cells were resuspended in sterile PBS and
filtered through a 70 µm sterile cell filter (BD Falcon). The filtered cells were then
transferred to a polypropylene FACS tube (BD Falcon) and kept on ice. The sorted cells for
cell culturing were collected in a polypropylene FACS tube containing 500 µl DMEM
media and replated and culture as normal.

2.2.7

ECM remodelling assays

To assess force-mediated matrix remodelling, 75000 cells were embedded in 100 µl of
collagen I/Matrigel mix and seeded on a 35-mm glass-bottom MatTek dish (P35-1.5-14-C,
MatTek). Once the gel was set (37°C for one hour), cells were maintained in normal media
(unless otherwise stated). Gel contraction was monitored daily by taking photographs of the
gels. Unless stated otherwise, the gel contraction value refers to the contraction observed
after 3 days. To obtain the gel contraction value, the relative diameters of the well and the
gel were measured using ImageJ software, and the percentage of contraction was calculated
using the formula 100× (well diameter − gel diameter)/well diameter

2.2.8

Cell proliferation assays

To assess the proliferation rate of the cells, they were counted and 30000 cells were plated
and cultured overnight. After 24 hours, 48 hours and 72 hours, the cells were trypsinised
and counted. Trypan blue was used to assess the viability.
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2.3 Nucleic acid manipulations
2.3.1

Preparation of DNA

Plasmid DNA was prepared from small overnight bacterial cultures in lysogeny broth (LB)
with the appropriate selection (Ampicillin or Kanamycin – 50 ug/ml). For plasmid DNA
purification the QIAfilter Plasmid Midi kit (Qiagen) or the QIAprep Miniprep kit (Qiagen)
was used. For mini preps the lysates were neutralized, adjusted to high salt binding in a
single step, and subsequently cleared by centrifugation. Plasmid DNA was then purified on
a silica membrane. For midi preps the lysates were applied to a QIAGEN Anion-Exchange
Resin under low-salt and pH conditions.
Subsequent washes removed RNA, proteins, and low molecular-weight impurities. The
plasmid DNA was then eluted, precipitated with propan-2-ol and centrifuged to pellet the
DNA. The DNA pellet was washed with 70 % ethanol and resuspended in TE buffer.

2.3.2

Quantification of nucleic acids

The DNA concentrations of minipreps, midipreps and RNA extraction were measured using
the Nanodrop Spectrophotometer (Nanodrop) to measure the absorbance at 260 nm.

2.3.3

PCR Mutagenesis

The study of the nucleotide sequence was performed to find restriction sites that could be
used to clone in and out of the vector/gene of interest. Mutagenesis primers were designed
to change the nucleotides and cause the expression of another amino acid to be coded at the
position of interest. Mutagenesis was carried out by PCR in 2 steps. The first step of the
PCR was performed to amplify the front half of the fragment using a forward primer
(including the restriction site) and the reverse mutagenesis primer (including the nucleotides
mutations). A similar PCR was performed to produce the second piece of the fragment,
using a reverse primer including the restriction site and the forward mutagenesis primer.
These two PCR products were then purified and used in the second step of the PCR. For
this PCR, the two PCR products previously made and the two primers (containing the
restriction sites) were mixed together.
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The two PCR products from the first step will bind to each other and prime each other, as
the area covered by the mutagenesis primers is over-lapping and complementary. The
product from the 2nd round of PCR is purified and then digested with the appropriate
restriction enzymes. The vector is digested with the same restriction enzymes and treated
with calf intestinal phosphatase (CIP). Ligations were then carried out as below.

2.3.4

Polymerase chain reaction (PCR)

Polymerase chain reactions were carried out using the following reagent mix and
temperature cycles listed below.
For DNA cloning:
1 µl DNA template (10 ng)
10 µl 5X buffer (supplied with Phusion polymerase)
2.5 µl Forward primer (25 pmol)
2.5 µl Reverse primer (25 pmol)
2 µl dNTPs (400 µM)
0.5 µl Phusion polymerase (NEB)
dH2O to 50 µl
Temperature cycles
98 °C 5 min
98 °C 30 sec

denaturation

52 °C 30 sec

annealing

72 °C 30-120 sec extension

-

return to denaturation × 25 cycles

72 °C 10 min
4 °C hold
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For mouse DNA genotyping:
2 µl DNA extracted from mouse tissues
5 µl 10X buffer (supplied with Hot Star Polymerase Kit)
10 µl Q buffer (supplied with Hot Star Polymerase Kit)
2.5 µl Forward primer (25 pmol)
2.5 µl Reverse primer (25 pmol)
2 µl dNTPs (400 µM)
0.5 µl Hot Start Polymerase
dH2O to 50 µl
Temperature cycles
94 °C 10 min
94 °C 30 sec

denaturation

58 °C 30 sec

annealing

72 °C 60 sec extension

-

return to denaturation × 35 cycles

72 °C 10 min
4 °C hold
2.3.5

Agarose gels

Agarose was melted in 1 x TAE buffer in the microwave at concentrations between 0.5 and
1 % depending on the DNA fragments to be separated. Gel red nucleic acid (Biotium) was
added at a concentration of 10,000X from the stock provided, before casting the gel. DNA
samples were mixed with 6 x DNA loading buffer and loaded. A 2-log DNA ladder (0.110Kb) from NEB was also loaded to help identify DNA fragment sizes. Gel electrophoresis
was performed in 1xTAE buffer at 100V. DNA was visualised using a UV transilluminator
and if required the band of interest was cut out from the gel.

2.3.6

Purification of DNA from agarose gels

DNA was purified from agarose gels using QIAquick Gel extraction kit (Qiagen). The
agarose band containing the DNA was dissolved at 65 °C in 3 volumes of Buffer QG. Then,
one volume of isoproponal was added and the solution applied to a Qiaquick column. The
column was subsequently washed, dried and the DNA eluted in dH2O.
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2.3.7

Restriction enzyme DNA digest

For the DNA digest the following reagents and concentrations were mixed and incubated at
37 °C for one hour:
2 µg DNA
5 µl 10X buffer
1 µl BSA (if required)
1 µl Restriction enzyme
dH2O to 50 µl

2.3.8

Klenow blunting of DNA ends

If required, DNA ends were blunted using Klenow, which has polymerisation and 3'→ 5'
exonuclease activity.

Following restriction enzyme digestion of DNA, the restriction

enzymes were heat inactivated.
Subsequently 2 µl of dNTPs (400 µM) and 1 µl of Klenow were added and the reaction
incubated at 37 °C for 30 minutes before a final heat inactivation at 75 °C for 20 minutes.

2.3.9

Calf intestinal alkaline phosphatase treatment

Following restriction enzyme digest of vectors intended for ligation reactions, the vectors
were treated with calf intestinal alkaline phosphatase (CIP) to remove 5’ phosphate groups.
1 µl of CIP was added to the digestion reaction and incubated at 37 °C for 20 minutes.
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2.3.10 Ligation of DNA fragments
Ligation reactions were set up using 1 vector for 3 inserts ratio. The volumes were
calculated using the gibthon ligation calculator (http://django.gibthon.org/tools/ligcalc/).
Each ligation was set up at a 20µl reaction with the following components:
2 µl T4 ligase buffer
x µl Vector DNA (value of quantification)
y µl Insert fragment DNA (value of quantification)
1 µl of ATP 100mM
1 µl T4 ligase
dH2O to 20µl
The reactions were first made without the T4 ligase. After 5 minutes at 45°C, the reaction
was cooled down at 4 °C for one minute. After the addition of the T4 ligase, the reactions
were incubated at 4 °C overnight or at room temperature for a minimum of 3 hours. The
reactions were finally transformed in competent E.coli.
For the quick ligation the following components were used:
For a quick ligation, vector and inserts were mixed at the 1:3 ratio in a total volume of 9 µl.
Then, 10 µl of 2x buffer and 1 µl of quick ligase were added and the reaction was incubated
for 5 minutes at room temperature before transformation.

2.3.11 DNA sequencing
DNA constructs were checked by sequencing using the Big Dye terminator (BDT) kit
(Applied Biosystems). For each sequencing reaction the following components were used:
8 µl BDT reaction mix
1 µl DNA to sequence (100ng)
1 µl Primer (4pmol) and 10 µl dH2O
The temperature cycles were the following:
96 °C 1 min
96 °C 10 sec -denaturing
50 °C 5 sec - annealing
60 °C 4 min – extension

-

return to denaturing x 25 cycles

4 °C hold
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After PCR, DNA for sequencing was purified using Performa DTRGel filtration Cartidges
(EdgeBio). The purified DNA was then dried using vacuum centrifugation and analysed by
the in house research services laboratory.

2.3.12 RNA extraction
RNA for quantitative real time PCR analysis was extracted from cells by using the RNeasy
mini kit (Qiagen). The cells were lysed in RLT buffer containing 1% β-mercaptoethanol
and the lysate was homogenised by passing it through a 21-gauge needle for up to 10 times.
Then 70 % ethanol was added and the sample was loaded onto a spin column. DNA digest
was carried out on the column before the column was washed and the RNA was eluted with
RNAase free water.

2.3.13 Preparation of cDNA
Complementary DNA (cDNA) was prepared by reverse transcription of 2 µg of total RNA.
The following components were mixed and heated to 70 °C for 5 minutes before being
incubated on ice for 5 minutes.
2 µg of total RNA
2 µl Random primer mix (Promega)
1 µl RNAsin ribonuclease inhibitor (Promega)
Nuclease-free water up to 14 µl
The reagents listed below were added to the samples and the mix was subsequently
incubated at room temperature for 10 minutes before incubated for another 50 minutes at
40°C.
5 µl M-MLV RT 5 x buffer (Promega)
2 µl dNTPs (400 µM)
1 µl M- MLV Reverse Transcriptase (Promega)
3 µl nuclease-free water (up to 25 µl)
Finally nuclease-free water was added up to 100 µl for a starting amount of 2 µg RNA, or
50 µl for a starting amount of 1 µg of RNA. 1 µl of this cDNA was used in subsequent
QRT-PCR reactions.
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2.3.14 Quantitative Real-Time PCR (QRT-PCR)
QRT-PCR was used to determine the expression of mRNAs of interest relative to a control
mRNA. As a housekeeping gene Gapdh or Lamc2 were used (see list of oligonucleotides
below). Platinum SYBR Green qPCR SuperMix-UDG with Rox (Invitrogen) was used in
conjunction with a 7900HT Fast Real-Time PCR system (Applied Biosystems). Reactions
were set-up on ice in a 96 well optical reaction plate (Applied Biosystems) as outlined
below:
12.5 µl Platinum SYBR Green qPCR SuperMix-UDG with Rox
0.5 µl Forward primer (0.5 pmol)
0.5 µl Reverse primer (0.5 pmol)
1 µl cDNA
10.5 µl dH2O
The temperature cycles were the following:
50 °C 2 min
95 °C 10 min
95 °C 15 s Denaturing
60 °C 60 s Annealing/Extension

-

return to denaturing x 40 cycles

4 °C hold
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The following DNA oligonucleotide primers, Forward (F) and Reverse (R), were used:

Target
Gapdh
Anln
Ankrd1
Amolt2
Ctgf
Cyr61
Ddah1
Diaph1
Diaph3
Flna
Inhba
Lamc2
Myh10
Myl9
Plac8
Sdpr
Tagln
Thbs1
WWRT1 (TAZ)
YAP1

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

MOUSE PRIMERS
Sequence
GTGCAGTGCCAGCCTCGTCC
GCCACTGCAAATGGCAGCCC
TGGGGCTGAGCAGATGGTCG
TCCGGGACTGGCCATAACTGAAGA
AAACGGACGGCACTCCACCG
CGCTGTGCTGAGAAGCTTGTCTCT
AACCGCCACCTGGCAAGCAA
GGTCCTCGATGGCACCACGC
CCCTGCCCTAGCTGCCTACCG
GCTTCGCAGGGCCTGACCAT
GCCGTGGGCTGCATTCCTCT
GCGGTTCGGTGCCAAAGACAGG
TGCACAGAAGGCCCTCAAGATCA
AGCAGCAGGTGAGCAAGCCG
CGACGGCGGCAAACATAAG
TGCAGAGGAGTTTCTATGAGCA
GAGAAGCGACCCAAGTTGCAT
GAAGGGGAGGTCTCTCTTTCTT
GTACCGTGTCCGGGCTGTGC
ACATGCTCGCCACCGAAGCG
CGATGTCACCCAGCCGGTGC
TGTCTTCCTGGCTGTGCCTGACT
GGACACGGTGCAGCTGGTGATT
TTCCTCTGCCGACGCACCCT
GGAGCAGATGGAGAAGGCTAAT
TCTAGCGATGCCCCCTCAA
AGGCCTCAGGCTTCATCCACGA
ATGGGGTCTAGGCACTGGGGC
TCAGTGACTGCGGAGTCTGCC
CAGAGCTCTTGCCATCCAGCTCC
GCCCAGCAGGTGCGCTATGA
CGGGGTGGCTTCCACGAGGT
AGGCGGCCTTTAAACCCCTCACC
CGGCCTACATCAGGGCCACAC
GCGTTGCCAGGCTCCGAGTT
GGTGCGCAGGCCCTTCAGTT
GGCCCTATCATTCACGGGAG
TCTGACCGGAATTTTCACCTGT
ATCCCAGCACAGCAAATGCTCCAAA
TGGGGTCCGAGGGATGCTGT
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Target
Gapdh
Anln
Ankrd1
Amolt2
Ctgf
Cyr61
Ddah1
Diaph1
Diaph3
Flna
Inhba
Lamc2
Myh10
Myl9
Plac8
Sdpr
Tagln
Thbs1
WWRT1 (TAZ)
YAP1

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

HUMAN PRIMERS
Sequence
ACGGATTTGGTCGTATTGGGC
TTGACGGTGCCATGGAATTTG
ATGTCTTCGTGGCCGATTTGA
CTCTGACAGTGAGTTTCCTGTTT
AGCCCAGATCGAATTCCGTG
CTCCTTCTCTGTCTTTGGCGT
GCGACTGTCAGAACAACTGC
GCACCTTTAACCTGCTTTCCA
ACCGACTGGAAGACACGTTTG
CCAGGTCAGCTTCGCAAGG
TGAAGCGGCTCCCTGTTTT
CGGGTTTCTTTCACAAGGCG
CAAAAGGACAAATCAACGAGGTG
TGTGCAGATTCACTAGACCCAA
GTTGCAGGACCTTCGAGAGA
CCGGCACTTGAAGTCAGGAT
GCGGTATGCATTGTAGGGGA
CAGGAGATGTAACCAGGGCA
CTGTTGGCCAAGCCTGTAAC
TACTCGAAGCCATACACGCC
GCTTCATGTGGGCAAAGTCG
GCTGTTCCTGACTCGGCAAA
ATGGGTCTCCTGCAAAGCTC
AAAGTAACTCAGCTGGGGGC
GCCAAGCGGTTCAAAGCAAA
GCCTTCAGAGACCTTGGCAT
GGACCCCGAGGATGTGATTC
TTGAGGATGCGGGTGAACTC
GAACAAGCGTCGCAATGAGG
TCAAGCTGAAGAGGTGTCTGC
AAGTGCTCATCTTCCAGGAGGAAA
ATCTGAGGAGAGGTCCACGG
GAAGCCTTCTTTCCCCAGACAT
ATCACGCCATTCTTCAGCCA
AGACTCCGCATCGCAAAGG
TCACCACGTTGTTGTCAAGGG
ATCCCCAACAGACCCGTTTC
GAACGCAGGCTTGCAGAAAA
GCTACAGTGTCCCTCGAACC
CCGGTGCATGTGTCTCCTTA
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2.3.15 Chromatin Immunoprecipitation
List of reagents and solutions for CHIP:
FA (Formaldehyde) 4% in PBS -> or dilute directly into media and Glycine 2.5M
CHIP Buffer A:

Hepes pH8.0 5 mM
KCl 85 mM
0.5% Triton-X-100
Protease Inhibitor cocktail (add fresh)
PMSF 1mM (add fresh)

CHIP Buffer A’:

Hepes pH8.0 5 mM
KCl 85 mM
Protease Inhibitor cocktail (add fresh)
PMSF 1mM (add fresh)

CHIP Buffer B:

Tris-HCl pH8.0 50 mM
1% SDS
10mM EDTA
Protease Inhibitor cocktail (add fresh)
PMSF 1 mM (add fresh)

FA/SDS Like Buffer:

Hepes pH7.5 50 mM
NaCl 150 mM
1% Triton-X-100
Na deoxycholate 0.1%
Protease Inhibitor cocktail (add fresh)
PMSF 1 mM (add fresh)

FA/SDS Buffer:

Hepes pH7.5 50mM
NaCL 150 mM
1% Triton-X-100
Na deoxycholate 0.1%

EDTA 1mM
0.1% SDS
Protease Inhibitor cocktail (add fresh)
PMSF 1 mM (add fresh)
Washing Buffer:

Tris-HCl pH8.0 10 mM
LiCl 0.25 M
EDTA 1 mM
NP40 0.5% (=IgePal)
Na deoxycholate 0.5%

TE Buffer:

Tris-HCl pH8.0 10 mM
EDTA 1 mM

Elution Buffer (5X):

Tris-HCl pH7.5 125 mM
EDTA 25 mM
2.5% SDS
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STEP1: Formaldehyde cross linking and chromatin isolation:
Cells were directly cross-linked in the dish adding FA in media with a final concentration of
1%. These were incubated at 37 °C for 10 min. After the incubation, 2.5 M Glycine
(Dilution 1/20) was added to stop the reaction and incubated at RT for 5 min. The plates
were then directly put on ice and stayed on ice for the rest of the protocol. After two washes
with cold PBS (~20 ml), the cells were scraped in 3 mL of cold PBS with Protease Inhibitor
cocktail. The material coming from the 3-5 dishes was collected into a 15 mL falcon tube
and centrifuged at 2500 rpm for 10 min. The supernatant was removed and the pellet was
resuspended in 5 mL of Buffer A, incubated on ice for 10 min, and then centrifuged at 2500
rpm for 10 min. The supernatant was removed, the pellet resuspended in 5 mL of Buffer A’,
and then centrifuge again at 2500 rpm for 10 min. The supernatant was removed, the pellet
resuspended in 0.9 mL of Buffer B and incubated on ice for 10 min.
STEP2: Chromatin sonication:
The samples were sonicated for 3 minutes: 3 cycles with 30 sec intervals. For CAFs cells,
the number of cycles was increased to 4-6 cycles. The samples were centrifuged at
maximum speed for 10 min at RT. The supernatant was collected.
Two controls were made at that point:
- In order to check the fragments dimensions, 20 µl of each supernatant were diluted in
FA/SDS Like Buffer (diluation1/10). Proteinase K was added and incubated overnight at 65
°C. Next day, the mix was cleaned with PCR purification KIT (Qiagen) and eluted in 150 µl
(input control). A volume of 20 µl of the eluted chromatin was run on a 2 % agarose gel and
the size of the fragment checked (200-400bp fragments).
- In order to check target proteins, 10 µl of each supernatant were mixed to 20 µl of water
and 10 µl of 1xSample Buffer. This mix was incubated overnight at 65 °C. This lysate was
used to check the presence of the protein by western-blot.
STEP3: Immunoprecipitation:
All the samples were diluted 10 times in FA/SDS Like Buffer and aliquoted in 1 ml. Each
aliquot was used for one immunoprecipitation (IP). Each IP was performed using 50 ul of
Dynabeads ProteinG (Life Technologies). The beads were collected with a quick spin (300
rpm) and using a magnetic stand.
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The samples were mixed with 25 µl of Dynabeads and incubated at 4 °C for 1 hour in an
eppendorf shaker (1200 rpm) or on a wheel in order to preclear the samples. In parallel, the
Dynabeads were mixed with 3 µg of antibody and incubated at 4 °C for 1 hour in an
eppendorf shaker (1200 rpm) or on a wheel. The collected beads with antibody were then
washed 4 times with cold PBS/BSA 0.1% (for the last wash, beads were put at 4 °C on the
wheel or shaker for 10 min. Supernatant was then removed to dry the beads with antibody.
The washed samples were then added onto the beads with antibody and incubated overnight
at 4 °C in an eppendorf shaker (1200 rpm) or on a wheel. The next day, the supernantant
was removed and the beads (bound to antibody and chromatin) were resuspended in 500 µl
of FA/SDS Buffer. After three washes with 500 µl of FA/SDS Buffer / 300 mM NaCL, one
wash with 500 µl of washing buffer and one wash with 500 µl TE Buffer, the chromatin
was eluted by adding 125 µl of Elution Buffer 1x and incubating at 65°C on a eppendorf
shaker (600 rpm) for 25 min. The supernatant was then collected and 10 µl of proteinase K
was added before incubation overnight at 65°C. The next day, the chromatin was cleaned
using PCR purification kit (Qiagen) and eluted in 150 ul. Samples were then proceed for
regular QRT-PCR. The input control was used for normalisation.

2.4 Plasmids
2.4.1

Presentation of the plasmids used

Both EGFP and H2B-EGFP constructs were generated previously in the lab and are cloned
under CMV promoter. Three helper constructs, VSVG, RRE and Rev were used during
Lentivirus transfection. pDEST EYFP-YAP1, pGL3-49 and pGL3-5xMCAT-49 were given
by Nicolas Tapon (team leader at the London Research Institute). pDEST EYFP-YAP1 was
cloned by Tobias Maile from Tapon’s group. pGL3-49 and pGL3-5xMCAT-49 were given
to Nic Tapon by Iain Farrance (University of Maryland).
I generated Lenti-EF-EYFP-YAP1 plasmid using LentiLox 3.7 (pLL3.7) and pDEST
EYFP-YAP1 plasmids. First, CMV and EGFP were removed from LentiLox 3.7 (pLL3.7)
and replaced by EF-1α promoter followed by a multicloning site and a PolyA sequence.
The EYFP-YAP1 fusion from pDEST-EYFP-YAP1 plasmid was then inserted into this
multicloning site.
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2.4.2

Bacterial media and plates

Competent E.coli were grown in suspension in lysogeny broth (LB) containing the
appropriate antibiotic. Transformations were plated onto 10 cm agar dishes containing
either ampicillin (50 µg/ml) or kanamycin (50 µg/ml) as appropriate.
2.4.3

Bacterial strains

Nova Blue competent cells (Millipore) or One Shot TOP10 Chemically competent cells
(Invitrogen) were used for transformation of ligation reactions or plasmids.
2.4.4

Bacterial transformation

Bacteria were thawed on ice for 15 minutes. Bacterial suspension was mixed with plasmid
DNA or ligated DNA fragments and incubated on ice for a further 20 minutes. The bacteria
and DNA were then heated to 42 °C in a water bath for 45 seconds and returned to ice for
10 minutes. 250 µl of SOC (Super Optimal Broth) media was added and the bacteria
incubated for 45 min at 37 °C with shaking. The bacteria were then added to an agar plate
with the appropriate antibiotic resistance and spread over the surface. The plate was
incubated overnight at 37 °C.

2.5 Protein manipulations
2.5.1

Preparation of cell protein lysates

Plates containing cells for lysis were washed with cold PBS before 1 x SDS sample buffer
was added and the cells scraped and collected. The sample was boiled at 95 °C for 5
minutes before being used for western blotting.

2.5.2

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Poly-acrylamide gels were made with:
0.1 % SDS
375 mM TRIS HCl pH 8.8
12.5 % polyacrylamide
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0.1 % APS
0.001 % TEMED
The gels were poured into mini-gel systems (BioRad) and over-laid with dH20 to ensure the
gels were flat. When set, the dH20 was removed and stacking gel was overlaid:
0.1 % SDS
125 mM TRIS HCl pH 6.8
5 % acrylamide
0.1 % APS
0.001 % TEMED
A 1.5 mm comb (10-15 wells) was inserted and the stacking gel left to set. Set gels were
inserted into a gel cassette in a running tank (BioRad) and the cassette and tank filled with
SDS running buffer. A prestained protein ladder (Benchmark, Invitrogen) was run and the
remaining wells loaded with up to 50 µl of sample. Gels were run at 100 V.

2.5.3

Western blotting

After SDS-PAGE, the proteins in the gel were transferred to PROTRAN nitrocellulose
membrane (Whatmann). The gel was placed on top of 2 sheets of 3 MM chromatography
paper (Whatmann), the membrane, which had been pre-wet in transfer buffer, was then laid
on top of the gel, followed by 2 more sheets of 3 MM paper. This “tower” was placed
inside two sponges in a transfer cassette (BioRad). The tank was filled with transfer buffer
and the gel was transferred for 1 hour at 100 V on ice. After transfer the membrane was
subject to Ponceau red staining, washed with dH2O and blocked by incubating with TBS +
2 % milk (Marvel) + 2 % BSA for 1 hour. Primary antibodies (list below) were incubated
with the membrane overnight at 4 °C in 3 % milk + 2 % BSA. Primary antibodies were
washed off with 3 x 10 minutes washes in TBS + 0.05 % Tween-20.
HRP-labelled secondary antibodies (Fisher Scientific) were used at a dilution of 1:25 000 in
TBS + 3 % milk + 2 % BSA and incubated with the membrane for 1 hour. Secondary
antibodies were washed off the membrane in 3 x 10 min washes with TBS + 0.05 %
Tween-20. The blot was then developed by rinsing it for 1 minute in Luminata Western
HRP Substrate (Millipore) before being exposed to chemoluminescent film (GE Healthcare).
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Target

Source

Product number

Antibody type

Dilution

β-tubulin

Sigma

T7816

Mouse monoclonal

1:10000

YAP

Santa Cruz

Sc101199

Mouse monoclonal

1:2000

GFP

Molecular Probes

A11122

Rabbit polyclonal

1:1000

2.5.4

Luciferase assays

Luciferase assays were performed with the dual luciferase assay kit (Promega) in
conjunction with an Envision Multilabel plate reader (Perkin Elmer). 12-well plates
containing cells for lysis were washed with cold PBS before 100 µl passive lysis buffer
(Promega) were added and the cells incubated with shaking for 15 minutes and collected.
20 µl of lysate were added to a white 96-well plate (Perkin Elmer), then 100 µl of luciferase
assay reagent II (Promega) was added and a luminescence reading taken to measure Firefly
luciferase activity. Subsequenly 100 µl of Stop and Glo reagent (Promega) was added and
another luminescence reading taken to measure Renilla luciferase activity.
For quantification, the averages Firefly luciferase and Renilla luciferase activities of nontransfected cells were subtracted from each Firefly luciferase and Renilla luciferase
measurements of transfected cells respectively. To normalise, the measurements of Firefly
luciferase activity was normalised to the Renillla luciferase activity of the same sample.
Averages of three technical replicates of transfected cells were then normalised to nontransfected cells. Then, pGL3-5xMCAT-49 data were normalised to pGL3-49 data (vector
with only minimal promoter) transfected cells. For fold induction representations, all the
data were normalised to the specific control.
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2.6 Mice experiments
2.6.1

Genotyping of transgenic mice

In order to verify the genotype of the mice, DNA was isolated from mouse tissues: ear for
the adult and yolk sac for the embryos. For the adults, the ear snip was lysed in 75 µl of
Alakaline Lysis Buffer (NaOH 25 mM and EDTA 0.2 M) and put at 95 °C for 60 minutes.
The samples were then cooled down at 4°C and then 75 µl of Neutralisation Buffer (TrisHCl 40 mM) were added. After mixing by vortex, 2 µl of the mix were added to the PCR
reaction. For the embryos, the yolk sac was lysed in 50 µl of Tail Lysis buffer (50 mM Tris
pH8.0, 5 mM EDTA pH8.0, 0.2% SDS, 100 mM NaCl) with 1 µl of Proteinase K. The
samples were put a 55 °C for 60 minutes and then at 95 °C to heat inactivate the Proteinase
K. After mixing by vortex, 2 µl of the mix were added to the PCR reaction.

