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SUMMARY OF THESIS

Podosomes represent a special class of integrin-mediated cell-matrix adhesions
formed by migrating and matrix degrading cells. Here, I demonstrated that assembly
of podosomes induced in macrophage-like THP1 cells and fibroblasts by different
treatments were regulated by the ARF1 GTPase and its GEF ARNO. Down-regulation
of ARNO and ARF1 by siRNA, and by pharmacological inhibitors led to a striking
reduction in the numbers of podosome-forming cells. ARNO was found to co-localize
with the adhesive ring components of podosomes while ARF1 localized to vesicular
structures that transiently contact podosome rings. Inhibition of ARF1 led to an
increase in RhoA-GTP levels and triggered assembly of myosin-IIA filaments in
THP1 cells, whilst the suppression of myosin-IIA rescued podosome formation
regardless of ARF1 inhibition. Interestingly, overexpression of constitutively active
ARF1 in fibroblasts lacking podosomes was sufficient to induce bona fide
podosomes lacking adhesion ring components, suggesting that ARF1 can crosstalk

and modulate Rho GTPase activity in controlling actin polymerization events.

Secondly, I provide a mechanism to explain the effect of microtubule (MT)
disruption on podosome disassembly. Using structured illumination microscopy
(SIM), I observed that addition of nocodazole, a microtubule depolymerizing drug,
induced an outburst of myosin IIA filament assembly as a consequence of increased
RhoA activity in macrophage-like THP1 cells. siRNA knockdown of MT-associated
GEF-H1 or inhibition of ROCK by Y-27632 prevented the nocodazole-induced
disassembly of podosomes and assembly of myosin II filaments. Prolonged
treatment with nocodazole induced formation of sarcomeric-like actomyosin
structures and larger focal adhesions typically observed in fibroblast-type cells. I
propose a switch mechanism between focal adhesions and podosomes governed by

an actomyosin-dependent force generation.
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Finally, I showed using high-resolution microscopy that existing podosomes
undergo dissolution upon artificial increase in membrane tension by exposure to
hypo-osmotic medium and mechanical stretching, while expansion of the membrane
to decrease membrane tension by deoxycholate promoted “clustering” of
podosomes with shorter connecting actin links than podosomes of control cells.
Intriguingly, podosomes exposed to 50% reduction in osmolarity but not
deoxycholate-treated ones exhibit reduction in size and fluorescence intensity, but
with increased “roundedness” indicated by actin markers. Based on these findings, |
hypothesize that podosomes mimic the lamellipodia in response to changes in

membrane tension.
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Chapter 1 - INTRODUCTION

1.1 - Podosomes: A form of integrin-mediated adhesion

Cells interact with the extracellular matrix (ECM) through a variety of specialized
transmembrane proteins known as integrins. They function as specific adhesion
receptors that are capable of bridging chemical and mechanical information from
the extracellular environment to the intracellular compartment of cells through a
complex network of interconnecting adaptors, signaling proteins and cytoskeletal
organization (Zaidel-Bar et al. 2007). At a cellular level, this interaction is essential
in influencing a cell’s response to its microenvironment in terms of its survival,
proliferation and migratory abilities (Adams 2001, Geiger, Spatz and Bershadsky
2009). Examples of integrin-mediated adhesions that are capable of interacting and
remodeling the extracellular matrix are podosomes and invadopodia, which are
formed by monocytic-derived and cancer cells, respectively, for trans-migration and
invasion (Calle et al. 2006, Murphy and Courtneidge 2011). Such cell-matrix-
contacts are particularly important in a multicellular context, since they can alter
tissue organization, differentiation and organ development, hence understanding
how integrin-mediated adhesion coordinates the regulation of cell migration and
invasiveness through the development of specialized structures is fundamental in

both physiological and pathophysiological situations (Block et al. 2008).

Integrins are heterodimeric receptors made up of a and 8 subunits (Figure 1) that
are found in the plasma membrane of cells. Assembly of integrin isoforms in
podosomes is cell-type specific. Generally, both $1 and B3 integrins are found in
most cell types that form podosomes (Linder 2009, Murphy and Courtneidge 2011)
but the recruitment of B2 integrins is seen specifically in dendritic cells and
macrophages (Calle et al. 2006). In addition, loss of avf3 integrins resulted in a

1



defective podosome assembly in human and mouse osteoclasts (Nakamura et al.
1999). A study by (Destaing et al. 2010) showed that 1 but not B3 integrin is
essential for initial podosome assembly in Src-transformed fibroblasts. Though the
exact role of different types of integrin recruitment is unclear, the general consensus
is that activation of integrin is essential for the assembly of podosomes(Murphy and

Courtneidge 2011).
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Chapter 1 - Figure 1: The a (red) and f (blue) subunits of an integrin
heterodimer.
The BA-domain is capable of interacting with the ECM ligand while the cytoplasmic

domain can interact with multiple proteins that can regulate its affinity to the ECM
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ligand. The p-integrin tail can interact with talin and kindlins which consequently
recruit other proteins that promote adhesion formation and maturation. Figure

adapted from Shattil, Kim and Ginsberg (2010).
1.2 - Cell types, function and evidences in vivo

Podosomes are constitutively expressed in cells of the monocytic lineage such as
macrophages, dendritic cells and osteoclasts (Calle et al. 2006, Murphy and
Courtneidge 2011). In culture, immortalized monocytic cell lines can be
differentiated into macrophage-like cells through stimulation by transforming
growth factor beta (TGFf) or increasing protein kinase C (PKC) activity by phorbol
myristate acetate (PMA). Podosome formation can also be induced in fibroblasts by
overexpression of constitutively active Src as well as in TGFB-stimulated endothelial
and smooth muscle cells (Rottiers et al. 2009, Burgstaller and Gimona 2005, Varon
et al. 2006, Tarone et al. 1985). More recently, we have shown that non-transformed
fibroblasts that typically do not form podosomes develop podosome-like adhesions
when spread on fluid RGD-functionalized lipid bilayers that do not allow attached

cells to generate a traction force (Yu etal. 2013).

Functionally, podosomes are distinct from other cell-matrix adhesions due to their
ability to degrade the ECM via secretion of metalloproteases (Linder and Kopp
2005). The first evidence of a potential connection between podosome and human
disease was identified where patients suffering from an X-linked associated disease,
Wiskott-Aldrich Syndrome (WAS), exhibit no podosome assembly and have
defective chemotaxis in cultured WAS macrophages and dendritic cells (Calle et al.
2004b, Monypenny et al. 2011, Jones et al. 2002). Mutations in the Wiskott-Aldrich
Syndrome protein (WASP), a key component for actin nucleation in podosomes,
resulted in WASP-null patients. However, it is also important to note that while
these WASP-null cells lack podosomes ex vivo, it is still not known if the symptoms
observed in WAS patients were due to absence of podosomes or other WASP-related

functions.



Podosomes have been shown to localize to regions where ECM are lysed (Osiak,
Zenner and Linder 2005, Burgstaller and Gimona 2005), but its degradative
potential has only been proven recently in dendritic cells through the secretion of
matrix metalloproteinases (MMPs)(Gawden-Bone et al. 2010). Furthermore,
visualization of podosome have been recently observed in bone marrow-derived
macrophages in 3D matrigel (Cougoule et al. 2010) and endothelial cells (Seano et
al. 2014) involved in sprouting of new blood vessels through the degradation of the
matrix relative to the basement membrane in vivo (Figure 2). These podosomes
organize into rosette-like structures that resemble podosomes in Src-transformed
fibroblast (Tarone et al. 1985). On the other hand, individual podosomes typically
observed in cells from the monocytic lineage have yet to be visualized directly, but
the protrusive structure formed by blood leukocytes during transendothelial
diapedesis has been proposed to be podosome-like in its molecular components and

organization (Carman et al. 2007b) but has not been verified.
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Chapter 1 - Figure 2: Endothelial layer of a VEGF-A-stimulated aortic explant
marked by podosomal markers.

Boxed image represent a podosome rosette relative to the basement membrane

indicated by F-actin, cortactin and integrin. Figure adapted from Seano et al. (2014).

In addition, a structurally divergent form of podosome termed invadopodia is found
exclusively in cancer cells that differ in their dynamics and distribution but are

structurally and functionally very similar to podosomes (Linder 2009).



1.3 - Structure and dynamics

In the majority of cell types, podosomes form arrays consisting of numerous
individual podosomes connected to each other via f-actin-positive links (Figure 3)
(Cox et al. 2012, van den Dries et al. 2013a, Panzer et al. 2016, van den Dries et al.
2013b). The individual dot-like podosomes are found at the ventral surface of cells

with a width of approximately 0.5-1 um and depth length of 1- Zum (Linder 2007).
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Chapter 1 - Figure 3: STORM images of the central actin core of podosomes.
(A) Phalloidin-stained image of podosomes in dendritic cells visualized by direct

stochastic optical reconstruction microscopy (dSTORM) reveal F-actin links
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associated between adjacent podosomes. (B) Representative sections (from A) of
individual podosomes. (C) 3D reconstruction image in individual podosome while
(D) shows the enlarged regions of the F-actin links connecting podosomes. Figure

adapted from van den Dries et al. (2013b).

Podosomes can be characterized into two main spatial arrangements, a central
actin-rich core and a surrounding ring complex enriched in adhesion-associated
proteins (Figure 4). The core consists of branched and unbranched actin filaments
with actin regulators such as Wiskott-Aldrich Syndrome protein (WASP), WASP-
interacting protein (WIP), Arp2/3 complex, cortactin and cdc42. On the other hand,
the ring complex is composed of integrins, to which several focal adhesion-
associated proteins such as talin, vinculin and paxillin as well as signaling proteins
such as Src kinase and Pyk2 are localized (Linder and Aepfelbacher 2003,
Schachtner et al. 2013). Moreover, a super-resolution microscopy technique
revealed that the ring complex proteins have distinct localizations and the overall
shape of the ring is polygonal (Figure 5) instead of the originally thought circular

structure(Cox et al. 2012).

In some cell types such as Src-transformed fibroblasts and growth factor -induced
endothelial cells (Rottiers P et al 2009, Seano et al 2014), podosomes are organized
in superstructures termed podosome rosettes that are capable of degrading the
ECM. In osteoclasts, individual podosomes can fuse to form podosome belt at the
cell periphery known as the “sealing zone” for attachment and bone resorption

(Destaing et al 2003, Georgess D et al 2014).
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Chapter 1 - Figure 4: Schematic display of proteins associated with the core
and ring structure of podosomes.

Figure adapted from Schachtner et al. (2013).



Chapter 1 - Figure 5: 3B superresolution image of podosome ring.

3B analysis (d) of widefield image (c). (e,f,g) represent boxed images in (d) showing
polygonal shape of vinculin rings labeled with antibody and Alexa 488 in

podosomes of macrophage-like THP1 cell. Figure adapted from Cox et al. (2012).

Unlike focal adhesions, the lifetime of podosomes is much shorter and can range
between 2-20 minutes, while the number of podosomes per cell can range from 20
to several hundreds, making it a very dynamic structure (Murphy and Courtneidge

2011).

1.4 - Assembly and maturation

To date, the non-receptor tyrosine kinase Src has been shown to be an important
initiator of podosome assembly in Src-transformed fibroblast, osteoclast and

macrophage podosomes (Tarone et al. 1985, Soriano et al. 1991, Linder et al.
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2000a). Overexpressing active Src induces formation of podosomes in fibroblasts
that normally form only focal adhesions, while inhibiting Src in macrophages that
constitutively form podosomes disrupts podosome assembly. ((Tarone et al. 1985,
Linder et al. 2000). However, little is known of the mechanism by which Src is
activated to regulate podosome formation. Nevertheless, there are small numbers of
important proteins (Foxall et al. 2016) that have been shown to be key markers of
podosomes that are not seen in focal adhesions, namely, WASP, WASP-interacting
protein (WIP) and Tks5 (tyrosine kinase substrate with five SH3 domains, Src
substrate)(Murphy and Courtneidge 2011) that will be discussed in further detail in

this section.

Currently, there are two explanations as to how podosome assembly can be
initiated. The first model argues that local activation of integrins can lead to actin
nucleation in an Arp2/3-dependent manner. Actin-related protein 2/3 (Arp2/3)
complex mediates actin nucleation from the sides of pre-existing actin filaments
generating branched network of filaments (Schoumacher et al. 2010). Actin
nucleation is believed to be Arp2/3 complex-dependent in podosomes where WASP,
which is absent in focal adhesions, is a potent activator of Arp2/3 (Linder 2009,
Murphy and Courtneidge 2011, Calle et al. 2006, Jones et al. 2002). This process is
regulated by the RhoGTPase, Cdc42, which activates WASP. The conserved verpolin-
cofilin-homology and acidic-rich (VCA) domain at the c-terminal region of WASP can
bind directly to monomeric actin and the Arp2/3 complex to initiate actin
polymerization at the podosome core. That Cdc42-WASP-Arp2/3 complex activation
is key to podosome assembly was demonstrated by microinjection of constitutively
inactive Cdc42 has been shown to reduce podosome formation significantly, while
WASP-deficient paitent-derived macrophages and dendritic cells lack podosomes

(Burns et al. 2001, Linder et al. 2000a).

It is still not clear how integrin activation and Cdc42 localization are connected for

podosome to form their core-ring complex. In the case of invadopodia (structurally
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similar to podosome), Tks5 can interact with PtdIns(3,4)P> on the plasma
membrane through its Phox homology (PX) domain and serve as a scaffold that
recruits cortactin, which is another protein that is capable of interacting with actin-
regulatory proteins such as N-WASP and Arp2/3 to initiate actin polymerization
(Oser et al. 2009). Even though cortactin has been shown to play an essential role in
invadopodia assembly, its role in podosome formation is not so clear-cut, since the
cortactin homologue HS-1 (hematopoietic lineage cell-specific protein 1) is needed
for the polarized distribution of podosomes but not its assembly during cell
migration (Dehring et al. 2011). Interestingly, while cortactin is dispensable for
podosome assembly, its recruitment is important for stabilization and subsequent

substitution of WASP after its release.

A second model that has been proposed for podosome assembly is the initial
assembly of CD44 in the plasma membrane at the putative podosome core prior to
integrin-matrix interaction. This model was first demonstrated in osteoclasts
(Chabadel et al. 2007), since actin polymerization at the podosome core is often
observed prior to integrin-enrichment at the podosome ring. CD44 is a cell surface
glycoprotein receptor that interacts with glycosaminoglycan constituent of the ECM
as well as a variety of other ligands such as collagen (Cichy and Pure 2003).
Recently, Luxenburg et al. (2012)showed that cortactin and paxillin were first
recruited into podosomes followed by delayed enrichment of 33 integrins at the

podosome ring of osteaclasts.

As actin polymerizes, various scaffolding and adaptor proteins continue to be
recruited as the podosome matures. This includes focal adhesion proteins such as
talin, vinculin and zyxin, which display intensity increments as measure by
fluorescent tags as the podosome grows. Additionally, podosomes are comprised of
a large pool of regulators -protein kinases, cross-linkers and adaptor proteins, as

shown below in Figure 6.
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The specific roles and temporal localizations of most of these proteins in regulating
podosome growth, stability and dissolution have yet to be elucidated. For example,
Src has been shown to be important in stimulating actin nucleation in osteoclast
podosomes, yet podosomes observed in Src-null cells showed a longer lifespan than
those in wild-type cells, indicating that Src is also needed for the disassembly of
podosomes (Destaing et al. 2008). In another study, the focal adhesion kinase (FAK),
which resides in the ring region of podosomes, was shown to be essential in forming
podosome rosettes typically observed in Src-transformed fibroblasts, but is not

required for individual podosome formation (Pan, Chen and Chen 2011).
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Chapter 1 - Figure 6: Adhesion regulators and components of the podosomes.
Each proteins play different or overlapping roles in regulating the initial growth,

maturation and disassembly of podosomes. Figure adapted from Murphy and
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Courtneidge (2011).

With regard to function, the localization of matrix metalloproteinases (MMPs) has
been shown to be an indicator of podosome maturity (Murphy and Courtneidge
2011). Notably, the presence of TKS5, cortactin and subsequent recruitment of TKS4
is necessary for focal activation of MMPs to degrade the ECM (Poincloux, Lizarraga
and Chavrier 2009, Buschman et al. 2009). The process of MMP delivery to the site
of podosome is still a subject of active discussion, and has been proposed to be
microtubule-dependent through endocytic recycling or intracellular store
mobilization via a Rab8-dependent secretory pathway(Wiesner, El Azzouzi and

Linder 2013, Murphy and Courtneidge 2011).

1.5 - Small GTPases I: Rho family

Most Rho proteins cycle between the active and inactive state through GTP binding
and hydrolysis catalyzed by the guanine nucleotide exchange factor (GEFs) and
GTPase-activating proteins, respectively (Hodge and Ridley 2016). In addition, Rho
proteins can bind to guanine nucleotide dissociation inhibitors (GDIs) that
sequester Rho binding to the plasma membrane (Ridley 2001, Dovas et al. 2011,
Hodge and Ridley 2016). There are three key Rho GTPases; RhoA, Rac and Cdc42
that are widely known to control actin polymerization during cell migration and
adhesion turnover (Etienne-Manneville and Hall 2002, Bershadsky, Balaban and
Geiger 2003) in a spatiotemporal-dependent manner. The regulated activity of Rho
GTPases is essential for efficient and directed cell migration (Ridley et al. 2003).In a
simplified general model, RhoA activation induces stress fiber formation and focal
adhesion maturation, while active Racl is often localized to the leading edge of a cell
for lamellipodia formation, Cdc42 is localized to protrusions at the leading edge,
filopodia and podosome-type adhesions (Ridley 2001, Geiger et al 2009, Murphy
and Courtneidge 2011).
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Actin polymerization at podosomes is primarily mediated by the Arp2/3 complex
activated by Wiskott-Aldrich Syndrome protein (WASP)(Machesky and Insall 1998,
Linder et al. 1999, Burns et al. 2001). In turn, WASP activation depends largely upon
the activity of the small G protein Cdc42 and can be regulated by WASP-interacting
protein (WIP)(Abdul-Manan et al. 19993, Calle et al. 2004a, Monypenny et al. 2011,
Schachtner et al. 2013, Vijayakumar et al. 2015). Indeed, microinjection of dominant
negative Cdc42 has been shown to significantly impair podosome formation in
human dendritic cells (Burns et al. 2001). Similarly, podosome formation is
impaired in cells microinjected with dominant negative Racl (Burns et al. 2001), as
well as in Racl- and especially Rac2-depleted cells (Wheeler et al. 2006) though the
downstream pathways are yet to be elucidated. Conversely, RhoA activity, which
typically promotes assembly of stress fibers and focal adhesions, has been generally
described to be low in podosome-forming cells (Pan et al. 2011, Yu et al. 2013) and

microinjection of active RhoA impaired podosome formation (Burns et al. 2001).

1.6 - Small GTPases II: ARF family

While the role of Rho family GTPases in podosome formation is relatively well-
documented, the function of the ARF family of small G proteins is essentially
unknown, even though it is known that these proteins participate in crosstalk with
Rho family GTPases and regulate actin polymerization (Myers and Casanova 2008,
Heuvingh et al. 2007, Kumari and Mayor 2008, Cao et al. 2005, Dubois et al. 2005,
Humphreys et al. 2012a, Humphreys et al. 2012b, Koronakis et al. 2011, Rocca et al.
2013).

To date, there are six known mammalian ARF GTPases (ARF1-6). ARF1 is the most
abundant of the ARFs, primarily localized to the Golgi apparatus, while ARF6 is the
principal ARF thought to regulate membrane dynamics at the cell surface
(Donaldson and Jackson 2011). ARF1’s Golgi-related functions include recruitment

of coatomer complexes such as COPI (Pepperkok et al. 2000, Beck et al. 2009),
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clathrin adaptor proteins (AP1, AP3 and AP4) and vy-ear-containing, ADP-
ribosylation factor-binding proteins (GGAs) for vesicle biogenesis and transport
(Dell'Angelica et al. 2000, Puertollano et al. 2001, Bonifacino and Lippincott-
Schwartz 2003, Carvajal-Gonzalez et al. 2015). At the plasma membrane, ARF1 has
been directly attributed to endocytosis of GPI-anchored proteins through
modulation of Cdc42 activity (Kumari and Mayor 2008). ARF1 has also been
implicated in PI3K-dependent pathways during epidermal growth factor dependent
cell migration (Boulay et al. 2008) as well as Fcy receptor-mediated phagocytosis in
macrophages (Beemiller, Hoppe and Swanson 2006). More recently, it was reported
that formation of “ventral actin structures” induced by PMA in HeLa cells and Beas-
2b cells was inhibited upon depletion of ARF1 by siRNA (Caviston, Cohen and
Donaldson 2014). These PMA-treated cells also showed an increase in measured
active ARF levels indicating that PMA, an activator of Protein Kinase C, can either
directly or indirectly modulate the activity of ARF GTPases to promote actin
reorganization at the ventral surface of the cells. Furthermore, the recruitment of
certain adhesion components such as paxillin was shown to require dynamic
GTP/GDP turnover of ARF1 (Liu et al, 2002; Liu et al, 2005). Nevertheless, the

direct role of ARF1 in adhesion formation has not been described previously.

1.7 - Role of microtubules

Microtubules are dynamic, hollow and polar tube-like polymers with an average
diameter of approximately 25 nm (Beese, Stubbs and Cohen 1987, de Pablo et al.
2003). They are comprised of alternating a and 3 subunit heterodimers arranged
next to each other in a linear protofilament, to which the a and § subunits cap the
negative and positive ends, respectively (de Pablo et al. 2003, Chretien and Wade
1991). These individual protofilaments combine to form a 13-protofilament tubular
structure. Microtubules play important roles in intracellular vesicle transport and
cell division and provide structural integrity to the cell especially during processes
such as cell migration (Nogales 2000). Furthermore, microtubules have been
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proposed to regulate focal adhesion dynamics (Bershadsky et al. 1996) through
sequestration of guanine nucleotide exchange factors, which in turn can regulate
local Rho/Rac GTPase activity (Krendel, Zenke and Bokoch 2002, Chang et al. 2008,
Rooney et al. 2010).

The relationship between microtubules and podosomes was first established by
(Linder et al. 2000a) in macrophages. Disruption of microtubules by a microtubule-
depolymerizing drug, nocodazole, led to immediate disassembly of podosomes and
the same group subsequently suggested that kinesins, which are microtubule-based
motor proteins, might be involved in the regulation of podosome dynamics and
transport of metalloproteases to the sites of podosome-matrix degradation
(Wiesner et al. 2010, Cornfine et al. 2011, Kopp et al. 2006). On the other hand, the
effect of a microtubule-stabilizing drug, taxol is still debatable, as there are mixed
reports on its effect on podosome assembly (Ang et al. 2012, Purev et al. 2009).In a
separate study, (Evans et al. 2003) suggested that both nocodazole and taxol had no
effect on the dissolution of individual podosomes but regulates podosome

fusion/fission characteristics in macrophages.

While the direct interaction and function of microtubules in podosome assembly is
not clear, it has been proposed that the Golgi network might be involved in the
polarized trafficking of molecular components to podosome sites (Gimona et al.
2008). In this thesis, I provide data and a mechanism as to how microtubules may

regulate podosome formation in macrophage-like cells (see Chapter 3 for details).

1.8 - Actomyosin network and force generation

Actin filaments and myosins (i.e. myosin II) co-assemble into an actomyosin
network necessary for the generation of contractile fibers in both muscle and non-
muscle cells. Among the known myosin isoforms, myosin II form bipolar filaments

that bind and slide pass adjacent actin filaments by catalyzing the ATP in their head
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domains. The synchronized ‘sliding’ action of myosin II filaments on actin allows the
contraction of actomyosin filaments, capable of generating force (Volkmann and

Hanein 2000, Vicente-Manzanares et al. 2009).

There are significant differences in the way skeletal muscle and non-muscle cells
organize their contractile bundles. In muscle cells, myosin II assembles into
numerous thick filaments with ends connected to titin and arranged between actin
filaments that are bound to a perpendicularly oriented Z disc in a sarcomere unit.
Muscle contraction is primarily regulated by calcium release and troponin. On the
other hand, non-muscle cells assemble a similar but smaller and less structured
contractile bundle that can develop into stress fibers (Figure 7) that are connected
to adhesion structures such as focal adhesions, with different set of accessory
proteins (e.g. a-actinin and filamin). Their binding to actin is regulated by
phosphorylation of the helical rod domain for the head domain to interact with
actin. Likewise, the head domain is responsible for the ATP-dependent motor
activity for contraction of the assembled filaments (Cai and Sheetz 2009, Vicente-

Manzanares et al. 2009).

