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SYNOPSIS



The extracellular matrix (ECM) is a vital regulatory player in the cellular microenvironment.
Cell-matrix adhesion, mediated by integrin receptors, regulates cellular responses to the
dynamic biochemical and mechanical properties of the extracellular matrix (ECM). Cell-matrix
adhesion triggers rapid and sustained downstream signalling to support survival and
proliferation. This is mediated in part by regulation of membrane trafficking through caveolae
to control anchorage-dependent signaling. Caveolae are plasma membrane invaginations with
a diameter of 60-80nm, typical inverted omega-shaped morphology, and stable structures
easily identifiable by electron microscopy. Caveolae are also mechanosensitive, and known to
support signaling and endocytosis. They are characterized by presence of structural membrane
proteins caveolins (Cavl,2,3) and cavins, Cavl and Cavinl both being indispensable for
caveolae formation. Cavl undergoes various post-translational modifications, one of the most
important ones being phosphorylation on its Tyr14 (pY 14Cavl). Adhesion-dependent caveolar
endocytosis of membrane raft microdomains requires this phosphorylation (del Pozo et al,
2005). Cavl Tyrl4 phosphorylation is also crucial for its role at non-caveolar sites like focal
adhesions (Joshi et al, 2008), but not much else is known as to how adhesion could regulate
the same. We find that total cellular pY 14Cav1 levels are stimulated by cell-matrix adhesion,
similar to integrin-dependent FAK activation (Buwa et al, 2020a). Despite its known role at
both caveolae and focal adhesions, the exact localisation of pY14Cavl is not known. This is
partly due to non-specificity of reagents to study the same, pY14Cavl immunostaining is
limited by the cross-reactivity of the antibody with phosphorylated Paxillin (Hill e al/, 2007).
Furthermore, Cavl overexpression and fluorescent tagging has been reported to affect its
differential localization and function in cells (Han et al/, 2015; Hanson et al, 2013; Parton &
Howes, 2010; Pol et al, 2020; Payne-Tobin Jost & Waters, 2019). Our studies, using
biochemical fractionations, reveal endogenous pY14Cavl to localize to both caveolae and
focal adhesions in mouse fibroblasts (Buwa et al, 2020a). pY 14Cavl levels in caveolae isolated
from adherent and suspended cells are comparable, suggesting cell-matrix adhesion to not
regulate caveolar pY 14Cav1. This further suggests the focal adhesion-associated pY 14Cav1 to
be regulated by adhesion. Interestingly, inhibition of FAK activation using a small molecule
inhibitor abrogates re-adhesion-mediated recovery of pY14Cavl (Buwa et al, 2020a). These
studies establish the FAK-pY14Cavl1 crosstalk at focal adhesions and its regulation by cell-

matrix adhesion.

One of the initial consequences of cell-matrix adhesion entails formation of focal adhesions

(FA) (Schwartz, 2010; Levental et al, 2009; Friedland et al, 2009; Gehler et al, 2009). These



large macromolecular complexes form at integrin-ECM engagement sites, are dynamic and
capable of transmitting mechanical signals from the ECM through the cytoskeleton.
Mechanical cues like matrix stiffness regulate both FA number and FA size (Riveline et al,
2001; Schiller & Fissler, 2013; Yeh et al, 2017), allowing for more subtle changes in FA-
dependent signaling. We find that fibroblasts adherent on 2D polyacrylamide gels of increasing
matrix stiffness show a steady increase in FAK activation and a concomitant increase in Cavl
phosphorylation (Buwa et al, 2020a). PF-228 mediated inhibition of FAK, though comparable
across increasing matrix stiffness, regulates Cav1 phosphorylation more prominently at higher
stiffness (Buwa et al, 2020a). Taken together, loss of adhesion and fibroblast adhesion on 2D
matrices not only establishes the FAK-pY14Cavl1 crosstalk, but also reveals how it could be

regulated downstream of adhesion. These findings are summarized in the cartoon in Fig. A.
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Figure A. Adhesion-dependent regulation of pY14Cavl. Endogenous pY14Cav1l (red dot) is localised
to both caveolae and focal adhesions, and is regulated by cell-matrix adhesion in mouse fibroblasts.
Caveolar pY14Cavl levels are not affected upon loss of adhesion, suggesting the adhesion-mediated
change to happen at focal adhesions. Cells adherent on stiff matrices have more active FAK and also
higher Cavl phosphorylation compared to soft matrices. FAK inhibition (PF-228) inhibits Cavl
phosphorylation differentially on changing matrix stiffness. FAK-dependent regulation of pY14Cavl
could be mediated by FA-associated Src kinase. Figure is adapted from (Buwa et al, 2020a).




Apart from their role in caveolar endocytosis and focal adhesion functions in non-transformed
cells, pY14Cav1 also has a regulatory role in cancers. Cav1 was initially thought to be a tumour
suppressor (Williams, 2004), but some reports have correlated its expression with cancer
progression. Cavl expression is associated with poor prognosis in prostate and breast cancer
patients and reduced survival in rectal cancer patients (Joshi et al, 2008; Parton, 2018). The
role of Cav1 as a tumour suppressor or promoter in cancers is hence still contentious, and could
in part be dependent on its Tyrl4 phosphorylation (Wong et al, 2020; Buwa et al, 2020b).
Studies have linked pY14Cavl as an effector of Src and Rho/ROCK-dependent signalling to
promote tumour cell motility and invasiveness (Joshi et al, 2008). This is likely due to the
ability of pY14Cavl1 to act as a Rho activator and regulator of directional migration in MEFs
(Grande-Garcia et al, 2007). Anchorage independence in cancers is achieved via bypassing the
requirement of cells to attach to a substrate for survival and growth. Since raft microdomains
harbour many known players of growth and survival signalling pathways, cancer cells
orchestrate this phenomenon partly through deregulation of adhesion-dependent membrane raft
trafficking by disruption of caveolar endocytosis (Bourseau-Guilmain ef a/, 2016; Chandran et
al, 2020). This could happen by loss of Cavl in some cancer types, or via deregulation of Cavl
phosphorylation in Cav1-expressing cancers (Martinez-Meza et al, 2019; Diaz-Valdivia et al,
2020). The objective of our study is hence to explore the role of pY14Cavl and its possible

regulators in anchorage independence in Cav1-expressing cancers.

We find that adhesion regulates pY 14Cav1 levels in some, but not all, Cav1-expressing cancer
cell lines, suggesting different regulatory pathways for the Tyr14 phosphorylation. We find
Cavl1 phosphorylation to be actively regulated by protein tyrosine phosphatases (PTP) in T24
bladder cancer and DU145 prostate cancer cells. siRNA-mediated targeting of PTPs increases
pY14Cavl levels in T24 bladder cancer cells to support anchorage-independent signalling, and
in DU145 cells to support adhesion-dependent caveolar endocytosis. Taken together, our
studies reveal a distinct adhesion-dependent regulation and role for Cavl Tyrl4
phosphorylation in normal and cancer cells, and emphasize the need to study its role depending

on its sub-cellular localisation.



CHAPTER 1:

Cavl phosphorylation:

Adhesion-dependent regulation



ABSTRACT

Cell-matrix adhesion regulates cellular responses to changing mechanical and biochemical
properties of the extracellular matrix. Cell matrix-adhesion regulates membrane raft trafficking
through caveolae to control anchorage-dependent signaling. Caveolae are distinct,
mechanosensitive plasma membrane invaginations lined by the transmembrane protein
Caveolinl (Cavl), that support signaling and endocytosis. Caveolar endocytosis is dependent
on the phosphorylation of Cavl on its Tyrl4 residue (pY14Cavl), which also regulates
functions at focal adhesions. Contrary to earlier reports, we find total pY14Cavl levels to be
regulated by cell-matrix adhesion in mouse fibroblasts. On loss of adhesion pY14Cavl levels
drop significantly and are restored rapidly upon re-adhesion, comparable to the regulation of
focal adhesion kinase (FAK). Biochemical fractionation studies reveal endogenous pY 14Cavl
to be present in both caveolae and focal adhesions isolated from fibroblasts. Caveolae isolated
by detergent-free fractionation from adherent and suspended cells show comparable levels of
endogenous pY 14Cavl, suggesting caveolar pY 14Cav1 to not be regulated by adhesion. Focal
adhesions (FA) isolated from re-adherent cells show the presence of endogenous pY14Cavl,
which could be the pool regulated by adhesion. Indeed, FAK inhibition using PF-228 also
disrupts the re-adhesion mediated recovery of pYl4Cavl, suggesting FA-dependent
regulation. Taken together, these studies help establish the FAK-pY14Cavl crosstalk at focal
adhesions, and suggest the caveolar and focal adhesion pools of pY14Cavl to be regulated

differentially by cell-matrix adhesion.



INTRODUCTION

An enclosure of a mere 30-40 Angstrom hydrophobic plasma membrane (PM) delimits cells
from the external environment, helping them retain their contents and compartmentalise
biochemical processes (Mitra et al, 2004; Mouritsen, 2005; Mouritsen & Bagatolli, 2015). One
of the most striking features of PM in mammalian cells is presence of invaginations that allow
endocytosis, membrane trafficking, compartmentalization and signaling. The most common
PM invaginations found in mammalian cells are clathrin-coated pits, caveolae and clathrin-
and caveolae-independent structures. Caveolae have several distinct features that set them apart
from clathrin-coated pits. They do not have an obvious electron-dense coat, and unlike clathrin-
coated its, caveolae do not show different stages of neck closure during endocytosis (Root et
al, 2019). Density and presence of caveolae also varies across different tissues, with some cell
types like hepatocytes and nerve cells lacking caveolae altogether (Parton, 2018; Parton et al,
2020b). Abundance of caveolae is distinctive in cells exposed to frequent mechanical stress,
such as fibroblasts, endothelial cells, muscle cells and adipocytes (Nassoy & Lamaze, 2012;
Parton & Del Pozo, 2013). Caveolae have a uniform diameter of 60-80nm, a typical inverted
omega-shaped morphology and are easily identifiable by electron microscopy (EM). Proteins
of the caveolin and cavin family are the major structural proteins that form caveolae (Monier
et al, 1995; Hill et al, 2008), and insights into the function of caveolae have been majorly

contributed to by knockout mice.
Caveolins and caveolae formation

Caveolins are small proteins with molecular weights ranging from 17-24 kD, with 3 isoforms
Caveolinl, -2 and -3 having a tissue-specific expression. Caveolinl (Cavl) expressed in most
cell types is indispensable for caveolar biogenesis, with Cav3 expressed exclusively in skeletal,
smooth, and cardiac muscle cells (Way & Parton, 1995). Cav2 has an expression profile similar
to Cavl but is dispensable for caveolae formation. Caveolins contain 4 distinctly defined
domains, an N-terminal, a scaffolding domain, an intramembrane domain, and a C-terminal
domain. Cavl forms a hairpin structure with both N- and C- termini jutting out into the
cytoplasm, and the bent hairpin membrane domain inserted within the membrane bilayer (Lee
& Glover, 2012; Aoki et al, 2010). The transmembrane domain has a stretch of hydrophobic
residues that are known to form loop/wedge-shaped insertions in the membrane (Suetsugu et
al, 2014), thus inducing membrane deformation. Cavl1 is thought to undergo oligomerization
upon membrane interaction, which further generates curvature to invaginate the membrane

(Parton et al, 2006). A large portion of the protein, including the scaffolding domain region,



could be tightly membrane associated (Ariotti et al, 2015). The C-terminal region of Cav1 has
palmitoylation sites that could stabilize its interaction with lipids in the bilayer and other
proteins, but the exact membrane embedded sites are not known (Ariotti et al/, 2015). The
domain organization of Cavl protein is represented in Fig. 1. Cav2 interacts with Cavl to form
a stable high-molecular-mass heterooligomer which localizes to caveolae. Cav2 does not form
homo-oligomers, remains in a monomer-dimer form in the absence of Cavl (Scherer ef al,
1996), and in absence of Cavl gets entrapped in the Golgi (Parolini et al, 1999; Mora et al,
1999). Cav3 is 151 amino acids long and consists of four domains like Cavl, with the
scaffolding domain essential for homo-oligomerization and transmembrane domain forming a
hairpin loop in the sarcolemmal membrane (Gazzerro et al, 2010). Although caveolae
formation in mammalian cells requires multiple other structural and accessory proteins, Cav1
alone has been shown to give rise to invaginations in more basic model systems like bacterial

cells (Walser et al, 2012).

Cav1 knockout mice survive but have shorter lifespans, are afflicted by cardiovascular diseases
like pulmonary hypertension and cardiomyopathy, lipodystrophy; and a propensity to develop
tumors and aggravation of certain cancer phenotypes has been linked to lack of Cavl (Razani
et al,2001; Drab et al, 2001; Razani et al, 2002a; Zhao et al, 2002; Capozza et al, 2003). Lack
of Cav2, being dispensable for caveolae formation, does not affect normal caveolae formation,
morphology and cellular distribution (Razani et al, 2002b). Cav3 knockout mice lack caveolae
in muscle cells, but show normal Cav1 expression and caveolae formation in non-muscle cells
(Galbiati et al, 2001; Minetti et al, 1998). At the cellular level, cells lacking Cav1 and caveolae
manifest aberrations in various cellular processes including lack of PM mechano-protection
against mechanical stress, lack of caveolar trafficking (Sinha ef a/, 2011; del Pozo et al, 2005);
polarisation, migration, Rho GTPase activation, focal adhesion dynamics (Grande-Garcia et
al, 2007; Joshi et al, 2008), and in general display aberrant signaling especially in response to

extracellular cues.
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Figure 1. Caveolae and Caveolinl. (A) Electron microscopy image (high magnification) of caveola in
fibroblasts. Adapted from Parton et. al. Nat. Rev. Mol. Cell. Biol. (2013). (B) Schematic representation
showing a typical plasma membrane caveola with Caveolinl (Cav1) and Cavinl as indicated. (C) Cav1
topology in the membrane. N and C termini of Cav1 face the cytoplasm. Y14 phosphorylation of Cavl
is one of the most important post-translational modifications. Cavl interacts with cholesterol in the
plasma membrane. B, C are created using BioRender.com. (D) Domain organization of Cavl. Cavlisa
178 amino acid protein with distinct domains for oligomerisation, interaction with other proteins and
membrane insertion. The Tyr14 phosphorylation site is indicated in red.




Another important family of cytoplasmic proteins called cavins work cooperatively with
caveolins, and are indispensable to caveolae formation in mammalian cells. This family
includes Cavinl (PTRF), SDPR (serum deprivation response protein), Cavin3 (SRBC) and
Cavind (MURC). Cavinl/PTRF was originally discovered as a nuclear protein which can
dissociate paused ternary transcription complexes (Jansa et al, 1998). Cavins 2 and 3 were
identified as protein kinase C (PKC) substrates and hypothesized to target PKC to caveolae
(Gustincich et al, 1999; Mineo et al, 1998). Their roles in caveolaec formation include
generation of membrane curvature and formation of caveolar endocytic carriers (Hansen et al,
2009; McMabhon et al, 2009). Cavin4, like Cav3, is predominantly expressed in cardiac and
skeletal muscle (Bastiani ef al, 2009). Presence of Cavinl is indispensable for the formation of
caveolae in cells containing caveolins (Hill et al, 2008). In Cavinl knockout mice, Cavl is
endocytosed and lysosomally degraded (Hill et al, 2008). Apart from caveolins and cavins,
Pacsin2, EHD2 and RORI1 are also shown to play important roles in maintaining the stability
of caveolae at the plasma membrane (Torrino et al, 2018; Krawczyk et al, 2015; Yamaguchi
et al, 2016). Pacsin2 and EHD2 recruited to caveolin complexes facilitate caveolae formation
and assist in sculpting caveolar membranes as well as regulate caveolae dynamics (Aboulaich
et al, 2004; Hill et al, 2008; Hansen & Nichols, 2010; Hansen et a/, 2011; Morén et al, 2012;
Stoeber et al, 2012; Ariotti & Parton, 2013; Ludwig et al, 2013; Kovtun et al, 2014, 2015).
EHD proteins associate with the caveolar neck, and loss of EHD2 alters neck morphology and
caveolae residence time on PM (Matthaeus et al, 2020). Pacsins have also been proposed to
recruit dynamin II to caveolae necks, hence regulating their scission (Senju et a/, 2015). ROR1
has been implicated in caveolae formation by independently binding caveolin and Cavinl and
Cavin3 through the cytoplasmic domains, and preventing their degradation (Yamaguchi ef al,

2016, 2019).

Caveolae assembly is a progressive process starting in the ER, and involves caveolin
oligomerization, binding and ordering of different proteins and lipid species in different
compartments: ER, Golgi and PM (Hayer et al, 2010). The caveolae assembly process is
represented in Fig. 2. A single caveola at the PM is estimated to contain ~140 Cav1l molecules,
~29 Cav2 molecules, ~40-50 Cavinl molecules, ~20 Cavin2,-3 molecules and ~40 EHD2
molecules (Pelkmans & Zerial, 2005; Ludwig et al, 2016; Parton et al, 2020a; Gambin et al,
2014).

10
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Fig. 2. Caveolae assembly. Cav1l synthesized in the ER is transported to Golgi in a COPII-

dependent manner. Cavl associates with cholesterol in the Golgi supporting its

oligomerization. Exit of Cavl-containing vesicles from the Golgi is followed by binding

of Cavinl, -2 and -3 at the PM to create complete caveolae, enriched in PtdSer and

PtdIns(4,5)P2. Figure is adapted from (Buwa et al, 2020b).
In addition to its protein components, lipids play an equally important role in caveolae
formation. Cholesterol in particular is an essential component of caveolar membranes which
also binds Cavl (Murata et al, 1995). Treatment of cells with methyl-B-cyclodextrin that
sequesters cholesterol is known to disrupt caveolae leading to the disassociation of Cavin2
(Breen et al, 2012). The high affinity of Cavl for cholesterol could cluster cholesterol and
induce membrane curvature (Wanaski et al/, 2003; Epand et al, 2005; Krishna & Sengupta,
2019). Binding of EHD2 to caveolar structures is possible only in the presence of cholesterol
(Morén et al, 2012) and PtdIns(4,5)P> which is enriched around caveolar necks (Fujita et al,
2009; Morén et al, 2012; Stoeber et al, 2012; Hubert et al, 2020a). PtdSer, glycosphingolipid,
ganglioside GM3, sphingomyelin and PtdIns(4,5)P are also abundant in caveolae (Fujita et al,
2009; Ortegren et al, 2004; Singh et al, 2010; Hirama et al, 2017). Cav1 peptide corresponding

to its scaffolding domain (aa 82-101) when added to liposomes induces the formation of

11



membrane domains enriched in acidic lipids PtdSer, PtdIns(4,5)P> and cholesterol (Wanaski et
al, 2003). PtdSer and sphingomyelin have been shown to be required for caveola formation
and stability (Hirama et al/, 2017; Hubert et al, 2020b). Cavins bind PtdSer in vitro (Hill et al,
2008; Bastiani et al, 2009; [zumi et al, 1997; Burgener et al, 1990; Gustincich et al, 1999), and
a combination of membrane curvature, order, presence of Cavl and specific lipids all could be
needed for cavin recruitment to caveolae. Presence of cholesterol, sphingomyelin, PtdSer and
gangliosides thus gives caveolae their distinct shape, biochemical composition and

characteristics.

Abundance of caveolae is a striking feature of PM in mammalian cells experiencing frequent
mechanical strain, like endothelial cells, adipocytes, fibroblasts and smooth muscle cells
(Nassoy & Lamaze, 2012; Parton & Del Pozo, 2013). Not surprisingly one of the major
caveolar functions includes mechano-protection, as caveolae are seen to flatten in response to
mechanical stresses like shear, uniaxial stretch and osmotic swelling in a multitude of systems
including endothelial cells, fibroblasts, skeletal muscle cells and zebrafish notochord (Cheng
et al, 2015; Lim et al, 2017; Lo et al, 2016; Sinha et al, 2011; Yeow et al, 2017; Gervasio et
al, 2011). Caveolar flattening due to mechanical stretch leads to release of associated cavins,
to further regulate effector interaction (McMahon ef al, 2019) and gene expression (Joshi ef al,
2012). Hepatocytes, lymphocytes, neurons, some cancer cells, and even C. elegans express
Cavl1 but lack caveolae (Calvo et al, 2001; Parton et al/, 2018; Fiala & Minguet, 2018; Hill et
al, 2008; Moon et al, 2014; Kirkham et al/, 2008; Jung et al, 2018; Walser et al, 2012).
Interestingly, caveolins can exist as non-caveolar domains or scaffolds at the PM (Khater et al,

2019) which could regulate cellular functions (Pol et a/, 2020).
Non-caveolar Caveolins

Although indispensable components of caveolae, caveolins have non-canonical roles in cells.
Caveolins are reported to be expressed without forming detectable caveolae in many cell types
including hepatocytes, lymphocytes, neurons and some tumour cells, as well as Caenorhabditis
elegans. In addition, given their functions outside of caveolae, the non-caveolar roles and
localisation of caveolins are only recently starting to be appreciated (Nassar et al, 2015; Pol et
al, 2020). As outlined above, the membrane-binding and organising properties of caveolins
could be a major contributor to these non-canonical roles. In the absence of Cavinl, Cavl can
exist on the PM as oligomeric structures. These are initially delivered to the PM as smaller
complexes of ~5-8 molecules as deemed by super-resolution microscopic analysis (Khater et

al, 2019). These complexes have been termed scaffolds, and could dimerize to form bigger

12



scaffolds, which further co-assemble into curved domains. These scaffolds are known to
diffuse rapidly, internalized relatively quickly through non-caveolar pathways, and are then
degraded (Hill et al, 2008). Caveolae disassembly or flattening leads to release of cavins,
leading to increased lateral mobility of caveolins (Sinha et a/, 2011), and could potentially
manifest a behaviour similar to caveolin scaffolds. One of the major functions of Cavl
scaffolds is thought to be transport and homeostasis of lipids like cholesterol, PtdSer and
PtdIns(4,5)P2 (Pol et al, 2020). Caveolin scaffolds can also regulate actin cytoskeleton at the
PM (Rangel et al, 2019; Tomassian et al, 2011), to regulate endocytosis. Some of the potential
non-caveolar functions of Cavl are its regulation of focal adhesion dynamics, migration and
invasion (Grande-Garcia et al, 2007; Joshi et al, 2008; Moon et al, 2014). Although the
importance of Cavl in regulating this pathway is widely established, how Cavl1 exists at or
near these structures is not known. Caveolin functions at caveolae and non-caveolar
localisations are likely interrelated, and could explain the apparently disconnected phenotypes

described in caveolin-deficient cells and animals.
Caveolinl phosphorylation (pY14Cavl) — regulation and functions

Caveolinl was identified as a major tyrosine-phosphorylated protein in a v-Src screen in Rous
sarcoma virus-transformed chicken cells (Glenney, 1989). Cavl is phosphorylated at Ser80 by
PKC (Garver et al, 1999; Rybin et al, 1999). Ser80 phosphorylation is implicated in cholesterol
transport and regulates the ER retention and secretion of Cav1 (Schlegel ef al, 2001; Fielding
et al, 2004; Yang et al, 2014), but its Tyr14 phosphorylation seems to mediate majority of
Cavl functions (Wong et al, 2020; Buwa et al, 2020b). Tyr14 phosphorylation of Cavl is
mediated primarily by Src family kinases in response to various cues, but can also be
phosphorylated by Fyn and Abl kinases (Mastick & Saltiel, 1997; Mastick et al, 2001). Src-
mediated Tyr14 phosphorylation of Cavl is thought to require palmitoylation of Cavl on the
C156 residue (Lee et al, 2001) suggesting this phosphorylation to occur prominently at the PM.
Tyrl4 phosphorylation of Cavl is regulated by various extracellular cues, including
biochemical stimuli like growth factor treatment, oxidative stress and adhesion; and
mechanical stimuli like laminar shear, stretch and osmotic stress (Kim et al, 2000; Volonté et

al, 2001; Ortiz et al, 2016; Radel & Rizzo, 2005; Zhang et al, 2007).