2.6.2

Generation and dissection of the embryos

Embryos were generated by timed pregnancies after breeding of Yap1 Flox/Flox females
with Yap1 Flox/WT – PDGFRα Cre+ males. Successful matings were identified by the
presence of a vaginal plug on the next morning, which was regarded as E0.5. Pregnant mice
were sacrificed by cervical dislocation and embryo preparations were dissected from mouse
uteri between E8.5–15.5, with the help of Bradley Spencer-Dene from the Histopathology
Core facility of London Research Institute.
Embryos were transferred to cold phosphate buffered saline (PBS, pH 7.4) and carefully
examined under a dissecting microscope to determine whether they were alive by detecting
the heartbeat and the blood supply to the yolk sac. The gestational age was confirmed by
measuring the crown-rump length and also by the presence and shape of various
developmental landmarks such as limb buds or closure of the neural tube (Kaufman, 1992).
Embryos were then fixed in 10% NBF overnight and then stored in 70% EtOH. Pictures of
whole mouse embryos were taken after fixation. Fixed embryos were embedded in paraffin
and sectioned at a thickness of 4 µm. Every tenth section was stained with hematoxylin and
eosin, and sections with similar anatomical planes were chosen to take images.
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2.7 Microscopy
2.7.1

Immunofluorescence

Samples were fixed using 4 % paraformaldehyde, washed with PBS and permeabilised
using 0.2 % Triton X100 for 3-5 minutes. Samples were subsequently blocked for 1 hour
with PBS + 5 % BSA before incubation with primary antibody in PBS + 3 % BSA
overnight at 4 ° C. Primary antibody was washed off in 3 washes of 15 minutes with PBS
containing 0.05 % Tween-20. Fluorescent secondary antibody (Alexa Fluor 488 donkey
anti-mouse IgG – Life Technologies) was diluted 1:500 in PBS + 3 % BSA and incubated
with the samples for one hour, then washed off with 3 washes of PBS containing 0.05 %
Tween-20. Samples only requiring staining for F-actin or the nucleus were fixed and
permeabilised as above but then treated with phalloidin and DAPI at 1:500 dilution.
Otherwise, phalloidin and DAPI was added at 1:500 at the secondary antibody stage.
Images were taken using an inverted confocal microscope Zeiss LSM 710. F-actin was
visualised using FITC, TRITC or 633-phalloidin (SIGMA). Nuclei were visualised with
DAPI (SIGMA).

Target

Source

Product number

Antibody type

Dilution

YAP

Santa Cruz

sc 101199

Mouse monoclonal

1:200

2.7.2

Histochemical analysis:

Tissus or entire embryo fixed in 10% NBF were paraffin embedded, sectioned and stained
with standard immunohistochemistry protocol. All the staining were done by the
Histopathology Core facility of London Research Institute.

2.7.3

Embryo whole-mount staining

After dissection and fixing, the embryos were rinsed in PBS at room temperature (3x15
min). The embryos were then permeabilised with 0.5% Triton X100/PBS for 1 hour at room
temperature. Following antigens blocking using PBSMT (3% milk, 0.1% Triton X100,
NaAzide, PBS, pH=7.4) at 4 °C for two times 1 hour, the embryos were incubated with
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primary antibodies in PBSMT for 48 hours at 4 °C in a rocking platform. After 5 washes of
one hour each in PBSMT at 4 °C in a rocking platform, the embryos were incubated with
appropriate secondary antibodies in PBSMT for 48 hours at 4 °C using a rocking platform.
The embryos were then washed five times for 1 hour in PBSMT at 4 °C and two times in
0.1% Triton X100/PBS at 4 °C in a rocking platform. Embryos were then passed into
increased concentrations of glycerol/PBS until reaching 70% glycerol/PBS. The embryos
were positioned on a glass bottomed cell culture plates (MatTek) and water was added to
the wall of the plate in order to preserve the specimen from drying up. Images were
acquired using an inverted confocal microscope Zeiss LSM 780.

Target

Source

Product number

Antibody type

Dilution

Endomucin

Santa Cruz

sc 65495

Rat monoclonal

1:200

Alexa Fluor 647 goat anti-rat IgG Life Technologies was used as secondary antibody.

2.7.4

Imaging of freshly dissected samples

For fresh tissues imaging, the mice were sacrificed and the organs of interest were dissected
and positioned on a glass bottomed cell culture plates (MatTek). Water was added to the
wall of the plate in order to preserve the specimen from drying up. Images were acquired
using an inverted confocal Zeiss LSM 780 microscope. The organs were discarded upon
imaging.
2.7.5

Confocal time lapse imaging

For live imaging of EYFP-YAP1 subcellular localisation upon Leptomycin B treatment,
cells were plated at low confluence and cultured overnight in 24-well glass-bottomed cell
culture plates (MatTek) at 37 °C with 10 % CO2 in DMEM media -10 % FCS. One hour
prior imaging, the media was changed to Leibovitz L-15 media (CO2 independent)-1%
serum. The cells were treated with Leptomycin B and subsequently imaged for 5 minutes
every 30 seconds using an inverted confocal Zeiss LSM510 microscope.
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2.7.6

Photobleaching experiment

For photobleaching experiments, cells were plated at low confluence and cultured overnight
in 24-well glass-bottomed cell culture plates (MatTek) at 37 °C with 10 % CO2 in DMEM
media -10 % FCS. One hour prior imaging, the media was changed to Leibovitz L-15 media
(CO2 independent) -1% serum. The cells were subsequently bleached and imaged using an
inverted confocal Zeiss LSM510 microscope. The best condition of bleaching was 800
iterations using 514nm argon laser (50 mW), inducing a sharp decrease in intensity in the
region of interest. The size of the bleached region (12.35 um2) was chosen accordingly to a
published report (Nicolás et al., 2004).

2.8 Image and data analysis
2.8.1

Nuclear-to-Cytoplasmic ratio

For quantification of subcellular localisation of EYFP-YAP1, the nuclear-to-cytoplasmic
ratio was calculated. Using MetaMorph (Molecular Devices), the intensities in three regions
of the same size (12.35 µm2) were measured: one region in the nucleus, one in the
cytoplasm and one outside any cells to assess the background intensity. To normalise, the
background intensity was subtracted from the two other intensities. Then, the nuclear
intensity was divided by the cytoplasmic intensity in order to find the nuclear-tocytoplasmic ratio. In some cases the fold induction between two ratios is plotted: this fold
induction is calculated as the normalised ratios of treated cells to the normalised ratio of
control cells.

2.8.2

Quantification of photobleaching experiments

For quantification of photobleaching experiments, the intensity in different regions in the
cells was followed over time. This was performed using MetaMorph (Molecular Devices).
Six different regions with the same size as the bleached point (12.35 µm2) were analysed.
The bleached region, two reporting points (one in the same compartment as the bleached
point and one in the other compartment), two controls points (one in the nucleus and one in
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the cytoplasm of the same control cell) and one point outside any cells to measure the
background intensity.
To normalise, first the background intensity was subtracted from the five others intensities
measured in the cells. Then, the intensities measured in the bleached cells (three regions)
were normalised to the average intensity between the two control points. These data were
plotted in the graphs and used for mathematical modelling.

2.8.3

Statistical analyses

Statistical analyses were performed using Prism software (GraphPad Software). Mean
values and standard errors (s.e.m.) are shown in most graphs that were generated from
several repeats of biological experiments. p values were obtained from t -tests with paired
or unpaired samples, with significance set at p < 0.05. In case of experiments using drug
treatment versus normal condition, Wilcoxon signed rank test, paired t-test was performed.
Otherwise, Mann-Whitney unpaired t–test was performed. Graphs show symbols describing
p values: *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p<0.0001.

2.9 Mathematical model
2.9.1

Mathematical modelling of the nucleocytoplasmic shuttling of EYFP-YAP1:

Kinetic modelling methods based on ordinary differential equations (ODEs) are used to
model of EYFP-YAP1 nucleocytoplasmic shuttling using Fluorescence Loss In
Photobleaching (FLIP) experiments data. The first assumption of our model is the absence
of any immobile pools of protein. The chemical reaction kinetics are therefore given by:
𝑋
𝑌

!!
!!!

𝑌,
𝑋,

where 𝑋 gives the molecular population in the nucleus and 𝑌, the molecular population in
the cytoplasm. The reaction rate 𝑘! gives the rate of export from the nucleus to the
cytoplasm and 𝑘!! the rate of import from the cytoplasm to the nucleus.
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During FLIP experiments, a pool of protein in a certain region of the nucleus or the
cytoplasm is bleached at regular discrete intervals. The discrete bleaching is approximated
with a continuous degradation of protein, that is:
𝑋
𝑌

!
!

𝜙 for bleaching in the nucleus,
𝜙 for bleaching in the cytoplasm,

where 𝜂 gives the continuous degradation rate and 𝜙 represents a waste product (in this case
bleached protein) that plays no further part in our analysis.
These chemical reaction kinetics of the pool of protein lend themselves to the system of
ODEs given by:
𝑑𝑥
= 𝑘!! 𝑦 − 𝑘! 𝑥 − 𝜂𝑥
𝑑𝑡
𝑑𝑦
= 𝑘! 𝑥 − 𝑘!! 𝑦
𝑑𝑡
for bleaching in the nucleus (i.e. decay of intensity occurs in the nucleus) and,
𝑑𝑥
= 𝑘!! 𝑦 − 𝑘! 𝑥
𝑑𝑡
𝑑𝑦
= 𝑘! 𝑥 − 𝑘!! 𝑦 − 𝜂𝑦
𝑑𝑡
for bleaching in the cytoplasm (i.e. decay of intensity occurs in the cytoplasm).
The populations of 𝑋 and 𝑌 at time 𝑡 are given by 𝑥 𝑡 and 𝑦 𝑡 with initial populations
𝑥 0 = 𝑥! and 𝑦 0 = 𝑦! . In order to follow populations 𝑋 and 𝑌, three parameters 𝑘! , 𝑘!!
and 𝜂 need to be estimated. However, because the dynamics of the ODE solutions are
heavily dependent on the initial conditions and because noise is also present in the
acquisition of these initial data points, we decided treat 𝑥! and 𝑦! as additional parameters
to estimate. Therefore, five parameters needed to be estimated: 𝑘! , 𝑘!! , 𝜂, 𝑥! and 𝑦! . With
such a large number of parameters to search for, the number of combinations of values able
to fit the data relatively well is high. To overcome this issue we took advantage of the first
data points acquired where no bleaching is performed. For those data points, no degradation
of proteins is present (i.e. 𝜂 = 0). We can thus consider the protein population is to be at
steady state, that is:

!"
!"

= 0 and

!"
!"

= 0.
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Hence the system of ODEs is reduced to the linear relationship:

𝑥=

𝑘!!
𝑦.
𝑘!

As such, with this assumption we can assume that 𝑥! and 𝑦! (corresponding to initial
conditions in our FLIP experiment) obey this equation and we treat 𝑦! as a free parameter
that must be estimated but we fix 𝑥! in terms of the other free parameters 𝑥! =

!!!
!!

𝑦!

reducing our search space by a dimension.
To estimate the four parameters (𝑘! , 𝑘!! , 𝜂 and 𝑦! ), a nonlinear regression was performed,
using the nlinfit function available in the Statistics and Machine Learning toolbox in
MATLAB. In order to initiate the algorithm initial guesses for each parameter value are
required. These initial guesses have a large effect on the success of the algorithm, with a
good choice of initial guesses leading to a quick, reliable model and a poor choice leading
to either slower convergence and/or non-robust estimates for the parameters.
We possess little prior knowledge of initial values for our parameters and a poor initial
guess could lead to poor parameter estimates. In order to overcome this issue, this algorithm
iteratively attempts to minimise the error between the fit of the mathematical model to the
experimental model. The iterations ceases when the parameter estimates are within a
convergence tolerance limit. The algorithm was first implemented with input parameters on
a four dimensional grid, with rate parameters 𝑘! , 𝑘!! and 𝜂 varying from 10-10 to 102, at
increments of one, on a log10 scale at increments of one whilst 𝑦! was varied from 0.1 to
2.0. Following on from parameter estimations from a large number of experiments using
this grid, it was observed that the parameter estimates for the reaction rates were
consistently of order 10-3. Hence, in order to increase algorithmic speed such that we could
analyse many more cells, the initial condition grid was reduced to 10-4, 10-3 and 10-2 for the
reaction rates and 0.5, 1.0 and 1.5 for cytoplasmic initial condition, 𝑦! .
To consider the kinetic behaviour of the import/export mechanisms, we considered an
unperturbed cell, where no bleaching occurs, which means 𝜂 = 0. The system of ODEs
then implies than 𝑥 + 𝑦 = 𝑥! + 𝑦! or equivalently 𝑦 = 𝑥! + 𝑦! − 𝑥.
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Substituting this expression for 𝑦 into our system of ODEs we reduce the system to the
single ODE in terms of 𝑥 given by,
!"
!"

= 𝑘!! 𝑥! + 𝑦! − 𝑥 − 𝑘! 𝑥,

implying that,
!"
!"

+ 𝑘!! +𝑘! 𝑥 = 𝑘!! 𝑥! + 𝑦! .

This ODE is of the form

!"
!"

+ 𝑝(𝑡)𝑥(𝑡) = 𝑞(𝑡), so we can solve it by multiplying by an

integrating factor in order to make the ODE integrable. This reduces our ODE to the form
!! !! !!!! ! !(!)
!"

= 𝑘!! (𝑥! + 𝑦! )𝑒

!! !!!! !

.

Integrating both sides and deducing the integrating constant from 𝑥 0 = 𝑥! results in the
solution
𝑥 𝑡 =

𝑘!! 𝑥! + 𝑦!
𝑘! 𝑥! − 𝑘!! 𝑦!
+
exp − 𝑘! + 𝑘!! 𝑡 .
𝑘! + 𝑘!!
𝑘! + 𝑘!!

The solution for 𝑦 can then be found from the linear relationship, 𝑦 = 𝑥! + 𝑦! − 𝑥. We
could equally have been solved in terms of 𝑦 𝑡 instead of 𝑥 𝑡 using 𝑥 𝑡 = 𝑥! + 𝑦! −
𝑦 𝑡 .

2.9.2

Mathematical modelling of the different mobile fractions of EYFP-YAP1 in the
nucleus:

These analyses were done following the methodologies described in (Calapez et al., 2002,
Fritzsche and Charras, 2015b). During FLIP experiments in the nucleus, the loss of
fluorescence intensity at the non-bleached point in the nucleus is considered as a
consequence of the rate of displacement of molecules inside the compartment. By fitting
increasing numbers of exponential decay functions to this loss in intensity we can begin to
estimate the number of mobile fractions in the nucleus. The number of exponential
functions needed for an accurate fit represent the number of mobile fractions of protein in
the nucleus. If fitting two exponential functions are needed, it would suggest the
experimental points follow a curve of the form:
𝑓 𝑡 = 𝑝 exp −𝑟! 𝑡 + (1 − 𝑝) exp −𝑟! 𝑡
where 𝑝 and

1 − 𝑝 are the two fractions of protein and 𝑟! and 𝑟! are the rates of

displacement for each pools.
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Chapter 3.

Upregulation of YAP1 activity from NFs to

CAFs occurs through mechanotransduction
3.1 Chapter introduction
In the first part of my PhD I was working alongside a post-doctoral researcher Fernando
Calvo on identifying how YAP1 regulates the functions of normal fibroblasts (NFs) and
cancer-associated fibroblasts (CAFs). This work was published in 2013 in Nature Cell
Biology Journal ((Calvo et al., 2013), paper at the end of this thesis). In this chapter, I will
show my contribution to this paper. For the ease of understanding I will sometimes refer to
Fernando Calvo’s data and specify when doing so.
As explained in the general introduction, Fernando Calvo performed a microarray to
understand the molecular differences between breast-derived fibroblasts from normal
tissues (Normal Fibroblasts - NFs) or from different stages of cancer disease: HpAFs
(Hyperplasia-Associated Fibroblasts), AdAFs (Adenoma-Associated Fibroblasts) and CAFs
(Carcinoma-Associated Fibroblasts). Using Gene-Set Enrichment Analysis (GSEA) several
molecular signatures upregulated in cancer-derived fibroblasts were identified, highlighting
potential molecular players important for the conversion of NFs to CAFs (Table 3-1). First,
genes upregulated in murine CAFs compared to NFs showed a significant overlap with
gene expression dataset from stroma of human breast cancer with poor prognosis (Table
3-1– dark grey), which confirms the relevance of our experimental system for studying
cancer progression. Secondly, several soluble signals were already upregulated in the early
stage of the disease progression (Table 3-1– white). This is consistent with published data
showing crosstalk between cancer cells and stromal cells, where soluble factors released
from cancer cells can activate stromal cells and vice versa (Bhowmick et al., 2004a, Cheng
et al., 2005, Erez et al., 2010).
More interestingly, two other pathways never linked previously to activation of stromal
fibroblasts were identified: YAP/TAZ and SRF/MAL (Table 3-1– light grey). At that same
time, two studies were published showing that mechanical cues can cause YAP1, TAZ and
MAL to translocate to the nucleus and activate transcription of target genes (Dupont et al.,
2011, McGee et al., 2011). These proteins would work as sensors and mediators of
mechanical signals from the cellular microenvironment.

93

Chapter 3 Results

Tumours are very dynamic tissues and undergo several changes in ECM stiffness during
their growth (Butcher et al., 2009). Fibroblasts present in the tumour stroma are in close
relationship with the extra-cellular matrix (ECM) since they can produce, remodel and
degrade it (Kalluri and Zeisberg, 2006, Gaggioli et al., 2007). Although several studies
showed how fibroblasts can sense external mechanical forces (Hinz, 2013), how those
signals drive fibroblasts behaviour during tumour growth is not yet understood. YAP/TAZ
and SRF/MAL pathways could therefore play the role of molecular sensors and mediators
in fibroblasts. SRF/MAL pathway also showed very strong enrichment p-value (Table 3-1),
however we decided to focus on YAP1 pathway because this signalling and its connection
to mechanotransduction was at that time relatively new and exciting (Dupont et al., 2011).
In parallel, I have assisted the Treisman lab in our institute, which has decided to pursue the
role of SRF/MAL during NFs to CAFs conversion.
Consistently with published reports in other cancer models (Gaggioli et al., 2007, Hooper et
al., 2010), our breast derived CAFs remodel the extracellular matrix and promote the
invasion of cancer cells in organotypic co-culture assays ((Calvo et al., 2013), Fig.1). In
vivo, CAFs promote angiogenesis even in the absence of cancer cells. These functions were
highly compromised when YAP1 was knocked-down in CAFs, reverting them to a NF-like
phenotype ((Calvo et al., 2013), Fig.4). In this chapter, I will describe experiments to
identify YAP1-specific target genes, whether they are upregulated during disease
progression, and which upstream pathways may regulate YAP1 activity.

Table 3-1: Table on GSEA analyses performed by F. Calvo and adapted from Calvo et al.
This table shows the p-values for enrichment of specified gene sets in different fibroblasts
HpAF, AdAF and CAF from MMTV-PyMT mice compared to NF. Comparison is based on 3
NFs vs 1 HpAF or 1 AdAF or 4 CAFs. Green boxes indicate significant positive enrichment and
red boxes indicates negative enrichment. Reference to each gene set is indicated next to the
gene set name. n.s., nonsignificant. (Farmer et al., 2009, Park et al., 2006, Kaposi-Novak et al.,
2006, Klapholz-Brown et al., 2007, Mazzone et al., 2010, Dupont et al., 2011, Descot et al.,
2009, Selvaraj and Prywes, 2004, Roepman et al., 2006, Finak et al., 2008)
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3.2 Transcriptional activity of YAP1 in NFs and CAFs
3.2.1

Identification of YAP1-specific targets in CAFs

Merging the gene sets used for GSEA and other published reports (Zhao et al., 2007, Zhao
et al., 2008), I generated a list of 17 YAP1/TAZ targets based on the top hits of to further
study this signalling pathway (Table 3-2). I performed experiments on both murine and
human cells but made the choice to use only the mouse gene symbols for simplicity. Since
those targets have been defined as YAP1/TAZ targets in epithelial cells, I decided to first
check if they were actual targets in fibroblastic cells. RNA was extracted 72 hours after
YAP1, TAZ or simultaneous YAP1 and TAZ (YAP1/TAZ) knockdown in 5 different CAF
cell lines: two mouse CAFs lines (CAF1 and CAF2) and three human CAF lines (V-CAF,
Cer-CAF and HN-CAF). CAF1 and CAF2 are isolated from MMTV-PyMT tumour. VCAFs are from vuval squamous cell carcinomas (SCC), CerCAFs are from cervical SCC
and HNCAFs are from oral SCC. QRT-PCR analyses were then performed (Figure 3-1).

Table 3-2: Symbols and names of 17 targets genes of YAP1 and TAZ that we will use for
the transcriptional analyses. YAP1 and TAZ themselves are also included.
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Figure 3-1: QRT-PCR data showing the expression of 19 genes of interest 72 hours after
YAP1, TAZ and YAP1/TAZ knock-down in CAF1, CAF2, VCAF, CerCAF and HNCAF.
(a) For CAF1, CAF2 and VCAF, each data point represents the average of two biological
replicates, each of them representing average of three technical replicates. For CerCAF and
HNCAF, each data point represents a single measurement performed in triplicate. Expression
levels are relative to the housekeeping gene, Lamc2. Histograms represent results for (b) YAP1
and (c) YAP1/TAZ dataset. Line represents the grand mean of all cell lines.
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All five CAFs show a good knockdown efficiency of YAP1 and TAZ: more than 70% for
murine CAFs and more than 90% for human CAFs. The efficiency of simultaneous YAP1
and TAZ knockdown drops to 50-60% for murine CAFs and 80-90% for human CAFs. I
decided to define a YAP1 target when at least 4 out of 5 CAFs show a decrease in
expression after YAP1 knockdown (Figure 3-1a&b). Even though all these genes are
published to be YAP1 targets, some of them - such as Ddah1 - are not consistently
downregulated after YAP1 knockdown. Only three out of five CAFs show a decrease. On
the other hand, several targets appear strongly dependent on YAP1 as their expression is
reduced in both mouse and human CAFs, such as Amotl2, Ankrd1 or Anln. The same
analyses were performed after TAZ or both YAP1 and TAZ depletion. Overall knockdowns
of YAP1 only or TAZ only have similar effects for most of the targets. Yet, some targets such as Thbs1 - are only downregulated after YAP1 knockdown. These results are in
agreement with two recent studies showing that YAP1 shares more than 90% of its target
genes with TAZ (Zanconato et al., 2015, Stein et al., 2015). Accordingly, depletion of both
YAP1 and TAZ increases the downregulation of the targets tested (Figure 3-1a&c). For the
rest of this chapter, I will focus my experiments on 7 genes regulated by YAP1 in at least 4
out of 5 CAFs: Amotl1, Ankrd1, Anln, Ctgf, Diaph1, Diaph3 and Sdpr.

3.2.2

Increased YAP1 activity during NFs to CAFs conversion

In order to confirm the upregulation of YAP1 activity in CAFs suggested by the microarray
and subsequent GSEA, I decided to compare the expression of YAP1 target genes in CAFs
compared to NFs. This could only be done on murine CAFs, since we did not have
counterpart normal fibroblasts for human sample. In line with GSEA results, QRT-PCR
analyses show an increase in expression of five out of seven tested targets from NF1 to
CAF1 and four out of five tested targets from NF1 to CAF2 (Figure 3-2 a&b). Interestingly,
HpAF and AdAF show intermediate or similar levels of upregulation for some targets such
as Anln, suggesting a possible activation of YAP1 pathway gradually throughout the
process of fibroblast activation. Surprisingly, no upregulation of YAP1 expression is
detected in CAF1 (Figure 3-2a). This is consistent with Fernando Calvo’s data at the protein
level ((Calvo et al., 2013), Fig.2c).
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Figure 3-2: YAP1 is activated in CAFs.
(a) Graph showing QRT-PCR analysis of gene expression in different fibroblasts HpAF1,
AdAF1 and CAF1 compared to NF1. (b) QRT-PCR analyses in CAF2 compared to NF1. For
(a) and (b), data are from 3 independent experiments performed in triplicate (normalised to
housekeeping gene, Gapdh). Bars represent mean ± s.e.m of the average fold induction
compared to NF1 in each experiment. (c) Luciferase activity of one transcriptional reporter for
YAP1 activity. Data from at least 6 independent experiments performed in duplicates
(normalised to pGL3-49 vector). Bars represent mean ± s.e.m. Mann-Withney U –test was used,
for 5xMCAT p=0.015.

98

Chapter 3 Results

In accordance with this, he also showed that between NF1 and CAF1 YAP1 is switching
from interacting with 14-3-3 protein to interacting with TEAD1 and TEAD4 transcription
factors. Overall these results suggest that it is rather YAP1 regulation than its expression,
which changes during fibroblasts activation.
Reporters based on TEAD binding sites such as MCAT motifs (5’-CATTCCT-3’) are
commonly used to assess YAP1 transcriptional activity (Mar and Ordahl, 1988, Mar and
Ordahl, 1990, Farrance et al., 1992, Larkin et al., 1996, Mahoney et al., 2005). The
upregulation of YAP1 activity is also detected using one reporter made of five consecutive
MCAT motifs (Figure 3-2c). These motifs are expressed under -49/+38cTNT minimal
promoter in a pGL3-Basic plasmid. The vector carrying only the minimal promoter is used
as a negative control and all our data are normalised first to Renilla luciferase activity and
to this negative control. A statistically significant increase in 5xMCAT reporter activity is
observed in CAF1. In summary, both QRT-PCR data (assessing putative target genes
expression) and luciferase data (reporting transcriptional activity) show the upregulation of
YAP1 activity in CAFs.