Most cells of mesenchymal origin typically interact with the extracellular matrix
through formation of focal adhesions. Similar to podosomes, focal adhesions
comprise of integrins and its associated proteins (e.g. talin, vinculin), which in turn
connects to the intracellular actin cytoskeleton to generate force on the substrate.
Non-muscle myosin II (NMII) is a major component involved in the actin bundling
and force generation for adhesion stabilization during cell motility (Choi et al.

2008).
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Chapter 1 - Figure 7: Structure and regulation of non-muscle myosin II.

(a) Non-muscle myosin Il remains in its auto-inhibited conformation but (b)
exposes its coiled-coil rod domain upon phosphorylation of the light chain to (c)
form bipolar filaments that can interact with actin filaments. Figure adapted from

Vicente-Manzanares et al. (2009).

While myosin Il associates with actin and regulate FA maturation, the role of myosin
Il in podosome dynamics is less clear. Myosin IIA has been shown to localize to the
cortical F-actin microfilaments connecting groups of podosomes and actomyosin
contractility has been proposed to drive the oscillatory behavior (Figure 8) of
podosomes during protrusion activity (van den Dries et al. 2013a, Labernadie et al.
2014). However, perturbation by small-molecule inhibitors of myosin II (Y-27632 or
blebbistatin) or knockdown of myosin IIA did not inhibit the formation and
recruitment of either the core or ring components of podosomes. In fact, actin
polymerization at the podosome core seems to be important for generating tension

at the ring to recruit tension-sensitive proteins such as vinculin and zyxin, while
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myosin Il counterbalances the actin growth to maintain the protrusion size (van den
Dries et al. 2013a). Furthermore, the combined roles of actin polymerization and
actomyosin contractility regulate the protrusive force that is dependent on the
substrate stiffness (Labernadie et al. 2014). While the function of myosin II in
podosomes has been associated with protrusiveness, the exact localization and
arrangement of myosin II within individual podosomes and how it regulates

oscillation are not clear and deserve future investigations.
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Chapter 1 - Figure 8: Oscillatory behaviour of podosomes depends on myosin
IL

(a) Time-lapse images of podosomes in macrophages using atomic force microscopy
(AFM) with the correseponding (b) force and (c) height protrusion measurements

on a Formvar sheet. Figure adapted from Labernadie et al. (2014).
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1.9 -Specific aims

While podosomes are widely known to be dependent on regulation by the Rho
GTPases (e.g. Cdc42), I discovered a novel role for the ARF family of GTPases. In
particular, the ARF1 GTPase and its GEF ARNO were found to be critical regulators
of podosomes dynamics in macrophage-like THP1 cells, Src-transformed fibroblasts
and fibroblasts on fluid lipid bilayer (Chapter 2). I further show that the
constitutively active ARF1 can induce formation of bona fide podosomes in
fibroblasts. In Chapter 3, I propose a mechanism for the microtubule-induced
disassembly of podosomes. I demonstrate that microtubule disruption by
nocodazole induced release of MT-associated GEF-H1 and activated a
RhoA/ROCK/Myosin II -dependent pathway, which antagonized podosome
formation in macrophage-like THP1 cells. Inhibition of GEF-H1 or ROCK prevented
the nocodazole-induced disassembly of podosomes. Lastly in Chapter 4, I provide
evidences that podosomes are sensitive to changes in membrane tension using
several methods such as exposure to osmotic shock and detergent treatments, as
well as mechanically stretching the cells. I found that formation of podosomes was
favored at high membrane tension but perturbed at low tension in macrophage-like
THP1 cells. I conclude by providing some hypotheses on the potential connection of
membrane tension and previously reported localizations of membrane curvature-

inducing proteins at podosomes for future investigations.
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Chapter 2 - Podosome assembly is controlled by the
GTPase ARF1 and its nucleotide exchange factor ARNO
(Rafiq et al J Cell Biol 2017)

2.1 - Abstract

Podosomes represent a class of integrin-mediated cell-matrix adhesions formed by
migrating and matrix-degrading cells. Here, we demonstrate that in macrophage-
like THP1 cells and in fibroblasts stimulated to produce podosomes, down-
regulation of G protein ARF1 or the ARF1-GEF ARNO by siRNAs or by
pharmacological inhibitors led to striking podosome elimination. Concomitantly,
treatments inducing podosome formation increased the level of GTP-bound ARF1.
ARNO was found to co-localize with the adhesive rings of podosomes while ARF1
was localized to vesicular structures transiently contacting podosome rings.
Inhibition of ARF1 led to an increase in RhoA-GTP levels and triggered assembly of
myosin-IIA filaments in THP1 cells, whilst the suppression of myosin-IIA rescued
podosome formation regardless of ARF1 inhibition. Finally, expression of
constitutively active ARF1 in fibroblasts induced formation of putative podosome
precursors: actin-rich puncta coinciding with matrix degradation sites and
containing proteins of the podosome core but not of the adhesive ring. Thus, ARNO-
ARF1 regulates formation of podosomes by inhibition of RhoA/myosin-II and

promotion of actin core assembly.
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2.2 - Introduction

Podosomes are a distinctive form of integrin-mediated cell-matrix adhesion typical
of monocyte-derived cells but under some circumstances are produced by cells of
other lineages. They wusually appear as micron-sized radially symmetrical
protrusions containing central actin cores (height about ~2 um) rooted in the
cytoplasm surrounded by matrix-associated “adhesive rings”(~1 wm diameter)
enriched in integrins and plaque proteins such as talin, paxillin, vinculin and Tks5
(Calle et al. 2006, Murphy and Courtneidge 2011, Cox and Jones 2013, Meddens, van
den Dries and Cambi 2014, Labernadie et al. 2014, Seano et al. 2014, Wiesner et al.
2010). In the majority of cell types, podosomes form arrays consisting of numerous
individual podosomes connected to each other via a mesh of F-actin-containing links
containing myosin-II (Cox et al. 2012, Dries et al. 2013, Panzer et al. 2016).
Individual podosome-like structures formed by invasive cancer cells are more
stable, protrusive and larger in size than normal podosomes and are often termed
invadopodia (Gimona et al. 2008, Murphy and Courtneidge 2011). Podosomes
participate in the processes of cell migration and invasion as well as degradation of
extracellular matrix via secretion of matrix metalloproteinases (Gawden-Bone et al.
2010, Wiesner et al. 2010, Linder and Wiesner 2015, El Azzouzi, Wiesner and Linder
2016).

Cells of monocytic origin (for example cultured macrophage-like THP1 cells) form
numerous podosomes upon stimulation with transforming growth factor beta
(TGFB) or increasing protein kinase C (PKC) activity by phorbol esters (e.g. PMA).
Moreover, upon appropriate stimulation, even podosome-lacking cells can be forced
to form podosome-like structures. In particular, expression of constitutively active
Src in fibroblasts triggers formation of high-order adhesion structures termed
podosome “rosettes”, which are capable of degrading the ECM (Tarone et al. 1985).
More recently, we have shown that non-transformed fibroblasts that typically do

not form podosomes develop podosome-like adhesions under conditions where a
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cell cannot apply strong traction force to nascent integrin clusters, such as
spreading on fluid RGD-functionalized lipid bilayers, where stress fibres fail to

assemble (Yu et al. 2013).

A key process in podosome formation is a local polymerization of actin cores
primarily mediated by Arp2/3 complex activated by Wiskott-Aldrich Syndrome
protein (WASP)(Machesky and Insall 1998, Linder et al. 1999, Burns et al. 2001). In
turn, WASP activation depends largely upon the activity of the small G protein
Cdc42 and can be regulated by WASP-interacting protein (WIP)(Abdul-Manan et al.
1999b, Calle et al. 2004a, Monypenny et al. 2011, Schachtner et al. 2013,
Vijayakumar et al. 2015). Indeed, microinjection of dominant negative Cdc42 has
been shown to significantly impair podosome formation in human dendritic cells
(Burns et al. 2001). Similarly, podosome formation is impaired in cells microinjected
with dominant negative Racl (Burns et al. 2001), as well as in Rac1- and especially
Rac2-depleted cells (Wheeler et al. 2006) though the downstream pathways are not
yet elucidated. Conversely, active RhoA, which typically promotes assembly of stress
fibres and focal adhesions, has been generally described to be low in podosome-
forming cells (Pan et al. 2011, Yu et al. 2013) and microinjection of active RhoA

impairs podosome formation (Burns et al. 2001).

While the role of Rho family GTPases in podosome formation is relatively well-
documented, the function of ARF family of G proteins is essentially unknown. Even
though these proteins are considered mainly as regulators of membrane traffic,
some evidence exists that they also participate in a variety of processes related to
regulation of the actin cytoskeleton and involved in a crosstalk with the G proteins
of the Rho family. In particular, ARF1, the most abundant ARF family member,
known to recruit the coatomer complexes for vesicle budding in the Golgi
(Donaldson and Jackson 2011), was shown to be required for clathrin-independent
endocytosis (CLIC-GEEC)(Kumari and Mayor 2008), as well as for formation of

“ventral actin structures” in some cell types (Caviston et al. 2014). Thus ARF1 is a
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potentially interesting candidate for function as a podosome regulator since it could
control fundamental systems involved in podosome formation, actin cytoskeleton

and the plasma membrane.

In this study, we demonstrate that regardless of particular stimuli, ARF1 is required
for inducing podosome formation in different cell types. Moreover, these stimuli, via
an ARF exchange factor ARNO, increase the fraction of GTP-bound ARF1 in cells.
ARNO localizes to the adhesive ring of podosomes, and its inhibition interferes with
podosome assembly. We demonstrate that the ARNO-ARF1 pathway regulates
podosomes by inhibition of RhoA- and ROCK-dependent formation of myosin-II
filaments, which antagonizes podosome integrity. In addition, constitutively active
ARF1 induces formation of actin-rich puncta co-localizing with matrix degradation
sites and containing podosome core markers. Our data strongly suggest a direct role
for ARF1 in podosome-type adhesions, and further extends the increasing number

of roles for ARF1 at the plasma membrane.
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2.3 - Results

2.3.1 - Depletion of endogenous ARF1 interferes with podosome formation

Stimulation by either transforming growth factor-beta 1 (TGFB1) or the protein
kinase C activator, phorbol ester 12-myristate 13-acetate (PMA), has been
previously used as a model system to study podosome formation and dynamics in
several cell types (Varon et al. 2006, Tatin et al. 2006, Monypenny et al. 2011,
Burger et al. 2011). Consistent with numerous previous studies, we define
podosomes as F-actin-rich spots with a diameter of about 0.5 wum surrounded by an
approximately ring-shaped vinculin-rich zone. We consider a cell as “podosome-

forming” if it had more than 10 morphologically identifiable podosomes.

In this study, 85 * 4.7% (mean * SD, n =3 independent experiments) of cells of the
human monocytic cell line, THP1, plated on fibronectin-coated substrata in the
presence of TGFB1, formed podosomes after 24 hours, with 55 + 3.2 (mean + SEM,
n=212 cells) podosomes per cell. The corresponding numbers for PMA-stimulated
cells were 88 * 5.5% and 140 * 19.5 (n=80 cells), respectively. For cells plated on
fibronectin in the absence of any additional stimuli, the percentage of podosome-
forming cells was only 15 * 4.7% (n =3 independent experiments) and even among

these cells the average number of podosomes did not exceed 22+ 8.7 (n= 58 cells).

To investigate the role of ARF1 in podosome dynamics, we depleted ARF1 in TGFB1-
treated THP1 cells by siRNA. Immediately prior to plating, cells were electroporated
with the ARF1 or control siRNAs and then seeded onto fibronectin in the presence of
TGFpB1. We observed that maximum silencing (>95%) was achieved by 48 hours
(Figure 1A).

Depletion of ARF1 led to dramatic decrease of podosome number in TGF@1-treated

cells (Figure 1B,C). Both the number of podosomes per cell and percentage of
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podosome-forming cells significantly dropped upon ARF1 depletion (Figure 1D-F).
Whilst the mean number of podosomes per cell and percentage of podosome-
forming cells in cells transfected with control siRNA did not differ from
aforementioned control numbers, the cells transfected with ARF1 siRNA had on
average only 8 + 1.7 (n= 96 cells) podosomes per cell. Total intensity of F-actin-
containing non-podosomal structures at the ventral surface of the cells became
somewhat higher in ARF1-depleted cells (Figure 1B and C, left panels). At the same
time, the vinculin-containing non-podosomal structures at the cell periphery that
can be classified as small focal adhesions were not apparently affected (Figure 1B
and C, right panels). Depletion of ARF1 by siRNA did not affect the integrity of the
Golgi apparatus as visualized by cis-Golgi markers GM130/GRASP65 (Figure 1B and
C) in agreement with previous publications (Volpicelli-Daley et al. 2005, Szul et al.

2007, Nakai et al. 2013).

The effect of ARF1 siRNA on podosome number was specific since it could be fully
reversed by expression of exogenous bovine HA-ARF1 insensitive to human ARF1
siRNA (Figure 1D-F). Interestingly, exogenous HA-ARF1 was often localized in the
spots adjacent to the podosomes of transfected cells (Figure 1D’). See below for a
detailed analysis of localization dynamics. Significantly, we found that loss of
podosome induction due to ARF1 depletion was not exclusive to TGF@1 stimulation,
since after PMA stimulation (Supplementary Figure S1A-I), ARF1 depleted cells
demonstrated a significant decrease in both the number of podosomes and the
percentage of podosome-forming cells as compared to control cells (Supplementary

Figure S1A, D, F, G).

In contrast to ARF1, depletion of ARF6 by siRNA with a silencing efficiency of >95%
(Supplementary Figure S1J) did not affect podosome induction in TGFp1-treated
THP1 cells (Supplementary Figure S2K). Both the average number of podosomes
per cell and the percentage of cells forming more than 10 podosomes were not

significantly different from control siRNA-treated cells (Figure 1E and 1F). Taken
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together, these data indicate a specific role for ARF1 in podosome induction in

stimulated THP1 cells.

We also examined the effect of expression of dominant negative and constitutively
active mutants of ARF1 on adhesion of THP1 cells in the presence of TGFf1. The
dominant negative mutant, CFP-ARF1 (T31N), led to a significant decrease of cell
adhesion to fibronectin under these conditions (control: 71 + 5.5%, ARF1 T31N: 4 *
0.3%) and the few adherent cells observed did not form podosomes (data not
shown). This behaviour resembles a “non-adhesive phenotype”, described
previously in the culture of normal human dendritic cells (Burns et al. 2004).
Unexpectedly, the expression of a constitutively active mutant of ARF1, CFP-ARF1
(Q71L), also interfered with cell adhesion and completely prevented podosome
formation. Thus, sustained high activity of ARF1 is also damaging for cell adhesion
and podosome formation in THP1 cells. Overexpression of wild-type ARF1 or
constitutively active ARF1 in unstimulated THP1 cells did not induce any apparent
phenotypic changes. These cells remain poorly attached to the fibronectin and do

not form podosomes.

2.3.2 - ARF1-containing vesicles transiently contact podosomes

We used fluorescently-tagged ARF1 to further elucidate the localization and
dynamics of ARF1 in TGFP1-stimulated THP-1 cells. Expression of GFP-ARF1
showed a predominant Golgi localization (Figure 1D) in agreement with previous
publications (Lippincott-Schwartz et al. 1989, Sciaky et al. 1997). However, in
addition to the Golgi localization, we found numerous irregular puncta throughout
the cell, some of which were apparently associated with podosomes (Figure 1D’ and

Figure 2A).
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We employed total internal reflection fluorescence (TIRF) microscopy to explore the
spatiotemporal dynamics of ARF1 puncta at the plasma membrane. GFP-ARF1
puncta displayed temporal localization at regions of podosome assemblies and
made transient periodic contacts with the adhesive rings of podosomes, as marked
by mCherry-vinculin in THP1 cells (Figure 2B, 2B’ and Supplementary movie 1). Up
to 80% of podosomes appeared to be in contact with ARF1-containing puncta
during 5-minute periods of observation (Figure 2C) with an average dwell time of
10 £ 1.6 seconds (mean * SEM, Figure 2D). In contrast, CFP-ARF6 does not form
puncta-like structures in THP1 cells and no preferential localization of CFP-ARF6 to
regions of podosome assembly was found (Supplementary Figure S1L). We further
characterized the GFP-ARF1 associated puncta by determining if their mobility was
dependent on a cytoskeletal network. We found that GFP-ARF1 patches appeared to
be travelling on microtubule tracks identified by labeling with mCherry-ensconsin
(Figure 2E,F and Supplementary movie 2). To elucidate the nature of the ARF1
puncta, we co-express GFP-ARF1 with several markers of vesicular traffic carriers,
Rab6, Rab7, Rab8 and Rab11 (Supplementary Figure S2A-D). Amongst those, Rab11
(Welz, Wellbourne-Wood and Kerkhoff 2014) demonstrated significant co-
localization (Supplementary Figure S2E) with ARF1 suggesting that ARF1-

containing puncta have a vesicular nature.

2.3.3 - Inhibition of ARF1 activity interferes with formation of podosomes
induced by diverse stimuli

To study the immediate effect of ARF1 inhibition on podosome formation, we used
two inhibitors known to suppress ARF1 activity. Brefeldin A (BFA) promotes
formation of complexes between GDP-bound ARF1 and Sec7 domains of ARF1
nucleotide exchange factors GBF1, BIG1 and BIG2, and prevents completion of the
nucleotide exchange reaction (D'Souza-Schorey and Chavrier 2006), while secinH3

inhibits activity of another group of ARF exchange factors, cytohesins (1-4), by
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binding to their Sec7 domain, without formation of a complex with ARF1 (Casanova

2007).

Using a G-LISA assay for the measurement of ARF1-GTP levels, we demonstrate that
TGFB1 or PMA treatment of THP1 cells enhances the fraction of active, GTP-bound
ARF1, while both secinH3 and BFA significantly reduced it (Figure 3A,
Supplementary Figure S1C). Both secinH3 and BFA treatment induced rapid
disassembly of all podosomes in about 30-40 minutes (Figure 3B-D, graphs 3E, F
and Supplementary movie 3). In the case of secinH3, this process was accompanied
by a burst of lamellipodial activity (Figure 3B), the integrity of the Golgi apparatus,
as well as localization of ARF1 to Golgi and to vesicular structures in the cytoplasm
was not affected (Figure 3B, 3C). Unlike secinH3 treatment, disruption of
podosomes with BFA was accompanied by loss of ARF1 localization at the Golgi and
at cytoplasmic vesicular structures (Figure 3D) as well as structural disintegration
of the Golgi apparatus, in agreement with numerous previous studies (Lippincott-
Schwartz et al. 1989, Donaldson, Honda and Weigert 2005). Thus, comparison
between the SecinH3 and BFA effects confirmed that active ARF1 is required for
podosome integrity and this function of ARF1 does not depend on its role in Golgi
stabilization. A second confirmation of independence of podosomes from Golgi
traffic can be inferred from experiments with knockdown of COPB1, a subunit of the
COPI coatomer protein complex required for retrograde transport from trans-Golgi
to cis-Golgi and endoplasmic reticulum (Beck et al. 2009). We found that COPB1
knockdown or its inhibition generated only minor effects on podosome integrity
(Supplementary Figure S3A-E). Finally, disruption of podosomes with secinH3 or
BFA still proceeded (albeit in a slower rate) in TGFP1-stimulated THP1 cells
expressing constitutively active Cdc42 (GFP-Cdc42 Q61L), a potent podosome-
inducing signalling protein (Supplementary Figure S3H). Moreover, treatment of
cells with BFA or SecinH3 as well as knockdown of ARNO or ARF1 did not change
the level of Cdc42-GTP in TGFp-stimulated THP1 cells (Supplementary Figure S3I
and |).
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Visualization of podosomes using structured-illumination microscopy (SIM)
revealed a central F-actin core surrounded by patches enriched in adhesion proteins
(talin and vinculin) as well as the thin F-actin-rich links connecting neighboring
podosomes (Supplementary Figure S4A, boxed image S4A’ and Supplementary
movie 4) in agreement with previous studies (Cox et al. 2012, Dries et al. 2013).
Treatment with secinH3 led to the rapid disappearance of the connecting links and
gradual concurrent disassembly of both the actin cores and surrounding adhesive

rings (Supplementary Figure S4B, C and Supplementary movie 5).

In view of the high podosome turnover rate (Dries et al. 2013), gradual disruption of
podosomes upon addition of secinH3 suggests that inactivation of ARF1 changes the
balance between podosome assembly and disassembly rather than completely block
the assembly processes. The process of disassembly often proceeds through
podosome fission and is accompanied by an apparent increase of podosome

mobility in the plane of the plasma membrane (Supplementary Figure S4D-F).

We next studied the effect of inhibition of ARF1 on podosome-like structures
formed by fibroblast-type cells. Under standard culture conditions, mouse
embryonic fibroblasts (MEFs) generally form focal adhesions, which appeared to be
resistant to treatment with either BFA (Bershadsky and Futerman 1994) or SecinH3
(Supplementary Figure S5A). It was recently shown that fibroblasts plated on a fluid
substratum (supported RGD-functionalized lipid bilayer), under conditions where
they cannot exert traction forces, by default formed podosome-like adhesion
structures (Yu et al. 2013). We showed that the level of GTP-ARF1 increased in MEF
plated on supported lipid bilayers (Figure 3G). Similarly to “classic” podosomes,
podosome-like structures formed by MEFs plated on the lipid bilayer underwent

rapid disassembly upon treatment with either BFA or SecinH3 (Figure 3H, I).
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A well-known method of induction of podosome-like structures in fibroblast-like
cells is ectopic expression of constitutively active Src. In agreement with published
results (Tarone et al. 1985), expression of Src Y527F in MEFs led to the formation of
prominent rosettes formed as a result of fusion of numerous podosome-like
structures (Supplementary Figure S5B and C). Treatment of such cells with either
BFA or SecinH3 resulted in the gradual disassembly of these rosettes and a decrease

in the number of rosette-positive cells (Supplementary Figure S5B and C).

Altogether, these data demonstrate that ARF1 activity is required for
formation/maintenance of podosome-like structure irrespective of upstream stimuli
(TGFB1, PMA, active Src or fluid substratum). We conclude that a role for ARF1 in
podosome dynamics is independent of early signalling pathways that lead to

initiation of cellular differentiation to a podosome-generating phenotype.

2.3.4 - ARNO GEF activates ARF1 to drive podosome formation

The mammalian ARF GTPases are activated by 15 different GEFs categorized in five
classes. Among these, only 7 GEFs can activate ARF1: 3 BFA-sensitive (GBF1, BIG1,
BIG2) and 4 SecinH3-sensitive (cytohesins 1-4) (D'Souza-Schorey and Chavrier
2006, Donaldson and Jackson 2011). Both BFA- and SecinH3-sensitive GEFs share a
common conserved SEC7 domain that promotes GDP release and subsequent GTP
binding to ARF1. SecinH3-sensitive GEFs have in addition a pleckstrin homology
(PH) domain that enables them to interact with phosphoinositides at the plasma

membrane (Santy et al. 1999, DiNitto et al. 2007).

We examined the effect of inhibition of a number of ARF1 GEFs on the process of
podosome formation (Supplementary Figure S3B, D-G). We found that expression of
dominant negative mutants of two BFA-sensitive GEFs, HA-BIG1 (E793K) and HA-
BIG2 (E738K) did not prevent formation of podosomes in THP1 cells treated with

TGFB1 (Supplementary Figure S3F and G, lower panel). Conversely podosomes
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formation was not affected by overexpression of wild-type HA-BIG1 or HA-BIG2
(Supplementary Figure S3F and G, upper panel). Furthermore, both the wild-type
HA-BIG1 and HA-BIG2Z showed predominant Golgi localization (Supplementary
Figure S3F and G) and no podosome localization, consistent with previous reports
(Citterio et al. 2006, Ishizaki et al. 2008). To inhibit the activity of the third BFA-
sensitive GEF, GBF1, we used a small-molecule inhibitor, Golgicide A (Saenz et al.
2009). We found only partial dissolution of podosomes in THP1 cells treated with
TGFP1 after application of Golgicide A in a concentration that induced visible
fragmentation of the Golgi complex (Supplementary Figure S3B, D and E). Thus, in
spite of profound inhibitory effect of BFA on podosome formation, selective

inhibition of the BFA-sensitive GEFs produced only minor effect on podosomes.