A fair proportion of the functions mediated by Cavl have been attributed to phosphorylation
of Tyr14 in the protein, and include functions at caveolae as well as non-caveolar localisations
like focal adhesions. pY14Cavl is required for caveolar endocytosis (del Pozo ef al, 2005;

Zimnicka et al, 2016, 2015), and regulates caveolae formation in response to extracellular cues
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like growth factor treatment (Orlichenko ef a/, 2006a) and mechanical stress (Joshi et a/, 2012).
In response to membrane stretch, pY 14Cavl leads to transcriptional regulation of both Cavl
and Cavinl genes via the transcription factor early growth response protein 1 (Egrl) (Joshi et
al, 2012). This feedback loop could promote caveola biogenesis in response to stretch (Joshi
et al,2012; Boyd et al, 2003). In addition to these caveolar functions, pY 14Cavl also regulates
non-caveolar functions at focal adhesions (FA), that include regulating FA dynamics, turnover,
migration and invasion (Joshi ef al/, 2008; Meng et al, 2017). Studies using pY 14Cav1 mutants
(Y14F-Cavl and Y14D-Cavl) show that it stabilizes FAK exchange in FAs, to promote FA
turnover and drive cancer cell migration (Joshi et al, 2008; Goetz et al, 2008a).
Phosphomimetic Cavl also enhances Vinculin tension at FAs, dampening force fluctuations
and promoting FA stability (Meng et al, 2017). Concomitantly, pY14Cavl is crucial in
formation and maintenance of highly ordered membrane at FAs (Gaus et al, 2006). pY 14Cav1
is known to bind and recruit several proteins, including SH2-domain containing proteins like
Src, c-Src tyrosine kinase (Csk) and Grb7 at FAs (Lee et al, 2000; Cao et al, 2002; Gottlieb-
Abraham et al, 2013), to mediate pY 14Cav1-dependent FA dynamics (Joshi et a/, 2008), RhoA
activation (Grande-Garcia et al/, 2007), myosin light chain phosphorylation (Radel & Rizzo,
2005; Radel et al, 2007) and RhoA-mediated cytoskeletal rearrangements (Boettcher et al,
2010).

Given the known roles at spatially distinct caveolae and focal adhesions in cells, it is likely that
pY14Cavl could be present outside of caveolae and associated with non-caveolar regions
(though still membrane-associated), but its exact cellular localisation is not known. This could
be primarily attributed to non-availability of specific reagents, viz., pY14Cavl-specific
antibody, Cavl-specific small molecule inhibitors, as well as caveats associated with
exogenous expression of Cavl in various systems. Studying the localization and dynamics of
endogenous pY 14Cav1 by immunostaining has been limited by the cross-reactivity of a widely
used mouse monoclonal anti-pY14Cavl antibody (BD Transduction, Clone 56), with
phosphorylated Paxillin (Hill et al, 2007). Furthermore, overexpression of fluorescently tagged
Cavl constructs can also affect its cellular localization and function (Han et a/, 2015; Hanson
et al, 2013; Parton & Howes, 2010; Pol et al/, 2020). pY14Cavl has been hypothesized to
colocalize with Vinculin at FAs and be almost absent from caveolae (del Pozo et al, 2005), but
this was determined by immunostaining with the non-specific pY14Cavl antibody. A more
recent study showed increased association of FA proteins Vinculin, a-actinin, talin and filamin

with phosphomimetic (Y14D-Cavl) peptides compared to non-phosphorylatable ones (Y 14F-
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Cavl) (Meng et al, 2017). pY14Cavl has been shown to be enriched in pseudopodia of
migrating cells (Joshi et al, 2008), although endogenous pY14Cavl has not been distinctly

shown to localize to FAs.

ECM

Outside

Cavl ~ R = pYl4Cavl”™ >< ; PtdSer’ Cholesterol 5 Actin  Swssetisses  Integrin  STER—S
}“.

Figure. 3. Regulation of pY14Cav1 functions in caveolae and focal adhesions. Cavl, an integral
membrane protein associates with PM enriched in cholesterol and PtdSer to form caveolae with
the help of Cavinl, Cavin2, Cavin3, EHD2, Pacsin2, ROR1 and supported by the actin
cytoskeleton. The caveolar neck associates with EHD2 that maintains caveolae at the PM, and
Dynamin2 that drives caveolar fission dependent on the actin cytoskeleton. Cavl
phosphorylation on the tyrosine-14 residue (pY14Cavl) is prominently mediated by Src kinase
in caveolae and focal adhesions. Fyn and Abl kinases can also phosphorylate Cav1 at tyrosine-
14. Protein tyrosine phosphatases localized in caveolae, PTP1B and LMW-PTP, regulate
pY14Cavl along with cytosolic PTPN14. pY14Cavl binds and regulates Src, Csk, TRAF2 to
regulate caveolar and focal adhesion function. The binding of Y14D-Cav1 peptides to Filamin A
and Vinculin could support their role in caveolae and FAs. Filamin A links Cavl to the actin
cytoskeleton to regulate caveolar organization and trafficking. Y14D-Cavl by its ability to
enhance Vinculin tension in FAs dampens force fluctuations, promoting FA stability. Figure is
adapted from (Buwa et al, 2020D).
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Adhesion-dependent cellular responsiveness — role and regulation of pY14Cavl

Proteins associated with the PM actively liaise with the extracellular matrix (ECM), a vital
regulatory player of the cellular microenvironment. Integrins are the most prominent PM
receptors that actively sense changes in the biochemical and biophysical characteristics of the
ECM and communicate these signals inside cells. Integrin-mediated cell-ECM adhesion
triggers rapid and sustained downstream signaling and function. This is mediated by adhesion-
dependent regulation of membrane trafficking, cytoskeletal organization and organellar
dynamics and function (Schwartz, 1997; Del Pozo et al, 2004; Parsons et al, 2010; Singh et al,
2018).

Adhesion-dependent membrane trafficking is regulated by caveolar endocytosis and exocyst-
dependent exocytosis, and plays a vital role in driving integrin-dependent signaling (del Pozo
et al, 2005; Balasubramanian et al, 2010). Adhesion-dependent caveolar endocytosis is
dependent on Cavl phosphorylation, though adhesion is reported to not regulate pY 14Cavl
levels (del Pozo et al, 2005).

Caveolar responsiveness to extracellular stimuli is mediated, among others, by changes in the
regulatory phosphorylation of Cavl (pY14Cavl) in response to biochemical and mechanical
stimuli (Grande-Garcia et al, 2007; Joshi et al, 2008; Goetz et al, 2008a; Joshi et al, 2012).
This phosphorylation of Cavl plays a role in caveolar trafficking (del Pozo et al, 2005), growth
factor signaling (Zhang et al, 2007), integrin mechanotransduction (Radel & Rizzo, 2005),
focal adhesion dynamics (Goetz et al, 2008a), actomyosin contractility through Rho GTPase
dynamics (Joshi et al, 2008; Boettcher et al, 2010), cell migration (Grande-Garcia et al, 2007),
and remodeling of the ECM (Goetz et al, 2011).

We examine the spatial localization and regulation of endogenous pY14Cavl1 in caveolae and
FA in response to adhesion in this study. We find endogenous pY14Cavl to be detected in
purified caveolae and FAs. Adhesion interestingly regulates total cellular pY14Cavl levels,
without affecting caveolar pY 14Cavl on loss of adhesion. This adhesion-dependent regulation
of pY14Cavl is dependent on FAK activation, supporting the presence of an integrin-FAK-
pY14Cavl axis in mouse fibroblasts (Buwa et al, 2020a).
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MATERIALS AND METHODS

Cell culture

Wild-type (WT) and Cav1-knockout (Cav1-/-) mouse embryonic fibroblasts (MEFs) (from Dr.
Richard Anderson’s lab, University of Texas Health Sciences Center, Dallas TX), NIH3T3
cells and IP6K+/+MEFs (from Dr. Rashana Bhandari, CDFD, India) were cultured in high
glucose DMEM medium with 5% foetal bovine serum (FBS), penicillin and streptomycin
(Invitrogen) (hereby referred to as complete DMEM). Cells were regularly checked for and
found to be devoid of bacterial or mycoplasma contamination. Serum starvation of cells, where
mentioned, was done for 14 h using DMEM medium with 0.2% FBS, penicillin and
streptomycin (low-serum DMEM).

Antibodies and Reagents

Primary antibodies used for Western blotting were diluted in 5% BSA made in TBST at
following dilutions: Cav1 (Santa Cruz Biotech SC-894) at a dilution of 1:2000, pY 14Cav1 (BD
611338) at 1:500, FAK (Cell Signaling Technology (CST) 3285) at 1:1000, pY397FAK (CST
3283) at 1:1000, Cavinl (BD 611258) at 1:500, Flotillin (BD 610820) at 1:1000, pY 118Paxillin
(BD 611725) and Paxillin (BD 610052) at 1:2000, GM130 (BD 610822) at 1:500, RhoGDI
(Millipore 06-730) at 1:2000, Actin (DSHB JLA20) at 1:2000 and B-tubulin (DSHB Clone E7)
at 1:2000. HRP-conjugated secondary antibodies (anti-rabbit and anti-mouse) were purchased
from Jackson Immuno Research Laboratories and used at a dilution of 1:10000.
Methylcellulose for suspension assay was purchased from Sigma (Cat. no. M0262).
Fibronectin (FN) was purchased from Sigma (Cat. no. F2006). FAK inhibitor PF-228 (Slack-
Davis et al, 2007) was purchased from Sigma (Cat. no. PZ0117). Protease inhibitor cocktail
PIC was purchased from Roche (04693132001), and phenylmethanesulfomyl fluoride (PMSF),
sodium orthovanadate and sodium fluoride from Sigma. BCA assay kit used for protein
estimation was purchased from Thermo Fisher (Cat. no. 23225). RIPA buffer composition:
50mM Tris-HClI at pH 8.0 + 150mM NaCl + 1.0% NP-40 + 0.5% sodium deoxycholate + 0.1%
SDS. Tris was purchased from HiMedia (Cat. no. MB029), Glycine from Fisher Scientific (Cat.
no. 56406), Sodium bicarbonate from Sigma (Cat. no. S6297), Methanol from Fisher Scientific
(Cat. no. 67561), PVDF membranes from Millipore (Cat. no. IPVH00010) and BSA from
Sigma (Cat. no. A2153). Chemiluminescent reagents for Western blotting Immobilon Western
Chemiluminescent HRP Substrate was purchased from Millipore (Cat. no. WBKLS0500),
SuperSignal West Femto Maximum Sensitivity Substrate from ThermoFisher (Cat. no. 34096).
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Pre-cast gels for SDS-PAGE silver staining: Any kD™ Mini-PROTEAN® TGX™ Precast Gel
(Cat. no. 456-9034). Iso-electric focussing (IEF) IPG strips for 2D-GE: Biorad IPG, 7cm long,
pH 3-10 (Cat. no. 163-2000); pre-cast gels for IEF strip: 12% Mini-PROTEAN® TGX™
Precast Gel (Cat. no. 456-1041). Silver Staining Plus kit Biorad (Cat. no. 161-0449).

Reagents and instruments for caveolae isolation: Sucrose (Sigma Cat. no. S8501), Tricine
(Sigma Cat. no. T5816), EDTA (Sigma Cat. no. E6758), Percoll (17-0891-01), OptiPrep
(D1556), Beckman ultracentrifuge tubes (Cat. nos. 355618, 344059, 349622), Wheaton
Dounce homogenizer (Cat no. 432-1270), Peristaltic pump (GE Healthcare Cat. no. 18-1110-
91), Gradient maker (GE Healthcare Cat. no. 80-6197-80) with appropriate silicone tubing,

Sonicator probe (3mm).

Reagents for focal adhesion isolation: Triethanolamine (Sigma Cat. no. 90279), dental water

jet (Oracura OC001), BSA (Sigma Cat. no. A2153).
Suspension and re-adhesion of cells

WTMEFS, IP6K+/+MEFs or NIH3T3 cells were cultured in complete DMEM in four 6 cm
dishes (one for each time point) to ~70% confluence. Cells were serum starved for 14h with
low serum DMEM. Cells from 3 dishes were detached using trypsin-EDTA (Invitrogen) at
37°C and trypsin neutralized with low-serum DMEM. This processing took ~5 min and these
detached cells represent the 5'SUSP time point. Detached cells were mixed with 15ml low
serum DMEM and 15ml of 2% methylcellulose (final 1% methylcellulose) and incubated at
37°C for 20 min (20’SUSP) or 120 min (120’SUSP) respectively. For re-plating on fibronectin
(FN), cells held in suspension for 120 min (120’SUSP) were used. Following incubation for
required time in methylcellulose media, cells were carefully washed by addition of low-serum
DMEM followed by centrifugation at 1250 rpm in a cooled table-top Eppendorf centrifuge for
7 min at 4°C. After this centrifugation cells appeared as loose pellet distributed over the conical
edge of the 50ml tube, which was carefully dislodged using a 1ml micropipette (cut tip). Cells
were washed once again with low-serum media followed by centrifugation 1000 rpm in a
cooled table-top Eppendorf centrifuge for 7 min at 4°C, after which pellet was resuspended in
low-serum media. These cells now represent the 20°’SUSP and 120’SUSP time points. For re-
adhesion time points, 120’SUSP cells were re-plated in low-serum DMEM for 15min (15°FN)
or 4h (4hFN) on tissue culture dishes pre-coated with 10pug/ml FN. Adherent fibroblasts serum
starved for 14h were lysed to represent stably adherent (ADH) cells. Cells were lysed in RIPA
buffer for protein estimation using BCA assay and 20ug total protein used for Western blotting.
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FAK inhibitor treatment in suspension and re-adhesion assay

Adherent WTMEFs were pre-treated with DMSO or FAK inhibitor PF-228 (10uM) in DMEM
with 0.2% FBS for 14h before being detached and held in suspension for 120 min with 1%
methyl cellulose in the presence of PF-228 (10uM) or DMSO (CNT). Cells were washed and
collected as the 120’SUSP time point or re-plated on 10pg/ml FN for 15min (15°FN) and 4h
(4hFN) in the presence of PF-228 (10uM) or DMSO (CNT). All cells were lysed in RIPA,

protein estimated and used for Western blotting as described above.
Surface labelling and endocytosis of GM1
Surface labelling

WTMEFs and Cavl-/-MEFs serum-starved for 14h were trypsinised (0’SUSP) and held in
suspension for 2h (120°’SUSP). Cells at respective time points were labelled with 10pg/ml of
CTxB-Alexa 594 in PBS for 15 min on ice. Cells were then washed thrice using cold PBS
followed by fixation with 3.5% paraformaldehyde. Cell suspension in leftover ~20ul PBS was
mounted on slides with Fluoromount. Imaging was done using Zeiss LSM710 laser confocal
microscope, 40X oil objective and identical microscopy settings were used for all samples in
that experiment. Image analyses were done using ImageJ (NIH). For quantitation of surface
GM1 levels using Imagel, intensity threshold was set to map the entire cell and a mask was
created to measure intensity in that cell. Total integrated density in cells was measured, average

integrated density calculated and was represented in arbitrary units in the graphs.
Endocytosis

Cells were processed as described above with one major difference: all cells were detached and
labelled using 10pg/ml of CTxB-Alexa 594 in PBS for 15 min on ice. Cells were then washed
thrice using cold PBS. At this point, one third of cells were aliquoted and fixed with PFA,
designated as 0’SUSP time point. Remaining cells were mixed with low serum DMEM, mixed
with methyl cellulose containing media and held in suspension as described for 20 min and 120
min. After suspension at required time points, cells were washed, fixed with PFA and mounted

on slides as described.
Detergent-free caveolae isolation

Caveolae isolation was done using detergent-free isolation method developed in the lab of Dr.
Richard Anderson (Smart et a/, 1995). Briefly, cells from 10 confluent T75 flasks were washed
twice with 5Sml of 1X PBS and the cells were collected by scraping (for ADH) or after
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suspension (20°’SUSP and 120°’SUSP) in 5ml of 1X PBS + ImM PMSF. Cells were pelleted
by centrifugation for 5 min, at 2000 rpm, 4°C in a cooled table-top Eppendorf centrifuge. The
pellet was resuspended in 1ml of Buffer A (0.25M Sucrose, ImM EDTA, 20mM Tricine pH
7.8) + protease and phosphatase inhibitors (1X PIC+1mM PMSF+10mM NaF+1mM Na-
orthovanadate) designated as WCL. The sample was then placed in a 2ml Wheaton Dounce
homogeniser (Cat. no. 0841416A) on ice, and homogenized with 30 strokes of the tight-fitting
plunger. The homogenate was transferred to a 1.5ml centrifuge tube and centrifuged at 3000
rpm for 7 min at 4°C in an Eppendorf centrifuge. The post-nuclear supernatant (PNS) fraction
was removed and stored on ice. The pellet was resuspended in fresh 1ml of Buffer A,
homogenized, and centrifuged once more at 3000 rpm for 7 min at 4°C and PNS re-collected.
Both PNS fractions were combined and carefully layered on the top of a 22.5ml of 30% Percoll
(7.5ml 100% Percoll + 12.5ml 2X Buffer A + 5ml MilliQ water) + protease and phosphatase
inhibitors, and centrifuged at 86,330g for 30 min at 4°C in a Beckman Ti70 rotor. The plasma
membrane fraction visible as a band ~4.5 cm from the bottom of the centrifuge tube was
collected (PM1). This fraction was adjusted to 2ml with Buffer A, and placed in a Beckman
tube (Cat. no. 349622) tube on ice and sonicated with 3mm probe and following settings: 90%
output — 40 sec ON — 10 sec OFF — 40 sec ON. The tube was then incubated on ice for 2 min
to maintain the sample at 4°C before a second round of sonication under the same conditions.
This sonicated sample now labelled as PM2 (2ml) was then mixed with 1.84ml 50% Optiprep
+ 0.16ml Buffer A, and placed at the bottom of a Beckman centrifuge tube (Cat. no. 344059).
This mixture has a final Optiprep concentration of ~23%. A continuous 20% to 10% OptiPrep
gradient was prepared on top of the sample using a gradient maker, and centrifuged at 52,000g
for 90 min in a Beckman SW40 swinging bucket rotor. At the end of the spin the top Sml of
the gradient was collected as Optil and mixed with S5ml of 50% Optiprep in a 13ml centrifuge
tube. This 10ml sample (now in 25% Optiprep) was overlaid with 2ml of 5% OptiPrep and
centrifuged at 52,000g for 90 min at 4°C. After the spin, Iml fractions were collected using a
micropipette tip from the interface between 5% and 25% Optiprep (Fr.1) and then from the top
of meniscus (Fr.2). These fractions (1ml each of Fr.1 and Fr.2) were then concentrated by
mixing with 2ml of PBS + protease and phosphatase inhibitors, and spun at 100,000g for 1h,
at 4°C (43,000 rpm fixed-angle TLA100.3 rotor). Supernatant was discarded after the spin and
50ul 1X Laemmli sample buffer added directly to the tubes. These samples concentrated from
Fr.1 and Fr.2 were designated as caveolar membranes CM1 and CM2 respectively. All samples

were subject to Western blotting with loading as described in Table 1. Calculations to
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determine purity of the preparation from Western blotting data were done as follows: band
intensity for each protein (Cavl, Cavin, Paxillin, GM130, RhoGDI) in respective fraction was
multiplied by loading factor for that fraction (Table 1). This value was normalized to WCL and

represented as percentage of protein in CM2 relative to WCL.

