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Filopodia-independent roles of the actin bundling protein fascin in promoting cell motility

Abstract

Fascin is an actin bundling protein whose overexpression has in recent years been
systematically linked to increased metastasis and poor outcome in cancer patients. It is well
established that fascin expression correlates with enhanced cell migration; however, the
underlying mechanisms are poorly understood. We combined various methods of high-resolution
live cell imaging and computational analysis to investigate the role of fascin in increasing cell
motility. We found that fascin promotes collective migration in normal epithelial cells and that
this behavior is in agreement with protrusive activities at the single cell level. Traction force
measurements indicated that fascin expression level is negatively correlated with traction stress
levels and that a cell expressing high levels of fascin protrudes over longer distances than cells
with lower levels. Together this led to the hypothesis that fascin distributes cell traction more
efficiently, which lowers the load on individual adhesions and actin filaments growing against
increasing membrane tension during one protrusion cycle. Measurements of adhesion formation
and maturation indicate that fascin expression indeed promotes nascent adhesion formation over
a wide area behind the leading edge. In metastatic cells with high fascin expression, we observed
decreased invasion upon fascin knock down. These observations demonstrate a role for fascin in
promoting cell motility in normal and neoplastic cells, in part by templating nascent adhesions at

the leading edge.
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Introduction

Despite the promises and hopes of the Human Genome Project, cancer continues to be a leading
cause of death in this post-genomic era. In fact, in 2012 alone, cancer accounted for 8.2 million
deaths worldwide (World Health Organization, 2014). The cause of death for nearly 90% of
cancer patients is not the primary tumor itself but rather metastasis to distant organs (Mehlen and
Puisieux, 2006; Nguyen et al., 2009). As such, much research, both in academic institutions as
well as industry, has focused on genomics and expression profiling of cancer cells with the hope
of pinpointing precisely the gene or gene set that promotes metastasis such that targetable
pathways might be identified. Despite such efforts, the tools of genomics have not been able to
completely solve the “metastasis problem.” One reason for this is the genetic heterogeneity of
neoplastic cells. As an illustrative example, a 2004 study explored the diversity in morphology,
immunophenotype, and gene expression from 30 autopsies of men who died of prostate cancer;
the observed phenotypic and genetic diversity led the authors to conclude that metastasis is not a

single disease but a group of diseases, even within the same patient (Shah et al., 2004).

Another reason genomics has not been able to eradicate cancer is a result of an incomplete
comprehension of its biological nature. Even if genetic homogeneity does exist, this does not
automatically translate to complete understanding of the cellular/molecular consequences. For
example, mutations that constitutively activate K-Ras are found in almost all pancreatic ductal
adenocarcinomas (PDAC), but PDAC remains one of the most fatal cancers (Kanda et al., 2012;
Morris et al., 2010). It is known that when activated, K-Ras is involved in cellular pathways that
promote proliferation, survival, and migration among others (Rodriguez-Viciana et al., 2005),

but the exact spectrum of cell biological consequences of having all K-Ras constitutively active



is not clear. Notwithstanding such genetic diversity and an unclear link between genomics and
mechanism, however, there remains functional homogeneity at the cellular level that unifies the
“group of diseases” that is metastasis. Metastasis at its core requires 1) invasion of cells from
primary tumor into the circulatory system, 2) extravasation at a distant site, and 3) survival of a
new colony through changes in the microenvironment and angiogenesis (Birchmeier et al., 2003;

Mehlen and Puisieux, 2006; Nguyen et al., 2009).

Cancer and cell motility

From the cell biologist’s point view, metastasis, especially the initial step of invasion, is an
immensely interesting problem. Invasion necessarily means that one or a group of cells in the
original tumor becomes more motile as it/they move through the adjacent tissue and into a blood
or lymph vessel by penetrating one or more basement membranes and endothelial walls
(Birchmeier et al., 2003; Mehlen and Puisieux, 2006). In other words, a characteristic of the early
metastatic tumor cells is the acquisition of autonomous motile properties. Various modes of
cancer cell motility have been identified by both in vitro and in vivo observations (Enterline and
Coman, 1950; Farina et al., 1998). Cancer cells may move as single cells, known as “individual
cell migration,” and this is especially characteristic of leukemias, lymphomas, and sarcomas.
This mode of migration can be further segmented into mesenchymal migration and amoeboid
migration (Friedl and Wolf, 2003; Yilmaz and Christofori, 2010). Mesenchymal migration is
characterized by elongated, fibroblast-like cells that interact with the extracellular matrix (ECM)
through focalized integrins and proteases and generates high traction forces. Such cells have
relatively low rates of migration at 0.1-2 pm/min in 3D culture models (Friedl et al., 1998).

Amoeboid migration, on the other hand, is characterized by round or ellipsoid cells that are
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highly deformable and less adhesive due to having short-lived weak interactions with the ECM
(Yilmaz and Christofori, 2010). These cells squeeze through the ECM rather than reorganizing
or degrading it and can move much faster than cells using the mesenchymal migration

mechanisms, up to 20 pm/min (Friedl et al., 2001).

Another mode of cancer cell dissemination is “collective migration” in which a group of cells
move together in sheets, streams, or clusters (Friedl and Wolf, 2003; Yilmaz and Christofori,
2010). Collective migration is commonly seen in epithelial tumors. A group of collectively
migrating cells are often composed of “leader cells” or “path-generating cells” that form active
protrusions and degrade the ECM with metalloproteases and “follower cells” that are passively
dragged (Friedl and Wolf, 2003). Interestingly, many tumors use both collective migration and
individual cell migration simultaneously to disseminate. Additionally, epithelial tumor cells can
undergo a transition in which they convert from relying on collective migration mechanisms to
using single-cell migration mechanisms (Pankova et al., 2010). This is a part of epithelial-
mesenchymal transition (EMT), in which epithelial cells lose the characteristic terminally
differentiated phenotype and shift to a fibroblast-like, migratory phenotype. EMT increases the
individual cell motility through changes in a host of signaling programs that cause the cell to lose
cell-cell adhesions and its apical-basal polarity as well as reorganizing the cytoskeleton (Kong et
al., 2011; Thiery, 2002). With EMT, tumors can now send out single cells to colonize other
tissues or organs, which increases metastasis and worsens prognosis for patients (Moll et al.,

1993; Thiery, 2002).

Although cell motility is a key feature of metastasis, it is not a property of cells that is uniquely

associated with cancer cells. In fact, cell biologists have studied this process for eons, as it is a



vitally essential feature of physiological processes: In development, cells undergo a drastic
spatial reorganization during gastrulation as a simple spherical ball of cells becomes a multi-
layered gastrula with three germ layers. In fact, EMT has been a recognized feature of
embryogenesis (especially gastrulation) since the 1980s (Greenburg and Hay, 1982). Migration
continues to be important in later stages of development. For instance, the precise wiring of the
neural circuitry depends on developing neurons that use growth cones to establish the direction
of axonal elongation and propagate in that direction (Dent et al., 2011). Once born, an organism
will no doubt be infected by microbes or be physically injured. When this occurs, the immune
system reacts by activating macrophages that respond to the chemoattractant signals and migrate
towards the site of injury or invasion (Sanchez-Madrid and Angel del Pozo, 1999; Stark et al.,
1998). Moreover, the final steps of wound healing rely on the ability of epithelial cells to migrate

across the newly formed tissue and ultimately meet in the middle to close the wound.

Given that many such interesting and crucial phenomena of life involve a form of cell motility,
cell biologists have expended copious energy and time to characterize it. As with any other
biological phenomena, it is a process we do not yet completely understand, but it is one we have

been able to characterize in some detail as described in the next sections.

Actin and actin structures

What is the feature of a cell that allows for such dynamic remodeling of cell shape and polarity
as a cell moves through its microenvironment? The advent of optical microscopy and the use of
clever model systems have allowed us to determine that it is in fact the actin cytoskeleton

responsible for this phenomenon, rather than directed lipid flow or microtubules (Mitchison and



Cramer, 1996). Actin is the most abundant protein in most eukaryotic cells (Pollard, 2007). The
42-kD protein is highly conserved and participates in more protein-protein interactions than any
known protein (Dominguez and Holmes, 2011). As such, it plays a key role not only in cell

motility but also in cell shape and polarity maintenance and even transcription regulation.

A characteristic feature of actin that allows it to carry out its functions, especially in cell motility,
is the continuous turnover of subunits between monomeric (G-actin) and filamentous (F-actin)
forms. This enables a rapid (on a time scale of tens of seconds) adaptation of the actin
cytoskeleton structure and cell morphogenesis to motile cues. The constant state of flux is
mediated by the fact that F-actin is an effective ATPase while G-actin is not, which results in the
addition of ATP-bound actin monomers to the barbed (+) end of actin filaments and subtraction
of ADP-bound actin monomers at the pointed (-) end. The state of constant polymerization at one
end of filaments and depolymerization at the other end creates a phenomenon is known as actin
filament treadmilling. This is in contrast to microtubules in which both addition and subtraction
of subunits occur at the same end of the polymer. Unlike actin filaments, microtubules grow and
shrink by switching between two states—stably growing and rapidly shrinking—in a state known

as dynamic instability (Mitchison and Kirschner, 1984).

The limiting step in the kinetics of actin filament assembly is the nucleation step in which actin
dimers and trimers are formed. Assembly itself can occur as fast as 3,000 subunits/second at the
barbed end, meaning that a length relevant to the length scale of a cell (~10 pm) can be reached
in less than 2 seconds(Pollard et al., 2000). Depending on the balance of polymerization and

depolymerization as mediated by nucleotide hydrolysis, ions (such as calcium and magnesium),

and particularly by a large number of actin binding proteins, the actin cytoskeleton can push the



cell membrane with enough force to deform the plasma membrane (Condeelis, 1993; Cramer et
al., 1994; Marcy et al., 2004; Mitchison and Cramer, 1996; Mogilner and Oster, 1996a). Creating

these protrusions is the necessary first step for the eventual cell translocation.

Two major types of actin networks exist in the cell, and this is dependent on how individual
filaments are structured in relation to each other. Branched networks are best described as a
collection of short actin filaments that resemble a very dense web, especially at the cell front
(Svitkina et al., 1997; Svitkina and Borisy, 1999). Actin bundles can be either parallel, meaning
that all the barbed ends of all filaments point toward the same end, or they can be made up of
filaments of mixed polarities (Fletcher and Mullins, 2010). The type of actin network present
depends largely on the type and abundance of crosslinking proteins. Rheology experiments have
been used to measure the mechanical properties of actin networks. In these experiments, a
pressure is applied to the network and the resulting deformation is observed. A material is called
elastic if it returns to its original shape after removal of the force and viscous if it does not. Such
experiments have shown us that actin networks are “viscoelastic,” meaning elastic at short time
scales and viscous at longer time scales (Chaudhuri et al., 2007; Marcy et al., 2004; Pujol et al.,

2012; Wirtz, 2009).

The properties of actin described above—the existence of monomeric and polymeric forms, the
ability to for networks, and the viscoelastic nature—allow it to mediate the transient formation of
cell motility structures that include membrane protrusions such as lamellipodia, filopodia, and
invadopodia as well as non-protrusive structures such as focal adhesions and stress fibers.
Lamellipodia are thin, sheet-like protrusions of a cell that are the dominant feature of the leading

edge of a protruding cell and provide the major driving force for locomotion. The underlying



actin structure of lamellipodia is the branched network that is largely assembled by the Arp2/3
complex, which is activated by the WAVE complex. The WAVE complex, in turn, is
downstream of a membrane-bound GTPase called Rac (Bisi et al., 2013; Nobes and Hall, 1995;
Svitkina and Borisy, 1999). This is the major mode of lamellipodia formation, but recent
findings suggest that other proteins such as formins(Campellone and Welch, 2010) and Cdc42

(Block et al., 2012) are involved in the formation of lamellipodial protrusions.

Filopodia are tight bundles of long actin bundles that form fingerlike protrusions and act as the
sensory and guidance organelle (Cater and Rehder, 1995; Mattila and Lappalainen, 2008; Rorth,
2003). The mechanism of filopodia extension is well-characterized. More contentious is the
mode of filopodia initiation, especially with regard to the involvement of the Arp2/3 complex
(Lee et al., 2010; Small et al., 1995; Suraneni et al., 2012b; Wu et al., 2012). Invadopodia are
“invasive” feet of the cell membrane that extend into the ECM and are thought to be sites of high
levels of proteolysis and cell signaling. These structures are somewhere between the lamellipodia
and filopodia, with both branched and unbranched actin filaments (Buccione et al., 2004;
Gimona et al., 2008; Weaver, 2006). Stress fibers are actin bundles made of short actin filaments
of alternating polarity, found at the cell body of moving cells (Cramer et al., 1997). There are at
least three types of stress fibers in the cell: ventral stress fibers and dorsal stress fibers run
parallel to the direction of movement while transverse arcs run perpendicular. Ventral stress
fibers are typically associated with cell-substrate adhesions at both ends while dorsal stress fibers
are typically associated with one, and transverse arcs are not associated with any (Hotulainen and
Lappalainen, 2006). In particular, dorsal stress fibers are thought to be the major transmitter of

force to the substrate through the adhesions. Focal adhesions are mature cell-substrate adhesions,



and they are large, dynamic macromolecular protein complexes that link the actin cytoskeleton to

the extracellular matrix.

Motile Forces

It is accepted that cell migration (at least in two-dimensions) is characterized as a four-step-
process involving protrusion, adhesion, translocation, and retraction (Fig. 1)(Ladoux and
Nicolas, 2012). During the protrusion step, the membrane at the leading edge of the cell moves
forward. Then, the cell makes adhesions to the extracellular matrix in order to translate the
protrusion into forward movement of the cell. Next, the cell body and nucleus translocate in the
direction of migration. Finally, deadhesion and retraction of the tail end of the cell completes the
process. These processes are highly coordinated and regulated by the Rho family of GTPases,
CDC42, Rac, and RhoA (Nobes and Hall, 1995). Forward advancement of a cell is a result of the
coordinated repetition of the four steps. What metastatic cancer cells do, then, is to somehow
“hijack” one or more modules of normal cell motility mechanisms in order to attain

pathologically enhanced motility.

Each of the four steps of cell migration is closely controlled and characterized by different
mechanical forces present in the cell. During protrusion, protrusive forces result from actin
assembly and adhesion engagement. This gives rise to small membrane protrusions called
pseudopods, some of which eventually become large lamellipodia. Following this step, traction
forces, which are forces that an adherent cell exerts on the underlying substrates, result from the
combination of adhesion engagement, actin retrograde flow, and contractile forces from stress

fibers. Such forces allow a cell to move its body and the nucleus through various extracellular



environments. Finally, deadhesion and retraction of the rear of the cell occurs due to a
combination of contractile forces, actin binding proteins (Wear et al., 2000), and enzymatic
reactions—phosphatases (Zeng et al., 2003), proteases (Pfaff et al., 1999; Potter et al., 1998), and
focal adhesion kinase (Ilic et al., 1995a; Zeng et al., 2003), among others—that are yet
incompletely understood. The coordination of these forces in timing, direction, and location

allows a cell to move in the desired direction and even allow it to travel large distances.

Figure 1. Steps of cell migration in 2D. 1. Polymerization of actin filaments at the leading edge is creates the protrusive
force necessary for initial “blebs” that can eventually become lamellipodia. 2. The protruding front adheres to the
underlying substrate through cell-substrate adhesions. The adhesions are linked to the existing actin network. 3. The
combination of retrograde actin flow and contractile forces from stress fibers generates tension to pull the cell body
forward. 4. Forces from the contractile network and enzymatic reactions result in deadhesion and retraction of the trailing

cell edge.(Ladoux and Nicolas, 2012)

The first experimental evidence for the existence of such cellular forces came in the late 1960’s
and the early 1970’s, when cell biologists first observed the flow of material (actin) towards the
cell body in growth cones and fibroblasts (Bray, 1969; Ingram, 1970). The actual term
“retrograde flow” was coined much later (Lin and Forscher, 1995). Subsequently, it was

9



observed that microbeads placed on surface of Aplysia bag cell growth cones were transported
rearward at rates that cannot be accounted for by passive attachment to the actin cytoskeleton
alone (Forscher et al., 1992). It was soon discovered that myosin II, a motor protein that binds to
and “walks” along actin filaments, has a central role in this phenomenon because it can pull actin
filaments past one another, similar to what happens in muscle cells (Pollard and Weihing, 1974).
Following such observations, cell biologists then wondered how such retrograde flow of
polymers might produce forward motion. It was discovered that the key component is the
adhesion that links the actin cytoskeleton to the ECM, thereby effectively serving as a molecular

clutch (Howard, 2001). These adhesions were also key to understanding cell traction force.

Traction force

Traction forces result from the combination of tension from actomyosin bridges in the cell and
actin polymerization at the leading edge and are transmitted to the extracellular matrix through
cell-substrate adhesions. They are thought to be a major driver of cell motility, ever since the
observation was made that traction force can result in cell migration even in the absence of
lamellipodia (Cramer et al., 1994). Because traction force plays such a key role in cell migration,
numerous attempts were made first to observe it then to measure it. One of the first attempts at
observing traction force came in 1980, when Harris and colleagues plated cells on thin silicone
rubber substrata, where wrinkles appeared as cells moved on the surface (Harris et al., 1980).
The disadvantage of this method was that it was impossible to quantify traction stress because

wrinkling is a nonlinear and chaotic process.
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Since then, other methods have been developed that allow one to quantify traction force more
accurately. One method is the use of micro-pillars of known size and elasticity, the deflection of
which can be used to calculate force (Li et al., 2007; Saez et al., 2005; Schoen et al., 2010;
Tymchenko et al., 2007). The major disadvantage of using micro-pillars, however, is that cells
must adhere to discrete substrates, which likely affects cell motility and adhesions. In addition,
the stiffness of the micro-pillars needs to be very carefully calibrated and possible crosstalk

between adjacent pillars needs to be corrected. The current method of choice came nearly two

decades after the initial experiments by Harris: Dembo and colleagues pioneered traction force
microscopy (TFM) for mammalian cells in which they used non-wrinkling polyacrylamide
substrates embedded with fluorescent beads(Dembo and Wang, 1999a). Traction forces that are
exerted by cells on the extracellular environment are derived from the displacement of these
beads. Analysis of such data requires steps that detect and track the beads, calculate the
displacements, and then calculate the traction force. Such calculations are not trivial, and various
algorithms have been proposed that have allowed cell biologists to study overall force
distributions of migrating cells, the effect of mechanical properties of the ECM on cellular

contractility, and overall contractility in healthy and diseased cells.

Traction forces and other cellular forces are directly affected by and also affect the cellular
arrangements of the cytoskeleton. These cytoskeletal rearrangements, especially those of actin,
are differentially regulated by the functions of a number of actin-binding proteins defining the
rates of polymer assembly and disassembly, cross-linking, and bundling and thus regulating cell

motility.

Actin binding proteins
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There is a great diversity in the proteins that bind actin, in terms of both structure and function.
Because actin binding proteins are immediate regulators of the actin cytoskeleton, which then
controls cell motility, it is not surprising that many of them have been associated with cancer
(Olson and Sahai, 2009). For the purposes of this work, I will primarily focus on those actin
binding proteins that have a close link to cancer. A more comprehensive review of actin binding

proteins can be found elsewhere (Dos Remedios et al., 2003; Pak et al., 2008).

Arp2/3 complexes have already been mentioned above as the protein responsible for branched
actin networks, which is especially crucial for the formation of lamellipodia. These complexes
are composed of seven proteins (including Arp2 and Arp3) and nucleate new filaments off of
existing ones at a ~70° angle. Because of the structural similarities between Arp2, Arp3, and
actin, it is believed that the two proteins are directly involved in the initiation of new daughter
filament by serving as an active dimer for nucleation. Many studies show correlations between
metastatic processes and the expression levels of different components of the Arp2/3 complex.
For example, Arp2 protein has been found to be upregulated in colorectal and breast carcinomas
(Iwaya et al., 2007a; Iwaya et al., 2007b; Otsubo et al., 2004; Yokotsuka et al., 2011), and there
are conflicting results regarding the direction of regulation with regards to gastric carcinoma
(Kaneda et al., 2004; Zheng et al., 2008). As another example, ARPC2, another protein in the
complex, has been found to be down regulated in gastric carcinoma(Kaneda et al., 2004) and
upregulated in breast carcinoma (Kim et al., 2009). It is unclear at this time why conflicting data
exist. It could be due to different origins of tissues and samples but it is also possible that
specific temporal regulation of Arp2/3 is required to modulate invasive properties at specific

times during cancer progression.
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Members of the WASP superfamily of proteins (WASP, SCAR/WAVE) activate Arp2/3 by
binding to both Arp2/3 and G-actin. This brings monomeric actin into close proximity to Arp2/3,
greatly increasing the rate of Arp2/3-mediated actin filament nucleation and polymerization. In
addition, WASP proteins are known to link Arp2/3 to upstream signals such as the Rho family of
GTPases and are now recognized as the node that converts protein-protein and protein-
membrane interactions to actin polymerization (Takenawa and Suetsugu, 2007). With such a
crucial role in the cell, it is not surprising that members of the WASP family have been linked to

cancers of the breast, esophagus, prostate, thymus, endometrium, and the liver.

Tropomyosins bind along the length of an actin filament and influence the association of actin
with other actin binding proteins. Many different isoforms exist, and they have been correlated
with multiple cancer types, including breast cancer, colon cancer, hepatocellular carcinoma,

thyroid papillary carcinoma, and anaplastic large cell lymphoma.

Other than the proteins just mentioned, numerous actin binding proteins exist, which will be
mentioned just briefly here: Formins are a class of proteins involved in the polymerization of
actin at the barbed end of actin filaments and play a key role in the formation of filopodia.
ADF/Cofilin plays a major role in the disassembly of actin filaments, which also has the effect of
increasing the number of sites of nucleation for new actin filaments. Capping proteins bind to the

barbed end of a filament and prevent the exchange of monomers.

It is not surprising that actin binding proteins have been linked to cancer since the actin

cytoskeleton plays such a crucial roles in migration and cell division. Next, we will examine one
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particular actin binding protein that has close links to not just cancer but to metastasis in

particular.

Fascin

One actin associated protein of particular interest in the cancer field is fascin, a 55-kD
monomeric protein known to cross-link F-actin into tightly packed parallel bundles (Fig. 2)
(Courson and Rock, 2010; Jansen et al., 2011; Yamashiro-Matsumura and Matsumura, 1985). It
was first discovered in 1970’s in sea urchin extract (Bryan, 1978; DeRosier et al., 1977; Otto et
al., 1979), and since then it has been established that fascin is conserved across vertebrates and
invertebrates (Anilkumar et al., 2003; Duh et al., 1994). Three different isoforms of fascin have
been identified in mammals. The expression of fascin-2 is largely limited to the retina and hair-
cell stereocilia, and fascin-3 expression is limited to the testis (Hashimoto et al., 2011; Zhang et

al., 2008). For the rest of the present work, “fascin” is used to denote fascin-1.