In contrast, knockdown of one of the SecinH3-sensitive GEFs, ARNO (cytohesin-2),
significantly affected podosome formation in TGF@1- (Figure 4A-D) or PMA-
activated THP1 cells (Supplementary Figure S1B, E, H, I). Knockdown of ARNO led to
a significant decrease in the number of podosomes per cell as well as the percentage
of cells having more than 10 podosomes (Figure 4C and 4D). Additionally we found
that ARNO knockdown reduced ARF1 activity in THP1 cells stimulated by TGFf1
(Figure 4E). Moreover, a dominant negative mutant of ARNO (E156K) also
suppressed podosome formation/maintenance (Figure 4F and 4G). The effect of
ARNO knockdown on podosomes was specific since knockdown of another secinH3-
sensitive GEF, cytohesin-1 did not inhibit podosome formation in stimulated THP1
cells (Figure 4B). Neither ARNO nor cytohesin-1 knockdown produced any
significant effect on Golgi integrity (Figure 4B).

Next, we investigated the localization of ARNO and cytohesin-1 in TGF@1-treated
THP1 cells by expressing GFP-fusion construct of these GEFs. ARNO was found to
localize to the rings surrounding the actin cores of podosomes (Figure 5A).
Similarly, GFP-ARNO localized to the rim around the actin core of podosome

rosettes (Figure 5B). Moreover, podosome-like structures formed by normal
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fibroblasts plated on RGD-functionalized lipid bilayers also contain ARNO in the
rings surrounding the actin cores (Figure 5C). Live imaging of GFP-ARNO in all these
situations revealed that ARNO localization at the podosome ring was stable and
spanned the entire lifetime of a podosome (Figure 5D,D’ and Supplementary movie
6). Unlike ARNO, Cytohesin-1 showed diffuse localization over the plasma

membrane and was not enriched at podosomes (Figure 5E).

2.3.5 - Inhibition of ARF1 triggers podosome disassembly via activation of Rho
and myosin-II1A

In search of downstream factors that mediate podosome disruption upon ARF1
inhibition we checked the activity of three major Rho family G proteins in TGFB1-
treated THP1 cells. We found that the fraction of RhoA-GTP significantly increased
upon inhibition of ARF1 by SecinH3 (Figure 6A), while activities of both Racl and
Cdc42 did not change (Figure 6B and C). RhoA and Rho-associated kinase (ROCK)
are master regulators of myosin-IIA-driven cell contractility, since ROCK-mediated
activation of myosin regulatory light chain (MRLC) phosphorylation promotes
assembly of myosin-II filaments as well as myosin-II motor activity (Vicente-
Manzanares et al. 2009). Indeed, we have demonstrated that inhibition of ARF1 by
SecinH3 promoted assembly of the myosin-II filaments visualized by live imaging of
GFP-MRLC using SIM (Figure 6D and Supplementary movie 7). Simultaneous
visualization of podosomes and myosin-II filaments revealed that podosome
disappearance occurred in those cell regions enriched in myosin-II filaments (Figure
6D), suggesting that podosome disassembly is triggered by local activation of
myosin-II-driven contractility. Indeed, treatment of ARF1-inhibited cells lacking a
majority of podosomes with an inhibitor of ROCK, Y-27632, led to a burst of
podosome formation concurrent with the disappearance of myosin-II filaments
(Figure 6E and Supplementary movie 8). To confirm that inhibition of ARF1 led to
podosome disruption via activation of myosin-II filament assembly, we performed

siRNA-mediated myosin-IIA heavy chain (MYH9) knockdown, which completely
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blocked formation of myosin-IIA filaments as visualized by antibody to NM-MHCIIA
(Figure 6F-H). Myosin-II knockdown by itself did not affect podosome integrity
(Figure 6F, I, K and L). While treatment of THP1 cells transfected with control siRNA
by SecinH3 led to pronounced disassembly of podosomes (Figure 6G, K and L), the
same treatment on myosin-IIA knockdown cells did not disrupt podosomes (Figure

6], Kand L).

2.3.6 - Constitutively active ARF1 induces actin-rich puncta in fibroblasts

To test if constitutively active ARF1 could induce formation of podosome-like
adhesions in a more general context, we expressed constitutively active ARF1, CFP-
ARF1 (Q71L), in cells that normally do not form podosomes, such as mouse
embryonic fibroblasts (MEFs). Overexpression of constitutively active but not wild
type ARF1 induced formation of numerous actin-rich puncta localized to the ventral
surface of these cells, in the same focal plane as focal adhesions (Figure 7A and B).
Similar to mature podosomes, the actin-rich puncta induced by constitutively active
ARF1 (CFP-ARF1 Q71L) were transiently associated with CFP-ARF1 (Q71L)-
containing vesicles (Figure 7B’). Formation of these puncta was accompanied by
some reduction in the number of stress fibres and focal adhesions, but even total
disassembly of these structures upon expression of dominant negative RhoA (GFP-
RhoA T19N) was not sufficient to induce actin-containing puncta (Figure 7C). At the
same time, constitutively active ARF1 efficiently triggered formation of such puncta
in cells also expressing dominant negative RhoA (Figure 7D). Similarly, inhibition of
Rho activity by cell-permeable C3 transferase (2 ug/ml) did not by itself induce
formation of the actin puncta and did not interfere with the induction of these

puncta by constitutively active ARF1 (Supplementary Figure S5D and E).

Proteins typically associated with podosome cores in different cell types (WIP, N-

WASP, cortactin, Arp3, dynamin-2) were found in the actin-rich puncta
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(Supplementary Figure S5F-]). At the same time, protein components of the
podosome “ring”, such as vinculin (not shown) and paxillin (Supplementary Figure
S5K), were not found to be associated with active ARF1-induced actin puncta
suggesting incomplete podosome formation. ARF1-induced actin puncta were not
related to clathrin-depended endocytic activity since they did not co-localize with

clathrin-coated pits (Supplementary Figure S5L).

Unlike native podosomes, the puncta induced by constitutively active ARF1 were
motile. While podosomes of THP1 cells (Supplementary Figure S4D, right insets), as
well as podosome-like structures in fibroblasts plated on fluid substrate (Yu et al.
2013), are essentially stationary with respect to the substratum, the positions of
puncta induced by active ARF1 are oscillating with an average velocity of 0.88 + 0.28
um/s (* SD). Thus constitutively active ARF1 induced formation of actin-rich puncta
in proximity to the ventral cell membrane that can be considered as incompletely

anchored podosome-like structures and possibly podosome precursors.

In spite of the difference between authentic podosomes and the actin-rich puncta
induced by constitutively active ARF1, the puncta mimic one important podosome
function namely, matrix metalloproteinase (MMP)-dependent ability to degrade the
matrix. Indeed, the positions of actin puncta induced in the fibroblasts by
constitutively active ARF1 (Q71L) coincided with the sites of matrix degradation -
dark areas on the substratum covered with fluorescently-labeled gelatin (Figure 7G,
G’). Formation of such dark areas could be prevented by treatment with 25 uM of
MMP inhibitor GM6001 (Figure 7H,H’), and therefore depended on the exocytosis of
MMPs by cells. Thus, our experiments showed that actin puncta induced in
fibroblasts by constitutively active ARF1 trigger local matrix degradation by

facilitating exocytosis of MMPs independent of podosome ring assembly.

2.4 - Figures
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Depletion of endogenous ARF1 disrupts podosomes.

Chapter 2 - Figure 1:
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(A) Western blot showing ARF1 levels in cells treated with scramble (control) or
ARF1 siRNA; a-tubulin was used as a loading control. (B, C) ARF1 knockdown leads
to disruption of podosomes but not the Golgi apparatus. Actin labeled with
phalloidin (left panel) and vinculin visualized by antibody staining (right panel) in
control (B) and ARF1 siRNA-transfected (C) THP1 cells 48 h after TGFp1
stimulation. The Golgi apparatus in the same cells was visualized by staining with
antibody against cis-Golgi proteins, GM130 (left panel, green) and GRASP65 (right
panel, red). Scale bars, 5 um. (D) Expression of HA-tagged bovine ARF1 in ARF1-
depleted human THP1 cells rescues podosome formation. Podosomes are visualized
by phalloidin staining (left and right panels) and HA-ARF1 by immunostaining with
anti-HA antibody (central and right panels). HA-ARF1 was localized to Golgi and to
punctate structures shown with high magnification in (D’) representing the
enlarged area boxed in (D). Scale bar, 5 um. Labeling in (D’) shows actin (upper
image), HA-ARF1(middle image), and merged image of both (lower panel). Width of
the images 7 um. (E,F) Quantification of the effect of ARF1 and ARF6 knockdown on
podosomes integrity. Both number of podosomes per cell (E) and percentage of cells
having more than 10 podosomes (F) decreased upon ARF1 but not ARF6
knockdown. This effect was rescued by expression of exogenous HA-ARF1. The
graphs represent results of 3 independent experiments with 100-200 cells used for
each group. The numbers of podosomes per cell are presented as box-and-whiskers
plot while the percentage of cells with more than 10 podosomes as mean * SD. The
significance of the difference between groups was estimated by two-tailed Student’s
t-test, the range of P-values >0.05(non-significant), < 0.05, <0.01, <0.001, < 0.0001

are denoted by “ns”, one, two, three and four asterisks (*), respectively.
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(A) TIRF image of the ventral surface of cell with podosomes labeled by mCherry-
vinculin (left panel) and ARF1 puncta labeled by GFP-ARF1 (central panel). Merged
image (right panel) shows non-random distribution of ARF1 puncta with a tendency
to co-localize to podosome periphery. Scale bar, 5 um. Boxed area (2.5x2.5 um?)
contains a podosome, where co-localization dynamics with ARF1 puncta is
presented in (B). (B) Kymograph representing fluorescent intensities in a line scan
through the podosome boxed in (A). While mCherry-vinculin is stably labeled in the
podosome ring (upper panel), GFP-ARF1 was transiently concentrated at one side of
the ring (central panel and merged image at the bottom). See also Supplementary
movie 1. The time course of fluorescence intensity of GFP-ARF1 at the podosome
ring is shown in (B’). (C) Each dot corresponds to a single cell and represents
percentage of podosome rings (labeled by vinculin) contacted by either ARF1-
containing puncta or Rab6-containing vesicles within 5 minutes of image
acquisition. (D) Frequency distribution of the durations of podosome contacts (in
seconds) with ARF1-containing puncta (35 podosomes from 10 cells were filmed as
shown in kymograph B). (E,F) GFP-ARF1 puncta are moving along microtubules. (E)
Left panel: microtubule labeling with 125 kDa microtubule-associated protein,
ensconsin (mCherry-ensconsin); central panel: GFP-ARF1 puncta in the same cell;
right panel: merged imaged. The dynamics of microtubules and ARF1 puncta in the
boxed area (8 x 7.5 um?) of C is shown in (F). Scale bar, 5 um. Movement of puncta

along the microtubule is indicated by arrowhead. See also Supplementary movie 2.
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(A) Quantification of ARF1-GTP levels by G-LISA assay in control, stimulated and
inhibitor-treated THP1 cells. Both TGFB1 and PMA increased the fraction of GTP-
bound ARF1 compared to control, while treatment with SecinH3 or BFA
dramatically reduced it. Pooled results of 3 independent experiments are shown. (B)
Disruption of podosomes labeled with mCherry-Utrophin (UtrCH) upon treatment
with SecinH3 (upper panel). Note that integrity of the Golgi apparatus labeled with
GFP-mannosidase I was preserved in the same SecinH3-treated cell (lower panel).
See also Supplementary movie 3. (C,D) Disruption of podosomes labeled with
mCherry-vinculin by SecinH3 (upper panel of C) and BFA (upper panel of D). Whilst
the effect of SecinH3 in these cells is not accompanied by changes in localization of
ARF1 to the Golgi and cytoplasmic puncta (lower panel of C), BFA disrupted both
Golgi and ARF1 puncta (lower panel in D); Scale bars, 5 um. Insets (1 x 1 um?) show
evolution of individual ARF1 puncta in each case. (E,F) Quantification of the effect of
SecinH3 and BFA on average number of podosomes per cell (E) and percentage of
cells with more than 10 podosomes (F). (G) ARF1-GTP levels increase in fibroblasts
plated on a RGD-functionalized fluid lipid bilayer as compared to fibroblasts plated
on glass coverslip. (H) Effect of SecinH3 on the integrity of podosome-like structures
formed by fibroblasts plated on fluid lipid bilayer. (I) Quantification of the
disruptive effect of SecinH3 and BFA on podosome-like structures formed by
fibroblasts on lipid bilayer. The percentage of podosome-forming cells significantly
decreased upon treatment by each of the inhibitors. The data were presented and
the significances of the difference were assessed as indicated in the legend to

Figurel. Pooled data of three independent experiments are presented for each

group.
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Figure 4
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but not cytohesin-1 leads to podosome disruption.
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(A) Western blot showing ARNO and cytohesin-1 levels in cells treated with control
(scrambled) siRNA, ARNO or cytohesin-1 siRNAs; a-tubulin was used as a loading
control. (B) Upper panel: TGFp1-stimulated THP1 cells; podosomes labeled with
phalloidin and Golgi apparatus labeled by antibody against GM130. Middle panel:
siRNA-mediated knockdown of ARNO disrupted podosomes leaving the Golgi
undisturbed. Lower panel: Cytohesin-1 knockdown disrupt neither podosomes nor
Golgi. Scale bars, 5 um. (C,D) Quantification of the effect of ARNO and cytohesin-1
knockdowns on average number of podosomes per cell (C) and percentage of cells
with more than 10 podosomes (D). (E) G-LISA quantification of ARF1-GTP level in
non-transfected control cells, scrambled siRNA-transfected cells, and cells
transfected with ARNO siRNA. (F,G) Quantification of the effect of expression of
wild-type GFP-ARNO and of dominant negative ARNO mutant (GFP-ARNO E156K)
on average number of podosomes per cell (F) and percentage of cells with more
than 10 podosomes (G). The data were presented and the significances of the
difference were assessed as indicated in the legend to Figure 1. Pooled data of three

independent experiments are presented for each group.
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Chapter 2 - Figure 5: ARNO but not cytohesin-1 is localized to podosomes and

podosome-like structures in different cell types.
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(A,B,C) Localization of F-actin marker, mCherry-UtrCH and GFP-ARNO in TGFp1-
stimulated THP1 cell (A), active Src-transformed fibroblast (B) and fibroblast on a
RGD-functionalized fluid lipid bilayer (C). Left panels: F-actin cores of podosomes
(A), podosome rosettes (B), and podosome-like structures formed on fluid bilayer
(C). Central panels: GFP-ARNO localized to periphery of F-actin cores (A,B,C). Right
panels: merged images. The boxed areas (A and B: 2.5 x 2.5 um?, Scale bar: 1 um, C:
14 x 14 wm?, Scale bar, 5 um) of merged images are enlarged and line scanned as
shown in inset. The graphs on the right demonstrate intensity profiles of F-actin and
ARNO in individual podosome (A), podosome “rosette” (B), and podosome-like
structure on bilayer (C). (D, D’) Time course of ARNO localization to the podosome
periphery. Dynamics of F-actin (labeled by mCherry-UtrCH) and GFP-ARNO
fluorescence intensities in the podosome shown in the boxed area (3 x 3 wum?) in D
are presented in the sequences in D’. Time interval between frames is 30 seconds.
See also Supplementary movie 6. (E) Cytohesin-1 is not localized to podosomes. Left
panel: F-actin cores of podosomes in TGF@1-stimulated THP1 cell. Central panel:
GFP-cytohesin-1 localization in the same cell. Right panel: merged image. Line
scanning through the individual podosome in the boxed area (4 x 1.5 um?) of the
merged image shown in inset is quantified in the graph on the right. No enrichment

of GFP-cytohesin-1 at podosome core or periphery was detected. Scale bars, 5 um.
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(A-C) 1 hour incubation of TGF@1-stimulated THP1 cells with 30 uM SecinH3 led to
increase in RhoA-GTP (A) but not Racl-GTP (B) or Cdc42-GTP (C) fractions as
indicated by western blots after pull-down assay. (D-]J) Structured-illumination
microscopy (SIM) visualization of podosome dynamics in TGFf1-stimulated THP1.
(D and E) Live imaging of cell stably transfected with GFP-MRLC to visualize
myosin-II filaments and RFP-lifeact to visualize podosome cores. (D) Cell treated
with 30 uM SecinH3 show an increase in myosin-IIA filament assembly (green) and
disruption of podosomes (red). Enlarged image of white-boxed area (5 x 4.5 um?) of
D shows co-localization between appearance of myosin-IIA filaments and podosome
disruption (See supplementary movie 7). (E) Time course of podosome re-
appearance after addition of 30 uM ROCK inhibitor Y-27632 to cell incubated in
secinH3 containing medium. Note that podosomes (red) appeared after disassembly
of myosin-II filaments (green). (F-]) TGFP1-stimulated THP1 cells were transfected
with either control scrambled siRNA (F and G) or with siRNA to NM-myosin-IIA
heavy chain, MYH9 (I and ]) and, after 48 hours, treated with either 0.1% DMSO (F
and I) or 30 uM SecinH3 (G and ]) for 1 hour. (F, G, I, J) After fixation, the cells were
stained with phalloidin (left panels) and antibodies to NM-myosin-IIA heavy chain
(middle panels) and vinculin (right panels). (H) Western blot showing protein levels
of NM-myosin-IIA heavy chain in control cells (transfected with scrambled siRNA)
or in NM-myosin-IIA knockdown cells (transfected with MYH9 siRNA); a-tubulin
was used as a loading control. (K and L) Effect of secinH3 treatment of control and
NM-myosin-IIA knockdown cells on the average number of podosomes per cell (K)
and percentage of cells with more than 10 podosomes (L). The data are presented as
indicated in the legend to Figure 1. Pooled data of at least two independent

experiments are presented for each group.
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(A,B) Western blots showing ARF1 (A) and ARNO (B) levels in cells treated with
scramble (control), ARF1- or ARNO-specific siRNAs; a-tubulin was used as a loading
control. (C) G-LISA measurement of the fraction of GTP-bound ARF1 in control cells
and in cells stimulated by TGFf1 and PMA. (D,E) Podosomes labeled with phalloidin
(D,E, left columns) and vinculin (E, right columns) are abundant in control THP1
cells treated with 50 nM PMA but practically absent from similarly stimulated THP1
cells transfected with ARF1 siRNA (D) or ARNO siRNA (E). The integrity of the Golgi
apparatus (labeled with GM130) was not disturbed upon ARF1 knockdown (D, right
column). Scale bars, 5 pm. (F,G,H,I) Quantification of the effect of ARF1 (F,G) and
ARNO (H,I) knockdowns on percentage of cells with more than 10 podosomes (F, H)
and average number of podosomes per cell (G, I). The data were presented and the
significances of the difference were assessed as indicated in the legend to Figure 1.
Pooled data of two independent experiments are presented for each group. (])
Western blot showing ARF6 levels in cells treated with scramble (control) or ARF6
siRNA; a-tubulin was used as a loading control. (K) Knockdown of ARF6 did not
result in any reduction of podosomes in THP1 cells stimulated by TGFfB1.
Podosomes are labeled with phalloidin (left column) and endogenous ARF1 is
visualized by antibody staining (right column). See quantification of these results in
Figure 1E and 1F. (L) ARF6 is not co-localized with podosomes. Podosomes are
marked by F-actin labeling with mCherry-UtrCH (left), and ARF6 by expression of
CFP-ARF6 (middle). The merged image on the right did not show any co-

localization. Scale bars, 5 um.
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(AB,C,D) Left column shows images of ARF1 labeled either with GFP (A,C) or
RFP(B,D). Central column shows distribution of mApple-Rab11 (A), GFP-Rabé (B),
dsRed Rab7 (C) and GFP-Rab8 (D) in the same cells. Merged images are shown in
right column. Scale bars, 5 um. Boxed areas with heights 4 pm are represented with
higher magnification in the insets on the right. Note that ARF1 co-localize only with
Rab11 as seen by yellow zones in merged image at the right panel. Scale bars, 1 pm.
(E) Graph represents the Pearson’s R value of co-localization events between ARF1
and Rab11, Rab6, Rab7 or Rab8. Not less than 8 cells per group were assessed by
analyzing the images in four boxed areas (10 x 10 um2) with Coloc2 plugin software
(Image]). The significances of the difference were assessed as indicated in the

legend to Figure 1.

52



Phalloidin

Control siRNA

GM130

COPB1 siRNA

c D . - E
& RS o o
o £ 2
& & = 20 a
o s «0a 3 g
g 15 H
COPB1 £ ]
100 8 10 i
K 2
" 5 5 8
a-tubulin 3 5
50 z =
¥ 3 S
& & &
& & >
S & &
o o g
0°\§

GFP-Vinculin

HA-BIG1
HA-BIG1 E793K

GFP-Cdc42 Q1L

GFP-Vinculin

mCherry-Vinculin

I J

°

g

3

5 pg/ml 30 uM o

ouso I Sents  ioa B

25 g

Cdc42-GTP | — — —I— g
'—25 8

°

Total Cdc42 | | &
E

o

z

+SecinH3

Chapter 2 - Supplementary figure 3: Inhibition

1.

0.