Table 1:
Total lysate | Volume run on
Sample Loading factor
(1)) gel (ub

WCL 2000 1 2000
PNS 1900 2 950
PM1 2000 3 666.6666667
PM2 2000 3 666.6666667
Optil 5000 24 208.3333333
Fr.1 1000 24 41.66666667
Fr.2 1000 24 41.66666667
CM1 50 25 2

CM2 50 25 2

Cavl immunoprecipitation

WTMEFs at ~80% confluency adherent for at least 24h on 60mm dish (per sample) were
scraped in 2ml DPBS, and spun at 2000 rpm to obtain cell pellet. Pellet was reconstituted in
Iml of Buffer A containing protease and phosphatase inhibitors. Cells were homogenised using
a Dounce homogeniser (used in Caveolae isolation protocol). Post-nuclear supernatant (PNS)
was collected by spinning the homogenate at 3000 rpm, 7 min, 4°C. The homogenisation and
spin was repeated and PNS pooled. Cavl N20 (Santa Cruz) antibody, crosslinked to Dynabeads
using Dynabeads Antibody Coupling Kit (Invitrogen, Cat. no. 14311D) according to
manufacturer’s instructions, was used for immunoprecipitation to minimise IgG elution in IP
complexes. Beads crosslinked to Cavl antibody were washed with IP buffer (20mM Tricine,
pH 7.8 + ImM EDTA pH 8.0 + protease and phosphatase inhibitors), added to PNS and
incubated with constant rotation for 2h at 4°C. Immuno-precipitates bound to beads were
washed thrice with IP buffer to remove unbound fractions. Washed beads were transferred to
a fresh tube after the third wash. Elution of IP reaction was done using 100ul each of the
following mild elution buffers: (1) 0.1M glycine, pH 2.5, (2) 0.2M KCI-HCI, pH 1.5, or (3)
0.IM Citrate, pH 3.1; by incubation with gentle mixing for 30 min, at 4°C. Eluates

(supernatants) were mixed with Laemmli’s buffer and subjected to Western blotting.
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Focal adhesion (FA) isolation

Focal adhesion isolation was done using the method described by Kuo et al, 2011. Briefly, six
T25 flasks were coated with 10pg/ml FN overnight at 4°C, and blocked using sterile 5% BSA
in complete DMEM for 1 h at 37°C. Flasks were washed with media before plating WTMEFs
for 24h at ~50% confluence (typically 2x10° cells per flask). For FA isolation, cells were given
a hypotonic shock for 3 min with 2ml triethanolamine-containing low-ionic-strength buffer
(2.5mM triethanolamine (TEA) in water at pH 7.0). Cells were moved to ice and buffer used
for hypotonic shock (2ml) removed from each flask. Cell bodies left back were removed using
hydrodynamic force with 20ml PBS with 1X PIC+ImM PMSF+10mM NaF+ImM Na-
orthovanadate from a dental water jet (setting used - gentle). Two rapid washes of the flask
surface were done as above. The buffer (~20ml) collected from flask 1 was used to similarly
wash cells off in the remaining 5 flasks, the pooled cellular wash collected at the end and
designated as cell body fraction (CB). All 6 flasks were then rinsed with 50ml of PBS
containing protease and phosphatase inhibitors using the water jet, followed by one last rinse
with 2ml each of distilled water with protease and phosphatase inhibitors. Any remaining liquid
in the flask was drained by placing the flask tilted on ice, and FAs left adherent to the dish were
collected in 200ul RIPA buffer containing 1X PIC+1mM PMSF+10mM NaF+1mM Na-
orthovanadate using a cell scraper. 200ul RIPA with focal adhesions from flask 1 was then
transferred to each of the other 5 flasks in succession and focal adhesions collected and pooled
together. FA and CB fractions so collected were TCA-precipitated (Link & Labaer, 2011). In
brief, 22ul of ice-cold 100% TCA was added to 200 pl of the sample, mixed and incubated on
ice for 10 min. 500ul of ice-cold 10% TCA was then added to the tube, mixed and incubated
on ice for 20 min. Following this incubation, samples were centrifuged at 20,000g for 30 min
at 4°C, supernatant removed and pellets washed with 500pul of acetone and centrifuged at
20,000g for 10 min at 4°C. Protein pellets were dried for 5 min and resuspended in 50l RIPA
buffer containing protease and phosphatase inhibitors. This is now the FA or CB fraction used
for Western blotting. WTMEFs (2x10°) plated on one FN+BSA coated dish and lysed in 200ul
RIPA served as the whole cell lysate (WCL). WCL, FA and CB samples were protein estimated
using BCA assay and 15ug protein used for Western blotting.
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Western Blotting

Samples for Western blotting were mixed with Laemmli buffer before resolving by SDS-
PAGE. 12.5% polyacrylamide gels were prepared and run using Tris-glycine running buffer
containing 0.1% SDS in Bio-Rad mini apparatus. Resolved proteins were transferred onto
PVDF membrane with sodium bicarbonate or Tris-glycine-methanol running buffer. All
blotted membranes were blocked with 5% non-fat milk in TBS + 0.1% Tween-20 (TBST) at
RT for 60 minutes with gentle rocking. Blocked blots were incubated overnight at 4°C with
primary antibodies at indicated dilutions made in 5% BSA in TBST. After primary antibody
incubation, blots were washed thrice with TBST on a rotary shaker for 10 min each. Blots were
incubated at RT for 60 min with secondary antibodies at indicated dilutions made in 2.5% BSA
in TBST. Blots were washed again thrice with TBST on a rotary shaker for 10 min each. Blots
were developed on ImageQuant LAS-4000 (Fujifilm Life Sciences) with chemiluminescent

substrate. Densitometry analyses of Western blotting data were done using ImageJ software.
Two-dimensional gel electrophoresis (2D-GE)

BioRad setup was used for 2D gel electrophoresis. Sample preparation and electrophoresis runs
were done according to manufacturer’s instructions (BioRad “2D-electrophoresis workflow:
How to guide”). In brief, caveolae isolated using the detergent-free fractionation method were
eluted in 2D sample buffer (§ M urea, 4% CHAPS, 100 mM DTT, 0.05% SDS, 0.5% ampholyte
3-10 and a trace of bromophenol blue). 125ul of sample was passively rehydrated onto a 7cm
IPG strip (BioRad) initially for 1h, followed by overnight incubation after mineral oil overlay.
Iso-electric focusing (IEF) was performed in BioRad Protean IEF cell (Dr. Anjan Banerjee lab,
Biology department, IISER, Pune), with the following program: S01 linear voltage ramp 250V
over 30 min, S02 linear ramp 3000V over 1.5h, S03 3000V for 10,000 Volt-hours. Following
IEF, IPG strips were subjected to 15 min of reduction with 2% DTT and 15 min of alkylation
with 2.5% IAA, both made in equilibration buffer (6M urea, 375mM Tris-HCI (pH 8.8), 2%
SDS, 20% glycerol). Strips were then mounted on top of a 12% polyacrylamide gel with low-
melting agarose (made in PAGE running buffer with trace of BPB) and electrophoresed. Silver

staining was done using BioRad kit.
Sample preparation and immunogold labelling for FESEM imaging
Adherent WTMEFs

2x10° WTMEFs were seeded on silicon wafers placed in wells of a 48-well plate and allowed

to spread for at least 24h. Media was removed and cells were washed twice with PBS. Cells
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were fixed with 3.5% paraformaldehyde in PBS for 15 mins at room temperature, and washed
thrice with PBS. The wafers were blocked with 2% BSA in PBS for 1h at RT. Labelling was
done using anti-Cavl antibody (Santa Cruz) diluted in 2% BSA at 1:50 dilution in PBS for 1h
at RT. The wafers were incubated overnight at 4°C in a humidified chamber (petri dish with
moist Whatman paper). Wafers were washed thrice with PBS. Secondary labelling was done
using gold-conjugated Protein A diluted in 2% BSA in PBS at 1:50 dilution, followed by
incubation for 1h, RT. Following gold labelling, cells were washed thrice with PBS (5 min
each). Wafers were then air-dried for 15-20 mins under laminar flow, followed by vacuum-

drying in a desiccator with calcium carbonate overnight.
Caveolae membranes

CM2 pellet after caveolae isolation was dissolved in 30ul of DPBS, and further diluted 1:10
with DPBS. 30pl of this was drop-casted on a silicon wafer and allowed to air-dry. (Blocking
was not done for caveolae membranes since background due to BSA may be too high.) 30ul
of the 1:50 primary antibody solution made in DPBS was added to this air-dried CM2, and
incubated for 1h, RT. The surface was washed thrice with gentle aspiration. Protein A-gold at
1:50 dilution made in DPBS was added to the wafer and incubated for 1h, RT. The surface was
washed thrice with gentle aspiration. Wafers were then air-dried for 15-20 mins under laminar
flow, followed by vacuum-drying in a desiccator with calcium carbonate overnight. Secondary

control samples were treated similarly without primary antibody treatment.
Gold sputter-coating for FESEM

Caveolae membranes drop-casted and processed as above — without immunolabelling — on
silicon wafers (Sigma). Post vacuum-drying the samples, 10nm gold sputter-coating was done

at the FESEM facility, Physics department, IISER, Pune before imaging.
Sample preparation for TEM

CM2 pellet was reconstituted in 50ul of Ca2+ and Mg2+ free PBS. This was applied on TEM
grids prepared in the lab of Dr. Atanu Basu, NIV, Pune. Negative staining of the samples was
done using 2% phosphotungstic acid as a negative stain. Stained samples were allowed to dry

before imaging.
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Electron microscopy
Field emission scanning electron microscopy (FESEM)

Imaging was done at the FESEM facility, Physics department, IISER, Pune with help from
Anil Prathamshetti. Microscopy settings differ in terms of keV and magnification for every

image captured, and are mentioned in detail in every image.
Transmission electron microscopy (TEM)

The imaging was done at 120keV on HR-TEM facility at NIV, Pune with help from Nitali
Tadkalkar and Dr. Atanu Basu.

Fluorescence and confocal microscopy imaging

GM1 surface labelling or endocytosis images were acquired using a 63X oil immersion
objective on Zeiss LSM 780 multiphoton confocal microscope, NA 1.4. Phase contrast images
were acquired using a 20X objective of EVOS FL Auto Imaging system (ThermoFisher

AMAFD1000). Fluorescence intensity analysis was performed using ImageJ software.
Statistical analysis

Statistical analyses of data were done using unpaired two-tailed t-test. All analyses were done

using Prism Graphpad analysis software. Statistical significance was considered at p<0.05.
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RESULTS

pYI14Cavl regulates GM1 endocytosis upon loss of adhesion

One of the most recognized but least studied functions of pY14Cavl is its requirement for
caveolar endocytosis. Caveolar endocytosis of raft microdomains occurs in response to loss of
cell-ECM adhesion, to downregulate growth signaling (del Pozo et al, 2005). Moreover,
although rafts microdomains are endocytosed through different routes (Torgersen et al, 2001),
their endocytosis upon loss of adhesion is primarily via caveolae (del Pozo ef al, 2005). Hence
in order to establish that pY14Cavl drives caveolar endocytosis of rafts, we surface-labelled
the glycosphingolipid, ganglioside GM1 (a raft microdomain marker), in Cavl-/-MEFs
reconstituted with Cavl. Fluorescently-conjugated cholera toxin subunit B (CTxB), known to
specifically bind clustered GM1 (Kabbani et al, 2020), was used to study these dynamics. Cells
were detached (0’SUSP) using trypsin (trypsinization does not affect GM1) and held in methyl
cellulose suspension for (120°’SUSP). Detached or suspended cells were labelled on ice with
Alexa-conjugated CTxB, fixed, imaged and fluorescence intensity quantified using ImagelJ as
described in Materials and Methods. Surface GM1 fluorescence intensity was comparable in
0’SUSP and 120°’SUSP Cavl-/-MEFs, indicating lack of GM1 endocytosis (Fig. 1.1) under
these conditions. Surface GM1 levels in Cavl-/-MEFs expressing Flag WT-Cavl show a
marked decrease upon loss of adhesion, whereas those in phosphodeficient Y14F-Cavl
expressing cells stayed similar to Cav1-/-MEFs expressing no Cavl. Expression of Flag-WT-
Cavl and Y14FCavl were comparable as confirmed by Western blot detection with anti-Flag
antibody. These results confirm pY14Cavl to be required for loss of adhesion-mediated

caveolar endocytosis of raft microdomains marked by GM1.
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Figure 1.1. pY14Cavl regulates GM1 endocytosis upon loss of adhesion. (A) Cell
surface GM1 levels in Cavl-/-MEFs expressing Empty Flag, WT-Cav1l or Y14F-Cavl. (B)
Fluorescence intensity of surface GM1 quantitated using integrated density from Image]
software. (C) Expression levels of Cavl determined by Western blotting.
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Cavl phosphorylation is regulated upon loss of adhesion in mouse fibroblasts

Loss of cell-matrix adhesion while downregulating integrin-dependent signaling can also cause
a distinct change in membrane tension allowing cells to adopt an energetically favourable
spherical form. In suspended cells, membrane endocytosis triggered through caveolae is
dependent on pY14Cavl (del Pozo et al, 2005), which is also known to have a
mechanotransducory role (Joshi ef a/, 2012). We hence asked if loss of adhesion regulates Cavl
phosphorylation in mouse fibroblasts. Serum-deprived WTMEFs and NIH3T3 cells held in
suspension using methylcellulose for 5, 20 and 120 min (5’SUSP, 20’SUSP and 120°SUSP),
show a rapid decrease in total pY 14Cavl levels in the first 5 min in suspension. Normalized to
their total Cavl levels, this drop in pY14Cavl is maintained in suspended cells at 20 min and
120 min (Fig. 1.2). The observed drop in pY 14Cavl levels between stably adherent (ADH) vs
5 min, 20 min and 120 min suspended WTMEFs and NIH3T3 fibroblasts is largely comparable
(62%, 64% and 67% respectively in WTMEFs and 58%, 69% and 72% in NIH3T3). WTMEFs
from a different source (IP6K+/+MEFs, Dr. Rashna Bhandari, CDFD) also gave comparable
results (Fig. 1.2). Loss of cell-matrix adhesion hence leads to a rapid and sustained decrease in

Cavl phosphorylation (Buwa ef al, 2020a).
Cavl phosphorylation is restored on re-adhesion to fibronectin in mouse fibroblasts

Loss of adhesion-mediated decrease in pY14Cavl levels could be a result of decreased
integrin-mediated adhesion and hence signaling. We hence tested if re-adhesion of suspended
cells affects pY14Cavl levels. Re-adhesion of 120°’SUSP cells to fibronectin for 15 min
(15°FN) in low-serum conditions recovered pY 14Cavl1 levels in both WTMEFs and NIH3T3
cells. pY14Cavl levels continue to be maintained 4h after re-plating (4hFN) (Fig. 1.3). In the
absence of serum growth factors the drop and recovery of pY14Cavl seen in these cells is
comparable to integrin-dependent regulation of FAK activation (pY397FAK) and Paxillin
phosphorylation (pY118Paxillin) (Fig. 1.3). This suggests Cavl phosphorylation to be
regulated by cell-matrix adhesion (Buwa et a/, 2020a).
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Figure 1.2. Cav1l phosphorylation is regulated upon loss of adhesion in mouse fibroblasts. (A-H) Western
blot analysis of phosphorylated and total FAK, Cavl and Paxillin in adherent (ADH), detached (5'SUSP),
suspended for 20min (20°'SUSP) and suspended for 120min (120'SUSP) Cav1+/+MEFs, NIH3T3 cells and
IP6K+/+MEFs, as mentioned. Graphs represent densitometry analysis of Western blotting data from 4
independent experiments, with ratios of band intensities of phosphorylated protein to respective total
protein plotted as mean + SE. Statistical analysis was done using unpaired two-tailed t-test.
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Figure 1.3. Cavl phosphorylation is upregulated upon re-adhesion to fibronectin in mouse fibroblasts.
(A-H) Western blot analysis of phosphorylated and total FAK, Cavl and Paxillin in adherent (ADH),
suspended for 120min (120'SUSP), re-adherent for 15min (15FN) and re-adherent for 4h (4hFN) WTMEFs,
NIH3T3 cells and IP6K+/+MEFs, as mentioned. Graphs represent densitometry analysis of Western blotting
data from four independent experiments, with ratios of band intensities of phosphorylated protein to
respective total protein plotted as mean + SE. Statistical analysis was done using unpaired two-tailed t-test.
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pY14Cavl is detected in isolated caveolae in MEF's

Cavl can get phosphorylated in response to extracellular stimuli and localize to caveolae or
non-caveolar sites such as focal adhesions. The relative localization of pY 14Cav1 at these sites
could change in response to external stimuli. But the localization of endogenous pY14Cavl
under stimulated or basal, non-stimulated conditions is not known. Most studies have evaluated
the role of pY14Cavl using overexpressed, fluorescently-tagged, phosphorylatable (WT),
phosphodeficient (Y14F) or phosphomimetic (Y14D or Y14E) mutants. Knowing loss of
adhesion to significantly affect total pY14Cavl levels (Fig. 1.2), we first asked if this affects
caveolar pY14Cavl levels. We sought to answer this query by isolating caveolae using the
detergent-free protocol developed in Richard Anderson’s lab (Smart et al, 1995) from stably
adherent (ADH) and WTMEFs suspended for 20 min or 120 min (20’SUSP and 120’SUSP)
(Fig. 1.4A). The suspended cells represent the early and late endocytosis events (Fig. 1.4B).
Cavl levels in WCL from ADH vs 20°’SUSP vs 120°SUSP WTMEFs when run together are
comparable, though pY14Cav1 levels showed an expected decrease in suspended (20 min and
120 min) cells (Fig. 1.4C). Detergent-free lysis of WTMEFs (WCL) was used to obtain a post-
nuclear supernatant (PNS) by Dounce homogenisation. PNS was separated on a Percoll
gradient and to obtain plasma membrane (PM1), which appears as a clear visible band (Fig.
1.4D). This was sonicated (PM2) and separated on a continuous Optiprep gradient (10%-20%)
(Optil), and then a discontinuous Optiprep gradient (5% and 25%) and the caveolar fractions
collected (Fr.1, Fr.2) and concentrated (CM1 and CM2). All of these fractions from ADH,
20’SUSP and 120°SUSP cells were processed and amounts of lysates to be loaded was
calculated as described in Fig. 1.4E. Samples were resolved by SDS-PAGE and probed for
caveolar markers Cavl and Cavinl and non-caveolar markers Paxillin, GM130 and RhoGDI
(Fig. 1.5). The percentage of each marker protein in the caveolar CM2 fraction relative to WCL
was calculated accounting for the loading factor as detailed in the methods section (Fig. 1.4E).
This was plotted and relative enrichment of caveolar proteins confirmed over non-caveolar
proteins (Fig. 1.5). We see a significant enrichment of Cavl in caveolae (CM2) compared to
the non-caveolar proteins (Fig. 1.5). This confirms the purity of caveolae isolated to be

comparable in ADH, 20’SUSP and 120’SUSP cells.
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Figure 1.4. Detergent-free caveolae isolation from WTMEFs (A) Schematic for detergent-free caveolae isolation
from adherent (ADH) and suspended (20'SUSP, 120'SUSP) WTMEFs. (B) Representative images for GM1
endocytosis in trypsinised (0’'SUSP) and cells suspended for 20 min or 120 min. (C) . Western blot analysis of
pY14Cavl, total Cavl and Actin in adherent (ADH), 20min suspended (20'SUSP) and 120min suspended
(120'SUSP) WTMEFs, with WCL from same experiments as used for caveolae isolation run on same gel for
comparison. Blots are cropped for representation in the right order. Graph represents ratio of band intensities of
phosphorylated Cavl to total Cavl plotted as mean + SE from 3 independent experiments. (D) Representative
images for Percoll gradient fractionation of lysates from adherent or suspended cells. Plasma membrane (PM) band
appears as a white, thick band ~4 cm from the bottom of tube. (E) Calculations for enrichment of caveolar proteins
and exclusion of non-caveolar ones in caveolae. Band intensity of each protein from densitometry of Western data

multiplied by respective loading factor for every sample to calculate amount of protein in that sample. 32
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Figure 1.5. Caveolae isolation from adherent and suspended WIMEFs - purity and enrichment. Purity
of caveolar membranes isolated from adherent (A), 20’'SUSP (B) or 120'SUSP (C) WTMEFs using detergent-
free method, confirmed by Western blotting. Lanes in Western blotting data represent samples collected at
different stages of the purification procedure. Graphs represent densitometry analysis of Western blotting
data. Band intensities for WCL and CM2 for each protein were normalized to respective loading factor
(Fig. 1.4E), CM2 values normalized to WCL and this ratio represented as percentage * SE of respective
protein in CM2.
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We further evaluated the proteomic profiles of these caveolae membranes using silver staining
of CM2 run on SDS-PAGE and 2D-gel electrophoresis (Fig. 1.6). In SDS-PAGE gels, we find
caveolae isolated from adherent and suspended cells show remarkably different profiles, with
only a some bands conserved (marked in green arrowheads) across the samples (Fig. 1.6A).
2D-GE profiles similarly show a different spot profile for caveolae isolated from adherent and

suspended cells (Fig. 1.6B).

The detergent-free method for caveolae isolation uses the buoyant properties of caveolae
membranes. Furthermore, the lack of detergent at any point in the protocol ensures that lipids
in these membranes are not disrupted. Hence caveolar proteins are expected to be membrane-
bound and retain their native properties. Preliminary studies using electron microscopy reveal
caveolae membranes (CM2) to be vesicular structures with an average diameter of ~100-200
nm by FESEM (Appendix Figure 1A-B) and TEM (negatively stained CM2) (Appendix Figure
1C). Immuno-gold labeling of CM2 with the Cavl antibody followed by IEM revealed the

membranes to be lined with Cavl (data not shown).

Thus satisfied with the purity of these detergent-free caveolae preparations, we evaluated the
presence of pY14Cavl in caveolae isolated from ADH vs 20°’SUSP vs 120°’SUSP WTMEFs
(Fig. 1.7). Similar number of adherent or suspended WTMEFs were subjected to detergent-
free fractionation to isolate caveolae. Isolated caveolae were resolved by SDS-PAGE and
subjected to Western blotting to detect for the presence of endogenous pY14Cavl (Fig. 1.7).
The phosphorylated Cavl detected in caveolae fraction (CM2) was normalized to total Cavl
present in CM2, and this ratio further normalized to the pY14Cavl/Cavl ratio similarly
calculated in respective WCL. pY14Cavl levels so calculated in caveolae isolated from
adherent (ADH) and suspended cells (20°’SUSP and 120°’SUSP) are comparable (Fig. 1.7). This
suggests loss of adhesion to not affect the caveolar pY14Cav1 pool, and leads us to speculate
that this pool could indeed be adhesion-independent (Buwa et al, 2020a), an interesting
prospect that needs to be explored further in detail. This also leads us to speculate that the
significant adhesion-mediated changes in total cellular pY14Cav1 levels (Fig. 1.2, 1.3) could

hence be prominently from their non-caveolar localization at sites such as focal adhesions.
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Figure 1.6. Protein profiles of caveolae isolated from adherent and suspended WTMEFs. (A) Caveolae
isolated using detergent-free method (CM2) from adherent (ADH) and cells suspended for 20 min
(20'SUSP) and 120 min (120’'SUSP) were resolved by PAGE and subjected to silver staining. (B) Caveolae
similarly isolated from adherent (ADH, left) and cells suspended for 120 min (120'S, right) were subjected
to iso-electric focussing followed by a second dimension run on PA gels. (C) 2D-GE gel images were
overlaid to detect similarities, differences and shift in spot patterns.
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pYI14Cavl is detected in isolated focal adhesions (FA) in MEFs

The localization of endogenous pY 14Cavl is not well-established at any sub-cellular locations,
including focal adhesions. We hence employed the method devised by Kuo et. al. using a short,
pH-balanced hypotonic treatment of cells, to isolate FAs. Triethanolamine (TEA) was used to
hypotonically shock the cells. Since mechanical stresses are known to affect Cavl
phosphorylation (Radel & Rizzo, 2005), it was crucial to determine if this treatment and
resulting swelling of cells affected the same. We hence did a time course experiment to
determine if TEA treatment affects total cellular pY14Cavl levels. Adherent WTMEFs were
treated with 2.5mM TEA for varying time points, starting from 1 min to 40 min of treatment.
Cells started to slightly swell at 4-5 min post-treatment (5’TEA), and had started to come off
the tissue culture dish at ~10 min (Fig. 1.8A). Although cells had started to swell, pY14Cav1
levels remained comparable to untreated (CNT, 0°’TEA) at least until 5 min post TEA treatment
(Fig. 1.8B, C), after which these levels start to decrease by >20% at 10 min, and by ~33% at

later time points. We hence chose to treat the cells with TEA for 3 min to isolate FAs.