Low magnification High magnification

without |
fascin

with
fascin

Figure 2. Transmission electron micrographs of negatively stained actin filaments alone and in the presence of fascin. Low
magnification images (left; scale bar, 200 nm) show that nearly all the actin filaments are incorporated into bundles in the
presence of fascin. High magnification images (right; scale bar, 50 nm) show examples of a thick ordered bundle with
periodic striations (indicated by arrows) formed by fascin. (Jansen 2011)
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Fascin is unique among actin bundling proteins in that it is able to function as a monomer due to
having at least two separate actin-binding sites, one at the N-terminal and one at the C-terminal
region (Jansen et al., 2011). It localizes to a number of actin-based structures, especially the
filopodia (Aratyn et al., 2007; Jaiswal et al., 2013; Jansen et al., 2011; Otto et al., 1979; Schafer
etal., 2011; Yang et al., 2013). Expression is highly regulated spatially and temporally during
embryonic development. High levels of fascin expression are found in motile embryonic cells
such as Drosophila border cells. Among normal mammalian tissues its expression is highest in
neuronal and glial cells, microcapillary endothelial cells, and antigen-presenting dendritic cells,
but it is largely absent or present in very low levels in epithelial cells (Yamashiro, 2012; Zhang
et al., 2008). Within the cell, fascin is a well-established marker of filopodia (Aratyn et al., 2007;
Otto et al., 1979; Yamashiro et al., 1998). Others have also seen fascin localize to structures such

as stress fibers and invadopodia (Hashimoto et al., 2011; Xu et al., 2011; Yamashiro, 2012).

Contrary to its low expression levels in normal epithelial cells, fascin is significantly upregulated
in a number of human epithelial carcinomas and has been a top hit in screens for genes that
mediate metastasis to the lungs or the brain (Minn et al., 2005; Nguyen et al., 2009). Such a
feature makes the protein a particularly attractive target for cancer research, as a drug that
selectively targets fascin will likely have the ability to selectively target cancer cells over normal
cells. A myriad of papers were published in the last 10 years that indicate that fascin expression
is highly correlated with cancer progression and metastasis in multiple cancer types. In fact,
fascin has been found to be a good biomarker for carcinomas of the biliary duct, bladder, brain,
breast, colorectum, endometrium, kidney, liver, lung, neck, esophagus, pharynx, ovary, pancreas,
prostate and stomach by various vitro, in vivo, and immunohistochemical studies (Al-Alwan et

al., 2011; Darnel et al., 2009; Gao et al., 2012; Hanker et al., 2013; Hashimoto et al., 2004;
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Hashimoto et al., 2006; Kim et al., 2012; Kulasingam and Diamandis, 2013; Ma et al., 2013;
Mao et al., 2013; Pelosi et al., 2003; Samimi et al., 2013; Teng et al., 2013; Xu et al., 2011,
Yoder et al., 2005; Zigeuner et al., 2006). A meta-analysis of the available literature confirmed
high fascin expression level to be associated with increased risk of mortality or increased risk of
metastasis in five most common carcinomas (Tan et al., 2013). Furthermore, it is highly likely
that the level of fascin expression is tightly linked to the process of migratory phases of
metastasis, as it was shown in human colon carcinomas that fascin level seemed to return to

more basal levels once the cells reach their destination (Vignjevic et al., 2007).

Recent studies have shed some light on the regulation of fascin. It has been shown to be
downstream of the Rac and Rho proteins through the PAK1 pathway or the p-Lin-11/Isl-1/Mec-3
kinases, respectively (Jayo et al., 2012). In addition, the activation of IGF-1 and TNF-alpha
pathways have been shown to upregulate the expression of fascin. There is more extensive
research on post-translational modification of fascin through the protein kinase C (Anilkumar et
al., 2003). When phosphorylated at serine-39 within the N-terminal actin-binding domain, fascin
becomes inactive and unable to bundle actin filaments, providing a means by which the protein
can be regulated in the cell. This characteristic has implications for the regulation of fascin both

in diseased and healthy states.

However, to date, very little is known about the direct molecular or cell mechanical mechanisms
by which fascin might promote migration in a tumor environment. What effect, if any, fascin
might have on each of the four steps of cell motility (protrusion, adhesion, translocation, and
retraction) 1s unknown. Ever since fascin was recognized to be a filopodial marker, many fascin

studies have been done in the context of filopodia. However, it is unlikely that completely
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explains what is observed clinically with cancer patients. We can foresee that the bundling of
actin will change the mechanical properties of the viscoelastic cytoskeleton. This can, for
instance, lead to cells with properties that allow it to withstand more protrusive forces. Such a
scenario also does not rule out the possibility that the protein has currently unknown functions
that affect cell motility. This thesis work will aim to elucidate some of the cellular mechanisms

that may link fascin to enhanced motility in the context of metastasis.

Model systems

It is indeed true that much cell migration in epithelial cells is a two-dimensional phenomenon.
However, this is not always the case, especially not in the case of tumor cells which are defined
by uncontrolled abnormal growth. Thus, another goal of the project was to corroborate some of
the results in a three-dimensional setting. For the three-dimensional culture studies described
here, MDA-MB-231 cells were used. MDA-MB-231 cells were derived from human breast
adenocarcinoma. Previous studies have shown the cells to be highly metastatic and express high
levels of fascin. This makes them the ideal system in which to knockdown fascin and observe
differences from the control case. Additionally, given that these cells are neoplastic and that

PtK1s are normal epithelial cells, the two systems complement each other very well.

The choice model systems described in the study are PtK1 cells and MDA-MB-231 cells. For the
high-resolution imaging studies, PtK1 cells were used. These cells were established in 1962,
derived from the kidney epithelial cells of species of rat kangaroo found in Australia, Potorous
tridactyl (Walen and Brown, 1962). This cell line has been heavily used in the field of cell

division for imaging studies because the cells are very flat and remain so even when they divide
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(Heneen, 1970; Levan et al., 1966; Levan, 1970). This characteristic makes them ideal for
imaging especially for high-resolution studies. Moreover, many of the proteins involved in cell
motility have been spatially and temporally characterized in PtK1 cells, meaning that I will be
also able to fit the results of my work into a known framework. For this project, these cells have

proven to be ideal for the high resolution two-dimensional studies.

Concluding Remarks

Given fascin’s well-studied correlations to cancer metastasis and progression, the goal of this
thesis work is to tease apart the molecular/cellular mechanism by which fascin might bring about
such outcomes. We start with the hypothesis that fascin’s role as the actin bundler in filopodia
cannot completely explain the enhanced metastasis seen in cancer patients with tumors that
express high amounts of fascin. Since fascin is a structural protein, any changes in its levels will
change the properties of the viscoelastic actin cytoskeleton, thus affecting cell motility. In
particular, I would like to see how varying levels of fascin affects different steps of cell
migration, especially protrusion and adhesion. The project will also describe measuring the

effects of fascin on cellular forces, especially traction force.

The major tools I will use to achieve the work described in this thesis are various forms of
quantitative live cell imaging. In his book Micrographia, Robert Hooke (who incidentally also

coined the word ‘cell’ to describe biological organisms) writes the following:

“. .. and by the help of Microscopes, there is nothing so small, as to escape our inquiry;
hence there is a new visible World discovered to the understanding. . . . By this the Earth
it self, which lyes so neer us, under our feet, shews quite a new thing to us, and in every
little particle of its matter, we now behold almost as great a variety of Creatures, as we
were able before to reckon up in the whole Universe it self.”
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-Robert Hooke, Micrographia, 1665 (Hooke, 1665)

The ability to see things with “nothing so small ... escap[ing] our inquiry” has been crucial in the
progress of cell biology since Hooke’s time. Something else that occurred since 1665 is the
emergence of technology that has advanced leaps and bounds to allow us to do far more than just
behold a “great variety of Creatures”; we now even go as far as to see single molecules within an
individual cell belonging to such a Creature. Especially in the early days of microscopy,
qualitative analysis of images obtained from microscopes has led to many insightful conclusions.
However, there is still much that is missed without the use of quantitative analysis. In recent
years, the use of computer algorithms to do such image analysis has allowed for much faster,
unbiased calculations, achieving in minutes what would take one or more scientists days,

months, or even years.

The Danuser lab has established a name for itself as Laboratory of Computation Cell Biology.
The lab brings together cell biologists and computer scientists to innovate new methods in
microscopy as well as computer algorithms that are used to analyze the results (Danuser, 2011).
Some exciting innovations that come from this lab are quantitative speckle fluorescent
microscopy for measuring actin flow and u-track for tracking of subcellular components
(Jagaman et al., 2008; Machacek et al., 2009; Mendoza et al., 2012). As such, the lab has the
perfect combination of expertise in cell biological experiments and quantitative analysis that

makes it the ideal venue for this Ph.D. thesis work.
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Filopodia-independent roles of fascin in promoting cell motility

Introduction

Fascin is an actin binding protein that bundles actin filaments by virtue of its two actin binding
domains(Jansen et al., 2011). Numerous studies have linked fascin overexpression to poor
patient outcome(Hashimoto et al., 2004; Hashimoto et al., 2006; Pelosi et al., 2003; Yoder et al.,
2005) and metastasis(Al-Alwan et al., 2011; Darnel et al., 2009; Xing et al., 2011; Zigeuner et
al., 2006) in multiple cancer types. Additionally, fascin has surfaced as a top hit in screens for
genes that promote cancer metastasis to the lungs or the brain (Minn et al., 2005; Nguyen et al.,
2009). Much of the molecular studies involving fascin has focused fascin’s roles in filopodia,
following up on the discovery of fascin as a filopodial marker(Otto et al., 1979). Thus, fascin’s
role in cancer cell biology has implicitly or explicitly been related to the enhanced formation of
filopodia, which serve as mechanical and signaling hubs guiding directed migration. For
example, HCT116 colorectal carcinoma cells, one of the classic models associated with high
fascin expression, displays higher migration efficiency and more filopodia than another
colorectal carcinoma cell line, HT29, which is low in fascin expression (Vignjevic et al., 2007)
(Suppl. Fig. 1). However, it is not completely clear how much of the motility-enhancing role of
fascin 1s filopodia-dependent and how much is filopodia-independent. Indeed, some more recent
studies have begun to link fascin to adhesions and binding partners in other pathways
(Breitsprecher et al., 2011; Elkhatib et al., 2014; Kulasingam and Diamandis, 2013). However,
how high expression levels of fascin are mechanistically linked to enhanced motility and
eventually detrimental patient outcome is unclear. To address this question, we employed
quantitative live-cell imaging in various scales to study the role of fascin in promoting cell

motility in normal and neoplastic cells.
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Results

Fascin promotes collective migration in PtK1 cells

To dissect the roles of fascin in cell migration by high-resolution imaging, we first chose PtK 1
cells as our model system. PtK1s are a kidney epithelial cell line of marsupial origin that has
served innumerable studies of cytoskeleton organization and function because they are very flat
and thus amenable to high-resolution quantitative live cell imaging. In particular, many of the
key features of F-actin dynamics, adhesion, and force generation as related to directed migration
have been worked out in this system (Gupton and Waterman-Storer, 2006; Hu et al., 2007; Ji et
al., 2008; Ponti et al., 2004). Like many epithelial cells they express fascin at low, yet well
detectable levels. We established protocols and reagents to further decrease fascin levels by
siRNA-based depletion and to increase fascin levels by expression of EGFP-fascin under the

control of a CMV-promoter.

We first investigated whether varying fascin levels in PtK1 cells would qualitatively reproduce
the differences in collective migration measured in the colorectal HCT116 — HT29 high-low
fascin-expressing cell pair (Fig. 3A). Indeed, fascin overexpressing PtK1 cells displayed a
wound closure rate 1.5 times faster than control cells (Fig. 3B). The magnitude of this increase
was somewhat surprising in view of the fact that PtK1 cells do not readily take up DNA, and
therefore the transfection rate for the cells is between 20-30%. PtK1 cells display a wound
healing response under the guidance of prominent “leader cells” (Lim et al., 2010), which form
persistent leading edge protrusions and a highly-contractile lamella that generate sufficient
traction to pull the leader cell body forward along with neighboring ‘follower’ cells. In our

wound healing assay, each 1344 pixel x 1024 pixel movie of the wound has at least two leader
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cells, one on each side of the wound. Intriguingly, the proportion of leader cells that are GFP-
fascin transfected is significantly higher than the overall transfection rate of PtK1 (Fig. 3C),

which corroborates that fascin functions as a migration enhancer.

Immunofluorescence studies of islands of PtK1 cells showed that fascin localizes to the leading
edge lamellipodium and to stress fibers in the lamella (Fig. 3D). In addition, the leading edge of
cells expressing intermediate levels of GFP and those expressing intermediate levels of GFP-
fascin are morphologically indistinguishable as both are free of filopodia (Fig. 3E). Taken
together, these results suggest that fascin may have filopodia-unrelated roles in promoting cell

motility.
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Figure 3. Collective and single-cell motility of PtK1 epithelial cells (A) Representative results
of wound healing response in control (left column) and GFP-fascin cells (right column) at 0 and
15 hours. Scale bar: 50 um. (B) Quantification of percentage wound closure at 10 and 15 hours.
Error bars: SEM from 24 positions for each condition (3 independent experiments). * p-value <
0.001. (C) Transfection rate in all cells versus leader cells in wound healing response. Error bar:
SEM from same samples as (B). * p-value < 0.001. (D) Top, a representative “island” of PtK1
cells. Red box: representative “leader cell”. Bottom, fascin immunofluorescence studies
showing localization of fascin to leading edge (left, black arrowheads) and stress fibers (right,

white arrowheads). (E) Leading edge morphology of PtK1 cells transfected with GFP (left) or
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Figure 3 (continued). GFP-fascin (right). (F) Histograms of average protrusion speed (left
column), protrusion distance (middle column), or protrusion time (right column) in control (top
row, 6 cells, 1218 time series) and GFP fascin (bottom row, 6 cells, 1299 time series) cells. All
conditions were repeated in at least 3 independent experiments. (G) Bar graph of means found in

(F). Error bar: SEM with n = number of time series. *p-value < 0.0001.
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Fascin increases protrusive activities in single cells without the presence of filopodia

In a wound healing response, where cells at the wound edge are polarized by the asymmetry of
cell-cell contacts, the closure rate is directly related to the net protrusion rate at the single cell
level (Arthur and Burridge, 2001). To analyze protrusion dynamics at the single cell level, we
expressed either GFP alone or GFP-fascin in PtK1 cells and acquired high-resolution time-lapse
images at 5 second intervals over a period of 16 minutes (200 frames). During imaging of GFP-
fascin cells, only those cells that expressed fascin at intermediate levels with no filopodia were
selected. Then, edge detection software was used to track edge movement along the leading
edge, and spontaneous protrusion-retraction cycles were analyzed with regard to the
protrusion/retraction velocity, protrusion/retraction distance, and time since protrusion/retraction
onset (Fig. 3F). Critically, because different sectors of the leading edge move asynchronously,
these analyses were performed independently for 500-nm wide edge segments and subsequently

processed in statistical distributions.

Histograms of the respective distributions indicate that the mean of the protrusion speeds
averaged over one protrusion event was 1.5 times higher for fascin overexpressing cells than for
control cells expressing GFP only (Fig. 3G). The mean distance covered by protrusion events
was also 70% higher for fascin overexpressing cells. This increase is mainly induced by a skew
of the distribution towards a few very long-distance protrusion events, suggesting that higher
fascin expression promotes more sustained growth of actin filaments against increasing
membrane tension (Ji et al., 2008). Of note, the mean duration of protrusion events was not
significantly shifted by fascin overexpression, indicating that the increased protrusion distance is
mainly associated with an increased advancement of the cell edge. SIRNA-mediated knock down

of fascin expression by ~90% did not result in significantly reduced average protrusion speed or
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protrusion distance (Suppl. Fig. 2). This is not unexpected because the control level of fascin

expression in an epithelial cell like PtK1 is fairly low.

Complementary work in our lab using the same cell system shows that protrusion cycles are
initiated by local formation of a nascent adhesion followed by growth of a non-adherent F-actin
network until a force maximum is reached at which the cell edge stalls or retracts until a new
nascent adhesion is formed (Ji et al., 2008; Lee et al., submitted). Accordingly, the protrusion
distance is governed, in part, by the mechanical stability of the actin network to grow without

adhesive anchorage to the substrate.

Fascin expressing cells have decreased overall traction stress and sustain traction stress at

the leading edge

Our observation of increased protrusion distance in fascin-overexpressing cells suggested that
the mechanical load sustained by the most frontal adhesions may also increase in these cells. To
test this, we performed high-resolution traction force microscopy (TFM), which measures the
force a cell or a group of cells transmits through adhesions to the substrate (Dembo and Wang,
1999b). The transmitted forces originate in actomyosin contraction in the lamella and in actin

polymerization mediated propulsion of the cell edge (Gardel et al., 2008).

To observe differences in traction stress levels at the leading edge, we first compared traction
stress at the 1-um leading edge. Results indicate that fascin overexpressing cells exert less stress
on its substrate overall (Fig. 4A,B). Next, we analyzed the relation between traction stress levels
and the protrusion/retraction state. As for the protrusion cycle analysis we used probing windows
of 1 um? to sample local stress levels and edge velocities at each time point (Fig. 4C). The

windows followed the cell edge over time, allowing us to record time series of stress levels in a
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cell-frame of reference (Movie S1). To determine from asynchronously moving windows in one
cell and from windows pooled over several cells how stress levels were modulated about a
specific protrusive event (such as protrusion onset or retraction onset), we aligned the time series
from individual sampling windows at the cell edge relative to the event of interest (W1 and W» in

Fig. 4C) and then averaged the aligned time series

Qualitatively, the temporal patterns of traction stresses were similar in control and fascin
overexpressing cells (Fig. 4D). In both cases, the traction stress at the leading edge increased at
retraction onset and decreased shortly after protrusion onset. An even sharper decrease was
observed when the time series was aligned relative to the time point of maximum protrusion
velocity. These decreases are related to the fact that after protrusion onset windows that move
with the cell edge translocate away from the force-bearing adhesion sites. Quantitatively, there
were two significant differences between control and fascin-overexpressing cells. First, in
agreement with the overall lower traction stress levels produced by fascin overexpressing cells,
the stress levels 1 um beneath the moving cell edge were also systematically lower than in
control cells. Incidentally, the confidence interval fascin overexpressing cells was broader, most
likely because of the heterogeneity in expression levels between cells. Secondly, fascin
overexpressing cells maintained traction stress more stably after protrusion onset than control

cells.

To further probe the relationship between protrusive state and traction stress, we studied
correlations between cell boundary velocity and traction force boundary. Traction force
boundary was found by converting traction stress magnitude into a grayscale heat map and
increasing the boundary threshold to find the traction stress outline that minimizes noise. After

calculating the protrusion velocities along the traction force boundary as well as the cell
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boundary, we aligned both time series with respect to the maximum velocity of the traction force
boundary (t=0 in Fig. 4E). In control cells, the cell boundary protrusion velocity reached
maximum first, and the maximum of the traction stress boundary velocity followed. However, in
fascin-rich cells, such trend was no longer observed (Fig. 4E). This can be interpreted to mean

that fascin-rich cells assemble adhesions regardless of protrusion states.

Together, these differences seemed to refute our original hypothesis that fascin promotes longer
protrusion cycles by increasing the mechanical stability of lamellipodial network in order to
prolong filament growth against the leading edge membrane without requirement for substrate
anchoring. On the contrary, our TFM data suggested that fascin-overexpressing cells must
continually form nascent adhesion during the protrusion cycle. This would lower the overall
traction stress generated in any particular point of the cellular footprint and would reduce the
distance over which the growing actin filament network pushed the leading edge forward without

mechanical coupling to the substrate.
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Figure 4. Effect of fascin on traction stress in PtK1 cells. (A) Representative traction force

field (left, red arrows) and corresponding traction stress heat map (right) for GFP and GFP-fascin
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Figure 4 (continued). cell. Force vectors are scaled equally. Scale bar: 10 um. Heat map unit:
Pa. (B) Histograms of overall traction stress in control (5 cells, 468 time series, 3 independent
experiments) and GFP-fascin cells (8 cells, 868 time series, 3 independent experiments). Same
cells were analyzed for (D) and (F). (C) Alignment of traction stress time series with respect to
motion event. For two windows Wi and W, protrusion onset is identified (red circle) and the W»
velocity time series shifted by At to align time with respect to protrusion onset. Then, the force
time series for W» is shifted using the same At. The resulting force time series (far right) are
averaged for all windows. (D) Traction stress alignment with respect to retraction onset (left),
protrusion onset (middle), and maximum protrusion velocity (right) for control (red) and GFP-
fascin (blue) cells. (E) Leading edge protrusion velocity alignment with respect to maximal
velocity of traction force boundary for control (red) and GFP-fascin (blue) cells. . For (D), (E),
and (F), solid lines indicate population averages, and dotted lines about the population averages

indicate 95% confidence intervals computed by bootstrap sampling.
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Peak traction stress occurs further away from cell edge in fascin overexpressing cells

The canonical model of adhesion formation and maturation in migrating cells predicts that
traction stresses increase with distance from the leading edge as NAs get stabilized and transform
into focal adhesion (FAs) (Gardel et al., 2008). The stress maximum is reached in a zone of
maximal FA density, concomitantly with a transition from predominantly compressive forces
generated by F-actin polymerization in the lamellipodium to pulling forces generated by
actomyosin contraction in the lamella. We examined this spatial pattern of traction stresses at
protrusion onset and maximum protrusion velocity as reference time points (Fig. 4E) by
averaging the temporally aligned stress values in layers of probing windows at a particular
distance from the cell edge (Movie S2). At both reference time points control cells and fascin-
overexpressing cells displayed the expected stress profile. Importantly, the reduced traction

stresses in fascin-overexpressing cells was maintained throughout the profiles.

However, in fascin-overexpressing cells the sites of maximum traction stress are shifted towards
the cell center, suggesting that higher fascin levels induce a wider zone of NAs that mechanical

support the growth of the lamellipodial network against membrane tension.

Fascin increases nascent adhesion density at the leading edge without affecting dynamics

To test the prediction that fascin overexpression widens the zone of NA formation, we collected
total internal reflection fluorescence (TIRF) movies of cells expressing HaloTag-paxillin as a
canonical marker of all adhesion structures (Movie S3). Paxillin was expressed in cells that were
also expressing GFP only or GFP-fascin (Fig. 5A). For analysis of the movies, we developed a
computer algorithm that detected NAs as diffraction-limited spots and more mature adhesion

complexes and FAs as paxillin-rich patches. The algorithm also was able to track adhesions over
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time and to classify NAs that transitioned in to focal complexes and FAs as “maturing nascent
adhesions” as opposed to NAs that turned over without maturation as “failing nascent

adhesions.”

This analysis yielded several results: First, the density of nascent adhesion in the 5-um leading
edge is significantly greater in fascin-overexpressing cells than in control cells (Fig. 5B). Second,
the life times of both failing and maturing nascent adhesions are not significantly different
between control and fascin overexpressors. (Fig. 5C,D). Third, the ratio of failing to maturing
nascent adhesions are not significantly different between the two groups (Fig. SE). Fourth,
tracking of both fascin and paxillin fluorescence at sites of nascent adhesions starting 100
seconds prior to nascent adhesion detection shows that fascin fluorescence increases at a high
rate before paxillin fluorescence does so (Fig 5F). Indeed, this is shown more clearly in the plot

of the fluorescence ratio of the two channels (Fig. 5G).