3.3 Testing direct vs. indirect regulation of YAP1 target genes
Among the identified YAP1 targets (Figure 3-1) several of them such as Anln, Diaph1 or
Diaph3 are linked to the actomyosin cytoskeleton (Table 3-2) (Oegema et al., 2000,
Chesarone et al., 2010). I therefore decided to investigate if YAP1 could have a role in
controlling CAFs contractile phenotype through the regulation of cytoskeletal network.
YAP1 may be regulating these target genes by two different ways: either by directly
interacting with DNA bound factors (TEADs) on target gene promoters, or indirectly by
promoting the transcription of other factors that subsequently bind to the target gene
promoters. In order to distinguish between these possibilities, I decided to do chromatin
immunoprecipitation (ChIP) experiments to analyse where YAP1 or TEAD transcription
factors would bind. At that time, only few studies succeeded in ChIP experiments using
YAP1 and TEAD1 antibodies in human mammary epithelial cells (MCF10A) or in
embryonic stem cells (ES cells) (Zhao et al., 2008, Lian et al.). Zhao’s paper provides a list
of specific promoter regions where YAP1 and TEAD1 are predicted to bind. Among them
Anln and Diaph1 are found. I therefore decided to focus on those two genes. Ctgf was used
as a positive control (Zhao et al., 2008).
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3.3.1

Design of primers inside promoters regions of the genes of interest

From (Zhao et al., 2008), I found the regions where YAP1 is predicted to bind on Anln,
Diaph1 and Ctgf promoters in both the human and the mouse genome. Those regions are all
in close proximity with the transcription start site (TSS) of each gene. Figure 3-3 and Figure
3-4 present the promoter regions of human Anln and Diaph1 genes and sequences extracted
from (Zhao et al., 2008) paper are underlined. I decided to extend the region of interest
(whole sequence) because promoters can extend to few hundred base pairs before the TSS.
Although several studies identified specific TEAD binding-sites such as MCAT (5’CATTCCT-3’), GTIIC (5’-CATTCCA-3’), SphI (5’-CATGCTT-3’) or SphII (5’CATACTT-3’) (Farrance et al., 1992, Larkin et al., 1996, Jiang et al., 2000), only one study
found a non-stringent motif NDGHATNT that could be used as a general TEAD binding
site (Anbanandam et al., 2006). Using these motifs, I identified all the different TEAD
motifs in the extended region of interest (Figure 3-3 and Figure 3-4 - coloured highlights).
Interestingly, most of these motifs are localised in the region upstream of the TSS where the
promoter is. I then designed primers along this extended region of interest in order to scan
all possible TEAD binding sites (coloured text). In parallel, I designed primers for negative
regions that are either in gene-free regions of the genome, or that are at least 10kB upstream
of the TSS and therefore outside the promoter. The mouse and human primers were then
tested on mouse and human cDNA respectively and their quality was assessed: (1) by an
early cycle threshold (Ct), (2) by a unique melting curve peak and (3) by a unique product
(Data not shown). Although several primer pairs were tested, some regions could not be
checked properly since the PCR quality was very low (i.e. region around TSS of Diaph1).

3.3.2

TEAD1 and TEAD4 ChIP in 293FT cells

First, I started with the human embryonic kidney epithelial cell line (HEK293FT) that had
been extensively used for ChIP assays. After lysing the cells, sonication was performed to
break the genomic DNA into smaller fragments. An enrichment in 200-400bp fragments
was observed (Figure 3-5a). An immunoprecipitation (IP) was then performed with
different antibodies. The antibody against Histone H3 used as a positive control showed a
global binding to any promoter regions as expected (Figure 3-5b). As a negative control I
performed an immunoprecipitation with no antibody showing a complete absence of
background binding of the DNA to the beads.
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5’- ATATCTACCGTAGTTTCTGGCACATAGTAGGTGTTTCAGTCTTAGGAGTTATTTAATTGTGATGGTTGCCATTATCA
CTATCATCATCATTATCAAGGTAGAAACCAAAGACATAGTGGGATGGTGAGGGAAGATACACTAAATGTTGTGAGTA
GCTATCTTATGCTAGGTGCTTTACCTCTTTTAGTCTTAACTAGAATCTAGTTGAGGTAGATACAAAGAAACTAAGGCT
CATAGAAGTGATAGCCAGAAGGCACAACGGCTACATAAATTTCTAATGACTCATTTTCCAACGTTGTTTAAAACACG
CATACACACACAGACACGCCCCAAATACATACACACTTTCTTGTCACACTTGAAAAAAATGGAAGTATCTTTTTCCTT
TGTTCATAAGTAACACATTCTGGGTTAAATATTAATAATTCCATATACTACACACTCGGACAGTGTCTTATTACTTATT
ATGAAATATTTTTGGATTATGTCTCTCCATTTTTCATCTGCCCCTCCTAACAACTCTGAGGAAATCAGGGCAGATGATT
ATTCCTGTTACACAGATAAGTAAACTAAAATACAAACAGGCTAAATCAGAAGTTCTTGTCCTGGTGTCCATGAACTTC
ACAAAATCCTGTTAAATAGTTTATGATTAAATGGTCATTTTTCTAGGTAGAGGGTCAGTTTTAACAATTTCCAAAGGA
GTCCATGACTCCCCACAAAGGTTAAAAAAAAAAAAAACCCATGGGTTAACCGATTTGGCTAACTGGGTGGAGCCCTG
ACCCCAAGCAATATTTCCCTTACCTCTTGCCGTGATTTCAGTCACGTACAATTTATCATACAAAAATTCAAATTAAAA
ATATTAGTAAATTCTTTTTGTAATGTTGATTGACTGCTAAGATGGACATATTATTAAACATATTGAAACCACTCAGTTG
GGAGGAATAGTTCTGTTTTGTTCAGCTCATGGACAGTCACTCTTAACTTTTCAGATGAACAAATCAAGAACTGTCATC
TTTACCTGCACAGACTTGTTATAGAAGAAATGAATCTGATACAGAAATTATGTAACCTATCTTACAATTTGGAGTACT
CTACAAAGAATAAGCAGGAGACACAGCCTTAGCTAGTGTGGAAAACGGGTCATGAGCTGAGAACAGGGTTTTCATTT
CTTTGGACCAGTTTCTTTAACGTTTTCGGGTGTCCCTTCTCTCGGCAGTAAAAGGAAGGATTGAACTAGATAGAGGGC
TTGTCAGAATTCCTCCCGCTCTAACACTGTACACAGTTGGATGGAATTTAAAATAAAAAATTGTGCATGAACGCTTCA
CACAGTCTGTTAATTTTAGCTTTATTTCATTGGCTTAGAGTGTCGGGGACCCACCGGAACTGGCTTTTCTGAGGGCCA
GGCCTGCAGTCCCCCTTTTGGGGACTAGGAGTTGGGTGTGACCTAGGAAACAAAGCTACTGAAGGCCAACGGGCTAG
CAGCACCTGAAACACAAGGGCTCTTTGTCTGGCTCTGTAGCCCAGGCTGGAATGCAGTGGTGTGATCTCTGCTCACTG
CAACCTCCACCTCCCGGGTCCCAGTTCAAGCAATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGATTAGAGGCACGCG
CCACCATGCCTATCTAATTTTTTTGTATTTTTAGTAGAGACGGGGTTTCACCATGTTGGCAAGGCTGGTCTTGAACTCC
TGACCTCGTGATCTGCCCGCCTCGGCCTCCCACAGTGCTGGGATTATGTCCTGCCAACACAAGGGCTCTTAATCCTTT
TTTTTTCTTTTTTGAGGCAGGGTCTCACTCTGCCGCCCAGGCTGGAGTGCAGTAGTGAGATCGCAGCTCACTGCAGCC
ATGACCTCCTGGGCTCAAGCGATCCTCCAGCCTCAGCCTCCCCAAATGCTGGGATTATAAGCATGCGCCACTACTCCC
GGCCTTAATACTTTATTTAGGAATGAAGGAAGGCGGGAACACCCAAACGCGGTTGGTGTGAAGCAATCGCCTTAAAG
CTGAGGGGAATGTGTGGTTGTTGGGGGTGGAGCCAGGAACCCGACGCCGTTGGAGAGCAGGAAGCGCCCCGCTGCC
CGCCTCCACCCCGCGGCGAGGGCTGGGAGGGGGCCGGGAAGGAGGCGGGGCCGCCCCTGGGAACCACCCGGCCCGG
CGCGGCCACGTGACCGAGCGCAGGGGCGGGGAGAGGGCGCCCCGGCTCCGCCCAGCGCGCATGCTCGCGGCTCGGC
GCTGAAATTCAAATTTGAACGGCTGCAGAGGCCGAGTCCGTCACTGGAAGCCGAGAGGAGAGGACAGCTGGTTGTG
GGAGAGTTCCCCCGCCTCAGACTCCTGGTTTTTTCCAGGAGACACACTGAGCTGAGACTCACTTTTCTCTTCCTGAATT
TGAACCACCGTTTCCATCGTCTCGTAGTCCGACGCCTGGGGCGATGGATCCGTTTACGGAGGTGAGTGAGTTTGCGGG
TGCAGCCAGCCATGACCCACCGCTCTAGGCCCCCACCCACCTTCCTCTGTCAACCTCTGGGCGAACCCCCACCGGGCG
GAGGGCGCGTGTGTGCGCGCGTGCGCAGTGTGTGCGGGCCGGGGTCGCCGCGGCTGCGGCCTGCTGTGGTTGGTGGG
TTCCTCTGAGATTTTGTTGTTTCGGTCCTACAGATAAAACTCAGGGAGGAAGGCTTTGAGTCTGTCCTAAAAGGCTGT
TGCGAGAGGTCTTTCAGCCCCCGTTTTTACCATGTCCCTCTGCAGTCCTGGCGCAGCAAGAGTGAGGCGCAGGCCTGC
GGAACGGGTCCTGCTGGAAGCAGCTGGAATGCCCTGCAGGGCGGGGTCCGGGGCCGGTGACTCAGTGCGGCTGCCG
CCGGGAAAGGCAGTAGGATGTGTGATTTGCGGAGTTCACGCAGCCCGCAGGGGAGATGCTAATGAAATGACAGCAA
AACGTTAAAATAAGCAGGTGCTAGAAACCACTGCATTCGTTCATAAAAAGCCAGTAGTTCCTTGAGATCCCATTGTTC
AGCTAACTAACGAAGAAGTTCATACCCGGGACTGACCATTTTAATTGAAACAATGCAAGTGTACCGAGCAAAACTAT
CAGCTCACGATTTTAGAGCAAAGAAATAAACTTTTCGGTGTTTCTGGGGCATATCATTACAGTACTTATTTCATCTTTT
GTTCCTTTGAGATTGCATATGGGTTACATGGTTATTGTGTCGATTTCTCTAGTTTTAGCTTTTGTGGAGAATGTGCGTT
GTCACATTCAGGAGTGTTTTGTTGCCAGTTGTCCACTCTCTTTTATTCCAGGACAGTTCCTCTTTCTTTAGGCTGTTGTG
CAAATTTCAAACTGTTAGTTTTTGAGTGTTGCAAAGTGGACCTAAAACTGTTTACACTGATTCAAAAACTTAAATGCT
GT-3’
ANLN - Human (sequence from paper): chr7:36202423-36202846 is underlined.
ANLN (extended region): chr7:36,200,423-36,203,846. Extended to -2kb +1kb
Transcription Start Site: TSS
Non-stringent TEAD binding motif NDGHATNT
MCAT motif: 5’-CATTCCT-3’
GTIIC motif: 5’-CATTCCA-3’
SphI motif: 5’-CATGCTT-3’
Primer pairs: Pair1, Pair 2, Pair 3, Pair 4, Pair 5, Pair 6, Pair 7, Pair 8, Pair 9, Pair10

Figure 3-3: Map of Anln promoter region of interest
This represents the extended region of interest for human Anln promoter. The different primer
pairs used for ChiP can be seen in different colours. TEAD binding sites are highlighted.
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5’- TGATGATGCATGTAATAAAAGCATAGTTAACATTCATTCAGCACTTATCCTACGTTAGGCCCTGTGTATGTATTCT
ACATTTATTATTGTAAATATAAGAAGTTAATAGAGGATTTTGGTTAAGAGTTAGACAAACCTGGGCAGATTTGAGAG
GAGTAGAAGATGACTTCAGGTTTTTGAATCTGGGTGTTTAGAGTAGTGATGCTAGTTGGTGAAGATACACTGAGATA
AAACATGTTAAGTGCTTAGCACAGTGCCTGACAGAAGAAGTTGCCCATTATCTGTCTATGTGAAGAACAATGCTAAA
TACTGTAGTAGCCACAAACATGAACCTTTCTCTAGAAGAGTTTACATTCCAGTCAGTAGTATGATAAATATTGTAGCA
GATACAGACTGATACAAGAAAGAGGACTGATAGATGGGTCACTTCCTCCCCTCCATTCTCTGATTCTGTCTGTTCTCA
ACACTAGCTTAGAAAGTAGCTTTTGGACTTTTTAGACAAAATGTCTGGAAAGCTCAGCACTAAGTCAAGTTTGAAGT
ATGGGATGGACAGCTCTATGTAACATTCTATCCGATCACCATCAGAAGGTCTGGACCACAAGAGAGATGAATGCCAA
ATTTAGGAGCCAGCCAGCTTGGCAGAGTCCCTGGTATATCTCAGGCCCTTGACTAGGTACTGGGGCTCTAGAGTAAG
TAAGTCACTGACTCTGCCCTTCAGGAACTTATGCTTGAAATCTTGCTAGCTGTGGTCAAGAATATTCAGTCCATATTG
TGAAGGCCGACTGGTAGCCACGTAACTGTCACACAAGGGACAGATGTAGCTGGGAGAATGGATGAAATTGCTTAGG
GAGAAAGTCATGCTAGAAGAGCAAAGAATATACTCTTGGAGAATACTCATTCTTTTCACTCATGTTTGGTTTATGTCA
GTGGGGAATCCTGGTTAAACATAGGGTTTGGCAGCAAATCAGACTAAGCTGGGTTTAAATTTTATATCAATTATGCGT
TCTTGGGCAAGTCACTTCAACTCTCAAAAGTCCAAATTTACTATTTATAAAATGGTGAGGCTAGCAGAATCTATCACA
TGGGACTGTGGGGACTTAGAAAAATACATGTAGAGTGTTTGCCTAGTGCCTAGCAGAGAGCAAAGGGCATGGTTAAG
TGGTAACTGTTATTGCTGTTTAGGCACATGTTGGCAATAATTAGTTTGTCCTGATTAGAAACAATTAGATGGTACCTA
ACCTGGAATTCGAACTAGGAAATTAAACTCCAGAGCGAGTCTGGTTTAGTCTAGTGCTTGCCCTGGACCGAGCTCTGT
TCTTGCTACCTTGCTTTCAAAACATGGTGGCTATCACTATAATTTTTTTCATGTGTTCCATGGGTATTGCACACATTGA
AAACTGCATTCTCTTGGAAAACCTGTCACTAATTTTCTGCCAGGATAATGGTCTCACGCGATTTTTGGTCTGGGATGT
GAGAGGGTCCAGGCTGTCAGGCTGTACAGCCACGTGGGCGCTGCGTGGGAGCCAGAGGCCTGCGCTGCTCCAACCGC
CAGGGGGCGGTGCTCTCCGCCGCGGCCGCGGAGAGCTGCACCGCCCACTCACCACCCCCCCCCACGTGGGTCCGAAT
GGTTAGGTCCGCTGGGCAGGTAGCGCGCTTCCGCGGCTTCCCTCCGCCCCTCTCCCTTCCCCCATTGGTAGGGGCTGC
GGGTCCGGGCGGAAGTGGGGCAGGCGGGCGGGAGCGAGGCGTCGTCGTTGTATATTCATGAGGCGCGCGCAGCCCG
GCATGCTAATGAGGCGGGGCGCGGCGGCTGGCTAAAGAGCGACTGGGCGGCGGCGGGCGCGGAGCTGCCAGGCGGG
AGCGGCGTAGGCGCGGGGTCGCCGGCCAGCGTGAACCGGGACATGGAGCCGCCCGGCGGGAGCCTGGGGCCCGGCC
GCGGGACCCGGGACAAGAAGAAGGGCCGGAGCCCAGATGAGCTGCCCTCGGCGGGCGGCGACGGCGGCAAATCTA
AGAAATTTGTGAGTGTCCCTCCCATCCCGCTCCTGCCTGGCCCCGTAACCGCCCTCTGGACCCCTGCAGCCGGCCCCT
GGGGCGCCTGCCCGGCTTTGGGGAGCCGCCCCCGCGCCTTCCTTCCTCGTTTCGCTCGGTCCGCAGCTCTGCAGCCCG
ACATCCTCTCCCTTCGGGACCTCGGGAAGCCCCGGAATCCCACCCGGCTCTTGCCCCGGCCACCTCGGGGCTTCCCTC
GTTCCCCAGCCCTTACATTCTGCCCTCCCGCCCGCATATCCCCGGCCGGCTCTCAGCCCCGTCTCTCCCCTCTCAGCCT
CACTTCCTTTCTTCTTCCTCCAGTACCCGAACACGCCTCCTCTTTTTTGGTCCCCTCTTCTGGGTCCATTTTCTCTTCTTA
ACCTTACACCTTTTTTGGTATTCTCGTATTTCCTTCTCCTAAAGGTCACTTCCTTCTCCATGATTCATCCTTTTTACCTG
CTAACTTTCCTCCCGCCCAGTCCCCCGTGGGCCCTCCGCCCGGTGTCACTTGATAATCCTTCCCCTGAGGAATGTTACC
TGACTTGAGCCCTACCCCCAACTCCTTCTTTGGACGTTTGTCCTTGCGATTACAGGAATGGGCTCCTGCCCAGGTCCTA
TGGTCACTGGGGCATGACGTTTATTTGTTTACCAGTATTCCTCTCTCCAGAGAACCTCTCTCTTTGCCCTGTTGCTTAT
CACTTTTCAGAGGATTAGAACTCTCATGATTGTGCCCTTCTTGACCTAGGATGGTGATAAACCTCTCCTGTGGGAAGA
AAGTTGGACTGCGAGTTCAAGAAGTTTGTAATTGAATTGTTTTTTATACATTTCCCATGATAACCGTCTCCTCTACTCC
TTTTCTACTGCCTCTTGTGCCCCAAGGCGACTATCGGCTTCCCTTTGCGTGCCTGTAGAAGAGTAAGCTTTCCTCAAGT
GCCAGTTACTTTCAATCCGAGTGAAGGAATAGTGATATACATGTAACCCTATCATATTTCATTACCTTTTGCCCACAC
CAACGCCTCTCTCCAGGGAGCCGTTTGGTTGCTTTTTTGCTATAAAAGCTTTGTAAGATACGGGGCACTGTCCAGGAG
AGGAAAAGTCTTGGATATTGATGATCATTATAATAGCTAGTTATAACTGTAGCTCTTTTGTCTTCTCTT-3’
DIAPH1 - Human (sequence from paper): chr5:140978385-140978563 is underlined.
DIAPH1 (extended region): chr5:140977385-140980563. Extended to -2kb +1kb
Transcription Start Site: TSS
Non-stringent TEAD binding motif: 5’-NDGHATNT-3’
MCAT motif: 5’-CATTCCT-3’
GTIIC motif: 5’-CATTCCA-3’
SphII motif: 5’-CATACTT-3’
Primer pairs: Pair1, Pair 2, Pair 3, Pair 4, Pair 5, Pair 6, Pair 7, Pair 8

Figure 3-4: Map of Diaph1 promoter region of interest
This represents the extended region of interest for human Diaph1 promoter. The different
primer pairs used for ChiP can be seen in different colours. TEAD binding sites are highlighted.
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Figure 3-5: TEAD1/4 show moderate binding to Anln and Diaph1 promoters.
(a) HEK293 and NIH3T3 cells were lysed in the presence of cross-linking agents and DNA was
sheared to produce 250-500 bp fragments. (b) ChIP with Histone H3 or No antibody on Ctgf,
Anln and Diaph1 in HEK293FT. ChIP with (c) TEAD1 and (d) TEAD4 antibodies on Ctgf,
Anln, and Diaph1 promoters in HEK293FT. Data are from 2 biological replicates. (e) ChIP with
TEAD1 and TEAD4 antibodies on Ctgf, Anln and Diaph1 promoters in NIH3T3. Data shown in
(c), (d) and (e) are normalised to histone H3 ChIP efficiency. Acf3, Daf, Desert and “Neg” are
negative control regions of the genome not expected to bind TEAD proteins. Results for several
regions within each promoter are shown.
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Although I tried several times, on different cell lines and with different cross-linking
combinations, I never succeeded to perform ChIP with YAP1 antibody. I therefore decided
to focus on TEAD1 and TEAD4 antibodies. Looking at the negative regions, TEAD4
appears to be less specific that TEAD1 antibody, since even these regions show a mild
TEAD4 binding (Figure 3-5c&d). However, data on Ctgf promoter (positive control) show
strong binding using both antibodies. The region with the highest binding (P1) on Ctgf
promoter is the same region that is published in (Zhao et al., 2008) and corresponds to a
region around the TSS, which contains three TEAD binding sites (MCAT motifs). Overall
these results provide confidence in our ChIP protocol. Data for the two genes of interest
were less convincing. TEAD1 shows modest binding to some regions of Anln promoter –
regions spanned by primer pairs 7 and 8. Interestingly, these regions correspond to the
regions around the TSS of Anln where two TEAD binding sites are present (Figure 3-3).
Both TEAD1/TEAD4 show relative binding to Diaph1 on the region spanned by primer
pair 2 (P2), which corresponds to a region upstream to the TSS containing five TEAD
binding sites (Figure 3-4).

3.3.3

TEAD1 and TEAD4 ChIP in NIH3T3 cells

Our initial goal was to do ChIP in CAF cell lines, however I never succeeded to get good
enough DNA to immunoprecipitate. I encountered several difficulties with the sonication
process and therefore the enrichment of small fragments was minor. One hypothesis is that
CAFs altered stiffness (Calvo et al., 2013) makes the sonication process more complicated.
I therefore decided to use NIH3T3 instead as a model of mesenchymal cells since optimised
protocol and expertise on ChIP using those cells were available in our institute (Richard
Treisman team) (Esnault et al., 2014).
After lysing the cells, the sonication was performed and an enrichment in short fragment
was observed (Figure 3-5a). I then performed an immunoprecipitation with TEAD1 and
TEAD4. Again TEAD1 antibody looked more specific than TEAD4 (Figure 3-5e). There is
clear binding of both TEAD1 and TEAD4 on Ctgf promoter on the region spanned by
primer pair (P3). This region corresponds to the region around the TSS and contains three
TEAD binding sites, namely GTIIC sites. TEAD1 and TEAD4 seem to bind as well to the
Anln promoter but possibly on distinct regions.
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TEAD4 shows binding to a region 1.8kb downstream of the TSS that contains two binding
sites (P2). On the other hand, TEAD1 binds to a region around 800bp upstream of the TSS
(P7) covering two TEAD binding sites. Both TEAD1 and TEAD4 show binding to a region
350bp downstream of the TSS on Diaph1 promoter, which contains one binding motif. In
conclusion, these data show mild binding of TEAD1 and TEAD4 on Anln and Diaph1
promoter regions in NIH3T3.
Although this series of ChIP experiments were not highly convincing, taken together with
YAP1 knockdown data (Figure 3-1), they point towards a similar conclusion. Anln and
Diaph1 are YAP1 regulated genes and this is probably achieved via the direct interaction of
YAP1 with TEAD factors bound directly to the promoters of Anln and Diaph1. Further
studies using different YAP1 antibodies will be necessary to confirm this.

3.4 Importance of a functional contractile cytoskeleton for CAFs
function and YAP1 activity
Data generated by Fernando Calvo suggest that mammary CAFs in the MMTV-PyMT
model arise from conversion of resident NFs (data not shown). Having observed that YAP1
activity is upregulated in CAFs we then investigated which molecular pathways may be
responsible for this increase in YAP1 activity. At that time, mechanotransduction was
published to directly regulate YAP1 activity through Rho activity and rearrangement of the
actomyosin cytoskeleton (Dupont et al., 2011). Because in most solid tumours an increase
of matrix stiffness is observed (Paszek et al., 2005) and because fibroblasts have a close
relationship

with

the

ECM,

we

therefore

decided

to

evaluate

the

role

of

mechanotransduction in YAP1 regulation in our system. I concentrated my work on
assessing the role of the contractile cytoskeleton in the regulation of YAP1 transcriptional
activity.
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In order to understand the role of contractile cytoskeleton in keeping YAP1 signalling high
in CAFs, we decided to use chemical drugs such as ROCK inhibitor (Y27632) or
blebbistatin to inhibit actomyosin networks. Fernando Calvo showed that treatment of NF1
with conditioned media (CM) from cancer cells was promoting CAF-like functions and
driving a moderate nuclear translocation of YAP1 ((Calvo et al., 2013), Fig.6a&b).
Interestingly, he noticed when using blebbistatin simultaneously with CM from cancer cells
on NF1 that YAP1 nuclear accumulation was impaired. One hypothesis could therefore be
that NF1 need a fully functional actomyosin cytoskeleton to sustain and amplify YAP1
nuclear localisation in order to fully convert to CAFs.
To study the role of actomyosin cytoskeleton as YAP1 regulators I decided to use CAFs
cells that have a high steady-state level of YAP1 activity (Figure 3-2). After treating the
CAFs with either Y27632 or blebbistatin, the RNA was extracted and QRT-PCR was
performed for YAP1 targets. The high level of YAP1 activity in CAF1 disappears when the
actomyosin network is impaired (Figure 3-6 a). Several YAP1 targets - such as Amotl2,
Ankrd1 or Sdpr - show significant downregulation when treated with Y27632 or
blebbistatin. Overall, the effects upon blebbistatin treatment are consistently more effective.
The downregulation of target genes is also observed in a CAF2 using ROCK inhibitor
(Figure 3-6b). Using a luciferase-based reporter, a decrease of YAP1 transcriptional activity
was confirmed in both NF1 and CAF1 treated with blebbistatin but not with Y27632
(Figure 3-6c). Interestingly, blebbistatin treatment in CAFs reduced YAP1 activity below
the basal level of NFs, suggesting a role of actomyosin cytoskeleton for YAP1 regulation in
both NFs and CAFs. In parallel, Fernando Calvo showed that these drugs were impairing
YAP1 binding to TEAD transcription factors but increasing YAP1 binding to 14-3-3, which
explains the decrease in transcriptional activity I observed ((Calvo et al., 2013), Fig.6 h&k).
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Figure 3-6: The contractile cytoskeleton is regulating YAP1 activity in NF1 and CAF1.
(a) Graph showing target gene expression in CAF1 cultured in normal condition or with ROCK
inhibitor (Y27632) or Blebbistatin for 72 hours. Each data point represents the average of at
least three biological replicates performed in triplicates. Expression levels are relative to Gapdh.
(b) Graph showing target gene expression in CAF2 cultured in normal condition or with
Y27632 for 72 hours. (c) Graph showing luciferase activity of 5xMCAT reporter in NF1 and
CAF1 cultured in normal media or treated with Y27632 or Blebbistatin for 72 hours. Data from
at least 5 independent experiments performed in duplicates (normalised to pGL3-49 vector
alone). Bars represent mean ± s.e.m of the average fold induction compared to NF1 in each
experiment. Mann-Whitney unpaired t –test, *<p0.05 **<p0.005. n.s., non-significant. (d)
Graph showing target genes expression in CAF2 cultured in normal condition or with Src
inhibitor (Dasatinib) for 72 hours. For (b) and (d) each data point represents one biological
replicate performed in triplicates. Expression levels are relative to Gapdh.
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While no direct interaction is published between actomyosin components and YAP1 or
ROCK kinases and YAP1, it has been shown that Src family kinases (SFKs) can
phosphorylate YAP1 and therefore affect its activity (Levy et al., 2008). Fernando Calvo
showed that similarly to Rock inhibitor or blebbistatin, SFKs inhibition impaired YAP1
nuclear localisation in CAF1 ((Calvo et al., 2013), Fig.6h). Interestingly, I could show that
SFKs inhibition using dasatinib decreases YAP1 transcriptional activity in CAF2 (Figure
3-6d). Finally, Fernando Calvo showed that Src activity is downregulated upon ROCK
inhibition ((Calvo et al., 2013), Fig.S5E) suggesting a role for SFKs downstream of the
actomyosin network.