Focal adhesions were isolated from WTMEFs adherent on fibronectin, precipitated using TCA,
reconstituted and protein estimated as described (Fig. 1.9A). Equal amounts of WCL, FA and
CB protein were resolved by SDS-PAGE. FA fractions thus isolated are found to be enriched
in the FA proteins FAK and Paxillin when compared to WCL and CB. Cytosolic RhoGDI on
the other hand was clearly absent from FAs and detectable in only WCL and cell bodies (CB),
signifying purity of FA preparations (Fig. 1.9B). We are also able to detect Cavl in these FA
fractions, although it is not as enriched as bona fide FA proteins. FA fractions however show
detectable enrichment of endogenous pY14Cavl (Fig. 1.9C). Quantitation also suggests a
significantly higher percentage of Cavl in FA to be phosphorylated, relative to that seen in
WCL. We thus find endogenous pY14Cavl to be abundantly present in FAs isolated from
adherent mouse fibroblasts (Buwa et al, 2020a). Since loss of adhesion leads to loss of FAs,
they could not be isolated and evaluated in suspended cells. Importantly, loss of FAs could be

leading to the rapid reduction in pY 14Cavl levels upon loss of adhesion.
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Figure 1.8. Effect of hypotonic shock on total pY14Cavl levels - time kinetics. (A) Cell morphology in
WTMEFs treated with Triethanolamine buffer to hypotonically shock cells. (B) Phosphorylated and total
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blotting. (C) Densitometry analyses of Western data, with ratio of pY14Cav1 to total Cav1l represented as
mean * SE from 4 independent experiments. 38



(A) (B) WCL FA CB
Coat flasks with 10ug/ml FN overnight at 4°C

‘ FAK - - - -

—100 KDa

Block with 5% BSA — 1h at 37°C Pail 75 KDa
| axillin -

Seed cells and allow to attach and spread — 24h RhoGDI
|

Hypotonic shock with low ionic strength - n=h
TEA buffer i

i 150
Washes with PBS + inhihitors - i

¢ 1.0
Scraping off FA
!
TCA precipitation of protein samples
{
Western blotting

25KDa

0.5

%Protein in FA

(c) 0.0 o
WCL FA CB FAK  Paxillin RhoGDI

pY14Cav1 | —

20 KDa

Cavl | " —— -

- 20 KDa

25 p=0055

204

pY14Cav1/ Cavl

WCL FA CB
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Re-adhesion mediated recovery of pY14Cavl is dependent on FAK activation in MEFs

FAK is a prominent FA protein and also an important regulator of FA mediated signaling in
adherent cells (Schaller, 2010). FAK forms a complex with Src upon integrin engagement and
activation. We hence tested the effect of inhibition of FAK, using a FAK-specific small
molecule inhibitor — PF-228 (Slack-Davis ef al/, 2007), on Cav1 phosphorylation in fibroblasts
re-adherent on fibronectin. PF-228 treatment expectedly blocks FAK activation (pY397FAK)
in re-adherent cells at early (15’FN) and late (4hFN) time points (Fig. 1.10A). pY397FAK
levels decrease by ~65% in cells re-adherent for 15 min and by ~45% in 4h re-adherent cells
upon PF-228 treatment. Interestingly, FAK inhibition significantly also inhibits Cavl
phosphorylation in 15’FN and 4hFN re-adherent cells respectively (Fig. 1.10B). pY14Cavl
levels similarly decrease by ~65% in cells re-adherent for 15 min and by ~45% in 4h re-
adherent cells upon PF-228 treatment. PF-228 treatment seems to affect phosphorylation of
Paxillin at early (15°FN) with a ~42% decrease, but not later adhesion time points (4hFN) (Fig.
1.10C). This further emphasizes the prominent presence of pY 14Cav1 in focal adhesions and
its distinct regulation by FAK. The caveolar pool of pY14Cavl being unaffected on loss of
adhesion (Fig. 1.7), suggests the observed change in net pY 14Cavl levels in suspended cells
(Fig. 1.2, 1.3) could majorly result from the loss of FAs in these cells (Buwa et al, 2020a).
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Figure 1.10. Loss of adhesion-mediated regulation of Cavl phosphorylation by FAK. Western blot analysis of
phosphorylated and total FAK (A), Cavl (B) and Paxillin (C) in WTMEFs suspended for 120min (120'SUSP), re-
adherent for 15min (15'FN) and re-adherent for 4h (4hFN). pY14Cavl, pY1397FAK and pY118Paxillin are probed
for in the same blot and hence share a GAPDH loading control represented with the pY14Cav1 blot. WTMEFs
were pretreated for 12h with 10uM PF-228 (FAKi) or DMSO (CNT) and then subjected to methyl cellulose
suspension followed by re-plating on FN, with FAK inhibitor in media at all steps of processing. Graphs represent
densitometry analysis of Western blotting data, with ratios of band intensities of phosphorylated protein to
respective total protein plotted as mean * SE from four independent experiments. Statistical analysis was done

using unpaired two-tailed t-test.



DISCUSSION

Loss of cell-ECM adhesion triggers a drastic change in the mechanical properties of cells,
going from being a stretched adherent cell to a round non-adherent one. Also accompanying
this process is the disruption of focal adhesions (Parsons et al, 2010; Sen & Kumar, 2009) and
triggering of caveolar endocytosis of raft microdomains (del Pozo et al, 2005), both of which
are dependent on Cavl phosphorylation (del Pozo et al, 2005; Goetz et al, 2008a; Joshi et al,
2008). Studies evaluating the role of pY14Cavl in cellular functions at caveolae and non-
caveolar sites have relied on the use of phosphodeficient (Y 14F) and phosphomimetic (Y 14D)
Cav1 mutants, which have then been extrapolated to the behavior of endogenous pY14Cavl in
cells. But overexpression of Cavl is associated with saturation of caveolae and associated
increase in non-caveolar caveolins, thus overthrowing their finely tuned regulation (Pol et al,
2020). We evaluate endogenous pY14Cavl in this study, and confirm its presence in both
caveolae and focal adhesions. We also show that re-adhesion of suspended fibroblasts regulates
Cavl phosphorylation, which is differentially regulated by FAK likely at FAs (Buwa et al,
2020a).

Caveolar endocytosis upon cell detachment is initiated as early as ~30 s (del Pozo et al, 2005),
and stays active after 120 min in suspension (Fig. 1.1, 1.4). pY14Cavl levels in isolated
caveolae from actively endocytosing early suspended (20°’SUSP) and late suspended cells
(120’SUSP) are comparable to stable adherent cells (ADH) (Fig. 1.7). This ensures pY 14Cavl
stays available in caveolae to support endocytosis in suspended cells. Internalized pY 14Cav1
could additionally support intracellular signaling on caveolae. Tyr14 phosphorylated motif of
Cavl forms an SH2-binding domain capable of binding Src kinase, tumor necrosis factor-ou
receptor-associated factor 2 (TRAF2), Csk and SH2 domain-containing protein tyrosine
phosphatase 2 (SHP-2) (Radel et al, 2007; Caselli et al, 2002; Jo et al, 2014). Interaction of
some proteins with pY 14Cavl, especially TRAF2 and Csk is primarily Cav1 phosphorylation-
dependent (Cao et al, 2002). It is thus likely that upon caveolar endocytosis, caveolae-
associated pY14Cavl could act as a signaling platform on early endosomes to sequester or
recruit downstream signaling players. A proteomic screen of Cav1-binding proteins in caveolae
isolated from adherent vs suspended cells identifying differentially recruited players, could
help reveal such a regulatory mechanism. It would also help uncover the basic components and

regulators of the machinery necessary to regulate internalization of caveolae.

The observed adhesion-dependent change in total cellular pY14Cavl levels (Fig. 1.2, 1.3) in

fibroblasts could hence come from a non-caveolar, likely focal adhesion pool. Studying
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pY14Cavl localization by immunostaining is limited by the known cross-reactivity of the
pY14Cavl antibody with phosphorylated Paxillin (Hill et al, 2007). Furthermore, Cavl
overexpression and fluorescent tagging has been reported to affect its localization and function
in cells (Han et a/, 2015; Hanson et al, 2013; Parton & Howes, 2010; Pol et al, 2020; Payne-
Tobin Jost & Waters, 2019). Thus biochemical studies for isolation of focal adhesions followed
by Western blotting detection allow us to confirm the presence of endogenous pY14Cavl in
FAs (Fig. 1.9) (Buwa et al, 2020a). The role of pY14Cavl at FAs could include their
stabilization during migration, (Meng et al, 2017) promoting signaling and turnover of focal

adhesions (Joshi et al, 2008; Goetz et al, 2008a; Grande-Garcia et al, 2007).

FAK could regulate Cavl phosphorylation (Park et a/, 2011; Yeh et al, 2017; Konkel et al,
2013), and PF-228 mediated inhibition of FAK in FN re-adherent cells confirms the same (Fig.
1.10). Indeed when re-adhesion mediated recovery of pY397FAK (essential for FA formation)
is blocked using PF-228, pY14Cavl levels also fail to recover (Fig. 1.10). On loss of adhesion,
the drop in FAK activation is not affected further by PF228 treatment (Fig. 1.10A, 120°’SUSP)
and hence does not affect pY14Cavl levels (Fig. 1.10B). On the other hand, pY397FAK
inhibition completely abrogates early (15’FN) adhesion-mediated recovery of pY14Cavl
levels. PF228 treatment in re-adherent cells (15°FN) blocks the recovery of ~65% of pY 14Cavl
by inhibiting ~65% of active FAK. This lack of a complete inhibition of FAK by PF228 could

in part be responsible for the partial inhibition of pY 14Cavl on re-adhesion.

In cells adherent for 4h, PF-228 treatment inhibits ~48% of FAK activation, causing an
equivalent ~44% inhibition of pY14Cavl in these cells. This suggests a strong correlation
between extent of FAK inhibition and inhibition of pY14Cav1 levels at early and late adhesion
time points. Interestingly, FAK-mediated regulation of pY 118Paxillin occurs at early adhesion,
but not at late adhesion time points (Fig. 1.10C). This suggests FAK-mediated regulation of
Paxillin and Cavl in focal adhesions to likely be different (Buwa et al, 2020a). Indeed, Paxillin
is known to be phosphorylated by other kinases like Src and JNK, in addition to FAK (Lépez-
Colomé et al, 2017). It also has multiple known phosphorylation sites (Tyr31, Ser273), which
could regulate its tyrosine phosphorylation and activation (Lopez-Colomé et al, 2017). FAK
and Paxillin are both additionally thought to be part of different functional modules that

separately regulate integrin-mediated cellular responsiveness (Stutchbury ef al, 2017).

Integrin-mediated adhesion induces FAK Tyr397 autophosphorylation and activation of (Mitra
& Schlaepfer, 2006; Huveneers & Danen, 2009), allowing for the binding of SH2 domain
containing proteins like Src and Csk (Mitra & Schlaepfer, 2006; Li et al, 2002). This FAK-
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mediated recruitment of Src could drive early re-adhesion mediated Cavl phosphorylation.
pY14Cavl further binds and could recruit more Src to FA (Gottlieb-Abraham et al, 2013)
which can phosphorylate FAK to regulate FA signaling (Westhoff et al/, 2004). pY14Cavl
mediated recruitment of Csk at FAs in response to mechanical stress (Radel & Rizzo, 2005;
Radel et al, 2007; Yang et al, 2011) could further regulate Src activity. Such a FAK-Src-
pY14Cavl crosstalk could in turn regulate pY14Cavl-dependent FA dynamics and turnover
(Joshi et al, 2008). FA-associated pY 14Cav1 could thus be the major pool affected by FAK,

but it remains to be determined if caveolar pY 14Cavl could also regulated by FAK activation.

pY14Cavl remains dependent on the status of FAK activation at late adhesion time points (4h)
(Fig. 1.10) reflecting a sustained FAK-pY14Cav1 crosstalk, which in turn could regulate FA-
dependent processes in these cells. Tyrl4 phosphorylation of Cavl is also an important
regulator of actomyosin contractility. Indeed, pY 14Cav1-mediated regulation of focal adhesion
dynamics is known to affect the polarization and migration of cells through Rho GTPase
activation (Grande-Garcia et al, 2007). The Src-p190RhoGAP (Grande-Garcia et al/, 2007) and
Rho/ROCK dependent (Joshi et a/, 2008) control of FA dynamics is regulated by Cav1l Tyr14

phosphorylation and drives cancer cell migration and invasion.

Our studies identify the presence of endogenous pY14Cavl in caveolae as well as focal
adhesions and suggest cell-matrix adhesion to differentially regulate pY14Cavl at these
distinct sites (Buwa et al, 2020a). These studies done in mouse fibroblasts also suggest
pY14Cavl present at these distinct locations could regulate caveolae and FA function
simultaneously in these cells. Caveolae disassembly leads to release of caveolins into the bulk
PM, and caveolar endocytosis leads to removal of caveolins to intracellular sites like
endosomes. Caveolar endocytosis is regulated by cell-matrix adhesion, and adhesion also
activates FA dependent signaling in cells. It is hence possible that there exists a dynamics
between the caveolar and non-caveolar (FA) pools of pY14Cav1, which is likely dependent on
the stimuli that cells are experiencing. Understanding the nature of this crosstalk and the impact
these pools of pY14Cavl have on each other remains an important question to be addressed.
Taken together, the regulatory crosstalk between FAK and pY 14Cav1 downstream of adhesion
could also contribute to how cells respond to mechanical cues and impact diverse cellular
outcomes. The differential regulation of this crosstalk on changing mechanical stimuli could
further help fine tune mechano-signaling pathways downstream of focal adhesions to regulate

cellular function.
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CHAPTER 2:

Cavl phosphorylation:
Matrix stiffness-dependent regulation in

3D and 2D microenvironments
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ABSTRACT

Cell matrix-adhesion regulates cellular responses to changing mechanical properties of the
extracellular matrix, which are primarily sensed and communicated in cells by integrins. Tyr14
phosphorylation of Cavl (pY14Cavl) is detected in both caveolae and focal adhesions. Our
studies in mouse fibroblasts have shown cell-matrix adhesion to regulate endogenous
pY14Cavl levels at focal adhesions. Increasing matrix stiffness (on collagen-coated 2D
polyacrylamide gels) promotes total pY 14Cavl levels in mouse fibroblasts, comparable to the
known activation of FAK. PF-228 mediated inhibition of FAK, while comparable across
increasing stiffness, affects Cavl phosphorylation (pY14Cavl) more at higher than at lower
stiffness. This differential regulation is not seen for Paxillin (pY 118Paxillin). This suggests the
FAK-Cavl crosstalk to have a unique sensitivity to changing integrin-mediated mechano-
signaling. Together, these findings highlight the presence of FAK-mediated regulation of

pY14Cavl downstream of integrins, that could be vital to the mechano-responsiveness of cells.
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INTRODUCTION

Mechanical forces in cells

Cells in physiology experience a variety of mechanical forces including tensile stress caused
by stretch and hypo-osmotic conditions, compressive and shear stresses, and cues exerted by
the ECM like topography and stiffness (Le Roux et a/, 2019; Janmey et al, 2020; Hoon et al,
2016; Northcott ef al, 2018). Extracellular stresses bring about changes in PM tension,
curvature or domain rearrangement (Le Roux et al, 2019; Thottacherry et al, 2018), via
contractility of underlying actomyosin network (Heer & Martin, 2017) to regulate downstream
signaling. The rapid responsiveness of the PM to mechanical stress is for the most part localised
and energy-independent (Kosmalska et a/, 2015). Mechanical stress-induced changes in PM
also trigger cascades involving transmembrane proteins that can sense these changes and
transduce them into biochemical responses (Le Roux ef al, 2019). Mechanically-gated channels
like Piezo (Ranade et al, 2015; Cox et al, 2016; Zhao et al, 2016), G-proteins (White &
Frangos, 2007), phospholipase D2, mTORC2, actin assembly (Diz-Mufioz et al, 2016) and
membrane curvature sensing proteins like BAR domain proteins (Vidal-Quadras et al, 2017;

Sathe et al, 2018) are all involved in this responsiveness (Le Roux et al, 2019).

In physiology, a major mechanical force that cells experience comes from the ECM stiffness
and is mediated by integrins, downstream FA signaling and YAP/TAZ mediated
mechanotransduction (Humphrey et al, 2014; Keely, 2011; Panciera et al, 2020). Stiffness of
the ECM is influenced by its composition, crosslinking and remodelling by cells, and regulates
survival, proliferation and differentiation (Bonnans et al, 2014; Handorf et al, 2015; Humphrey
et al,2014). Integrin signaling and cell proliferation are promoted by increasing ECM stiftness,
and deregulation of stiffness leads to several pathological conditions ranging from
cardiovascular disease and fibrosis to cancer (Wells, 2008; Dufort et a/, 2011; Northcott et al,
2018; Lampi & Reinhart-King, 2018). ECM stiffness not only accompanies but also precedes
disease and drives its progression, and hence ECM stiffness as well as its cellular responses
are emerging as potential therapeutic targets in various disease conditions (Lampi & Reinhart-
King, 2018; Pickup et al, 2014; Panciera et al, 2020). Some of the major players in sensing and
transducing matrix microenvironment stiffness are integrins and their regulation of FA
dependent signaling, Rho GTPase activation and YAP/TAZ mediated mechanotransduction
(Humphrey et al, 2014; Keely, 2011; Panciera et al, 2020).
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Mechanosensing through Caveolae, Cavl and pY14Cavl

Buffering of PM tension in response to mechanical stress could be mediated by the combined
effect of endocytosis (Apodaca, 2002; Thottacherry et al, 2018), exocytosis (Gauthier et al,
2011), flattening and reforming of PM folds (Kosmalska et a/, 2015) and caveolae (Sinha et
al,2011). The PM responds to mechanical forces from the extracellular microenvironment and
intracellular actin cortex (Martino et al/, 2018; Dufort et al, 2011) which regulate caveolar
architecture, endocytosis and/or signaling (Golani et al, 2019; Torrino et al, 2018; Joshi et al,
2012). Caveolae are abundant in muscle, endothelial, fibroblast, and adipocytes cells, all of
which are found in tissues exposed to significant mechanical stress. In muscle cells, EM studies
show caveolae respond to mechanical stress and change their morphology (Gabella & Blundell,
1978; Dulhunty & Franzini-Armstrong, 1975; Prescott & Brightman, 1976). Caveolae flatten
in response to mechanical stresses like shear stress, uniaxial stretch and osmotic swelling in a
multitude of systems including endothelial cells, fibroblasts, skeletal muscle cells and the
notochord of fish (Cheng et al, 2015; Lim et al, 2017; Lo et al, 2016; Sinha et al, 2011; Yeow
et al, 2017; Gervasio et al, 2011). This addition of caveolar membrane into the bulk PM may

be a first step to prevent lysis of cells, acting as a reservoir to buffer membrane tension.

Mechanical cues are seen to regulate pY14Cavl levels to control caveolar density at the PM
(Joshi et al, 2012; del Pozo et al, 2005) and cellular area (Yeh et al, 2017). While it is not
known what fraction of Cavl in caveolae is phosphorylated, studies using phosphodeficient
(Y14F-Cavl) and WT-Cavl show they both make comparable number of caveolae, suggesting
pY14Cavl to not be required for caveolae formation (del Pozo et al, 2005). Expression of
phosphomimetic Y14D-Cav1 does increase the number of caveolae in certain cell types (Joshi
et al, 2012; Zimnicka et al, 2016). Cav1 phosphorylation regulates transcription factor Egr1 to
promote the expression of Cavl and Cavinl (Joshi ef al., 2012). This positive feedback loop is
thought to promote caveola biogenesis in response to cyclic stretch (Joshi ef al, 2012). In
bovine aortic endothelial cells chronic exposure to unidirectional laminar shear stress is seen
to cause a ~45% increase in the total number of caveolae (Boyd et al, 2003). Along with the
changes in pY14Cavl levels its localization in and outside caveolae could also be vital to its
role in the cellular response to mechanical cues (del Pozo et al, 2005; Zimnicka et al, 2016;

Meng et al, 2017; Nah et al, 2017).

Loss of adhesion causes a rapid drop in PM tension (Thottacherry et al, 2018) and dissolution
of FAs (Parsons et al/, 2010; Sen & Kumar, 2009), which triggers pY 14Cavl-dependent

caveolar endocytosis of raft microdomains (del Pozo et al, 2005). This adhesion-dependent

48



regulation significantly decreases membrane order (Gaus et al, 2006) and downregulates
anchorage-dependent signaling (del Pozo et al, 2005). On loss of adhesion a drop in net
pY14Cavl levels (Chapter 1 of this dissertation) which recovers on re-adhesion (Ortiz ef al,
2016) could support this regulation. Cav1 phosphorylation is indispensable for loss of adhesion
mediated endocytosis of raft microdomains and signaling (del Pozo et al, 2005). Mechanisms
for pY14Cav1-mediated regulation of caveolar endocytosis have not been studied thoroughly.
One proposed mechanism is the spatial distancing or separation of Cavl molecules within the
oligomeric caveolar coat due to charge repulsion (Zimnicka et al, 2016). pY 14Cav1 could also
regulate caveolar endocytosis by its recruitment of membrane scission molecules like
Dynamin2. pY14Cavl also regulates Cdc42-dependent fluid phase endocytosis through the
CLIC/GEEC pathway (Cheng et al, 2010; Chaudhary et al, 2014), which is upregulated in
response to reduction in PM tension in a Vinculin- and GBF1-dependent manner (Thottacherry

et al,2018).

Relative contribution loss of adhesion mediated change in membrane tension and dissolution
of FAs have in regulating pY 14Cav1 function in and out of caveolae to regulate the response
of cells remains to be fully understood. pY14Cavl is known to increase the activation of Src
kinase by creating an SH2 docking site and preventing Src inactivation by Csk (Cao et al,
2002). Activated Src activates Rac and Cdc42 (Yang ef al, 2011) and inhibits Rho through
activation of p190RhoGAP, in turn increasing RhoA activation (Grande-Garcia et al, 2007).
pY14Cavl thus follows the Src-ROCK-p190RhoGAP-RhoA pathway in regulating Rho
GTPase activation. Another study showed that phosphorylation of Cav1l happens in response
to shear stress via Src family kinases (Radel & Rizzo, 2005). This leads to association of Csk
at integrin sites, which in turn brings about phosphorylation of myosin light chain, and hence
mechanotransduction by involvement of Rho GTPases (Radel et al/, 2007; Yang et al, 2011).
Cavl scaffolding domain (CSD) contains a motif conserved in small GTPase guanine
nucleotide dissociation inhibitors (GDIs) (Nevins & Thurmond, 2006). Indeed, Cav1 has been
reported to act as a Cdc42 GDI, with Cavl preferentially binding to GDP-Cdc42 over GTP-
Cdc42 (Cheng et al, 2010). Another downstream effector of pY14Cavl that could regulate a
mechanotransduction response is VAV2, a GEF for Rho and Rac GTPases (Boettcher et al,
2010). Cavl is recruited to the membrane and phosphorylated upon bacterial infection. This
leads to increased interaction with VAV2, hence regulating actin cytoskeletal rearrangements
mediated by change in activation of RhoA. These studies outline the crucial role of Tyrl4

phosphorylation of Cavl in regulation of Rho GTPase activation and actomyosin contractility.
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Cavl is known to have a differential role and localization in 3D trans-migration (during
angiogenesis) compared to 2D planar migration (during wound healing) at non-caveolar vs
caveolar sites (Parat er al/, 2003). Cavl is released from caveolae at the rear end of cells
migrating in 3D to relocate at pseudopodia at the cell front, whereas caveolae polarize at the
rear end of endothelial cells, fibroblasts and neurons during planar migration but not in cancer
cells (Parat et al, 2003; Beardsley et al, 2005; Lentini et al, 2008; Urra ef al, 2012). Moreover,
pY14Cavl is required for dissociation of Cavl from caveolae and its re-localization in trans-
migrating cells (Parat et al, 2003). It is hence very likely that pY14Cav1 plays distinct roles at
distinct sub-cellular localizations depending on the microenvironment, which our studies aim

to explore.