Combined, these observations provide strong evidence that fascin plays a role in templating
nascent adhesions and affects early dynamics of adhesions rather than later dynamics such as
maturation or disassembly. Of note, fluorescence tracking analysis suggests that fascin is

recruited to sites of nascent adhesion formation even before paxillin.
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Figure 5. Effect of fascin on cell-substrate adhesions in PtK1 cells. (A) Tracking of cell-
substrate adhesions with HaloTag-TMR-labeled paxillin. Left, zoom-out view of lamellipodia of

a cell expressing HaloTag-paxillin labeled with TMR-ligand and imaged in with total internal
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Figure S (continued). reflection fluorescence microscopy. Right, zoom-in view of a portion of
the lamellipodia without (top) and with (bottom) results of adhesion tracking algorithm overlaid.
Red: diffraction-limited spots that are nascent adhesions, orange: focal complexes, black: focal
adhesions. Scale bar: 10 pm. (B) Quantification from computer algorithm in (A). Box plot of
adhesion densities in control (5944 adhesion tracks in 3 cells) and GFP-fascin cells (11240
adhesion tracks in 4 cells). *p-value < 0.0001. The same cells were analyzed for parts (C), (D),
and (E). (C) Histograms of life times of failing and maturing nascent adhesions. (D) Bar graph of
mean life times. Error bars: SEM with n = number of adhesion tracks. (E) Bar graph of
“maturation ratio,” defined as ratio of adhesion tracks that mature into focal complexes or focal
adhesions out of all adhesion tracks. Error bars: SEM with n = number of cells. *N.S. not
significant. (F) Fluorescence alignment in fascin and paxillin channels with t = 0 defined as
nascent adhesion detection and subsequent fluorescence tracking in both channels at individual
nascent adhesions. Mean of 400 nascent adhesions. Solid lines indicate population averages, and
dotted lines about the population averages indicate 95% confidence intervals computed by
bootstrap sampling. (G) Ratio of fascin fluorescence to paxillin fluorescence from analysis in

part (F).
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Fascin decreases lamellipodial actin flow

The rate of cell edge protrusion is the result of the rate of actin filament assembly minus the rate
of retrograde flow of actin filaments at the leading edge (Lim et al., 2010). Thus, the increased
protrusion rates we observed in fascin-overexpressing cells could be explained either by an
increase in polymerization rate or a decrease in retrograde flow, or a combination of both. To
assess which of these mechanisms is at play with increased fascin levels, we measured actin
retrograde flow by quantitative fluorescent speckle microscopy (Fig. 6A, Movie S4). To generate
speckle contrast, a low fraction of actin subunits were fluorescently labeled by expression of
SNAP-tag actin and incubation of cells with low concentrations of SNAP-Cell TMR-Star then

washed with phosphate buffered saline.

For control cells expressing GFP in addition to SNAP-tag actin we measured average flow rates
of 943 nm/min in the first 5 um from the cell edge (Fig. 6B). In comparison, GFP-fascin
expressing cells displayed significantly lower average flow rates of 526 nm/min, indicating that
the higher density of NAs in these cells reduces the flow. Moreover, the approximate
proportionality of actin flow and traction stresses is consistent with a slip friction clutch model in
which the kinetics of the coupling between actin filaments and substrate is dominated by the
affinity of molecular interactions within the adhesion and nearly independent of the (probably
weak) load on an individual bond (Howard, 2001). Quite interestingly, control cells exhibited
larger spatiotemporal variations in retrograde flow, suggesting that the higher density of NAs in
fascin-overexpressing cells promotes redundancy among adhesions that results in a sustained

slower flow regime.

To determine whether the reduced flow in fascin-overexpressing cells can explain the increased

protrusion and migration rates in these cells we subtracted average protrusion speed of control
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cells from that of GFP-fascin cells to calculate the increase in average protrusion speed in GFP-
fascin cells (Fig. 3F, 1120 nm/min — 745 nm = 375 nm). Then, we subtracted the actin flow rate
of GFP-fascin cells from that of control cells to calculate the decrease in actin flow in GFP-
fascin cells (Fig. 6B, 943 nm/min — 526 nm/min = 417 nm/min). The two numbers closely
match, suggesting that the increase in protrusion seen in fascin overexpressing cells is driven by

the slower actin retrograde flow rather than faster actin polymerization.

In light of the data presented so far, we propose a model in which fascin plays multi-faceted roles
to increase cell motility (Fig. 6C). In particular, fascin templates nascent adhesions such that
with more fascin, more nascent adhesions are formed. Due to the presence of a higher density of
adhesions actin retrograde flow is decreased. Under the assumption that individual molecular
bonds in adhesions are relatively weak and thus NAs operate in a slip friction regime, the

reduction of flow is translated into overall lower traction and faster protrusion.
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Figure 6. Effect of fascin on actin flow in PtK1 cells. (A) Representative actin flow

representations for control and GFP-fascin cell. Left column, actin flow in one frame,

represented as vectors. Middle column, actin flow in one frame, represented as heat map. Right

column, actin flow activity map showing flow in all frames and all windows along the 5 um-

wide leading edge. Orange arrows indicate direction of window numbering. Scale bar: 5 um. (B)

Mean actin flow in the 0-5 pm from the leading edge for control (5 cells 355 time series), GFP-

fascin (6 cells 331 times series), and fascin si cells (5 cells 341 time series). Error bars: SEM

with n = number of time series. *p-value << 0.0001 (C) Model of nascent adhesion templating

by fascin during cell protrusion.
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Fascin promotes invasion in three dimensions in cancer cells

Since wound healing is a largely two-dimensional process also in physiological settings, it is
plausible that the conclusions we draw from high-resolution imaging of epithelial cells on 2D
substrates are indeed applicable to physiological and pathophysiological processes. In particular,
intravital imaging data suggest that in many cases cancer metastasis is a collective migration
phenomenon akin a wound healing response (Friedl and Gilmour, 2009). Thus, the proposed
model of fascin’s role as a promoter of nascent adhesion formation and its consequences for
enhanced protrusion and migration offers a mechanism for the more aggressive invasion and
spreading of epithelial carcinoma with high fascin expression levels. We were curious whether
the same conclusion could be drawn for a cancer model that tends to spread by migration of
individual cells and is also associated with high fascin expression. One such model is the MDA-
MB 231 cell line, which has been derived from a breast cancer and which express high levels of
fascin (Xing et al., 2011). Curiously, despite the high levels of fascin, these cells display a very
moderate occurrence of filopodia, and knock-down of fascin by siRNA has no visible effect on
filopodia density. On the other hand, knock-down of fascin resulted in sparser NAs as
compared to cells treated with control siRNA (Fig. 7A), complementing our observations of
denser NAs in fascin-overexpressing cells Together, this suggested that differences in invasion
and motility of MDA-MB 231 control and fascin-depleted cells would be related to a largely

filopodia-independent, adhesion-mediated function of fascin.

To test whether with the MDA-MB 231 model we could generalize our findings also to
migration in 3D, we subjected control and fascin knock-down cells to a collagen invasion assay
(Smith et al., 2008). In this assay cells were plated cells on glass and then covered with a

collagen plug. Cells were stimulated by chemoattractant (FBS) added to medium on top of the
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plug and then allowed to travel for 24 hours. After formaldehyde fixation and Hoechst staining,
the 3D collagen volume was imaged at every z-distance of 1 um (Fig. 7A). Using a custom-
designed computer program we detected and quantified the number of cells at each z-plane to
calculate invasion rate. Results indicate that invasion is indeed greater for cells transfected with

control siRNA than for cells transfected with fascin siRNA (Fig. 7B).
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Figure 7. Effect of fascin in three-dimensional invasion in MDA-MB-231 breast carcinoma
cells. (A) Top, representative z-slices at 0 and 20 um from the well bottom for control and fascin
knockdown MDA-MB-231 cells. Bottom, side projection of a representative z-stack, from 0 to
50 um from the well bottom. (C) Cumulative distribution of penetration depth for control and
fascin knockdown MDA-MB-231 cells. Each line represents average of z-stacks from one
independent experiment. Orange arrows indicate direction in each view, with arrowhead pointing

in the direction of invasion.
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Discussion

Cancer metastasis at its core requires 1) invasion of cells from primary tumor into the circulatory
system, 2) extravasation at a distant site, and 3) survival of a new colony through changes in the
microenvironment and angiogenesis (Birchmeier et al., 2003; Yamaguchi et al., 2005). In
particular, invasion necessarily means that one or a group of cells in the original tumor becomes
more motile as it/they move through the surrounding tissue into a blood or lymph vessel by
penetrating one or more basement membranes and endothelial walls. Since the actin cytoskeleton
is the key driver of such motility (Mitchison and Cramer, 1996; Mogilner and Oster, 1996a;
Pollard, 2003; Yamazaki et al., 2005), there is great interest in studying it and its modulators as

cancer targets that prevent metastasis (Olson and Sahai, 2009).

One of the actin modulators that has surfaced as a metastasis marker in multiple cancer types
both in human patients (Al-Alwan et al., 2011; Darnel et al., 2009; Xing et al., 2011; Zigeuner et
al., 2006) and mouse models (Minn et al., 2005; Nguyen et al., 2009) is fascin. High expression
levels of fascin have also been linked to poor clinical prognoses (Hashimoto et al., 2004;
Hashimoto et al., 2006; Pelosi et al., 2003; Yoder et al., 2005). Thus far, it has been assumed that
at the cellular level these cancer-related functions of fascin are due to its roles in forming
invadopodia or, more importantly, filopodia (Hashimoto et al., 2011). However, as our PtK1 and
MDA-MB-231 experiments show, there are filopodia-independent shifts in migration and

invasion in high-fascin expressing cells.

Fascin templates nascent adhesions

Our study reveals that fascin has a role in the formation of nascent adhesions. Traction force
measurements showed that fascin-rich cells link to the substrate via a ‘carpet’ of distributed

adhesions that are continually deposited during a protrusion cycle (Fig. 4D). Indeed, live-cell
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imaging of the adhesion component paxillin confirmed that cells with high levels of fascin make
denser nascent adhesions (Fig. 5B). Importantly, the increased adhesion density is not the result
of extended lifetime but of a bona fide increase in nascent adhesion formation. Our finding of
elevated protrusion rates in these cells is also in agreement with data presented in (Choi et al.,
2008c), demonstrating that protrusion rate and the rate of formation of nascent adhesions are
directly coupled. Our data provide evidence that fascin has an active role in the formation of
nascent adhesions as fascin is recruited to sites of nascent adhesions even before paxillin, an
adaptor protein that is recruited in the early stages (Fig. 5F,G). Other actin cross-linking proteins
have been associated with adhesion organization. Most prominently, a-actinin has been shown to
play a role in adhesion maturation by organizing actin filaments in a manner that adhesions have
“tracks” on which to bring additional adhesion constituents to grow and elongate (Choi et al.,
2008c). Our data now adds to this a function for an actin crosslinker as a ‘templating component’
that prepares the formation of new nascent adhesions rather than enabling their maturation into
focal adhesions or modulating their disassembly. In view of their structural differences, it is not
surprising that fascin and a-actinin have functions at different points in the lifetime of adhesions.
Fascin is a selective crosslinker that uniquely makes tight parallel actin bundles whereas a-
actinin crosslinks actin at all angles (Courson and Rock, 2010). Recent investigations of the
coordination of different actin nucleator components during the protrusion/retraction cycle of the
PtK1 cells used also here showed that nascent adhesions start to form prior to protrusion onset in
a process that is dependent on mDial-mediated elongation of straight actin filaments (Lee et al.,
submitted). Later in the protrusion cycle, actin polymerization is reinforced by autocatalytic
growth of a dendritic network, mediated by activation of the WAVE — Arp2/3 pathway (Lee et

al., submitted; Mendoza et al., submitted). Thus, fascin’s mode of action is associated with an
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early phase of linear bundle formation to initiate adhesion formation, whereas a-actinin operates
in the later phase as a cross-linker of linear and branched filaments to stabilize adhesions and

promote their maturation.

Data from a recent study has shown that fascin localizes specifically to adhesions in human

cancer cells and mouse fibroblasts (Elkhatib et al., 2014). The same study also showed that

fascin knockdown cells make significantly more and larger focal adhesions than control cells. At
first sight, these observations seem not consistent with the model we propose here. However, we
propose that in fascin-rich cells, much of the proteins required for adhesion assembly, especially
those in the earlier stages of the adhesion life cycle, are largely used up in the lamellipodia. As a
result, fascin-rich cells have less focal adhesions in the lamellipodium/lamella junction than cells

with low levels of fascin expression (Elkhatib et al., 2014).

We can speculate how having more nascent adhesions and fewer focal adhesions may promote
metastasis in neoplastic cells. It has been observed that rapidly-moving cells such as neutrophils
and macrophages have smaller, more dynamic adhesions while more contractile cells such as
fibroblasts and endothelial cells have larger, more stable adhesions (Lauffenburger and Horwitz,
1996a). The observation of a direct relationship between cell motility and dynamicity of
adhesions has been corroborated by studies in other cell lines subjected to different substrate
flexibilities or genetic alterations (Ilic et al., 1995b; Pelham and Wang, 1997). This suggests that
enhanced motility in the context of fascin-rich neoplastic cells may be due to the formation of

more nascent and fewer focal adhesions.

Fascin-rich cells have extended lamellipodial region of low traction stress
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Traction force is a composite of forces from actin polymerization at the leading edge and
actomyosin contraction in the cell body. Our traction force measurements indicated that fascin-
rich cells have significantly lower traction stress compared to control cells (Fig. 4B).
Additionally, the traction stress peaked further into the cell in fascin-rich cells (Fig. 4F).
Combined with the nascent adhesions data, this means that fascin-rich cells have a larger

lamellipodial region that has high nascent adhesion density and low traction stress.

Optimal traction stress that allows for maximal migration speeds is cell-type dependent (Evans et
al., 1993; Harris et al., 1980; Lee et al., 1994). Further experimentation has determined that this
optimal stress level also depends on the mechanical properties of the ECM as cell-substrate
adhesions are mechanosensitive structures that enable a cell to adapt to the stiffness of the ECM
(Katsumi et al., 2004). Of note, there is an inverse relationship between traction stress and
migration (Doyle and Lee, 2005; Munevar et al., 2001), which agrees with fascin-rich cells
having higher motility and lower traction stress. Therefore, a plausible role of fascin in migration
is to enable a cell to better adapt to the ECM by modulating traction stress levels through the
formation of nascent adhesions, thereby resulting in faster migration. To definitively show this,
more traction force experiments will need to be done in ECM of different rigidities and with

multiple cell types.

Reduction in actin retrograde flow in fascin-rich cells account for most of the increase in

protrusion velocity

Previous studies have shown actin flow to be slower in adhesion-rich regions, which can be
attributed to the fact that there is more mechanical resistance in those regions (Alexandrova et
al., 2008; Hu et al., 2007; Ponti et al., 2004). Consistent with this, an inverse relationship

between cell advancement and rate of actin flow has been observed (Jurado et al., 2005;
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Smilenov, 1999), although conflicting data do exist. Thus, an implication of denser nascent
adhesions in fascin-rich cells is that the actin flow in the lamellipodium will be affected. Indeed,
our data are in support of the inverse relationship and show that in cells with high levels of

fascin, actin retrograde flow is significantly decreased.

Actin polymerization at the leading edge generates a pushing force on the plasma membrane,
most likely by the Browninan ratchet mechanism (Theriot, 2000). This pushing force drives
membrane protrusions that ultimately results in cell translocation and also drives the whole actin
network backward in retrograde actin flow. In our case, cells expressing high levels of fascin
were found to have more protrusive activities (Fig. 3). This could mean that actin polymerization
occurs at a higher rate or that retrograde actin flow is slower, since reduced actin flow translates
into the cell utilizing more of the actin polymerization to drive protrusions. The two scenarios are
not mutually exclusive, so the answer likely lies somewhere between the two extremes. Our
measure of actin flow does indeed suggest that most of the additional protrusive activities in

fascin-rich cells are due to slower retrograde actin flow (Fig. 6B).

In conclusion, the combination of increased nascent adhesion formation, which leads to slower
actin retrograde flow, and decreased traction stress, allows for more protrusive activities at the
single cell level in fascin-rich cells. In turn, this translates to higher migration rates in two- and
three-dimensions. Our results give a cell biological explanation for how fascin increases cell
motility, which may lead to high metastasis rates and poor outcomes in patients of numerous

cancers with high fascin expression.
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Materials and Methods

PtK1 cell culture and imaging conditions. PtK1 cells were cultured in Ham's F12 media
(Invitrogen), supplemented with 10% FBS, 0.1 mg/ml streptomycin, 100 U/ml penicillin. They
were routinely tested for mycoplasma contamination. Cells were transfected by electroporation
using the Neon transfection system (Invitrogen) according to manufacturer’s instructions (1
pulse, 1400V, 20ms), and grown on acid-washed glass coverslips from Corning (#1.5 coverslips)
for 2 days before imaging. Prior to imaging, expressed HaloTag fusion proteins were labeled by
HaloTag-TMR ligand (Promega) according to manufacturer’s instructions. For plasma
membrane staining, cells were incubated with 1 g/ml CellMask Orange (Invitrogen) for 5 min,
and images were acquired within 2 hours. Imaging was performed in imaging medium
(Leibovitz's L-15 without phenol red, Invitrogen) supplemented with 10% FBS, 0.1 mg/ml

streptomycin, 100 U/ml penicillin, 0.45% glucose, and Oxyrase (1.0 U per ml , Oxyrase Inc.).

Wound healing assay. Migration was tested in wound healing assays using Culture Inserts
(ibidi). After cells were grown to confluence, Culture Inserts were removed and imaged every 5
minutes for 18 hours with an inverted Nikon Ti-E microscope with integrated Perfect Focus
System with a 20X, objective lens and custom built 37°C microscope incubator enclosure.
Percent wound closure was calculated using ImageJ. Leader cells were visually identified for

each image sequence.

siRNA knockdown of fascin in PtK1. Tasmanian devil (Sarcophilus harrisii) fascin sequence

was used to design siRNA sequences. Two Alexa488-fascin siRNA were custom ordered
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(Qiagen). Of those, siRNA sequence GGUGGGCAAGGACGAGCUCTT was confirmed to

knockdown fascin with 90% efficiency.

Immunostaining. PtK1 cells grown on acid-washed coverslips for two days were pre-extracted
in CB buffer (10mM MES, pH 6.1, 138mM KCI, 3mM MgCl2, 2mM EGTA) with 0.1% Triton-
X-100 and 1J.g/ml phalloidin for 1 min. Then, the cells were fixed using 1 % glutaraldehyde in
CB for 20 min, followed by two washes with 0.4% NaBH4 in PBS for 15 min each. 3 % BSA in
PBS was used for blocking. The fixed cells were incubated with primary antibody (1:100
dilution), followed by incubation with fluorescently conjugated secondary antibody (1:200
dilution) (Invitrogen). After extensive washing, actin was stained with Alexa568 or Alexa647-

labeled phalloidin (Invitrogen). Fascin antibody was purchased from Dako (M3567).

Light microscopy. All microscopy except paxillin imaging was performed using an inverted
Nikon Ti-E microscope (including motorized focus, objective nosepiece, fluorescence filter
turret, and condenser turret) with integrated Perfect Focus System with a 60x, 1.4 NA Plan
Apochromat objective lens with 1.5x optovar (for traction force microscopy and dual-color
imaging, no optovar was used), motorized stage and focus motor from Prior, and custom built
37°C microscope incubator enclosure mounted on a TMC vibration-isolation table. Confocal
images were obtained using a Yokogawa CSU-X1 spinning disk confocal head equipped with an
internal motorized high speed emission filter wheel and the Borealis modification (Spectral
Applied Research) for increased light throughput and illumination homogeneity. Fluorophores
were excited by Spectral Applied Research custom laser merge module (LMM-7) equipped with

solid state 561 nm (200 mW) and 642 nm (100 mW) lasers. Excitation and emission
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wavelengths were selected and attenuated with an AOTF and a quad Semrock 405/488/561/647
dichroic mirror, respectively. Alexa-568 was visualized using the 561 laser line and 620/60
emission filter; HaloTag-TMR was visualized using the 561 laser line and 605/70 emission filter
(Chroma); for traction force microscopy, far-red fluorescent beads were visualized by the 647
laser line and 700/75 emission filter (Chroma). Images were collected with an ORCA-AG
cooled CCD camera from Hamamatsu and Metamorph software v7.7 (Molecular Devices)

without binning. Exposure times were typically 500 ms using 15~30% laser power.

Paxillin recruitment was imaged by total internal reflection fluorescence microscopy using
a Nikon Ti-E inverted motorized microscope with integrated Perfect Focus System, Nikon
100x 1.49 NA TIRF DIC objective lens, and Nikon dual-port TIRF/Epi illuminator with
motorized laser incident angle adjustment. For lasers, a Spectral Applied Research laser launch
was used with 100mW 401nm, 40mW 442nm, 50mW 491nm, 50mW 515nm, 5S0mW 561nm
and 100mW 640nm solid state lasers with a fiber-optic delivery system and AOTF. A Prior
Proscan III controller was used for fast excitation and emission filter wheels, fast transmitted
and epi- fluorescence light path shutters, and a linear-encoded motorized stage.
A Chroma 405/491/561/638 dichroic mirror was used with a 561 laser line and 600/50 emission
filter for HaloTag-TMR. In addition to emission filters, a custom Chroma laser notch filter
was used in the emission path to further block the illumination light from reaching the
camera and to minimize interference patterns. Images were collected with a Hamamatsu
ORCA R2 CCD camera and MetaMorph v7.7 (Molecular Devices). Exposure times were

typically 500 ms using 30~50% laser power.
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Western blotting. PtK1 cells were grown to 80% confluency and washed twice with ice-cold
PBS. Cells were lysed in RIPA buffer (150 mM NacCl, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing a protease inhibitor cocktail tablet
(Roche), and the adherent cells were scraped off the dish using a cold plastic cell scraper. The
cell suspension was transferred to a pre-cooled microcentrifuge tube and incubated at 4°C for 30
min with agitation and spun at 13,000 rpm for 20 min at 4°C to isolate the supernatant. Samples
were made by adding 1vol of Laemmli Sample Buffer (Bio-Rad) and were run on SDS-PAGE
and then transferred to a PVDF membrane by applying 40 volts for 1 h at 4°C. The membrane
was briefly washed in TBS-T (50 mM Tris, 150 mM NacCl, 0.05% Tween-20, pH 7.6) and
blocked for 1h at room temperature with 5% milk in TBS-T. It was probed with a 1:1000
dilution of primary antibody (anti-mDial from Axxora, anti-mDia2 from Art Alberts) for 1 h,
washed, probed with a 1:1000 dilution of the anti-rabbit [gG HRP antibody (Abcam) for 1h, and
washed again. The membrane was incubated with SuperSignal West Pico chemiluminescent

substrate (Thermo Scientific), and the blot was exposed to film for 10 seconds.