3.5 Discussion
All together these data suggest a crucial role of the contractile cytoskeleton in YAP1
regulation during NFs to CAFs conversion (Figure 3-7). First, soluble factors - from cancer
cells or other stromal cells - drive the contractility of the fibroblast through a moderate
upregulation of actomyosin activity and YAP1 starts showing a mild translocation to the
nucleus. The activation of contractility leads to an increase of both external tension (ECM
remodelling) and internal tension (stress fibre formation), promoting even more YAP1
translocation to the nucleus and its activation, most probably through Src regulation (Calvo
et al., 2013). Finally, YAP1 amplifies the contractile ability of the fibroblasts by
upregulating the actomyosin network, leading to a positive feedback loop between YAP1
and actomyosin network activities.
Overall our data suggest a difference in regulation of YAP1 between NFs and CAFs. While
YAP1 is bound to 14-3-3 and has very low activity in NFs, it is localised in the nucleus in
CAFs and binds to TEAD1/TEAD4 inducing transcriptional activity ((Calvo et al., 2013)
and Figure 3-2). Although the Hippo pathway represents the most common regulator of
YAP1, we showed that in our fibroblasts YAP1 regulation occurs through the actomyosin
cytoskeleton and independently of the Hippo cascade ((Calvo et al., 2013), Fig.2c). CAFs
treated with actomyosin drugs showed a clear decrease of YAP1 transcriptional activity
(Figure 3-6). Interestingly, a loss of YAP1-TEADs interaction and an increase in YAP1
binding to 14-3-3 were simultaneously observed (Calvo et al., 2013).
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Figure 3-7: Model for the role of YAP1 in NFs to CAFs conversion.
Adapted from (Calvo et al., 2013). Different soluble factors can promote contractility in normal
resident fibroblasts and therefore induce matrix remodelling. As the matrix gets stiffer, stress
fibres will appear in the cells leading to SFKs (such as Src) activation, accentuation of nuclear
translocation of YAP1 (green) and its binding with TEAD transcription factors. This will lead to
higher contractility through regulation of actomyosin components, such as ANLN or DIAPH1.
The matrix gets even stiffer, thereby generating a positive feedback loop.
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While analysing YAP1 activity by QRT-PCR in the different fibroblasts, a strong difference
between CAF1 and CAF2 was observed. CAF1 show upregulation of some targets up to 5
times higher than in NF1. On the other hand, CAF2 show upregulation up to 100 times the
values of NF1 (Figure 3-2). This could reflect different disease stages in the tissue from
which the fibroblasts were extracted. During isolation of NF1, AdAF1, HpAF1 and CAF1,
half of the tissue was used to assess the stage of the disease by histochemistry looking at
different staining for the tumour stroma ((Calvo et al., 2013), Fig.S1). Unfortunately, this
was not done when CAF2 was isolated, therefore we do not have any details about the stage
of disease and stroma architecture. Also, while CAF1 represents a polyclonal population,
CAF2 was expanded from a single clone. The differences we observed could therefore
reflect the heterogeneity present in fibroblasts populations in vivo.
Interestingly, in some cases AdAF show a high expression of some YAP1 targets almost as
high or higher than in CAF1 (Figure 3-2). Fernando Calvo noted the same result looking at
YAP1 protein level or when scoring functional assays between AdAF1 and CAF1 ((Calvo
et al., 2013), Fig.1). Although based on a histological observation AdAF1 and CAF1 are
from different stages, GSEA for activated stroma related lists show small differences
between AdAFs and CAFs (Table 3-1). The discrepancy between histological and genomic
data is possibly linked to the use of adjacent tumour pieces. Cancer does not have a
homogenous progression and heterogeneity can be found between tumours types, between
different tumours from the same type, but also inside the same tumour (Burrell et al., 2013,
Chang et al., 2002). Therefore the variability we observe most probably the reflection of the
natural heterogeneity found in the tumour.
Although all the targets we studied (Table 3-2) have been published as YAP1 targets, we
could not observe their downregulation after YAP1 knockdown in all the cells we tested.
Moreover, variability between the 5 different CAFs was observed. Such variability suggests
the existence of different transcriptional paths for YAP1 signalling depending on cell types
and/or cell origin. Several papers already mentioned the possibility that YAP1 regulates
some targets differently in MCF10A versus NIH3T3 (Zhao et al., 2007, Zhao et al., 2008).
Since the number of regulators for YAP1 activity is constantly increasing, we could
hypothesise that according to its upstream regulators, YAP1 regulates differently its targets.
It would be interesting to do comparative genome-wide studies between different cells types
and cross-reference the transcriptional activity to the nature of YAP1 regulators.
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At the time of ChIP experiments using YAP1 antibody, the few examples of ChIP were
done with overexpression of exogenous constitutively active YAP1 (YAP5SA) (Zhao et al.,
2008). One explanation for the ChIP failure using YAP1 antibody could be that the
antibody was not good enough to pull down enough of the endogenous protein. Two very
recent papers using another YAP1 antibody have been published. (Zanconato et al., 2015)
using human mammary breast cancer cells (MDA-MB-231) and (Stein et al., 2015) using
human glioblastoma cells (SF268) performed ChIP on YAP1 endogenous protein followed
by RNA sequencing. Interestingly, both studies found that YAP1 binding sites coincide
with distal enhancers located further than 10Kb from the gene TSS. Gene ontology analyses
suggest that YAP1/TAZ targets are strongly related to cell cycle progression and RNA
metabolism (Zanconato et al., 2015). On the other hand gene ontology analyses done in
(Stein et al., 2015) report enrichment of gene sets linked to regulation of cell migration,
extracellular matrix organization, actin cytoskeleton organization and regulation of cell
proliferation. It would be very interesting to repeat ChIP assays using their protocols in our
NFs and CAFs in order to better understand how YAP1 and TEADs control the expression
of the contractile machinery components.
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Chapter 4.

YAP1 dynamics in Normal Fibroblasts versus

Cancer-Associated Fibroblasts
4.1 Chapter introduction
The previous chapter presented the activation of YAP1 in CAFs compared to NFs. YAP1 is
cytoplasmic (interacting with 14-3-3) in NF1 and nuclear (interacting with TEAD1/4) in
CAF1 (Calvo et al., 2013), but we have no information about YAP1 dynamics at steady
state or during NFs to CAFs conversion. How mobile is YAP1 in the cytoplasm or in the
nucleus? Is the protein tethered or does it shuttle constantly? What are the
nucleocytoplasmic shuttling rates? These questions need to be addressed to fully understand
the regulation of YAP1.
No reports have studied YAP1 protein dynamics in detail. However the general belief is
that YAP1 is either tethered in the cytoplasm (i.e. bound to 14-3-3 when phosphorylated on
S127) or tethered in the nucleus bound to transcription factors on the DNA. This model is
however not consistent with several observations (Refer to Introduction for more details).
First, several studies report the presence of phosphorylated YAP1 in the nucleus (Dupont et
al., 2011, Ren et al., 2010). Secondly, 14-3-3 protein shuttles constantly and its binding to
ligands in the nucleus is essential for rapid nuclear export and subsequent cytoplasmic
sequestration of the ligand (Brunet et al., 2002). Conversely, interactions with 14-3-3 can
sometimes promote the nuclear localisation of its ligand (Muslin and Xing, 2000). Finally,
export of YAP1 and 14-3-3 from the nucleus are all reported to be dependent on Crm1
export machinery (Brunet et al., 2002, Ren et al., 2010) suggesting a possible interaction
complex (YAP1/14-3-3/Crm1) at the nuclear envelope. Taken together, these points
highlight the need for clarification about regulation of YAP1 subcellular localisation and its
dynamics.
The study of protein dynamics in living cells became possible with the development of
technologies based on fluorescent proteins. The discovery of green fluorescent protein
(GFP) (Shimomura et al., 1962) and the first report in 1994 demonstrating its utility as a
fluorescent tag for in vivo labelling (Chalfie et al., 1994) have revolutionised the world of
live imaging.
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Since then, a growing numbers of fluorescent proteins have been identified and successfully
used in molecular biology (Chudakov et al., 2010). In parallel, imaging methods (i.e.
photobleaching experiment), microscopes and computing resources became more available
and cost-effective increasing the number of studies on protein dynamics (LippincottSchwartz et al., 2001, Nicolás et al., 2004, Vartiainen et al., 2007). In this chapter I will
show and discuss the experiments I have performed in order to understand the regulation of
YAP1 subcellular localisation in NFs vs. CAFs.

4.2 Build a reliable tool to study YAP1 in living cells
4.2.1

EYFP-YAP1 construct is not degraded and keeps its integrity

I took advantage of a plasmid made in Nic Tapon’s group at the London Research Institute,
where EYFP fluorescent protein is fused to the N-terminus of the human YAP1-2γ isoform
in a pDEST vector. Recent work in our lab suggests an impairment of YAP1 transcriptional
activity when a tag is fused at the C-terminus (data not shown). Therefore the N-terminus
tag was a promising strategy and I decided to keep the EYFP-YAP1 fusion as it was. In
order to produce stable cell lines, EYFP-YAP1 was cloned into a Lentivirus vector
(pLL3.7) under the constitutive EF-1α promoter (Teschendorf et al., 2002, Qin et al., 2010)
(Figure 4-1a).
When using fluorescent-labelled protein to study protein localisation, dynamics or function,
it is crucial not to saturate the system by excessively overexpressing the exogenous protein
compared to the endogenous one. I therefore sorted three different EYFP+ populations Low (brown), Mid (green dashed) and High (blue) EYFP intensity (Figure 4-1b) – and
checked the expression of the exogenous versus the endogenous YAP1 (Figure 4-1c). The
smaller sized band observed around 45kDa was previously reported to be unspecific
binding of the YAP1 antibody to TAZ (Dupont et al., 2011). In all the three populations, the
exogenous EYFP-YAP1 (92kDa) was overexpressed compared to the endogenous YAP1
(65kDa). However, the Mid and High populations showed as well overexpression of the
endogenous YAP1 and TAZ, suggesting either an effect of overexpression on the
stabilisation of the endogenous protein or partial degradation of the EYFP-YAP1 fusion. To
avoid this effect, I decided to sort for population with a low level of EYFP signal.
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Figure 4-1: EYFP-YAP1 is not degraded and keeps its integrity.
(a) Schematic of EYFP-YAP1 construct cloned in pLL3.7 Lentivirus under EF-1α promoter and
transfected in NF1 and CAF1. (b) FACs plot for NF1 showing populations expressing different
intensity of EYFP (c) Expression of endogenous YAP1 versus exogenous EYFP-YAP1 in the
three sorted populations (d) Western blot analyses showing the expression of endogenous YAP1
versus exogenous EYFP-YAP1 after YAP1 knockdown in NF1 cells and NF1 EYFP-YAP1
transfected cells.
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Both the expression of the endogenous YAP1 and the exogenous EYFP-YAP1 are impaired
after Yap1 knockdown in NF1 (Figure 4-1d – YAP1 blot). This can be observed to a lesser
extent in stably transfected cells using an antibody for EYFP. Only a 92kDa band
corresponding to EYFP-YAP1 is detectable on the EYFP blot confirming the absence of
cleavage between EYFP and YAP1 (data not shown). Yap1 knockdown might have a slight
effect on TAZ expression but this needs confirmation with a TAZ specific antibody. All
together, these results confirm that EYFP-YAP1 is not degraded and keeps its integrity.

4.2.2

EYFP-YAP1 shows a nuclear accumulation in CAF1, which is dependent on a
functional actomyosin cytoskeleton

As explained in the previous chapter and shown in Figure 4-2a, the localisation of YAP1 is
more nuclear in CAF1 compared to NF1. To quantify the protein localisation, the intensity
of a region in the cytoplasm and a region of similar size in the nucleus are compared, it is
the nuclear-to-cytoplasmic ratio (Figure 4-2b). A ratio between 0 and 1 implies an overall
cytoplasmic localisation. In contrast, a ratio larger than 1 indicates an accumulation in the
nucleus. In the case of non-transfected fibroblasts (called WT), CAF1 cells show an average
ratio of 3.8 and almost the majority of the cells have a ratio larger than one (Figure 4-2b).
On the other hand, NF1 cells show an average ratio around 1.8 with many cells having a
cytoplasmic localisation of YAP1. The fact that NF1 shows a nuclear YAP1 accumulation
is most likely the result of putting cells on a stiff substrate such as glass bottom plates.
Fernando Calvo has shown that the stiffer the substrate is, the more YAP1 accumulates in
the nucleus of NF1 (Calvo et al., 2013).
Analysis of stably transfected cells (called EYFP-YAP1) indicates a global shift of EYFPYAP1 localisation to the cytoplasm compared to the endogenous YAP1 (Figure 4-2a&b).
However, the nuclear-to-cytoplasmic ratios of NF1 and CAF1 are still significantly
different showing an average ratio just below 1 for NF1 and larger than 1 for CAF1. In
order to assess if the level of the exogenous protein overexpression affects the subcellular
localisation of the protein, I plotted the nuclear-to-cytoplasmic ratio against the EYFP
intensity expressed by NF1 and CAF1. Interestingly, the ratios are consistent in NF1 and
CAF1 regardless of the EYFP intensity expressed by the cells. This excludes any effects
due to the protein overexpression on EYFP-YAP1 sub-cellular localisation (Figure 4-2c).
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Figure 4-2: EYFP- YAP1 shows a nuclear accumulation in CAF1, which is dependent on a
functional actomyosin cytoskeleton.
(a) Immunofluorescence images of NF1 and CAF1 plated on glass. Antibody against YAP1 is
used for WT cells and EYFP signal is used for transfected cells. (b) Nuclear–to-cytoplasmic
ratios for WT and EYFP-YAP1 transfected cells. (c) Comparison between nuclear-tocytoplasmic ratios versus the average EYFP intensity. (d) Fold induction of nuclear-tocytoplasmic ratio of CAF1 compared to NF1 in WT and EYFP-YAP1 transfected cells. For (b)
and (d) Mann-Whitney U-test, **** p<0.0001. (e) Immunofluorescence of WT cells of EYFPYAP1 transfected cells treated with blebbistatin (10µM) Wilcoxon signed rank test, ***
p<0.001, **** p<0.0001 Scale bars, 20µm. Bars represent mean ± s.e.m.
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Overall, CAF1 WT cells show a two-fold induction of the nuclear-to-cytoplasmic ratio
compared to NF1 WT cells and this difference is decreased to 1.4 fold in EYFP-YAP1
transfected cells (Figure 4-2d). The YAP1 nuclear accumulation observed in CAF1 EYFPYAP1 cells is promising even though it is not as high as in WT cells. Further tests will be
presented to exclude any impairment of EYFP-YAP1 regulation in sections 4.2.3 and 4.2.4.
In order to assess if exogenous YAP1 regulation is different from endogenous YAP1, I
compared the protein subcellular localisation after treatment with blebbistatin in WT CAF1
and in stably transfected CAF1 (Figure 4-2e). Interestingly, the cytoplasmic translocation of
EYFP-YAP1 upon blebbistatin treatment is maintained and similar to endogenous YAP1
(Figure 4-2d). This demonstrates that EYFP-YAP1 is regulated by the actomyosin
cytoskeleton similarly to the endogenous YAP1.

4.2.3

EYFP-YAP1 is transcriptionally active

I then decided to check if EYFP-YAP1 is transcriptionally active using a transcriptional
reporter based on TEADs binding sites made of five consecutive MCAT motifs. Luciferase
assays in NF1 show no strong difference between EYFP-YAP1 transcriptional activity and
the endogenous YAP1 activity (Figure 4-3a). In CAF1, EYFP-YAP1 shows a higher
activity than the endogenous YAP1. This is probably due to the moderate overexpression of
exogenous YAP1 compared to endogenous YAP1 (Figure 4-1). Interestingly the effect of
this overexpression on transcriptional activity is only observed in CAF1 cells, confirming
our observation in Chapter 3, which showed different levels of YAP1 activation between
NF1 and CAF1. Treatment of the cells with blebbistatin abolishes transcriptional activity of
EYFP-YAP1 similarly to endogenous YAP1. In conclusion, these luciferase assays show
that EYFP-YAP1 is transcriptionally active and confirm that EYFP-YAP1 regulation
through the actomyosin cytoskeleton is maintained.
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Figure 4-3: EYFP-YAP1 is transcriptionally active and maintains NF1 and CAF1 matrix
remodelling ability.
(a) Luciferase activity of YAP1 transcriptional reporter (5xMCAT). Data from at least 4
independent experiments performed in duplicate (normalised to pGL3-49 vector). Bars
represent mean ± s.e.m. Wilcoxon signed rank test was used, * p<0.05. All the other
combinations were not statistically significant. (b) Proliferation rate in 24 hours of NF1 and
CAF1 WT or EYFP-YAP1 plated on plastic. Each point represents the average of triplicates.
Bars represent mean ± s.e.m. Mann Witney U–test was used, n.s., non-significant (c)
Contraction assays performed with NF1 and CAF1, WT or EYFP-YAP1. All the replicates from
at least two different experiments are represented. Bars represent mean ± s.e.m. Mann Witney U
–test was used, * p<0.05, ** p<0.01, n.s., non-significant.
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4.2.4

EYFP-YAP1 does not modify the matrix remodelling ability of NF1 and CAF1

In order to assess if EYFP-YAP1 overexpression changed the phenotype of NF1 and CAF1,
I decided to compare the matrix remodelling ability of WT and EYFP-YAP1 transfected
cells. In vitro, CAFs have a higher ability than NFs to remodel collagen-rich gels that
mimic the extra-cellular matrix (ECM). Because this assay is dependent on the number of
cells present in the gel, I decided to first check if the transfection of EYFP-YAP1 in NF1
and CAF1 affects their proliferation. No difference in the proliferation rate for 24 hours is
observed between WT and EYFP-YAP1 transfected cells (Figure 4-3b). Interestingly,
overexpression of EYFP-YAP1 did not change the phenotype of NF1 or CAF1 (Figure
4-3c). WT or EYFP-YAP1 transfected CAFs have a higher ability to contract the gels than
WT or EYFP-YAP1 transfected NFs.
To conclude this first part, I have demonstrated that EYFP-YAP1 is a suitable tool to study
YAP1 localisation and its regulation. Although EYFP-YAP1 transfected cells show a
general shift of YAP1 localisation to the cytoplasm, the expected nuclear accumulation in
CAF1 is observed. Furthermore the function and regulation of EYFP-YAP1 appear similar
to the endogenous protein.

4.3 EYFP-YAP1 is highly mobile in both NF1 and CAF1
4.3.1

Bleaching techniques are useful to study protein dynamics

With the development of fluorescent proteins, the study of protein dynamic has become
easier. Advanced fluorescent microscopy techniques are now widely used to assess the
mobility and dynamic of a protein (Lippincott-Schwartz et al., 2001, Nicolás et al., 2004,
Vartiainen et al., 2007). Among these techniques four are widely used and I will therefore
briefly introduce them. Photobleaching experiments such as Fluorescent Loss In
Photobleaching (FLIP) and Fluorescent Recovery After Photobleaching (FRAP) are used to
assess protein mobility and traffic in the cells. Fluorescent correlation spectroscopy (FCS)
can also be used for the same purpose but this method is less straightforward since it
requires specialised instrumentation.
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Finally, Fluorescence Resonance Energy Transfer (FRET) is based on the transfer of energy
between two fluorophores once they are in close proximity to one another. This technique is
used to assess either changes in conformation of a protein or interaction between two
different proteins.
Since the purpose of the study is to observe the global mobility of YAP1, I decided to
perform FLIP and FRAP techniques in NF1 and CAF1. FRAP analyses are based on the
recovery of the intensity in a region of a cell after a single photobleaching. By analysing the
curve of intensity recovery, several parameters can be extracted: diffusion rates of the
protein, amount of mobile or immobile fractions of the protein, exchange rates between the
different fractions, and exchange rates between different compartments (i.e. nucleus versus
cytoplasm) (Fritzsche and Charras, 2015a). I have tried several times to perform FRAP
experiments in NF1 or CAF1 either by bleaching small regions or the entire nucleus.
Overall the technique was working, however by the end of the bleaching period, the
intensity in the surrounding regions was similar to the bleached point, suggesting a high
mobility of EYPF-YAP1 but also leading to a recovery of intensity almost inexistent.
Moreover, the amount of noise was very high, which made the quantifications weak. I
therefore decided to concentrate on FLIP experiments.
FLIP analyses consist of repetitive bleaching of a region (Figure 4-4a - red square) between
each acquisition, decreasing the intensity in this region over time. By analysing the loss of
intensity of a reporting point in the same or in the other compartment we can extract similar
parameters as with FRAP analyses.
When FLIP is performed, the repetitive acquisitions and the possible unspecific bleaching
induce a general loss of intensity in the whole field. Therefore for all FLIP quantifications
the absolute intensity of each region is normalised to the average intensity of control
(=unbleached) cells. In all graphs, the intensities of control cells are plotted. The time of
bleaching was chosen in order to perform a fast bleaching but strong enough to induce a
significant drop in the intensity (Details in Materials & Methods).
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Figure 4-4: FLIP experiments on two control proteins H2B-GFP and EGFP.
(a) Schematic of FLIP protocol in the nucleus. (b) FLIP in the nucleus of H2B-GFP (n=9 cells)
and EGFP (n=8 cells) transfected CAF1. Scale bars, 20µm. (c) Corresponding FLIP
quantifications. The intensity is first normalised to background intensity and then to the
intensity of control cells.
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The technique was first tested on CAF1 after transient transfection of H2B-GFP and EGFP
constructs. The H2B-GFP is a control for an immobile protein since histones H2B are
involved in the structure of the chromatin and therefore largely immobile (Kanda et al.,
1998). As expected a significant drop in intensity of the bleached point is observed (Figure
4-4b&c - black curves). Comparison with another region in the nucleus shows a strong
divergence in the intensities, highlighting the presence of an immobile fraction (black
versus green curve). Conversely, EGFP construct is used as a fully mobile protein (Dross et
al., 2009). When bleaching a region in the nucleus, the intensity in the other part of the
nucleus drops at the same time and to the same degree as the bleached point (overlap or
green and black curves). These two examples present the curves to expect if EYFP-YAP1 is
highly immobile (H2B-GFP) or highly mobile (EGFP).

4.3.2

EYFP-YAP1 is very mobile in both the nucleus and the cytoplasm

As explained in the introduction, the general belief is that YAP1 is either sequestered in the
cytoplasm when phosphorylated or sequestered in the nucleus bound to TEAD transcription
factors. By doing FLIP analysis in the NF1 and CAF1 stably transfected with EYFP-YAP1,
I aim to assess if the protein is tethered in the cytoplasm of NF1 and nucleus of CAF1.
Bleaching EYFP-YAP1 in NF1 and CAF1 in both compartments (nucleus and cytoplasm)
shows a significant decrease in intensity in the bleached regions (Figure 4-5 for NF1 and
Figure 4-6 for CAF1- black curves). Intensities for control cells are in dashed lines and do
not change overtime. Interestingly, the intensity in the reporting point of the bleached
compartment is dropping simultaneously: orange vs. black curves for cytoplasmic FLIP and
green vs. black curves for nuclear FLIP. The curves observed for the bleached and the
nuclear reporting points during nuclear FLIP are very similar to the one observed with
EGFP control (Figure 4-4c) suggesting that the majority of YAP1 proteins are actually
highly mobile in NF1 and CAF1.
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Figure 4-5: EYFP-YAP1 is very mobile in both compartments in NF1.
(a) FLIP in the cytoplasm. One representative cell is shown for specified time during the
acquisition. For quantification, n=24 cells. (b) FLIP in the nucleus. One representative cell is
shown for specified time (sec) during the acquisition. For quantification, n=10 cells. The
bleached region is highlighted in red in the pictures at time 0. Scale bars, 20µm.
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Figure 4-6: EYFP-YAP1 is very mobile in both compartments of CAF1.
(a) FLIP in the cytoplasm. One representative cell is shown for specified time during the
acquisition. For quantification, n=24 cells. (b) FLIP in the nucleus. One representative cell is
shown for specified time (sec) during the acquisition. For quantification, n=24 cells. The
bleached region is highlighted in red in the pictures at time 0. Scale bars, 20µm.
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On the other hand, in cytoplasmic FLIP, the divergence between the bleached and the
cytoplasmic reporting points is greater than what is observed in nuclear FLIP. One most
likely explanation could be that EYFP-YAP1 is interacting with other proteins in the
cytoplasm, reducing it mobility and resulting in the divergence observed. Otherwise, this
could be the result of the distinct compartment sizes. The cytoplasm is larger than the
nucleus and therefore the effects of the bleach take longer to be observed in the rest of the
compartment.
These FLIP analyses also highlight the presence of a constant shuttling of EYFP-YAP1
proteins since the intensities of the reporting points in the non-bleached compartment are
also decreasing during the acquisition (green vs. black curves for cytoplasmic FLIP and
orange vs. black curves for nuclear FLIP). This decrease in intensity is happening from the
first bleach suggesting a quick and constant shuttling of EYFP-YAP1 proteins.