50



MATERIALS AND METHODS

Cell culture

Wild-type (WT) and Cav1-knockout (Cav1-/-) mouse embryonic fibroblasts (MEFs) (from Dr.
Richard Anderson’s lab, University of Texas Health Sciences Center, Dallas TX) were cultured
in high glucose DMEM medium with 5% foetal bovine serum (FBS), penicillin and
streptomycin (Invitrogen) (hereby referred to as complete DMEM). Cells were regularly
checked for and found to be devoid of bacterial or mycoplasma contamination. Serum
starvation of cells, where mentioned, was done for 14h using DMEM medium with 0.2% FBS,
penicillin and streptomycin (low-serum DMEM). For transfections, 1x10° cells were seeded in
1.5ml of DMEM in a 6-well plate. 3h post-seeding cells started to spread and were transfected
with PEI (Sigma Cat. no. 408727) or Lipofectamine-LTX (Invitrogen Cat. no. 15228100).
Transfection mixes containing 2pg plasmid (per well) were made in 450ul of Opti-MEM
(Gibco Cat. no. 22600050) with 6ul of 1mg/ml PEI (for PEI transfections) or 2ul Plus reagent
and 5yl LTX reagent (for LTX transfections). Transfection mixes were incubated for 30 min
at room temperature before addition to cells. Cells were incubated with transfection mixes for
~14h before changing media to complete DMEM. 48h post transfections, cells were used for

subsequent experiments.
Antibodies and Reagents

Primary antibodies used for Western blotting were diluted in 5% BSA made in TBST at
following dilutions: Cav1 (Santa Cruz Biotech SC-894) at a dilution of 1:2000, pY 14Cav1 (BD
611338) at 1:500, FAK (Cell Signaling Technology (CST) 3285) at 1:1000, pY397FAK (CST
3283) at 1:1000, Cavinl (BD 611258) at 1:500, Flotillin (BD 610820) at 1:1000, pY 118Paxillin
(BD 611725) and Paxillin (BD 610052) at 1:2000, GM130 (BD 610822) at 1:500, RhoGDI
(Millipore 06-730) at 1:2000, Actin (DSHB JLA20) at 1:2000 and B-tubulin (DSHB Clone E7)
at 1:2000. HRP-conjugated secondary antibodies (anti-rabbit and anti-mouse) were purchased
from Jackson Immuno Research Laboratories and used at a dilution of 1:10000.
Methylcellulose for suspension assay was purchased from Sigma (Cat. no. M0262).
Fibronectin (FN) was purchased from Sigma (Cat. no. F2006). FAK inhibitor PF-228 (Slack-
Davis et al, 2007) was purchased from Sigma (Cat. no. PZ0117). Protease inhibitor cocktail
PIC was purchased from Roche (04693132001), and phenylmethanesulfomyl fluoride (PMSF),
sodium orthovanadate and sodium fluoride from Sigma. BCA assay kit used for protein

estimation was purchased from Thermo Fisher (Cat. no. 23225). RIPA buffer composition:
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50mM Tris-HCl at pH 8.0 + 150mM NaCl + 1.0% NP-40 + 0.5% sodium deoxycholate + 0.1%
SDS. Tris was purchased from HiMedia (Cat. no. MB029), Glycine from Fisher Scientific (Cat.
no. 56406), Sodium bicarbonate from Sigma (Cat. no. S6297), Methanol from Fisher Scientific
(Cat. no. 67561), PVDF membranes from Millipore (Cat. no. IPVH00010) and BSA from
Sigma (Cat. no. A2153). Chemiluminescent reagents for Western blotting Immobilon Western
Chemiluminescent HRP Substrate was purchased from Millipore (Cat. no. WBKLS0500),
SuperSignal West Femto Maximum Sensitivity Substrate from ThermoFisher (Cat. no. 34096).

Reagents for making 2D polyacrylamide gels of varying stiffness: Acrylamide (HiMedia Cat.
no. MB068), bis-acrylamide (HiMedia Cat. no. MB005), APS, TEMED (Sigma Cat. no.
T9281), MES buffer (Sigma Cat. no. M8250), NHS (Sigma Cat. no. 130672), EDC (Sigma
Cat. no. E1769), Toluene (Qualigen Cat. no. 32507), Silane (Sigma Cat. no. 440159),
Phalloidin conjugated to Alexa Fluor 488 (Invitrogen, Cat. no. A12379) at a dilution of 1:400,
Phalloidin conjugated to Alexa Fluor 594 (Invitrogen, Cat. no. A12381) at a dilution of 1:100,
DAPI (Invitrogen Cat. no. D1306) and Fluoromount-G (Southern Biotech Cat. no. 0100-01).
Collagen was purchased from Gibco (Collagen I, Rat Tail Cat. no. A1048301) and used at a
concentration of 25pug/ml in 1X PBS for coating PA gels.

Reagents for 3D collagen gels: Collagen Type-1, Rat tail (Corning - Cat no. 354236) 10X PBS
(Gibco - 70011044), Collagenase P (Roche - 11213865001), HBSS (Gibco — 14025076),
LabTek chambers (Thermo Scientific - 155409), Fluorescently conjugated CTxB-488 (Cat.
No. C34775), CTxB-594 (Cat. No. C22842) were procured from Molecular Probes, Invitrogen.

2D polyacrylamide gels of varying stiffness

40% acrylamide and 2% bis-acrylamide and MES buffer solutions were made in autoclaved
milli-Q water and filter-sterilized. Acrylamide solutions for respective stiffness gels were made

by varying the proportion of acrylamide and bis-acrylamide, as described below in Table 2.

Table 2:
Gel 40% 2% Bis- Water % Acrylamide | % Bis-acrylamide
stiffness Acrylamide (ml) acrylamide (ml) (ml) in final gel in final gel
0.5kPa 0.75 0.3 8.95 3% 0.06%
2.5kPa 1.0 0.75 8.25 4% 0.15%
23kPa 2.5 1.125 6.375 10% 0.225%
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Preparation of glass slides and coverslips

Glass slides were cut into 2.5x2.5 cm squares and coated with a drop of nail paint (that forms
a hydrophobic layer) using a spin coater for homogenous distribution. The slides were allowed
to air-dry and then treated to a UV cycle for 25 min in the tissue culture hood before use. 12mM
round glass coverslips were activated using a Toluene-Silane activating solution in a 9:1 ratio.
Activation was done at room temperature for 30 min on a rotary shaker. Coverslips were air-

dried before use.
Preparation of polyacrylamide gels

To the polyacrylamide (PA) gel solution made as described above (Table 1), APS and TEMED
were added in a 1:1000 ratio. For each gel, 45pl of each solution was placed as a drop on the
nail paint-coated glass slide and an activated, dried coverslip was placed on top. Gels were
allowed to polymerize for 20 min, after which they stay attached to coverslip, which was then
transferred to a well of a 24-well plate. Gels were washed with 1X PBS before being treated
each with 50uls of 0.1M NHS and 0.2M EDC in 0.1M MES buffer for 20 min in the dark. Gels
were washed again with 500ul of 1X PBS and coated with 25ug/ml of collagen solution, diluted
in 1X PBS, overnight at 4°C. After collagen coating, gels were washed with 500ul of 1X PBS,
given 3 UV cycles and 30 min of antibiotic treatment (Pen-Strep diluted 1X in PBS). Gels were
washed with 500ul of 1X PBS and equilibrated in 500l of media for at least 30 min before

seeding of cells.
Plating cells on PA gels

3x10* and 7.5x10* WTMEFs were seeded on gels for cell spreading and Western blotting
experiments respectively. Cells were allowed to attach and grow for 24h and processed
thereafter. For cell spreading experiments, cells were fixed with 3.5% paraformaldehyde and
then stained with phalloidin diluted in 1X PBS, in a humid chamber at 4°C overnight. Samples
were also stained with DAPI for 2 min at room temperature, and then washed twice with 1X
PBS before mounting on glass slides using fluoromount. For Western blotting, cells on each
coverslip were lysed in 80uls of RIPA buffer containing protease and phosphatase inhibitors
on ice. Samples were collected, protein estimated using BCA assay and 30png total protein used

for Western blotting.
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FAK inhibitor treatment in cells plated on PA gels

WTMEFs were seeded on gels as described and allowed to spread for 8h with complete
DMEM. 8h post-seeding on gels, cells in each well were treated with 10uM FAK inhibitor
(PF-228) or DMSO-containing media for 24h. Cells were lysed in RIPA at the end of 24h to

be processed for Western blotting as described above.
Embedding cells in 3D collagen gels

Cells were embedded 48h post-transfection in 1.0 or 1.5mg/ml collagen type-1 as follows. A
mixture of 10X PBS, sterile milli-Q water and collagen (to make final concentration to 1.0 or
1.5mg/ml) was made in a total volume of 400ul. This amount will vary according to stock
bottle concentration. This mixture was kept on ice for 5 min. Cells were detached with trypsin,

spun at 1000 rpm for 5 min at 4°C and the pellet was resuspended in 1X PBS.

4X10* cells for imaging or 12X10* cells for gel extraction were added to the collagen gel
solution in a volume of 100ul, mixed, and 1N NaOH was added at a final concentration of
0.006N in the gel. The final volume of this solution is 400ul. After thorough mixing by gentle
pipetting, the solution was added to a well of a LabTek chamber (imaging) or 24-well plate
(gel extraction). The gels were incubated at 37°C and 5% CO: in the incubator for 30 min until
gels visibly polymerised. After ensuring complete polymerisation, 400ul of complete DMEM
was gently added on top and the cells were re-incubated for 12h (imaging) or 3h (gel

extraction).
Coating coverslips with collagen

Coverslips (VWR) were cleaned with glass cleaning solution (25g KOH in 500ml methanol),
thoroughly washed with MilliQ water and stored in 100% ethanol. Before use, coverslips were
flame-dried and subjected to UV sterilization for 30 min. Each well of a 24-well plate was
coated with 400ul of 100pg/ml collagen solution, diluted in 1X PBS, overnight at 4°C. After

aspirating collagen solution, the coverslips were washed with 1X PBS before plating cells.
Extraction of cells from 3D collagen gels using collagenase

After 3h of embedding, cells were extracted using collagenase as follows. Media was removed
from the wells and gels were washed twice with 400ul of 1X PBS for 2 min each. 4mg/ml
collagenase solution was diluted in HBSS in the dark and stored on ice. 400ul of this
collagenase solution was added to each gel and 24-well plate was kept in a 37°C incubator at

75 rpm for ~10-12 min till the gels dissolved. Once dissolved, 800ul of cold media was added
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to each solution, collected in a tube and spun at 2000 rpm, 4°C for 10 min. The cell pellets were

lysed in 30ul of 1X Laemmlli’s buffer for further processing by Western blotting.
Labelling cells in 3D collagen

WTMEFs were embedded in collagen gels of appropriate concentrations as described. After
complete gel polymerization, labelling with CTxB was carried out on ice. CTxB at a dilution
of 1:2000 in DMEM was added to gels, with incubation on ice for 20 min. After 20 min fresh
DMEM was added and cells were further incubated for 3h at 37°C. Fixation of gels was done
using 4% PFA at RT for 20 min, followed by three washes with 1X PBS (incubate gel with
PBS for 5 min), before imaging.

Western Blotting

Samples for Western blotting were mixed with Laemmli’s buffer before resolving by SDS-
PAGE. 12.5% polyacrylamide gels were prepared and run using Tris-glycine running buffer
containing 0.1% SDS in Bio-Rad mini apparatus. Resolved proteins were transferred onto
PVDF membrane with sodium bicarbonate or Tris-glycine-methanol running buffer. All
blotted membranes were blocked with 5% non-fat milk in TBS + 0.1% Tween-20 (TBST) at
RT for 60 minutes with gentle rocking. Blocked blots were incubated overnight at 4°C with
primary antibodies at indicated dilutions made in 5% BSA in TBST. After primary antibody
incubation, blots were washed thrice with TBST on a rotary shaker for 10 min each. Blots were
incubated at RT for 60 min with secondary antibodies at indicated dilutions made in 2.5% BSA
in TBST. Blots were washed again thrice with TBST on a rotary shaker for 10 min each. Blots
were developed on ImageQuant LAS-4000 (Fujifilm Life Sciences) with chemiluminescent

substrate. Densitometry analyses of Western blotting data were done using ImageJ software.
Microscopy imaging
EVOS imaging (2D gels)

Following settings were used for all images captured. Images were acquired using a 40X oil
immersion objective on EVOS FL Auto Imaging system (ThermoFisher AMAFD1000). For
each gel stiffness at least 80-100 cells were imaged per biological replicate. Cell spread area
analysis was performed using Imagel] software (NIH).

Confocal imaging (3D gels)

Images were acquired using a 63X oil immersion objective on Zeiss LSM 780 multiphoton

confocal microscope, NA 1.4. For Z-stacks, the step size was kept at 0.8um. Z-stacks were
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reconstructed using Huygens software and object analyzer module was used to calculate

volume and surface area.

Statistical analysis

Statistical analysis of data was done using unpaired two-tailed t-test. All analyses were done

using Prism Graphpad analysis software. Statistical significance was considered at p<0.05.
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RESULTS

Cavl phosphorylation is regulated by matrix stiffness

Focal adhesions formed in response to integrin-ECM engagement are among the early
responders to changing ECM stiffness (Schwartz, 2010; Levental et a/, 2009; Friedland et a/,
2009; Gehler et al, 2009). Matrix stiffness regulates both FA number and FA size, with cells
on soft matrices having less and smaller FAs compared to stiff matrices (Riveline et al, 2001;
Schiller & Fissler, 2013; Yeh et al, 2017). In comparison to suspended vs re-adherent cells
(Fig. 1.2), cells adherent on collagen-coated 2D polyacrylamide (PA) gels of varying stiffness
allow for more subtle changes in cell-matrix adhesion and signaling. Fibroblasts adherent on
increasing matrix stiffness for 24h show a steady increase in FAK activation (pY397FAK
normalized to total FAK) (Fig. 2.1A). pY397FAK levels increase by 10% from 0.5kPa to
2.5kPa; ~14% increase from 2.5kPa to 23kPa; and an eventually ~7% increase on Glass. The
overall increase in FAK activation (pY397FAK) between the lowest (0.5kPa) and highest
stiffness (Glass) is ~28%. pY 14Cav1 normalized to total Cavl1 levels shows a more pronounced
increase in cells across increasing stiffness (Fig. 2.1B). pY14Cavl levels increase by ~30%
from 0.5kPa to 2.5kPa; ~25% increase from 2.5kPa to 23kPa; and ~22% increase at Glass. The
overall increase between lowest (0.5kPa) and highest stiffness (Glass) is ~61%, and more
pronounced than seen for pY397FAK. Phosphorylation of Paxillin (pY 118Paxillin normalized
to total Paxillin) is however not seen to be regulated by changing matrix stiffness (Fig. 2.1C),
as has been reported earlier (Stutchbury ef al, 2017). EGFR activation known to be regulated
by increasing matrix stiffness is confirmed by its increasing phosphorylation at Tyr1173
(pY1173EGFR) (Fig. 2.1D). Total Cavl levels normalized to GAPDH show an increase with
increasing matrix stiffness (Fig. 2.1E), as reported earlier (Yeh ef al, 2017). Total FAK levels
normalized to GAPDH show no such differences across matrices of varying stiffness (Fig.
2.1F) as is also reported (Wang et al, 2019b; Wei et al, 2008; Schlunck et al, 2008). Cavl
phosphorylation is thus regulated by increasing matrix stiffness on collagen-coated 2D

polyacrylamide gels (Buwa ef al, 2020a).
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Figure 2.1. Cavl phosphorylation is regulated by matrix stiffness on collagen-coated 2D gels. (A) Western
blot analysis of phosphorylated and total FAK (A), Cavl (B), Paxillin (C) and EGFR (D) in WTMEFs adherent
on polyacrylamide gels of varying stiffness for 24h. Graphs represent ratios of band intensities of
phosphorylated protein to respective total protein plotted as mean + SE from at least four independent
experiments. Western blot analysis of total FAK (E), Cav1 (F) in WTMEFs adherent on polyacrylamide gels of
varying stiffness for 24h. Graph represents mean * SE ratio of band intensity of total FAK or total Cav1 to
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Matrix-stiffness dependent regulation of Cavl phosphorylation is FAK-dependent

Knowing that cell-matrix adhesion regulates Cavl phosphorylation downstream of FAK
(Buwa et al, 2020a), we tested the FAK-Cav1 crosstalk across changing matrix stiffness by
inhibiting FAK activation with PF-228. Since cells are treated after they have spread on these
gels, PF-228 treatment does not affect cell morphology (data not shown). PF-228 inhibits more
than 50% of FAK activation across all stiffness (Fig. 2.3A). Cav1 phosphorylation on the other
hand is inhibited differentially across matrix stiffness. pY14Cavl levels remain largely
unaffected by FAK inhibition at 0.5kPa (relative to DMSO CNT), drop by ~10% at 2.5kPa and
drop significantly by ~28% at 23kPa and ~40% on Glass, relative to their respective DMSO
CNT (Fig. 2.2B). Plotting the percentage inhibition (Fig. 2.3) of FAK and Cavl
phosphorylation gives us an idea of the relative impact of changing matrix stiffness in
regulating the same. FAK inhibition is comparable across increasing stiffness (Fig. 2.3A). PF-
228-mediated inhibition of pY14Cavl gradually increases across increasing stiffness, being
most prominent on glass, significantly better than 2.5kPa (Fig. 2.3B). Paxillin phosphorylation
is not affected by FAK inhibition, indeed increasing slightly (Fig. 2.2C), while EGFR
activation is inhibited comparably across all stiffnesses (Fig. 2.2D). These results suggest
FAK-mediated regulation of pY14Cav1 to be distinctly different from that of Paxillin (as seen
in early vs. late adherent cells, Fig. 1.10) (Buwa et al/, 2020a). FAK-mediated regulation of
pY14Cavl being matrix stiffness dependent could affect FA assembly and turnover. This could

further impact their roles in FA-dependent sensing and transducing of mechanical cues.

59



(A) CNT FAKi (B) CNT FAKi

05kPa 25kPa 23kPa Glass 05kPa 25kPa 23kPa Glass 05kPa 25kPa 23kPa Glass 0.5kPa 25kPa 23kPa Glass
pY397FAK| C— E— — G . .__l_mkn pY1l|Cav1| L — — - I_m
FAK | — I-ll]l]kl] Cav1| g W S W _—. lZEkD
n=6 n=6 $okk
1.8+ 154
*x

pY397FAK | FAK
pY14Cav-1/ Cav-1

0.5kPa 2.5kPa 23kPa Glass 0.5kPa 2.5kPa 23 kPa Glass

05kPa 25kPa 23 kPa Glass 0.5kPa 25kPa 23kPa Glass

CNT FAKi CNT FAKi
CNT FAKi CNT FAKi
05kPa 25kPa 23kPa Glass 0.5kPa 25kPa 23kPa  Glass 05kPa 25kPa 23kPa Glass 0.5kPa 25kPa 23kPa  Glass
75kD
pY118Paxilin B R e e e e | VTGRSR - ™ =
75kD
Paxilln e D —— 2 I X I
n=>6 n=3
1.8 2.0-

—_
)
L

o
o~
h

pY118Paxillin / Paxillin
pY1173EGFR/ EGFR

0.5kPa 25kPa 23 kPa Glass 0.5kPa 2.5kPa 23 kPa Glass ' 05kPa 25kPa 23kPa Glass 05kPa 25kPa 23kPa  Glass
CNT FAKi CNT FAKi

Figure 2.2. Cavl phosphorylation is regulated by FAK activation in a matrix stiffness-dependent manner. (A)
Western blot analysis of phosphorylated and total FAK (A), Cav1 (B), Paxillin (C) and EGFR (D) in WITMEFs adherent
on polyacrylamide gels of varying stiffness for 24h. WTMEFs were allowed to spread on polyacrylamide gels of varying
stiffness for 8h, after which cells were treated with 10mM PF-228 (FAKi) or DMSO (CNT) for 24h and processed for
Western blotting as described. Statistical analysis was done using unpaired two-tailed t-test. Graphs represent ratios of
band intensities of phosphorylated protein to respective total protein plotted as mean + SE from at least four
independent experiments.
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Cavl phosphorylation regulates differential spreading of WTMEFs on 2D gels of varying
stiffness

Fibroblasts plated on collagen-coated polyacrylamide gels of increasing matrix stiffness
expectedly show a steady increase in cell spread area (Fig. 2.4). Cell spread area of WTMEFs
shows ~300% increase from 0.5kPa to 2.5kPa gels, ~45% increase from 2.5kPa gels to 23kPa
gels and ~25% increase from 23kPa gels to Glass (gPa). Cavl phosphorylation has a potential
role in mediating cell polarisation (Grande-Garcia et al, 2007), and could mediate spreading
dependent on matrix stiffness. To test whether this is regulated by pY14Cavl, we transiently
transfected Cav1l-/-MEFs with phosphorylatable WT-Cavl GFP and phospho-deficient Y 14F-
Cavl GFP, and seeded these cells on 2D polyacrylamide gels of varying stiffnesses. Cav1-/-
MEFs also show an increase in cell spread area with increasing substrate stiffness, similar to
WTMEFs. However the overall area of Cavl-/-MEFs is significantly higher than that of
WTMEFs at all stiffnesses (Fig. 2.4B). Cav1-/-MEFs reconstituted with WT-Cavl GFP show
overall decreased cell spread area than Cav1-/-MEFs (Fig. 2.5). Difference in cell spread area
between Cavl-/-MEFs vs WT-Cavl expressing cells is ~18% on 0.5kPa, ~15% on 2.5kPa,
~18% on 23kPa, and ~29% on Glass. This difference, though seen across all stiffness, is most
prominent at the highest stiffness (Glass). Expression of Y14F-Cavl GFP does not affect cell
spread area of Cav1-/-MEFs across stiffnesses (Fig. 2.5). This suggests Cav1 phosphorylation
does play a role in regulation of cell spreading in fibroblasts adherent on matrices of increasing

stiffness.
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Figure 2.4. Differential spreading of WIMEFs and Cavl-/-MEFs on 2D PA gels of varying stiffness.
(A) Fluorescent microscopy images of WTMEFs and Cav1-/- MEFs on 2D gels of varying stiffness, as
indicated. Cells were stained with DAPI (blue) and phalloidin (green). (B) Bar graph represents mean
+ SE of cell spread area calculated using Image]J (NIH), from at least 15 different frames each from three
independent experiments. Statistical analysis of the data was done using unpaired two-tailed t-test.
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Figure 2.5. Role of Cavl phosphorylation in regulating cell spreading on 2D PA gels of varying stiffness. (A)
Fluorescent microscopy images of Cavl-/- MEFs expressing EGFP, WT-Cav1-GFP and Y14F-Cav1-GFP on 2D
gels of varying stiffness, as indicated. Cells were stained with DAPI (blue) and phalloidin (red). (B) Bar graphs
represent mean * SE of cell spread area calculated using Image] (NIH), from at least 15 different frames each
from three independent experiments. Statistical analysis of the data was done using unpaired two-tailed t-test.
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Regulation and Role of Cavl phosphorylation in 3D collagen gels

pY14Cavl has been implicated in regulation of cellular morphology in 3D collagen gels as
well (Goetz et al, 2011). 3D collagen gels represent a scenario closer to the in vivo
microenvironment of cells. Moreover, fibroblasts and collagen are abundantly found in
connective tissue and stroma, and collagen has been widely used to study fibroblast functions
(Tang, 2020). We find morphology of fibroblasts embedded in collagen gels to also be
dependent on pY 14Cavl (Fig. 2.6). WTMEFs and Cav1-/-MEFs reconstituted with WT-Cav1
GFP and Y14F-Cavl GFP were embedded in 1.5mg/ml collagen gels for 12h before imaging.
Surface area and volume measurements in these cells do not show any significant differences
(Fig. 2.6). Aspect ratio (ratio of longest axis to the shortest axis) was seen to be significantly
pronounced in WTMEFs relative to Cavl-/-MEFs. WTMEFs appear elongated and display
more protrusions, compared to Cav1-/-MEFs that appear round with almost no protrusions.
Interestingly, both protrusivity and aspect ratio seem to recover in Cavl-/-MEFs expressing
phosphorylatable WT-Cavl, but not the phospho-deficient Y14F variant (Fig. 2.6). This
suggests Cavl phosphorylation to be required to rescue the phenotype of Cavl-/-MEFs in 3D

collagen gels.