Traction force microscopy (TFM). Preparation of soft substrates with far-red fluorescent
beads for traction force microscopy is described elsewhere. Briefly, a ~30 pm layer of silicone
gel with a refractive index of ~1.49 and Young’s modulus of 8 kPa (1:1.4 mixture of parts A and
B of QGel 920 by Quantum Silicones; the Young’s modulus measured as described elsewhere)
was created on a #1.5 cover glass at the bottom of a 35-mm culture dish (WillCo-dish®) by spin-
coating and curing at 100 °C for 2 hrs. The surface of the gel was coated with fibronectin and
fluorescent tracer particles (40 nm carboxylated far-red fluorescent beads; excitation/emission

690/720 nm, by Invitrogen, Carlsbad, CA) by 15 min room temperature incubation under a
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solution of 50 pg/ml of fibronectin and 100 pg/ml EDC in PBS, pH 7.4, with the particles added

to the solution. The culture dishes were washed 3 times with PBS, and PtK1 cells were seeded at

a concentration of 0.3x10° per dish. Prior to imaging, cells were stained with CellMask Orange
(Invitrogen) as described above. In order to prevent oxygen exchange to minimize photodamage,
the imaging chamber was completely sealed. At the end of a TFM experiment, cells must be
lifted off the substrates in order to measure the position of the tracer beads when the substrate is
not deformed by cellular forces. To accomplish this in a closed chamber, the dish covers were
outfitted with inlet and outlet tubing and sealed against the dishes with VALAP, making it
possible to inject trypsin into the dish. Images of cells and tracer particles were taken (in two
different fluorescence wavebands) every 5 seconds for ~1000 seconds on the Nikon Ti spinning
disk confocal microscope with a 60x/1.4 objective. Cells were then removed from the substrate
by 1 hr incubation in Trypsin/EDTA (10x, 0.5%, Invitrogen), and images of tracer particles on
the deformation-free gel substrate were acquired in the areas where cells and particles were
imaged beforehand. Cell traction forces were calculated by comparing images of tracer particles

with and without cells on the substrate using the Fourier transform traction cytometry method.

Cell edge tracking and windowing. Rates of protrusion and retraction were obtained from
fluorescence images by computational edge tracking using a custom-built software package
written in Matlab (Mathworks). Cell edges were segmented by intensity thresholding and cell
edge displacements were tracked by applying the mechanical model described elsewhere for
morphing the edge between consecutive time points. Probing windows were generated with a
window size of 500 nm by 500 nm for protrusion analysis and 1 pm by 1 pm for traction force

analysis, respectively. The number of windows along the open cell boundary were held constant.
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Therefore, as the length of the boundary changed, the window size changed as well. The corners
of the windows followed the cell edge displacement vectors. The basic concepts of sampling
image signals in motile cells have been introduced elsewhere. The specifics and validation of a

new version of window-based sampling applied for the present study are detailed elsewhere.

Identification of protrusion/retraction segments. This analysis was done as described in
Lee et al. Protrusion and retraction segments were identified on a per-window basis. First, the
instantaneous edge velocity measured for a particular window was integrated over time,
resulting in an edge displacement time series. For further processing, the displacement time
series was represented by a smoothing spline filter using the Matlab function csaps() and a
smoothing parameter: 0.01. Next, we identified local maxima in the edge displacement curve
using the Matlab function findpeaks(). We eliminated minor switches between protrusion and
retraction phases by retaining only the highest of the local maxima in a rolling window of 50
seconds. Between every pair of consecutive local maxima we then identified the lowest local
minimum, bisecting the interval between the two maxima into a retraction segment lasting from
the first local maximum to the local minimum and a protrusion segment lasting from the local
minimum to the second local maximum. Protrusion and retraction segments with a distance
between endpoints of less than 10 pixels (equals to 720 nm) were discarded. This distance
corresponds to ~1.5 the depth of the probing windows, i.e. only protrusion segments that yielded
a significant translocation of the region of interest used for fluorescence intensity sampling were
considered. For valid protrusion/retraction segments, we then computed the segmental distance,

the segmental duration, and the average segmental protrusion/retraction velocity. Distributions
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of segmental parameters between different experimental conditions were statistically compared

using the two-sample KS (Kolmogorov- Smirnov) test (Matlab function kstest2()).

Nascent adhesion (NA) detection, focal adhesion (FA) segmentation, and adhesion
tracking. NAs in paxillin images were detected using an existing algorithm from single particle
tracking. Briefly, TMR-paxillin images were filtered using the Laplacian of Gaussian filter
followed by local maximum detection. Each local maximum was then fitted with an isotropic
Gaussian function (standard deviation: 2.1 pixel) and tested with a goodness of fit test (p=0.05)
for outlier removal. FA segmentation was performed based on a combination of Otsu and Rosin
thresholding after image preprocessing with noise removal and background subtraction.
Segmented areas were categorized as focal contacts (FCs) or FAs based on the area following
the criteria prescribed by Gardel et al. (0.24 um? for FCs, 0.6 pm? for FAs). NAs ware tracked
by the uTrack software using gap closing option (maximum gap = 5 frames) and a Brownian
search band of 2-5 pixels. Each track was examined to see if it overlapped with a FC or FA, and
if so, the track was labeled as a maturing adhesion. Otherwise, the track was labeled as a failing

adhesion.

MDA-MB-231 cell culture. MDA-MB-231 cells were cultured in DMEM (Corning),
supplemented with 10% FBS, 0.1 mg/ml streptomycin, 100 U/ml penicillin. They were routinely
tested for mycoplasma contamination. For DNA, cells were transfected by electroporation using
the Neon transfection system (Invitrogen) according to manufacturer’s instructions (4 pulses,
1400V, 10ms). For siRNA, cells were transfected by Lipofectamine RNAiMax (Invitrogen)

according to manufacturer’s instructions.
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Collagen invasion assay. Cells were suspended in 2.3 mg/ml of serum-free liquid bovine
collagen at 10° cells/ml. 100 pl aliquots were dispensed into black 96-well ViewPlates
(PerkinElmer) coated with bovine serum albumin. Plates were centrifuged at 1000 rpm for 5
minutes and incubated in a 37 °C/10% COx tissue culture incubator. Once collagen had
polymerized, media containing fetal bovine serum was added on top of the collagen to a final
concentration of 5%. After 36-hour incubation at 37 °C in 10% COa, cells were fixed and stained
for 2 h in 4% formaldehyde solution (Sigma-Aldrich) containing 5 p g/ml Hoechst33258 nuclear
stain (Invitrogen). Confocal z-stacks were collected at 1-pm interval from each well. Nuclear
staining in each slice was quantified automatically with algorithm developed in house to

determine the distribution of invaded cells.
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Conclusion

The work described here has elucidated some of the molecular/cellular mechanisms by which
fascin increases cell motility and invasion. This is possibly one clue as to why high fascin
expression in different cancers correlates with poor clinical outcomes for cancer patients. The
initial hypothesis underlying this work was that fascin’s role as the actin bundler in filopodia
could not be the complete explanation for previously described motility increases — especially
because the roles of filopodia in migration are still unclear in general, and in particular because
cell lines with elevated fascin expression yet few filopdia still display increased motility. My
results indicate that fascin has the unexpected role of promoting nascent adhesions in the
lamellipodia and that fascin-rich cells have reduced traction stress and actin flow. These
filopodia-independent cellular changes can explain why fascin-rich cells are able to migrate

faster, both collectively and at the single cell level.

Fascin templates nascent adhesions

Our study reveals that fascin has a role in the formation of nascent adhesions. Indeed, traction
force measurements suggested that fascin-rich cells may make adhesions continually during a
protrusion cycle (Fig. 4D) and live-cell images confirmed that cells with high levels of fascin
make denser nascent adhesions without affecting lifetimes (Fig. 5C,E,F). The rate of formation
of nascent adhesions is thought to be directly related to protrusion rate (Choi et al., 2008c). Since
cells expressing high levels of fascin do indeed protrude more, these cells are expected to form
more nascent adhesions. However, our data provide evidence that fascin goes one step further
and has an active role in the formation of nascent adhesions. Fluorescence tracking of fascin and
paxillin at sites of adhesions suggests fascin is recruited to nascent adhesions before detectable

levels of paxillin is recruited. Alpha-actinin, another actin crosslinker, has been previously
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shown to play a role in adhesion maturation by organizing actin filaments in a manner in which
adhesions have “tracks” on which to bring additional adhesion constituents to grow and elongate
(Choi et al., 2008c). Our model adds to this with a model in which an actin crosslinker has a role
in the early dynamics of adhesions rather than later stages such as maturation into focal

adhesions or disassembly of adhesions.

Data from a recent study has shown that fascin localizes specifically to adhesions in human
cancer cells and mouse fibroblasts (Elkhatib et al., 2014). The same study also showed that
fascin knockdown cells make significantly more and larger focal adhesions than control cells.
We believe this to be a repercussion of the fact that high levels of fascin lead to denser nascent
adhesions. In fascin-rich cells, much of the proteins associated with the adhesome, especially
those required in the earlier stages of the adhesion life cycle, will be depleted in the lamellipodia.
Thus, due to this depletion effect, fascin-rich cells have less focal adhesions in the
lamellipodium/lamella junction, which we observed. Conversely, fascin-poor cells are expected

to have more and larger focal adhesions.

We can speculate how having more nascent adhesions and fewer focal adhesions may promote
metastasis in neoplastic cells. It has been observed that rapidly-moving cells such as neutrophils
and macrophages have smaller, more dynamic adhesions while more contractile cells such as
fibroblasts and endothelial cells have larger, more stable adhesions (Lauffenburger and Horwitz,
1996a). This observation of direct relationship between cell motility and dynamicity of adhesions
has been made in other cell lines subjected to different substrate flexibilities or genetic
alterations (Ilic et al., 1995b; Pelham and Wang, 1997). This suggests that enhanced motility in
the context of fascin-rich neoplastic cells may be due to having more nascent adhesions and

fewer focal adhesions.
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Moreover, different cell types have different optimal traction stress that allows for maximal
migration speeds (Evans et al., 1993; Harris et al., 1980; Lee et al., 1994). Further
experimentation has determined that this stress level depends largely on cell type and mechanical
properties of the ECM as cell-substrate adhesions are mechanosensitive structures that enable a
cell to adapt to the stiffness of the ECM. Of note, there seems to be an inverse relationship
between traction stress and migration (Doyle and Lee, 2005; Munevar et al., 2001), which agrees
with fascin-rich cells having higher motility and lower traction stress. Combining past
observations with regard to adhesions and traction stress, we can speculate that perhaps one role
of fascin in migration is to enable a cell to better adapt to the ECM by modulating traction stress
levels through the formation of nascent adhesions, thereby resulting in faster migration. To
definitively show this, more traction force experiments will need to be done in ECM of different

rigidities and with multiple cell types.

Reduction in actin retrograde flow in fascin-rich cells account for most of the increase in

protrusion velocity

Previous studies have shown actin flow to be slower in adhesion-rich regions, which can be
attributed to the fact that there is more mechanical resistance in those regions (Alexandrova et
al., 2008; Hu et al., 2007; Ponti et al., 2004). Consistent with this, an inverse relationship
between advancement of cell and rate of actin flow has been observed (Jurado et al., 2005;
Smilenov, 1999), although conflicting data do exist. Thus, an implication of denser nascent
adhesions in fascin-rich cells is that the actin flow in the lamellipodium will be affected. Indeed,
our data are in support of the inverse relationship and show that in cells with high levels of

fascin, actin retrograde flow is significantly decreased.

56



Actin polymerization at the leading edge generates a pushing force on the plasma membrane,
most likely by the Brownian ratchet mechanism (Alberts and Odell, 2004; Mogilner and Oster,
1996b). This pushing force drives membrane protrusions that ultimately result in cell
translocation and also drives the whole actin network backward in retrograde actin flow. In our
case, cells expressing high levels of fascin were found to have more protrusive activities (Fig. 3).
This could mean that actin polymerization occurs at a higher rate or that retrograde actin flow is
slower, since reduced actin flow translates into the cell utilizing more of the actin polymerization
to drive protrusions. The two scenarios are not mutually exclusive, so the answer likely lies
somewhere between the two extremes. Our measure of actin flow does indeed suggest that most
of the additional protrusive activities in fascin-rich cells are due to slower retrograde actin flow
(Fig. 6B). However, not all of the differences in protrusion velocities are accounted for by actin
retrograde flow, so increased actin polymerization is like to also plays a role. Thus, our study
provides evidence that at least part of the mechanism by which fascin promotes cell motility is

by decreasing actin retrograde flow as a consequence of increased nascent adhesion density.

Fascin may have different roles in different stages of metastasis

It is worth revisiting the steps of metastasis at this point: First, tumor cells locally invade into the
adjacent tissue. Then, some of these cells intravasate into vessels via transendothelial migration.
Next, cancer cells must be able to survive in circulation and eventually extravasate. Finally,
successful colonization requires that the cells be able to proliferate at the new site (Mehlen and
Puisieux, 2006). The initial steps that involve increased cell motility is an area of intense
research, but no one has yet systematically shown that migration is the rate limiting step in
metastasis. It could very well be that the rate limiting step is survival. Even if this is true, it does

not preclude fascin from playing a critical role in promoting metastasis, especially given recent
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work from Robert Weinberg’s laboratory (Shibue et al., 2012). Shibue and colleagues showed in
three-dimensional cultures of mouse mammary carcinoma cells that one mechanism by which
cancer cells increase survival and proliferation within the post-extravasation tissue is through the
formation of filopodia-like structures that have integrins along the shaft, allowing for the
assembly of mature adhesion plaques that activate pro-survival, pro-proliferation signals. Given
that fascin is a filopodia marker and that high levels of fascin promotes the formation of
filopodia, it is not unreasonable to speculate that fascin could also increase survival and

proliferation through similar mechanisms.

In the present work, we have shown filopodia-independent roles of fascin in promoting cell
motility that complement the filopodia-centric models. This ascribes a dual role to fascin in
several cell structures and functions that are all supporting metastasis. On the one hand,
filopodia-independent functions of fascin such as nascent adhesion formation allow a cell to
migrate faster and more. On the other hand, filopodia-related functions of fascin enhance
survival of new colonies and also likely have roles in increasing migration. Combining the two,
fascin-overexpressing cells could have both high extravasation rate and increased survival and

proliferation in a new microenvironment, tissue, or organ.
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Future work

The present work leaves many questions to be answered and technical hurdles to be overcome.
To further elucidate fascin’s effect on cell motility, more work needs to be done to biochemically
characterize its effect on adhesions, establish relevance in multiple human cancers, and achieve

high resolution imaging in three-dimensions.

Biochemical characterization of fascin’s effect on nascent adhesions

My work has indicated that one of the mechanisms by which fascin might have the
pathophysiological effect of promoting cell motility is through cellular adhesions to the

extracellular matrix. But how exactly is an actin bundling protein having such an effect?

To that end, biochemical experiments and screens are necessary to definitively establish the
proteins involved in this phenomenon. Although not within the scope of this thesis work, it
would be interesting to see whether or not there are any direct molecular interactions between
fascin or fascin-bundled actin and any cell adhesion molecules. Such work is needed to advance
the field, as it is likely that not all binding partners to fascin are known. Both published and
unpublished recent work on fascin from multiple labs suggest that fascin has many more binding
partners than is suggested by the current literature and that it has a role in adhesions, in focal

adhesions as well as intercellular adhesions.

One hypothesis that could explain fascin’s effect of promoting nascent adhesions is that it
directly interacts with proteins such as paxillin that are recruited to the cell-substrate adhesion in
the early stages(Laukaitis et al., 2001). Paxillin is a scaffolding protein and contains a number of
phosphorylation sites for kinases (including protein kinase C) and is phosphorylated in response
to various stimuli (Deakin and Turner, 2008). It is known that such phosphorylation events
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influence paxillin localization to adhesions. A direct interaction with fascin or fascin-bundled
actin could inhibit some of the phosphorylation events, thereby changing paxillin localization

and/or activity.

Another hypothesis is that the effect of fascin promotes nascent adhesions not through direct
molecular interactions with proteins of the adhesome but through a templating effect via actin
bundles. This would parallel the past finding that alpha-actinin, another actin bundler, promotes

adhesion maturation by making actin tracks onto which other proteins are recruited (Choi et al.,

2008a).

Establishment of universality in other cell lines

The model systems used in the present studies are kidney epithelial cells from a marsupial
organism and human breast cancer cells. Epithelial cells are especially relevant because most
cancers are cancers of the epithelial cells, making up between 80-90 of every 100 cancers
(Cancer Research UK). There was good agreement in results between the two cell lines used,
especially with regard to fascin’s effect on adhesions in largely filopodia-free cells. Given that
marsupials and primates are evolutionarily distinct groups of mammals, it is likely that the

findings apply to other cells.

However, in order to establish universality of the results described here, more experiments will
need to be done in other cells, especially various forms of human carcinoma. To that end, a

screen with established cell lines and/or primary cells representing different carcinomas will be
useful. It may be difficult to do high resolution imaging studies with cancer cells, depending on

their morphology. However, the three-dimensional collagen assay described here will be
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amenable to most cell lines in measuring migration such that migration rate can be related to

fascin expression levels.

High-resolution, three-dimensional imaging studies

Much of the high-resolution imaging studies in this work has been two-dimensional studies of
cells plated on a glass cover slip. However, life is three-dimensional. As such, there has been
increasing interest recently in developing the tools necessary for high-resolution three-

dimensional imaging studies.

There are several difficulties associated with executing high resolution quantitative live cell
imaging studies in three dimensions. The first hurdle is the cell culture itself. Numerous options
exist currently for culturing cells in three-dimensions, including natural polymers such as
collagen, gelatin, hyaluronate, and Matrigel and synthetic polymers such as polyglycolic acid,
polylactic acid, and polyethylene glycol (Lee et al., 2008). Each cell type is found in a
microenvironment with different mechanical properties and has a unique set of interactions with
it, so careful considerations of such factors must be made before deciding on the culture medium.
The next obstacle is the microscope. Here again, there have been some recent developments with
the advent of technology such as light sheet microscopy (Planchon et al., 2011; Vettenburg et al.,
2014) that allows for deep penetration of the sample volume at isotropic resolution and
minimizes photobleaching without large sacrifices in temporal resolution. The final hurdle is a
computer algorithm that can quantify a number of desired parameters such as cell shape and
fluorescence/migration activities, as can be done in two-dimensions. Notwithstanding these
difficulties, there is immense interest among cell biologists in being able to observe some of the

well-accepted two-dimensional phenomena in three-dimensions.
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For the purposes of studying fascin, it will be interesting to see how adhesion morphology
compares between two- and three-dimensional states. Rapidly-moving cells have been observed
not to form any adhesions in three-dimensions (Friedl et al., 1998). Will the more rapidly-
moving fascin-rich cells lack adhesions that the control counterparts have? To answer such
questions, the employment of latest microscopy technology such as light sheet microscopy may
be necessary. In addition, it will most likely be necessary to optimize ECM parameters and find a
material that is optimized for showing adhesions, since properties of the ECM will affect how
cells and substrates interact with each other. If it is determined that three-dimensional

quantitation of phenotype is necessary, tailored algorithms must be developed.

And beyond...

Outlining the molecular mechanisms of fascin is a useful goal. However, the eventual end goal
of most biomedical studies is not only to explain what a particular protein is doing in a cell but
how we might inhibit its pathological activities to help patients and improve patient outcomes. If
it is indeed determined that fascin plays a critical role in one or more of the steps to metastasis,
the next natural step is the search for a drug that targets fascin and has the effect of preventing or
decreasing the rate of metastasis. For this to be achieved, there will need to be collaborative

efforts between biologists and chemists of many different fields.

First and foremost, we do not yet have a molecular structure of fascin bound to actin, and it is
only postulated that there are two or more actin binding sites on the protein (Jansen et al., 2011).
A structure of fascin actually bound to actin will be instrumental in identifying possible sites of
drug target. Furthermore, screens will need to be set up that are specific to identifying “hits” for
inhibitors of fascin. The difficulty in setting up such screens, of course, will be the determination

of the right model system and the end point. Using tailored automation, an assay such as the
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collagen invasion assay in MDA-MB-231 may be a good start. With the structure and the results
of the screen at hand, medicinal chemists may then be able to optimize the initial hits in regards
to parameters such as bioavailability, stability, pharmacokinetics, and pharmacodynamics.
Because high fascin expression level has been correlated with increased metastasis and poor
patient outcomes in so many different cancers, collaborations between industry and academia

will benefit both and greatly accelerate the arduous process.
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Appendix 1: Supplementary Figures and Figure Legends

Supplementary Figure 1
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Supplementary Figure 1. Migration in HCT116 and HT29 colon cancer cells (A) Left,
representative results of wound healing response in HCT116 (left column) and HT 29 (right
column) cells at 0 and 18 hours. Scale bar: 50 um. Right, quantification of percentage wound
closure at 10 and 15 hours. Error bars: SEM from 12 positions for each condition (3 independent
experiments). (B) Results of transwell migration assay for HT29, HCT116, and HCT116 fascin

KD cells. Error bars: SEM from 6 wells for each condition (3 independent experiments).
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Supplementary Figure 2

A' 0.15, 0.25 0.15
€ -
3 5 02 E
o
S o1 3 8 0
5 inl o1 2
fascin Si % mean =9876.62 nm/min E . mean =3.18 um ﬁ mean =3.70 min
g 0.0 E 0.1 E
z g Zo 0.05;
0.0
ol Iﬂl;
0 0510 15 20 25 3.0 35 o 5 0
A"era?fogggr”ns}:ﬁ?n?l’eed Protrusion distance (um) Protrusion time (min)
B 0.16 0.20, 0.18
£0.14 £0.18 £0.16
f012 gats 2Eas
g 0.10] mean =636.61 nm/min b (] 12| mean =2.17 um E g :s mean =3.88 min
®0.08} 5 0.10 ®
control goo e Zoos
2 2006 5006
oo .., | ||I oz | |
0.02 0.02 II
I“ i l _A II“I'II I 0 III.-_
046 Average relrachon speed ?nm 'min) 020 Relraclmn dlstance (um) ! 018 Retra ion l«me (mln)
=014 .. 0.18 0.16)
3012 5016 014
ab1a 80.12
20.10f mean =773.95 nm/min B0.12 mean =3.10 um 2010 mean =4.46 min
GFP fascin 5008 H0.10 P
Eo.06 £0.08 g
Z004 =000 Sie
o] | sl oo Il ||
. 0.02] 0.02] I I
11— 11| — b 1
Averaae retracllon soeed (nm/min} Retraction distance (um) Retractlon t|rne (rnlrn
0.16 0.20 0.18
=014 = 0.18] - 0.16
. . @ 0 10| mean =755.41 nm/min 2 0712 mean = 2.44 um S O 12 mean =3.87 min
fascinsi g So10 §10
= @ 0.08]
Eoos £0.08 £
2. S50.06 5006
o, |I||| |I kE |
. 0.02| 0.02 II
II-I 5 3 IIIII'IIIII | T I IIIIIll -,_
1000 2000 3000 123456780101

Average relrac!lon speed (nm/min) Retractlon dlstance (um) Retractlon ume (mln)

Supplementary Figure 2. (A) Histograms of average protrusion speed, protrusion distance, and
protrusion time in fascin si (7 cells, 1339 time series) cells. (B) Histograms of average retraction
speed (left column), retraction distance (middle column), or retraction time (right column) in
control (top row, 6 cells, 1218 time series), GFP fascin (middle row, 6 cells, 1299 time series),
and fascin si (bottom row, 7 cells, 1339 time series) cells. All conditions were repeated in at least

3 independent experiments.
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Appendix 2:
Mechanosensitivity in the Cooperative Dynamics of Actin Nucleators
During Epithelial Cell Protrusion

Summary
Many cellular functions rely on the integration of biochemical pathways with mechanical force.
The dissection of mechanosensitive pathways has remained a challenge in biological investigation
due to the interplay of multifactorial and partially redundant processes in space and timel.
One example is cell migration, which is driven by actin polymerization in the lamellipodium2 3,
Current models focus on the Arp2/3 complex as the initiator of lamellipodial actin filament

assembly4

. However, other nucleators including formins have been reported as contributors to
lamellipodial network formation>”’. Although the biochemical modes of action of these
molecules are well understood, it has remained largely unknown in what way they are coordinated.
Here, we establish that the activation of actin nucleators is mechano-responsive. We developed
a statistical approach based on local image sampling and registration that exploits
constitutive protrusion/retraction fluctuations to identify the differential recruitment of partially
redundant actin nucleators/modulators. The formin mDial 1is recruited to the leading
edge Dbefore protrusion onset along with components of nascent adhesions. Together these
processes initiate cell edge advancement by promoting linear growth of the lamellipodial network.
In contrast, Arp2/3, VASP, cofilin and the formin mDia2 are sequentially recruited only after
protrusion initiation, where they promote sustained exponential network growth.
Temporal correlation analysis of mDial and Arp2/3 in conjunction with pharmacological

inhibition of formin supports the dependence of Arp2/3 recruitment on the initiation process.