4.3.3

Export of EYFP-YAP1 is not only dependent on Crm1

The FLIP analyses suggest a constant shuttling of EYFP-YAP1 proteins. I therefore decided
to assess the speed of nuclear accumulation by blocking the export of YAP1 and EYFPYAP1. Exportin1 also called Crm1 is one component of the export machinery, which
mediates the translocation of nuclear proteins to the cytoplasm. Crm1 has previously been
reported as the main export machinery of YAP1 (Ren et al., 2010, Dupont et al., 2011). I
used Leptomycin B in NF1 to block specifically Crm1 (Nishi et al., 1994) and assess YAP1
and EYFP-YAP1 sub-cellular localisation. No difference is observed in the speed or
amount of nuclear accumulation between WT cells and EYFP-YAP1 cells confirming that
the exogenous EYFP-YAP1 protein has the same regulation and dynamic than endogenous
YAP1. After 20 minutes of treatment, the nuclear-to-cytoplasmic ratio is significantly
increased to a ratio close to 3 (Figure 4-7). This increase is maintained for at least 40
minutes. The drop in nuclear-to-cytoplasmic ratios observed around one hour suggests a
possible compensation mechanism occurring through a Crm1 independent export. Two
hours after Leptomycin B treatment, the protein accumulates again in the nucleus. These
variations in nuclear-to-cytoplasmic ratios highlight a complex mechanism of export of
YAP1 protein that is only partially dependent on Crm1.
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Figure 4-7: Export of YAP1 and EYFP-YAP1 is not only dependent on Crm1.
(a) Immunofluorescence images of NF1 plated on glass. Antibody for YAP1 is used for WT
cells and EYFP signal is used for EYFP-YAP1 transfected cells. Leptomycin B was added at
50nM for the specified time. Scale bars, 20µm. (b) Quantifications of nuclear-to-cytoplasmic
ratio. Wilcoxon signed rank test, ****p<0.0001, **p<0.01.
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4.4 Modelling of EYFP-YAP1 dynamics suggests a slower export in
NF1 than in CAF1
4.4.1

Description of the mathematical model

Systems biology using computational and mathematical models, is a powerful tool to
analyse complex biological processes. Mathematical analysis of the FLIP data can provide a
lot more information than intuitive interpretations but the extraction of the relevant reaction
rates is not straightforward. We therefore decided to build a mathematical model for EYFPYAP1 dynamics in NF1 and CAF1. For this part, I worked together with Robert Jenkins – a
senior scientific officer and mathematician in our lab. I generated and quantified the data.
We developed the model of YAP1 dynamics together and Robert Jenkins implemented it
mathematically in MATLAB.
A mathematical model is a simplified representation of a complex process where the
essential features are identified and details that have a minor effect are ignored. Complex
and detailed models can be made to fit the experimental data very well but are hard to
implement since many parameters and sometimes mechanisms are unknown. On the other
hand, simpler models may not fit the data to the same degree of accuracy but they allow far
greater interpretation as to the mechanisms driving the underlying processes. We start with
the simplest model possible, according to the necessary assumptions. If the model does not
fit the experimental data to the desired accuracy it suggests that certain simplifying
assumptions are imprecise. The model can then be built up into more complex forms. By
doing so, we aim to understand the effect of each of the mechanisms within the model and
we do not take the risk of over-fitting the model with mechanisms that are in fact redundant.
A protein can have different states in a cell: it can be completely free to move or can be
bound to other proteins or immobile structures (such as chromatin) decreasing its mobility
significantly. The protein switches between these different states via specific kinetics,
which correspond to biological processes such as chemical modifications (e.g.:
phosphorylation), physical interactions or translocation to another compartment. Kinetic
modelling methods – based on biophysical parameters like binding/dissociation constants,
residence times and diffusion coefficients - allow the analysis of dynamic reactions.
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The mathematical modelling of such reaction kinetics is traditionally based on ordinary
differential equations (ODEs) (Gray and Scott, 1990, Jenkins, 2008), which define a
relationship between a function of one independent variable and the function’s derivatives.
In our case, the independent variable is time and the function represents the time evolving
population of proteins. Hence the derivative gives the rate of change of the protein
population with respect to time. By solving the corresponding ODE we are thus able to
extract the protein population as it dynamically evolves. In our analysis the rates of reaction
of the chemical kinetics are unknown. Therefore by fitting solutions to our ODEs - that best
fit the experimental data - we can obtain estimates for the rates of reaction of the different
biophysical parameters.
Comparison between FLIP data from EYFP-YAP1 and EGFP suggest a high mobility of
EYFP-YAP1 protein in the nucleus (Figure 4-4, Figure 4-5 and Figure 4-6); a rapid
convergence between the intensities of the bleach point and the reporting (non-bleached)
point is observed. We therefore make an initial assumption whereby we ignore any
immobile pools of EYFP-YAP1 in both compartments (cytoplasm and nucleus) (Figure
4-8a). The chemical reaction kinetics of the first iteration of the model are then given by:
𝑋
𝑌

!!

𝑌

!!!

𝑋

where 𝑋 gives the mobile pool in the nucleus and 𝑌 the mobile pool in the cytoplasm. The
reaction rate 𝑘! gives the rate of export from the nucleus to the cytoplasm and 𝑘!! the rate
of import from the cytoplasm to the nucleus (Figure 4-8a). In other words, 𝑘! and 𝑘!!
represent the proportion of molecules being exported or imported per second.
In FLIP experiments, the bleaching of a region in the nucleus or in the cytoplasm is
performed at regular discrete intervals. Therefore in our model, we approximate this
discrete bleaching with a continuous degradation of the relevant mobile protein population:
𝑋
𝑌

!

!

𝜙 for bleaching in the nucleus,

𝜙 for bleaching in the cytoplasm,

where the parameter 𝜂 represents the bleaching of the protein population and the variable 𝜙
can be considered as an inert waste product that can be ignored.
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Thus, our model is based on these four chemical reaction kinetics which form a simple
coupled system of ODEs given by:
𝑑𝑥
= 𝑘!! 𝑦 − 𝑘! 𝑥 − 𝜂𝑥
𝑑𝑡
𝑑𝑦
= 𝑘! 𝑥 − 𝑘!! 𝑦
𝑑𝑡
for bleaching in the nucleus (decay of intensity occurs in the nucleus),
𝑑𝑥
= 𝑘!! 𝑦 − 𝑘! 𝑥
𝑑𝑡
𝑑𝑦
= 𝑘! 𝑥 − 𝑘!! 𝑦 − 𝜂𝑦
𝑑𝑡
for bleaching in the cytoplasm (the decay of intensity occurs in the cytoplasm).
The populations of 𝑋 and 𝑌 at time 𝑡 are given by 𝑥 𝑡 and 𝑦 𝑡 with initial populations
𝑥 0 = 𝑥! and 𝑦 0 = 𝑦! .

4.4.2

Fitting the model and the experimental data

Before estimating the import and export rates, we first need to assess how the model fits to
the experimental data from NF1 and CAF1 (Figure 4-5 and Figure 4-6). To do this, we
carry out a nonlinear regression in order to estimate the parameters 𝑘! , 𝑘!! and 𝜂 that
minimise the error between the numerical solution to our ODEs and the experimental data.
Solutions to the ODEs require initial conditions for 𝑥 𝑡 and 𝑦 𝑡 , and the dynamics of the
solutions are heavily dependent on these initial conditions. However, the experimental noise
for these measurements is as large as for any other time-points. We therefore decided to
also treat the initial conditions 𝑥! and 𝑦! as parameters in our model. With such a large
number of parameters to search for (𝑘! , 𝑘!! , 𝜂, 𝑥! and 𝑦! ), the number of combinations of
values able to fit the data relatively well will increase. To overcome this issue somewhat,
we used the fact that the first bleach in the FLIP experiment occurs after the third frame and
therefore the system can be considered at steady state (
Under this condition it can be shown that 𝑥 =
bleaching, 𝑥! =

!!!
!!

!!!
!!

!"
!"

= 0) over the first three frames.

𝑦 and thus at our initial time-point prior to

𝑦! (Refer to Materials & Methods for details). This reduces the number

of parameters to estimate from five to four.
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Figure 4-8: Modelling of EYFP-YAP1 import and export.
(a) Model of EYFP-YAP1 dynamics. (b) Fitting of the model prediction and the experimental
data for the nuclear and the cytoplasmic reporting regions of one representative cell during
nuclear FLIP. (c) Residual plot of the model fit to the experimental data in the same
representative cells as in (b). (d) Import/Export ratio of EYFP-YAP1 in NF1 and CAF1. MannWhitney U-test, ****p<0.0001. (e) Import rate 𝑘!! and export rate 𝑘! of EYFP-YAP1 in NF1
and CAF1. Mann-Whitney U-test, ***p<0.001, n.s., non-significant (f) Comparison between
model prediction if export is blocked (dotted lined) and live measurements upon Leptomycin B
treatment (solid lines) during the first 5 minutes in NF1 and CAF1 and at 20 minutes in NF1.
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For the nonlinear regression, the intensities measured during nuclear FLIP in the reporting
points of the two compartments are used as experimental points (Figure 4-8b - blue point).
The model prediction is in red. These graphs show a good fit between the model and the
experimental data suggesting that the model is appropriate and the assumptions we made
are valid. To further validate how well the model fits the experimental data, the value
estimated by the model (fitted value) versus the difference between the experimental data
and our model prediction (residual value) are plotted (Figure 4-8c). These residuals
correspond to elements of variation that our model is unable to explain. If the model fits the
experimental data exactly, it would follow the dot-dash back line. If the model fits the data
accurately, the scatter should not follow any trend and should appear as random scatter of
positive and negative values. Finally, if any pattern of residuals is observed and if this
pattern changes as the fitted values change, it suggests that the model needs to be adjusted.
Overall, the data from the reporting points in the nucleus (blue points) and in the cytoplasm
(red points) during nuclear FLIP show no particular trend confirming that this model is a
reasonable approximation to the experimental data and the assumptions we made are valid.
Although the model fits accurately the experimental data coming from cytoplasmic FLIP, a
strong variability in the parameter estimations is observed between the cells (data not
shown). This is probably dependent on the locations of the reporting and bleached points:
depending on the size and shape of the cells these points were not necessarily at the same
distance. Alternatively, it could reflect the variety of EYFP-YAP1 dynamics in the
cytoplasm. We therefore decided to concentrate our estimation of the parameters using the
experimental data obtained from FLIP in the nucleus.

4.4.3

Parameters values suggest a faster export in NF1 than CAF1

The estimations of the import/export ratio (K=𝑘!! /𝑘! ) in NF1 and CAF1 stably transfected
with EYFP-YAP1 are plotted in Figure 4-8d. The results are in accordance with the steady
state observation. The ratio in NF1 is smaller than one meaning the export is higher than
import (proteins are cytoplasmic) and the ratio in CAF1 is larger than one meaning the
import is stronger than the export (proteins are nuclear). By analysing separately the rate of
import 𝑘!! , and rate of export 𝑘! , one major difference arises; the export rate 𝑘! is
significantly faster in NF1 than in CAF1 (Figure 4-8e).
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The import rates are similar in both cells. The difference in the export rates possibly reflects
a difference in the export machineries between NF1 and CAF1. This result could also
suggest the interaction of YAP1 with a nuclear partner (such as TEAD transcription factors)
leading to the inhibition of its export to the cytoplasm.
Having estimated the import and export rates of EYFP-YAP1 in NF1 and CAF1, we can
evaluate the role of Crm1 for EYFP-YAP1 export. According to the FLIP data in NF1
(Figure 4-5), the shuttling of EYFP-YAP1 is happening relatively fast. The intensity in the
cytoplasm drops by approximately 25% in four minutes. On the other hand, the nuclear
accumulation observed upon Leptomycin B treatment suggests a slower shuttling (Figure
4-7). Based on the estimated rates (Figure 4-8d), we plot the curves corresponding to the
evolution of nuclear-to-cytoplasmic ratios during 5 minutes if the export is entirely blocked
(𝑘! = 0) (Figure 4-8f - dashed lines). The same experiment was performed in live cells
using Leptomycin B on NF1 and CAF1 and quantifying nuclear-to-cytoplasmic ratios every
30 seconds for 5 minutes (solid lines). Strikingly, already after 30 seconds differences
between the model prediction and experimental data are observed in both NF1 and CAF1
(dashed vs. solid lines). At 20 minutes, the model predicts a nuclear-to-cytoplasmic ratio
more than 200 times larger than what we observe with experimental data. This result
confirms that Crm1 is probably not the main machinery involved in EYFP-YAP1 export in
NF1 and CAF1.

4.5 Distinct pools of EYFP-YAP1 are present in NF1 and CAF1
4.5.1

Description of the different mutants

In order to assess which part of the YAP1 is important for the regulation of its sub-cellular
localisation, I decided to build different points mutants of YAP1. I focused on five mutants
commonly used to study YAP1 biology: 5SA (blue), S94A (orange), Δ5C (brown), 3PG
(red) and Y407F (violet) (Figure 4-9a). Mutations of the five serines 61, 109, 127, 164 and
397 abolish the regulation of YAP1 through phosphorylation by the two kinases MST1/2
and LATS1/2 (Zhao et al., 2007). Among those five serines, the mutation of S127
specifically inhibits the interaction of YAP1 with 14-3-3 protein (Vassilev et al., 2001,
Dong et al., 2007). YAP-5SA mutant is therefore reported to translocate to the nucleus and
to induce transcriptional activity.
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Figure 4-9: Localisation and transcriptional activities of the different EYFP-YAP1
mutants.
(a) Description of the five different mutants. (b) Immunofluorescence images of stably
transfected cells with EYFP-YAP1 constructs. Scale bars, 20µm. (c) Quantification of nuclearto-cytoplasmic ratio. Data from two independent experiments. n>35cells per mutants (d)
Luciferase activity using 5xMCAT transcriptional reporter. Data from at least 4 independent
experiments performed in duplicated (normalised to pGL3-49 vector). For (c) and (d), bars
represent mean ± s.e.m. Mann-Withney U–test, **** p<0.0001, ** p<0.01, * p<0.05. No
statistical significance was observed in mutant versus WT construct in NF1 or CAF1 in (d)
probably due to the small number of repeats.
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Mutation of serine 94 abolishes YAP1 interaction with TEAD transcription factors leading
to a cytoplasmic localisation (Zhao et al., 2008). Mutant Δ5C lacks the last five residues in
the PDZ binding domain at the N-terminus of the protein, which abrogates the interaction of
YAP1 with the tight junction protein ZO-2 essential for their translocation to the nucleus
(Oka et al., 2010). The mutant 3PG harbours mutations of three prolines present in the SH3
binding domain of YAP1 that are essential for binding to several tyrosine kinases (Sudol,
1994). Finally, the mutation of tyrosine 407 is disrupting the regulation of YAP1 by SFK
kinases and c-Abl kinase normally inducing YAP1 transcriptional activity (Rosenbluh et al.,
2012, Levy et al., 2008). All these mutants have been fused to EYFP the exact same way as
for YAP1 WT.
Before using these mutants for FLIP experiments, I decided to check their localisation and
transcriptional activities. As expected 5SA and S94A mutants show two opposite
behaviours (Figure 4-9b,c&d). EYFP-YAP1 5SA is strongly nuclear in both NF1 and CAF1
and induces high transcriptional activity. In contrast, EYFP-YAP1 S94A translocates to the
cytoplasm in both cells and has a lower transcriptional activity. These results are consistent
with previous reports and confirm the fidelity of EYFP-YAP1 fusion in reproducing the
behaviour of the un-tagged protein (Zhao et al., 2007, Zhao et al., 2008). No significant
differences in localisation or transcriptional activity are observed with EYFP-YFP1 Δ5C
mutant. The EYFP-YAP1 3PG mutant shows in both cells a significant translocation to the
cytoplasm but no difference in transcriptional activity. Surprisingly, EYFP-YAP1 Y407F
shows in both cells an accumulation to the nucleus. However this is accompanied by a
decrease in luciferase activity of YAP1 reporter. Furthermore, even though the EYFPYAP1 5SA mutant shows a sub-cellular localisation in NF1 similar to CAF1, its
transcriptional activity is only half the one of EYFP-YAP1 WT in CAF1. All together these
data suggest that nuclear accumulation of YAP1 and its transcriptional activity are not
necessarily correlated.
Previously, I have shown that YAP1 WT is regulated by the actomyosin network in NF1
and CAF1. Therefore, I decided to check the response of the different mutants to
blebbistatin treatment (Figure 4-10a&b). The cytoplasmic translocation of the protein due to
blebbistatin is more easily observed in conditions where YAP1 is nuclear at steady state.
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Figure 4-10: Localisation and transcriptional activities of the different EYFP-YAP1
mutants upon blebbistatin treatment.
(a) Quantification of nuclear-to-cytoplasmic ratio for the different cell lines. Data from two
independent experiments. n>35cells per mutants (b) Luciferase activity using 5xMCAT
transcriptional reporter for the different EYFP-YAP1 constructs in NF1 and CAF1. Data from at
least 4 independent experiments performed in duplicated (normalised to pGL3-49 vector). Bars
represent mean ± s.e.m. Wilcoxon signed rank test was used, **** p<0.0001, *** p<0.001, **
p<0.01,* p<0.05, n.s. non significant. No statistical significance was observed in (b) between
DMSO and blebbistatin probably due to the small number of repeats.
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As expected, S94A mutant shows no differences in protein localisation or activity upon
blebbistatin treatment since the protein is already cytoplasmic and unable to bind TEAD
transcription factors at steady state. Interestingly, in both cells, the nuclear localisation of
EYFP-YAP1 5SA is unaffected by blebbistatin treatment. This might reflect an interaction
of YAP1 5SA with a nuclear partner inhibiting its regulation through the actomyosin
network or that the actomyosin network regulates these five serine phosphorylation. In
contrast, EYFP-YAP1 Δ5C and EYFP-YAP1 Y407F constructs respond to blebbistatin
treatment similarly as the WT construct, showing a significant cytoplasmic translocation
and drop in transcriptional activity. Upon treatment, EYFP-YAP1 3PG construct does not
show a different sub-cellular localisation but loses its transcriptional activity significantly.
This again suggests that nuclear accumulation and transcriptional activity are possibly
regulated by distinct mechanisms. Because Δ5C and 3PG mutants did not show very large
differences compared to the WT construct in terms of subcellular localisation or
transcriptional activity, I therefore decided to concentrate my work on the following three
mutants: 5SA, S94A and Y407F.

4.5.2

FLIP analyses on EYFP-YAP1 5SA, EYFP-YAP1 S94A and EYFP-YAP1
Y407F

In order to assess the dynamics of 5SA, S94A and Y407F mutants, I performed nuclear
FLIP experiments in NF1 and CAF1 (Figure 4-11 and Figure 4-12). The drop in intensity
observed in the nuclear reporting points (green lines) are overall similar to what we
previously observed with the EGFP construct (Compare to Figure 4-4c). This confirms that
EYFP-YAP1 – even with these mutations - is rather mobile within the nucleus. Nonetheless,
more detailed consideration of the data reveals several interesting features. The loss of
intensity observed in the cytoplasmic reporting points (orange lines) highlight the ability of
the three mutants to shuttle between the nucleus and the cytoplasm. This is the first time
nucleocytoplasmic shuttling of 5SA and S94A mutants have been measured and is
contradictory to the general belief about tethering of 5SA in the nucleus and S94A in the
cytoplasm.
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One major difference observed with the 5SA mutant compared to the WT construct is the
presence of a major delay in the loss of intensity between the bleached and the nuclear
reporting points (green versus black lines). This delay is observed in both NF1 and CAF1
and possibly suggests the presence of distinct pools of YAP1 with different mobilities in the
nucleus. A similar delay is observed for EYFP-YAP1 Y407F mutant in CAF1. The absence
of delay using S94A mutant suggests a role for the interaction with TEAD transcription
factors in EYFP-YAP1 mobility.
The comparison of FLIP data performed on CAF1 expressing WT and 5SA constructs
(Figure 4-6 versus Figure 4-12) highlights the presence of this delay (although to a smaller
extent) already in cells with WT construct. Together these data suggest that different pools
or fractions, of EYFP-YAP1 with distinct mobilities co-exist in the nucleus. Further
analyses of this delay will be discussed later in this chapter.
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Figure 4-11: 5SA mutant shows slower mobility in the nucleus of NF1.
(a) FLIP in the nucleus in NF1 with EYFP-YAP1 5SA. n= 12 cells. (b) FLIP in the nucleus in
NF1 with EYFP-YAP1 S94A. n= 10 cells. (c) FLIP in the nucleus in NF1 with EYFP-YAP1
Y407F. n= 7 cells
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Figure 4-12: 5SA and Y407F mutants show slower mobility in the nucleus of CAF1.
(a) FLIP in the nucleus in CAF1 with EYFP-YAP1 5SA. n= 18 cells. (b) FLIP in the nucleus in
CAF1 with EYFP-YAP1 S94A. n= 16 cells. (c) FLIP in the nucleus in CAF1 with EYFP-YAP1
Y407F. n= 11 cells
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In order to assess the contribution of import and export rates for nuclear accumulation of
5SA and Y407F and cytoplasmic accumulation for S94A, we then decided to estimate 𝑘!
and 𝑘!! using our mathematical model (Figure 4-13). Accordingly with the steady state
localisation, the import/export ratio (K) is increased for 5SA mutant and decreased for
S94A mutant (Figure 4-13a). A possible trend (although no statistically significant) of
increased K ratio is observed with the Y407F mutant for both NF1 and CAF1. Interestingly,
the differences of K ratios between NF1 and CAF1 for 5SA and Y407F mutants are similar
to what is observed for WT construct. This possibly implies multiple and simultaneous
mechanisms for YAP1 regulation in NF1 versus CAF1. Further studies using a combination
of mutants will help to clarify this point. Import/export of S94A in CAF1 is decreased and
similar to the rates of the WT construct in NF1, suggesting a role for YAP1-TEAD
interaction for the nuclear accumulation of YAP1 in CAF1. In parallel, no differences are
observed in import/export rates between WT or S94A constructs in NF1, suggesting a low
YAP1-TEAD interaction already at steady state in NF1.
Estimation of 𝑘!! rates shows no significant difference in the import of WT and mutants
EYFP-YAP1 between NF1 and CAF1. Interestingly, the export rates 𝑘! show significant
differences. The export rate of EYPF-YAP1 5SA is dramatically reduced in both NF1 and
CAF1. On the other hand, EYFP-YAP1 S94A export rate is increased to a similar level as
the export rates observed with WT or S94A constructs in NF1. No clear difference is
observed with EYFP-YAP1 Y407F mutant for both NF1 and CAF1. Interestingly, the
difference in export rate observed with the WT construct between NF1 and CAF1 is
maintained for the 5SA and Y407F mutants. This suggests again the presence of distinct
and parallel mechanisms for YAP1 regulation in NF1 and CAF1.
All together these data suggest the nuclear export rate is a key factor in determining the
differential localisation of YAP1 in NFs and CAFs. The variability of export rates observed
can have diverse origins: contribution of distinct export machineries, inhibition of YAP1
export due to its interaction with a nuclear proteins or presence of different pools of nuclear
YAP1 with different mobilities.
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Figure 4-13: Estimation of import and export rates for the different mutants in NF1 and
CAF1.
(a) Import/Export ratio of the different mutants in NF1 and CAF1. (b) Import rate k-2 and (c)
export rate k2 of the different mutants in NF1 and CAF1. Mann-Whitney U-test,
****p<0.0001,***p<0.001, ,** p<0.01, n.s., non-significant. All the combinations for 𝑘!!
import rate were not statistically significant.
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4.5.3