0.1

Non-  TGFpt-  TGFpl-  TGFp-  TGFPI-
stimulated stimulated  stimulated stimulated stimulated
(Suspension) +Control  +ARF1  +ARNO

SRNA

SRNA  SRNA

of B-COP as well as ARF

exchange factors GBF1, BIG1 and BIG2 do not lead to podosome disruption in

TGFfB1-stimulated THP1 cells, while ARF1-mediated pathway of podosome
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(A) Podosome labeling by phalloidin (left column) in control (upper row) and
COPB1 knockdown (lower row) cells. The labeling by GM130 and 3-COP antibodies
is shown in central and right columns, respectively. (B) Western blot showing 3-COP
levels in control- and COPB1-siRNA transfected cells; a-tubulin was used as loading
control. (C) Podosome marked with phalloidin and Golgi apparatus labeled with
GM130 antibody in control cells (upper row) and cells treated with 10 uM Golgicide
A for 1 hour. (D) Percentage of cells with more than 10 podosomes and (E) number
of podosomes per cell in control cells, COPB1-knockdown cells and Golgicide A-
treated cells. The data were presented and the significances of the difference were
assessed as indicated in the legend to Figure 1. Pooled data of two to four
independent experiments are presented for each group. (F) Podosomes labeled with
GFP-vinculin (left column) and Golgi apparatus labeled by GRASP65 (right column)
in TGFB1-stimulated THP1 cells transfected with hemagglutinin (HA)-tagged wild-
type exchange factor BIG1 (upper row) and dominant negative mutant of BIG1 (HA-
BIG1 E793K). The localization of wild-type (upper panel) and dominant negative
(lower panel) BIG1 visualized by anti-HA antibody is presented in the central
column. (G) Podosomes labeled with GFP-vinculin (left column) and Golgi apparatus
labeled by GRASP65 (right column) in TGFf1-stimulated THP1 cells transfected
with hemagglutinin (HA)-tagged wild-type exchange factor BIG2 (upper row) and
dominant negative mutant of BIG2 (HA-BIG2 E738K). The localization of wild-type
(upper panel) and dominant negative (lower panel) BIG2 visualized by anti-HA
antibody is presented in the central column. Scale bars, 5 pm. (H) Constitutively
active Cdc42 (GFP-Cdc42 Q61L) does not prevent disruption of podosomes by
SecinH3. Podosomes are labeled with mCherry-vinculin (left column) while the
fluorescence of GFP-Cdc42 Q61L is shown in the right column. Control and SecinH3-
treated cell is shown in the upper and lower row, respectively. Scale bars, 5 um.
(B,C) ARF1 activity does not alter the GTP-bound fraction of Cdc42. (I) Treatment
with BFA (5 pg/ml) or SecinH3 (30 pM) for 1 hour did not reduce the fraction of
GTP-bound Cdc42 estimated by pull-down assays using beads coated with the
Rac/Cdc42-binding domain of the human PAK1. Typical result of one of four
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independent experiments is shown. (J) G-LISA assay showing the normalized level
of Cdc42-GTP in cell lysate taken from non-stimulated THP1 cells and TGFf1-
stimulated non-transfected THP1 cells, cells transfected with siRNAs to ARF1, siRNA
to ARNO, and a mixture of scrambled siRNAs (control). All data are normalized to
the level of Cdc42-GTP in TGFB1-stimulated non-transfected THP1 cells. Graph
represents mean * SD of two independent experiments. Note that neither
stimulation with TGF1 nor knockdowns of ARF1 and ARNO affects the level of
Cdc42-GTP.
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(A) A sequence showing podosomes labeled with GFP-f-actin in TGFf31-stimulated
THP1 cell in the medium with 0.1% of DMSO. (B) A sequence showing disruption of
podosomes labeled with GFP-B-actin upon treatment with 30 pM SecinH3. (C)
Disruption of podosomes by SecinH3 as visualized by labeling podosomes with
mCherry-talin. (D and E) Ratio imaging analysis of podosome displacement in
TGFB1-stimulated THP1 cell. The images of four boxed podosomes were taken from
the first 5 minutes of the Supplementary movie 4 and 5 (See also A and B
respectively). Three successive frames were computer software-colored and
superimposed (insets). (E) Superimposed images of three successive frames in four
selected podosomes demonstrated podosomes movements upon addition of
secinH3 (white arrows in insets on the right). Scale bars 5 pm in main image and 0.5
um in insets. (F) Percentage of stationary podosomes in the first 5 minutes after
addition of control solvent (0.1% DMSO) or 30 pM SecinH3. Four cells in each group
were assessed. The significances of the difference were assessed as indicated in the

legend to Figure 1.
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active ARF1 and co-localization of podosome core proteins to these puncta.
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(A) The treatment of mouse fibroblasts labeled with mCherry-vinculin by SecinH3
did not produce any apparent changes in focal adhesions. Scale bar, 5 pm. Enlarged
images of boxed area (8 x 6 um2) are shown on the right. Scale bar, 1 um. (B,C) time
course of podosome rosettes disruption in mouse fibroblast expressing Src Y527F
together with mCherry-UtrCH upon addition of 30 uM of SecinH3 (B) or 5 pg/ml of
BFA (C). Graphs showing the decrease in percentage of cells with at least one rosette
after 1 hour of incubation with inhibitor are shown on the right. The data were
presented and the significances of the difference were assessed as indicated in the
legend to Figure 1. Pooled data of three independent experiments are presented for
each group. (D) Treatment of mouse embryonic fibroblast (transfected with
mCherry-UtrCH) with the Rho inhibitor C3 transferase led to stress fibre disruption.
(E) Fibroblast co-transfected with mCherry-UtrCH (left panel) and constitutively
active ARF1 (CFP-ARF1 Q71L, right panel) form numerous F-actin-rich puncta. Scale
bars, 5 pm. (F-]) Several podosome core markers but not (K) paxilllin and (L)
clathrin co-localize with actin in the CFP-ARF1 Q71L-induced F-actin-rich puncta.
Cells were triple transfected with CFP-ARF1 Q71L and utrophin (GFP-UtrCH or
mCherry-UtrCH) together with protein of interest (GFP-WASP, mCherry-cortactin,
mCherry-Arp3, GFP-Dynamin II, mCherry-clathrin light chain). For each montage in
figures F-] and L, the larger left photograph represent merged images, while the
three small photographs on the right correspond to views of individual transfected
proteins (top), utrophin (middle) and merged images (bottom) of the enlarged
boxed areas (4 x 4 um2) of the respective large images. Yellow color of merged
image indicates to co-localization between utrophin and protein of interest. Scale
bars, S5pum (large images) and 1 pm (boxed images). For cells co-transfected with
mApple-paxillin and GFP-UtrCH in montage K, left panel shows utrophin
localization, middle panel- paxillin localization to focal adhesions in the same cell,
and right panel- the merged image. Scale bar, 5 pm. Note that paxillin does not co-

localize with the actin-rich puncta in the central part of the cell.
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2.5 - Discussion

In this paper we demonstrate that an ARNO-ARF1 signalling axis is required for the
maintenance of podosome integrity (See Figure 8 for flow diagram). First,
knockdown of ARF1 but not ARF6 prevents podosome formation by TGFf1- or
PMA-treated THP1 cells. In addition to these “classic” podosomes, we explored
podosome-like structures induced in fibroblasts by either expression of
constitutively active Src (Tarone et al. 1985) or by plating cells on a fluid
substratum (Yu et al. 2013). We checked that specific drugs inhibiting ARF1-
activating GEFs, BFA (Yamaji et al. 2000, Niu et al. 2005) and secinH3 (Hafner et al.
2006), led to rapid dissolution of podosomes in THP1 cells and the podosome-like
structures in fibroblasts. In addition, we have shown that in both THP1 cells and
fibroblasts, treatments inducing podosome formation augmented the fraction of
active, GTP-bound ARF1.
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Chapter 2 - Figure 8: A flow diagram illustrating the role of ARNO-ARF1

signaling axis in the podosome formation.
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A variety of external factors known to switch cells towards podosome formation
activate the ARF GEF ARNO. The ARNO activates ARF1, which in turn induce two
major pathways regulating the podosomes. First, ARF1 inhibits Rho, which
negatively regulate podosomes via ROCK-dependent formation of myosin-II
filaments. Second, ARF1 promotes formation of Arp2/3- and actin-enriched
podosome core-like structures associated with matrix degradation sites. The solid
arrows represent the direct pathways while the dashed arrows indicate to the

existence of unknown intermediate steps in the depicted pathways.

BFA and secinH3 inhibit different classes of ARF1-activating GEFs (Donaldson and
Jackson 2011). In our experiments, the BFA-sensitive GEFs (GBF1, BIG1, BIG2)
appeared to be functionally unrelated to podosome regulation. The inhibitory effect
of BFA could thus be explained by sequestration of ARF1 within the BFA-induced
ternary complexes consisting of inhibited GEFs, ARF1-GDP and BFA (Peyroche et al.
1999, Mossessova, Corpina and Goldberg 2003, Zeghouf et al. 2005). At the same
time, we found that one of the secinH3-sensitive GEFs, ARNO (cytohesin-2) but not
cytohesin-1, is indispensable for podosome integrity in THP1 cells. Possible
functions of several other ubiquitous ARF family proteins (ARF3, ARF4, ARF5) as
well as other secinH3-sensitive GEFs, cytohesin-3 and -4, remained to be studied in

the context of podosome formation.

Localization studies revealed that ARNO (but not cytohesin-1) is stably co-localized
with adhesion proteins in the ring domain of podosomes in THP1 cells as well as
with podosome-like structures in fibroblasts. This is consistent with biochemical
data showing direct association of ARNO with paxillin (Torii et al. 2010).
Furthermore, live cell imaging showed transient contacts of vesicles containing
ARF1 with the periphery and ring domain of podosomes and podosome-like
structures in THP1 cells. We demonstrated that ARF1-containing vesicles are

moving along microtubules; so one of the functions of microtubules important for

61



the podosome maintenance (Linder et al. 2000b) could be delivery of ARF1. It is
worth noting that a negative regulator of ARF1 activity, ARF1 GTPase-activating
protein ASAP1, was also shown to localize to podosomes (Shiba and Randazzo 2011,

Curtis et al. 2015).

How could active ARF1 affect podosome assembly and stability? The first possibility
is based on well-documented functions of ARF1 in the Golgi complex and vesicular
traffic (Donaldson et al. 2005). It can be conjectured that some of the ARF1-
dependent functions of the Golgi are required for podosome integrity. This
possibility cannot be entirely excluded; however, it is worth noting that in our
experiments integrity of podosomes can be dissected from the integrity of the Golgi.
In particular, inhibition of the ARF1 exchange factor GBF1, responsible for ARF1-
dependent COPI recruitment to the Golgi, as well as knockdown of the COPI subunit,
PCOP, only marginally affected podosome integrity. ARF1 in principle could be
involved in integrin turnover and affect podosome formation via regulation of
available integrin adhesion receptors. However, in our experiment, experimental
manipulations with ARF1 did not affect the integrity or dynamics of another class of
integrin-dependent adhesions, focal adhesions. This suggests that other
mechanisms should be considered to explain the specific effect of ARF1

depletion/inhibition on podosome integrity.

Podosomes are part of the actin cytoskeleton and as such likely to be regulated by
small G proteins of Rho family. We have shown that inhibition of ARF1 triggered
significant activation of RhoA but not Rac or Cdc42. Activation of RhoA in turn
triggers the assembly of numerous myosin-IIA filaments, which as we have
demonstrated led to considerable disruption of podosomes. We have shown that
suppression of myosin-IIA filament formation by either inhibition of ROCK or
knockdown of myosin-IIA, prevented the disruptive effect of ARF1 inhibition on
podosome formation. Thus, our experiments suggest that ARF1 functions in

podosome formation as an inhibitor of RhoA activity and subsequent myosin-II1A
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filament formation. This conclusion is consistent with our observation that ARF1-
dependent activation of podosome formation by plating of cells on fluid bilayer led

to inhibition of RhoA (Yu et al. 2013).

Interestingly, apparently the same mechanism based on suppression of Rho and
myosin-II by the cytohesin family exchange factor, Steppke, and a Drosophila ARF
was found in a completely different system, during cellularization of Drosophila
embryos (Lee and Harris 2013). However, the pathway connecting ARF1 and RhoA
remains unknown. It is perhaps worth noting that ARF1 can bind the RhoGAP
ARHGAP10/21 and deliver it to the Golgi or plasma membrane (Dubois et al. 2005,
Menetrey et al. 2007, Kumari and Mayor 2008). ARHGAP10/21 is known to inhibit
Cdc42 but also shows some RhoA inhibitory activity in vitro (Dubois et al. 2005).

It is also not clear why an excess of myosin-II filaments antagonizes podosome
integrity. Myosin-II has been shown to localize to actin links radiating from the
podosomes (Dries et al. 2013) but its functional role in podosomes is yet to be

established.

In addition to its function as a myosin-II regulator, ARF1 could affect podosomes via
regulation of actin polymerization. There are several lines of evidence suggesting
involvement of ARF1 in the regulation of Arp2/3 complex-driven actin
polymerization: via recruitment of actin nucleation promoting WAVE complex
(Humphreys et al. 2012a, Humphreys et al. 2012b), via sequestration and
inactivation of Arp2/3 inhibitor, PICK1 (Rocca et al. 2013) and via activation of
Cdc42 (Dubois et al. 2005, Heuvingh et al. 2007). We were not able to find evidence
of any of these mechanisms in the context of podosome regulation. Neither data
from the literature nor our own observations indicate that WAVE or PICK1 are
localized to podosomes. Moreover, ARF1 inhibition did not induce any changes in
GTP-bound Cdc42 level, and constitutively active Cdc42 did not prevent or

overcome the disruption of podosomes seen upon ARF1 inhibition.
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Nevertheless, the effect of ARF1 on the polymerization of actin in the context of
podosome formation is seen in our experiments with expression of constitutively
active ARF1 in fibroblast-type cells, which normally do not produce podosomes.
Active ARF1 not only suppresses stress fibre formation but also induces formation
of numerous actin and Arp3-containing patches in such cells. The induction of actin
polymerization at the plasma membrane by active ARF1 and ARF6 was previously
demonstrated (Caviston et al. 2014). Many actin-associated proteins typical of
podosomes (N-WASP, WIP, cortactin, dynamin-II) were also found in these puncta.
Moreover, a hallmark of podosome function, the local gelatin matrix degradation by
MMPs appeared to be associated with these puncta. At the same time, the puncta
were not surrounded by any podosome adhesive ring components. The recruitment
of certain adhesion components such as paxillin was shown to require dynamic
GTP/GDP turnover of ARF1(Liu et al. 2002, Liu et al. 2005). This may explain the
lack of adhesive ring surrounding podosome core-like structures induced by
constitutively active ARF1. Of note, our data show that matrix degrading and
adhesion functions could be dissected under conditions of induction of podosome

precursors by constitutively active ARF1.

The pathways downstream of ARF1 underlying formation of these podosome
precursors are not the same as Rho and myosin-II inhibitory activity of ARNO-ARF1
characterized above, since expression of dominant negative RhoA did not by itself
induce formation of the actin-rich puncta in fibroblasts. We cannot exclude that local
changes in Cdc42 activity may still play a role in this process (Heuvingh et al. 2007)

even though ARF1 did not affect the total level of Cdc42 activity in our experiments.

In summary, we demonstrate that the signalling axis ARNO-ARF1 plays a critical
role in the control of podosome integrity and find that this pathway in macrophage-
like cells operates via inhibition of RhoA and myosin-II activity. Other pathway(s)

found in fibroblasts downstream of active ARF1 induce formation of F-actin-rich
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puncta resembling podosome actin cores that are not associated with the matrix
adhesion components but involved in matrix degradation. These findings open new
features of the processes of podosome formation and matrix degradation.
Investigation of ARNO-ARF1 upstream and downstream pathways provides a rich

source of future studies.
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Chapter 3 - Microtubule-associated GEF-H1 and myosin-I1A
filament assembly suppress podosome formation
(manuscript in preparation)

3.1 - Abstract

Disruption of microtubules has been reported to trigger podosome disassembly in
macrophages (Linder et al. 2000a), but the mechanism is still unclear. Using
structured illumination microscopy, I observed that the nocodazole-induced loss of
podosomes in macrophage-like THP1 cells was accompanied by an outburst of
myosin II filament assembly. The myosin II bipolar filaments were found to
surround podosomes and also localized to the central actin core. Prolonged
treatment with nocodazole induced assembly of sarcomeric-like actomyosin
structures and larger focal adhesions typically observed in fibroblast-type cells.
Furthermore, nocodazole treatment led to significant increase in RhoA-GTP levels in
these cells and stimulation of RhoA activity mimicked both the podosome-
disrupting and myosin II-filament promoting effects of nocodazole. The nocodazole-
induced disassembly of podosomes can be prevented by concomitant inhibition of
Rho-associated kinase (ROCK) activity by Y-27632 and were not observed in
microtubule-associated guanine nucleotide exchange factor GEF-H1-depleted cells,
and in both cases there was no outburst of myosin-II filament assembly. Moreover,
even after total disruption of podosomes by nocodazole treatment, podosome
formation could be subsequently induced by inhibition of myosin II through use of
the ROCK inhibitor. Altogether, these data suggest that disassembly of podosomes
after microtubule disruption is due to stimulation of a RhoA/ROCK/Myosin II
pathway through the release of GEF-H1 from microtubules, highlighting a switch
mechanism controlled by an actomyosin-dependent force generation in two types of

integrin-mediated adhesions, namely focal adhesions and podosomes.
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3.2 - Introduction

Crosstalk between actin and microtubules regulate physiological processes such as
cell division and directed cell migration. Rho GTPases are critical mediators that
govern the crosstalk mechanisms between these cytoskeletal networks (Geiger et al.
2001, Even-Ram et al. 2007, Akhshi, Wernike and Piekny 2014). In particular, RhoA
activates specific actin nucleators (e.g. formins) and kinases (e.g. Rho-associated
kinase) to promote actin polymerization and myosin-dependent contractility, which
in turn favors stress fiber formation and focal adhesion maturation (Riveline et al.
2001, Bershadsky et al. 2006, Geiger et al. 2009). However, actin dynamics and
myosin II contractility mediated by RhoA must be spatiotemporally controlled to
promote processes such as directional migration (Ridley 2001, Bershadsky et al.
2003, Nalbant et al. 2009). Guanine nucleotide exchange factors (GEFs) can activate
RhoA through GTP binding, while the GTPase activating proteins (GAPs) promote
hydrolysis of GTP-bound RhoA to inactive GDP-bound RhoA, thereby providing a
platform for spatiotemporal modulation of RhoA-mediated downstream regulation

(Ridley 2001, Geiger et al. 2009).

An example of a cytoskeletal crosstalk concerning RhoA activity is mediated by GEF-
H1, also known as ARHGEF2 (Ren et al. 1998). GEF-H1 is a microtubule-associated
Rho GEF that becomes activated upon release from the microtubule. Overexpression
of GEF-H1 that is deficient in microtubule binding has the most drastic effect in
terms of stress fiber formation and actin re-organization (Krendel et al. 2002,
Birkenfeld et al. 2008). Treatment of cells with the microtubule de-polymerizing
drug, nocodazole, has been shown to induce large focal adhesions and increased
stress fiber formation (Bershadsky et al. 1996, Liu, Chrzanowska-Wodnicka and
Burridge 1998, Chang et al. 2008). However, the nocodazole-induced increase in cell
contractility and focal adhesion size was inhibited in GEF-H1-depleted and ROCK-

inhibited cells (Chang et al. 2008) suggesting that disruption of microtubule leads to
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release of GEF-H1 that induces a RhoA/ROCK/myosin II -dependent pathway, which
in turn enhances cell contractility and focal adhesion maturation.

On the other hand, microtubule disassembly induced by nocodazole disrupts
podosome formation in macrophages (Linder et al. 2000). A number of kinesins
such as KIF1C (Kopp et al. 2006, Efimova et al. 2014), KIF5B and KIF3A/KIF3B
(Wiesner et al. 2010) have been identified as molecular motors that regulate
podosome formation, some of which are implicated in the delivery of MT1-MMP for

extracellular matrix degradation (Wiesner et al. 2013).

While it is still unclear how microtubules regulate podosome formation,
overexpression of GEF-H1 inhibits podosome rosette formation in Src-transformed
fibroblasts (Shiba and Randazzo 2011). In addition, RhoA activity has been
reportedly low in fibroblast-type cells that assemble podosomes (Pan et al. 2011, Yu
et al. 2013). For example, we previously showed that fibroblasts that typically form
focal adhesions on glass substrate, switch to form podosome-type adhesions on fluid
substrate lacking traction force, with RhoA activity that is much reduced when
compared to cells plated on glass surfaces (Yu et al. 2013). In another study,
suppression of RhoA activity by the focal adhesion kinase (FAK) was found to be
required for podosome rosette assembly (Pan et al. 2011). However, the potential
control of podosome formation by a microtubule-dependent RhoA regulation has

not been systematically explored.

Here, I propose that the nocodazole-induced disassembly of podosomes in
macrophage-like THP1 cells is due to an increase in RhoA activity. Depletion of GEF-
H1 and inhibition of ROCK prevented the disassembly of podosomes by microtubule
disruption induced by nocodazole in macrophage-like THP1 cells. Using structured
illumination microscopy, I found that an increase in RhoA activity induced a global
outburst of non-muscle myosin IIA filament assembly and a concomitant loss of
podosomes. Treatment of cells with the ROCK inhibitor Y-27632 promoted the

disassembly of myosin IIA filaments and immediately stimulated formation of new
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podosomes. Furthermore, increase in myosin II activity promoted the formation of
larger focal adhesions and prolonged treatment with nocodazole induced formation
of sarcomere-like actomyosin structures typically observed in fibroblast-type cells.
Our data provides a mechanism for the nocodazole-induced disassembly of
podosomes and propose a switch mechanism between podosome and focal

adhesion through a ROCK-mediated control of myosin IIA filament assembly.
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3.3 - Results

Stimulation of THP1 cells with TGFB1 induced assembly of podosomes in 85% of
cells plated on fibronectin-coated surfaces (see “Results” section of Chapter 2). As
mentioned in the previous chapter, we consider a cell as “podosome-forming” if it
had more than 10 morphologically identifiable podosomes. In addition, all fixed and

live images were captured using structured illumination microscopy (SIM).

3.3.1 - Microtubule disassembly disrupts podosomes and increases RhoA
activity

To investigate the role of microtubule in podosome formation, TGF@1-stimulated
THP1 cells plated on fibronectin-coated substrate were treated with nocodazole, a
small-molecule inhibitor that binds to tubulin and promotes the depolymerization
of microtubule (Hoebeke, Van Nijen and De Brabander 1976). Nocodazole (1 uM)
induced gradual disassembly of both podosomes and the F-actin links connecting
adjacent podosomes (Figure 1A and B), accompanied by apparent contraction of
cell. The percentage of podosome-forming cells can be completely rescued within 2
hours after washout of the drug with complete medium (Figure 1C). Nocodazole-
induced microtubule disassembly has been previously associated with cell
contractility and increase in active RhoA levels in fibroblasts (Bershadsky et al.
1996, Liu et al. 1998) and HelLa cells (Chang et al. 2008) that typically form focal
adhesions and stress fibers. While it is not known if podosome-forming cells behave
similarly, RhoA-GTP levels were measure using the GST-tagged rho-binding domain
(RBD) of Rhotekin-coated beads in a pull-down assay. The active RhoA levels were
significantly (4-fold) higher in nocodazole-treated cells than DMSO-treated control
cells (n=4 experiments), indicating that disruption of microtubules led to global

increase in RhoA activity, consistent with previous findings (Figure 1D).
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3.3.2 - Microtubule disruption leads to an outburst of myosin II filament
assembly

To study the nocodazole-induced activation of RhoA activity in podosome-forming
cells, the GFP-tagged myosin regulatory light chain of non-muscle myosin IIA
(MRLC-GFP) was used to visualize myosin IIA filament assembly, a major
downstream consequences of RhoA activation (Bershadsky et al. 2006). The MRLC-
GFP and RFP-lifeact constructs were lentivirally transduced to make stable THP1
cells that labeled the N-terminal region of non-muscle myosin IIA and F-actin,
respectively. Since myosin IIA assembles into bipolar filaments, the MRLC would
appear as “doublets” with a separating distance of 300 nm between the two dots on
SIM (Burnette et al. 2014). In TGFB1-treated THP1 cell, these MRLC “doublets”
(Figure 2A, white-boxed inset) were primarily localized to the cortical F-actin
network, with little or no localization of MRLC-GFP at regions of podosome
assembly (Figure 2A). Furthermore, the normalized average intensity of MRLC-GFP
remained relatively constant throughout the hour of image acquisition after bleach
correction (Figure 2A, graph). However when RhoA activity was stimulated by 1
ug/ml of CNO3, a small peptide that blocks the GAP-mediated GTPase activity of
RhoA thereby rendering RhoA to be constitutively active, podosomes were
immediately disrupted and there was a concomitant 26-fold increase in MRLC-GFP
fluorescence intensity when compared to before addition of CNO3 in TGFf1-treated
THP1 cells (Figure 2B). Surprisingly, addition of nocodazole mimicked the effect
observed with RhoA activation by CN03, with an approximately 27-fold increase in
MRLC-GFP intensity (Figure 2C). This suggests that disruption of microtubules
stimulates a global activation of RhoA leading to an outburst of myosin II filament

assembly.

While myosin IIA is scarcely localized to podosomes in control TGFf1-treated cells
(Figure 2A), addition of nocodazole resulted in the assembly of numerous MRLC

“doublets” accompanied by attendant loss of podosomes (Figure 2D). These MRLC

71



“doublets” co-localize or surround the actin core of podosomes as shown in Figure
2E (indicated by white arrows) until the podosomes underwent dissolution.
Furthermore, treatment of TGFP1-stimulated THP1 cells with nocodazole for 1 hour
resulted in the appearance of sarcomere-like organization of the actomyosin
network usually observed in fibroblast-type cells in about 14.5 * 2.1% (mean * SD)
of the total cell population (Figure 2G). The percentage of such cells (47.5% + 2.2%)

was further enhanced upon addition of nocodazole for 2 hours (Figure 2F and 2G).

3.3.3 - ROCK inhibition rescues podosome formation in cells lacking
microtubules

To investigate the role of myosin IIA filament assembly in the disassembly of
podosomes upon disruption of microtubules by nocodazole, Rho-associated kinase
(ROCK) activity was inhibited. ROCK activates myosin IIA filament assembly
through direct phosphorylation of its regulatory light chain and indirectly by
phosphorylating the myosin light chain phosphatase, thereby increasing the pool of
phosphorylated and active myosin IIA molecules (Vicente-Manzanares et al. 2009).
TGFP1-stimulated THP1 cells were treated with Y-27632 at doses ranging from 20
to 150 uM and there was close to no detectable fluorescence intensity of MRLC-GFP
(cytoplasmic signal of unbound MRLC-GFP proteins are removed after SIM image
reconstruction) even at the lowest dose that was used (i.e. 20 uM) in this study.
However, podosome formation appeared unaffected even at very high doses
(120uM) of Y-27632 (Figure 3B) when compared with DMSO-treated cells (Figure
3A). Intriguingly, when cells were co-treated with both 1 uM nocodazole and 120
uM Y-27632 (Figure 3C), the fluorescence intensity of MRLC-GFP (i.e. bound myosin
[IA filaments) was still high at 30 uM Y-27632 in nocodazole-treated cells, and was
only completely abolished (i.e. no myosin IIA filaments) at 120uM in 80% of the
cells. At this dose, the nocodazole-treated cells with no bound myosin IIA (lack of

MRLC-GFP fluorescence) formed podosomes and were strikingly unaffected by
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nocodazole-induced microtubule disassembly (Figure 3C). Furthermore, both the
percentage and number of podosome-forming cells were similar to control cells
when ROCK was inhibited by 120 uM Y-27632 in nocodazole-treated cells (Figure
3D and 3E). In fact, pre-treatment of cells with 120 uM Y-27632 inhibited the
outburst of MRLC-GFP bipolar filament assembly when nocodazole was added to
these cells (Figure 3F). Conversely, addition of 120 uM Y-27632 in cells pre-treated
with nocodazole induces disassembly of myosin II filaments (dissolution of MRLC-
GFP signal) and resurrection of new podosomes in these cells despite the lack of an
intact microtubule network (Figure 3G). The data collectively suggest that RhoA
activates ROCK to induce the assembly of myosin IIA filaments, which in turn

disrupts podosome formation in macrophage-like THP1 cells.