Perturbing the homeostasis of membrane tension revealed that Arp2/3 recruitment is
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mechano-responsive. Together these experiments suggest that migrating cells adjust the
molecular strategy for actin-based protrusion in response to mechanical cues on a ten-second
time scale. Our data are consistent with an Initiation-Reinforcement model where mDial-
activation starts new protrusions, while Arp2/3, mDia2, and other modulators function to
upregulate actin polymerization to sustain edge advancement against increasing cell membrane

tension.
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Contribution

My major contribution to this paper is the development of a working protocol for the traction
force microscopy (TFM) experiments and the subsequent of doing of the experiments. The
propulsive and contractile forces generated by cells are coupled to the substrate via cell-matrix
adhesions, and this force that an adherent cell exerts on the underlying substrate is known as
traction force. TFM allows one to measure such force by tracking the deformations on a soft
substrate resulting from the traction force of a cell when it migrates. The difficulty in setting up
this experiment was that the imaging chamber needed to be sealed in order to protect cells from
photodamage but allow for subsequent trypsin treatment. I achieved the two goals by developing
a perfusion system that included a dish cover fitted with an inlet and an outlet tubing. The dish
was then sealed with valap and filled with imaging media using a syringe. The ability to perform
such TFM experiments was critical in observing the tight coordination of traction force,
adhesion formation, and edge motion at length and time scale of single microns and seconds.
Such observations then led to the hypothesis that spatiotemporal variation in edge motion and
thus in traction force is directly coupled to variation in the rates of lamellipodial actin network
assembly.

In addition, I performed Western blots to check expression levels of various actin nucleators.
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Abstract:

Dissection of cellular processes that are dictated by high nonlinearity and redundancy
between multiple pathways has remained a challenge. In particular, genetic and molecular
perturbations induce complex process responses that are nearly impossible to interpret in
terms of the function of the targeted component in the unperturbed pathway. One example
is the protrusion of migrating cells, driven by actin polymerization in the lamellipodium.
Current models focus on the Arp2/3 complex as the initiator of lamellipodial actin filament
assembly. However, other nucleators, including formins, have been reported as additional
contributors The modes of their coordination has remained largely unknown. Here, we
introduce a statistical approach based on local image sampling and registration that exploits
constitutive protrusion/retraction fluctuations in the unperturbed cell to identify the
differential recruitment of actin nucleators/modulators. The formin mDial is recruited to
the leading edge before protrusion onset along with components of nascent adhesions. This
initiates cell edge advancement by linear growth of the lamellipodial network. Arp2/3, VASP,
cofilin and the formin mDia2 are recruited only after protrusion initiation, where they
promote sustained exponential network growth. Changes in membrane tension revealed that
Arp2/3 recruitment is mechano-responsive. Together these experiments suggest that
migrating cells adjust the molecular strategy for actin-based protrusion in response to
mechanical cues on a ten-second time scale. Our data are consistent with an Initiation-
Reinforcement model where mDial-activation starts new protrusions, while Arp2/3, mDia2,
and other modulators function to upregulate actin polymerization to sustain edge

advancement against increasing cell membrane tension.
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Significance Statement:

The non-invasive quantitative imaging approach presented here allows us to probe a highly-
redundant system of actin nucleation pathways, where experimental intervention primarily leads
to a ‘redistribution of workload between redundant pathways’, i.e. system adaptation. Using this
method we were able to define a hierarchy of nucleator recruitment and we discovered that the
actin nucleation pathways are highly mechanosensitive to rapid and local fluctuation in membrane

tension.
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Introduction

Many cellular functions rely on the integration of biochemical pathways with mechanical force.
The study of the effects of forces on the molecular regulation of cell function is complicated
because of the intrinsic non-linearity and the redundancy (Kaftri et al.,, 2009) of mechano-
responsive pathways. In this scenario, genetic and molecular perturbation approaches are limited
in their ability to probe the system as they tend to lead to system adaptations that obscure the bona
fide function of the targeted component under unperturbed conditions. A classic example of a
mechano-responsive process with non-linearity and redundancy is actin-based cell protrusion
(Lauffenburger and Horwitz, 1996b; Ponti et al., 2004). This machinery needs constant adaptation
to ever-changing mechanical (and chemical) inputs. Current models focus on the Arp2/3 complex
as the initiator of lamellipodial actin filament assembly (Pollard and Borisy, 2003). Increasing
evidence suggests, however, that even under global deregulation of Arp2/3 activity, cells still
protrude efficiently (Suraneni et al., 2012a; Wu et al., 2012). These data show that filament growth
mediated by other factors such as the members of the formin family of actin nucleators (Block et
al., 2012; Yang et al., 2007; Zaoui et al., 2008) or actin modulators like VASP or cofilin (Bear et al.,
2002; Ghosh et al., 2004; Lacayo et al., 2007; Rottner et al., 1999) alone are competent to drive
cell protrusion. Whether there is any functionally-critical coordination among the
nucleator/modulator activities has never been addressed. Because of functional overlap and
potential feedback among them, answers to this question require an analysis of nucleator dynamics
in an unperturbed system. An analysis of multiple actin modulators has recently been achieved by
in vitro reconstitution of filopodia-like structures, where the stereotypical growth of actin filament
bundles revealed temporal coordination and cooperation between Arp2/3 and mDia formins (Lee

et al., 2010). These reconstitution systems, however, do not readily show how mechanical forces
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may influence the mutual dynamics. The goal of the present study was to perform this type of
analysis in situ for more complex mechanochemical processes such as the protrusion of an entire

cell edge.

Results

Traction force dynamics at the leading edge of migrating PtK1 epithelial cells. Our analyses
relied on the spontaneous protrusion-retraction cycles observed in epithelial cells undergoing a
wound healing response (Fig. 8A). We used automatic tracking of the leading edges of PtK1
epithelial cells and identified the state of protrusion and retraction locally in 500 nm-long sectors
along the leading edge (Elliott, 2012). For each sector, we determined the protrusion or retraction
velocity and the time since protrusion/retraction onset (Fig. 8B, C and Supplementary Movie 1
and 2). Fast and slow protruding sectors, or protruding and retracting sectors alternate over
distances as short as 2 — 3 um. Accordingly, we expected that the regulation of actin assembly

dynamics, which controls the state of edge motion, would vary on similar time and length scales.

To investigate the functional integration of multiple actin nucleators/modulators with the
generation of mechanical force and edge motion, we recorded time series of molecular/cellular
events such as the recruitment of a particular actin nucleator and spatiotemporal fluctuations in the
traction force levels in probing windows of about 1 pm?, which tracked the cell edge (Fig. 8D;
Supplementary Movie 3). The size of the windows was chosen to be several-fold smaller than the
2 — 3 um length scale of protrusions, yet large enough to reduce by averaging the pixel-by-pixel
noise of molecular events. Because of the intrinsic variation of molecular events within an area of
~1 um?, each time series provided one instantiation of a random process that relates these events
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to cell edge motion. Therefore, to answer questions like ‘when does a particular event happen
relative to the onset of a protrusion, or relative to another event’, it was necessary to average over
many time-series. To this end, we brought the time series into register using one of three edge
motion events as a temporal fiduciary: retraction onset, protrusion onset, and instance of maximal
protrusion velocity (Fig. 8E-G). Subsequently, we averaged the intensity time series, first over all
windows within a cell, and then across multiple cells. Of note, the accuracy of these final cell-
population time series is highest about the event used for alignment and decreases with time before
and after the event due to molecular and temporal variation between individual protrusion

segments.

To convert actin assembly into edge protrusion, propulsive forces generated by growing
filaments must be balanced by adhesions that generate traction on the substrate. Therefore, the
coordinated action of actin nucleators/modulators is predicted to produce coupled variations in
traction force and adhesion assembly. To test this, we first applied our local sampling and
registration approach to traction force microscopy (Fig. 8H, Supplementary Movie 4) and
investigated how traction forces are coordinated with edge motion during protrusion-retraction
cycles. We also monitored the assembly of adhesions by recruitment of HaloTag-TMR-labeled
paxillin (Supplementary Movie 5) as a canonical marker for nascent adhesion formation (Nayal et
al., 2006). Both traction forces and paxillin intensity were quantified in a ‘cell frame of reference’,
where probing windows tracked the motion of the leading edge (Fig. 81, Supplementary Movie 3
and 6 (yellow windows)), and in a ‘laboratory frame of reference’, where probing windows were
dynamically placed at the locations of protrusion onset but then left stationary to monitor the force
evolution and protein recruitment at newly forming immobilized adhesions (Fig. 8J and

Supplementary Movie 6 (red windows)). Traction force levels at the cell edge had a basal level of
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~350Pa and fluctuated ~50Pa about this value (Fig. 8K — M). This is consistent with previous
traction force measurements in the same model cell, which suggested that overall the cell cortex is
pre-stressed by actomyosin contractility with superimposed smaller force variations that are
associated with the dynamics of the actin protrusion machinery(Gardel et al., 2008). Specifically,
in the cell frame of reference, traction forces at the leading edge started to increase at retraction
onset (Fig. 8K) until they dropped 25 sec after protrusion onset (Fig. 8L). They displayed a
significant dip when registered with respect to maximal protrusion velocity (Fig. 8M), suggesting
that adhesion sites are translocated away from the advancing edge. These events were paralleled
by paxilin intensity (Fig. S1IA-C). In the laboratory frame of reference, traction forces (Fig. 8N
and O) and paxillin intensity (Fig. SID and E) showed sustained increases as edge protrusion
proceeded. From this data, we concluded that nascent adhesion formation is initiated before
protrusion onset at the retracting edge and then immobilized at protrusion initiation sites to
counteract the propulsive forces generated at the advancing edge. Importantly, nascent adhesion
formation happens only once at the onset of the protrusion cycle. The actin filament network
formed after protrusion onset remains without substrate engagement until the onset of the next
protrusion segment. Further support for this model was provided by analysis of the retrograde flow

of actin filaments(Ponti et al., 2004) (Supplementary Note 1).

Next, we investigated how traction forces are temporally coordinated with edge motions.
We first selected in the cell frame of reference the time series during retraction and calculated
Pearson’s correlation coefficient between edge velocity and traction force as a function of the time
lag between the time series. We found a significant positive correlation at -10 seconds time lag
(Fig. 8P) indicating that the retraction slows down 10 seconds after traction force begins to increase.

We performed the same correlation analysis for the protrusion phase in the laboratory frame of
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reference (where the traction force develops). Using the time series from protrusion onset to 50
seconds before maximal protrusion velocity, no significant correlation between edge velocity and
traction force was observed (Fig. 8Q). However, when the time series were extended to 50 seconds
after maximal protrusion velocity occurs, a significant correlation maximum occurred at 40
seconds time lag (Fig. 8R), meaning that traction force increases 40 seconds after the edge velocity
increases. Thus, while the initial protrusion phase is nearly free of mechanical load on the growing
actin filaments and coupled adhesions, beyond a critical point further edge advancement expands
the plasma membrane under increasing tension. The adhesion marker paxillin displayed similar
coordination with edge motion (Fig. SIK-M). Taken together, our local image sampling and
registration of traction forces and adhesion recruitment indicated a tight coordination of traction

force, adhesion formation, and edge motion at length and time scale of single microns and seconds.

Recruitment of actin nucleators to lamellipodium. We hypothesized that spatiotemporal
variation in edge motion and thus in traction force is directly coupled to variation in the rates of
lamellipodial actin network assembly. To test this, we micro-injected trace amounts of Alexa 568
labeled actin into PtK1 cells and monitored by live cell imaging fluctuations in fluorescence
intensity as a proxy for actin recruitment to the lamellipodium (Supplementary Movie 7). As
expected, the fluorescence decreased/increased after retraction/protrusion onset (Fig. 9A and B).
Importantly, these dynamics were opposite to those observed for a diffuse fluorescent tag
(HaloTag-TMR) (Supplementary Note 2, Fig. S2A-C, Supplementary Movie 8), indicating that
the fluorescence signal from low amounts of Alexa 568 labeled actin predominantly reports the
fraction of actin monomers incorporated in the filament network. Registration of the signal relative
to maximal protrusion velocity displayed a sharp peak 10 sec after the reference event (Fig. 9C),

which is consistent with previous quantitative Fluorescent Speckle Microscopy analyses showing
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that the rate of actin assembly peaks after the time point of fastest protrusion (Gardel et al., 2008).
Next, we asked whether the temporal variation in actin filament assembly is related to temporal
variations in recruitment and activation of actin nucleators/modulators. For this purpose we
expressed HaloTag fusions to nucleators/modulator proteins and labeled them with TMR
(Tetramethylrhodamine) ligands. First applied to the Arp3 component of the Arp2/3
complex(Pollard and Borisy, 2003), we found an almost identical recruitment pattern to actin (Fig.
9D-F, Supplementary Movie 9) with the exception that the actin signal increased significantly just
before protrusion onset, while the HaloTag-TMR-Arp3 signal began to increase only 10 — 20 s
after protrusion onset (cf. Fig. S2D vs. Fig. S2E). This suggests that in spontaneous edge
protrusions during epithelial wound healing Arp2/3 is not the initiator of lamellipodial actin

filament assembly.

The involvement of Arp2/3 as a nucleator of lamellipodial actin filament assembly is well-
established in PtK1 cells, but the roles of other nucleators such as formin family members have
not been addressed systematically. Previous work suggested that formins were absent from the
lamellipodium (Gupton et al., 2007). However, by reverse transcription PCR, Western blot (Fig.
S3A and B), and immunofluorescence imaging (Fig. 10G-I) we found both mDial and mDia2
expressed and localized to the leading edge, along with Arp2/3 (Fig. S3C and D). Therefore, we
investigated the recruitment dynamics of mDial and mDia2 (Supplementary Movies 10, 11). In
contrast to Arp2/3, the fluorescence of HaloTag-TMR labeled mDial decreased after retraction
onset but then consistently increased after 50 sec (Fig. 9J) and plateaued before protrusion onset
(Fig. 9K). Hence mDial arrives at the leading edge much earlier than Arp2/3. Moreover, mDial
recruitment underwent a transient dip ~15 sec after maximal protrusion velocity (Fig. 9L), when

Arp2/3 recruitment exhibited a sharp peak (Fig. 91), suggesting a hand-over from mDial-based to
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Arp2/3-based actin nucleation during fast protrusion (Fig. S4, Supplementary Note 3). Similar to
mDial, mDia2 fluorescence decreased after retraction onset (Fig. 9M), but unlike mDial, it
significantly increased only 30 sec after protrusion onset (Fig. 9N) with a distinct peak (rather than
a dip) 40 sec after maximal protrusion velocity (Fig. 90). Hence mDia2 is recruited to the
lamellipodium 30 sec after Arp2/3, similar to in vitro measurements (Lee et al., 2010) and
consistent with the idea that formins can elongate Arp2/3-nucleated actin filaments(Block et al.,
2012; Lee et al., 2010; Yang et al., 2007). VASP and cofilin dynamics were similar to Arp2/3 (Fig.
S5, Supplementary Movies 12, 13), with the exception that cofilin recruitment peaked 30 sec after
maximal protrusion velocity, i.e. 20 sec later than actin, Arp2/3 and VASP (Fig. S5F). Importantly,
none of the HaloTag-TMR labeled proteins exhibited the behaviors of diffuse HaloTag-TMR,
implying that the level of labeling was low enough to specifically highlight the fraction of protein
immobilized by association with the actin filament network. Taken together, our analyses revealed
a differential recruitment of actin nucleators/modulators during distinct phases of the protrusion-
retraction cycle. Of all the measured factors, mDial was the only one to arrive at the leading edge
before protrusion. All other polymerization promoters followed after protrusion onset in the order

Arp2/3, VASP, cofilin, and mDia2.

Roles of mDial in membrane protrusions of migrating epithelial cells. To further investigate
functional significance of mDial as an initiator of lamellipodial network assembly and cell
protrusion, we performed dual-color live cell imaging of EGFP- mDial and SNAP-tag-TMR-actin.
By exploiting the spatiotemporal variation of the fluorescence signal associated with constitutive
protrusion and retraction activity, we established statistical relationships between the two
recruitment processes. In agreement with the recruitment sequence derived from single channel

imaging of actin and actin nucleators, the dynamics of simultaneously imaged mDial and actin
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recruitment exhibited close similarity prior to protrusion onset, but they diverged afterwards (Fig.
S6A-C). Correlation analysis between EGFP-mDial and SNAP-tag-TMR-actin time series aligned
relative to protrusion onset showed significant correlation values in the upper triangle of the
pairwise correlation matrix (Fig. 10A, Fig. S6D; Methods), indicating that mDial systematically
preceded actin polymerization and suggesting that mDial drives actin assembly before protrusion
onset. To test how the coupling of mDial and actin recruitment prior to protrusion influences
lamellipodial and edge motion dynamics during protrusion, we correlated the mean EGFP-mDial
intensity in a probing window during retraction with the mean SNAP-tag-TMR-actin intensity in
the same window during protrusion. This analysis revealed that the level of mDial recruitment
during retraction has a significant correlation (0.27, p= 2.3 X 10729 ) with the amount of actin
polymerization during protrusion (Fig. 10B). For comparison, we did not find significant
correlation between mDial during protrusion and actin during retraction (0.02, p= 0.5). On the
other hand, we also found a significant correlation between actin recruitment during retraction and
actin recruitment during protrusion (Fig. 10C). Together, these analyses suggest that mDial-
mediated actin assembly prior to protrusion determines the amount of actin assembly during

protrusion.

The recruitment sequence of actin nucleators derived from single channel imaging also
indicated that actin polymerization after protrusion onset is dominated by Arp2/3. Thus, our
correlation analyses between mDial and actin recruitment implies a connection between mDial-
mediated actin assembly prior to and Arp2/3 activation after protrusion onset. To test this, we
performed dual-color imaging of EGFP-mDial and Arp3-HaloTag-TMR, and correlation analysis
between the mDial mean intensity during retraction and the Arp2/3 mean intensity during

protrusion (Fig. 10D). Indeed, we found a significant correlation between the two variables (0.20,
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p= 3.5 X 10~1*) compared to a much weaker correlation between mDial during protrusion and

Arp2/3 during retraction (0.05, p= 0.04).

Our statistical analyses thus far suggest that early recruitment of mDial may nucleate the
growth of linear actin structures that are anchored to the substrate by nascent adhesions before
protrusion starts and that this process plays an important role in coordinating the recruitment of
Arp2/3, which enhances filament growth after protrusion onset. To confirm the coordination
between mDial and Arp2/3 directly, we treated PtK1 cells with 20uM SMIFH2, a chemical
inhibitor of formin FH2 domains (Rizvi et al., 2009). Formin-inhibited cells had less protrusive
activity than cells under control conditions (Fig. 10E and F), with a much tighter distribution of
net distances travelled over the course of an entire movie (Fig. S7A). This suggests that formin
plays a role in controlling the distance range of protrusion-retraction cycles. To investigate this
further we identified protrusion and retraction segments for each probing window (Fig. S7B) and
calculated their duration and average velocity. The marginal distributions of the two parameters in
control and formin-inhibited cells showed only weakly significant differences (Fig. S7C and D).
However, the joint distribution revealed that with formin-inhibition fast protrusion segments lasted
for only a short time, while long-lasting protrusion segments tended to be slow. In control cells the
two parameters were less correlated (Fig. 10G). As a result, the distance traveled over one
protrusion segment was significantly reduced by formin inhibition (Fig. 10H and Fig. S7E).
Formin-inhibition also constrained the distance edge windows traveled over retraction segments
(Fig. S7F-I). This explains why, when integrated over the course of an entire movie the leading

edge of formin-inhibited epithelial cells traveled the same net distance as control cells.

To confirm the predicted role of mDial in modulating Arp2/3 recruitment we compared

Arp2/3 dynamics in cells without and with SMIFH2 treatment. Because the expression levels of
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Arp2/3-HaloTag-TMR varied between cells we normalized the Arp2/3 intensity in the
lamellipodium to the Arp2/3 intensity in the region 1.5 — 2 um from the cell edge. Under formin
inhibition, Arp2/3 levels did not significantly increase after protrusion onset and, compared to
control cells, they exhibited only minor fluctuations after the time points of retraction onset and
maximal protrusion velocity (Fig. 101 and J; Fig. S8A). Consistent with the dynamic analysis, the
overall levels of Arp2/3 in the lamellipodium at maximal protrusion velocity were substantially
reduced with SMIFH2 treatment, but they remained unchanged over the entire lamella region
located behind the lamellipodium (>2 pum from the cell edge) (Fig. 11K). Similar analysis of
paxillin recruitment demonstrated a critical role of mDial in adhesion formation (Supplementary

Note 4, Fig. 10L, Fig. S§B).