Optimisation of the current model

As explained earlier, we first built the mathematical model with the simplest form possible,
(Figure 4-8 a) one mobile pool of protein in each compartment and two rates of exchange
between these two pools. This was based on our failure to detect pools of nuclear EYFPYAP1 with distinct mobilities in either NF1 or CAF1. However, data from FLIP in the
nucleus of cells expressing EYFP-YAP1 5SA and EYFP-YAP1 Y407F mutants suggested a
more complex system, where not all YAP1 proteins have the same mobility in the nucleus.
In order to assess the presence of different pools in NF1 and CAF1 with EYFP-YAP1 WT
construct, we decided to compare the decay of intensity due to bleaching 𝜂 at the reporting
point in both cells (Figure 4-14a). Interestingly, this decay is faster in NF1 than in CAF1
(Figure 4-14a). This result suggests that YAP1 exchanges between the bleached region and
the non-bleached region more slowly through the nucleus in CAF1 than in NF1 leading to a
reduced rate of bleaching in CAF1.
This apparent slower mobility in the nucleus of CAF1 could arise from two possibilities.
YAP1 in CAF1 could have a slower rate of diffusion than in NF1 or it could interact with
different partners leading a to reduction in exchange rates between different pools in the
nucleus. To begin with, we investigated the speed of diffusion of EYFP-YAP1 in CAF1. To
do so we plotted the intensity of EYFP before and after the two first bleaching steps and
across a line scanning the entire length of the cell (Figure 4-14b). If diffusion is very slow
(not negligible), the further a point is from the bleached region, the longer it will take for
the intensity to drop. On the other hand, if the diffusion is very fast (diffusion negligible),
the intensity will drop homogenously throughout the whole nucleus. As expected, our
experimental data show that the intensity decreases dramatically in the bleached region after
the first bleaching (Figure 4-14c – black versus red line). Although our data are noisy, this
drop seems to happen simultaneously and homogenously in the whole nucleus. This
suggests that diffusion is extremely fast relative to the timescales of our experiment.
Therefore, difference in speed of diffusion between NF1 and CAF1 cannot explain the
changes in YAP1 mobility observed in the nucleus and we can ignore diffusive effects in
our mathematical model. Better techniques to obtain quantitative estimation of the
coefficient of diffusion will be considered in the discussion of this chapter. This leads us
towards the first hypothesis, where the slow mobility of YAP1 in the nucleus of CAF1 is
probably due its interaction with DNA-bound partners such as TEAD factors.
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Figure 4-14: Difference of decay in intensity after bleaching between NF1 and CAF1 is not
the result of a difference in speed of EYPF-YAP1 diffusion.
(a) Decay of intensity due to bleaching estimated from bleached or non-bleached point data in
NF1 and CAF1 expressing EYFP-YAP1 WT. Mann Witney U-test, **p<0.01 ***p<0.001 and
n.s., non significant. (b) Schematic of the drop in intensity if diffusion is negligible or not. The
intensity is measured at time 0 and after two bleaching in the nucleus, across a line scanning the
entire length of the cells, the nucleus and the bleached region. (c) Experimental data for one
cell, from FLIP in the nucleus in CAF1 with EYFP-YAP1 5SA construct.
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To address the possibility of multiple mobile fractions in the nucleus, we decided to analyse
the decay in intensity at the non-bleached point during FLIP experiments, following the
methodologies described in (Calapez et al., 2002, Fritzsche and Charras, 2015b). According
to (Calapez et al., 2002), the loss of fluorescence intensity at the non-bleached point during
FLIP, is a consequence of the rate of displacement of molecules from that particular region.
By fitting increasing numbers of exponential decay functions to this loss in intensity we can
start to estimate the number of YAP1 fractions in the nucleus. For example, in Figure 4-15a,
the decay in fluorescence intensity is best approximated by two exponential decay functions
(black curve) composed of one function that decays very fast (orange curve) and another
one that decays over a longer period of time (violet). This would indicate the presence of
two mobile fractions, one that moves very fast and one that is slower. Overall, the number
of functions reflects the number of fractions present. The parameters of the different
exponential functions will allow us to estimate the proportion of each fraction as well as the
rates of displacement of each fraction (See Materials & Methods for details).
Following this method, we re-interpreted our data and investigated the number of
exponential functions required to fit accurately the experimental data. Analyses of EYFPYAP1 WT in NF1 and CAF1 show that a single exponential function does not fit the
experimental data as accurately as two functions (Figure 4-15b). Therefore, this confirms
the necessity to consider two pools of protein with different mobilities to accurately model
YAP1 dynamics. The parameters of the different exponential functions allow us to estimate
the proportion and the rates of displacement from the analysed region for each pool. A two
exponential decay function is of the form: 𝑓 𝑡 = 𝑝 exp −𝑟! 𝑡 + 1 − 𝑝 exp −𝑟! 𝑡 ,
where 𝑝 and 1 − 𝑝 are the two pools of protein and 𝑟! and 𝑟! are the rate of displacement of
each pool.
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Figure 4-15: Different pools of protein with distinct rates of displacement are present in
the nucleus of NF1 and CAF1.
(a) Diagram showing the two distinct exponential curves and explaining how they relate to the
slow and the fast pools. (b) Fitting exponential functions to the experimental data from FLIP in
the nucleus of NF1 and CAF1 expressing EYFP-YAP1 WT construct. (c) Illustration of the
different parameters extracted from fitting a double exponential function. The reaction rates (𝑟!
and 𝑟! ) represent the rate of displacement from the analysed region. The proportions (𝑝 and
1 − 𝑝) represent the proportion of each fraction.
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Figure 4-15c presents the rate of displacement of each fraction in the nucleus (reaction rate)
derived from the double exponential fit. The heat map specifies the proportion of each of
these fractions. If the dot is dark red it means a high amount of EYFP-YAP1 protein has
this reaction rate in the nucleus. On the other hand if the dot is dark blue, it means only few
proteins with this reaction rate are present in the nucleus.
The first striking observation is that regardless of the constructs, the reactions rates are
larger in NF1 than in CAF1 (consider the log10 scale). This result confirms our observation
in Figure 4-14a suggesting that overall EYFP-YAP1 has a higher mobility in NF1 than
CAF1. A second observation is that for the WT and S94A constructs, two populations are
distinguishable, one with an average reaction rate of magnitude 10-1.5 and one with an
average reaction rate of magnitude 10-2.5. The two populations have approximately the same
proportion (~0.5-0.6) suggesting that they are present equally in the nucleus. Results using
5SA mutants are very different since only a single population is observed as suggested by
the very slow reaction rates being only a very small fraction of the overall population.
Interestingly, the reaction rates observed for 5SA mutants are lower than for the WT
construct implying that the mobility of EYFP-YAP1 is reduced in 5SA mutants. This is in
accordance with 5SA nuclear accumulation (Figure 4-9b), its high transcriptional activity
(Figure 4-9c) and with the FLIP data showing a significant delay between the bleach point
and the reporting point (Figure 4-11 and Figure 4-12). Results using Y407F mutants show
as well some differences compared to WT construct since the presence of two distinct
populations is less obvious. This observation is stronger in CAF1 than in NF1 and could
explain the nuclear accumulation of Y407F in CAF1 but not NF1 (Figure 4-9b) as well as
the delay between the bleach and the reporting point in CAF1 but not in NF1 (Figure 4-11
and Figure 4-12).
The presence of protein fractions showing very low reaction rates (magnitudes from 10-4 to
10-8) as well as a low proportion in the nucleus (5-30%) is intriguing. These protein
fractions are highly present in all the constructs in CAF1 with the exception of S94A
mutant. They are also observed in NF1 with 5SA mutant. These points suggest that in these
cells a single exponential fit wound be most appropriate implying to the possibility of a
single and dominant mobile fraction in these cells. Further analysis will be needed to
understand what these points actually represent alongside more robust methods for
determining the number of mobile fractions from the exponential fitting.
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4.6 Discussion
Overall this chapter describes how EYFP-YAP1 and photobleaching experiments present a
powerful tool to study YAP1 protein dynamics. This analysis is the first one assessing
YAP1 dynamic in live cells. Surprisingly, YAP1, in both NF1 and CAF1, appears globally
mobile in the nucleus and the cytoplasm and shuttles constantly between these two
compartments. Although Crm1 has been proposed as a major export machinery for YAP1
(Brunet et al., 2002), our data suggest that Crm1 is probably not the main export machinery
in NF1 or CAF1. Using mathematical modelling, we have been able to estimate the rate of
import to the nucleus and export from the nucleus in NF1 and CAF1. Interestingly, the
import rates are similar in both cells but the export rates are much faster in NF1 than in
CAF1, leading to YAP1 nuclear accumulation in CAF1. In order to understand which
domain(s) of YAP1 could regulate its dynamics several mutants have been generated. The
import rates are similar in all the mutants tested. However, in both NF1 and CAF1, the
export rates were decreased in the 5SA mutants and upregulated in the S94A mutants
leading to a nuclear and a cytoplasmic accumulation, respectively. Data from the Y407F
mutants suggest no major difference in import and export rates compared to WT construct.
Finally, using another mathematical model, we have been able to identify at least two
populations of proteins with distinct rates of displacement in the nucleus of NF1 and CAF1.
Analyses of the 5SA mutants in NF1 and CAF1 suggest the presence of a single population
of protein with a smaller rate of displacement than the WT construct, supporting the nuclear
accumulation and delay in loss of intensity between the bleached and non-bleached point
observed during nuclear FLIP. Similar observations are made with the Y407F mutant in
CAF1 but not in NF1. Overall these data suggest major roles of nuclear binding partners as
well as export machinery in the regulation of YAP1 dynamics in NF1 and CAF1.
Although the expression and the steady state localisation of exogenous EYFP-YAP1 do not
perfectly reflect that of the endogenous YAP1, I have been able to show that the EYFPYAP1 nuclear accumulation and high transcriptional activity in CAF1 as well as its
regulation through actin cytoskeleton are similar to what is observed with the endogenous
YAP1. In future studies, this tool could be improved by fusing YAP1 to the green-to red
photoswitchable fluorescent protein Dendra, with the advantage that the signal is calculated
upon gain rather than loss of fluorescence possibly reducing noise in the measurement
(Chudakov et al., 2010).
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This system could also be considerably improved by knocking in EYFP at the endogenous
Yap1 locus using CRISPR-Cas9 technology. Furthermore, knock-in of EYFP at the Yap1
locus in embryonic stem cell (ESC) to generate a mouse model would represent a great tool
to study YAP1 dynamic in vivo and in a different cells types (Wang et al., 2013).
As presented in the introduction, YAP1 protein has 8 different isoforms in human and 2 in
mouse. The present study has been done with human YAP1-2γ isoform, which corresponds
to the longest isoform present in mouse. Considering the difference in domains and
regulation between the different isoform of YAP1 (Gaffney et al., 2012), it would be
important to repeat this results using other isoforms.
As mentioned earlier, FRAP in NF1 and CAF1 was hard to perform due to the very high
mobility of EYFP-YAP1. By the end of the bleaching period, the intensity in the
surrounding regions was similar to the bleached point, leading to a recovery of intensity that
was almost non-existent. Also, the amount of noise was very high. Further optimisation in
terms of the time of bleaching as well as size of the bleached and reporting regions will
hopefully allow us to acquire more robust data. FRAP analyses represent a reliable and
efficient tool to calculate the reaction rates between immobile and mobile fractions as well
as the exact speed of diffusion of a protein (Fritzsche and Charras, 2015b). So far these two
parameters could only be approximately estimated based on FLIP data.
One explanation for the high variability in the parameter estimations using cytoplasmic data
acquired during FLIP, could be the presence of several fractions of protein with distinct
mobilities. Analyses of the same data using the methodology based on exponential decay
functions will allow us to assess the number of fractions present in the cytoplasm of NF1
and CAF1. This might highlight the presence of at least two distinct YAP1 pools in the
cytoplasm (Figure 4-16). Further analyses of the mutants together with biochemical
analyses should help us to understand what binding partner(s) YAP1 could have in the
cytoplasm. Therefore, another level of complexity will need to be added to our
mathematical model. The exchange reactions between the different pools in each
compartment would also be based on ordinary differential equations (ODEs).
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Figure 4-16: Schematic of the future mathematical model, which includes different pools
of protein with distinct mobilities in each compartment.

Overall our data suggest that YAP1 dynamics is regulated by two different mechanisms:
through shuttling or through interaction with binding partners reducing its mobility. A
significant decrease in YAP1 export rates was observed in CAF1 compared to NF1,
suggesting an essential role of the export machineries for the regulation of YAP1 subcellular localisation. Comparison between simulation (upon block of export rate 𝑘! ) and
experimental data (upon Leptomycin B treatment) highlighted the fact that Crm1 is
probably not the main machinery involved in YAP1 export. Further analyses such as
knockdown of import/export machinery components in NF1 and CAF1 are needed to better
understand the mechanism of YAP1 shuttling.
Surprisingly, phosphorylation of serine 94 appears essential for YAP1 nuclear accumulation
in CAF1 suggesting the disruption of YAP1-TEADs interaction is essential for the correct
export of YAP1 and its subsequent cytoplasmic localisation. Interestingly, the use of S94A
mutant in NF1 did not show any strong difference compared to the WT construct,
highlighting the absence of YAP-TEADs interaction in NF1 at steady state.
On the other hand, phosphorylation of the five serines (S61, S109, S127, S164 and S381) in
YAP1 seem essential for both the correct shuttling of the protein and its mobility in the
nucleus. These points of regulation (through S94 or through the five serine) are both present
in NF1 and CAF1. Interestingly, phosphorylation of the tyrosine 407 appears to regulate
YAP1 in CAF1 but not NF1. In absence of phosphorylation (Y407F), YAP1 accumulates in
the nucleus of CAF1 but shows impairment in its transcriptional activity (significant when
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combining data from Figure 4-9d and Figure 4-10b). Moreover, while the shuttling is not
affected, its nuclear mobility might possibly be decreased. However due to the small
number of observations, the role of Y407 in YAP1 mobility in the nucleus is sill not very
clear. Overall these data highlight distinct and parallel mechanisms for regulation of YAP1
dynamics. YAP1 enters the nucleus similarly in NF1 and CAF1. If YAP1 is phosphorylated
(on the five serine), it moves relatively fast in the nucleus. On the other hand, if YAP1 is
not phosphorylated (on those five serines), it binds to nuclear partners reducing its mobility.
In parallel, serine 94 controls the shuttling: when YAP1 is not bound to TEADs it quickly
translocates to the cytoplasm.
In order to extract more data from the results using the exponential decays functions, it will
be important to first understand to which parameters the rate of displacement relates.
Having assumed that diffusion is fast in the nucleus of both NF1 and CAF1, it is not
unreasonable to consider that the rates of displacement are related to the rate at which Z1
fraction becomes more mobile, also called ‘Off Rates’: 𝑘! , 𝑘! , 𝑘! and 𝑘! (Figure 4-16). In
other words, the rate of displacement could represent the rate of dissociation between YAP1
and its binding partner responsible for its shift in mobility. However, further analyses are
needed to understand exactly how to extract the other parameters of our model from the
different estimates we have. Moreover, assessing the fit of the functions to the experimental
data using more than two exponential functions will help us understanding if other
populations should be considered.
Furthermore, photobleaching experiments in cells plated on substrates with different
stiffness will help us to understand the role of mechanotransduction in the regulation of
YAP1 dynamics. The simultaneous treatment with actomyosin inhibitors will highlight the
role of actomyosin cytoskeleton in this regulation. Previous attempts using blebbistatin
were unsuccessful due to the high autofluorescence of this molecule even upon 514-nm
excitation.
Preliminary data using Latrunculin B on fixed cells showed a cytoplasmic translocation of
YAP1 similarly to what we observed upon blebbistatin treatment. Therefore, the use of
Latrunculin B will be favoured in the futures studies.
Both approaches, modelling of the shuttling and modelling of the mobility in the nucleus,
are based on two major assumptions. In the first case, we consider the difference of
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mobility between distinct fractions in each compartment as negligible and in the second
case we consider the shuttling as negligible. These assumptions are essential to dissect the
different reactions occurring in the cell. By progressively building a more complete model,
we hope to understand the crucial steps in the regulation of YAP1 in NF1 and CAF1.
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Chapter 5.

YAP1 is essential in mesenchymal cells for

viable mouse development
5.1 Chapter introduction
In Chapter 3, we highlighted a crucial role of YAP1 for conversion of normal fibroblasts
(NF) to cancer-associated-fibroblasts (CAF). Fibroblasts are in close relation with the
extracellular matrix (ECM) and sense the physical stiffness of the surrounding tissue both in
normal and pathological conditions (Bonnans et al., 2014).
Since normal development and cancer progression are two biological events where tissues
and ECM are extensively rearranged, I was interested in the role of YAP1 signalling
pathway in fibroblasts during these processes in vivo. Although the function of YAP1 has
been studied in diverse organisms, different tissues and cell types (Piccolo et al., 2014), no
studies have analysed specifically the fibroblast population. In order to assess YAP1
function in fibroblasts during development, homeostasis and disease progression, I used
transgenic mice to knockout Yap1 gene specifically in fibroblasts.

5.2 Comparison of different CRE drivers for fibroblasts
5.2.1

Description of different CRE mice used for this study

For almost two decades, the Cre recombinase system has been extensively used to create
knockout mice and study molecular pathways in vivo (Rossant and McMahon, 1999, Nagy,
2000). The Cre recombinase is an enzyme discovered in bacteriophage, which recognises
specific sites in the genome called loxP sites, driving their recombination and the deletion
of the loxP-flanked sequences. In order to produce knockout animals, mice harbouring
genes of interest flanked by two loxP sites are crossed with mice expressing Cre
recombinase. To induce recombination in only a subset of cells in vivo, the Cre is expressed
under a lineage or cell type specific promoter.
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I took advantage of the Yap1 Flox mice generated by Holger Gerhardt – team leader in our
institute (https://www.komp.org/geneinfo.php?Symbol=Yap1) - where the 3rd exon of Yap1
is flanked by two loxP sites (Figure 5-1). No studies have been published with these mice
yet, however some preliminary data produced by Gerhardt’s lab confirm the efficient
knockout of Yap1 when Cre is expressed (data not shown).
In order to create a knockout of Yap1 gene exclusively in fibroblasts, I decided to use mice
where the Cre recombinase is expressed specifically in fibroblasts. Despite several attempts
to identify a pan-fibroblast marker, to date, no single marker exclusively specific to
fibroblasts has been reported (Sugimoto et al., 2006, Kalluri and Zeisberg, 2006, Ohlund et
al., 2014). I therefore ordered three commercially available mice, which were at that time
the best models for a fibroblast-specific Cre: Col1α2-Cre/ERt, S100a4-Cre (also called
Fsp1-Cre) and Pdgfrα-Cre (Figure 5-1). Before comparing the specificity of these different
Cre drivers in vivo, I will first introduce these three promoters and sum up their general
expression in adult tissues (Table 5-1).

Figure 5-1: Schematic of the different mice used for our study.
Three different mice with fibroblast-specific promoters regulating Cre-ERt or Cre expression
have been used. Yap1 Flox mice (given by Gerhardt’s lab) have the 3rd exon of Yap1 gene
flanked by two loxP sites. mTmG Cre reporter mice express a loxP-flanked membrane-targeted
tandem dimer Tomato (mT) followed by a membrane-targeted enhanced green fluorescent
protein (mG).

Type I collagen α2 is one component of the type I collagen found in most connective tissues.
Studies on type I collagen genes have shown the presence of different sequence elements
within their promoters necessary for correct expression in specific cell lineages (Rossert et
al., 1995, Bou-Gharios et al., 1996, Zheng et al., 2002). Association of the proximal part of
the murine proα2(I) collagen (Col1α2) promoter with an upstream transcriptional enhancer
was shown to induce expression specifically in cells of mesenchymal origin, mainly
fibroblasts and some osteoblasts.
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In Col1α2-Cre/ERt mice, the Cre recombinase is fused to the ligand-binding domain of the
human estrogen receptor (ERt). Tamoxifen (an estrogen receptor antagonist) is needed in
order to induce nuclear translocation of Cre/ERt complex and subsequent recombination of
loxP-flanked sites. Therefore, by adjusting tamoxifen treatment, the time and level of
recombination could theoretically be controlled (Feil et al., 1996). Unfortunately all the
different attempts to induce Cre activity in Col1α2-Cre/ERt - R26mTmG mice were
unsuccessful and no recombination was noted in the different organs analysed: skin, lung,
lymph node, spleen, heart and liver (Data not shown). I therefore concentrated my work on
S100a4-Cre and Pdgfrα-Cre mice harbouring a constitutively active Cre, meaning the
recombination happens as soon as these promoters become active.
Platelet-derived growth factor receptor alpha is a tyrosine kinase receptor present at the cell
surface of most mesenchymal cells. Pdgfrα expression has been extensively studied during
mouse development (Mercola et al., 1990, Orr-Urtreger et al., 1992, Schatteman et al., 1992,
Morrison-Graham et al., 1992). Pdgfrα transcripts are detected throughout mouse
development. At embryonic stage E6.5 only extraembryonic endoderm expresses these
transcripts. Around E7.5, Pdgfrα expression in the extraembryonic endoderm declines and
mesoderm starts to express it uniformly. Pdgfrα expression becomes regionalised during
mesoderm differentiation. From E9.5, as the somites evolve, Pdgfrα expression is shut
down in the myotome but stays high in the sclerotome and the dermatome. Therefore most
mesenchymal cells express Pdgfrα; cells in the connective tissue, cells surrounding neural
tubes but also cells around vasculature. The heart shows only low and restricted expression.
No endothelial and only few epithelial tissues express Pdgfrα throughout the whole
development and in the adult. The ectoderm does not express it, with the exceptions of
some cells at the most dorsal part of the neural tube showing a transient expression of
Pdgfrα during neural tube closure (around E9). Between embryonic stages E10.5 and E13.5,
no major differences occur in the pattern of Pdgfrα expression. From E13.5, Pdgfrα
expression is also detected in some neuronal derivatives of the crest or in the central
nervous system (CNS). In fact, Pdgfrα-Cre was first generated to study glial progenitors
cells from the CNS (Roesch et al., 2008, Kang et al., 2010). Overall this highlights the
general expression of Pdgfrα throughout the development in all mesenchymal populations,
including non-fibroblastic cells.
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S100 calcium binding protein A4, also called fibroblast specific protein 1 (FSP1), is
involved in the regulation of cell cycle progression and differentiation. S100a4 expression
has been less studied than Pdgfrα. Detection of the first S100a4 transcripts in mouse
embryos is observed at the embryonic stage E8.5 (Strutz et al., 1995). By E12.5 several
mesodermal derivatives express this transcript: such as dental mesenchyme, leptomeningeal
membrane, and cells around the sclerotome. By E13.5 myotome and periodontal
mesenchyme start to express S100a4 as well. By the adult age, it is weakly expressed in
muscle and heart but not detectable in liver and the brain. Genomic analyses revealed the
presence of a 5’ cis-acting element in S100a4 promoter critical for fibroblast-specific
transcription (Okada et al., 1998). S100a4 has been successfully used in studies on lung
fibrosis to specifically label activated fibroblasts (Iwano et al., 2002, Lawson et al., 2005).
Following these studies, S100a4-Cre has been generated in order to label stromal cells and
study their role in epithelial to mesenchymal transitions (EMT) in breast cancer (Trimboli et
al., 2008). In this study, Cre recombinase was found to drive the recombination of loxP sites
in most of the stromal cells surrounding the epithelial ducts including adipocyte and
fibroblast-like cells.
To sum up, none of these promoters can be considered pan-fibroblast specific (Table 5-1).
While S100a4 is expressed mostly by activated fibroblasts, it might not be a relevant
promoter to use to study fibroblasts in homeostasis. On the other hand, Pdgfrα is expressed
throughout development and in the adult, in all mesenchymal cells including also nonfibroblastic cells. Despite these issues, both Pdgfrα-Cre and S100a4-Cre have been
previously used to study fibroblast biology in homeostasis or during cancer development.
Therefore I chose to use them but with awareness of the caveats described above.

Table 5-1: Table recapitulating the expression of Col1α2, Pdgfrα, S100a4 in adult tissues.
Simplified overview of the expression of Col1α2, Pdgfrα and S100a4 genes in adult tissues.
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5.2.2

Assessing cells specificity of the Cre drivers with immunohistochemistry

Pdgfrα-Cre and S100a4-Cre mouse models have been generated by random integration in
the genome of a transgene (promoter-Cre) (Würtele et al., 2003). Therefore the specificity
of the recombination needs to be carefully assessed. In order to check this, I crossed the Cre
mice with a reporter mouse called mT/mG also known as R26mTmG (Figure 5-1)
(Muzumdar et al., 2007). These double-fluorescent Cre reporter mice express a loxPflanked membrane-targeted tandem dimer Tomato (mT) followed by a membrane-targeted
enhanced green fluorescent protein (mG). Before Cre activation, all the cells express the
tomato protein at the membrane (mT). After Cre-mediated recombination of the two loxP
sites, mT is knocked out and cells express green fluorescent protein at the membrane (mG).
This sequence is under the strong and ubiquitous pCA promoter (chicken actinβ core
promoter with a CMV enhancer) and inserted into the ubiquitously expressed Rosa 26 locus
(Muzumdar et al., 2007, Soriano, 1999).
R26mTmG mice crossed with Pdgfrα-Cre and S100a4-Cre mice were sacrificed and the
lungs and skin were dissected, fixed and processed for immunohistochemistry. To check for
recombination I concentrated my work on the lungs and the skin because a high amount of
fibroblasts are present (Figure 5-2) and easy carcinogenesis experiments can be performed
(DMBA/TPA or Urethane experiments). In all our experiments, R26mTmG wild-type mice
were used as a control for possible background recombination. PdgfrαH2B-GFP mice
express histone H2B fused to GFP fluorescent protein under the endogenous Pdgfrα
promoter (Hamilton et al., 2003). They will be therefore very useful to identify
recombination due to early expression of Pdgfrα.
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Figure 5-2: Schematics showing fibroblast localisation in the ear skin and the lung alveoli.
(a) Simplified representation of a transversal section of the mouse ear skin. While epidermis
corresponds to one of several layers of epithelial cells (keratinocytes), the dermis is composed
of many cell types such as fibroblasts, endothelial cells, and adipocytes. All these cells are
surrounded by a dense network of extracellular components (ECM). (b) Simplified
representation of lung alveolus. Type I and Type II epithelial cells cover alveolar surface and
are in immediate contact with fibroblasts, endothelial cells and pericytes.

Lungs and skin from R26mTmG wild type mice show no GFP signal suggesting a
negligible level of background recombination (Figure 5-3 a,a’,e,e’). Conversely,
PdgfrαH2B-GFP tissues present a clear nuclear GFP staining (i,i’,l,l’). Pdgfrα-Cre and
S100a4-Cre mice crossed with R26mTmG reporter mice show two different levels of
recombination. Pdgfrα-Cre/R26mTmG mice present a high level of recombination in both
the lungs and the skin (j,j’,m,m’). On the other hand, S100a4-Cre/R26mTmG show a high
level of recombination in the skin but a very low in the lungs (k,k’,n,n’). Although the
PDGFRα antibody presents a high non-specific background (such as in keratinocytes), the
pattern and localisation of the strong signals could be considered as specific. The levels of
recombination observed are in accordance with staining obtained using PDGFRα and
S100A4 antibodies on R26mTmG tissues. A high amount of PDGFRα+ and S100A4+ cells
are identified in the skin (f,f’ and g,g’). However, very few S100A4+ cells are present in the
lungs compared to PDGFRα+ cells (b,b’ and c,c’). The amount of recombined cells present
in PdgfrαCre/R26mTmG mice is comparable to the amount of GFP+ nuclei observed in
PdgfrαH2B-GFP mice (i’,l’ versus j’,m’), suggesting that the majority of recombined cells
still express Pdgfrα. Vimentin is used to identify mesenchymal populations (d,d’,h,h’) and
its expression is similar to the pattern of recombination observed in PdgfrαCre/R26mTmG.
All together these data suggest that S100a4-Cre mice recombine only a subset of fibroblasts,
whereas Pdgfrα-Cre mice recombine not only fibroblastic cells.
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Figure 5-3: Immunohistochemistry for GFP, PDGFRα, S100A4 and Vimentin on lungs
and ear skin.
Tissues were extracted from four different mice. R26mTmG and PdgfrαH2B-GFP are WT mice.
Pdgfrα-Cre and S100a4-Cre were first crossed with R26mTmG. GFP, PDGFRα, S100A and
Vimentin stainings of lungs and skin of R26mTmG mice are presented (a-h / upper panel).
GFP stainings of lungs and skin of PdgfrαH2B-GFP, Pdgfrα-Cre and S100a4-Cre are presented
(i-n / lower panel). Magnifications of highlighted regions are presented as well (letters with an
apostrophe). All scale bars represent 20µm.
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5.2.3

Assessing cell specificity of the Cre drivers with fluorescence imaging

To avoid wrong interpretations due to relative non-specificity of the GFP antibody, fresh
tissue imaging was performed on these transgenic mice. Immediately after the dissection,
the organs were placed on a glass-bottom plate and imaged with a confocal microscope
(Figure 5-4). Two-photon laser was used to image second harmonic showing the network of
collagen fibres (Zipfel et al., 2003). Images for R26mTmG and PdgfrαH2B-GFP mice and
images of second harmonic are maximum intensity projections. R26mTmG tissues show
tomato labelled membrane of all the cells in both lung and skin (Figure 5-4a). Skin was
more complicated to image since vessels have very high signal, probably due to the highly
organised endothelial layers compared to the rather sparse organisation of the interstitial
cells. However, zoomed image (with a saturated signal for the vessels) confirms the
labelling of all interstitial cell membranes as well (Figure 5-4a’). No specific GFP signal
was observed in R26mTmG tissues. Images from PdgfrαH2B-GFP show very distinct
nuclear

GFP

signal

(Figure

5-4b).