3.3.4 - GEF-H1 depletion prevents nocodazole-induced disassembly of
podosomes

GEF-H1 is a RhoA-specific guanine nucleotide exchange factor that is connected to
microtubules in its inactive state, but becomes active upon its release from
microtubules (Krendel et al 2002). To test whether GEF-H1 is involved in the
nocodazole-induced increase in RhoA activity, GEF-H1 was depleted in TGFp1-
treated THP1 cells by siRNA. Immediately prior to plating, cells were electroporated
with the control or GEF-H1 siRNA constructs and then seeded onto fibronectin in
the presence of TGFf1. Maximum silencing (>80%) was achieved by 48 hours after
transfection (Figure 4A). Depletion of GEF-H1 did not affect podosome formation
and microtubule assembly in TGFp1-treated THP1 cells as indicated by the actin,
vinculin and myosin II heavy chain staining (Figure 4B). In addition, microtubules
labeled by a-tubulin were concurrently visualized in these cells (Figure 4E) since
cells deficient in myosin IIA can stabilize microtubules (Even-Ram et al. 2007) and
knocking down GEF-H1 can potentially affect its downstream myosin II activity.
Strikingly, when these cells were treated with 1 uM nocodazole, podosome
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formation was unaffected even with complete disruption of microtubules, unlike
cells transfected with control siRNA in similar conditions (Figure 4B and 4E). The
percentage of GEF-H1-depleted cells forming more than 10 podosomes in the
presence of nocodazole were similar to control siRNA-transfected cells, however,
the number podosomes were significantly lower. This might be due to incomplete
knockdown of GEF-H1 in each cell or presence of other microtubule-associated
RhoA-specific GEFs (e.g. p190 RhoGEF), which can be released upon microtubule
disruption (Birkenfeld et al. 2008). More intriguingly, cells treated with nocodazole
exhibit a significantly larger size of focal adhesion marked by vinculin (see insets)
which was not the seen in GEF-H1 depleted cells treated with 1 uM nocodazole
(Figure 4B and 4D). This indicates that increase in myosin IIA filament assembly
(marked by the myosin heavy chain staining) via a GEF-H1-mediated RhoA-ROCK
activation disrupted podosomes and conversely promoted the assembly of focal

adhesions in these cells.
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3.4 - Figures
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Chapter 3 - Figure 1: Nocodazole induces podosome disassembly.

TGFB1-stimulated THP1 cell stably transfected with GFP-f-actin was treated with 1
UM nocodazole for 1 hour. (A) Live imaging of the nocodoazole-treated cell showed
gradual disassembly of podosomes when visualized on structured illumination
microscopy (SIM). Scale bar, 5 um. (B) Enlarged image of boxed area from (A)

revealed disassembly of podosomes and the associated actin links but the cortical
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actin meshwork remained intact (most right panel). Scale bar, 1 um. (C) Graph
depicting the percentage of cells having more than 10 podosomes, represented as
mean *= SD of 4 independent experiments after addition of DMSO (control), 1 uM
nocodazole or washout of the drug with complete medium on podosomes integrity.
(D) Pulled-down assay using rhotekin beads showing a 4-fold increase in RhoA-GTP
levels in nocodazole-treated cells when compared to DMSO-treated cells. The
significance of the difference between groups was estimated by two-tailed Student’s
t-test, the range of P-values >0.05(non-significant), < 0.05, <0.01, <0.001, < 0.0001

are denoted by “ns”, one, two, three and four asterisks (*), respectively.
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Figure 2
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Chapter 3 - Figure 2: Structured-illumination microscopy (SIM) visualization
of podosome dynamics in TGF1-stimulated THP1 cells stably co-transfected
with MRLC-GFP and RFP-lifeact to label myosin II filaments and F-actin,

respectively.

(A) A time sequence of merged image of MRLC-GFP (green) and RFP-lifeact (red)
showing myosin II filaments were not localized to podosomes but can be found in
the cortical actin network. Enlarged imaged of boxed area in third panel of (A)
shows four pairs of myosin II bipolar filaments. Right graphs represent time course
of MRLC-GFP dynamics for 1 hour with little fluctuations in the total fluorescence
intensity. Stimulation of cells with (B) 1 ug/ml RhoA activator, CNO3 or (C) 1 uM
nocodazole for 1 hour induced burst of myosin I[IA filaments and gradual
disassembly of podosomes. Scale bars, 5 um. Right graphs show more than 25-fold
increase in total fluorescence intensity of MRLC-GFP in both (B) and (C). (D)
Enlarged image of boxed region in (C) with subsequent images captured at 5
minutes interval showing steady myosin II filament assembly (middle row) all over
podosomes (top row) and their merged image (bottom row). (E) A closer look at
individual podosomes (left panel) indicates numerous myosin II bipolar filaments
(middle panel) that were found to surround and co-localize to the actin core of
podosomes (white arrowheads of merged image in right panel). Scale bars, 1 um. (F)
Cell treated with 1 uM nocodazole for 2 hours showed assembly of sarcomere-like
actomyosin arrangements typically seen in fibroblast-type cells. Enlarged image of
boxed area in (F) showing the sarcomere-like arrangement of actin (top panel),
myosin Il filaments (middle panel) and their merge image (bottom panel). (G) Graph
representing percentage of cells forming more than 10 podosomes with or without
sarcomere-like actomyosin arrangements in the presence of DMSO (control) or 1

uM nocodazole for 30 minutes, 1 and 2 hours.
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Figure 3
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Chapter 3 - Figure 3: Inhibition of Rho-associated kinase (ROCK) rescued
podosome formation in nocodazole-treated cells.

79



(A-C) TGFP1-stimulated THP1 cells stably co-transfected with MRLC-GFP (right
panel) and RFP-lifeact (left panel) were labeled with a-tubulin to visualize
microtubule (middle panel) on structured-illumination microscopy (SIM). (A)
DMSO-treated cell (control) displaying numerous podosomes with intact
microtubule while myosin II filaments were excluded from podosomes. (B) Addition
of 120 uM Y-27632 induced disassembly of all myosin II filaments but podosomes
and microtubules remained intact. (C) Cell co-treated with 1 uM nocodazole and 120
uM Y-27632 showed disassembly of microtubules and myosin II filaments but
podosomes remained intact. (D) Quantification of the effect of Y-27632 and/or
nocodazole treatments on podosomes integrity. Both (E) number of podosomes per
cell and (F) percentage of cells having more than 10 podosomes were similar to
control cells when cells were treated with 120 uM Y-27632 only or co-treated with
120 uM Y-27632 and 1 uM nocodazole for 1 hour but were significantly perturbed
in cells treated with 1 uM nocodazole only. (F) Merged image of TGF@1-stimulated
THP1 cell (stably co-transfected with MRLC-GFP and RFP-lifeact) pre-treated with
120 uM Y-27632 for 30 minutes and then co-treated with 1 uM nocodazole for 1
hour prevented both the nocodazole-induced burst of myosin II filaments (MRLC-
GFP, green) and disruption of podosomes (RFP-lifeact, red). (G) Pre-treatment of
cell with nocodazole for 1 hour and subsequent addition of 120 uM Y-27632 in the
presence of 1 uM nocodazole induced disassembly of myosin II filaments (MRLC-
GFP, green) and re-assembly of new podosomes (RFP-lifeact, red). Scale bars, 5 um.
The numbers of podosomes per cell are presented as box-and-whiskers plot while
the percentage of cells with more than 10 podosomes as mean * SD. The significance
of the difference between groups was estimated by two-tailed Student’s t-test, the
range of P-values >0.05(non-significant), < 0.05, <0.01, <0.001, < 0.0001 are

denoted by “ns”, one, two, three and four asterisks (*), respectively.
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Figure 4
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Chapter 3 - Figure 4: Depletion of endogenous GEF-H1 prevented the
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nocodazole-induced disassembly of podosomes.
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(A) Western blot showing GEF-H1 levels in cells treated with scramble (control) or
GEF-H1 siRNA; a-tubulin was used as a loading control. (B) Actin labeled with
phalloidin (left panel), myosin IIA heavy chain (middle panel) and vinculin (right
panel) visualized by antibody staining. TGF@1-stimulated THP1 cells were
transfected with control or GEF-H1 siRNA for 48 hours and then treated with DMSO
or 1 uM nocodazole for 1 hour. From top to bottom: Cell transfected and treated
with control siRNA and DMSO; control siRNA and 1 uM nocodazole; GEF-H1 siRNA
and DMSO, GEF-H1 siRNA and 1 uM nocodazole. Scale bars, 5 um. Enlarged images
represent boxed areas of respective left panels. Scale bars, 1 um. (C and D)
Quantification of the effect of GEF-H1 siRNA and nocodazole on podosome integrity.
(C) Graph on the percentage of cells having more than 10 podosomes and (D) size of
focal adhesions in accordance to the respective treatments indicated in (B);
beginning from top to bottom. Likewise, (E) cell treated with similar conditions as
(B) with actin visualized by phalloidin (left panel), microtubule and myosin IIA
filaments labeled with a-tubulin (middle panel) and myosin IIA heavy chain (right

panel) antibodies.
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Figure 5
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Chapter 3 - Figure 5: Schematic diagram depicting the relationship between
microtubule and myosin II activity in switching podosomes to focal adhesions

in macrophage-like cells.

Disruption of microtubule by nocodazole induces release of microtubule-bound
GEF-H1, which then activates RhoA and downstream ROCK activity to promote
myosin IIA filament assembly. Assembly of myosin II filaments induces disassembly

of podosomes but enhance formation of focal adhesions.



3.5 - Discussion

The nocodazole-induced disassembly of microtubules has been shown to stimulate
cell contractility, stress fiber formation and larger focal adhesions as a consequence
of high RhoA activity through the release of microtubule-associated GEF-H1
(Krendel et al. 2002, Birukova et al. 2006, Chang et al. 2008). In contrast, disruption
of microtubules by nocodazole led to disassembly of podosomes in macrophages
(Linder et al. 2000a). Whilst a number of kinesins have been identified to be
involved in regulating podosomes, little is known on how the microtubule-based

cytoskeletal network crosstalk with the actin-rich podosome structures.

Here, | demonstrate that microtubules regulate podosome formation in a RhoA and
myosin II-dependent fashion, albeit in an opposing direction to focal adhesions (See
schematic diagram, Figure 5). Endogenous depletion of the microtubule associated
GEF-H1 prevented the nocodazole-induced disassembly of podosomes, suggesting
that high RhoA activity induced by GEF-H1 negatively regulates podosomes. In fact,
these cells, which typically form small focal complexes in the presence of
podosomes, immediately switch to form large focal adhesions in the presence of
nocodazole. This observation is consistent with previous studies suggesting that a
RhoA-mediated increase in cell contractility induces stress fibers and larger focal
adhesions (Bershadsky et al. 1996, Krendel et al. 2002, Chang et al. 2008). In
addition, fibroblasts overexpressing constitutively active Src (Pan et al. 2011) or
plated on fluid substrate that lacks traction force (Yu et al. 2013), which form
podosome rosettes and podosome-like adhesions respectively, have reportedly very

low RhoA activity.

Most intriguingly, inhibition of ROCK, downstream of Rho, by Y-27632 prevented
and reversed the inhibitory effect of nocodazole on podosome formation (Figure 3D
and 3E), suggesting that a GEF-H1-RhoA-ROCK signaling pathway is activated to

induce cell contractility that antagonizes podosome formation. On the other hand,
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formin inhibition by SMIFH2 (data not shown) did not rescue podosome formation
in the presence of nocodazole, indicating that suppression of podosomes by
nocodazole is a RhoA-ROCK-myosin [IA-dependent mechanism. The data suggest
that formation of podosomes might require active microtubule-dependent RhoA

regulation for maintenance of RhoA activity at sites of podosome assembly.

When myosin IIA filaments were visualized by the regulatory light and heavy chain
through overexpression of MRLC-GFP or antibody staining respectively, they were
predominantly localized to the cortical actin and hardly detectable at sites of
podosome assemblies in TGFB1-stimulated THP1 cells (Figure 2A, 3A, 4B and 4E).
However, the increase in RhoA activity as a result of microtubule disruption led to
massive assembly of myosin IIA filaments that surround and suppress podosome
formation (Figure 2C-E). This suggests that unlike focal adhesions, the activation

and local assembly of myosin IIA filaments antagonizes podosome formation.

While disruption of microtubule has been previously shown to increase
phosphorylated form of myosin II regulatory light chain (Chang et al. 2008) in
fibroblasts, our study provide the first direct visual evidence that levels of active
RhoA can be positively correlated with the degree of myosin IIA filament assembly,
at least in macrophage-like THP1 cells. In fact, the dose required to inhibit the
RhoA-mediated activation of ROCK can be directly visualized by the fluorescence
intensity of MRLC-GFP, hence reported doses that inhibit stress fiber formation is
insufficient to inhibit the high levels of RhoA activated by the nocodazole-induced
release of GEF-H1 into the cytoplasm. More intriguingly, prolonged treatment with
nocodazole (>1 hour) promoted the assembly of sarcomeric-like actomyosin
structures typically observed in fibroblasts that form defined stress fibers and focal
adhesions, indicating that prolonged increased in myosin IIA filament assembly is
capable of drastically switching the actin organization of podosome-forming cells to
a fibroblast-like organization, potentially changing physiological processes such as

matrix degradation and cell migration.
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Why does myosin IIA activity promote assembly of focal adhesions but suppress
podosome formation? While it is widely known that stimulating RhoA activity
promotes increase in focal adhesion size, it is still not clear how myosin I1A
contributes to the their maturation. Myosin IIA filaments have both an actin
bundling and a contractile role in organizing actin filaments (Vicente-Manzanares et
al. 2009). In the first case, bundling of f-actin promotes clustering of adhesion
proteins that will consequentially generate a larger focal adhesion size due to the
sheer density of these proteins. The actin bundling function has been shown to be
sufficient in promoting FA maturation since myosin IIA lacking a functional ATPase
motor domain is still capable of promoting adhesion growth and maturation (Choi
et al. 2008). In the second case, contraction of myosin IIA bipolar filaments can
generate a force that will induce exposure of additional talin and vinculin binding
sites for FA growth and maturation (del Rio et al. 2009, Friedland, Lee and Boettiger
2009). Interestingly, the idea of maintaining podosomes via myosin [I-dependent
contraction mechanism has been previously proposed to control the rate of
podosome oscillations during protrusion formation (van den Dries et al. 2013a,
Labernadie et al. 2014). If true, then too much myosin II filament assembly at the
site of podosomes should exert a net downward pushing force, which will lead to

their collapse and disassembly.

Hence, future work includes investigating the effect of overexpressing functionally-
deficient (e.g. crosslinking-, motor-deficient) myosin I[IA mutants in myosin IIA-
depleted cells to investigate how myosin II induces the switch from podosomes to

focal adhesions with respect to microtubule integrity.
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Chapter 4 - Membrane tension controls the assembly and
organization of podosomes

4.1 - Abstract

Cell migration requires continuous remodeling and re-shaping of the lipid bilayer
membrane to generate protrusions and extensions at the leading edge of the cell.
Such processes require dynamic interaction with the extracellular matrix, but little
is known of the relationship between cell-matrix adhesions and lateral tension of
the membrane. Here, we focus on podosome-type adhesions in macrophage-like
THP1 cells to understand the effect of membrane tension perturbation on podosome
dynamics. I demonstrate that existing podosomes undergo dissolution upon
increase in membrane tension by exposure to hypo-osmotic shock media and
mechanical stretching, while expansion of the membrane (lower tension) by
deoxycholate promoted “clustering” of podosomes with shorter connecting actin
links than podosomes of control cells. Furthermore, the assembly of podosomes
depends on the magnitude of stretch instead of the number of stretch cycles and
duration of stretch, and podosome formation can be completely rescued when the
strain is released. Collectively, our data provide preliminary but solid evidences that
membrane tension plays a central role in the assembly of podosomes, implying that
membrane plasticity and/or invagination-related processes such as endocytosis can

control the biogenesis and maintenance of podosome-type adhesions.
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4.2 - Introduction

Podosomes are multiple micron-sized radially symmetrical units (width; 1uM,
height: 2uM) comprising of actin-rich core surrounded by multiple focal adhesion-
associated proteins such as talin, paxillin and vinculin (Murphy and Courtneidge
2011, Cox and Jones 2013). While podosomes are constitutively formed in
monocyte-derived cells such as macrophages and osteoclasts, their formation can be
artificially induced in other cells types such as fibroblasts and endothelial cells by
overexpression of constitutively active Src or transforming growth factor beta

(TGFpB), respectively (Tarone et al. 1985, Varon et al. 2006, Rottiers et al. 2009).

The plasma membrane is a fluid continuous hydrophobic lipid bilayer that provides
the cell its shape and serves as a physical barrier to protect itself from the
extracellular environment (Wymann and Schneiter 2008, Kozlov et al. 2014). In
addition, physiological processes such as cell motility and division rely on the
tension exerted on the membrane in response to cytoskeletal re-organization and
signaling events when in contact with the cell extracellular substrate (Kozlov,
McMahon and Chernomordik 2010, Gauthier, Masters and Sheetz 2012, Lieber et al.
2013, Kozlov and Chernomordik 2015, McMahon and Boucrot 2015). In particular,
tension at the plasma membrane is defined as the force (N) needed to deform a
given length (m) of a membrane (N/m). However, tension at the membrane is not
only contributed by lipid molecules that constitutes the bilayer, proteins embedded
in the membrane and the actin cortex to which the cytoplasmic layer of the
membrane is physically attached to are key players that resist the deformation of
the membrane and hence contribute to the overall membrane tension of the cell
(Vogel and Sheetz 2006, Diz-Munoz, Fletcher and Weiner 2013, Kozlov and
Chernomordik 2015). The relationship between the effective membrane tension and
tether force (i.e. force exerted to pull an area of membrane by e.g. a micropipette)
can be explained by the following equation:
T=F2/(8Bm?),
where T is the effective membrane tension, F is the tether force and B is the bending
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stiffness that accounts for the curvature of the measured membrane (Diz-Munoz et

al. 2013).

The plasma membrane responds rapidly to changes in membrane tension through a
variety of feedback mechanisms. Processes such as endocytosis and exocytosis can
control membrane area through the transport of lipids, which in turn govern the cell
membrane tension (Dai and Sheetz 1995, Boulant et al. 2011, Gauthier et al. 2011).
For example, artificial increase in membrane tension by osmotic swelling (hypotonic
shock) stimulated exocytosis to buffer the increase in tension by supplying more
lipids (Gauthier et al. 2011) and likewise, high membrane tension arrested clathrin-
coated endocytic pits (Boulant et al. 2011). In addition, generation and disassembly
of micron- (e.g. folds and blebs) and submicron- (e.g. caveolae) scaled invaginations
can rapidly modulate tension at the membrane (Sinha et al. 2011, Kosmalska et al.
2015). For example, caveolae-mediated invaginations can serve as reservoir to
buffer fluctuations in membrane tension through rapid flattening and re-assembly
processes in response to mechanical stress and release, respectively (Sinha et al.

2011).

While there is currently no direct method to visualize changes in membrane tension,
changing the osmolarity (e.g. hypotonic shock), addition of detergent-like reagents
(e.g. deoxycholate, organic solvents) and physical manipulations such as mechanical
stretching have been widely accepted as means to perturb tension at the membrane
(Dai and Sheetz 1995, Raucher and Sheetz 2000, Vogel and Sheetz 2006, Diz-Munoz
et al. 2013). To quantify membrane tension, tethering using tweezers (laser or
magnetic) or atomic force microscopy, has been used to estimate the apparent

tension exerted on the membrane (Vogel and Sheetz 2006, Diz-Munoz et al. 2013).

Despite the fact that very little is known of the relationship between integrin-
mediated adhesions and membrane tension, the actomyosin machinery has been

shown to influence processes such as endocytosis and exocytosis, which in turn can
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influence the tension exerted on the membrane (Cai et al. 2010, Gauthier et al. 2011,
Kozlov and Chernomordik 2015, Tsujita, Takenawa and Itoh 2015). Podosome-type
adhesions have been generally described to be protrusive (Gawden-Bone et al.
2010, Labernadie et al. 2014) to allow processes such as transmigration and
invasion to take place (Carman et al. 2007a, Seano et al. 2014, Linder and Wiesner
2015). Structurally, this suggests that while podosomes are connected to the
substratum via integrins, the actin core of podosomes have to maintain a continuous

connectivity to the plasma membrane, so as to favor local protrusive activity.

In this study, I show that assembly dynamics of podosomes in macrophage-like
THP1 cells respond to fluctuations in membrane tension. Membrane tension was
perturbed using prevailing methods such as osmotic shock, low concentration of the
detergent deoxycholate, and mechanical stretching using two different methods,
uniaxial and radial stretch directions to increase/decrease membrane tension at the
plasma membrane. Our results indicate that podosome formation was hindered
during acute mechanical stress and clusters to form numerous domains of closely
associated podosomes when tension at the plasma membrane was decreased.
Collectively, our data suggest that formation of podosomes is favored when

membrane tension is low and perturbed at high tension.
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4.3 - Results

To understand how podosomes respond to changes in membrane area and shape,
THP1 cells were stimulated with 1ng/ml TGFB1 as usual and the plasma membrane
tension was subsequently perturbed using (i) osmotic shock, (ii) deoxycholate and
(iii) mechanical stretching 24 hours after seeding on fibronectin-coated surfaces.
Podosomes were visualized using phalloidin/GFP-B-actin and/or vinculin to label

the actin core and ring regions of podosomes, respectively.

4.3.1 - Osmotic swelling disperses podosomes and promote their disassembly

TGFP1-treated THP1 cells were exposed to media containing 50% (0.5x hypotonic)
and 90% (0.1x hypotonic) reduction in osmolarity for 15 minutes to acutely
increase the cell volume, which exerts pressure on the membrane and consequently
result in an increase in membrane tension. Cells incubated with 0.5x hypotonic
medium showed reduction in podosome assembly as compared to cells treated with
isotonic medium (Figure 1A and 1B) as indicated by actin and vinculin staining, with
some podosomes appearing smaller than the usual diameter (Figure 2G). A 90%
increase in osmolarity resulted in cell lysis (Figure 1C, Figure 2E-F). The cortical
actin of the cells held in 0.1x hypotonic medium was not preserved and cells display
numerous actin projections (Figure 1C). Live imaging under structured illumination
microscopy (SIM) using GFP-B-actin showed initial dispersion of podosomes
followed by dissolution of some podosomes but not all when cell was exposed to
0.5x hypotonic medium (Figure 1D and Figure 2E-F). In fact, the size and
fluorescence intensity of GFP-f3-actin at these podosomes (yellow arrowheads) were
much lower than the podosomes captured before (white arrowheads) addition of
0.5x hypotonic medium even after bleach correction (Figure 1E). The quantification
of podosomal actin size, fluorescence intensity and circularity are based on live SIM

images of 4-6 cells as shown in Figure 2G-I. Interestingly, podosomes exposed to
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0.5x hypotonic medium are much “rounder”(based on circularity index) than

podosomes in control cells (Figure 2I).

4.3.2 - Decreasing membrane tension by deoxycholate enhances the clustering
of podosomes

Cells were initially perturbed with 200 mM sucrose-containing medium (hypertonic
medium) to decrease membrane tension. However, TGFB1-treated cells immediately
underwent shrinkage due to reduction in cell volume, which affected the membrane
surface area in contact with the substrate. As a result, podosome number was lower
as a consequence of the reduction in spread area, but their assembly was still
observed at regions where the cell membrane is in contact with the substrate (data

not shown).