Mechanosensitivity of Arp2/3 dynamics during cell protrusion. Combining our observations
of traction force fluctuations with the coordination of actin nucleators/modulators led to the
hypothesis that the Arp2/3 recruitment after protrusion onset could be controlled by the increasing
force levels in nascent adhesions. Since these forces balance propulsive forces by actin
polymerization at the cell edge, this would provide a mechanism for a mechano-responsive
positive feedback, in which initial protrusion mediated by mDial-driven filament assembly
promotes the recruitment of Arp2/3 (and other nucleators) in order to increase the rate of actin-
based propulsion against increasing membrane tension and further reinforcement of Arp2/3
recruitment. Accordingly, the rate of Arp2/3 recruitment is predicted to depend on the rate of
plasma membrane tension increase. To test this prediction, we altered the membrane tension levels
and used our statistical image analysis to determine how the recruitment of Arp2/3 and mDial was
affected. Two approaches have been established to manipulate membrane tension: active methods,
which apply pulling force on the membrane (Houk et al., 2012; Raucher and Sheetz, 2000) and
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passive pharmacological methods (Gauthier et al., 2011; Raucher and Sheetz, 2000; Sedzinski et
al., 2011), which alter the structure of the membrane. Both techniques result in equilibration of
tension state over short time scales (Houk et al., 2012). To enable high resolution imaging in a
closed chamber while manipulating tension level, we chose to perturb tension homeostasis by
established passive methods that apply 400 uM Deoxycholate (Raucher and Sheetz, 2000) or 1
pg/ml Concanavalin A (Con A) (Sedzinski et al., 2011) to globally reduce or increase membrane
tension. We validate the effect of perturbing membrane tension on the overall force levels by
traction force measurements after Deoxycholate treatment. The experiment demonstrated that
membrane tension is required for the correlation between edge motion and traction force variation
at the leading edge (Supplementary Note 5, Fig. S9A). In previous studies variation in membrane
tension was associated with increased (low tension) or decreased (high tension) efficiency of the
load-dependent polymerization ratchet (Gauthier et al., 2011; Mogilner and Oster, 1996¢; Raucher
and Sheetz, 2000). Consistent with this inference, we found that reduced membrane tension using
Deoxycholate significantly increased protrusion segmental velocity (Fig. 11A). However,
increased membrane tension under Con A treatment also increased protrusion segmental velocity
(Fig. 11B). This would support a tension-induced positive feedback in the activation of actin
nucleators/modulators that compensates and even overcomes the load-dependent efficiency drop
of the polymerization ratchet (Mogilner and Oster, 1996¢). To test this model we investigated the
changes in actin nucleator recruitment dynamics elicited by changes in membrane tension.
Reducing membrane tension abolished the recruitment peak of Arp2/3 ~10 s after maximal
protrusion velocity (Fig. 11C). Together with the traction force measurements (Fig. S9A), this
suggests that during a protrusion cycle the membrane tension and the traction force at the leading

edge increase, which is responsible for Arp2/3 activation during reinforcement of cell protrusion.
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Increasing membrane tension did not alter the timing of the Arp2/3 peak after maximal protrusion
velocity, but it significantly raised the rate of Arp2/3 recruitment prior to this time point (Fig. 11D).
Consistent with these recruitment patterns, the average edge velocity before maximal protrusion
velocity was not greatly changed by lowering tension (Fig. 11E), but was increased significantly
by raising tension (Fig. 11F). We also tested the mechanosensitivity of mDial formin. In contrast
to Arp2/3, we did not find significant differences of mDial dynamics between control conditions
and conditions of altered membrane tension (Fig. 11G-H). Finally, we repeated the same analysis
for the Rho family GTPase Racl, which is an upstream activator of the Arp2/3 complex (Machesky
and Insall, 1998) (Supplementary Note 6, Fig. S9B-C). The recruitment of Racl to the region of
nascent adhesions at the leading edge also depended on membrane tension, suggesting that

mechano-sensitivity in Racl signaling may mediate the transient activation of Arp2/3.

Discussion

Taken together, our data indicate that Arp2/3 recruitment, but not mDial recruitment, is controlled,
at least in part, by the level of membrane tension. This mechanism is elicited either globally by
manipulations of tension homeostasis, or dynamically during spontaneous protrusion-retraction
cycles where membrane tension changes transiently with the level of edge advancement. Hence,
these results show a rapid adaptation of the actin assembly machinery to variable force levels. We
propose that this mechanism is the core component of an Initiation-Reinforcement cycle of actin
filament assembly that drives persistent cell protrusion (Fig. 11I): mDial is first recruited to the
plasma membrane and activated during cell edge retraction to nucleate linear actin structures.
These early actin assembly events generate a filament scaffold for the recruitment of molecular

components into nascent adhesions (Choi et al., 2008b). At this point it is possible that other
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members of the formin family may be involved in this process (Iskratsch et al., 2013), with the
exception of mDia2 that has been characterized as a late factor. At protrusion onset, adhesions are
spatially immobilized and Arp2/3 recruitment is activated. Arp2/3 binds to early -nucleated mother
filaments and promotes the exponential growth of a lamellipodial network in dendritic branches
(Initiation). This accelerates membrane protrusion. As protrusion proceeds increasing membrane
tension slows down edge advancement while activating the mechano-responsive Arp2/3
recruitment to sustain actin filament assembly (Reinforcement) (Gardel et al., 2008). To
corroborate heightened polymerization during Reinforcement, additional factors like VASP and
mDia2, which compete with polymerization-blocking capping proteins for free filament ends, are
recruited after the time point of maximal protrusion velocity. The transition from Initiation to
Reinforcement happens over 10 seconds and depends on the mechanical conditions. While the
molecular details of this switch remain to be determined, previous data suggest that both the
decrease in RhoA activity and the increase in Rac1/Cdc42 activity during a protrusion/retraction
cycle are coupled to adhesion-substrate engagement (Machacek et al., 2009; Tkachenko et al.,
2011) and force transduction (Tkachenko et al., 2011). Thus, we expect that the protein
components and the timing of the Initiation and Reinforcement phases vary between different
modes of cell migration and between different microenvironments. The here presented statistical
framework for the analysis of dynamic image events will greatly accelerate determination of
functional links between extracellular and intracellular mechananochemical guidance cues and the
fine coordination of several redundant actin assembly pathways required for efficient cell

protrusion during directed migration.
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Materials and Methods

Live cell imaging PtK1 cells were imaged at 5 s interval for 1000 s using a 60x, 1.4 NA Plan
Apochromat objective with 1.5x optovar, (for traction force microscopy no optovar was used)
for spinning disk confocal microscopy and using 100x, 1.49 NA Plan Apochromat objective for

TIRF microscopy.

mDia formin inhibition PtK1 cells were incubated with 20 uM SMIFH2 (Sigma-Aldrich) for 1
hour. For analysis of protrusion dynamics, cells were stained using CellMask Orange after
incubation with SMIFH2. For HaloTag fusion proteins, HaloTag was labeled with TMR ligands

after incubation with SMIFH?2.

Membrane tension perturbation PtK1 cells were incubated with either 400 uM Dexoycholate
(Sigma-Aldrich) for 30 minutes (decreasing membrane tension) or 1 pg/ml Concanavalin A
(Invitrogen) for 10 minutes (increasing membrane tension) and washed by the media before

imaging. HaloTag labeling with TMR ligands was done before membrane tension perturbation.

Traction force microscopy Preparation of soft substrates with far-red fluorescent beads for
traction force microscopy is described elsewhere (Gutierrez et al., 2011). Cell traction forces
were calculated by comparing images of tracer particles with and without cells on the substrate

using Fourier transform traction cytometry method (Butler et al., 2002).

Image Analysis Cell edges were segmented by intensity thresholding, cell edge displacements
were tracked, and probing windows were generated with a window size of 500 nm by 500 nm for
fluorescence intensity/actin flow analysis and 1 um by 1 um for traction force analysis (Elliott,
2012). Protrusion and retraction segments were identified on a per-window basis using a filtered

edge displacement time series (Fig. S2A). Time-series of normalized fluorescence intensities,
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traction forces, actin retrograde flow sampled in individual windows were aligned relative to

retraction/protrusion onsets and the instance of maximal protrusion velocity and averaged over

all windows from multiple cells. The 95% confidence intervals about the average series were

obtained by bootstrap resampling of the individual time series. All procedures are detailed in

Supplementary Methods.
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FIGURE LEGENDS

Figure 8. Traction force dynamics at the leading edge of migrating PtK1 epithelial cells. A,
Positions (blue, early; red, late time points) of the leading edge of a PtK1 cell stained with
CellMask Orange membrane marker undergoing a wound healing response. Inset: Overview of
epithelial cell sheet with protruding region highlighted by yellow box. B, Protrusion (green to
red colors) and retraction (green to blue colors) velocities tracked in edge sectors of 500 nm
length. C, Normalized times since protrusion (green to red colors)/retraction (green to blue
colors) onset for each sector tracked in (B). A value 0 means the sector starts to protrude/ retract.
A value 1/-1 means the sector terminates a protrusion/retraction segment. Scale bars: 10 um. D-
G, Registration of spatially localized time series reporting molecular/cellular activities by motion
event alignment. (D) Left: Quantification of cell edge motion and molecular/cellular activities in
500 by 500 nm probing windows tracking the cell movement (see also Supplementary Movie 3).
Right: Space-time map of instantaneous edge velocity (top) and activity (in this example,
normalized fluorescence) (bottom); each row represents the velocity and activity time series,
respectively, of one probing window. Registration of velocity map (top) and activity map
(bottom) with respect to retraction onsets (t=0) (E), protrusion onsets (t=0) (F), and maximal
protrusion velocity (t=0) (G). H, Traction force magnitude map in a PtK1 cell with 1 by 1um
probing windows at the leading edge. Scale bar: 5 um. I, Definition of a cell frame of reference
in which probing windows track the leading edge. J, Definition of a laboratory frame of
reference in which probing windows are placed at sites of protrusion initiation and remain
stationary afterwards to track activities associated with newly formed adhesions. K-O, Traction
force time series in cell or laboratory frames of reference registered with respect to retraction

onset, protrusion onset or maximal protrusion velocity. P-R, Pearson’s cross-correlation of
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traction force and edge velocity as a function of the time lag between the two variables using
time series acquired during retraction phases in the cell frame of reference (P), and time series
acquired during early (from protrusion onset to 50 sec before maximal protrusion velocity), (Q)
and overall (from protrusion onset to 50 sec after maximal protrusion velocity) (R) protrusion
phases in the laboratory frame of reference. Inset: The gray areas indicate the periods of the time
series used for correlation analysis. For each condition the number 7 of time series sampled in 9
cells pooled from 3 independent experiments is indicated. Solid lines indicate population
averages. Error bands about the population averages indicate 95% confidence intervals computed
by bootstrap sampling. Dotted lines indicate the significant correlation level with 95%

confidence.

Figure 9. Recruitment of actin nucleators to lamellipodium. A-F, J-O, Normalized
fluorescence intensity time series acquired in the cell frame of reference registered with respect
to retraction onset, protrusion onset or maximal protrusion velocity. Time axis spans average
duration of protrusion/retraction segments (see Fig. S7C and Fig. S§8B). For each condition the
number n of time series sampled in m cells pooled from multiple independent experiments (3 for
actin, 4 for Arp2/3, 4 for mDial, and 4 for mDia2) is indicated. Solid lines indicate population
averages. Error bands about the population averages indicate 95% confidence intervals computed
by bootstrap sampling. G-I, Immuno-localization of formins mDial (C), mDia2 (D), phalloidin-

actin (E). Scale bars: 5 pm.

Figure 10. Roles of mDial in membrane protrusions of migrating epithelial cells. A,
Pairwise Pearson’s correlation coefficients of EGFP-mDial- and SNAP-tag-TMR-actin-
fluorescence intensity time series registered relative to protrusion onset (1148 time series from 9

cells pooled from 2 independent experiments). B-D, Scatter plots and Pearson’s correlation
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coefficients of mean normalized intensities of; mDial during retraction and of actin during
protrusion (sample sizes as in Fig. 10A) (B); actin during retraction and actin during protrusion
(sample sizes as Fig. 10A) (C), and mDial during retraction and Arp2/3 during protrusion (1716
time series from 11 cells pooled from 2 independent experiments). P-values are calculated using
Fisher transformation; E-F, Positions (blue, early; red, late time points) of leading edge of cells
stained with CellMask Orange membrane marker and treated with DMSO (control) (E) and 20
uM SMIFH2 (formin inhibitor) (F). Scale bars: 5 um. G, Velocity vs. duration of individual
protrusion segments in DMSO- (n = 950 segments from m = 9 cells pooled from 3 independent
experiments) and SMIFH2- (n = 399 segments from m = 9 cells pooled from 3 independent
experiments) treated-cells. H, Distance traveled by individual protrusion segments in DMSO- (n
=950 segments from m = 9 cells pooled from 3 independent experiments) or SMIFH2- (n =399
segments from m = 9 cells pooled from 3 independent experiments) treated cells. I-J, Time series
of Arp2/3 intensity in the lamellipodium, normalized to the Arp2/3 intensity in the region 1.5 — 2
pm from the cell edge, registered with respect to protrusion onset or maximal protrusion velocity
in DMSO- or SMIFH2-treated-cells. (I) n = 556 time series sampled in m = 10 cells for DMSO
and n = 602 time series sampled in m = 11 cells for SMIFH2, pooled from 3 independent
experiments. (J) n = 1468 time series sampled in m = 10 cells for DMSO and n = 1467 time
series sampled in m = 11 cells for SMIFH2, pooled from 3 independent experiments. K, Spatial
modulation of Arp2/3 fluorescence at time point of maximal protrusion velocity in DMSO- and
SMIFH2-treated cells as a function of distance from the leading edge. L, Normalized paxillin
fluorescence intensity time series acquired in the cell frame of reference in DMSO- or SMIFH2-
treated cells registered with respect to protrusion onset. n = 556 time series sampled in m = 8

cells for DMSO and » = 331 time series sampled in m = 11 cells for SMIFH2, pooled from 3
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independent experiments. Solid lines indicate population averages. Error bands about population

averages indicate 95% confidence intervals computed by bootstrap sampling.

Figure 11. Mechanosensitivity of Arp2/3 dynamics during cell protrusion. A-B. Protrusion
segmental velocity in control cells vs. cells treated with , 400 uM Deoxycholate to decrease
membrane tension (A) (7 = 1950 time series sampled in m = 11 cells for control and n = 2555
time series sampled in m = 12 cells for Deoxicholate, pooled from 3 independent experiments) or
cells treated with 1 pg/ml Concanavalin A to increase membrane tension (B) (n = 1796 time
series sampled in m = 12 cells for control and n = 1995 time series sampled in m = 10 cells for
Concanavalin A, pooled from 3 independent experiments). C-D. Time series of Arp2/3 intensity
in the lamellipodium, normalized to the Arp2/3 intensity in the region 1.5 — 2 um from the cell
edge registered with respect to maximal protrusion velocity in control vs. Deoxycholate-treated
cells (C) (n = 1040 time series sampled in m = 6 cells for control and n = 1448 time series
sampled in m = 8 cells for Deoxycholate, pooled from 2 independent experiments) or control vs.
Concanavalin A-treated cells (D)(n = 1095 time series sampled in m = 8 cells for control and n =
1054 time series sampled in m = 6 cells for Concanavalin A, pooled from 2 independent
experiments). E. Average edge velocity between protrusion onset and maximal protrusion
velocity vs. between maximal protrusion velocity and protrusion end in control vs.
Deoxycholate-treated cells. F. Average edge velocity between protrusion onset and maximal
protrusion velocity vs. between maximal protrusion velocity and protrusion end in control vs.
Concanavalin A-treated cells. G-H. Normalized fluorescence intensity time series of mDial
registered with respect to maximal protrusion velocity in control vs. Deoxycholate- vs.

Concanavalin A-treated cells. (G) n = 1182 time series sampled in m = 8 cells for control and n =
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1149 time series sampled in m = 7 cells for Deoxycholate, pooled from 2 independent
experiments. (H) n = 1089 time series sampled in m = 8 cells for control and n = 1325 time series
sampled in m = § cells for Concanavalin A, pooled from 2 independent experiments. Solid lines
indicate population averages. Error bands about population averages indicate 95% confidence
intervals computed by bootstrap sampling. I, Model of initiation and reinforcement of actin

assembly during cell protrusions.
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Appendix 3:
Traction force microscopy to identify force modulation in sub-resolution adhesions

Summary

Traction force microscopy (TFM) is a widely-used method for measuring the forces exerted at
cell-matrix adhesions. The method has been limited to force detection in relatively large and
strong adhesions because the underlying force reconstruction algorithms are sensitive to noise
and tend to underestimate the force magnitude. Here, we present a TF reconstruction algorithm
that overcomes these limitations and resolves forces within small nascent adhesions (NAs). The
enabling numerical innovations we report include the introduction of a sparsity regularization
technique to the solution of the inverse problem and application of sub-pixel correlation methods
to map substrate deformation under the impact of cellular forces. Combining these advances with
improved tracking of individual NAs, we show that the rate of load application to NAs

determines the fate of NA maturation and therefore the spatial organization of cellular adhesions.
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Contribution

My major contribution to this project was the design and execution of all live cell experiments.
We wanted a set of experiments that would best show the features of the new algorithm,
especially the ability to resolve forces within small nascent adhesions, and at the same time be
able to make meaningful biological conclusions. By transfecting PtK1 cells with paxillin and
performing traction force microscopy with an added paxillin channel, we were able to obtain
time-lapse information of both traction stress and adhesion dynamics. This live cell experiment
was instrumental in seeing that the force growth rate of a nascent adhesion in its earliest state
determines its maturation into a focal adhesion and provided statistical evidence that the

maturation of nascent adhesions is directly coupled to the development of the transmitted force.
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Traction force microscopy to identify force modulation in sub-resolution adhesions
Sangyoon J. Han'!, Youbean Oak!, Alex Groisman? and Gaudenz Danuser!

"Department of Cell Biology, Harvard Medical School, Boston, Massachusetts, USA,
?Department of Physics, University of California San Diego, La Jolla, California, USA

Introduction

Cell-matrix adhesions are mediated by engagement of integrins, which yields recruitment of
additional adhesion proteins!. As adhesions assemble, mechanical forces generated by
actomyosin contraction or propulsion of the growing actin meshwork are transmitted toward the
extracellular matrix (ECM)?2. These traction forces play an important role in promoting integrin
signaling, environmental sensing, and directed migration®*. Traction forces are not only the
result of inside-out coupling of cytoskeletal activities to the ECM, but they are also the effector
for adhesion maturation®, as studied extensively at the level of large focal adhesions (FAs)®.
How much force adhesions transmit during their nascent state and whether the fate of nascent
adhesions (NAs) also depends on force transduction has remained unknown because of the
technical difficulties of resolving traction forces in adhesion structures whose size is below the
diffraction limit.

Traction forces exerted by cells onto their environment can be derived from the displacement
of fluorescent beads embedded in deformable gel substrates’, which requires the inversion of the
deformation field into the generating force field as the critical numerical step. Such inverse
problems are inherently ill-posed, i.e. relatively small noise contributions to the deformation
field can generate out-of-bound force values. Pioneered by Dembo et al.®, numerous algorithmic
variants have been proposed to solve these issues and they have been used to study overall force

distributions of migrating cells*, the effect of mechano-chemical properties of the ECM on
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cellular contractility’, and overall contractility in diseased cells'®. However, it has been
physically and computationally challenging to resolve small forces from small adhesions because
of noise in the bead tracking data and the spatial smoothing associated with the so-called
regularization process that turns the ill-posed inverse problem into a stable force
reconstruction! "2, In particular, the noise suppression works at the cost of a marked reduction of
the force estimate on both large FAs and small NAs, with the result that most existing TFM maps
significantly underestimate cellular forces and forces in NAs become indistinguishable from
background'?.

Here, we innovate the TFM algorithm with L1-regularization'®, a numerical scheme that has
recently found broad applications to inverse problems in the compressive sensing field'* but has
not been exploited for TFM. We show that L1-regularization enables the reconstruction of force
fields without underestimation or spatial smoothing and with remarkably low background in the
non-adhesion area. Together, this allows us to detect forces in small adhesions. We further
improve the performance of the force reconstruction by reducing the noise in the raw
measurement of the bead displacements by two orders of magnitude using subpixel correlation
(SPC) tracking. Combining these computational advances with recent developments of TFM
substrates that are compatible with high-resolution imaging of adhesions by total internal
reflection fluorescence (TIRF) microscopy'® and an image tracking algorithm that follows the
temporal dynamics of NAs, we show that NAs exert small but significant forces on the substrate,

and that the rate in force increase at individual NAs determines their fate of maturation.
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Results
Improved accuracy in displacement field calculation using subpixel correlation (SPC) tracking

The accuracy in measuring bead displacements critically determines the accuracy in the force
field calculation. With small forces exerted in small adhesion areas, displacements often fall
below the noise level of conventional pixel correlation (PC) tracking!!. Using synthetic bead
images (Online Methods) we found that the uncertainty of PC tracking can reach up to 0.2 pixels
(Supplementary Fig. 3a-e, Supplementary Note 1). To reduce this uncertainty, we implemented a
subpixel correlation (SPC) tracking method that enhances the detection limit of bead
displacements by two orders of magnitude over the existing methods (Supplementary Fig. 3e-i,
Supplementary Note 2, Online Methods). Accordingly, this enhances the detection limit of forces
in small adhesions (Supplementary Fig. 3j-u, Supplementary Note 3). SPC also allows the use of
a smaller support area (template window) than PC, which permits finer resolution of spatial
gradients in the displacement field (Supplementary Fig. 3v,w, Supplementary Note 4). Taken
together, SPC shows clear superiority over PC in terms lower error, higher force detectability,

and spatial resolution.

Ambiguity in the selection of the regularization parameter with L2-regularization

Once the displacement field is obtained, the force field is reconstructed by minimizing the
difference between the prediction of the corresponding displacement field and the measured
displacement field. The relation between force field and predicted displacement field is
determined by a convolution of the former with the Greens function defining the displacement
field generated by a unit force concentrated in one surface location of the deformable substrate
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(Online Methods). Obtaining the force field out of the measured displacement field, or so-called
the inverse problem is ill-posed, that is, small changes in the displacement field can produce
vastly different force field reconstructions. A well-established remedy to this is the addition of a
regularization term to the minimization problem, which penalizes large fluctuations in the force
field. Specifically, the objective function that minimizes the norm of the difference between
predicted and measured displacement fields, referred to as the residual norm, is complemented
with the semi norm of the force field, e.g. its 0" order (magnitude) norm. The relative
importance of the two norms within the overall objective function is controlled by the
regularization parameter A'® (Online Methods). To date, most TFM algorithms have used the
Euclidian norm, or L2 norm, for minimization of both norms, which is referred to as Tikhonov
regularization®!%!¢18 In nearly all TFM applications, the selection of A has been subjective
21920 despite the well-established L-curve criterion used in other fields to objectively set the
regularization strength'®. The L-curve relates the residual norm to the corresponding semi norm
and the best A-value is determined by the position along the curve where the combined

differential between the norms is maximal (referred to as the L-corner).