The

pattern

of

GFP

nuclei

confirms

immunohistochemistry observations and is in accordance with tissue architecture and
amount of mesenchymal cells present in this tissue (Figure 5-2).
As with immunohistochemistry in (Figure 5-3), Pdgfrα-Cre/R26mTmG organs show a very
high level of recombined cells identified by green-labelled membrane (Figure 5-4c).
Although membrane signals of long thin cells such as fibroblasts are dim and therefore hard
to compare to nuclear signal, the amount of green cells in Pdgfrα-Cre/R26mTmG looks
similar to the amount of nuclear GFP cells in PdgfrαH2B-GFP. This highlights again that
the majority of recombined cells still express Pdgfrα. On the other hand, S100a4Cre/R26mTmG shows a very low level of recombination in the lungs and a relatively high
one in the skin, confirming the observations made with immunohistochemistry (Figure
5-4d). Zoomed images for both Pdgfrα-Cre/R26mTmG and S100a4-Cre/R26mTmG show
that recombinations are also happening in the interstitial cells (Figure 5-4 c’&d’).
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Figure 5-4: Confocal fresh tissue imaging of lung and skin from four different mice.
Images for (a) R26mTmG mice (b) PdgfrαH2B-GFP mice and images of second harmonic are
all maximum projections representing 20 to 30µm of the tissues. Pdgfrα-Cre (c) and S100a4Cre (d) were first crossed with R26mTmG. All scale bars represent 50µm. Inlet images are
acquired by saturating the signals for the vessels. Arrow and arrowhead show recombined cells
around vessels.
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Interestingly both mice show recombination in single cells surrounding vessels (arrowhead).
In Pdgfrα-Cre/R26mTmG mice, another population of vessels completely composed by
GFP+ cells (arrow) is also observed. These distinct populations of vessels might reflect
differences within the vascular system. The structures of the various types of vessels (such
as arteries, veins or capillaries) are not completely identical, one difference being the
amount and the location of pericytes, smooth muscle cells and other mesenchymal cells
(Armulik et al., 2005).

Overall both the immunohistochemistry and live imaging results emphasise the difficulty to
find specific marker expressed by all fibroblasts but no other mesenchymal cells. While
S100a4-Cre seems to recombine only a subset of fibroblasts, Pdgfrα-Cre recombines a
large part of mesenchymal population including some endothelial cells. Because no Credriver is clearly superior to the other, I decided to use and compare the two mouse models.
However breeding between Yap1Flox mice and S100a4-Cre mice took longer. Therefore, in
the following paragraphs, I will concentrate on results from with Pdgfrα-Cre/Yap1Flox
mice.
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5.3 Loss of Yap1 in PDGFRα expressing cells leads to lethality during
development
5.3.1

Loss of Yap1 in PDGFRα+ cells results in death during embryonic development

Pdgfrα-Cre mice were first crossed to homozygous Yap1 Flox mice in order to produce
heterozygous knockout mice (Figure 5-5). The offspring was then crossed again to
homozygous Yap1 Flox mice in order to produce full knockout pups.

Figure 5-5: Breeding strategy to produce Yap1 homozygous knockout mice in PDGFRα
expressing cells.

If the Yap1 knockout has no effect on normal development, we expect a Mendelian ratio,
which means each of the four genotypes should be carried by 25% of the offspring.
Strikingly I observed that full knockout of Yap1 in Pdgfrα expressing cells is embryonically
lethal and therefore this genotype is never carried by the offspring (0%) (Table 5-2). If the
three other genotypes follow a Mendelian distribution, they should each be carried by 33%
of the offspring. A Chi-Square statistical test has been performed on newborn data and
confirmed the observed distribution is not statistically different from the Mendelian one (pvalue 0.126). New born and adult heterozygous knockout mice were viable showing a
normal phenotype and breeding ability.
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Table 5-2: Loss of Yap1 in PDGFRα+ cells results in death during embryonic development.
Genotype of new-borns (tail) and embryos (yolk sac) at different time of development. Numbers
in red correspond to the number of embryos showing an abnormal phenotype compared to the
total number of embryo for this genotype. χ2 test on the three genotypes present in the new-born
offspring gives a p-value of 0.126.

In order to understand the stage when knockout embryos start to die, the mothers were
sacrificed at different time points through pregnancy and the genotype of the embryos was
checked. No abnormal phenotypes are observed before stage E11.5 of embryonic
development (Table 5-2 - Red numbers). From stage E12.5 almost all the homozygous
knockout embryos show a strong abnormal phenotype. A minor proportion of heterozygous
knockout mice at E11.5 and E12.5 also shows an abnormal phenotype.
Some preliminary data with S100a4-Cre crossed with YAP1 Flox show a normal ratio of the
four genotypes in the offspring (Table 5-3). Although no extensive work has been done yet,
homozygous knockout mice have a normal phenotype. This difference between Yap1
knockout mice under S100a4-Cre or Pdgfrα-Cre is probably due to the level of
recombination. While Pdgfrα promoter is widely expressed, S100a4 appears specific to a
subtype of fibroblasts. Further analyses of S100a4-Cre/YAP1Flox mice are now being
performed.
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Table 5-3: Loss of Yap1 in S100a4+ cells does not lead to embryonic lethality.
Results of the genotype of S100a4-Cre-YAP1Flox new-born mice. χ2 test on four genotypes
present in the new-born offspring gives a p-value of 0.76.

5.3.2

Knockout embryos show major haemorrhage in the head from stage E11.5

During dissection the embryos are measured to confirm the litter ages and to assess any
difference. No major differences in size are observed between littermates at E10.5 and
E11.5 stages. Embryos at E10.5 show no phenotypic differences. Observation of the
homozygous knockout embryos reveals a significant bleeding in the head from stage E11.5
(Figure 5-6a). From E12.5, the homozygous knockout embryos are slightly smaller and
their whiter colour suggests a loss of blood circulation in the whole body. While the
bleeding is present for all the mutant embryos, signs of hydrocephalus or even compressed
head are sometimes also observed (Figure 5-6a - arrowhead). Homozygous knockout mice
at stage E15.5 show some degradation, possibly suggesting the beginning of their resorption.
These embryos are very small and with no sign of blood circulation. Interestingly their
morphology is very similar to embryos at stage E11.5 suggesting that the death of the
embryos happens around this stage (data not shown).
The bleeding was further confirmed by histology staining of embryos at E12.5 (Figure
5-6b). Although sagittal serial sections were cut through the whole embryo, identical planes
between embryos were hard to find due to orientation issues during embedding. The major
difference observed was the haemorrhage in the head of the knockout embryo. Comparisons
with sections from mouse atlas (http://www.emouseatlas.org) suggest that the bleeding is
localised in the head mesenchyme. In agreement with the observation at E15.5,
homozygous knockout embryos of E12.5 show an elongated head shape (from mandible to
top head) characteristic of earlier developmental stages.

164

Chapter 5. Results

Figure 5-6: Loss of Yap1 in PDGFRα+ cells results in pronounced haemorrhage in the
head from stage E11.5.
(a) Pictures of littermate embryos from different times of gestation (E10.5, E11.5 and E12.5).
Scale bars represent 2mm. Arrowhead points a region where the head is compressed. No
differences in size were observed between littermates at E11.5 and E10.5. (b) H&E staining of
sagittal sections of littermate embryos from E12.5. Scale bars represent 1mm.
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5.4 Putative identification of cells expressing PDGFRα involved in the
haemorrhage phenotype

In order to understand the haemorrhage phenotype, I wanted to identify where and when
Yap1 depletion is happening. Yap1 is detected in the embryo from embryonic stage E3.5 is
globally expressed in the whole embryo E6.5 and E8.5. Yap1 depletion induces
developmental arrest around E8.5 (Morin-Kensicki et al., 2006). The knockout embryos
present defects in yolk sac vascular development, chorioallantoic fusion and embryonic axis
elongation. As mentioned in the introduction of this chapter, Pdgfrα expression has been
extensively studied during mouse development (Mercola et al., 1990, Orr-Urtreger and
Lonai, 1992, Schatteman et al., 1992, Morrison-Graham et al., 1992). Pdgfrα transcripts are
detected in mouse development from stage E6.5 and are present in almost all mesodermal
derivatives. Mesenchyme in the head expresses high levels of Pdgfrα throughout
development.

5.4.1

Recombination happens in the mesenchymal cells in the head

In order to observe which cells are being recombined, Pdgfrα-Cre mice were crossed with
R26mTmG mice and embryos were isolated, fixed and embedded. Serial sections
throughout the whole embryo were performed in order to find similar planes between
embryos. Staining of GFP allows us to see which cells have recombined and therefore
highlight the regions to focus on when analysing knockout mice (Figure 5-7 a and c). In
accordance with the literature, clear recombination is happening in all the mesenchymal
parts of the embryo including the head mesenchyme. Staining of the embryo with PDGFRα
antibody allows us to identify which cells are expressing this receptor at the exact time of
dissection (Figure 5-7b). Globally, PDGFRα signal is similar to GFP. However, some
regions (such as in the dorsal root ganglions) show recombination but no expression of
PDGFRα (arrows). This could suggest an early and transient activation of Pdgfrα during the
development. For example neural crest cells do express Pdgfrα only around E9 and then
migrate to form dorsal root ganglions (Teillet et al., 1987). In order to exclude the
possibility of non-specific activation of Pdgfrα-Cre transgene, it would be interesting to
compare these data to GFP staining in PdgfrαH2B-GFP embryos.
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Figure 5-7: Immunohistochemistry on sagittal serial sections of E12.5 PdgfrαCre/R26mTmG embryo.
The first (a) and last (c) sections have been stained with anti-GFP antibody to identify
recombined cells. These stainings were compared to (b) PDGFRα expressing cells. Scale bar
represents 1000µm. drg: dorsal root ganglia, fv: fourth ventricle, ht: heart, li: liver, lg:lung, lv:
lateral ventricle, np: nasopharyn, st: stomach. Arrows point to regions where recombination
happened but PDGFRα is not expressed at the time of dissection.
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Some staining was observed in epithelial tissues using GFP antibody, again questioning the
quality of this antibody. Therefore, the recombination in the head mesenchyme was
confirmed by wholemount embryo imaging (Figure 5-8). Pdgfrα-Cre/R26mTmG embryos
at embryonic stage E12.5 show a very high level of GFP signal in the head mesenchyme
(Figure 5-8a). Recombination is observed around the brain but never in the brain (panel i).
The loss of tomato expression in the areas where green is expressed confirmed the efficient
DNA recombination (Figure 5-8b). Control littermate lacking the Cre expression shows no
recombination at all. Endomucin staining highlights the important blood vasculature present
in the head mesenchyme. Interestingly, zoomed images (panel i’) in the head mesenchyme
highlight the presence of recombined cells (GFP+) around sprouting vessels in the head
mesenchyme (arrow). This is also observed with immunohistochemistry using GFP
antibody on Pdgfrα-Cre/R26mTmG embryos (Figure 5-9), where both cells surrounding
blood vessel (arrowhead) and interstitial cells (arrow) show recombination and express
PDGFRα. The absence of recombination in the brain is also observed. Overall, these results
suggest a high level of recombination in the head mesenchyme and possible recombination
of perivascular cells.
Since the major phenotype of the homozygous mutant is the haemorrhage in the head and a
high level of recombination is observed in the head mesenchyme, I decided to focus on the
head of the embryo (Figure 5-9a), and more precisely on the head mesenchyme (Figure
5-9b). In order to identify which cells are recombined in the head mesenchyme, staining
using markers for different cell types was performed (Figure 5-10). As expected,
oligodendrocyte marker OLIG2 is mostly expressed in the brain (dashed region). Staining
with S100A4 antibody shows very low signal in the head mesenchyme highlighting the low
presence of activated fibroblasts in this region. Similarly, αSMA is not highly expressed by
interstitial cells, but is present in cells surrounding blood vessels. Endomucin signal and
presence of red blood cells are used to identify blood vessels. The strong signal for αSMA
localised around vessels most probably highlight the pericyte population (Skalli et al., 1989).
Unfortunately, staining for pericytes (using NG2) was inconclusive.
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Figure 5-8: Wholemount staining of E12.5 Pdgfrα-Cre/R26mTmG embryo.
(a) Pdgfrα-Cre/R26mTmG littermates in the presence or not of Cre. Zoomed images represent a
single plane. (b) Stainings of Cre+ with Endomucin antibody. Images (excepts i and i’) are
maximum intensity projection of 300µm. i and i’ represent single planes (3µm) of the highlight
area. Scale bars represent 500µm – except for i and i’ where it represents 100µm. Arrows
indicate GFP+ cells surrounding vessels.
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Vimentin staining confirms the strong presence of mesenchymal cells (arrowhead) around
blood vessels in the head mesenchyme. Staining of laminin, component of the extracellular
matrix (ECM), show clear signal in the cells around vessels (arrowhead), but also in the
interstitial cells in the head mesenchyme (arrow). As reported in the literature, YAP1 is
expressed by most of the mesenchymal cells. Interestingly, nuclear YAP1 is observed in
cells around vessels (zoomed imaged) and in some interstitial cells, suggesting an activation
of YAP1 pathway in mesenchymal cells in this region during development. Overall, these
results point towards a role of YAP1 in cells surrounding blood vessels.

Figure 5-9: Region of haemorrhage in E12.5 Pdgfrα-Cre/R26mTmG embryo.
Immunohistochemistry on sagittal serial section of E12.5 Pdgfrα-Cre/R26mTmG embryo. These
are zoomed images of Figure 5-7: (a) whole head of the embryo and (b) part of the head
mesenchyme. Scale bar represents 100µm.
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Figure

5-10:

Immunohistochemistry

on

serial

sagittal

sections

E12.5

Pdgfrα-

Cre/R26mTmG embryo.
Arrowhead shows cells around vessels and arrow shows interstitial cells positive for the
specified protein. Scale bar represents 100µm except for the zoomed imaged of YAP1 where
scale bar represents 10µm.
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5.4.2

Difference in the head mesenchyme between normal and mutant littermates

In order to understand the role of cells from the head mesenchyme in the appearance of the
phenotype, I performed the same immunohistochemistry stainings on two littermates at
E12.5, when the haemorrhage is already established (Figure 5-11 and Figure 5-12).
Although serial sections have been performed, it was difficult to find exactly the similar
planes in different embryos, which makes the comparisons harder. Staining of embryos with
no Cre recapitulate the signals observed with the Pdgfrα-Cre/R26mTmG embryo (Compare
to Figure 5-10). PDGFRα is highly expressed in the head mesenchyme of both littermates.
Accordingly, YAP1 expression in the head mesenchyme surrounding the haemorrhage
region is strongly decreased in the homozygous knockout embryo (F/F Cre+) compared to
control littermates (Figure 5-11 - a&b) confirming the efficient knockout of Yap1 gene. The
faint residual signal observed may be non-specific signal or may represent YAP1 protein
persisting after the gene deletion.
As observed for R26mTmG embryos, stainings with S100A4 and αSMA show overall a
sparse signal, suggesting the low presence of activated fibroblasts in this region. The
amount of S100A4+ or αSMA+ cells is not increased in the mutant embryos. Also the
coverage of blood vessels with αSMA+ cells is overall similar between the two littermates
(c and d). Observation of vimentin confirms the very high number of mesenchymal cells in
the region especially around the haemorrhage region. Accordingly, this region is
surrounded by dense extracellular matrix component such as laminin indicating a
reorganisation of the mesenchymal tissues. Endomucin signal highlights the presence of
many blood vessels but no difference is observed in the vessels density between the mutant
embryo and the control embryo. Interestingly, the absence of endomucin staining all around
the haemorrhage region excludes the possibility of the dilatation of one blood vessel. As
expected, oligodendrocyte marker OLIG2 is mostly expressed in the brain and completely
absent in the head mesenchyme.
All these results could suggest a role of Yap1 in mesenchymal cells for vasculature integrity
in normal head development.
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Figure 5-11: Part I: Immunohistochemistry on serial sagittal sections E12.5 on two
littermates.
Zoomed images show the decrease in YAP1 expression in the head mesenchyme in control
embryo (a) and double knockout embryo (b). αSMA expression around blood vessels is
highlighted in control embryo (c) and double knockout embryo (d). Scale bar represents 100µm
except for the zoomed images of YAP1 and αSMA, where scale bars represent 10µm.
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Figure 5-12: PartII:

Immunohistochemistry on serial sagittal sections E12.5 on two

littermates.
Continuation of previous figure. Scale bar represents 100µm.
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5.5 Discussion
The goal of this chapter was to assess the role of YAP1 signalling pathway in fibroblasts in
vivo. Two different transgenic mice, S100a4-Cre and Pdgfrα-Cre, expressing Cre
recombinase under distinct promoters were compared in order to assess their specificity to
fibroblasts. Immunohistochemistry and whole organ imaging of S100a4-Cre/R26mTmG and
Pdgfrα-Cre/R26mTmG mice highlighted difference in their specificity: while S100a4-Cre
seems to recombine only a subset of fibroblasts, Pdgfrα-Cre recombines a large part of
mesenchymal population including some endothelial cells. Despite these issues, both mice
have been previously used to study fibroblast biology in vivo and I therefore chose to use
them but with awareness of the caveats described above. Breeding between Yap1Flox and
S100a4-Cre mice give rise to a normal ratio of genotypes in the offspring. On the other
hand, breeding between Yap1Flox and Pdgfrα-Cre mice, leads to embryonic lethality of the
homozygous knockout embryos. Further analyses at different times of pregnancy reveal a
significant bleeding in the mesenchyme of the head from embryonic stage E11.5 leading to
subsequent death of the embryo. Although the exact nature of the cells leading to this
phenotype has not been identified yet, immunohistochemistry and wholemount stainings
suggest the possible role of YAP1 in perivascular cells for the correct regulation of vessel
integrity during normal development.
One general conclusion, which can be highlighted in this chapter is the lack of good
fibroblast-specific driver to use for the Cre mouse model. Although I have compared
several promoters (Col1α2, S100a4 and Pdgfrα), none of them outperforms the others.
While S100a4-Cre mice have been used to study activated of fibroblasts in processes such
as fibrosis or EMT, it might not be as good to study fibroblasts under unperturbed
conditions. Alpha smooth muscle actin represents one of the actin isoforms and is
overexpressed in cells with high contractility. The αSMA promoter has been therefore used
to drive Cre expression in order to follow activation of fibroblasts during fibrosis (LeBleu et
al., 2013). Although I have not used αSMA-Cre mice, I think problems would be similar to
those for S100a4-Cre, where only a pool of fibroblasts would recombine. αSMA is also
known to mark other cell types than fibroblasts, such as smooth muscle cells or pericytes.
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On the other hand, Cre under Pdgfrα promoter is expressed in all cells deriving from the
mesoderm. Pdgfrα is also expressed in some neuronal derivatives of the crest and in the
central nervous system (CNS). Although a lot of cells express Pdgfrα, comparison between
recombined cells, H2B-GFP+ cells and PDGFRα+ cells (Figure 5-4) highlighted the
specificity of Pdgfrα-Cre transgene expression. Therefore the number of Pdgfrα- cells
showing recombination can be considered as non-significant. I have recently acquired a
new mouse engineered by The Jackson Laboratories (Pdgfrα-Cre/ERt) where inducible Cre
is expressed under the Pdgfrα promoter. Since the activity of the Cre recombinase can be
controlled in time, efficiency, and even space in this strain, this mouse is a promising
alternative. Pdgfrα-Cre/ERt mice are now being crossed to the Cre-reporter R26mTmG in
order to assess the level and efficiency of this Cre recombinase. Because the PdgfrαCre/Yap1Flox knockout is lethal during early development, this model represents a good
advantage for the study of Yap1 in homeostasis conditions or in a tumour dependent context.
Yap1 Flox mice have the 3rd exon of Yap1 gene flanked by loxP sites. This is different from
the majority of published studies where mice have either the two first exons or only the
second exon flanked (Zhang et al., 2010, Reginensi et al., 2013). So far I confirmed that the
Yap1 gene is being correctly recombined: PCR analyses show a clear shift in the product
size, which corresponds to the size of the flanked exon when mice express Cre (data not
shown). By immunohistochemistry, I also confirmed the decrease of YAP1 expression in
the head mesenchyme of those animals. In the future, in situ hybridization could be
performed to check the decrease of Yap1 expression at the mRNA level. Mouse Embryonic
Fibroblasts (MEFs) do express PDGFRα (Pennock and Kazlauskas, 2012) and could
therefore be used to do in vitro experiments. Although the optimal ages for MEFs isolation
is between E13.5 to E.15.5, in case of early lethality the isolation can be performed with a
lower efficiency on embryos from E8.5 (Xu, 2005). Therefore isolation of MEFs from
normal and mutant littermates would help to confirm the recombination, and assess the
possible presence and activity of a truncated form of YAP1. Also these MEFs could be used
in co-culture assay with endothelial cells to assess if any defects in endothelial organisation
are observed.
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Although no statistical difference in viability is observed, I have noticed few heterozygous
embryos showing abnormal phenotype (Table 5-2) with some bleeding in the head starting
from stage E11.5. This observation is not surprising since those animals express half the
amount of YAP1, which might already be enough to affect the function of some PDGFRα+
cells. However, this could also be explained by a possible modification of the remaining
WT allele or by inactivation of expressed YAP1 protein. To answer this point, western-blot
and transcriptional analyses on recombined cells should be done to assess the activity of the
remaining YAP1 protein.
So far the data presented are not conclusive regarding which cells are involved in the
occurrence of this abnormal phenotype. Since a haemorrhage is visible, the first idea is a
defect in vasculature development. Endomucin staining did not reveal any striking
differences in the density or size of the vessels between mutant or control littermates
(Figure 5-12), suggesting rather a problem in vessel integrity. During early stages of
embryo development, primitive blood vessels are formed: this process is called
vasculogenesis (Risau, 1997). From around E9.5, new capillaries are formed either by
sprouting or by splitting from a pre-existing vessel: this process is called angiogenesis.
Interestingly, vessel sprouting could be observed in the head of Pdgfrα-Cre/R26mTmG
embryo, indicating a remodelling of the vasculature at this stage (Figure 5-8).
Matured vessels are composed of two types of cells: endothelial cells, which interact
together to form the luminal surface, and perivascular cells, which encircle the outside of
the vascular endothelium. Perivascular cells include vascular Smooth Muscle Cells (SMC)
and pericytes. Blood vessels are under constant tension and perivascular cells are essential
to keep the integrity of the vasculature network (Bergers and Song, 2005). The origin of
perivascular cells is complex since they can arise from various cells depending on their
location. However, the most common observation is their mesenchymal origin. Therefore,
one hypothesis is that YAP1 is crucial for perivascular cells to properly cover the blood
vessels. Although few reports exist on the role of YAP1 in endothelial cells (Zhang et al.,
2014a, Choi et al., 2015), no studies have specifically studied perivascular populations.
Further analyses of wholemount stainings in homozygous embryos will allow us to
understand if the vasculature is different.
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Several markers such as desmin, αSMA, NG2, PDGFRβ are used for identification of
pericytes in tissues. So far I have only tested αSMA, which suggest no striking difference in
coverage of blood vessels by pericytes between mutant and control littermates (Figure 5-11).
Stainings with the other markers should help us to assess more accurately the presence of
pericytes around the blood vessels. Another issue is that so far I only compared embryo at
E12.5 where the haemorrhage is already well established, and makes the comparison of
tissues harder. I am now in the process of staining embryos from E10.5 (no phenotype
observed) and E11.5 (beginning of haemorrhage). Further staining with different antibodies
on tissue sections in parallel with 3D wholemount imaging will hopefully help
understanding which cells is involved in the haemorrhage formation. Finally, if the role of
perivascular cells is confirmed in these mutants, I could consider crossing Yap1 Flox mice
with mice expressing pericyte-specific or vascular-smooth muscle cell-specific Cre (such as
PDGFRβ –Cre or αSMA-Cre).
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Chapter 6.

Discussion

In this thesis, the regulation and the function of YAP1 protein in fibroblasts was
investigated. While Chapter 3 and Chapter 4 focus on the regulation of YAP1 dynamics in
vitro in normal and cancer-associated fibroblasts, Chapter 5 highlights the crucial need for
YAP1 in mesenchymal cells during mouse embryonic development. In this discussion, I
will first sum up all the results and then will further discuss several interesting points.

6.1.1

Summary of the thesis

The results presented in Chapter 3, taken together with the results from Fernando Calvo
(Calvo et al., 2013), suggest a crucial role of YAP1 during the conversion of normal
fibroblasts (NFs) to cancer-associated fibroblasts (CAFs) (Figure 3-7). The overall
mechanism we have described is that upon stimulation with soluble factors, coming most
likely from cancer cells, the normal fibroblasts acquire a higher contractility and YAP1
protein slowly starts to accumulate in the nucleus. In parallel, rearrangements of the
actomyosin cytoskeleton (such as formation of stress fibres) and increased ECM
remodelling ability are observed. Together these changes lead to the establishment of
external and internal tension in normal fibroblasts. This further promotes nuclear
translocation of YAP1 inducing its transcriptional activity. Src family kinases (SFKs) are
proposed as potential mediators between the actomyosin cytoskeleton reorganisation and
YAP1 activation. Finally, when YAP1 is in the nucleus, it upregulates the expression of
actomyosin network components, leading to a higher contractile phenotype and amplifying
the feedback loop between YAP1 and the actomyosin network.
The results presented in Chapter 4 focus on the regulation of YAP1 dynamics in NF1 and
CAF1 cell lines. In order to understand the mechanism by which YAP1 subcellular
localisation is regulated, the dynamic of the protein was assessed using a fusion EYFPYAP1 construct in combination with photobleaching experiments. Overall these analyses
showed that YAP1, in both NF1 and CAF1, appears mobile in the nucleus and the
cytoplasm and shuttles constantly between these two compartments. Experiments using
Leptomycin B, suggest that YAP1 export is mostly Crm1-independent in NF1 and CAF1.
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In order to estimate the rate of import to the nucleus and export from the nucleus of YAP1,
we have used mathematical modelling. Interestingly, the import rates are similar in both
cells but the export rates are much faster in NF1 than in CAF1, leading to YAP1 nuclear
accumulation in CAF1. To understand which domain(s) of YAP1 could regulate its
dynamics, several mutants have been generated. All the mutants show import rates similar
to the one of EYFP-YAP1 WT. However, the export rates are very different, highlighting
the crucial role of YAP1 export to its subcellular localisation. The export rate is decreased
in the 5SA mutants and upregulated in the S94A mutants leading to, respectively, nuclear
and cytoplasmic accumulation. This is observed for both NF1 and CAF1. Data from the
Y407F mutants suggest no major difference in import and export rates compared to the WT
construct. In parallel, we used another mathematical model to assess the presence of
different pools of YAP1 protein in the nucleus of both NF1 and CAF1. Interestingly, the
WT constructs highlight the presence of at least two pools of YAP1 with distinct rates of
displacement. This could reflect the interactions of YAP1 with different binding partners
leading to alteration of its mobility. Analyses of the 5SA mutants in NF1 and CAF1 suggest
the presence of a single population of protein with a lower rate of displacement than the WT
construct, supporting the nuclear accumulation and the increased transcriptional activity
observed of this mutant. Finally, the Y407F mutant shows an impairment of transcriptional
activity compared to YAP1 WT in CAF1 but not in NF1, suggesting a possible difference in
YAP1 regulation through this site between NF1 and CAF1. Overall these data highlight the
major roles of nuclear binding partners as well as export machinery in the regulation of
YAP1 dynamics in NF1 and CAF1.
In Chapter 5, the role of YAP1 signalling pathway in fibroblasts in vivo was assessed. The
recombination in two different transgenic mice, S100a4-Cre/R26mTmG and PdgfrαCre/R26mTmG, expressing Cre recombinase under distinct promoters was first checked.
Immunohistochemistry and fresh tissue imaging on these mice reveal their relative non
specificity to fibroblasts: while S100a4-Cre seems to recombine only a subset of fibroblasts,
Pdgfrα-Cre recombines a large part of mesenchymal population including some endothelial
cells. Despite these issues, both Pdgfrα-Cre and S100a4-Cre have been previously used to
study fibroblast biology at homeostasis or during cancer development; therefore I chose to
use the two mouse models in parallel but with awareness of their issues.
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While breeding between Yap1Flox and S100a4-Cre mice give rise to a normal ratio of
phenotypes in the offspring, breeding between Yap1Flox and Pdgfrα-Cre mice, leads to
embryonic lethality of the homozygous knockout embryos. Analyses of PdgfrαCre/Yap1Flox embryos at different time of the pregnancy reveal a significant bleeding in
the head mesenchyme of homozygous knockout embryos from embryonic stage E11.5
leading their subsequent death. Although the exact nature of the cells leading to this
phenotype has not been identified yet, immunohistochemistry and wholemount stainings
suggest the possible role of YAP1 in mural cells for the correct regulation of vessel
integrity during normal development.