In order to decrease membrane tension without significantly perturbing the ventral
spread area of the cell, small concentrations of the detergent, deoxycholate, were
used to expand the lipid bilayer (Raucher and Sheetz 2000). Surprisingly, addition of
400 uM deoxycholate induced “clustering” of podosomes without increasing the
number of podosomes per cell (Figure 2B and 2F). Furthermore, a closer look at the
podosome clusters revealed that podosomes in control cells are more distributed
and the actin links associated between them are longer than those treated with 400
uM deoxycholate (white arrowheads, boxed images, Figure 2A and B) when
visualized on SIM. In fact, these clusters assemble into numerous “domains” of
closely associated podosomes connected by the actin links. Live imaging of TGFf1-
treated THP1 cell overexpressing GFP-B-actin using SIM revealed that these clusters
are dynamic, and contain numerous actin links connecting adjacent podosomes
(Figure 2C and 2D). While treatment with deoxycholate affects the density of
podosomes at a given area, there is no significant difference in the actin size,

fluorescence intensity of GFP-f-actin and circularity of these podosomes compared
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to control ones (Figure 2G-I). The quantification of the podosomal actin size,
fluorescence intensity and circularity are based on live SIM images of 4-6 cells
(Figure 2G-I). Quantification of the actin links will require better segmentation
through super-resolution microscopy such as STORM/PALM since it is difficult to
distinguish each individual link based on the SIM images. It is also important to note
that the clustering effect induced by deoxycholate lasted for a maximum of 30
minutes, beyond that time, podosomes were found to re-distribute back to their
original density observed in podosomes of control cells, suggesting that cells

probably have other means to buffer the reduction in membrane tension.

4.3.3- Mechanical stretching induces bleb formation and loss of podosomes

Membrane tension can also be perturbed by acutely changing the cell spread area by
mechanically stretching the substrate to induce strain on cells (Kozlov et al. 2014,
Kosmalska et al. 2015). Cells were plated on PDMS surfaces and stretched either
radially or uniaxially, to which only data obtained from radial stretching are shown
in Figure 3, since both stretching methods yielded the same outcome. The radial
stretching employed the use of gas generator to induce a positive pressure that
pushes the loading post upwards and deforms the bottom part of the PDMS radially
where the cells are seeded on (Cui et al. 2015), while the uniaxial stretching method
uses a manual sliding unit where the percentage of stretch is proportional to the
change in lateral distance from the original non-stretched condition (See

supplementary Figure 1 for details on the set-up of both devices).

When cells were submitted to 30 seconds of 5% radial stretch, there was a slight
decline in the number of podosomes but the percentage of podosome-forming cells
were not significantly different from non-stretched cells (Figure 3A and 3B).
However, when the stretch magnitude was increased to 15% with the same

duration, podosomes were completely disrupted and cells were accompanied by
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numerous bleb formations (Figure 3C, left image, white arrowheads). The
application of 15% stretch is not strong enough to break cell-cell junctions (Figure
3C, right image, yellow arrowheads), suggesting that a 15% stretch did not induce
any visible mechanical breakage or detachment of the cell membrane. When cells
were stretched at the same magnitude for a shorter duration i.e. 10 seconds,
podosomes were completely disrupted upon strain application as compared to non-
stretched cells when visualized for actin and vinculin (Figure 3E and 3F). These
blebs disappear and podosomes re-assembled when the strain was released for 1
hour after single (Figure 3G) and even multiple (data not shown) times of repeated
stretching and release at the same magnitude and duration. More intriguingly,
around 40% of cells were found to align their podosomes in a cross-like
organization when cells were fixed for 24 hours after strain release (Figure 3H). The
alignment of podosomes was due to uneven PDMS deformation as a result of radial
stretching and subsequent strain release. This is surprising because focal adhesions
and stress fibers do not “sense” this deformation in a similar device set-up (Cui et al
2015). Podosomes on the other hand preferred to assemble at regions when the
deformation of PDMS is more pronounced than flat surfaces, a strong indication that
the lipid bilayer topology that engulfs individual podosomes is not flat and is

possibly “bent” to favor formation of podosome-type adhesions.

To examine the effect of repeated (cyclic) stretching, cells were subjected to 5% and
15% cyclic stretching for 2-8 hours at 0.01-0.1 Hz. Data representing cells cyclically
stretched with a magnitude of 5 or 15% at 0.1 Hz for 6 hours are presented in Figure
31 and 3], respectively. At 5% cyclic stretch, podosome formation was slightly
perturbed but the percentage of cells forming podosomes was not significantly
different from non-stretched cells (Figure 3D). In contrast, podosomes were
completely abrogated when stretched at 15% magnitude with numerous bleb
formations, similar to a single stretch for 10 (Figure 3F) and 30 seconds (Figure 3C).
Collectively, the data indicate that podosomes respond strongly to the magnitude of

stretch but not to the duration and cycles of stretch, and cells are capable of forming
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new podosomes once the strain was released (Figure 3G and 3H).

4.3.4 - Inhibition of dynamin II but not clathrin-mediated endocytosis
perturbed podosome formation

High membrane tension inhibits endocytosis and assembly of membrane
invaginations (Raucher and Sheetz 1999, Boulant et al. 2011, Gauthier et al. 2012,
Kozlov and Chernomordik 2015). On the other hand, knockdown of dynamin II or
overexpression of dominant negative mutant (Ochoa et al. 2000, Destaing et al.
2013) in Src-transformed fibroblasts significantly abrogated podosomes. To test
whether dynamin II might function via clathrin-mediated endocytosis in
macrophage-like cells, we independently perturbed dynamin II and clathrin using
the small-molecule inhibitors, dynasore and Pitstop®2, respectively, in TGF@1-
treated THP1 cells plated on fibronectin-coated surfaces. Cells were stained with

phalloidin to visualize actin and antibody to vinculin.

Expectedly, treating cells with 80 uM of dynasore for 30 minutes significantly
disrupted podosome formation when compared to control cells (Figure 4A and 4B).
However, treatment of cells with 25 uM clathrin inhibitor,Pitstop®2, showed no
difference from control cells (Figure 4C), suggesting that dynamin II does not
function via clathrin-mediated endocytosis to maintain podosome assembly. In my
hands dynamin II was found to localize primarily to the ring component of
podosomes in TGFB1-stimulated THP1 cell (Figure 4E and 4F) but not clathrin
(marked by clathrin light chain, data not shown). However, this does not rule out
endocytosis, since there are a number of dynamin II-dependent endocytic processes
that are clathrin-independent such as the CLIC-GEEC (clathrin-independent carrier
and GPI-anchored protein enriched in early endosomal compartments) pathways
(Gauthier et al. 2012, Johannes et al. 2015). Future work concerning the role of

dynamin II in CLIC-GEEC-dependent endocytosis deserves further investigations.
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4.4 - Figures

Figure 1
A B
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Chapter 4 - Figure 1: Increasing membrane tension by hypo-osmotic shock

promotes disassembly of podosomes.
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(A) Confocal images of TGFP1-stimulated cells exposed to isotonic (complete
medium), hypotonic medium with (B) 50% and (C) 0% reduction in osmolarity for
15 minutes. Actin labeled with phalloidin (left panel) and vinculin visualized by
antibody staining (right panel). Scale bars, 5 um. (D) Structured-illumination
microscopy (SIM) visualization of podosome dynamics in TGFf1-stimulated THP1
cells stably transfected with GFP-f-actin. Time-lapse images showing dispersion and
reduction in the number of podosomes labeled with GFP-f-actin upon addition of
0.5x hypotonic medium (50% reduction in osmolarity). Scale bar, 5 um. (E) Time
sequence of enlarged area boxed in (D) with white and yellow arrowheads showing
individual podosomes before and after addition of 0.5x hypotonic shock,

respectively. Scale bar, 1 um.
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Figure 2
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Chapter 4 - Figure 2: Decreasing membrane tension by the detergent

deoxycholate promotes podosome “clustering”.
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Structured-illumination microscopy (SIM) visualization of podosome dynamics in
TGFB1-stimulated THP1 cells exposed to (A) normal complete medium and (B) 400
uM deoxycholate-containing medium for 15 minutes. Actin labeled with phalloidin
(left panel), vinculin visualized by antibody staining (middle panel) and their
merged image (right panel). Scale bars, 5 um. Boxed images represent cropped area
of (A) and (B) with white arrowheads showing actin links between adjacent
podosomes. Scale bars, 1 um. (C) Time-lapse images depicting the dynamic
“clustering” effect of deoxycholate on TGFf1-stimulated THP1 cell stably transfected
with GFP-f-actin. Scale bar, 5 um. (D) Time sequence of enlarged area boxed in (C)
showing numerous actin links connecting adjacent podosomes (see white
arrowheads). Scale bar, 1 um. (E and F) Quantification of the effect of osmotic shock
(0.5x and 0.1x) and deoxycholate treatments on podosomes integrity. Both (E)
number of podosomes per cell and (F) percentage of cells having more than 10
podosomes are significantly perturbed when exposed to hypotonic media.
Quantification of the (G) area, (H) fluorescence intensity and (I) circularity of GFP-p-
actin before (isotonic) and after addition of 0.5x hypotonic or deoxycholate-
containing media. Figures E and F represent results of 2-3 independent
experiments. At least 20 podosomes were analyzed for each group in Figure G-I. The
significance of the difference between groups was estimated by two-tailed Student’s
t-test, the range of P-values >0.05(non-significant), < 0.05, <0.01, <0.001, < 0.0001

are denoted by “ns”, one, two, three and four asterisks (*), respectively.
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Figure 3
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Chapter 4 - Figure 3: Mechanical stretching of cells induced podosome
dissolution.

101



Representative images of TGF@1-stimulated THP1 cells stained for actin by
phalloidin on flat PDMS (polydimethylsiloxane). (A) without stretching and with (B)
5% radial stretching for 30 seconds showed normal podosome formation. (C) 15%
radial stretching for 30 seconds completely abrogated existing podosomes with left
panel showing bleb formations (white arrowheads) and right panel indicating that
cell-cell contacts (yellow arrowheads) were not disrupted at this stretch magnitude.
Scale bars, 5 wm. (D) Percentage of podosome-forming cells without stretching
(control) and with respective stretching parameters. Graph represents results of 2-3
independent experiments. (E-J]) Actin was labeled with phalloidin (left panel),
vinculin visualized by antibody staining (middle panel) and their merged image
(right panel). (E) Control cells without stretching and with (F) 15% radial stretching
for 10 seconds. (G and H) Cells subjected to radial stretching for 10 seconds and
then released and fixed 1 hour (G) or 24 hours (H) post-stretching showed re-
assembly of podosomes. About 40% of cells (H) aligned with respect to the
deformation on the PDMS substrate induced by the pressure-dependent stretching
device during the period of stretching. Cells subjected to cyclic stretching of (I) 5%
and (J) 15% magnitude at 0.1 Hz for 6 hours did not show significant difference

from single stretch experiments shown in (B) and (C). Scale bars, 5 um.
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Figure 4
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Chapter 4 - Figure 4: Podosome assembly requires dynamin II in a clathrin-

independent mechanism.

TGFP1-stimulated THP1 cells treated with (A) DMSO, (B) 80 uM of the dynamin
inhibitor, dynasore and (C) 25 uM of the clathrin inhibitor Pitstop®2. Actin labeled
with phalloidin (left panel) and vinculin visualized by antibody staining (right

panel). Scale bars, 5 um. (D) Percentage of cells having more than 10 podosomes
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after an hour treatment with DMSO (control), dynamin II and clathrin inhibitors.
Graph represents results of 2-3 independent experiments. (E) TGFB1-stimulated
THP1 transfected with mCherry-UtrCH (left panel) and GFP-dynamin II (middle
panel) indicate predominant ring localization of dynamin II in podosomes as shown
in the overlapped image (right panel) and the (F) enlarged image of the boxed area
from (E).
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Supplementary Figure 1
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Chapter 4 - Supplementary Figure 1: Design of radial and uniaxial stretch

devices.
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(A) Vertical cross-section of a radial stretch unit consists of multiple PDMS layers
attached to a glass substrate. The culture chamber (3 mm wide) sits on a loading
post (2 mm wide and 100 um in height) with an underlying PDMS layer that is
attached to a PDMS cavity bound to the glass substrate. (B) Pressure in the cavity
expands the PDMS layer above it, which then pushes the loading post and deforms
the uppermost PDMS where the cells are seeded. THP1 cells were stimulated with
TGFB1 and plated for 24 hours on the fibronectin-coated culture chamber prior to
any stretch experiments. (C) Uniaxial stretch device employs manual pulling of the
sliding unit to stretch the PDMS chamber. The “pulled” distance is proportional to
the stretch magnitude. Data obtained from stretching on the uniaxial stretch device
are not shown in this chapter but provide similar outcome with the radial stretching

approach.
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4.5 - Discussion

In this study, I showed that podosomes respond to changes in membrane tension
using different methods of perturbation such as osmotic shock, detergent-induced
expansion of the membrane and mechanical stretching (uniaxial and radial
directions) of the substrate. In particular, increasing membrane tension by addition
of 50% hypo-osmotic medium and mechanical stretching (magnitude of 15%) led to
reduction and complete abrogation of podosomes, respectively. In fact, disruption of
podosomes was independent of the stretch cycles and duration, indicating that
sudden increase in membrane tension exerts an acute effect on the stability of
podosomes. Both osmotic- and stretch -induced perturbation influence membrane
tension differently through increase in cell volume (osmolarity changes) and cell
spread area (stretching), suggesting that flattening or tightly-packed lipid bilayer
(high stress) do not favor the assembly of podosomes. Surprisingly, decreasing
membrane tension did not increase the number of podosomes, instead podosomes
were closely connected to one another in clusters upon treatment with

deoxycholate.

One possible explanation to relate membrane tension in the context of podosome is
to assimilate podosomes with lamellipodia, since their actin polymerization is
primarily mediated by the Arp2/3 complex and both exert protrusive forces
towards the membrane which is lateral for lamellipodia and downwards for
podosomes. Increase in membrane tension by osmolarity changes stopped the
lateral lamellipodia protrusions in fibroblasts (Gauthier et al. 2011) and sperm cells
(Batchelder et al. 2011). For example, Batchelder et al. (2011) showed that cells
under hypotonic shock exhibit smoother lamellipodial membrane as compared to
deoxycholate-treated cells, which displayed a much more “wavy” membrane with
numerous lateral protrusions. Likewise in the context of podosome formation, cells
subjected to hypotonic medium have a smoother membrane, thereby making it

harder for actin to protrude towards the substratum due to the higher “pushing”
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force. On the other hand, decreasing membrane tension by deoxycholate makes
“curvier” membranes that can promote clustering of podosomes as a result of

enhanced membrane flexibility.

To favor local protrusive activity, formation of podosomes must be tightly
correlated to continuous remodeling of the underlying plasma membrane, and this
will require low lateral tension at sites of podosome assemblies to permit vertical
growth of the actin core network. Indeed, our earlier work (Yu et al. 2013) showed
that fibroblast-type cells that typically do not form podosomes develop podosome-
like adhesions on fluid RGD-functionalized lipid bilayer that lacks traction force but
not on very soft substrates (2kPa). The absence of traction force on a fluid substrate
suggests that mobile surfaces can provide an energetically favorable environment
for the existence of a flexible (or more deformable) plasma membrane -i.e. low

membrane tension, thereby promoting efficient membrane remodeling.

More intriguingly, despite evidences indicating that podosomes are protrusive
structures (Gawden-Bone et al. 2010, Labernadie et al. 2014), podosomes are
comprised of membrane-deforming proteins such as N/F-BAR-domain containing
proteins (FBP17, endophilin, GRAF1) and dynamin II (Ochoa et al. 2000, Tsuboi et
al. 2009, Doherty et al. 2011, Tsujita et al. 2013), all of which are typically involved
in the formation of invaginations such as endocytic structures. For example, siRNA
knockdown of dynamin II (Ochoa et al. 2000) and inhibition of dynamin II by a
small-molecule inhibitor, dynasore (Figure 4) significantly abrogate podosome
formation. Membrane tension can affect assembly of curvature-generating proteins
and their downstream processes (Simunovic and Voth 2015). Future work will
include depletion of one or more of these proteins with concomitant reduction in
membrane tension (e.g. addition of deoxycholate) to test if such situations can
rescue podosome formation. Finally, quantifying membrane tension at the ventral
side of cells has technological limitations, since measuring membrane tension

requires physical access and tethering to podosomes at the substrate
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APPENDICES

Materials and Method

Cell culture and transfection procedures

THP1 human monocytic leukemia cell line was obtained from Health Protection
Agency Culture Collections (Porton Down, Salisbury, UK) and cultured using Roswell
Park Memorial Institute (RPMI-1640) supplemented with 10% HI-FBS and 50
ug/ml 2-Mercaptoethanol (Sigma-Aldrich) at 37°C and 5% CO-.

Cells were transiently transfected with DNA plasmids using electroporation (Neon
Transfection System, Life Technologies) in accordance to manufacturer’s
instructions. Specifically, suspended THP1 cells were transfected with two pulses of
1400V for 20 milliseconds. These suspended THP-1 cells were differentiated into
adherent macrophage-like cells either with 1 ng/ml human recombinant cytokine
TGFP1 (R&D Systems) or 50 nM Phorbol 12-myristate 13-acetate (Sigma-Aldrich)
for 48 hours on fibronectin-coated glass substrates. 35-mm ibidi (Cat. 81158) glass-
bottomed dishes were coated with 1 ug/ml of fibronectin (Calbiochem, Merck
Millipore) in phosphate buffered saline (PBS) for 1-2 hours at 37°C, washed with

PBS twice, and incubated in complete medium prior to seeding of cells.

For siRNA transfection, THP1 cells were treated with 100nM of ARF1 siRNA
(Dharmacon, ON-TARGETplus SMARTpool siRNA, catalogue no. L-011580-00-0005),
150nM of ARF6 siRNA (Dharmacon, ON-TARGETplus SMARTpool siRNA, catalogue
no. L-004008-00-0005) or 100nM of COPB1 siRNA (Dharmacon, ON-TARGETplus
SMARTpool siRNA, catalogue no. L-017940-01-0005). For control experiments, cells
were transfected with (Dharmacon, ON-TARGETplus Non-targeting pool siRNA,
catalogue no. D-001810-10) at a concentration similar to individual gene-targeted

SiRNAs.
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For knockdown of ARF GEFs in THP1 cells, siRNA duplex
‘GCAAUGGGCAGGAAGAAGU’ (Oh et al 2010) against human ARNO sequence and
‘AUGGAGGAGGACGACAGCUAC’ (Sendide et al 2005) against human cytohesin-1 with
dT-dT overhangs were purchased from Sigma-Aldrich. For rescue experiments in
Figure 1D, ARF1 siRNA transfected THP1 cells were co-transfected with HA-ARF1
(bovine origin, non-sensitive to aforementioned ARF1 siRNA) and fixed 48 hours

after plating on fibronectin.

Immortalized rptp-o(+/+) mouse embryonic fibroblasts (Su et al 1999) that will be
termed MEFs from now onwards, were obtained from the Sheetz laboratory
(Mechanobiology Institute, Singapore). MEFs were cultured in Dulbecco’s modified
Eagle’s Medium high glucose (DMEM), supplemented with 10% heat-inactivated
fetal bovine serum (HI-FBS, Gibco), 1% L-Glutamine, and 100 IU/mg penicillin-
streptomycin (Invitrogen) at 37°C and 5% CO:. MEFs were transiently
electroporated with a single pulse of 1400V for 20 milliseconds. MEFs were either
seeded on fibronectin-coated 35-mm ibidi or 27-mm IWAKI (Japan) glass-bottomed
dishes for 24 hours post-transfection. For plating on supported lipid bilayer
membrane, transfected MEFs were seeded on 6-well Nunc (Thermo Fisher
Scientific) plastic dishes for 24 hours post-transfection. These MEFs were then
treated with trypsin solution, TrypLE™ (ThermoFisher Scientific), for 5 mins and
kept in suspension for 15 minutes in complete medium to recover from

trypsinization prior to seeding on supported lipid bilayer membrane.

Plasmids

mCherry-WIP and GFP-WASP were described in (Vijayakumar et al 2015); GFP-§-
actin and mCherry-Talin - in (Cox et al 2012). The following plasmids described in

corresponding references were kindly provided by the following researchers. EGFP-

ARNO (Santy et al 1999) and EGFP-ARNO E156K (Hernandez-Deviez et al 2003) -
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by Dr James Casanova (University of Virginia, VA, USA); EGFP-Cytohesin-1
(Bourgoin et al 2002) - by Dr Sylvain Bourgoin (CHU de Québec Research Center,
University of Laval, Quebec, Canada); ARF1-RFP (Hsu et al 2010) - by Dr Nihal
Altan-Bonnet (NIH, Bethesda, MD, USA); GFP-Vinculin (Zamir et al 1999) and
mCherry-Vinculin - by Dr Michael Davidson (Florida State University, FL, USA);
GFP-Paxillin and mApple-Paxillin (Kanchanawong et al 2010) - by Dr Pakorn
Kanchanawong (Mechanobiology Institute, Singapore); constitutively active Src
Y527F - by Dr Keiko Kawauchi (Mechanobiology Institute, Singapore); EGFP-Rab6A
(Miserey-Lenkei S et al 2010) - by Dr Stéphanie Miserey Lenkei (Institute of Curie,
Paris, France); GFP-Mannosidase II (Galen ] et al 2014) - by Dr Vivek Malhotra
(Center of Genomic Regulation, Barcelona, Spain); mApple Rab11A (verified in-
house) - by Dr Vicki Allan (University of Manchester, UK); GFP-Dynamin II (Ochoa
et al 2000) - by Dr Pietro De Camilli (Yale University, USA); All BIG constructs (HA-
BIG1, HA-BIG2, HA-BIG1 E793K, HA-BIG2 E738K (Ishizaki et al 2008) - by Dr Hye-

won Shin (Kyoto University, Kyoto, Japan).

The following plasmids described in corresponding references were purchased from
Addgene (Cambridge, MA, USA): ARF1-GFP (Chun et al 2008, Addgene #39554),
ARF1-ECFP (Beemiller et al 2006, Addgene #11381), ARF1(T31N)-ECFP (Beemiller
et al 2006, Addgene #11384), ARF1(Q71L)-ECFP (Beemiller et al 2006, Addgene
#11385), HA-ARF1 (Furman et al 2002, Addgene #10830), GFP-Rab11 (Choudhury
et al 2002, Addgene #12674), mCherry UtrCH (Burkel et al 2007, Addgene #26740),
EMTB-mCherry (Miller et al 2009, Addgene #26742), GFP-RhoA (T19N) (Subauste
et al 2000, Addgene #12967), ARF6-CFP (Beemiller et al 2006, Addgene #11382),
mCherry-Arp3 (Taylor et al 2011, Addgene #27682), mCherry-Cortactin (Taylor et
al 2011, Addgene #27676), mCherry-clathrin light chain (Taylor et al 2011, Addgene
#27680), dsRed Rab7 (Choudhury et al 2002, #Addgene 12661), GFP-Rab8A
(Guizetti etal 2011, Addgene #31803).
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Supported lipid bilayer membrane

Methodologies of supported lipid bilayer preparation and membrane
functionalization have been described in Yu et al 2011 and Yu et al 2013. Briefly,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn- glycero-
3-phosphoethanolamine-N-(cap biotinyl) (16:0 biotinyl-Cap-PE) were purchased
from Avanti Polar Lipids. The lipids (0.2 mol% of biotinyl- Cap-PE and 99.8 mol% of
DOPC) were mixed with an equal volume of PBS and then pipetted onto cleaned
glass substratum where a 25-mm coverslip was placed over it for self-assembly of
lipid vesicles. The lipid-coated coverslips were immersed into a deionized water
bath and then placed and sealed in an Attofluor cell chamber (Life Technologies).
The supported lipid bilayer membrane ensemble was kept under aqueous
environment at all times. For membrane functionalization, the supported lipid
membrane was blocked with 50 ug/ml of Casein. A total of 0.1 ug/ml of Cascade
blue neutravidin (Life Technologies) was added onto supported lipid membranes,
followed by 1 ug/ml of biotinylated RGD, cyclo (Arg-Gly-Asp-D-Phe-Lys [Biotin-PEG-
PEG]; Peptides International). Cells were then added onto the RGD-functionalized

lipid bilayer membrane and imaged or fixed within 2-3 hours of preparation.