To examine how susceptible the reconstructed force field is with respect to the choices of the
regularization parameter and if the L-curve criterion can be used as a good reference with L2-
regularization, we simulated bead images reflecting the deformation of a virtual substrate on
which multiple force impact regions of varying sizes exert forces of varying magnitudes (Fig.
12a). We then measured bead displacements by SPC tracking, and solved the inverse problem
with a range of regularization parameters using L2-regularization (Fig. 12b,d,e). The resulting L-
curve displayed a convex shape with an L-corner (Fig. 12b). Although barely noticeable by the
human eye, the L-corner could be found by numerical evaluation of the second derivative of the
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semi norm with respect to the residual norm (AL-comer, Supplementary Fig. 4). The stress field
determined with Ar-comer Showed substantial underestimation of the stress magnitude compared
to the simulated reference stress field (Fig. 12d), implying that for TFM using L2-regularization
the L-corner criterion is not applicable. To estimate the optimal regularization parameter, we
defined ArGmin that minimizes the reconstruction error in the force impact regions
(Supplementary Fig. 5). The value of ArGmin (5.6x10®) was about 3-orders of magnitude less than
that of AL-comer (4.2x107°, Supplementary Fig. 5), and the stress field reconstructed based on
ArGmin indeed showed values in the force impact regions comparable to the simulated reference
stresses (Fig. 12¢). However, Argmin also increased the noise level in the background, including
localized apparent forces with a magnitude similar to the forces generated by small force impact
regions (Fig. 12e inset, red arrowheads). Thus, the choice of A to minimize the error on large
force impact regions (e.g. FAs) precludes the reconstruction of forces in small force impact
regions (e.g. NAs). Another choice of ABGmin that minimizes background noise -- a criterion
previous TFM studies relying on visual inspection for the definition of the regularization
parameter may have used — also produced underestimated and distorted force maps
(Supplementary Fig. 5, Supplementary Note 5). Together, we concluded that L2-regularization
makes it difficult to choose the right regularization parameter: parameters derived from the L-
corner or minimization of background stresses lead to strong under-estimation of the stress field,
whereas a parameter derived from minimization of the error in adhesion stresses increases the

background level, which obscures real forces from small adhesions.

L1-regularization avoids underestimation of force levels and is insensitive to background noise,

thus lowering the detection limits for small and weak adhesions
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A key feature of L1-regularization is that it performs favorably with sparse solutions?'.
Therefore, we hypothesized that L1-regularization, i.e. minimization of L1-norm of the semi
norm (Online Methods), may be the more appropriate form of regularization for TFM as the
majority of the traction force field is at the background level with a few sparsely located force
impacts at discrete adhesions'>?2. To test this, we reconstructed the stress field with a range of
regularization parameters and examined L-curve and reconstruction accuracy (Fig. 12c¢,f).
Contrary to L2-regularization, the L-curve associated with L1-regularization displayed a salient
corner (AL-comer, Fig. 12¢). Using AL-comer for L1-regularization, stresses at both small and big
force impact regions were restored to the level of the simulated input stress field (Fig. 12f,g).
Moreover, compared to the reconstruction based on L2, Argmin, the background force levels were
small (Fig. 12f,h), which increases the likelihood of detecting weak forces in small impact
regions (Fig. 12f, inset, yellow arrow head). Indeed, simulations with multiple force magnitudes
applied in impact region of different sizes showed that L.1-regularization affords a significantly
lower detection limit for stress magnitude and force impact region size compared to that found in

L2-regularization (Fig. 121).

Of note the choice of AL-comer as the regularization parameter yielded a best-matching stress
field that preserved forces at NAs (Supplementary Fig. 6) even compared to force maps from
regularization parameters that minimized force errors on either force impact regions or
background (ArGmin O ABGmin, respectively). This indicates that L1-regularization provides an
objective way to choose the best regularization parameter also in real-world experiments where
the parameters ArGmin OF ABGmin cannot be defined. Nonetheless, even with L1-regularization we
found some small force impact region missing (Fig. 12f, inset, white arrowhead). In this case,

the bead closest to the force impact was too distant to provide sufficient signal for a force

114



reconstruction in this region. Thus, the bead distribution remains a limiting factor for the
detection of small force impact regions even with L1-regularization, but L1-regularization along
with SPC tracking significantly enhances the resolution of TFM and removes subjectivity in the

selection of the regularization parameter.

L1-regularization reveals NAs in a PtK1 cell exert independent forces

To assess the performance of L1 SPC TFM in reconstructing traction forces in live cell
imaging experiments, especially at the sites of NAs, we filmed migrating PtK1 epithelial cells
expressing TMR-paxillin on 8 kPa silicone gels with beads covalently-bonded on the top'”. For
testing spatial resolution, we used a single frame that contained a partial view of the protruding
cell edge and compared the localization of adhesions as visualized by the paxillin channel image
(Fig. 13a) with force maps that were reconstructed under L2-Ar-comer (Fig. 13b), L2- Aoptimal (Fig.
13c) and L1 AL-comer regularization (Fig. 13d). The regularization parameter Aoptimal in L2-
regularization was estimated by finding a parameter value that yielded a local minimum in the
third-derivative of the L-curve, which was determined in a synthetic test to be close to the
regularization parameter that minimized the reconstruction error on adhesions (ArGmin)
(Supplementary Fig. 4). As expected, the overall stress magnitude obtained from L2-Ar-comer (Fig.
13b) was much lower than the one obtained from L2-Aoptimal (Fig. 13¢) or L1-AL-comer (Fig. 13d).
At the location of adhesions, the stress magnitudes obtained from L2-Aoptimal and L1-ArL-comer Were
similar. However, the L1 displayed markedly less reconstruction noise in the background (Fig.

13¢,d).

115



We examined in more detail a cell region rich in focal adhesions (FAs) (Fig. 13a, box I and
13e) and a region rich in NAs (Fig. 13a, box 2 and 13j). We developed an image segmentation
method that differentially detected in the paxillin-channel focal complexes (FCs), FAs, along
with the diffraction-limited NAs, and then co-localized the adhesions with the traction stress
field (Fig. 13f)k, see Online Methods). In the FA-rich region, the stress field reconstructed by
L2-A1-comer Was blurred and the stress magnitude substantially underestimated (~800 Pa at
maximum; Fig. 13g). Both L2-Aoptimal and L1-AL-comer reconstruction showed much tighter co-
localization with the adhesion sites and stress magnitudes reached maximal values of ~1600 Pa
(Fig.13h,1). In the NA-rich region, L2-AL-comer showed consistently low stress (~350 Pa at
maximum) and lacked details in stress distribution (Fig. 131). The stress field from L2-Aoptima
showed a more prominent variation around the segmented NAs, with stress maxima reaching 600
Pa. However, the adjacent extracellular region displayed spikes in the background with
magnitudes similar to those associated with NAs (Fig. 13m), making it difficult to distinguish
bona fide stress values at NAs from random stress maxima induced by the regularization. The
L1-AL-comer reconstruction displayed background stress levels that were much lower than the
stresses associated with NAs (Fig. 13n). We quantified these observations by comparing the
stress magnitudes at the sites of NAs to the magnitude of local stress maxima in the background
outside the cell (Fig. 130). Although the forces at NAs were higher in magnitude than the
background also in the L2-A1-comer reconstruction (Fig. 130), only ~20% of the NAs were
associated with a local maximum in the force reconstruction (as opposed to ~60% in the L1-Ar-
comer reconstruction; Fig. 13p). Simulations revealed that at the bead density used in these
experiments, up to 13% of adhesions with small forces can be missed due to random bead

distribution (Supplementary Fig. 7). These results and analysis suggest that more than a half of
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NAs transmit independent forces that L2-regularization could not identify, and some (~27%)
population of NAs might not be involved in force transmission. Furthermore, both L2-Aoptimat and
L1-AL-comer reconstructions showed significant differences among the forces in NAs, FCs and
FAs (Fig. 13q). However, the dynamic range of these differences is substantially higher with L1-
based reconstruction. Together, these investigations document the limitation of L2-regularization

in recognizing forces from NAs and propose L1-norm regularization as remedy.

Force growth rate of NA in its earliest state determines its maturation into a FA

Exploiting the enhanced resolution of the L1 SPC TFM, we studied force modulation at
individual adhesions by tracking each NA (Supplementary Video 1, Online Methods). We
tracked the forces in NAs that transitioned into FCs and eventually FAs (Fig. 14a) and in NAs
that disassembled before maturation (average lifetime of ~2 minutes; Fig. 14b). Intriguingly, in
NAs that underwent the maturation process the traction stress increased over time (Fig. 14c¢)
whereas it remained constant in NAs that did not mature (Fig. 14d). Irrespective of the fate of the
NA, the stress magnitude at the time point of NA appearance in the paxillin channel was
significantly higher than stresses in the background or even stresses in the 1 um vicinity outside
the cell edge (Fig. 14e). Hence, forces measured in emerging NAs are above the noise level. In
fact, they might be required for the assembly of NAs. A population analysis of failing vs.
maturing NA tracks over the first two minutes of their lifetime (Fig. 14f) indicated that NAs that
eventually mature undergo on average a two-fold higher rate in stress increase than failing NAs
(Fig. 14g). They also start at higher stress levels (Fig. 14h), which suggests that sufficient tension

— from probably actin retrograde flow — is a pre-condition for adhesion maturation. Together,
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these data provide solid statistical evidence that the maturation of NAs is directly coupled to the

development of the transmitted force.

Discussion

Our work demonstrates a significant computational improvement in traction force
microscopy, which permits identification of forces in nascent adhesions. The key ingredients of
this method are L1- regularization that does not underestimate forces while being insensitive to
noise; and sub-pixel correlation (SPC) tracking of the substrate deformation which permits the
use of smaller template windows for bead tracking and thus higher spatial resolution in the
reconstruction. The robustness of L1-regularization arises from the underlying assumption of
sparsity in the solution, i.e. instead of minimizing the magnitudes or derivatives of the solution
the L1-norm tends to minimize the amount of non-zero coefficients in the solution'®. L1-
regularization has a fairly long history that goes back to the earliest numerical approaches to
solving inverse problems?’. However, it was only recently that L1-regularization was
theoretically justified as equivalent to LO-regularization'®. This led to a burst of applications of
this regularization in MRI, electron tomography, network traffic and information technology'*.
Our results demonstrate that L1-regularization has also substantial advantages in TFM (Figs. 12
and 13), including increased fidelity in the estimate of force magnitude and impact location and
the provision of an objective reference for selecting the regularization parameter (Fig. 12c).
Hence, with the application of L1-based TFM it should now be possible to obtain reproducible
and mutually comparable force fields.

Previous TFM studies have suffered from underestimation of the force magnitude and spatial
smoothing of the force distribution. These limitations have been potentiated by an often arbitrary

selection of regularization parameter, which can dramatically distort the reconstructed force
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field. Nonetheless, these reconstructions seem accurate enough for the comparison of subcellular
force gradients (e.g. front vs. back) on a relative scale >, of whole-cell traction stress between
cancer cells with different levels of malignancy'?, or of forces at large FAs in normal vs. vinculin
knock-out cells®. In general, due to the limitations in reconstruction sensitivity, in the past TFM
had to be limited to the analysis of forces at micron-sized FAs?*?*?’. One of the interesting
findings in these studies was the dependency of FA growth on tension, generated mainly by actin
retrograde flow®2’. Whether this tension-dependency can be applied to early NAs has been
impossible to show. Now with the greater sensitivity and precision of L1 SPC TFM, we could
demonstrate that the fate of NA maturation correlates with the rate of tension increase (Fig. 14).

Our result is consistent with reports based on traction reconstruction using point forces
(TRPF)?. As discussed by Sabass et al.!?, while TRPF seems an attractive approach to overcome
some of the resolution limitations of regular TFM, it relies on the strong assumption that all
adhesions generate forces. Our results show that only 60 % of NAs spatially coincide with local
force maxima (Fig. 13p). Thus, constraining the locations of force transmission can lead to
significant inaccuracy.

Although the application examples of this study focus on forces in NAs in order to showcase
the gain in sensitivity and spatial resolution, L1 SPC TFM offers a more accurate resolution of
force distributions in general. This will allow now for the systematic study of molecular
mechanisms that regulate cell-matrix adhesion, from the earliest lay-down of NAs to their

maturation into and disassembly of larger adhesion structures.
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Online Methods
Software
TFM software featuring SPC bead tracking modules and force reconstruction based on L1 or L2
norm regularization is available as Supplementary Software 1 and at
http://lccb.hms.harvard.edu/software.html; adhesion tracking software is also available at the

same website.

Correlation-based tracking of substrate deformation
The displacement field was measured by tracking each bead via correlation-based image
tracking between two images: an image reflecting the bead positions in the deformed substrate

(faer) and one reflecting the bead positions in a relaxed substrate (f..4) after release of cell
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81217 correlation —based tracking

adhesions by trypsinization. As used in previous TFM studies
relies on the computation of a correlation score S between a static square template with side
length 2L+1 and placed at position (xg,y0) of a particular bead in f,,s and a moving template of

the same size that is initially placed in fz.r at the same position (xy,y0) and then shifted pixel-by-

pixel to positions xo + ux and yo + uy, respectively:

S VTR IS (00 ([TAREIETS I (U9)

N ux,uy)‘xo’yo _ i,j=—LL —— = (1)
\/. D (I(]pundﬂ l‘bj)LO’m _]_(fund )) \/ D (](j‘def’ l’])‘ o _T(ﬂief))

Here I(f,i,j)|x0,y0 denotes the image intensity at pixel position (xo+ 7,yt7) within the template
derived from image f'and 7 (f) is the mean intensity of the template. As shown previously'?,
subtraction of the mean intensity and normalization of the correlation score relative to the
intensity standard deviations eliminates effects from brightness variation between the images of
the relaxed and deformed substrate.

The template size critically influences the position of the peak score. In an implementation of
correlation-based tracking of fluorescent speckle flows, where the image contrast can be
extremely heterogeneous, we optimized the template size for each speckle on the fly*. However,
applied to TFM this would mean that displacement vectors across the field of view originate
from a different level of granularity, which can introduce significant error in the force
reconstruction. Thus, we maintained a fixed template size for all beads. In the case the score
function computed at the default template size showed multiple strong maxima, we increased the
template size until the ambiguity disappeared. We then returned to the default template size and
searched among candidate peaks in the score function the one closest to the unique peak found at

the larger template size. Subpixel localization of the maximal score value was accomplished by
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parabolic fitting of the 9 score values about the maximum of the pixel-based score function. Of
note, albeit the final displacement was thus defined with sub-pixel precision, we refer to this
approach as pixel correlation (PC). This is in contrast to the subpixel correlation (SPC) approach,

developed by Gui et al. for particle image velocimetry®, which relies on linearly pre-interpolated

templates:
RL _ —
(Ui D, =T U (I R R =T (fo)
S(fgs Rt Ru)| = T > (2)
\/ D (IR (funcb A ]) oo -1 (fund )) \/ D (IR (ﬂq" ia j)‘xl)’yo —1 (.fdef))
i,j=RL i,j=RL

where R is the refinement factor (e.g. 10) and /r is an image enlarged by linear interpolation,

IR(fsiaj)z(1_x)ql_y)g(f’iRﬁjR)'*‘xﬂl_y)H(faiR+1’jR)
HU=X) VT (fodgs jo + 1)+ X VL (S +1, jp +1)

(3)
where iz and jr are the largest integers not greater than i/R and j/R, and x and y are the fractional
part of i/R and j/R, respectively such that i/R=iz+x, j/R=jr+y. To minimize the increased
computational cost associated with the image enlargement, we limited the range of u, and u, to
<ux,pc-1, ux,pct1> and <uy,pc-1, uy,pct1>, respectively, where uy,pc and u,,pc denote the position
of the correlation maximum identified by PC. In SPC, the template window shifts by 1/R. From
the score, maximum peak was found and more precision was achieved by interpolation through
parabolic fitting with nine points around the new peak. Other types of image interpolation
methods, including cubic or spline interpolations were also tested using Matlab’s ‘griddata’
function.

Our SPC is different from the approach described in Gui et al.>® in that we interpolate the

template window at both the images of relaxed and deformed substrate, whereas Gui ef al.

interpolated only the template derived from the target image (equivalent to the image of the
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deformed substrate) and matched it with an non-interpolated template derived from the source
image (equivalent to the image of the relaxed substrate). For TFM applications, it turns out that
the latter produces a correlation score that is identical to the one from PC except for its refined
shift in u, and u,, probably due to differences in bead density and diameter, image signal-to-noise

between TFM and PIV.

Solution of inverse problem
2D TFM assumes that forces from cell adhesions on a gel are exerted in parallel to the gel
surface, with negligible force in the normal direction®'. Under these conditions the displacement

field u(x) is the product of a convolution between the traction force field f(§) and a Green’s

function g(x,&):

u(x)= ng,-j(X,S)f,(g)dE (4)

)

where Q is the domain within the cell boundary, where traction is generated. Eq. 4 describes the
substrate displacement in i-th direction at the location x=(x1,x2) as a result of the superposition of
all the traction forces generated in 2, where the contribution of a force in location E=(¢&1,4) is
defined by Green’s function. Under the assumption of 2D TFM, Green’s function is given by the

Boussinesq solution®:

1+v) (I- V)(S,jj + V(xi B gi)(xj ~ g/)
R <

)

gij(X’E) =

where E denotes Young’s modulus of the gel, v denotes the Poisson ratio, ij is the Kronecker
delta function, and |x-£| is the Euclidian distance between x and &. To infer f(§) from a measured

displacement field u(x), we used the boundary element method (BEM), which approximates a
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force field on discrete nodes®. For each node we define a pyramidal-shaped basis function h(x)
that is 1 in the node location itself and drops linearly to zero in all adjacent nodes. Hence the

continuous force field is approximated by discrete force coefficients (f) as

f,= 1 B (6)
Q
allowing us to rewrite Eq. 4 as
=3B [ g(o)h (x)dx (7)
Ao

where 7 is the number of nodes in Q. In this notation we can define a discrete forward map in
matrix form
u=M§p (8)

with matrix coefficients

M, = ] g (om (x)dx (9)

In this notation, u is a 2mx1 vector containing the displacement u; and uz of m beads and B is a
2nx1 vector containing the force coefficients B1 and B2 for x- and y- directions. For a general
mesh, calculating M is computationally expensive. We simplified this process by creating an
evenly spaced square mesh so that equation (9) can be transformed and calculated in the
frequency domain. This is reminiscent of the approach taken in the Fourier Transform Traction
Cytometry; however, we still solve the inverse problem in the spatial domain. Thus, we refer to
this type of BEM as FastBEM.

The goal of traction force reconstruction is to solve Eq. 8 for B, given a bead displacement

field u(x). Due to measurement noise, the inversion of Eq. 8 is ill-posed (see main text).
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Therefore, it is necessary to introduce a regularization scheme and solve a minimization problem

of the kind:
f = arg;nin[”M,B —uf + 22 ||R,3||§]' (10)

The first term in Eq.10 defines the residual norm between the measured and predicted
displacement fields. The second term defines a semi norm, i.e. a norm of low-level spatial
derivatives of the force coefficients that are encoded by finite differences in the matrix R. The
regularization parameter A determines how much the semi norm penalizes the minimization of
the residual norm. For a semi-norm with 0™ order derivatives and a regular mesh, R is the
identity matrix. R can also accommodate 1% or 2™ order derivatives of the force coefficients,
which would implement the assumption that the spatial variation of the traction force field is
small at the length scale of the mesh size. However, traction stresses are transmitted at discrete
spots, which inherently large spatial variation. Accordingly, it has been shown before!? that the
use of a semi-norm with 0" order derivatives better preserves punctate patterns of force impact.

Thus, our implementation of TFM relies on 0" order derivatives.
In general, TFM reconstructions have minimized the semi norm |RB|, (see Eq. 10), which is

referred to as L2 regularization. In combination with 0™ order derivatives (R=I) in the semi-norm
this type of regularization is known as Tikhonov regularization'®. Tikhonov regularization
suppresses the magnitude of the forces, leading to an inherent underestimation of the traction

force level (see Fig. 12).
The regularization scheme involving minimization of ||Rﬁ||1 is called L1 regularization or

sparsity regularization, which can be formulated with an objective function,
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fp = argmin[M -l + 2 [RA, | (11)

Ideal sparsity regularization would be minimizing ||R/3 ||0 which is the number of nonzero entries

in force coefficients # while minimizing the residual norm. However, this kind of optimization
problem is extremely difficult to solve. L1 regularization (Eq. 11) has been proposed as a
numerically feasible alternative to LO-regularization®® that provides solutions close to the ideal
LO-regularization. To solve Eq. 11, we used an iterative least squares method presented in Aster
et al. **. It is worth noting that only because of our choice of the FastBEM, which solves the
inverse problem in the spatial domain, is it possible to introduce non-linear regularization like
the L1 norm. Other numerical schemes like the FTTC cannot accommodate non-linear

regularization terms.

Force simulation for the generation of synthetic displacement fields
To validate the force reconstruction by synthetic data, we generated a circular area of radius r

with force impact only in y-direction:

(=) +=20) )
=
L]

£(63) = fexp %H( (C=x)H-n))) (2)

207

INIE R

Here, (x0,y0) denote the center position of the circle, fis the maximal stress in the center, and ois
the standard deviation of the Gaussian force distribution controlling the force gradient. For all
simulations it was set to o=1.1r. The purpose of introducing the Heaviside function H is to set
the force to zero outside the circle. To test the effect of the template side length on force
detectability, we chose an input stress f'of 2 kPa and a force impact region diameter of 6 pixel.

To test the effect of the force impact region diameter, an input stress f of 400 Pa was used.
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Eventually we used a range of /(200 Pa — 4 kPa) and d (2 — 12 pixel) for force reconstructions
under both L2-regularization and L1-regularization (see Fig. 12i).

Synthetic bead images were created by randomly placing 2D Gaussian image signals with
normalized amplitudes varying from 0.3 to 1. The standard deviation of Gaussian was set to
match a Gaussian approximation of the microscope point spread function®>. The bead image of
the deformed substrate was created with new bead positions calculated by forward Boussinesq
solution in equation (4) for a given force distribution. With these two images, displacement field
was measured using correlation-based tracking, and traction force fields were calculated based
on L2 or L1 regularization. To validate the displacement measurements or force reconstructions,

we defined the force detectability ¥ as

f;econstr

f;’ecunslr

@4,

V= (13)

max (

@ABac/(g/‘aund )
where the numerator is the average force in the circular force impact region (4o), and the
denominator is the maximal force magnitude among all forces in the background. The RMS error

of the force reconstruction was estimated as =

ﬁeconstr _j(‘) Hz .

For validations with multiple force impact regions, reflecting the presence of multiple
adhesions, we first superimposed the force fields of all hypothetical adhesion sites and then
continued with the same procedures for displacement field simulation and force reconstruction as
discussed for the single force impact regions. To better reflect the co-existence of NAs and FAs,

we introduced force impact regions with different sizes and different levels of anisotropy.

Nascent adhesion (NA) detection, focal adhesion (FA) segmentation, and adhesion tracking
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NAs in paxillin images were detected using an existing algorithm from single particle
tracking®®. Briefly, TMR-paxillin images were filtered using the Laplacian of Gaussian filter
followed by local maximum detection. Each local maximum was then fitted with an isotropic
Gaussian function (standard deviation: 2.1 pixel) and tested with a goodness of fit test (p=0.05)
for outlier removal. NAs and local force maxima were considered colocalized (Fig. 13p) if they
were less than 0.5 um apart, which is the length scale of the mesh used for force reconstruction.
FA segmentation was performed based on a combination of Otsu and Rosin thresholding after
image preprocessing with noise removal and background subtraction. Segmented areas were
categorized as focal contacts (FCs) or FAs based on the area following the criteria prescribed by
Gardel et al.’ (0.24 um? for FCs, 0.6 pm? for FAs). NAs ware tracked by the uTrack software?’
using gap closing option (maximum gap = 5 frames) and a Brownian search band of 2-5 pixels.
Each track was examined to see if it overlapped with a FC or FA, and if so, the track was labeled

as a maturing adhesion. Otherwise, the track was labeled as a failing adhesion.