Given that cellular morphology in 3D is dependent on Cav1 phosphorylation, it was interesting
to ask if other pY14Cavl-dependent processes are similarly regulated, and more importantly
whether they are differentially regulated in gels of varying stiffness. Earlier studies in the lab
show that GM1 endocytosis is differentially regulated in WTMEFs embedded in 3D collagen
gels of two different stiffnesses, viz., 1.0mg/ml and 1.5mg/ml (Unpublished data: Trupti Thite
and Nagaraj Balasubramanian), which was corroborated (Fig. 2.7A). GMI1 endocytosis
(marked by fluorescent CTxB) is seen to happen at 1.0mg/ml, but at 1.5mg/ml there is no
endocytosis (Fig. 2.7A). Interestingly, Cavl-/-MEFs in 3D show GMI endocytosis at both
1.0mg/ml and 1.5mg/ml, signifying that GM1 is not endocytosed through caveolae in cells in
3D microenvironments (Unpublished data: Trupti Thite and Nagaraj Balasubramanian).
Indeed, GM1 is known to be endocytosed via caveolae-independent, Cdc42-mediated fluid
phase endocytosis (Thottacherry et al, 2018), which could be the pathway used for endocytosis
of GM1 in 3D, and remains to be tested.

3D collagen gels of 1.0 and 1.5mg/ml do however offer an interesting window where Cavl-
containing cells are able to sense the change in mechanical properties of the collagen matrix
(stiffness, pore size, extent of polymerisation) and accordingly differentially regulate

endocytosis. Stiffness and crosslinking of 3D collagen gels of 1.5mg/ml is significantly higher
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than a 1.0mg/ml gel (Miron-Mendoza et al, 2010; Carey et al, 2017). Given that pY 14Cavl is
a mechanotransducer (Joshi et al, 2012), we asked whether pY14Cavl levels are regulated
differently in 1.0 and 1.5mg/ml 3D collagen gels (similar to 2D gels). WTMEFs embedded in
3D gels were extracted using collagenase and subjected to Western blotting. Cavl
phosphorylation in WTMEFs embedded in 3D collagen gels is significantly lower compared
to collagen-coated 2D plastic (Fig. 2.7B). There is a modest ~18% increase in Cavl
phosphorylation in 1.5mg/ml gels as compared to 1.0 mg/ml gels, though the difference is not
statistically significant. Cells embedded in 3D collagen gels are reported to not form as many
focal adhesions as cells cultured on 2D. Additionally, cells in 3D have significantly lower FAK
activation compared to 2D (King & Parsons, 2011), which we also observe in our studies (Fig.
2.7C). Furthermore, FAK activation in 1.5mg/ml gels is also marginally (~12%) higher than
that in 1.0mg/ml gels, although this difference is not statistically significant. It is likely that
these differences would be more prominent in a wider range of 3D collagen stiffness gels,
although this as well as the dependence of pY14Cavl on FAK in 3D gels remains to be
established.

Experiments in this chapter were done with help from project student Nivedhika Kannan and

project assistant Shaunak Kanade who worked under my supervision.
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Figure 2.6. Role of pY14Cavl in regulating cell morphology in 3D collagen. (A) Fluorescent
microscopy images of WIMEFs and Cavl-/- MEFs expressing EGFP, WT-Cav1-GFP and Y14F-
Cav1-GFP embedded in collagen gels of 1.5mg/ml, as indicated. Aspect ratio (B), surface area (C)
and volume (D) of these cells represented as mean * SE calculated using Image] (NIH), from three
independent experiments. Statistical analysis of the data was done using unpaired two-tailed t-test.
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Figure 2.7. Regulation of pY14Cavl levels in 3D collagen gels of varying stiffness. (A) Confocal microscopy images
of WITMEFs embedded in collagen gels of 1.0mg/ml and 1.5mg/ml stained for GM1, as indicated. Bar graph represents
mean * SE of cells scored for GM1 endocytosis, calculated using Image] (NIH), from at least 15 different frames each
from three independent experiments. Western blot analysis of phosphorylated and total Cavl (B) and FAK (C) in
adherent (ADH), detached (Trypsin) or WTMEFs embedded in 1.0mg/ml and 1.5mg/ml collagen gels. Bar graphs
represent mean * SE of densitometry of Western data using Image]J (NIH), from at least five independent experiments.
Statistical analysis of the data was done using unpaired two-tailed t-test.
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DISCUSSION

Focal adhesions are some of the most direct responders to changing ECM stiffness (Schwartz,
2010; Levental ef al, 2009; Friedland et al, 2009; Gehler et al, 2009). ECM stiffness regulates
both FA number and size — cells on soft matrices have less number of, and smaller FAs
compared to stiff matrices (Yeh et al, 2017). Adhesion of fibroblasts on increasing matrix
stiffness expectedly promotes cells spreading (Fig. 2.4), known to be regulated by integrin
mediated signaling (Wolfenson et al, 2014). This reflects in the stiffness-dependent activation
of FAK and increased Cavl phosphorylation (Fig. 2.1). A significant fraction of pY14Cavl
resides in FAs (Fig. 1.9) and pY 14Cavl is sensitive to re-adhesion-mediated recovery of FAK
(Fig. 1.10). FAK activation on changing ECM stiffness could hence drive Cavl
phosphorylation downstream of integrins. PF-228 mediated inhibition of FAK does indeed
affect matrix stiffness-dependent Cavl phosphorylation (Fig. 2.2, 2.3), further confirming the
presence of an integrin-FAK-pY14Cav1 axis. The gradual increase in total Cav1 levels across
increasing stiffness could be a result of increased pY14Cavl (Joshi et al, 2012), and could
affect Cavl levels in caveolae and/or FAs. The relative impact this, along with the observed
activation of FAK across increasing stiffness, could have on Cavl phosphorylation does remain
to be determined. Also it remains to be determined if caveolar pY 14Cav1 could be sensitive to

FAK activation.

On loss of adhesion no significant change in pY 14Cavl1 levels are observed in caveolae (Buwa
et al, 2020a). This could also be the case in cells adherent on matrix of increasing stiffness.
Interestingly, the degree/extent of dependence of Cavl phosphorylation on FAK activation is
variable on matrices of varying stiffness. On the least stiff matrix (0.5 kPa) inhibition of
pY397FAK does not lead to any change in pY14Cav1 levels between CNT vs. FAKIi (Fig. 2.2,
2.3). This is reminiscent of FAK inhibition in non-adherent cells (Fig. 1.10) where pY 14Cavl
seems to be independent of the status of FAK phosphorylation. As matrix stiffness increases,
the effect of FAK inhibition on Cav1 phosphorylation also increases, with the highest inhibition
seen on glass (Fig. 2.2, 2.3). Taken together, these results suggest that increase in pY 14Cav1
levels upon increasing matrix stiffness could primarily be an increase in FA-associated
pY14Cavl. Additionally, a considerable fraction of the net pY 14Cav1 levels in cells on softer
gels (e.g. 0.5 kPa) is likely to be caveolar pY14Cavl, with the FA-associated pY14Cavl

increasing with increasing matrix stiffness.

Cell spreading on 2D gels of increasing stiffness is regulated by Cavl and its phosphorylation
(Fig. 2.5). pY14Cavl is known to affect activation of the Rho GTPases, with Cavl-/- cells
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showing decreased RhoA and increased Cdc42 and Racl activation (Grande-Garcia et al, 2007,
Joshi et al, 2008). Furthermore, RhoA inhibition is known to enhance cell spreading and
migration by altering cell polarity and protrusion (Arthur & Burridge, 2001). The difference in
cell spreading seen in our studies (Fig. 2.5) could hence be a result of differential regulation of

Rho GTPases by pY14Cavl.

Cav1 phosphorylation is dispensable for caveolae formation (del Pozo et al, 2005), but density
of caveolae on the PM is known to be influenced by pY14Cavl, especially in response to
external stimuli known to affect it (Joshi et al, 2012; Orlichenko et al, 2006b). Our results do
not rule out the possibility that the role of pY14Cavl in regulating matrix-dependent cell
spreading could be influenced by its ability to regulate caveolae formation and/or caveolar

trafficking (by regulating the total available cell surface area for spreading).

Despite both FAK and pY 14Cav1 being regulated by changing matrix stiffness, their crosstalk
is seen to be variable across 2D gels of varying stiffnesses. Integrin-dependent signaling is
distinctly altered on increasing stiffness and could reflect the greater impact FAK has on Cav1
phosphorylation at higher stiffness. Both Src activation (Wang et al, 2019a; Gortzen et al,
2015) and Src binding to FAK (Provenzano et al/, 2009) increase on stiffer matrices and could
impact FAK-dependent regulation of pY14Cavl across changing matrix stiffness. c-Abl also
possesses intrinsic mechanosensitivity, its activity significantly increased in cells exposed to
hypo-osmotic swelling, on stiff substrates and on mechanical stretching (Echarri et al/, 2019).
The relative contribution of these kinases in regulating pY 14Cav1 downstream of FAK remains
to be evaluated. This adhesion- and FAK-dependent regulation of Cavl phosphorylation is

summarized as a model in Fig. 2.8.

Cells in 3D microenvironments have distinct differences in their morphology and functions
compared to those growing on 2D (Baker & Chen, 2012; Stock et al/, 2016). The role and
regulation of Cavl and pY14Cavl in cells in 3D could indeed be distinctly different than in
2D. Mouse fibroblasts with (WTMEFs) and without (Cav1-/-MEFs) Cavl, embedded in 3D
collagen gels have distinctly different morphology (Fig. 2.6) (Goetz et al, 2011) and across
changing stiffness (1.0 vs 1.5mg/ml), show strikingly different endocytosis behaviour.
Morphology of cells in 3D is thus dependent on phosphorylation of Cavl (pY14Cavl) while
differential endocytosis is not. Indeed, GM1 internalization can occur through caveolae-
independent routes. Cavl is known to regulate fluid phase endocytosis, with its Tyrl4
phosphorylation reducing Cdc42-mediated endocytosis (Chaudhary et al, 2014; Cheng et al,
2010). Cavl and pY14Cavl regulate Rho GTPase activation that in turn reduces Cdc42
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activation (Grande-Garcia et al, 2007). It is hence likely that pY14Cavl, by regulating Cdc42
activation, could affect Cdc42-dependent fluid phase endocytosis of GMI in 3D as well. The
role and regulation of non-caveolar, Cdc42-mediated GM1 endocytosis in 3D collagen gels
remains to be further tested. pY14Cavl is known to regulate Rho GTPase activation (Grande-
Garcia et al, 2007); and protrusion formation, cell polarization and contractility are all
regulated by Rho GTPases (Zegers & Friedl, 2014; Ridley, 2015). pY14Cavl-regulation of

protrusivity in 3D could hence be dependent on Rho GTPase activation.
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Figure 2.8. Model for adhesion-dependent regulation of pY14Cavl. (A) Endogenous pY14Cavl (closed red
dot) is regulated by cell-matrix adhesion in mouse fibroblasts, with adherent cells having significantly
higher pY14Cav1l compared to suspended cells. Endogenous pY14Cavl is localised to both caveolae and
focal adhesions in adherent cells. On loss of adhesion (suspended cells) caveolar pY14Cavl levels are not
affected (partly closed red dot), suggesting the loss of FA-associated pY14Cav1 (open red dot) to affect total
pY14Cavl levels. (B) Cells adherent on stiff matrices, with more active FAK, have greater Cavl
phosphorylation compared to soft matrices. Changing matrix stiffness (0.5 kPa, 2.5 kPa, 23 kPa and Glass)
shows a steady increase in FAK activation (FAK*) (green sloping bar) and Cavl phosphorylation (red
sloping bar). PF-228-mediated inhibition of FAK activation inhibits Cavl phosphorylation differentially on
changing matrix stiffness (% inhibition). FAK-dependent regulation of pY14Cav1 could be mediated by FA-
associated Src kinase. The effect of changing matrix on caveolar pY14Cav1l remains to be tested.
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Additionally, cells embedded in 3D gels do not form as many focal adhesions, with FAK
activation being significantly lower (King & Parsons, 2011) as also seen in our studies (Fig.
2.7B, C). This could reflect the FAK-pY14Cav1 crosstalk being much subdued in these cells.
In agreement with this, only a modest increase in pY397FAK and pY14Cavl levels is seen
across increasing stiffness in 3D collagen gels (1.0 vs 1.5mg/ml): FAK activation increases at
1.5mg/ml by a small margin of ~12%, with ~18% increase in pY 14Cavl. It is likely that higher
stiffnesses of 3D collagen gels could promote their levels, although this as well as the FAK-
pY14Cavl regulation in 3D gels remains to be established.

Taken together, our studies indicate that FAK regulates pY14Cavl1 differentially on changing
matrix stiffness. Matrix stiffness-dependent regulation of pY14Cavl through FAK could
further regulate pY14Cavl-dependent functions. In conjunction, pY14Cavl could regulate
Rho GTPase and FA-dependent cellular responses like cell migration and invasion in response
to changing matrix stiffness. Cell migration involves turnover of FAs which is dependent on
the FAK-Src crosstalk at the leading edge (Webb et al, 2004) and RhoA-dependent
disassembly at the trailing edge (Ridley, 2015). This is influenced by matrix stiffness during
migration in 3D gels (Hetmanski ef al, 2019). pY14Cavl levels, sensitive to ECM stiffness
(Buwa et al, 2020a), could regulate FA dynamics (Joshi et al, 2008; Goetz et al, 2008a) as well
as RhoA activation (Boscher & Nabi, 2013; Grande-Garcia et al, 2007). pY14Cavl also
dampens fluctuations in Vinculin tension, thereby maintaining FAs at high tension to drive
membrane protrusion and cell migration (Meng et al, 2017). High traction at FAs (through both
FAK and Vinculin) enables cells to sample ECM rigidity and guide ECM-stiffness dependent
migration (Plotnikov ef al, 2012). pY 14Cavl is also known to be a mechanotransducer, and its
levels are regulated by mechanical stimuli like stretch and laminar shear stress (Joshi et al,
2012; Zhang et al, 2007). This regulates its interaction with MTI-MMP affecting its
localization in invadopodia (Yang et al, 2016; Pu et al, 2020; Labrecque et al, 2004), which
could regulate remodeling of the microenvironment to influence matrix-dependent signaling

and migration in cancer cells.

Part of Chapters 1 and 2 have been recently published:

Buwa N, Kannan N, Kanade S & Balasubramanian N (2020a) Adhesion-dependent Caveolin
1 Tyrosine-14 phosphorylation is regulated by FAK in response to changing matrix stiffness.
FEBS Lett. 595: 532-547.
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CHAPTER 3:

Cavl phosphorylation in cancers:
PTP-mediated regulation and role in

anchorage-independence
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ABSTRACT

The role of Cav1 as a tumor suppressor or promoter has been contentious, and could at least in
part be dependent on its Tyr14 phosphorylation. Apart from its role in caveolar endocytosis
and focal adhesion function in non-transformed cells, pY 14Cav1 is thought to have a regulatory
role in cancers. Cavl is known to have a role in tumor cell migration and invasion, of which
Cavl phosphorylation is a critical determinant. We find that adhesion regulates pY 14Cavl
levels in some, but not all, Cav1-expressing cancer cell lines. Regulation of pY14Cavl levels
could hence contribute to the role Cavl has in cancers. Protein tyrosine phosphatase (PTP)
levels and activation are known to be deregulated in many cancers and could help mediate the
same. We screened pY 14Cavl levels across cancers and used siRNA-mediated targeting of
PTPs to evaluate the effect they have on pY 14Cavl levels. Their impact across cancer cell lines
is variable, and supports anchorage-independent signaling in T24 bladder cancer cells. Taken
together, these studies reveal the possible role pY14Cavl and its regulation could have in

cancers.
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INTRODUCTION

Anchorage-dependent membrane raft microdomain recycling through caveolar endocytosis is
known to regulate growth signaling in cells (del Pozo et al, 2005; Del Pozo et al, 2004).
Deregulation of this recycling pathway is one of the many ways in which cancer cells could
acquire anchorage-independence. Cavl was initially thought to be a tumour suppressor since
deletion of the CAV'I gene locus was found to be associated with loss of tumorigenicity in many
cancers (Williams, 2004). But up-regulation of Cavl1 and its requirement for tumorigenesis and
metastasis have also been reported in many cancer types (Goetz et al, 2008b; Simén et al,
2020). Role of Cavl1 as a tumor suppressor or promoter in cancers is hence likely to be tissue-
and/or stage-specific. These roles could at least in part be dependent on its Tyrl4
phosphorylation. Cavl Tyrl4 phosphorylation is a critical determinant of cell migration and
invasion in some cancer types (Joshi ef al, 2019; Diaz-Valdivia et al, 2020). Migration in cells
expressing phosphorylatable Cavl, but not non-phosphorylatable Y14F-Cavl, is seen to be
elevated and become Src-dependent (Joshi et al, 2019; Goetz et al, 2008a).

pYI14Cavl: Role in migration and invasion in cancers

Cells devoid of Cavl lack cell polarity, show reduced wound healing and altered Rho GTPase
activities (Grande-Garcia et al, 2007). This change in the activation status of Rho GTPases is
mediated by pY14Cavl, since phospho-deficient mutants of Cavl decreased RhoA activation
which in turn translated into aberrant directional migration (Grande-Garcia et al, 2007).
Elevated pY14Cavl levels correspond with increased RhoA activation, and expression of
dominant negative RhoA or active Racl leads to a reduction of pY14Cavl levels. pY14Cavl
levels are Rho/ROCK and Src-dependent, since inhibition of either leads to decreased
pY14Cavl (Joshi et al, 2008). Interestingly pY 14Cav1 also imparts Src- and ROCK inhibitor-
sensitive stabilization of FAK in FAs and de novo focal adhesion formation. This points to a
regulatory feedback loop between pY14Cavl, Src and Rho/ROCK, where Rho/ROCK and Src
regulate pY14Cavl which acts as an effector for Rho signaling, and pY14Cavl in turn
regulates Rho GTPase activation. The Src-p190RhoGAP (Grande-Garcia et al, 2007) and
Rho/ROCK dependent (Joshi et al, 2008) control of focal adhesion dynamics is regulated by
Cavl Tyrl4 phosphorylation to mediate cancer cell migration and invasion. In cancer cells
migrating in 3D matrices caveolae appear at the rear end in response to significantly lower
membrane tension which drives RhoA activation and local actin contractility promoting cell
rear retraction (Hetmanski et al, 2019). This could be mediated by pY14Cavl-mediated
regulation of RhoA activation (Boscher & Nabi, 2013).

75



Cavl and pY14Cavl also play a central role in force-dependent stromal remodeling of the
tumor microenvironment (Goetz et al, 2011). Cavl-expressing cancer-associated fibroblasts
(CAFs) regulate matrix alignment and modulate ECM stiffening through Rho-dependent
regulation of cell contractility (Goetz et al, 2011), both of which are regulated by pY14Cavl
(Nethe & Hordijk, 2011; Yang et al, 2011; Grande-Garcia et al, 2007). This pY14Cavl-
dependent stromal remodeling promotes tumor invasion and metastasis in vivo. Osmotic and
hydrostatic pressure in the tumor microenvironment could regulate Cavl-dependent matrix
metalloproteinases (MMP) expression in glioblastoma cell lines (Pu et al, 2020). These forces
are also known to regulate Cavl phosphorylation. MMPs and Cav1 (supported by its Tyrl4
phosphorylation) colocalize to pseudopodia and invadopodia (Murphy & Courtneidge, 2011;
Caldieri et al, 2009; Yamaguchi et al, 2009; Joshi et al, 2019) to drive invasion. Fluid shear
stress in breast cancer cells also promotes Cav1 phosphorylation and MT1-MMP localization
in invadopodia, to drive metastasis (Yang et al, 2016). Src-dependent Cavl phosphorylation
regulates its interaction with MT1-MMP (Labrecque ef a/, 2004) and could thus regulate force-
induced, MMP-dependent stromal remodeling. This could further influence matrix-dependent

signaling and function in cancer cells.
pY14Cavl: Role in caveolar endocytosis in cancers

Interestingly, caveolar endocytosis has recently been shown to regulate surface availability of
the EGFR family member HER2. HER2 surface expression in cancer cells is critical for
targeting and binding of Trastuzumab (a therapeutic anti-HER2 antibody) or Ab-drug
conjugates like Trastuzumab-emtansine (T-DM1) (Pereira et al, 2018; Li et al, 2018). HER2
co-fractionates with Cavl1 in the same lipid-rich fractions, and Cav1 expression levels regulate
HER2 localization at PM without affecting total HER2 protein levels. This observation is
consistent with HER2-positive tumor samples from gastric cancer patients (Pereira et a/, 2018).
Lovastatin, a cholesterol-lowering drug, downregulates Cavl expression, thus increasing
HER2 availability for Trastuzumab binding at the PM (Pereira et al, 2018). A recent study
finds Cavl phosphorylation to be required for HER2/Trastuzumab internalisation, as
both phospho-deficient Cavl or hypoxic conditions that reduce pY14Cavl levels, inhibit T-
DMI internalization and cytotoxicity (Chandran et al, 2020). This suggests a specific role for
Cavl phosphorylation in HER?2 trafficking.