Drug treatment

For drug inhibition studies, podosome-forming cells were treated with 30uM
SecinH3 (Tocris), 10uM Golgicide A (Santa Cruz Biotechnology), 5ug/ml Brefeldin A
(Sigma-Aldrich) in complete medium for 1-2 hours at 37°C with 5% CO; and
subsequently fixed with 4% PFA. For live cell imaging, cells were imaged
immediately after addition of appropriate inhibitors, which remained in the medium
during the entire period of image acquisition. To study effect of inhibitors on
podosomes formed by MEFs plated on RGD lipid bilayer, the cells were treated with

appropriate inhibitors 30-45 minutes following cell seeding on the bilayer.
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Immunoblotting

For verification of knockdown experiments, cells were lysed in RIPA buffer 48 hours
after transfection and extracted proteins were separated by 4-20% SDS-
polyacrylamide gel (Thermo Fisher Scientific) and transferred to PVDF membranes
(Bio-Rad) before incubation at 75V for 2 hours and blocked for 1 hour with 5% non-
fat milk (Bio-Rad) or bovine serum albumin (BSA, Sigma-Aldrich). The PVDF
membranes were incubated overnight at 4°C with appropriate antibodies: anti-
ARF1 (Abcam, catalogue no. ab108347, dilution 1:1000); anti-ARF6 (Abcam,
catalogue no. ab77581, dilution 1:1000); anti-ARNO (Abcam, catalogue no. ab56510,
dilution 1:1000); anti-cytohesin-1 (Merck Millipore, catalogue no. MABT14, dilution
1:500); anti-a-tubulin (Sigma-Aldrich, catalogue no. T6199, dilution 1:3000); Anti-
PCOP (Abcam, catalogue no. ab2899, dilution 1:1000); anti-HA (Cell Signaling
Technology, catalogue no. 2367, 1:1000); anti-Cdc42 (Cell Signaling Technology,
catalogue no. 2462, 1:1000).

After three washes (10 minutes each), appropriate secondary antibodies conjugated
with horseradish peroxidase (Bio-Rad) were incubated with the membrane for 1
hour, washed three times (15 minutes at room temperature), and detected by
Pierce™ ECL western blotting substratum (Thermo Fisher Scientific) using CL-

Xposure film (Thermo Fisher Scientific).

ARF1 and Cdc42 activity assay

Total cell lysates were collected and immediately quantified by the G-LISA ARF1 or
Cdc42 Activation Assay Biochem Kit (colorimetric-based) and performed as per
manufacturer’s protocol (Cytoskeleton, Inc.). Samples were run in duplicates,
averaged and then normalized to the total ARF1 or Cdc42 levels detected by
immunoblotting. For each set of experiment, data were normalized to TGFp1-
treated THP1 cells giving a fold-change value from zero (minimum) to one

(maximum). Pull-down assay using GST-tagged Rac/Cdc42-binding domain of PAK1
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(PBD) beads, which precipitates GTP-bound Rac or Cdc42 proteins, was used to
determine the amounts of active Cdc42 levels in THP1 cells. Pulled-down Cdc42

were immunoblotted using antibodies against Cdc42 as described above.

Immunofluorescence

Cells were fixed with 3.7% paraformaldehyde in PBS, washed twice and
permeabilized with 0.5% triton X-100 (Sigma-Aldrich) in PBS for 10 minutes, and
then washed twice. Fixed cells were blocked with 5% BSA or 5% FBS for 1 hour at
room temperature or overnight at 4°C prior to incubation with appropriate primary
antibodies: anti-GM130 (BD Biosciences, catalogue no. 610822, dilution 1:400);
anti-GRASP65 (Abcam, catalogue no. ab30315, dilution 1:500); anti-HA (Cell
Signaling Technology, catalogue no. 2367, dilution 1:400), anti-vinculin (Sigma-
Aldrich, catalogue no. V9131, dilution 1:400); anti-ARF6 (Abcam, catalogue no.
ab77581, dilution 1:200); Anti-fCOP (Abcam, catalogue no. ab2899, dilution 1:200).
Cells were washed thrice with PBS and incubated with Alexa Fluor-conjugated
secondary antibodies (Thermo Fisher Scientific) for 1 hour at room temperature
followed by three washes in PBS. Actin staining was carried out using either Alexa
Fluor 488 Phalloidin (Thermo Fisher Scientific), Phalloidin-TRITC (Sigma-Aldrich)
or CF680R Phalloidin (Thermo Fisher Scientific).

Live cell imaging and confocal microscopy

Cells were imaged in complete medium (unless stated otherwise) at an acquisition
rate from 5 seconds to 1 minute intervals using a spinning-disc confocal microscope
(PerkinElmer Ultraview VoX) attached to an Olympus IX81 inverted microscope,
equipped with a 100x oil immersion objective (1.40 NA, UPlanSApo), an EMCCD
camera (C9100-13, Hamamatsu Photonics) for image acquisition, and Volocity
software (PerkinElmer) to control the acquisition protocol. Fixed samples and live

imaging were also imaged with a Nikon confocal A1R system and Nikon structured
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illumination microscopy (N-SIM) attached to a Nikon Ti-E inverted microscope with
Perfect Focus System (PFS) using a 100x oil immersion objective (1.40 NA, CFI Plan-
ApochromatVC). The cameras, from Andor technology Neo sCMOS and DU-897 were
used to acquire images for confocal A1R and N-SIM systems respectively, with the
Nikon NIS-Elements AR software to control the acquisition protocol. For z stack
images, cells were imaged at a step-size of 0.2-0.5 um with a total height of 15-20

um.

Image processing and data analysis

Image processing and analysis were performed with Image] or Volocity Software.
The number of podosomes (marked by core or ring marker) was quantified
automatically using an Image]-based tool for counting Nuclei (Image] plugin), which
was manually verified for the first ten cells in the specimen to account for
undetected podosomes (less than 10%). Line intensity measurements (arbitrary
unit, a.u.) of GFP-ARNO, GFP-Cytohesin-1 and mCherry-UtrCH were quantified by
measuring the mean intensity of GFP or mCherry fluorescence per area (um?),
background subtracted and normalized with values ranging from 0 (lowest) to 1

(highest).

Statistical analyses

Prism version 6 (GraphPad Software) was used to plot, analyze and represent the
data. Significance of the differences was determined using two-tailed unpaired
Student’s t-test or one-way ANOVA for more than two groups. The methods for
statistical analysis and sizes of the samples (n) are specified in the results section or
figure legends for all of the quantitative data. Differences were accepted as

significant for P < 0.05.
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Integrin-matrix clusters form podosome-like adhesions in the
absence of traction forces (Yu, Rafiq et al Cell Rep. 2013)
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SUMMARY

Matrix-activated integrins can form different adhe-
sion structures. We report that nontransformed fibro-
blasts develop podosome-like adhesions when
spread on fluid Arg-Gly-Asp peptide (RGD)-lipid
surfaces, whereas they habitually form focal adhe-
sions on rigid RGD glass surfaces. Similar to classic
macrophage podosomes, the podosome-like adhe-
sions are protrusive and characterized by
doughnut-shaped RGD rings that surround charac-
teristic core components including F-actin,
N-WASP, and Arp2/Arp3. Furthermore, there are 18
podosome markers in these adhesions, though
they lack matrix metalloproteinases that characterize
invadopodia and podosomes of Src-transformed
cells. When nontransformed cells develop force on
integrin-RGD clusters by pulling RGD lipids to pre-
fabricated rigid barriers (metal lines spaced by
1-2 um), these podosomes fail to form and instead
form focal adhesions. The formation of podosomes
on fluid surfaces is mediated by local activation of
phosphoinositide 3-kinase (PI3K) and the production
of phosphatidylinositol-(3,4,5)-triphosphate (PIP3) in
a FAK/PYK2-dependent manner. Enrichment of PIP3
precedes N-WASP activation and the recruitment of
RhoA-GAP ARAP3. We propose that adhesion struc-
tures can be modulated by traction force develop-
ment and that production of PIP3 stimulates
podosome formation and subsequent RhoA downre-
gulation in the absence of traction force.

INTRODUCTION

Activation of integrin receptors by extracellular ligand binding
mediates the formation of cell-matrix adhesions (Miranti and

stream signal transduction paths leading to events such as cell
migration (Huttenlocher and Horwitz, 2011), differentiation (Eng-
ler et al., 2006), and cancer metastasis (Levental et al., 2009). The
recruitment of actin-binding proteins, such as talin and vinculin,
provides structured linkages between integrins and the actin
cytoskeleton (Vogel and Sheetz, 2006; Wehrle-Haller, 2012).
While the initial clustering of integrin receptors upon binding mo-
bile Arg-Gly-Asp (RGD) moieties is independent of traction
forces (Yu et al., 2011, 2012a), contraction-mediated maturation
of integrin clusters results in stable adhesion formation (Moore
et al., 2010). More importantly, the physical characteristics of
extracellular matrix (ECM) can initiate differential assembly of
the actomyosin cytoskeletal network (Geiger et al., 2009). For
example, fibroblasts on a rigid ECM substrate (100 kPa) are
flat, polarized cells with actin stress fibers across the cell body.
On softer but chemically identical ECM substrates (10 kPa), fi-
broblasts fail to polarize and exhibit fewer and less robust actin
stress fibers (Prager-Khoutorsky et al., 2011). Despite numerous
studies, the interplay among actin assembly, force generation,
and adhesion structure remains unclear.

Podosomes and focal adhesions are both integrin-mediated
multimolecular assemblies for cell adhesion (Calle et al., 2006;
Geiger et al., 2001; Machesky et al., 2008). Many adherent cells,
such as epithelial cells or stromal fibroblasts cultured in vitro,
maintain stable adhesions to the substratum via focal adhesions,
adhesion structures interconnected by an actomyosin contrac-
tile network (Cai and Sheetz, 2009; Vogel and Sheetz, 2009).
On the other hand, monocytic-lineage-derived cells such as
macrophages utilize an alternative structure known as a podo-
some as their primary adhesion machinery (Cox et al., 2012;
Murphy and Courtneidge, 2011). Podosomes characteristically
contain WASP, cortactin Arp2/Arp3, and actin filaments in the
center (podosome core, usually 1 um in diameter and 2 um in
height), which is surrounded by a ring of integrin and integrin-
associated proteins, such as talin, vinculin, and paxillin. Alterna-
tively, transformation of fibroblasts by constitutively active Src
kinase will also drive podosome or invadopodia formation with
N-WASP substituting for leukocyte-restricted WASP. N-WASP/
WASP and Arp2/Arp3 are regarded as markers of podosomes

Brugge, 2002). The clustering of activated integrins and integ4 1 7s they are not seen at focal adhesions, but otherwise the two

rin-associated proteins locally promotes the activation of down-
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the spatial organization of these components is very different (Gi-
mona et al., 2008). Although a wealth of experimental detail is
now available, the underlying mechanism of podosome assem-
bly and whether it is force dependent comparable to the situation
with focal adhesions are largely unknown.

Mobile RGD ligands on nanopatterned supported lipid mem-
branes provide a simple means to study force-mediated signal
transduction events at the cell membrane and have been widely
used in various cell biological investigations, such as studies of
the immunological synapse (Mossman et al., 2005), ephrin-medi-
ated cancer metastasis (Salaita et al., 2010), and force-modu-
lated integrin adhesion (Yu et al., 2011, 2012a). Previously, we
have utilized RGD-tagged lipids in supported membranes (RGD
biotin bound to Cascade blue neutravidin bound to biotin lipid)
with or without nanopartitioned lines to trigger integrin activation
and to investigate force-dependent and independent functions
during early cell spreading (Yu et al., 2011). Continuous films of
RGD membranes generally exhibited long-range lateral mobility
(diffusion coefficient 2 pm?/s) and were substrates with infinites-
imal elasticity (Evans and Yeung, 1994; Evans and Hochmuth,
1978) (zero rigidity/shear modules, equivalent film viscosity 0.1
N-s/m?). When the long-range mobility of the RGD membrane
was locally restricted by fabricating metal lines as nanopartitions
within the bilayers (typically 100 nm line width and 5 nm thick with
1-4 um line pitch, passivated by BSA or casein) (Yu and Groves,
2010; Yu et al., 2010), mobile RGD-integrin clusters assembled
stable adhesions across the adjacent partitions with 1 and
2 um, but not with 4 um, pitch through force generation and adhe-
sion maturation. This system was ideal for testing matrix-depen-
dent mechanical regulation of adhesion formation.

Various signal transduction pathways can regulate cell-matrix
adhesions. Anionic phospholipids, such as phosphatidylinositol
(4,5)-bisphosphate (PIP2) and phosphatidylinositol (3,4,5)-
triphosphate (PIP3) are dynamically regulated in plasma
membranes (MclLaughlin et al., 2002; Xu et al., 2003). Local
enrichment of these negatively charged lipids can initiate
N-WASP/WASP-mediated actin polymerization at plasma mem-
branes (Papayannopoulos et al., 2005; Pollitt and Insall, 2009).
Class IA phosphoinositide 3-kinase (PI3K) is composed of two
subunits, p85 (regulatory) and p110 (catalytic), that phosphory-
late PIP2 to generate PIP3 (Vanhaesebroeck et al., 2012), raising
local PIP3 concentrations. On the other hand, PTEN dephos-
phorylates PIP3 to PIP2, decreasing PIP3 concentrations. While
the biochemical interaction of p85beta and focal adhesion
kinase (FAK) has been reported previously (Chen et al., 1996),
N-WASP and Arp2/Arp3 actin polymerization complexes are
absent at tension-loaded focal adhesions. Here, we report that
spatiotemporal recruitment of PI3K and local enrichment of
PIP3 at integrin-mediated adhesion sites on traction-force free
RGD membranes play an important role in differential signal
transduction leading to podosome formation.

RESULTS

Formation of Podosome-like Adhesion Follows Initial
Integrin Clustering of RGD Lipids

Although THP1 monocytic cells treated with transforming growth
factor B1 have been used as a model system to study podo-

somes on regular matrix-coated substrates (Monypenny et al.,
2011), fibroblasts generally do not form podosomes on matrix-
coated substrates unless transformed by Src (Oikawa et al.,
2008; Tarone et al., 1985). It was therefore surprising to see
that nontransformed fibroblasts (RPTPa** mouse embryonic
fibroblasts and REF52 rat fibroblasts) formed podosome-like
adhesions when plated on freely diffusive RGD lipids (Figure 1A)
without artificially elevated Src activity. About 70% of REF52
fibroblasts developed podosome-like adhesions after 45 min of
initial adhesion (Figure 1B; total of 321 cells in four experiments),
while the same cells seeded on immobilized RGD-coated glass
consistently formed classic focal adhesions (Figure 1A). In paral-
lel, we also observed podosome formation in THP1 cells on
RGD-supported bilayers (Figure 1D; Movie S1).

To understand the development of podosome-like adhesionsin
fibroblast cells, we examined the process of adhesion formation
on RGD membranes. We found that cells assembled RGD-integ-
rin clusters during the early adhesion process, as we described
previously (Yu et al., 2011, 2012a). Similar to the case of focal
complex and focal adhesion formation, the activated RGD-integ-
rin receptors promptly recruited various integrin-binding proteins
such as talin and paxillin and nucleated micrometer-sized clusters
as nascent adhesion structures. However, RGD-integrin clusters
on continuous RGD lipid bilayers were not interconnected by
actin stress fibers and developed into podosomes after 45 min
of initial adhesion (Figure 1C; Movie S2). The formation of podo-
some-like adhesions on RGD membranes was characterized by
actin filament assembly in the podosome core at the center of in-
dividual RGD-integrin clusters (Figure 1D). Integrin-associated
proteins, such as talin, paxillin, and vinculin, were consequently
repartitioned into the ring structure (podosome ring) surrounding
the actin core (Figures 1D and 1F).

Podosome-like Adhesions Have the Same Components
as Classic Podosomes

To better identify the molecular organizations of podosome-like
adhesion on RGD membranes, we rigorously examined more
than 20 different molecular components (Table S1) that have
been identified previously (Linder and Kopp, 2005). We found
that podosome-like adhesions shared identical components in
classic podosomes in macrophages. Therefore, we refer to
podosome-like adhesions on RGD membranes as “podosomes”
in the rest of this article. Podosome cores were enriched in F-
actin and other characteristic molecular markers, such as Arp2/
Arp3, WIP, and N-WASP, that were absent in classic focal adhe-
sions (Figures 1F and S2A). The metalloproteinase, MMP-14
(MT1-MMP), was not enriched at podosomes of nontransformed
fibroblasts or THP1 macrophages (Figure S1B). However, Src-
transformed fibroblasts exhibited a high level of MMP-14 at inva-
dopodia or long-lasting podosomes (Figure S1B), as previously
reported (Wu et al., 2005). In addition, Tks5, a key adaptor protein
in invadopodia formation, was not enriched at podosomes in
nontransformed fibroblast on RGD membranes (Figure S1C).

Podosomes Are Dynamic Structures Formed by Arp2/
Arp3-Mediated Actin Polymerization

1 ingense F-actin polymerization within RGD-integrin clusters as

visualized by LifeAct was a signature of podosome formation
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Figure 1. Podosome Formation on RGD Membrane

(A) REF52 fibroblast forms regular focal adhesion on RGD glass but developed podosomes on RGD membrane after 45 min of initial adhesion.

(B) Percentage of REF52 fibroblast cells forming regular adhesion and poddgqrés on RGD-coated glass or RGD membrane. A total 321 cells in four experiments
were used.

(legend continued on next page)
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at prepodosomal RGD clusters, and Arp2/3 was enriched at
podosome cores (Figure 1F). The Arp2/Arp3 inhibitor CK-666
(Nolen et al., 2009) effectively abolished podosome formation
(100 pM, 28 cells in two experiments; Figure S1). Formins,
such as mDia1l, DAAM1, and FHOD1, were not enriched at
the podosomes (Figure S2A). SMIFH2 has been shown to
inhibit mDial- and mDia2-mediated actin polymerization
in vitro and in vivo (Rizvi et al., 2009). However, SMIFH2 formin
inhibitor did not suppress podosome formation in RPTPa**
mouse embryonic fibroblasts (Figure S2B). Thus, the actin
cores of these podosomes were assembled by Arp2/Arp3-
dependent actin polymerization and were not dependent on
formin activity. Myosin-Il, visualized by myosin regulatory light
chain (MLC) was not enriched at podosomes. The disassembly
of podosomes correlated with sparse recruitment of MLC
around the dissociating actin core (Movie S3; Figure S4C)
and a return to prepodosomal RGD-integrin clusters. The tran-
sition between podosome and adhesion -clusters often
repeated multiple times. Unlike long-lasting invadopodia (stable
for hours), each podosome on RGD membranes exhibited a
lifespan of 2-20 min.

Previously, interference reflection microscopy (IRM) was used
to highlight close-contact zones at the cell-matrix interface (Holt
et al., 2008), and the podosome core indeed showed close con-
tact to the supporting substrate (Figure 1E). The tight contact re-
vealed by destructive interference between two closely apposed
interfaces indicated that the podosomes were protrusive (Evans
et al., 2003; Monypenny et al., 2011). Intriguingly, the intensity of
RGD fluorescence at the podosome core was diminished and
immediately recovered after podosome disassembly (Fig-
ure S3B), which indicated that either the cell protrusive force
was pushing out the RGD ligands and/or was creating a void in
the bilayer. When bilayer continuity was tested with fluorescent
lipid probes, such as Texas red-labeled 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (Texas red DHPE), doped
into the supported bilayer, the fluorophores remained evenly
distributed at the podosome core (Figure S3A), suggesting that
the podosomes were indeed protrusive.

Along with Arp2/Arp3, cortactin, and WIP accumulation
(Figure S2A), RGD depletion from the core was another unique
phenomenon observed during the transformation from prepodo-
somal RGD clusters to podosomes. In more than 20 independent
experiments with both macrophages and nontransformed fibro-
blasts, we rigorously examined and confirmed that F-actin poly-
merization and RGD depletion were always concurrent. While
prepodosomal RGD clusters can be in an arbitrary ring shape,
we always verified podosome formation by classic podosome
markers and RGD depletion inside the RGD ring during live cellim-
aging (Table S1; Figure 3B). Thus, the podosomes in fibroblasts

on RGD membranes exhibit the normal protrusive behavior,
morphology, and dynamics of podosomes in macrophages.

Force Generation in Nanopartitioned RGD Membranes
Suppresses Podosome Formation

To test whether or not force on adhesions would affect podo-
some formation, we spread cells on nanopartitioned RGD bila-
yers where it was previously shown that cells would generate
force on adhesions and stabilize them (Yu et al., 2011). The
RGD bilayers were partitioned by nanofabricated metal lines
(typically 100nm line width and 5nm in height) that provided pas-
sive resistance to adhesion movement. Previously, we demon-
strated that the line pitch of partitioning barriers on an RGD
membrane was inversely related to cell adhesion area. A smaller
line pitch between barriers provided a higher density of barriers
to RGD-integrin cluster movement and cells spread over larger
areas. Cells formed focal adhesions with stress fibers, but they
did not form podosomes when plated on nanopartitioned
RGD membranes with a 1 um line pitch (10% surface density).
The immobilized RGD-integrin clusters were linear and were
linked by actin fibers (hollow arrows in Figure 2A) after 60 min
of initial adhesion. Furthermore, when cells were plated on nano-
partitioned RGD membranes with a 4 um line pitch that did not
support force generation, podosome formation was restored.
At the beginning, cells nucleated RGD clusters adjacent to nano-
patterned lines with a 4 um pitch, but there were no actin stress
fibers between RGD clusters and cells had a smaller spread
area. After 60 min of adhesion, these RGD clusters were also
converted to podosomes (white arrowheads in Figure 2A). Inter-
estingly, when RGD membranes were partitioned by dot arrays
(300 x 300 nm? metal areas with 1 um pitch, also 9% of surface
density) that provided no spatial confinement of RGD ligands,
cells failed to develop force-stabilized RGD-integrin clusters
and formed podosomes (Figure 2A). With increasing distance
between the membrane partitions, fewer force-stabilized
adhesion sites were nucleated, and podosome formation conse-
quently increased (Figure 2C; total of 47 cells in three experi-
ments). More surprisingly, when a single cell adhered to both a
continuous and a partitioned RGD membrane, podosomes
formed only on the continuous region and did not form at the
partitioning lines (Figure 2B; Movie S4). Thus, we suggest that
force generation by contraction to the lines produced a local
signal that suppressed podosome formation within spatially
restricted regions.

Recruitment of p85beta Precedes Podosome Formation
and Local Enrichment of PIP3

To determine what factors might be involved in stimulating podo-
some formation in the absence of force, we looked at Src kinase

(C) Transition from initial RGD-integrin clusters to podosomes in REF52 fibroblast adhered on RGD membrane (Movie S2). Inset: podosomes (red arrowheads)
were identified by ring formations of both RGD and YFP paxillin. (D) THP1 monocytes and REF52 fibroblasts both formed podosomes on RGD membrane. The
dense actin core is surrounded by adhesion proteins, such as paxillin, vinculin, and RGD-integrin clusters. The center of the podosome ring is depleted from RGD.
(E) Interference reflection microscopy reveals tight contacts at the protrusive podosome core in REF52 fibroblast cells. Inset (top to bottom): RICM, CF594

phalloidin (F-actin staining), and YFP paxillin.

(F) Development of podosomes (4 x 4 um? each frame) in REF52 fibroblast cells. Integrin $3, talin, and RGD clusters are reorganized to form the podosome ring.

Arp3 and WIP are enriched at the podosome core.
Error estimates are SEM. The scale bar represents 10 um.

120
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Line pattern Dot pattern Figure 2. RGD Membrane with Dense Parti-
100 nm line width 300 x 300 nm2 per dot tioning Barriers Prevents Podosome Forma-
tion
(A) Nanopatterned lines (100 nm line width, with 1
to 4 um line pitch) were prefabricated on glass
substrate before RGD membrane deposition. The
cell formed regular adhesion and actin stress fibers
(white hollow arrows) on line-partitioned RGD
membrane with 1 um pitch. However, podosome
formation (white arrowheads) remained when the
cell adheres on RGD membrane with a 4-pm-pitch
line partition, as well as 1-um-pitch dot arrays
(each dot area: 300 x 300 nm?).

(B) When a single cell adhered to both a continuous
and a partitoned RGD membrane, podosomes
(white arrowheads) formed only on the continuous
region and did not form between the partitioning
lines (Movie S4).