6.1.2

Discussion and future perspectives

Cancer-associated fibroblasts represent one of the major population in the tumour
microenvironment (Kalluri and Zeisberg, 2006). Although their origin is not clearly
understood, the main idea is that they arise from the conversion of normal resident
fibroblasts to cancer-associated fibroblasts. While Chapter 3 highlights the role of YAP1 in
the conversion of NFs to CAFs, Chapter 4 discusses the mechanisms of YAP1 regulation in
two specific NF and CAF, namely NF1 and CAF1. (Calvo et al., 2013) study proposes that
YAP1 activity gets gradually upregulated during the different steps of NF to CAF
conversion and this is dependent on actomyosin cytoskeleton network. On the other hand, I
have shown that YAP1 is continuously mobile in both NF1 and CAF1 excluding any stable
tethering of the protein in one compartment or the other. Several questions then arise: what
signal triggers the first YAP1 activation in NFs? When does the actomyosin network start to
control YAP1 activity? What are the mediators between the actomyosin network and
YAP1? Are they several regulators of YAP1 and do they act simultaneously or at different
times of the conversion?

6.1.2.1

Soluble factors activate YAP1 during NFs to CAFs conversion

As presented in the Introduction, several studies have investigated the crosstalk between
fibroblasts and the other cells present in the stroma such as cancer cells and immune cells
(Mueller and Fusenig, 2004). This crosstalk occurs either directly through soluble factors
and physical contacts or indirectly through ECM remodelling.
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Among these soluble factors, we could mention Transforming Growth Factor β (TGFβ) or
L-α-lysophosphatidic acid (LPA) that are both present in the tumour microenvironment and
have been shown to activate surrounding stromal cells (Bhowmick et al., 2004b). Upon
such stimulation fibroblasts start to get activated showing distinct characteristics: increased
stress fibres, expression of markers such as αSMA, FSP1 or FAP and increased ECM
remodelling activity (Kalluri and Zeisberg, 2006). Interestingly, data from Fernando Calvo
suggest that the initial step of NF1 conversion is triggered by soluble factors (Calvo et al.,
2013). GSEA analyses show the enrichment of pathways related to soluble factors (such as,
TGFβ or NFκB) already in hyperplasia-associated fibroblasts (HpAFs) (Table 3-1).
Furthermore, treatment of NF1 with conditioned media from cancer cells, LPA, or TGFβ
increases considerably their ECM remodelling ability. This treatment also induces the
nuclear accumulation of YAP1 and a relative upregulation of target gene expression.
Interestingly, this nuclear accumulation is blocked in the presence of blebbistatin suggesting
a role of the actomyosin network in LPA-mediated or TGFβ-mediated YAP1 regulation.
These observations are in accordance with the literature on G-protein-coupled receptors
(GPCRs) and TGFβ pathways and their link with YAP1/TAZ. Recently, GPCRs together
with G12/13 or Gq/11 proteins have been identified as inhibitors of LATS1/2 and/or direct
activators of YAP1/TAZ (Yu et al., 2012). Interestingly, this regulation is dependent on the
actin network since treatment with Latrunculin B disrupts LPA-induced YAP1/TAZ activity.
On the other hand, YAP1/TAZ have been linked to the TGFβ pathway as well. In breast
cancer cells, YAP1/TAZ are essential for TGFβ-induced target gene expression leading to
tumourigenic phenotypes (Hiemer et al., 2014). TAZ has been reported to bind SMAD2/3SMAD4 complex and control their nuclear accumulation (Varelas et al., 2008). Furthermore,
the ability of TGFβ to promote actomyosin contractility and actin polymerisation has been
previously reported (Vardouli et al., 2005, Giampieri et al., 2009).
Interestingly, GSEA analyses also suggest that pathways related to soluble factors are less
or not enriched in CAFs compared to adenoma-associated fibroblasts (AdAFs) (Table 3-1)
(Calvo et al., 2013). This could reflect a switch in the pathways regulating YAP1 activity
during the conversion of NFs to CAFs, whereby soluble factors are crucial for the initial
activation but secondary for the maintenance of YAP1 activity in CAFs (Figure 6-1).
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Further analyses on EYFP-YAP1 transfected NFs, treated with conditioned media from
cancer cells or specific growth factors, would help us to understand how soluble signals
affect the shuttling or the mobility of YAP1. On the other hand, analyses on EYFP-YAP1
transfected CAFs, treated with inhibitors or siRNA for components of pathways
downstream of soluble factors, would allow us to assess the role of these soluble signals in
the maintenance of YAP1 activity in CAFs. Similarly, this could be answered by plating
NF1 on substrates with different stiffness in combination or not with soluble stimuli.
Additionally, experiments with the different point mutants of EYFP-YAP1 could reveal the
exact mechanism of YAP1 regulation upon membrane receptor stimulation. Finally, further
work need to be done on the role of physical interactions between cancer cells and resident
normal fibroblasts. Do these interactions trigger the conversion of NFs to CAFs, and if so,
is YAP1 pathway involved in this process?

6.1.2.2

Regulators of YAP1 dynamics in NFs and CAFs

In the following steps of the conversion, the main regulator of YAP1 activity becomes the
stiffness of the surrounding matrix (Calvo et al., 2013). First, GSEA analyses highlight the
enrichment in AdAF1 and CAF1 of two pathways linked to mechanotransduction,
YAP1/TAZ and SRF/MAL (Dupont et al., 2011, McGee et al., 2011) (Table 3-1). Secondly,
the nuclear accumulation of YAP1 is triggered by plating NF1 on substrates with increasing
stiffness and this is inhibited in the presence of blebbistatin, indicating a regulation of
YAP1 through mechanotransduction (Calvo et al., 2013). These observations lead to our
proposed model where activated NFs (through soluble factors) increase their remodelling
ability, the matrix becomes stiffer, and internal isometric tension in the cell increases. This
leads to a stronger nuclear accumulation of YAP1 and to the upregulation of actomyosin
network components. Therefore a positive feedback loop is established between stiffness of
the matrix, internal isometric tension and YAP1 activity. Interestingly, a very recent paper
has suggested a similar feedback loop but in human colorectal cancer cells (Nukuda et al.,
2015). When cultured on stiff substrates, the levels of YAP1 activity is increased, resulting
in higher MLC phosphorylation and increased MMP7 production. In turn, both the
upregulation of the actomyosin network and the remodelling of the ECM by MMP7 will
amplify the high YAP1 activity in cancer cells.
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Role of the tyrosine kinases
Treatment of CAFs with actomyosin inhibitor (ROCK inhibitor or Blebbistatin) as well as
Src family kinase (SKF) inhibitor (Dasatinib) can transiently break this loop inhibiting the
matrix remodelling by the fibroblasts and blocking YAP1 nuclear accumulation and
transcriptional activity. As mentioned in the Introduction, Src Family Kinases (SFKs) are
key kinases implicated in many different signalling pathways. Interestingly, Src has been
identified at focal adhesions and described as a key mediator for transducing mechanical
forces to biochemical signals (Sawada et al., 2006). Additionally, Src and Yes have been
reported to directly activate YAP1 by phosphorylating tyrosine 357 (Y407 in our EYFPYAP1 fusion) (Zaidi et al., 2004, Tamm et al., 2011). Interestingly, Fernando Calvo showed
that the Y357 phosphorylation is upregulated in AdAF1 and CAF1 compared to NF1 and
AdAF1. Therefore, one mechanism we proposed for NFs to CAFs conversion is that upon
ECM remodelling and subsequent focal adhesion rearrangement, SFKs could get activated
and directly phosphorylate Y357 of YAP1 (Calvo et al., 2013). Interestingly, dasatinib also
inhibits c-Abl tyrosine kinase. Similarly to SFKs, c-Abl has been reported to directly
phosphorylate YAP1 on Y357 inducing YAP1 transcriptional activity (Levy et al., 2008).
Moreover, several studies have reported the role of c-Abl in cytoskeleton regulation
(Hantschel and Superti-Furga, 2004). Therefore, a similar mechanism to explain conversion
of NFs to CAFs could be proposed mediated by c-Abl rather than SFKs.
Analyses on EYFP-YAP1 Y407F mutant confirmed the role of this tyrosine for YAP1
regulation in CAF1. While no difference is observed between the Y407F mutant and WT
constructs in NF1, Y407F mutant reduces YAP1 transcriptional activity in CAF1. However,
this mutant shows no changes in import and export rates compared to WT construct
suggesting no implication of this tyrosine phosphorylation in the regulation of YAP1
shuttling. The role of Y407 for YAP1 mobility in the nucleus is still under investigation but
could potentially explain the increase in nuclear accumulation observed with Y407F mutant
in CAF1. Overall these data suggest that Y407 phosphorylation of YAP1 is crucial for the
regulation of YAP1 in CAF1 by inducing transcriptional activity and potentially by
reducing its nuclear mobility (Figure 6-1). Further experiments with EYFP-YAP1
transfected CAF1 and using inhibitors specific for SFKs or c-Abl will help us to
understanding which tyrosine kinases are implicated in Y357 (Y407) phosphorylation of
YAP1 (EYFP-YAP1).
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Similarly, knockdown and knockout of these kinases using siRNA and CRISPR/Cas
technology respectively, could be done to assess their functions in CAF1. In parallel, it
would be interesting to assess if Y407 phosphorylation is upregulated in HpAF1 or upon
treatment of NF1 with soluble factors to understand if the initial step of YAP1 activation is
tyrosine kinase dependent. Analyses using EYFP-YAP1 constructs in HpAF1 and AdAF1
will help us to dissect the different steps of YAP1 regulation and identify when do the
tyrosine kinases start to regulate YAP1.
Additionally, the exact mechanism linking the external tension, the tyrosine kinases, and
YAP1 phosphorylation is not understood yet. Interestingly, recent studies have highlighted
the role of the nuclear envelope to respond to external mechanical force (Guilluy et al.,
2014, Swift et al., 2013). Moreover, c-Abl and several SKFs have been described in the
nucleus (Taagepera et al., 1998, Takahashi et al., 2009). These observations could imply a
regulation of YAP1 by tyrosine kinases at the nuclear envelope. Further experiments, in
cells cultured on stiff substrates and with deletion of nuclear envelope components will help
us to assess the role of the nuclear envelope in the regulation of YAP1. In parallel, analyses
of Y357 phosphorylation levels in nuclear and cytoplasmic extracts will highlight in which
compartment YAP1 gets phosphorylated by the tyrosine kinases.

Role of the serine kinases
Analyses of the Y407F mutant in CAF1 show a decrease of approximately 50% in YAP1
transcriptional activity, suggesting other mechanism(s) regulating YAP1 activity. The five
serines (S61, S109, S127, S164 and S381 called ‘5S’) and serine 94 might represent these
other points of regulation. In both NF1 and CAF1, 5SA mutants show a higher nuclear
localisation and increased transcriptional activity. Also the export rate from the nucleus and
the mobility in the nucleus are both dramatically decreased, which imply a role of these
serines in interaction(s) with nuclear partners.
The fact that this result is observed in both NF1 and CAF1 suggests that phosphorylation of
these 5 serines represent a negative regulatory mechanism in both cells. In parallel, in CAF1,
S94A shows a cytoplasmic translocation, a decrease in the transcriptional activity, a higher
export rate and a faster nuclear mobility.
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No difference is observed between the WT and the S94A constructs in NF1. Because S94A
mutant is not able to bind TEAD transcription factors, one hypothesis is that the interaction
of YAP1 with TEAD factors controls the mobility of YAP1 protein in the nucleus (Figure
6-1). In NF1, YAP1 is unable to bind TEAD factors and therefore free to translocate to the
cytoplasm. On the other hand, in CAF1, YAP1 interacts with TEAD factors and therefore is
less mobile, leading to a slower export from the nucleus. Accordingly, Fernando Calvo has
shown that TEAD1 expression is upregulated in AdAF1 and CAF1 (Calvo et al., 2013).
Moreover he showed that YAP1 is bound to 14-3-3 but not to TEAD1 in NF1 and HpAF1
and is less bound to 14-3-3 but highly to TEAD1 in AdAF1 and CAF1 (Calvo et al., 2013).
Future experiments overexpressing TEAD factors in EYFP-YAP1 transfected NF1 should
help us understanding their role in YAP1 regulation.
However several puzzling observations subsist. LATS activity and phosphorylation of
serine 127, are both upregulated in AdAF1 and CAF1 (Calvo et al., 2013). According to the
literature (Zhao et al., 2007), LATS1/2-mediated phosphorylation of S127 should lead to an
increase in YAP1/14-3-3 interaction and an overall cytoplasmic localisation. As explained
previously, in AdAF1 and CAF1, YAP1 shows a reduced interaction with 14-3-3 and is
accumulating to the nucleus. Additionally, the phosphorylation of S127 is not affected by
blebbistatin or dasatinib and EYFP-YAP1 5SA mutants did not show any difference in the
transcriptional activity and the subcellular localisation upon blebbistatin treatment. Overall
this implies another mechanism regulating YAP1 in CAF1. Such mechanism is actomyosindependent, acts through these serines and positively regulates YAP1 activity. Further
western blot or mass spectrometry analyses could be performed to assess the level of
phosphorylation of the other serines (S61, S109, S164 and S381) in NF1 and CAF1 and
upon blebbistatin treatment. This would allow us to understand which serines is involved
and if any other serine-dependent regulations occur. Also, deletion of LATS1/2 kinases in
CAF1 should help understanding their role in phosphorylation of S127 and if other
upstream regulators induce similar phosphorylations in CAF1. Finally, combination of
mutants will be essential to understand if any other points of regulation in YAP1 exist.
All together these data suggest the crucial role of YAP1 binding partners, such as TEAD
factors, for the regulation of YAP1 sub-cellular localisation. Further experiments, using
FRET-based biosensors could help understanding when, where the interaction occurs and
how long it lasts.
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Figure 6-1: Possible regulations of YAP1 dynamics in NF1 and CAF1
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In this thesis, I have focused my work on understanding the function and regulation of
YAP1. As mentioned in the introduction, TAZ is a paralog of YAP1 and both proteins have
the same structure and share most of their functions and regulations. Although TAZ has
also been reported to be regulated by actomyosin network (Piccolo et al., 2014), knockdown
of TAZ did not affect CAFs remodelling ability (Calvo et al., 2013). Intriguingly, nuclear
accumulation of TAZ was also observed during the conversion of NFs to CAFs, possibly
suggesting comparable sub-cellular dynamics of the two proteins. Further experiments,
using fluorescently labelled TAZ in combination with photobleaching experiments, would
help us understanding the possible crosstalk between YAP1 dynamics and TAZ dynamics.

6.1.2.3

Crosstalk between YAP1 and SRF-MAL pathways

As explained in the Introduction, the predominant pathway regulating YAP1/TAZ is the
Hippo cascade. However, many other pathways such as WNT or TGFβ have been linked to
YAP1/TAZ regulation (Dong et al., 2007, Azzolin et al., 2014, Varelas et al., 2008). In
parallel, YAP1/TAZ can regulate several pathways through the activation of diverse
transcription factors such as TEAD, p73, RUNX2 and the cytoplasmic COOH-terminal
fragment of ErbB4 (Yagi et al., 1999, Basu et al., 2003, Strano et al., 2005, Komuro et al.,
2003). Therefore, YAP1/TAZ appear at the centrepiece of a complex network of diverse
molecular signalling. Interestingly, the GSEA performed by Fernando Calvo suggested a
significant enrichment of SRF/MAL pathway in CAFs. In parallel, (Esnault et al., 2014)
performed ChIP analyses of MAL showing the apparent overlap between YAP1/TAZ and
SRF/MAL signatures. Among the common targets, Ctgf, Cyr61 or Ankrd1 (commonly used
as YAP1/TAZ specific targets) were identified. This study also revealed that MAL might
influence YAP1/TAZ indirectly through the regulation of several YAP1/TAZ bindingpartners expression. Among others, TAZ itself, TEAD1 or RUNX2 were identified. Finally,
a high occurrence of TEAD-binding motifs was observed in SRF/MAL site, suggesting the
requirement of TEAD factors and possibly YAP1 for the transcription of SRF/MAL target
genes.
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Overall these data suggest an important crosstalk between YAP1/TAZ and MAL (also
called MKL1 or MRTF-A). The subcellular localisation of MAL is also regulated by the
actin cytoskeleton (Miralles et al., 2003). In unstimulated cells, MAL is sequestered in the
cytoplasm through direct binding with G-actin. Upon stimulation of the GPCRs, RHOA,
RAC and CDC42 kinases are activated and induce the polymerisation of F-actin. The pool
of G-actin is therefore depleted leading to MAL nuclear translocation. Further analyses
showed the role of Crm1 as the main export machinery of MAL (Vartiainen et al., 2007). In
Chapter 4, experiments assessing YAP1 and EYFP-YAP1 subcellular localisation upon
Leptomycin B treatment highlighted the Crm1-independent nature of YAP1 export.
Moreover, (Dupont et al., 2011) showed that increasing monomeric G-actin or stabilising
F–actin does not regulate YAP1/TAZ subcellular localisation. Overall these data suggest
distinct mechanisms for YAP1/TAZ and MAL nuclear translocations, but possible crosstalk
in their transcriptional activities. Future experiments using different EYFP-YAP1 mutants
and the p3DA-luc SRF reporter could help us understanding if YAP1 could also regulate
SRF/MAL transcription.

6.1.2.4

YAP1 dynamics in myofibroblasts

This thesis has highlighted the crucial role of YAP1 during the conversion of normal
fibroblasts to cancer–associated fibroblasts. As discussed in the introduction, some
characteristics of the CAFs are very similar to myofibroblasts (fibroblasts present in fibrotic
tissues). Fibrosis, defined by the excess of ECM production and remodelling, is a common
pathological process, which is observed in several soft tissues such as lung, liver, skin or
heart (Kendall and Feghali-Bostwick, 2014). Similarly to CAFs, fibrotic fibroblasts arise
from the conversion of the resident normal fibroblasts. Myofibroblasts and CAFs both have
a stable and non-reversible phenotype characterised by increased actomyosin activity,
establishment of stress fibres, high contractility and high ECM remodelling ability.
Recently several studies showed the role of YAP1 and TAZ during myofibroblasts
activation and subsequent induction of fibrosis (Piersma et al., 2015). One study showed
that in biopsies from idiopathic pulmonary fibrosis, both YAP1 and TAZ are nuclear (Liu et
al., 2015).
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Also, knockdown of YAP1 and TAZ in mouse lung and liver fibroblasts cultured in vitro
reduces the levels of proteins associated with myofibroblast differentiation such as procollagen, αSMA or plasminogen activator inhibitor (PAI1) (Liu et al., 2015, Mannaerts et
al., 2015). Moreover, in vivo experiments showed the role of TAZ in bleomycin induced
pulmonary fibrosis (Mitani et al., 2009). Finally, the role of YAP1 and TAZ in cardiac
fibrosis and skin wound healing has also been reported (Xin et al., 2013, Lee et al., 2014).
Overall these observations suggest similar role of YAP1 protein in myofibroblasts and in
CAF1. In the future, it would be interesting to understand if the mechanism of YAP1
regulation is similar in both cell types and to assess the role of the actomyosin network and
tyrosine phosphorylation in myofibroblasts.

6.1.2.5

Therapeutic targeting of YAP1-TEAD interaction

YAP1 is amplified in several human cancers (Overholtzer et al., 2006, Muramatsu et al.,
2011) and immunohistochemical analyses of human tumour samples confirmed that YAP1
is nuclear in several types of cancer such as late-stage ovarian, colon, gastric, liver,
oesophageal, non-small-cell lung cancers and lobular type of invasive breast cancers
(Piccolo et al., 2014). Furthermore, one recent study showed that both YAP1 and TAZ are
nuclear in biopsies from idiopathic pulmonary fibrosis (Liu et al., 2015). Therefore, the
need to understand the regulation of YAP1 dynamics in pathological context, such as
fibrosis or cancer, is essential in order to design appropriate therapeutic drugs against YAP1.
Due to the diversity of YAP1 upstream regulators and to the fact that the key kinases
negatively regulating YAP1 are also tumour suppressor, the main focus has been on
disrupting interaction of YAP1 with nuclear partners. Verteporfin small molecule, blocking
the interaction between YAP1 and TEAD factors, has been successfully used in mouse to
inhibit uveal melanoma cells tumorigenesis as well as YAP1 induced liver tumorigenesis
(Liu-Chittenden et al., 2012, Feng et al., 2014). However, Verteporfin has the disadvantage
to have a short half life and to be rapidly eliminated by the bile in vivo (Houle and Strong,
2002). Another inhibitor, mimicking VGLL4 protein, can disrupt YAP1-TEAD interaction
and has been shown to efficiently suppress gastric cancer growth (Jiao et al., 2014). The
data I have presented in this thesis confirm that the binding of YAP1 to DNA-bound
transcription factors (such as TEAD factors) represent one critical step for regulation of
YAP1 nuclear accumulation.
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Further analyses in EYFP-YAP1 transfected CAF1 using Verteporfin or deleting TEAD
factors will help us understanding if TEAD factors represent the only DNA-bound partners
of YAP1. Overall, YAP1 represents a promising target for therapeutic design and future
studies will assess if its efficient inhibition in vivo could stop the disease progression.

6.1.2.6

YAP1 regulation and function in mesenchymal cells

Given the role of YAP1/TAZ as transducers of mechanotransduction signals, the study of
their role in vivo during normal development and in pathological context is highly relevant.
The results presented in Chapter 5 highlights a crucial role for YAP1 in mesenchymal cells
for viable development of the mouse. Breeding between Yap1Flox and Pdgfrα-Cre mice,
leads to embryonic lethality of the homozygous knockout embryos due to a significant
haemorrhage in the head from embryonic stage E11.5. Although the identity of the cells
implicated in this haemorrhage is not yet understood, one theory is that perivascular cells
such as pericytes might be implicated.
From embryonic stages E9.5 new capillaries are formed either by sprouting or by splitting
from a pre-existing vessel (Risau, 1997). Interestingly, it has been shown that pericytes are
capable of guiding sprouting processes by migrating ahead of the endothelial cells and
expressing angiogenic factors such as VEGF (Vascular Endothelial Growth Factors)
(Ozerdem and Stallcup, 2003). Upon recruitment to the newly form vessels, pericytes have
been reported to promote vessel maturation and stabilisation (Betsholtz, 2004). Furthermore,
pericytes express high level of proteins linked to actomyosin cytoskeleton alphaSMA,
tropomyosin and myosin (Bergers and Song, 2005), and their contraction has been reported
to regulate the blood flow (Betsholtz, 2004). Accordingly, while small blood vessels are
surrounded by loosely connected pericytes, larger vessels (higher blood pressure required)
are coated with multiple layers of smooth muscle cells and collagenous fibres (Cleaver and
Melton, 2003). Interestingly, pericytes have also been linked to tumour angiogenesis.
Similarly to what is observed during embryonic development, pericytes from the tumour
microenvironment can detach from the vessel wall, enabling endothelial cells migration and
new vessels formation (Raza et al., 2010). All together these evidence suggest a crucial role
of pericyte coverage as well as pericyte contractility for the regulation of vessel integrity in
homeostasis or in pathological context.
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Future experiments using 3D imaging of blood vessels architecture in wholemount embryos
will allow us to assess if the vessels density or integrity are compromised upon YAP1
deletion in Pdgfrα expressing cells. Same analyses using pericyte markers will help us to
understand if the pericyte coverage is affected in homozygous knockout embryos
(Yap1Flox/Flox - Pdgfrα-Cre+). Finally, at longer term, Yap1Flox/Flox - Pdgfrα-CreERT
mouse model will allow us to perform carcinogenesis experiments and understand the role
of YAP1 in Pdgfrα expressing stromal cells.
So far only one study have reported the role of YAP1 in regulation of tissue tension in fish.
(Porazinski et al., 2015) have shown that fish mutant embryos for the gene hirame (hir)
display a pronounced body flattening. Further analyses identified a nonsense mutation of
leucine 164 in the first WW domain of YAP1 in these hir mutants. YAP1 knockdown in
WT embryos, using morpholino oligonucleotide, recapitulated the phenotype observed in
the hir mutant. On the other hand, ubiquitous overexpression of YAP1 or YAP1 4SA
mRNA rescued the hir phenotype. Interestingly, the global levels of phosphorylated myosin
light chain (pMLC) is increasing during organogenesis in WT embryos but decreases before
and during the body flattening in the hir mutants. Moreover, loss of normal fibronectin (FN)
fibrils and formation of large FN deposits were observed throughout hir embryos. Inhibition
of FN assembly in WT embryos leaded to abnormal phenotype similar to the hir mutants
phenotype. Overall this paper highlights the crucial role of YAP1 for both tissue shape and
fibronectin-dependent tissue alignment in fish development. Further analyses using 3D
imaging of fibronectin and of other ECM components in the whole embryos will help us
understanding if any modification of the ECM architecture is observed in the head
mesenchyme in the homozygous knockout embryos (Yap1Flox/Flox - Pdgfrα-Cre+).
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