Invasive cancer cells migrating in complex 3D matrices have been shown to induce caveolae
formation in response to significantly lower tension at the rear end of the cells along the axis

of migration (Hetmanski ef a/, 2019). This accumulation leads to activation of RhoA signaling
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to control local actin contractility thus promoting cell rear retraction (Hetmanski et al, 2019).
Cavl-mediated endocytosis of inactive Racl at the rear end of migrating cells has also been
shown to regulate Racl trafficking and degradation (Williamson et a/, 2015; Nethe et a/, 2010).
Moreover, this pathway was preferred by cells upon engagement of fibronectin receptor
syndecan-4 (Bass et al/, 2011; Williamson et al, 2015), suggesting a preference of Cavl-
mediated endocytosis in exclusive scenarios. To add another level of complexity in
Cavl/caveolae-dependent cell migration, it has been observed that Cavinl expression in cell
lines lacking it (prostate cancer cells PC3) induces caveolae formation at the cell rear,
decreasing migration potential and inhibiting EMT (Aung et a/, 2011). This is brought about
by neutralizing non-caveolar Cavl (Moon et al, 2014) to drive caveolae formation, inhibiting
accumulation and trafficking of non-caveolar Cavl at the leading edge. Other caveolar proteins
EHD?2 and Pacsin2 have also been shown to have an inhibitory effect on migration in cancer
cells (Meng et al, 2011; Li et al, 2013), but it is unclear whether this happens in response to
caveolae formation at cell rear. Indeed, Cavl appears to be associated with the leading edge in
migrating cancer cells (Urra et al, 2012; Joshi et al, 2008), very likely in non-caveolar domains.
The central theme of these studies seems to be caveolae formation in response to reduced
membrane tension at the trailing end in migrating cells, and it remains to be determined if and

how Cavl phosphorylation plays a role in these processes.
pYI14Cavl regulation by protein tyrosine phosphatases (PTPs) in cancers

Protein phosphorylation/dephosphorylation events are crucial regulators of signal transduction
cascades. Phosphorylation can drive the activation of signal transduction pathways, regulating
survival, growth and proliferation. Dephosphorylation events mediated by protein tyrosine
phosphatases (PTPs) can turn down signaling pathways, resulting in inhibition of growth and
proliferation (Bollu et al, 2017). Kinases and phosphatases thus regulate a fine balance between
activation and termination of signaling events in non-transformed cells. Tumorigenesis entails
dysregulation of this balance, either by hyperactivation of kinases or loss of PTPs. Indeed,
expression profile of PTPs has been reported to be altered across multiple cancers including

human breast cancer samples (Hollander ef al, 2016).

PTEN was one of the first identified PTPs found to be frequently lost or mutated in many
human cancers (Bollu et al, 2017). Genetic ablation of another PTP, viz., PTP1B accelerates
lymphomagenesis in p53-null mice, suggesting it can function as a tumour suppressor (Dubé
et al,2005). PTP1B expression regulates apoptosis and inhibits growth, migration and invasion

of cancer cells (Hoekstra et al, 2016), and is associated with poor prognosis in gastric, ovarian,
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breast and prostate cancers (Bollu ez al, 2017). PTP1B expression is elevated in HER2-positive
breast and non-small cell lung cancers (Liu et al, 2015), its inhibition delaying onset of tumour
formation and reducing lung metastasis (Julien ef al, 2007). Another PTP, PTPN14, regulates
cell-matrix adhesion, migration, anchorage-independent growth and metastasis of colorectal

and breast cancer cells (Zhang et al, 2013).

Interestingly, PTP1B and PTPN14 are both known to dephosphorylate pY 14Cav1 to regulate
cancer cell migration, invasion and metastasis (Martinez-Meza et al, 2019; Diaz-Valdivia et
al, 2020). PTP1B was shown to be activated by angiotensin type 2 receptor (AT2R), which in
turn led to Cavl dephosphorylation and inhibition of Cavl-enhanced melanoma metastasis
(Martinez-Meza et al, 2019). PTPN14 was found to be associated with Cavl-
immunoprecipitates, where it dephosphorylates pY 14Cav1. Further, PTPN14 expression and
activity blocked Cavl-enhanced migration, invasion and metastasis of cancer cells (Diaz-
Valdivia et al, 2020). The relative impact of PTP-mediated dephosphorylation on caveolar vs.
non-caveolar pY14Cavl is an open question. The role of PTPs in regulating pY14Cavl-
mediated anchorage-independent signaling and growth also remains to be fully studied, which

we further explore in our studies.
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MATERIALS AND METHODS

Cell culture

Calul, MiaPaCa2, HCT116, PC3, UMUCS3, T24, DU145, MDA-MB-231, HT1080, CFPACI,
USTMG, SKOV3 were from ECACC, and cultured in high glucose DMEM or RPMI1640
medium (according to ECACC guidelines) with 5% foetal bovine serum (FBS), penicillin and
streptomycin (Invitrogen) (hereby referred to as complete DMEM). Cells were regularly
checked for and found to be devoid of bacterial or mycoplasma contamination. Serum
starvation of cells, where mentioned, was done for 14h using DMEM medium with 0.2% FBS,
penicillin and streptomycin (low-serum DMEM). For siRNA-mediated knockdowns, 0.5x10°
cells were seeded in 60 mm dishes. 3h post-seeding cells started to spread and were transfected
with 5pmol of SMARTPool siRNA mix using RNAiMax transfection reagent. This was
similarly repeated after 24h (Day 2) and cells were processed or used for experiments after 48h
of the second shot of knockdown. Transfection mixes containing siRNA were made in 450ul
of Opti-MEM (Gibco Cat. no. 22600050), and incubated for 30 min at room temperature before

addition to cells.
Antibodies and Reagents

Primary antibodies used for Western blotting were diluted in 5% BSA made in TBST at
following dilutions: Cav1 (Santa Cruz Biotech SC-894) at a dilution of 1:2000, pY 14Cav1 (BD
611338) at 1:500, FAK (Cell Signaling Technology (CST) 3285) at 1:1000, pY397FAK (CST
3283) at 1:1000, Cavinl (BD 611258) at 1:500; Actin (DSHB JLA20) at 1:2000 and B-tubulin
(DSHB Clone E7) at 1:2000. HRP-conjugated secondary antibodies (anti-rabbit and anti-
mouse) were purchased from Jackson Immuno Research Laboratories and used at a dilution of
1:10000. Methylcellulose for suspension assay was purchased from Sigma (Cat. no. M0262).
Fibronectin (FN) was purchased from Sigma (Cat. no. F2006). FAK inhibitor PF-228 (Slack-
Davis et al, 2007) was purchased from Sigma (Cat. no. PZ0117). Protease inhibitor cocktail
PIC was purchased from Roche (04693132001), and phenylmethanesulfomyl fluoride (PMSF),
sodium orthovanadate and sodium fluoride from Sigma. BCA assay kit used for protein
estimation was purchased from Thermo Fisher (Cat. no. 23225). RIPA buffer composition:
50mM Tris-HClI at pH 8.0 + 150mM NaCl + 1.0% NP-40 + 0.5% sodium deoxycholate + 0.1%
SDS. Tris was purchased from HiMedia (Cat. no. MB029), Glycine from Fisher Scientific (Cat.
no. 56406), Sodium bicarbonate from Sigma (Cat. no. S6297), Methanol from Fisher Scientific
(Cat. no. 67561), PVDF membranes from Millipore (Cat. no. IPVH00010) and BSA from
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Sigma (Cat. no. A2153). Chemiluminescent reagents for Western blotting Immobilon Western
Chemiluminescent HRP Substrate was purchased from Millipore (Cat. no. WBKLS0500),
SuperSignal West Femto Maximum Sensitivity Substrate from ThermoFisher (Cat. no. 34096).
TRIzol was purchased from Invitrogen (Ambion, Cat. no. 15596018); iScript cDNA synthesis
kit from Biorad (Cat. no. 1708891); SYBR RTPCR mix (SYBR® FAST Master Mix (2X)
Universal) from Kapa Biosystems (Cat. no. KK4601); RTPCR plates from Biorad Multiplate™
96-Well PCR Plates, low profile, unskirted, white (Cat. no. MLL9651). RTPCR machine: Bio-
Rad CFX96 Real Time System.

SMARTPool oligos: siRNA oligos targeting specific PTPs were purchased from Dharmacon.

Catalog numbers for each of these sequences are listed in the tables at the end of this section.
Suspension and re-adhesion of cells

Cells were cultured in complete DMEM or RPMI to ~70% confluence. Cells were detached
using trypsin-EDTA (Invitrogen) at 37°C, neutralised and spun down to get a cell pellet. The
pellet was reconstituted, mixed with 15ml media and 15ml of 2% methylcellulose and
incubated at 37°C for 120 min (120°’SUSP). For re-plating on fibronectin (FN), cells held in
methylcellulose suspension were carefully washed, followed by centrifugation at 1250 rpm in
a cooled table-top Eppendorf centrifuge for 7 min at 4°C. After this centrifugation cells
appeared as loose pellet distributed over the conical edge of the 50ml tube, which was carefully
dislodged using a 1ml micropipette (cut tip). Cells were washed once again with media
followed by centrifugation 1000 rpm in a cooled table-top Eppendorf centrifuge for 7 min at
4°C, after which pellet was resuspended in media. These cells now represent the 120’SUSP
time point. For re-adhesion time points, 120’SUSP cells were re-plated in media for 15min
(15°FN) or 4h (4hFN) on tissue culture dishes pre-coated with 10ug/ml FN. Adherent cells
growing on dishes for 14h (not put through the suspension assay) were lysed to represent stably
adherent (ADH) cells. Cells were lysed in RIPA buffer for protein estimation using BCA assay
and 20ug total protein used for Western blotting.

Surface GM1 labelling

Cells grown in low serum DMEM for at least 14h were trypsinised (0’SUSP) and held in
methyl cellulose suspension for 2h (120°’SUSP). Cells at respective time points were labelled
with 10pg/ml of CTxB-Alexa 594 in PBS for 15 min on ice. Cells were then washed thrice
using cold PBS followed by fixation with 3.5% paraformaldehyde. Cell suspension in leftover

~20ul PBS was mounted on slides with Fluoromount. Imaging was done using Zeiss LSM710
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laser confocal microscope, 40X oil objective and identical microscopy settings were used for
all samples in that experiment. For image analyses (done using Imagel, NIH) for quantitation
of surface GM1 levels, intensity threshold was set to map the entire cell and a mask was created
to measure intensity in that cell. Total integrated density in cells was measured, average

integrated density calculated and was represented in arbitrary units in the graphs.
Pervanadate treatment

Cells were plated in 60mm dishes at ~70% confluency and allowed to attach and spread for at
least 14h. Cells were then treated with indicated concentration of pervanadate, which was
prepared as described below. To prepare 1mM pervanadate, 10ul of 100mM sodium
orthovanadate (in MilliQ water) was added to 900ul of 10mM of H>O> (light-sensitive) and
incubated at RT for 30 min. This solution was added to media at required final concentrations
of 1uM, 5uM or 10uM. Older spent media was aspirated and pervanadate-containing media
added to cells. Cells were incubated at 37°C in the TC incubator for 30 min, after which cells

were washed with PBS and lysed in Laemmli’s buffer or used for further experiments.
RNA isolation

Total RNA was isolated using the TRIzol method. Cells were harvested in Iml TRIzol and
frozen at -80°C until further processing. TRIzol samples were thawed at room temperature,
mixed with 0.2 mL of chloroform per 1 ml of TRIzol, vortexed vigorously and incubated for
15 min at RT. Samples were centrifuged for 15 min at 12,000xg at 4°C. The mixture separates
into a lower pink phenol-chloroform phase, an interphase, and a colourless upper aqueous
phase. Aqueous phase containing the RNA was collected in a fresh tube, and was roughly half
the volume (~0.5 ml). RNA was then precipitated from the aqueous phase by mixing with equal
volume (0.5 ml) of isopropyl alcohol. Samples were incubated for 15 min and then centrifuged
at 12,000xg for 10 min at 4°C. The RNA precipitate appears as a sticky pellet on the side and
bottom of the tube. Supernatant was decanted and the RNA pellet washed using 1ml of 75%
molecular biology grade ethanol. RNA pellet was air-dried until no traces of liquid were left

back, reconstituted in nuclease-free water and stored at -80°C.
c¢DNA preparation and Quantitative RTPCR

cDNA was prepared from RNA using iScript cDNA synthesis kit (Biorad) according to the
manufacturer’s specifications. In brief, a master mix of 5X iScript reaction mix and reverse
transcriptase was prepared and added to respective samples of 1pg RNA, and the reaction

volume made up to 10pl with NFW. PCR thermal cycler reaction protocol: Priming: 5 min at
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25°C > Reverse transcription: 20 min at 46°C = RT inactivation: 1 min at 95°C = Hold at
4°C.

Undiluted cDNA was used to setup a Syl quantitative PCR (qQRTPCR) reaction with SYBR
FAST gqPCR master mix (Kapa Biosystems) in a Bio-Rad CFX96 Real Time System using

human protein tyrosine phosphatase (PTP) and actin primers.
Generation of stable shCavl SKOV3 clones

shCavl oligos were cloned in pLKO.1 using the Addgene protocol. In brief, oligos were
annealed before ligation into pLKO.1 cloning vector digested with EcoRI and Agel. Screening
for inserts was done by digesting the cloned products with EcoRI and Ncol. Digested products
were run on 1% agarose gels stained using SYBR Safe, and positive clones identified by release
of 2 fragments at 2kb and 5kb. Positive clones were verified by sequencing, and transfected in
HEK293T cells with 1pg pLKO.1 shCavl, 750ng psPAX2 packaging plasmid and 250ng
pMD2.G envelope plasmid using PEI. shCav1-containing lentiviral particles were collected on
Day 3 and 4 after transfection, filtered and used to infect SKOV3 cells. Stable cell lines were
made from a single cell population selected after transfection of shCav1-pLKO.1 vector using

Puromycin.
Statistical analysis

Statistical analysis of data was done using unpaired two-tailed t-test. All analysis was done

using Prism Graphpad analysis software. Statistical significance was considered at p<0.05.
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SMARTPool and shRNA oligos and Primer sequences

Table 1: SMARTPool oligos

Targeted PTP

Catalog no.

Gene
Accession

Gene
Symbol

Sequence

PTP1B

L-003529-00

GGAGAAAGGUUCGUUAAAA

PTPN1 NM 002827

CUACCUGGCUGUGAUCGAA

GCCCAAAGGAGUUACAUUC

GACCAUAGUCGGAUUAAAC

TCPTP

L-008969-00

GAUGUGAAGUCGUAUUAUA

PTPN2

GAUGUAAGCCCAUAUGAUC

NM 080423

AUACAAUGGGAACAGAAUA

ACAAAGGAGUUACAUCUUA

PTP-Mu

L-006326-00

GGACUUGCCUGGCGACUUU

PTPRM

GCAAUUAUAUCGAUGGUUA

NM 002845

GAACGUCCUCGAAGAACUA

GAGUGAGGCUGCAGACAAU

PTP-PEST

L-008064-00

GGAAUUAAGUUCAGAUCUA

GUAAUGGCCUGCCGAGAAU

PTPNI12 NM 002835

GGACACUCUUACUUGAAUU

CGGGAGGUAUUCACUAUGA

PRL1

L-006333-00

GAUUGUUGAUGACUGGUUA

PTP4A1 NM 003463

CCAAUGCGACCUUAAACAA

GCAAGCAACUUCUGUAUUU

GAAAGAAGGUAUCCAUGUU

PRL2

L-009078-00

CCUAUGAGAACAUGCGUUU

PTP4A2

AGUAUGGAGUGACGACUUU

NM 080392

GAAAUACCGACCUAAGAUG

CCAAUGCUACUCUCAACAA

PTEN

L-003023-00

GAUCAGCAUACACAAAUUA

GACUUAGACUUGACCUAUA

PTEN NM 000314

GAUCUUGACCAAUGGCUAA

CGAUAGCAUUUGCAGUAUA

HDPTP

L-009417-00

GUGCACAGGUGGUAGAUUA

GCAAACAGCGGAUGAGCAA

PTPN23 NM 015466

GCAUGAAGGUCUCCUGUAC

GUAGUGUCCUCCGCAAGUA
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Table 2: RTPCR Primers

Primer name Sequence
PTP1B.F GAGTTCGAGCAGATCGACAAGTC
TAGGAAGCTTGGCCACTCTACAT
CCAGCTCCTGTGGAAGTCAC
PRL1-A
TAAGGTCGCATTGGTTGGAT
CAGAATTCAGACACACCTCCAA
PTP-PEST-A
CCACGTTACATGTCCTTTCTCA
TCAGTTCCTTTGACCCAGAAAT
PTP-Mu-B
CCAGCTTTGAAACTCTTCCACT
PTEN-H GTTGGGACTAGGGCTTCAATTT
GTATGCAGTCTGGGCATATCAA
GGGAGTTCGAAGAGTTGGATAC
TCPTP-K
AAACTTGGCCACTCTATGAGGA
ACTTTCCCCATCACACTCACAC
PRL2-G
GGACGGTTCATTATGGCAAA
AAGGTCTCCTGTACCCATTTCC
HDPTP-N
GTAGGCTTGAGGGAAGTGCTC
Acti CTCCTGAGCGCAAGTACTCC
ctin
CCGGACTCGTCATACTCCTG

Cavl shRNA oligos
Sequence 1 (Beardsley et al, 2005):

Forward CCGGAATCTCAATCAGGAAGCTCTTCTCGAGAAGAGCTTCCTGATTGAGATTTTTTTG

Reverse AATTCAAAAAAATCTCAATCAGGAAGCTCTTCTCGAGAAGAGCTTCCTGATTGAGATT

Sequence 2 (Pellinen et al, 2018):

Forward CCGGGACGTGGTCAAGATTGACTTTCTCGAGAAAGTCAATCTTGACCACGTCTTITTITG

Reverse AATTCAAAAAGACGTGGTCAAGATTGACTTTCTCGAGAAAGTCAATCTTGACCACGTC
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RESULTS

pYI14Cavl in Cavl-expressing cancers

The role of Cavl in cancers is contentious, and could at least in part be mediated by its Tyr14
phosphorylation, that is seen to regulate the Cavl function. To this effect, a literature survey
was done to identify Cavl-expressing cancer cell lines from the ONCOMINE database
(Rhodes et al, 2004). ONCOMINE is a cancer microarray database and web-based data-mining
platform used for studying differential expression analyses of genes in cancers with respective
normal tissues. The criterion applied for selection of cell lines was that they have at least a 2
fold over-expression of Cavl, with p-value 0.001 or lower. Cell lines selected accordingly are
listed in the Materials and Methods section. pY14Cavl expression in these cell lines was
compared by Western blotting using the monoclonal pY14Cav1 antibody. We confirmed that
these cell lines indeed express Cavl, and compared pY 14Cav1 levels to those in WTMEFs and
NIH3T3 (Fig. 3.1). Interestingly, pY14Cavl levels are distinctly different across these cell
lines. HCT116, MiaPaCa2, CFPACI, PC3, U8S87MG, T24, MDA-MB-231, DU145 have
moderate; whereas Calul, SKOV3 and UMUC3 have significantly higher pY14Cavl levels
compared to those in NIH3T3 (Fig. 3.1A). Total Cavl levels on the other hand were
comparable to NIH3T3 in most cell lines, except in Calul and SKOV3 where they seem to be
significantly higher (Fig. 3.1B).

Figure 3.1. Cavl phosphorylation levels in Cavl-expressing cancer cells. (A) Western blot analysis of
phosphorylated and total Cavl in cancer cell lines, compared to WIMEFs and NIH3T3 cells, as
mentioned. Lysates were protein-estimated and equal amount of protein run on PAGE for comparison.
Graph represents densitometry analysis of Western blotting data, from at least five independent
experiments, with ratios of band intensities of phosphorylated Cav1 to total Cavl plotted as mean + SE.
Statistical analysis was done using unpaired two-tailed t-test. (B) Western blot analysis of total Cavl
relative to GAPDH loading control from above experiments. Graph represents densitometry analysis of
Western blotting data, with ratios of band intensities of total Cavl to GAPDH plotted as mean * SE.
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Adhesion-dependent regulation of Cavl phosphorylation in cancers

We next wanted to test if this phosphorylation was actively regulated by adhesion in these
cancer cells, compared to adhesion-dependent regulation in non-transformed fibroblasts.
UMUC3, SKOV3, DU145, Calul and T24 were chosen to test the same, as these cells have
moderate to high pY14Cavl levels, and are hence likely to show deregulation of pY14Cavl.
These cells were held in suspension for 120 min and then re-plated on fibronectin-coated
dishes. pY14Cavl levels show a decrease upon loss of adhesion in UMUCS3, Calul and T24
cells (Fig. 3.2A, C, E). Interestingly, pY 14Cavl levels in SKOV3 and DU145 do not decrease
upon loss of adhesion (Fig. 3.2B, D). FAK activation in all of these cell lines shows adhesion-

dependent regulation (Fig. 3.2F-J), similar to that in mouse fibroblasts (Fig. 1.3B, E, H).