(C) Percentage of REF52 fibroblast cells forming
podosomes when adhering on various patterned
RGD membranes. Denser line partitions in RGD
membranes result in less podosome formation. A
total of 47 cells in three experiments were used.
Error estimates are SEM. The scale bar represents
10 um.

1 pm line pitch 4 pm line pitch 1 um dot pitch

YFP-Paxillin Lifeact-Ruby

RGD

peared to trigger podosome formation
(Figures 3A and 3B, arrow). During the
initial phase of podosome formation,
EYFP-p85beta was initially recruited to a
subset of preexisting integrin-RGD clus-
ters (Figure S4A) and then it expanded
to the podosome rings (Figure 3B; Movie
S5). In parallel, we monitored the time-
dependence of PIP3 production by
measuring the level of Akt-PH binding
and we measured a marked increase in
Akt-PH binding during the transition
from RGD clusters to podosomes (Fig-

ure 3C). In addition, N-WASP was re-
cruited at podosome cores (Figure 3D).

Bright Field

YFP-Paxillin RGD ¢ 100%=

80%-]

To determine if local enrichment of
PIP3 triggered podosome formation,
we inhibited PI3K activity by Wortman-
nin (100 nM). Fibroblasts can still
develop initial RGD clusters after PI3K
inhibition, but podosome formation on
RGD membranes was blocked (Figures
4C and S6C; total of 108 cells in four ex-
periments). While p85beta was also
found at regular focal adhesions (Fig-
ure S5A), there were no significant
changes in local PIP3 levels at the
activity and PIP3 formation. After inhibition of Src by PP2 (10~ adhesions (Figure S5B), and N-WASP was not recruited at
20 um, 2 hr), podosomes still formed, but at only 40% of the fre-  focal adhesions (Figure S5C). Thus, we suggest the recruit-
quency of control cells (Figure S6A; total of 104 cells in three ex- ment of class IA PI3K caused the rise in PIP3 levels that led
periments). In the case of PIP3 formation, we found the localized to F-actin assembly in the transformation of prepodosomal
recruitment of class 1A PI3K regulatory subunit p85beta at preq 2 RGD-integrin clusters to podosomes on traction-force-free
podosomal RGD clusters preceded actin assembly and ap- RGD membranes.

60%

40%

Percentage of REF52 cells
forming podosomes

20%

Off-pattern On-pattern Off-pattern On-pattern Q@
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Figure 3. Dynamical p85beta Recruitment and Increased PIP3 Level Turn RGD Clusters into Podosomes

(A) Class IA PI3K regulatory subunit p85beta was recruited at podosomes.

(B) Increased recruitment of p85beta at RGD clusters preceded F-actin polymerization. Spatial-temporal recruitment of F-actin and p85beta were analyzed by
kymographs and intensity-time plot. p85beta was recruited at a subset of RGD clusters that subsequently turned into podosomes. As dot-like F-actin started to
polymerize podosome core, p85beta reorganized from podosome core to podosome ring (Movie S5).

(C) Local enrichment of PIP3 during podosome formation. PIP3 levels were monitored by Akt-PH. The PIP3 level increased during the void formation within the
RGD cluster (zone |) as a result of podosome formation on RGD membranes. The PIP3 level remains unaltered in stable RGD clusters (zone Il).

(D) N-WASP was recruited at podosome cores. The scale bar represents 5 um]_ 2 2
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Lifeact-Ruby FAK-EGFP pY397-FAK

Percentage of cells
forming podosomes

In terms of the degradation of PIP3 and podosome disas-
sembly, PTEN was found at podosomes, but it only appeared
after p85beta. It was often found above the focal plane of
RGD-integrin clusters and decreased as F-actin disassembled
(Figure S4B). In addition, the level of PIP3 decreased with the
disassembly of the F-actin core. This suggests that a sustained
level of PIP3 is necessary for maintenance of the F-actin core.

Tyrosine Autophosphorylation of Both FAK and PYK2
Regulates p85beta Recruitment

As p85beta is known to bind to substrates with phosphotyro-
sines via SH2 domains (Songyang et al., 1993), we looked for
possible tyrosine kinases that may have been involved. Classical
PI3K activation often involved autophosphorylation of receptor
tyrosine kinase (RTK), as well as focal adhesion kinase (FAK)
(Chen et al., 1996). After testing a number of RTK inhibitors
that did not block podosome formation, we tested the dual
FAK and Pyk2 kinase inhibitor PF-562271 (Roberts et al., 2008)
and found that it efficiently suppressed podosome formation
on RGD membranes. We found that FAK was recruited to
RGD-integrin clusters (Figure 4A) and Y397 of FAK was auto-
phosphorylated and colocalized with EYFP-p85beta at podo-

Figure 4. Autophosphorylation of FAK
Recruits p85beta at RGD Clusters

(A) FAK was recruited at RGD clusters and was
more enriched at podosome rings.

(B) p85beta and pY397 FAK were both enriched at
podosome rings.

(C) Podosome formation was suppressed by the
FAK/Pyk2 inhibitor PF-562271, which blocked the
autophosphorylation of FAK and Pyk2. The PI3K
inhibitor Wortmannin also effectively abolished
podosome formation. Error estimates are SEM.
The scale bar represents 5 um.

EYFP-p85beta

still form initial RGD clusters, but
p85beta recruitment was suppressed.
Only 25% of fibroblasts were able to
form podosomes on RGD membranes
(Figures 4C and S6D; total of 139 cells in
three experiments). Thus, we suggest au-
tophosphorylation of FAK (Y397) and
Pyk2 (Y407) recruited p85beta that trig-
gered local enrichment of PIP3 at prepo-
dosomal RGD clusters.

RhoA-GTP Levels Are Decreased
upon Cell Adhesion to Mobile RGD
Membranes
Since artificially upregulated RhoA-GTP
levels and cellular contractility abolished
podosome formation (Schramp et al.,
2008; van Helden et al.,, 2008), we
decided to determine if reduced RhoA-
GTP was also correlated with podosome
formation. Inhibiting Rho-associated protein kinase (ROCK) ac-
tivity (Y-27632, 10 uM) or downregulating myosin-II-mediated
contractility (blebbistatin, 50 pM) did not affect podosome for-
mation on RGD membranes (Figure S6B; total of 60 and 59 cells
examined in four experiments, respectively). In contrast, artifi-
cially upregulating cellular contractility by the RhoA agonist lyso-
phosphatidic acid (LPA, 40 uM) or expressing a constitutively
active RhoA-Q63L mutant effectively inhibited podosome forma-
tion (Figure S6B; total of 62 and 87 cells examined in four exper-
iments, respectively). Furthermore, we utilized a fluorescence
resonance energy transfer (FRET)-based RhoA biosensor (Pertz
et al., 2006) to measure RhoA activity when cells adhered to
different substrates (Figure 5B). REF52 cells plated on the mobile
RGD membrane had a significantly lower FRET efficiency (0.45 +
0.01 SEM, n = 30; Figure 5C) than on RGD-coated glass (0.73 +
0.02 SEM, n = 25; Figure 5C; p value < 0.0001, two-sample t test,
two-tailed). Thus, low levels of RhoA-GTP seem to be important
for podosome formation.

To further investigate RhoA regulation, we tested two RhoA
GTPase-activating proteins (GAPs), DLC1 and ARAP3, which
localized to podosomes. While DLC1 was recruited at both focal
adhesion and podosome rings through tensin (Schramp et al.,

somes (Figure 4B). When FAK/Pyk2 autophosphorylation was in4 2 3008), ARAP3 has been shown to bind to PIP3 at plasma mem-

hibited by PF-562271 (10 uM, 4 hr pretreated), fibroblasts can

branes (Krugmann et al., 2002, 2004). Indeed, we found that

1462 Cell Reports 5, 1456-1468, December 12, 2013 ©2013 The Authors



Kymograph

Lifeact-Ruby EGFP-ARAP3

Lifeact-
Ruby

EGFP-
ARAP3

RGD

Overlay

Overlay

u.)

— F-actin — ARAP3 — RGD

Normalized
Intensity (a.

0 200 400 600
Time (s)

FRET RhoA Biosensor

=}
]

Podosomes
RGD membranes

RhoA Biosensor FRET Ratio (a.u.)

RGD RGD RGD
Membranes Glass Membranes with
Wortmannin

100%

75%

Focal adhesions
RGD glass

Percentage of cells
forming podosomes
(4]

o
X
A

25%

0%~

Figure 5. Low RhoA-GTP Levels Accompany Podosome Formation

(A) ARAP3, a PIP3-bound RhoA GAP, was recruited at the podosome core. Recruitment of ARAP3 increased as the F-actin podosome core developed and then
decreased before F-actin dissembled. Spatial-temporal recruitment of F-actin and ARAP3 were analyzed by kymographs and intensity time plot.

(B) Color-coded heatmap images of RhoA activity in vivo. RhoA activity measured by a FRET-based RhoA biosensor indicated lower RhoA-GTP levels when
REF52 fibroblast cells adhered and formed podosomes on RGD membranes. Higher RhoA-GTP levels were measured as cells adhered and form focal adhesion
on RGD-coated glass.

(C) Comparison of RhoA activity via FRET efficiency between cells adhered on RGD membranes (0.45 + 0.01 SEM, n = 30) and RGD glass (0.73 + 0.02 SEM, n =
25); p value < 0.0001 (two-sample t test, two tailed). When PI3K was inhibited by Wortmannin, the FRET efficiency of the RhoA biosensor became high (0.85 + 0.01
SEM, n = 29), even when cells adhered to the mobile RGD membrane.

(D) Differential effects of overexpressing two catalytic-dead RhoA GAP mufhrﬁsgl.DLC1—R677E and ARAP3-R982A. Podosome formation was suppressed to
25% in the case of ARAP3-R982A but unaltered in the case of DLC1-R677E. Error estimates are SEM. The scale bar represents 5 um.
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ARAPS3 was recruited at PIP3-enriched podosome cores after F-
actin core formation (Figure 5A; Movie S6). However, ARAP3
was not recruited to focal adhesions (Figure S5D). We tested
whether DLC1 or ARAP3 played important roles in podosome
formation by transiently overexpressing catalytic-dead RhoA
GAP mutants DLC1-R677E and ARAP3-R982A, respectively.
Podosome formation was suppressed to 25% in the case of
ARAP3-R982A (Figure 5D), but not significantly disrupted in the
case of DLC1-R677E (total of 149 and 114 cells in three
experiments, respectively). When PI3K was inhibited, the FRET
efficiency of the RhoA biosensor increased significantly (0.85 +
0.01 SEM, n = 29), even when cells adhered to the mobile RGD
membrane (Figure 5C), and podosome formation was sup-
pressed. These observations indicate that the RhoA-GTP
level is inversely correlated with podosome formation and that
recruitment of ARAP3 and possibly other RhoA-GAPs by local
enrichment of PIP3 provided a positive feedback to downregu-
late cellular RhoA level in podosome-forming cells.

DISCUSSION

In these studies, we have demonstrated for that plating cells onto
RGD ligands linked to fluid lipid bilayers caused the formation of
integrin-based podosome-like adhesions. Surprisingly, such a
response was characteristic not only of cells that produce podo-
somes under normal culture conditions, such as the macro-
phage line used here, but also of fibroblasts, which do not
produce podosomes when plated onto “normal” rigid sub-
strates. Although large traction forces mediated by RhoA are
important for focal adhesion maturation in fibroblasts, there is
no evidence that they are major determinants in podosome for-
mation. Notably, macrophages do not develop large traction
forces on matrix-coated substrates (Féréol et al., 2009) or mature
focal adhesions, but they do form podosomes. The implications
are that the components needed to form podosomes are present
in fibroblasts and immune cells, but the combination of cell
contractility and matrix mechanics plays the critical role in deter-
mining which type of adhesion is formed.

The podosome-like adhesions that form in the absence of
force in nontransformed fibroblasts are indistinguishable from
podosomes in macrophages in terms of morphology, compo-
nents (Table S1), and protrusive dynamics (Figure 1E). However,
their physiological functions, such as chemotaxis and endocy-
tosis/exocytosis, need to be further examined. Spatial depletion
of mobile RGD ligands and destructive interference at podo-
somes by IRM indicated that there was active protrusion of the
podosome core (Figures 1E and S3B). While ligands on sup-
ported membranes were freely diffusive, the observed spatial
exclusion of RGD-neutravidin (5.4 + 5.8 nm footprint in the x-y
dimension; Hendrickson et al., 1989) at the podosome core
could not be explained by a simple repartitioning effect from liga-
tion with integrin receptor (8 + 12 nm footprint in the x-y dimen-
sion; Nermut et al., 1988). Nevertheless, supported lipid
membrane remains evenly distributed at the podosome core
(Figure S3A). The vertical force required to physically penetrate
a lipid membrane via biomimetic stealth probes (200 nm in diam-

than needed to penetrate the membrane but sufficient to block
diffusion of RGD-neutravidin into the contact region.

Invadopodia or long-lived stable podosomes (more than
30 min) have been widely investigated in Src-transformed cells
(induction of constitutively activated Src kinase) and invasive
cancer cell lines (Huveneers et al., 2008; Oikawa et al., 2008).
However, podosome-like adhesions on RGD membranes and
invadopodia in Src-transformed cells are different in both dy-
namics and molecular components (Table S1). Constitutively
activated Src causes hyperactivation of various downstream tar-
gets, such as ARHGEF5 RhoA-GEF (Kuroiwa et al., 2011), phos-
phorylation of Tks5/Grb2 complexes (Oikawa et al., 2008), and
MMP-14 secretion (Poincloux et al., 2009; Wu et al., 2005; Yu
et al., 2012b). Notably, Tks5 (Figure S1C) is not enriched at po-
dosomes in nontransformed fibroblast on RGD membranes. In
addition, we have examined the potential recruitment of
MMP-14 and found that it was present at invadopodia in invasive
cancer cells and Src-transformed fibroblasts. However, in non-
transformed fibroblasts, most of the MMP-14 remained in endo-
cytic vesicles and there was only a weak recruitment of MMP-14
around the podosomes (Figure S1B). This is all consistent with
the hypothesis that podosomes formed in the absence of force
are aided by but do not require Src activity.

Likewise, diaphanous-related formins are required for invado-
podia formation in invasive MDA-MB-231 breast adenocarci-
noma cells (Lizarraga et al., 2009). However, when we treated
nontransformed fibroblasts and THP1-differentated macro-
phages with the formin inhibitor SMIFH2, we still observed podo-
some formation at a similar density to control cells. Podosomes
and invadopodia share many molecular components, but most
likely not all. We suggest that podosomes on RGD membranes
indeed differ from long-lived invadopodia in Src-transformed
cells orinvasive cancer cells in their lifespan, formin involvement,
Tks5 recruitment, and MMP-14 secretion.

Our data suggest that conventional traction force develop-
ment and myosin-Il activities are dispensable in podosome
formation. Mobile RGD membranes with nanopartitioning lines
provide a unique platform to examine the force-regulated adhe-
sion structure transformation (Figure 2A). As cells adhere to RGD
membranes, initial integrin activation results in RGD clustering
without traction force. With dense line-partitioned RGD mem-
branes, such as with 1 or 2 um line pitch, forces can be gener-
ated on RGD-liganded integrins to form traction-force loaded
adhesions (Figure 2A) after activation of initial spreading.
Because the local contraction units are unable to span the
4 um spacing (Ghassemi et al., 2012; Yu et al., 2011), the podo-
somes form as well on the larger line spacing as on continuous
bilayers. In addition, myosin-Il is not recruited during podosome
formation on RGD membrane (Figure S4C). Thus, our data indi-
cate that podosome formation requires minimum traction force
development and that the local force generation between
RGD-integrin adhesion clusters at dense line-partitioned RGD
membranes inhibits podosome formation. When the same cell
covers both the 2 um pitch lines and a continuous membrane
(Figure 2B), there is a remarkably local formation of focal adhe-
sions at the lines while podosomes form over continuous mem-

eter) has been reported as 58 nN (Aimquist and Melosh, 2010)1 2 hrane regions, indicating that the effect of contractility is local

We conclude that the protrusive force at podosomes was less

and may involve spatial contact signals.
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Figure 6. Summary of Force-Mediated Adhesion Transformation
Pathway

Early RGD-integrin activation triggered actomyosin contraction. When sub-
stratum provides traction force (1 um line-pitch RGD membranes), cells form
classic focal adhesions. When substratum provides no traction force, RGD-
integrin clusters can turn into podosomes after 45 min of initial adhesion. Local
enrichment of PIP3 by PI3K activation at the prepodosomal RGD cluster
triggers N-WASP and Arp2/Arp3-mediated actin polymerization that initiated
podosome formation. Recruitment of ARAP3 via local enrichment of PIP3
serves as a positive-feedback mechanism to downregulate RhoA-GTP in
podosome-forming cells.

Although we do not fully know how local contractions are
translated into inhibition of podosome formation, we find that
peak production of PIP3 is the key upstream event to trigger
the transformation from prepodosomal integrin-RGD clusters
to podosomes (Figure 6). Class IA PI3K regulatory subunit
p85beta is first recruited at activated integrins through binding
to autophosphorylated FAK and possibly Pyk2, and local pro-
duction of PIP3 is observed by an increased level of Akt-PH-
GFP. Inhibition of FAK and Pyk2 by PF-562271 (Roberts et al.,
2008) effectively block podosome formation. Indeed, autophos-
phorylation site Y397 of FAK can bind p85beta (Chen et al.,
1996), and Pyk2 has the same sequence (Y-A-E-I) at its tyrosine
autophosphorylation site, Y402. In the case of fibroblasts, the
activation of Pyk2 appears to be best correlated with podosome
formation on RGD lipids, since FAK™'~ cells and cells treated
with a FAK-specific inhibitor form podosomes normally (C.-
H.Y. and M.P.S., unpublished data). Pyk2 also plays an impor-
tant role in podosome formation in osteoclasts (Gil-Henn et al.,
2007), but we cannot rule out another kinase because there
could be off-target inhibition of other kinases by PF-562271. In
addition, FAK can phosphorylate N-WASP and promote actin
polymerization, and inhibition of FAK kinase activity suppresses
N-WASP activity (Tang et al., 2013). However, N-WASP can still

be phosphorylated by other kinases, such as Src family kinases
(Dovas and Cox, 2010) or Abl kinase (Burton et al., 2005). While
N-WASP could be activated by other kinases, N-WASP may fail
to be recruited at RGD clusters without local enrichment of PIP3.
We suggest that inhibition of FAK and Pyk2 autophosphorylation
provides a mechanism to abolish local production of PIP3 by
perturbing p85/PI3K association. As expected, inhibition of
PI3K also suppresses podosome formation (Figure 4C).

Another protein that binds to PIP3 is PTEN, and it dephosphor-
ylates PIP3, thereby causing the loss of actin polymerizing
proteins. It has previously been shown that PTEN is present in
and regulates podosome/invadopodia formation (Hoshino
etal.,2012; Poon etal., 2010). PTEN associates with podosomes
after the actin core is formed and contributes to the disassembly
of the podosome F-actin core. Thus, it seems that the cycle of
podosome formation and disassembly is primarily dependent
upon the local levels of PIP3 on plasma membranes. This can
explain the regional differences in podosome formation we see
in single cells (Figure 2B; Movie S4) through slower two-dimen-
sional diffusion of PIP3 lipids rather than fast diffusive cytosolic
signals.

A factor that could contribute indirectly to the formation of
podosomes is RhoA activity. Using the FRET-based RhoA
biosensor, lower RhoA-GTP levels are observed when cells
develop podosomes, and pharmaceutically activating RhoA-
mediated contractility using LPA is seen to abolish podosome
formation on RGD membranes, in agreement with previous
reports (Schramp et al., 2008; van Helden et al., 2008). More
than 70 Rho GAPs have been identified in eukaryotes (Tcherke-
zian and Lamarche-Vane, 2007), and it remains unclear how
RhoA activities are differentially regulated during adhesion for-
mation. While DLC1 is linked to downregulation of RhoA in
Src-transformed cells (Schramp et al., 2008), we find that the
PIP3-binding protein ARAP3 is another RhoA-regulating factor
recruited at podosome cores. ARAP3 contains both RhoA GAP
and Arf6 GAP domains, and the RhoA GAP function of ARAP3
is activated by Rap-GTP (Krugmann et al., 2002, 2004). ARAP3’s
Arf6 GAP function in vivo, however, is still under investigation
(Gambardella et al., 2011). Inhibition of PI3K upregulates
RhoA-GTP and cellular contractility (Krugmann et al., 2004; Or-
lova et al., 2007), and our RhoA biosensor measurements also
agree with previous findings (Figure 5C). Using overexpressed
catalytic-dead RhoA GAP mutants, we find ARAP3-R982A
moderately suppresses podosome formation, while DLC1-
R677E has no significant effect. However, ARAP3 is recruited
largely after podosomes are formed. Recruitment of ARAP3
provides a positive-feedback mechanism to downregulate
RhoA-GTP. Thus, our results indicate that manipulations of
traction force development at integrin-matrix clusters can
serve as a mechanical signal to modulate adhesion phenotype
switching and RhoA activities.

In conclusion, we suggest that the development of podosomes
as adhesion structures implicates the absence of traction forces
between integrin receptors and matrix ligands. Lack of traction
forces at activated RGD-integrin clusters results in spatial-tem-
poral recruitment of p85beta and local enrichment of PIP3, which

1W°t observed in force-loaded focal adhesions. This PIP3-

dependent pathway of podosome formation does not require
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the induction of constitutively activated Src kinase and is further
aided by the inactivation of RhoA by PIP3-mediated recruitment
of ARAP3. We suggest that local contractions may directly inhibit
podosome formation while facilitating focal adhesion formation
through a block of the PIP3-dependent pathway. The transfor-
mation between prepodosomal RGD-integrin clusters and podo-
somes is a remarkable example of mechanosensing through
cell-adhesion processes. The reorganization of adhesion struc-
tures triggered by changing microenvironments has become an
emerging theme of adaptive regulation in cellular signaling. Force
and matrix ligand and integrin composition are all critical factors
regulating adhesion phenotype and turnover.

EXPERIMENTAL PROCEDURES

Cell Culture and Fluorescent Fusion Proteins

Nontransformed RPTPa** mouse embryonic fibroblasts (Su et al., 1999), rat
embryonic fibroblast (REF52), and THP-1 (human monocytic leukemia cells)
were used in this study. Detailed information regarding cell culture, transfec-
tion protocol, the plasmids of fluorescent fusion proteins, and microscopy
methods can be found in the Supplemental Experimental Procedures.

RGD-Supported Lipid Bilayer Membranes
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) (16:0 biotinyl-Cap-PE)
were purchased from Avanti Polar Lipids. The lipids (0.2 mol% of biotinyl-
Cap-PE and 99.8 mol% of DOPC) were mixed with an equal volume of 1x
PBS and then pipetted onto cleaned glass substrates for the self-assembly
processes. A total of 0.1 ng/ml of Cascade blue neutravidin (Life Technologies)
or DyLight 680 neutravidin (Thermo Fisher Scientific) was added onto sup-
ported lipid membranes, followed by 1 pg/ml of biotinylated RGD, cyclo
(Arg-Gly-Asp-D-Phe-Lys[Biotin-PEG-PEG]; Peptides International). Detailed
information regarding lipid preparation and membrane functionalization can
be found in the Supplemental Experimental Procedures.

Nanopatterned Glass Substrate

Nanoimprint lithography was utilized to fabricate the physical barriers on glass
substrates, and detailed preparation methods were previously described (Yu
et al., 2011). In brief, a silicon-based imprint mold was fabricated by elec-
tron-beam lithography and anisotropic etching processes. First, Coverglasses
(Warner Instruments) were cleaned by Piranha solution (sulfuric acid and
hydrogen peroxide, mixed in 3:1 ratio) for 15 min, rinsed with deionized water,
and then spin-coated with UV-curable imprint polymers. Patterns were then
transferred from the mold to the glass by high-pressure stamping the imprint
mold onto the polymer-coated coverglass and curing the polymer by UV expo-
sure. After demolding, oxygen plasma etching was used to extend imprinted
trenches vertically to the surface of the coverglass. A thin chromium metal
layer was deposited onto the exposed glass surface by thermal evaporation.
The chromium on imprinted polymers was removed by resist lift-off process-
ing. Typically, metal lines were 100 nm in width and 5 nm in height with a
gap distance ranging from 1 to 4 um. The density of the metal lines remains
constant and is about 10% per um?.
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