Cancer cells often show a deregulation of growth signaling pathways to sustain adhesion-
independent signaling. Interestingly, we see adhesion-independent sustenance of Akt
activation in SKOV3 cells in our studies (Fig. 3.2L), where pY 14Cav1 levels are also adhesion-
independent. Whether this sustained activation of growth signaling pathways is dependent on
pY14Cavl, remains to be determined. For this purpose, we proposed to knockdown Cav1 using
shRNA in SKOV3 cells. Stable, shRNA-mediated Cavl KD in SKOV3 shows a modest
decrease in Cavl levels in clones tested (Appendix Figure 3, 4). Ongoing experiments
evaluating additional clones to identify a Cavl-lacking clone are currently underway. These
Cavl knockdown SKOV3 cells when reconstituted with WT-Cavl, Y14F-Cavl and Y14D-
Cavl will help address the impact of Cavl phosphorylation on anchorage-independent

signaling and growth.
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Figure 3.2. Cavl phosphorylation and signaling in cancer cells - adhesion-dependence. Western blot analysis of
phosphorylated and total Cavl (A-E), FAK (F-J) and Akt (K-O) from adherent (ADH), suspended for 120min (120"SUSP),
re-adherent for 15min (15'FN) and re-adherent for 4h (4hFN) UMUCS3, SKOV3, Calul, DU145 and T24 cells, as mentioned.
Graphs represent densitometry analysis of Western blotting data from 4 independent experiments, with ratios of band
intensities of phosphorylated protein to respective total protein plotted as mean + SE. Statistical analysis was done using

unpaired two-tailed t-test.
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Active regulation of adhesion-dependent Cavl phosphorylation by protein tyrosine
phosphatases (PTPs) in cancer cells

Cav1 phosphorylation is regulated primarily via kinases and phosphatases. Src, the major Cavl
kinase, is known to be frequently overexpressed or hyper-activated in various cancers (Irby &
Yeatman, 2000; Ishizawar & Parsons, 2004; Belli et al, 2020). Several protein tyrosine
phosphatases (PTPs) are found to reside in caveolae (Caselli et al, 2002), and some (PTP1B,
LMW-PTP, PTPN14) co-immunoprecipitate with Cavl and dephosphorylate it (Caselli et a/,
2002, 2007; Diaz-Valdivia et al, 2020). PTPIB and PTPNI14 bring about a decrease in
pY1l4Cavl levels to regulate Rho GTPase-mediated migration, invasion and metastasis of
cancer cells (Martinez-Meza et al, 2019; Diaz-Valdivia et al/, 2020). PTPs could thus play a

role in regulating pY 14Cavl levels and function in cancers.

We hence wanted to ask if endogenous pY14Cavl levels can be actively stimulated in cancer
cells, and whether this would sustain anchorage-dependent signaling. For this, we could either
activate Src kinase, or inhibit PTPs. Activating Src, a known proto-oncogene, would affect
tumorigenesis on its own, and hence would be counter-productive to study the role of
pY14Cavl. Given the reported role of PTPs in regulating Cavl phosphorylation (Caselli et al,
2002), it is likely that they play a role in regulating pY 14Cav1-dependent functions in cancers.
In addition, not much is known about the role of PTPs in regulating Cav1 phosphorylation and
function in cancers. We hence chose to target PTPs to study the role of pY14Cavl in Cavl-

expressing cancer cells.

To first test if PTPs are involved in regulating pY14Cavl levels in our studies, cells were
treated with the general PTP inhibitor pervanadate. At a concentration of 10uM, T24, DU145,
Calul and SKOV3 all show a robust increase in pY14Cavl levels, whereas UMUC3 showed
a modest increase (Fig. 3.3A-D). These 4 cell lines showing highest increase could hence be
good candidates for testing the role of pY14Cavl in cancers. Interestingly, pervanadate
treatment of suspended WTMEFs promotes Cavl Tyr14 phosphorylation significantly more
than in adherent cells. Pervanadate treatment (4uM) causes a ~55% increase in pY 14Cavl in
adherent cells (Fig. 3.3E), relative to ~70% increase with much lesser pervanadate (1uM) in
suspended cells. Thus pervanadate treatment is able to better recover the in pY 14Cavl levels
in suspended cells, even surpassing those in adherent cells (Fig. 3.3E). This suggests a role for
PTPs in regulating Cavl phosphorylation in suspension, and could help evaluate the role of

Cavl phosphorylation in regulating adhesion-dependent signaling by targeting endogenous
pY14Cavl.
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Given the involvement of PTPs in regulating Cavl phosphorylation, we shortlisted PTPs to
evaluate their role in cancers, based on 1) if they are associated with caveolae, 2) if they interact
with Cavl, 3) if they can dephosphorylate pY14Cavl, or 4) if they are regulated by adhesion.
Shortlisting of a PTP was done if they fulfilled two out of four of the above criteria, and 8 such
PTPs were selected accordingly (Fig. 3.4A). We next checked the expression levels of these
PTPs in the 4 cell lines listed above (done by Neha Deshpande). Quantitative RTPCR showed
a characteristic expression pattern for most of the PTPs despite these cancer cells being of
different origins (Fig. 3.5B). Expression of PTP1B, PRL1 and PRL2 was seen to be
consistently high across cell lines, these 3 PTPs were hence chosen to test for their involvement

in regulation of pY14Cavl.

PTPIB, PRL1 and PRL2 were targeted using siRNA-mediated knockdowns (KD) using
SMARTPool oligos (Dharmacon) in T24, DU145, Calul and SKOV3 cells, and the effect of
their knockdown (individually or in combination) on pY14Cavl1 levels was compared. While
individual PTP KDs show an increase in pY14Cavl levels (not statistically significant),
knockdown of all 3 PTPs (Triple KD) shows a statistically significant almost 4-fold increase
in pY14Cavl levels in T24 cells (Fig. 3.5A). This suggests a joint role for these PTPs in
regulating pY 14Cavl in T24 cells. SMARTPool oligos against individual PTPs had minimal
non-specific effects as detected by mRNA levels (Fig. 3.5B). It is also worth noting that
knockdown of a PTP did not compensate for or affect expression of other PTPs (Fig. 3.5B).
Loss of PTP1B and PRL1 in DU145 cells showed a statistically significant ~2.5 fold increase
in pY14Cavl levels, though this was much less than that observed in T24 cells (4-fold) (Fig.
3.5C). Knockdown of PTPs in Calul (data not shown) and SKOV3 cells does not affect
pY14Cavl levels (Fig. 3.5E), suggesting their regulation of pY 14Cav1 to be distinctly different
than in T24 cells. These studies indicate that the relative role of PTPs in regulating Cavl

phosphorylation could be variable across cancers.
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Figure 3.3. Pervanadate treatment in cancer cells suggests PTP-dependent regulation of Cavl phosphorylation.
(A) Western blot analysis of phosphorylated and total Cavl from adherent UMUC3, SKOV3, Calul, DU145, T24
and U87MG cells treated with pervanadate, as mentioned. (B-D) Western blot analysis of phosphorylated and total
Cav1 from cells treated with pervanadate at different concentrations (1uM and 5uM), as mentioned. (E) Western
blot analysis of phosphorylated and total Cavl and FAK from adherent (ADH) and suspended (30'SUSP) WTMEFs
treated with different concentrations of pervanadate. Graph on the right represents densitometry analysis of
Western blotting data from 4 independent experiments, with ratios of band intensities of phosphorylated to total
Cav1 plotted as mean * SE. Statistical analysis was done using unpaired two-tailed t-test.
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Figure 3.4. Expression profiling of PTPs in Cavl-expressing cancer cells. (A) List of shortlisted
PTP candidates to study their involvement in regulation of pY14Cavl levels and function. (B)
Expression profile of PTPs across various cancer cell lines using quantitative RTPCR. Graph
represents mean * SE of Delta Ct values from three independent experiments. Expression profiling
studies done by Neha Deshpande.
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Figure 3.5. PTPs regulate pY14Cavl levels in Cavl-expressing cancer cell lines T24 and DU145. Western
blot analysis of phosphorylated and total Cavl in T24 (A), SKOV3 (C) and DU145 (E) cells lacking PTP1B,
PRL1 and PRL2, as mentioned. Graphs represent densitometry analysis of Western blotting data from three
independent experiments, with ratios of band intensities of phosphorylated to total Cavl plotted as
mean+SE. Statistical analysis was done using unpaired two-tailed t-test. (B, D, F, H) Knockdown efficiency
of PTP1B, PRL1 and PRL2 in above cell lines, detected using quantitative RTPCR. Transcript (mRNA) levels
of respective PTPs in siRNA-mediated knockdown of PTP1B, PRL1 and PRL2 compared to control (CNT).
Delta Delta Ct calculated relative to control was used to determine fold change in gene expression. Graph
represents mean * SE of relative gene expression from three independent experiments.
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Role of PTP-mediated Cavl phosphorylation in cancer cells

Loss of cell-matrix adhesion leads to pY 14Cav1-dependent endocytosis of raft microdomains
(marked by GM1) through caveolae (Fig. 1.1), to regulate anchorage-dependent signaling and
growth in fibroblasts (del Pozo et al, 2005). Interestingly, loss of adhesion in DU145 cells did
not induce raft microdomain endocytosis (Fig. 3.6; CNT 0’S vs. 120°S). When, however,
endogenous pY14Cavl levels were increased by knockdown of PTP1B or PRLI (Fig. 3.5C),
surface GM1 levels in these cells significantly decreased in suspension (Fig. 3.6; PTP1Bi and
PRL1i 0’S vs. 120’S). Pervanadate treatment, also known to increase pY 14Cavl levels (Fig.
3.3B), acts as a positive control and expectedly induced GM1 endocytosis (Fig. 3.6A, B; 1uM
Vanadate 0°S vs. 120°S) (del Pozo et al, 2005). These results suggest PTP-mediated increase
in pY14Cavl levels to induce adhesion-dependent caveolar endocytosis of raft microdomains
in DU145 cells. Ongoing studies aim to determine the effect of pY 14Cav1-mediated caveolar

endocytosis on anchorage-independent growth and cancer progression.

Loss of adhesion induces endocytosis of raft microdomains in T24 cells (Unpublished data:
Archana Pawar and Nagaraj Balasubramanian). PTP-mediated increase in pY 14Cavl1 is hence
likely to regulate functions other than caveolar endocytosis in these cells. It was hence
interesting to ask whether loss of PTPs and the resulting high pY14Cav1 levels can be sustained
in non-adherent T24 cells, and whether this could sustain anchorage-independent signaling.
For this, we knocked down the 3 PTPs (Triple KD, that significantly increases pY 14Cavl
levels) in these cells to test their effect on pY14Cavl and anchorage-independent signaling in
suspension. We see a significant increase in pY14Cavl in suspension in Triple KD cells
relative to control (Fig. 3.7A). Interestingly, we also see sustained Akt and Erk activation in
suspended T24 cells upon Triple PTP KD relative to control (Fig. 3.7B, C). This could in part
be mediated by increased pY14Cavl levels in Triple KD cells, something ongoing studies in

the lab aim to understand.
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Figure 3.6. PTP-mediated regulation of Cavl phosphorylation regulates adhesion-independent
GM1 endocytosis in DU145 cells. A) Cell surface GM1 levels in detached (0’S) and suspended
(120’S) DU145 cells lacking PTP1B, PRL1 or PRL2, compared to control (CNT), as mentioned. 1uM
pervanadate treated CNT cells act as positive control for GM1 surface levels. (B) Fluorescence
intensity of surface GM1 quantitated using integrated density from Image]J software, plotted as mean
* SE from five independent experiments. Statistical analysis was done using unpaired two-tailed t-
test.
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DISCUSSION

The dual role of Cavl in cancers has been ascribed to its expression at a particular stage or in
specific cancer types. Cavl expression is reported to be reduced in cancers of the lung, colon,
ovary, and in glioblastoma (Campos et al, 2019). In terms of stage-dependence, Cav1l could
function as a tumor suppressor in early stages of the disease, while donning a tumor promoting
role in at later stages (Urra et al, 2012; Ortiz et al, 2016; Nunez-Wehinger et al, 2014). Cavl
expression in later stages of some cancers, like prostate, melanoma, breast and thyroid cancers,
is known to cause enhanced malignancy, multi-drug resistance and metastasis (Campos et al,
2019). Cavl is absent in normal prostate tissue, but is expressed at high levels and favours
metastasis in prostate cancers (Williams et a/, 2005). These seemingly contradictory roles for
Cavl in cancers could be attributed to and arise from multiple factors, including but not limited

to: 1) status of Cavl Tyr14 phosphorylation, 2) cellular localisation, 3) extracellular cues.

Indeed, Cavl protein was discovered through a study implicating its phosphorylation to be
required for transformation in Rous sarcoma virus-infected fibroblasts (Glenney & Soppet,
1992). We wanted to further explore this role and regulation and hence did a screen for
pY14Cavl levels in Cavl-expressing cancer cell lines, and find a diverse range of pY14Cavl
expression (Fig. 3.1). Anchorage-independent signaling and growth is one of the hallmarks of
cancers. Given that pY 14Cavl is regulated by adhesion in fibroblasts (Fig. 1.2, 1.3), we tested
this regulation in 5 Cavl-expressing cancer cell lines. Interestingly, 2 cell lines among these,
SKOV3 (ovarian cancer cells) and DU145 (prostate) show adhesion-independent regulation of
pY1l4Cavl; whereas T24 (bladder), Calul (lung) and UMUC3 (bladder) show adhesion-
dependent regulation of pY14Cavl. Basal levels of Cavl phosphorylation hence do not seem
to dictate whether it is regulated by adhesion. We further see an adhesion-dependent correlation
between Cavl phosphorylation and Akt activation in some of these cell lines. Decreased Cav1
phosphorylation correlates with decreased Akt activation in non-adherent T24, Calul and
UMUCS; whereas sustained Cav1 phosphorylation correlates with sustained Akt activation in

non-adherent SKOV3 cells (Fig. 3.2).

Indeed, Cav1 phosphorylation is reported to promote Akt and Erk activation, in turn promoting
cell proliferation, migration, and invasion in various cancers including rhabdomyosarcoma
(Faggi et al, 2014) and metastatic in breast cancer cell line MDA-MB-231 (Yang et al, 2016).
The mechanism for activation of these pathways could be via Cav1l-mediated (CSD-dependent)
binding and inhibition of serine/threonine protein phosphatases PP1 and PP2A, which in turn
leads to increased activation of PDKI, Akt and Erk1/2 and decreased apoptosis, as studied in
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prostate cancer cell line LNCaP (Li e al, 2003). We also see the adhesion-dependent regulation
of pY14Cavl levels to correlate with Akt activation in T24 and SKOV3 cells our studies (Fig.
3.2).

Targeting of PTPs by siRNA-mediated knockdowns in Cav1-expressing cancer cells allows us
to modulate the phosphorylation of endogenous Cavl (Fig. 3.5), without having to resort to
overexpression systems and associated caveats (Pol ef a/, 2020). PTP KDs lead to increased
pY14Cavl levels in adherent and non-adherent T24 cells (Fig. 3.5, 3.7). Increase in Cavl
phosphorylation also concomitantly leads to increased Akt and Erk activation in these cells,
(without affecting phosphorylation of an unrelated protein FAK) (Fig. 3.7). This could be
mediated by the mechanism suggested above, and help cells sustain anchorage-independent
survival and growth. In SKOV3 cells on the other hand, Cav1 phosphorylation is not dependent
on PTPs, and could instead be regulated by kinases. At the least, our results suggest the highest
expressors PTP1B, PRL1 and PRL2 to not be involved in regulation of pY14Cavl in these
cells. SKOV3 is an ovarian cancer cell line known to express estrogen receptor ERa, its growth
enhanced by exposure to estrogen (Rothenberger er al, 2018; Chan et al, 2014). Cavl
phosphorylation is also known to be regulated by hormonal growth factors (Mastick et al,
1995), including estrogen (Kiss et al, 2005). It is hence very likely that Cav1 phosphorylation
in SKOV3 cells overrides adhesion-dependence due to its incumbent hormonal regulation, a

possibility that needs to be explored further.

In DU145 cells, pY14Cavl could regulate caveolar endocytosis (Fig. 3.6). pY14Cavl has
recently been shown to be indispensable for caveolae-dependent endocytosis of the antibody-
drug conjugate trastuzumab-emtansine (T-DM1) and resultant cytotoxicity in HER2-positive
breast cancer cells (Chandran et al, 2020). T-DM1 therapy has shown improved survival in
treatment of patients with locally advanced or metastatic HER2-positive breast cancer and
HER2-positive lung cancer (von Minckwitz et al, 2019; Li et al, 2018). Despite the clinical
efficacy, one of the limiting factors of T-DM1 therapeutic efficacy is acquired drug-resistance,
and conditions like hypoxia that reduce Cavl phosphorylation could be one of the major
reasons for reduced treatment efficacy (Chandran ef a/, 2020). Further studies are needed to
understand whether pY 14Cav1-mediated regulation of GM1 endocytosis in DU145 cells (Fig.
3.6) could have implications in endocytosis and surface availability of cell surface receptors

including HER2, in turn affecting cancer cell survival and progression.

pY14Cavl localises to both caveolae and focal adhesions (Buwa et al, 2020a). This

phosphorylation could potentially be regulated in Cavl-expressing cancers to block caveolar
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endocytosis (Chandran et al, 2020), and/or support focal adhesion-mediated migration and
invasion (Joshi et al, 2008; Goetz et al, 2008a). Some cancer cells like PC-3 (prostate) express
Cav1 but lack Cavinl (Hill et al, 2008), and hence cannot form caveolae. Cavl is upregulated
in patient samples with advanced prostate cancers, and could have a tumorigenic role in these
cancer cells (Moon et al, 2014). Increased Cavl expression is indeed known to saturate the
system, increasing non-caveolar Cavl and potentially mimicking the disruption of caveolae,
as seen upon Cavin downregulation or cholesterol sequestration (Parton & Howes, 2010).
Moreover, re-expression of Cavinl in these cells inhibits their anchorage-independent growth,
migration and metastasis in mice (Meng et al, 2015, 2017; Moon et al, 2014). This suggests a
tumorigenic role for non-caveolar Cavl, which is “neutralised” by Cavinl expression. On the
other hand, caveolar endocytosis, dependent on its phosphorylation, regulates surface
availability of receptors like HER2 (Chandran et a/, 2020). Although these studies implicate
pY14Cavl in mediating drug-resistance in cancer cells, HER2 endocytosis could entail
decreased activation (via degradation) and shredding of the receptor due to its internalisation
(Cheng et al, 2020), and could be pY 14Cav1-mediated. Regulation of surface receptor levels
is likely a role mediated at caveolae, and dependent on caveolar pY14Cavl. It is thus likely
that the role of Cavl and pY14Cavl as a tumour suppressor or promoter could in part be
mediated by its sub-cellular localisation in vs outside of caveolae. It is hence indeed vital to
understand the distribution of pY 14Cav1 in caveolae relative to non-caveolar sites like FAs in
cancers. This aspect could be key to resolving the contentious role of pY14Cavl and Cavl in

cancers, something ongoing studies in the lab aim to help understand.
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Appendix Figure 1. Electron Microscopy (FESEM and TEM) of caveolae isolated from WTMEFs.
(A) FESEM of CM2 - CM2 scraped in DPBS, placed on silicon wafers and vacuum-dried, no gold
sputter-coating. (B) FESEM of CM2 - CM2 scraped in DPBS, placed on silicon wafers and vacuum-
dried followed by 10nm gold sputter-coating. (C) CM2 preps mounted on TEM grids and negative-
stained with Phosphotungstic acid. Imaging at 120kV, TEM at NIV. Scale bars are represented in
each image.
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Appendix Figure 2. Standardization of Cavl IP to isolate Cavl-binding proteins from caveolae
with minimal background/IgG elution. (A) Cavl was immunoprecipitated from PNS obtained
from adherent WTMEFs, using Cavl N20 antibody coupled to Dynabeads (Invitrogen Dynabeads
antibody coupling kit), and compared to mouse IgG control on Western blots. Immunoprecipitated
protein was eluted using mild elution buffers Gycine, KCI-HCl or Citrate, as indicated. Input
represents PNS from WTMEFs used for IP. Results are representative of at least three independent
experiments. (B) Cavl antibody coupled to Dynabeads or uncoupled was used to
immunoprecipitate Cavl as above and subjected to PAGE. Silver staining profiles of Cav1 IP eluates
show considerably less elution of IgG in coupled beads compared to uncoupled ones. IgG heavy
and light chains (smeared bands at ~50kD and ~25kD) eluted in uncoupled IP are marked by red
brackets. This method could be used to IP Cav1-binding proteins from isolated caveolae, followed
by proteomic analyses of the immune-complexes, to determine proteins differentially recruited to
caveolae from adherent vs suspended cells. 103



(A)

DU145, T24 or SKOV3

(good Cav1

N
Cav1 stable

N

. pY14Cav1)

4

knockdown

4

Reconstitution WT-, Y14F-, Y14D-Cav1

N

4

pY14Cav1 function

\
Caveolar Al-
endocytosis

signaling

y
Akt Anchorage-
independent growth

10.0 kb
8.0kb

6.0kb
5.0kb

40kb
3.0kb

2.0kb
1.5kb

1.0kb

0.5kb

(B)

shRNA
Construct

ue <PPT

= Q.n%

RRE pdf”
f PuroR
S

4

pLKO.1 puro
with shRNA construct
7,091 bp

| |
-,\\_\ /
\
\
% &) Froi
v 4
pUCori u

AmpR

SR

Addgene

Sequence 2
(shCav1_2)

i)sm 3R
|

SEQUENCE 1 (shCav1_1)

h-Cav-1 siRNA oligo FROM LAB known to work efficiently:
Forward oligo:
5" CCGG-AATCTCAATCAGGAAGCTCTT-CTCGAG-AAGAGCTTCCTGATTGAGATT-TTTTTG 3
Agel 21bp sense
Reverse oligo:
5’ AATTCAAAAA-AATCTCAATCAGGAAGCTCTT-CTCGAG-AAGAGCTTCCTGATTGAGATT 3"
EcoRI 21bp sense

21bp antisense

2/bp antisense

SEQUENCE 2 (shCav1_2)

h-Cav-1 siRNA oligo FROM MIGUEL paper:
Forward oligo:
5 CCGG-GACGTGGTCAAGATTGACTTT-CTCGAG-AAAGTCAATCTTGACCACGTC-TTTTTG 3’
Agel 21bp sense 2bp antisense
Reverse oligo:
5' AATTCAAAAA-GACGTGGTCAAGATTGACTTT-CTCGAG-AAAGTCAATCTTGACCACGTC 3
EcoRI

21bp sense 21bp antisense

Sequence 1
(shCav1_1)

Clone 4

Appendix Figure 3. Cloning of Cavl shRNA oligos into stable expression vector pLKO.1. (A) Strategy
outlined for stable Cavl KD and reconstitution with Cav1l variants in DU145, T24 and SKOV3 cells. (B)
Vector map and shRNA oligo sequences (2 oligos) used. (C) shRNA oligos were cloned in the vector
backbone using restriction digestion and run on 1% agarose gels. Gel images represent screening of
positive clones represented by release of 2kb and 5kb fragments upon digestion with EcoRI and Ncol.
Positive clones are represented by red boxes.
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Appendix Figure 4. shRNA-mediated stable Cavl knockdown in SKOV3 cells - Screening of
positive colonies. (A), (B) Puromycin-resistant SKOV3 colonies were screened for Cavl
knockdown using Western blotting detection of Cav1l. Clone nomenclature: shCavl_1.1.2: siRNA
sequence 1_bacterial clone 1_puromycin colony 2.
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