Cell culture
PtK1 cells were grown in Ham’s F-12 Nutrient Mix supplemented with 10% fetal bovine

serum and 1% penicillin/streptomycin. The cells were cultured in humid atmosphere containing

5% COz at 37°C.

Gel substrate preparation
Silicone gel substrates were prepared in glass-bottomed 35-mm dishes as described in
Gutierrez et al.'®. To facilitate cell adhesion, the substrates were coated with fibronectin (FN) by

incubating with 50 pug/ml of FN and 100 pg/ml 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
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in PBS, pH 7.4 for 15 min at room temperature. The coated dishes were washed 3 times with
PBS and filled with cell media before cell seeding. Cells were transfected with HaloTag-paxillin
using the Neon Transfection System (Invitrogen, Carlsbad, CA, USA) right before being seeded.
After 48 h in the incubator, cells were labeled by incubation with 5 uM HaloTag TMR ligand
(Promega, Madison, WI, USA) for 15 min at 37°C with 5% COx. Cells were then washed three
times with warm growth medium. After the final wash, cells were incubated in fresh growth
medium for 30 min in the incubator to wash unbound ligands. Right before imaging, in order to
protect cells from photo-damage during live imaging but allow for subsequent trypsin treatment,
the imaging chamber was fitted with an inlet and an outlet tubing, sealed with Valap®®, and filled
with imaging media — Leibovitz’s L-15 medium (Life technology, Framingham, MA, USA)
without phenol red supplemented with 1% penicillin-streptomycin, 10% FBS, 0.45% glucose and

1% oxyrase— using a 10-mL syringe.

Live cell imaging

Cells were imaged enclosed in a 37°C, 5% CO. incubation chamber. Images were taken on
the 561 nm (paxillin TMR) and the 642 nm (beads) channels every 5 seconds with 500 ms
exposure time for 200 frames on the Nikon Ti Total Internal Reflection Fluorescence (TIRF) at
90x magnification with Hamamatsu ORCA-D2 CCD camera (Hamamatsu Corporation,
Bridgewater. NJ, USA, final resolution: 72 nm/pixel). To obtain a bead image from the
undeformed substrate, cells were removed by injecting a high dose (0.5%) of 5 mL

Trypsin/EDTA (Invitrogen) for 30 min.
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Figure 13
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Figure 14
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Figure 12

Figure 13

Figure 14

Figure Legends
L-curve analysis for L2- and L1-regularizations. (a) Simulated input force field.
Solid outlined inset: rescaled force map visualizing small force impact regions in a
dashed window. (b) L-curve for L2-regularization. AL-comer 1S determined by the
second derivative of the semi norm with respect to the residual norm (Supplementary
Fig. 4). The regularization parameter ArGmin 1S chosen to minimize the error in the
force impact regions (Supplementary Fig. 5). (¢) L-curve for L1-regularization. (d-f)
Force maps reconstructed under L2, Ai-comer (d), L2, ArGmin (€), and L1, AL-comer (f)
regularization. Solid outlined insets: rescaled force maps in small force impact
regions in dashed windows. Scale bar: 10 um. (g) Traction stress ratio, i.e.
magnitude ratio of reconstructed forces to the original forces in small force impact
regions (NAs) and in large force impact regions (FAs). n =9 for NAs, n =26 for
FAs; error bars show s.d. (h) Average traction stress background outside force
impact regions. n = 229,255 pixels in non-adhesion area; error bars show s.e.m. (i)
Regimes of traction stress detectability as a function of adhesion diameter (72
nm/pixel) and stress magnitude for reconstructions under L1 or L2 regularization
combined with PC or SPC tracking.

Colocalization of traction forces with adhesions. (a) Snap-shot of HaloTag-TMR-
paxillin at the leading edge of a protruding PtK1 cell. Scale bar: 10 pm. (b-d) Force
maps reconstructed under L2, Ar-comer (b), L2, ArGmin (€), and L1, Ar-comer (d)
regularization. See text and Supplementary Fig. 4 for determination of Aoptimat. (€-i)
Colocalization analysis in FA-rich region (box 1 in a-d). (j-n) Colocalization
analysis in NA-rich region (box 2 in a-d). (e,f,j,k) Inverted HaloTag-TMR-paxillin
image without (e.j), and with (f, k) tracked NAs (red circles), FCs (orange outlines),
and FAs (black outlines). Scale bar in e: 5 pm. See also Supplementary Movie 1. (g-
i, I-n) Traction stress maps (overlaid by tracked adhesion regions) reconstructed
under L2-A1-comer (g,1), L2-Aoptimal (h,m), and L1-AL-comer (i,n) regularization. (o)
Traction stress magnitude in NAs compared to the magnitude of local stress maxima
outside the cell. n = 10, 27, 14 for background peaks in b, ¢, d, respectively, n = 67
each for NAs in b, c, d; error bars show s.e.m. (p) Fraction of NAs colocalized with
local traction stress maxima in L2-Ap-comer and L1-AL-comer reconstruction. n = 7653
NAs from 100 frames; error bars show s.e.m. (q) Traction stress in NAs, FCs and
FAs reconstructed under L2-Ar-comer and L1-Ar-comer regularization. n =31, 68, 14 for
NAs, FCs, FAs, respectively; error bars show s.e.m. ***: p <0.001, *: p <0.05.

Live traction stress analysis in individual NAs of a PtK1 cell. (a,b) Time-lapse
images of paxillin (fop) and traction stress map reconstructed under L1 SPC TFM
(bottom) for a maturing NA (a) and a failing NA (b), which are representative
examples from all adhesion tracks in Supplementary Movie 1. Scale bar: 2 um. (c,d)
Fluorescence intensity (b/ue) and traction stress (red) as a function of time in a,b,
respectively. (e) Comparison of traction stresses in emerging NAs (n = 158),ina 1
um-wide band outside the cell edge (n = 332), and in the entire area outside the cell
edge (n = 735). (f) Time courses of traction stress in maturing NA tracks (green
lines, n = 20) and failing NA tracks (orange lines, n = 23;); thick lines represent
average time course. (g,h) Comparison of rate of traction stress increase (g) and
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traction stress magnitude in the time point of initial appearance (h) between failing
NA tracks and maturing NA tracks. Sample numbers are the same as in f. ***: p <
0.001, *: p <0.05.
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Supplementary Figure 3
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Supplementary Figure 3 Bead tracking by subpixel correlation (SPC). (a-e) Pixel-based correlation (PC) tracking process. (a) 15
x 15 pixel template window displaying beads in an undeformed substrate. (b) Beads in a deformed substrate; dashed box
indicates a template window at (uy, uy) = (0,0). For cross-correlation score calculation the template window is shifted by 1
pixel over -20 < uy, uy < 20. (c) Cross-correlation score. (d) Scores in 3 x 3 neighborhood around the peak found in c (orange
dotted box). (e) Interpolation of maximum score position using 3 x 3 neighborhood around the peak. Due to interpolation
error, the peak of the parabola (magenta dot) is 0.2 pixel away from ground truth. (e-i) SPC tracking process. (e) 150 x 150
pixel template window resampled from a using linear interpolation. (f) 10-fold resampled images of beads in deformed
substrate. Thus, 1 pixel shift of the template corresponds to 0.1 pixel shift in the original image. (g) Cross-correlation scores
on 400 x 400 grid for the same range as in c. (h) Scores in 21 x 21 neighborhood around the peak, corresponding to the 3 x 3
neighborhood shown in d. (i) Interpolation of maximum score position using 3 x 3 neighborhood around the peak. The
remaining interpolation error is 0.002 pixel. (j-s) Single force experiment with a large (20 pixel in diameter, j-n) and a small (4
pixel in diameter, o-s) force impact region. (j,0) Simulated force field. (k,l,p,q) Displacement field measured by PC (k,p) or SPC
(I,q) tracking. (m,n,r,s) Force fields reconstructed from displacement fields in k,l,p,q, respectively. (t,u) force RMS error (t)
and force detectability (ratio between peak force and maximum force in background, u) as a function of force impact region
diameter for PC (blue) and SPC (red) tracking. Data from five different simulations; thick lines represent average for each
condition. (v,w) Displacement RMS error (v) and force detectability (w) as a function of template window side length for PC
tracking (blue) and SPC (red), and bead images with 5 % (solid line) and 10 % (dotted line) white noise. Arrowheads highlight
exceptional performance of SPC in 5 % noise regime. See Supplementary Note 1 for details.
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Supplementary Figure 4
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Supplementary Figure 4 Identification of L-corner and definition of Aqptimal in L2-regularization. (Top) L-curve (the residual
norm vs. semi norm in equation (10) in main text). Regularization parameters Argmin, Asemin are defined in a way that
minimizes the force RMS errors on or outside force impact region. (Middle) Curvature (second derivative of semi norm with
respect to residual norm). The regularization parameter that yields the maximum of the curvature is defined as A-corner-
(Bottom) Jerk (the third derivative of semi norm with respect to residual norm) defining Aoptimal @s the regularization
parameter value producing the first local minimum.
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Supplementary Figure 5

a s b
§a
= 8 L —
R S o =)
= o O ™
v o M comer D 5 z
D 4 6 7 g © £
=8 . F10&x g
g ° [ S = c
8E | ® \[s 59 E
5o P Ls o @ &
Lo “BGmir . 3
i<} ) " w=
6 = k3
3x10™ 4 T T T lelnl T T | | | |
107° 10 10 10 0.1 1 10 100
Regularization paramter (A) Residual norm
(Pa)
L2, M —comner L2, AaGmin L2, hrGmin 3000
2500
| 2000
L1500
1000
500

137



Supplementary Figure 6
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Supplementary Figure 7
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Supplementary Figure 7 Proximity of beads to small force impact region as a function of bead density on a gel. The distance
threshold of 8 pixels is derived from the criterion that a small force (200 Pa) on an impact region of 8 pixels in diameter yields
bead displacement of 2 0.1 pixels. That is, if there is no bead within 8 pixel radius, the force from this region may not be
reconstructed. Pixel resolution is assumed to be 72 nm/px. Generation of random bead placement and random impact
region placement was repeated 1000 times, after which the number of regions with at least one bead closer than 8 px were
quantified using k-d tree-based nearest neighbor search. Red dotted line indicates our experimental bead density, which
produces ~13 percent of adhesions with no force.
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Supplementary Note 1. Conventional pixel correlation tracking generates subpixel noise

To test how much error can occur in our TFM setting, we created synthetic bead images in
which Gaussian-profiled beads were randomly placed (Supplementary Fig. 3a). By applying a
displacement calculated from a known force field, we also created a bead image of the deformed
substrate (Supplementary Fig. 3b). To both images, we added a 5% white noise. Using these
images, we calculated a displacement field of all detected beads in the images using conventional
pixel-based correlation (PC) (Supplementary Fig. 3a-e). After a correlation score is computed on
pixel-grid (Supplementary Fig. 3¢), nine points (3x3 pixels) about the correlation maximum
(Supplementary Fig. 3d) were used for parabolic fitting to interpolate the position of the
maximum score and thus the template displacement shift with sub-pixel precision
(Supplementary Fig. 3e). Even in the case of a zero displacement, i.e. using identical bead
positions PC generates errors of up to 0.2 pixel due to asymmetry in the sub-sampled correlation
scores (Supplementary Figs. 3d,e). This error was maintained or even increased when other
fitting surfaces (e.g. Gaussian or cosinusoidal) were used for interpolation (data not shown).
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Supplementary Note 2. Subpixel correlation (SPC) tracking produces less measurement
uncertainty than pixel correlation (PC) tracking

The correlation peak is usually very sharp if small correlation window is used (Fig. 12a, c-e).
Whereas the sharpness of the peak produces a more accurate tracking result at the pixel-level
resolution, it causes larger uncertainty in the subpixel interpolation step 3*The interpolation
accuracy increases with finer sampling of the score function about the peak position. To supply
denser sampling, we applied subpixel correlation (SPC), in which both the reference (in the
image of the relaxed substrate) (Supplementary Fig. 3¢) and target (in the image of the deformed
substrate) templates (Supplementary Fig. 3f) were enlarged by a factor of ten by linear
interpolation. Accordingly, correlation scores can be calculated on a grid with a spacing of 0.1
pixel (Supplementary Fig. 3g) to generate ten—fold increase in sampling about the correlation
peak (Supplementary Fig. 3h). A side effect of SPC is that the score function is also smoother
than the one in PC. Thus, as second order approximation of the score function by a parabolic fit
is appropriate to determine the sub-sampled location of the score maximum. We performed
parabolic interpolation with only 9 points (0.3 x 0.3 pixel) around the peak, which yields an error
of up to 0.002 pixel, two orders of magnitude smaller than the error in PC (Supplementary Fig.
31). It is worth noting that linear interpolation of the image was tested to yield the best accuracy
among linear, cubic and spline interpolation, and image enlargement by a factor larger than ten
did not further improve the tracking result (data not shown).
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Supplementary Note 3. Adhesion forces in small impact regions (<d=0.5 um) are identifiable
only by tracking with SPC

To investigate how the increased precision of bead displacement measurements by SPC
boosts the resolution of forces from small adhesions vis-a-vis the forces derived from PC-based
displacement measurements, we simulated a variety of stress fields containing a single circular
area of force impact, or a force impact region. We varied the force magnitude and diameter of
the area to synthesize bead images at rest and under load and tracked the deformation by PC or
SPC (Supplementary Fig. 3j-w, Online Methods). We reconstructed the stress field using
conventional TFM method®!? — L2 norm-based, Oth order regularization — with a constant
regularization parameter in order to be consistent among all measured displacement fields. In the
case of a large force impact region (e.g. d = 20 pix = 1.4 um), displacements measured were
similar for both PC and SPC (Supplementary Fig. 3k vs. 31), and so did reconstructed force fields
(Supplementary Fig. 3m vs. 3n). However, when a force with the same magnitude is applied over
a small region (e.g. d = 4 pix = 0.3 um, Supplementary Fig. 30), the displacement field tracked
by PC in the background had some spikes whose magnitudes were comparable to those found in
the force impact region (Supplementary Fig. 3p). In contrast, SPC displayed significantly less
displacement in the background, providing sufficient foreground to background contrast for
detection of the original force impact (Supplementary Fig. 3q), and so did in reconstructed force
maps (Supplementary Fig. 3r vs. 3s).

To assess the quality of each tracking method, we measured the root-mean-squared (RMS)
error in the reconstructed stress relative to the simulated reference stress field (Supplementary
Fig. 3t). As expected, the stress field reconstructed based on SPC tracking data was much more
accurate than the one reconstructed based on PC tracking data. The RMS error increased with
force impact region diameter because the number of non-negligible force vectors increased with
increasing force impact area.

The force RMS error represents an overall deviation but does not quantify how much the
force on the adhesion is above the forces on non-adhesion area. To quantitate this, we defined
force detectability as the ratio between stress magnitude in the center of a force impact region
and the maximal stress in the background (Online Methods). We determined the detectability for
a range of force impact region diameters, each loaded with a constant stress of /=400 Pa. While
for both PC and SPC tracking methods the force detectability increased with the adhesion
diameter (Supplementary Fig. 3u), the rate of increase was higher for SPC than for PC: Using
SPC tracking data, stresses on a force impact region as small as 6 pixel or 0.43 um were
detectable at a foreground to background ratio of at least 2 whereas forces reconstructed from PC
tracking data were only detectable in force impact regions bigger than 9.5 pixel or 0.68 um in
diameter (Supplementary Fig. 3u, arrows).
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Supplementary Note 4. SPC allows for less correlation length that guarantees better accuracy in
tracking

Correlation-based tracking of the bead displacements requires an optimal choice of the template
size. Too large windows lead to over-smoothing of the displacement field, whereas too small
windows are accompanied by ambiguity in tracking and higher susceptibility to image noise. To
determine the optimal template size, we measured the RMS error of the displacement field on the
force impact region — tracked with PC or SPC — for a range of sizes where 5 % or 10 % of white
noise was added to synthetic bead images. The optimal template size with PC tracking was 15
pixels in 5 % noise (side length with lowest RMS; Supplementary Fig. 3v, blue solid line).
Surprisingly, with SPC tracking the RMS error continually decreased with templates of a side
length down to 7 pixels (Supplementary Fig. 3v, red solid line, arrowhead). This shows that, in a
low noise regime (5%), SPC tracking reduces the ambiguity of the displacement measurement.
In a high-noise regime (10%), the optimal template side length for SPC tracking was higher (13
pixel), but still less than the one for PC tracking (17 pixel side length), and the optimal SPC
template generated significantly lower RMS error than the optimal PC template (Supplementary
Fig. 3v, dashed lines). Hence, SPC tracking increases the precision and spatial resolution of the
bead displacement field. Accordingly, in both the 5 % and 10 % noise regimes the force
detectability over a range of template sizes was substantially higher when using SPC tracking
(Supplementary Fig. 3w). With 5 % noise, SPC tracking yielded high force detectability at small
template sizes (Supplementary Fig. 3w, arrowhead), implying that at reasonably low noise
levels, SPC tracking provides excellent performance for tracking both large displacements in the
force impact area while reducing subpixel uncertainties associated with very small displacements
in the background.
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Supplementary Note 5. Choice of a regularization parameter that minimizes the background error
and its effect on force map

One could choose a regularization parameter subject to minimizing the force in the background.
We suspect that most TFM studies, in which A usually is set by visual assessment of the
reconstructed stress field, target low stress levels in the non-adhesion area. We determined the
regularization parameter Asgmin that minimized forces in the background and inspected the
corresponding reconstructed stress levels in the simulated force impact regions (Supplementary
Fig. 5). The value of ABGmin (7.5%1077) was more than an order of magnitude higher than that of
AFGmin, but two orders of magnitude below Ar-comer. Therefore, the stress magnitude at the force
impact regions was under-estimated by 1.7 times compared to the stresses reconstructed based on
ArGmin (Supplementary Fig. 5c, middle). Thus, background suppression not only interferes with
the detectability of weak and small force impacts, but it markedly distorts the reconstruction of
stresses in larger adhesion areas.

References

1 Geiger, B. & Bershadsky, A. Assembly and mechanosensory function of focal contacts. Curr Opin Cell
Biol 13, 584-592 (2001).

2 Gardel, M. L. et al. Traction stress in focal adhesions correlates biphasically with actin retrograde
flow speed. J Cell Biol 183, 999-1005, doi:10.1083/jcb.200810060 (2008).

3 Discher, D. E., Janmey, P. & Wang, Y. L. Tissue cells feel and respond to the stiffness of their
substrate. Science 310, 1139-1143 (2005).

4  Munevar, S., Wang, Y. & Dembo, M. Traction force microscopy of migrating normal and H-ras
transformed 3T3 fibroblasts. Biophys J 80, 1744-1757 (2001).

5 Gardel, M. L., Schneider, I. C., Aratyn-Schaus, Y. & Waterman, C. M. Mechanical integration of actin
and adhesion dynamics in cell migration. Annu Rev Cell Dev Biol 26, 315-333,
doi:10.1146/annurev.cellbio.011209.122036.

6  Stricker, J., Aratyn-Schaus, Y., Oakes, P. W. & Gardel, M. L. Spatiotemporal constraints on the force-
dependent growth of focal adhesions. Biophys J 100, 2883-2893, doi:S0006-3495(11)00593-5 [pii]
10.1016/j.bpj.2011.05.023.

7 Han, S. ). & Sniadecki, N. J. Nanotechnology Usages for Cellular Adhesion and Traction Forces.
Cellular and Biomolecular Mechanics and Mechanobiology 4, 177-200, doi:10.1007/8415_2010_26
(2010).

8 Dembo, M. & Wang, Y. L. Stresses at the cell-to-substrate interface during locomotion of
fibroblasts. Biophys J 76, 2307-2316, doi:S0006-3495(99)77386-8 [pii] 10.1016/S0006-
3495(99)77386-8 (1999).

144



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Reinhart-King, C. A., Dembo, M. & Hammer, D. A. The dynamics and mechanics of endothelial cell
spreading. Biophys J 89, 676-689 (2005).

Paszek, M. J. et al. Tensional homeostasis and the malignant phenotype. Cancer Cell 8, 241-254
(2005).

Westerweel, J., Dabiri, D. & Gharib, M. The effect of a discrete window offset on the accuracy of
cross-correlation analysis of digital PIV recordings. Experiments in Fluids 23, 20-28,
doi:10.1007/s003480050082 (1997).

Sabass, B., Gardel, M. L., Waterman, C. M. & Schwarz, U. S. High resolution traction force
microscopy based on experimental and computational advances. Biophys J 94, 207-220, doi:S0006-
3495(08)70780-X [pii] 10.1529/biophysj.107.113670 (2008).

Candes, E. J., Romberg, J. & Tao, T. Robust uncertainty principles: Exact signal reconstruction from
highly incomplete frequency information. leee Transactions on Information Theory 52, 489-509,
doi:10.1109/1it.2005.862083 (2006).

Candes, E. J. & Wakin, M. B. An introduction to compressive sampling. leee Signal Processing
Magazine 25, 21-30, doi:10.1109/msp.2007.914731 (2008).

Gutierrez, E. et al. High refractive index silicone gels for simultaneous total internal reflection
fluorescence and traction force microscopy of adherent cells. PLoS One 6, €23807,
doi:10.1371/journal.pone.0023807 PONE-D-11-07205 [pii] (2011).

Hansen, P. C. Rank-deficient and discrete ill-posed problems : numerical aspects of linear inversion.
(SIAM, 1998).

Butler, J. P., Tolic-Norrelykke, 1. M., Fabry, B. & Fredberg, J. J. Traction fields, moments, and strain
energy that cells exert on their surroundings. Am J Physiol Cell Physiol 282, C595-605,
doi:10.1152/ajpcell.00270.2001 (2002).

Schwarz, U. S. et al. Calculation of forces at focal adhesions from elastic substrate data: the effect of
localized force and the need for regularization. Biophys J 83, 1380-1394, doi:S0006-3495(02)73909-
X [pii] 10.1016/S0006-3495(02)73909-X (2002).

Beningo, K. A., Dembo, M., Kaverina, I., Small, J. V. & Wang, Y. L. Nascent focal adhesions are
responsible for the generation of strong propulsive forces in migrating fibroblasts. J Cell Biol 153,
881-888 (2001).

Plotnikov, S. V., Pasapera, A. M., Sabass, B. & Waterman, C. M. Force fluctuations within focal
adhesions mediate ECM-rigidity sensing to guide directed cell migration. Cell 151, 1513-1527,
doi:10.1016/j.cell.2012.11.034 (2012).

Candes, E. J. & Romberg, J. Quantitative robust uncertainty principles and optimally sparse
decompositions. Found Comput Math 6, 227-254, doi:Doi 10.1007/510208-004-0162-X (2006).

Parsons, J. T., Horwitz, A. R. & Schwartz, M. A. Cell adhesion: integrating cytoskeletal dynamics and
cellular tension. Nat Rev Mol Cell Biol 11, 633-643, doi:nrm2957 [pii] 10.1038/nrm2957 (2010).

Claerbou.Jf & Muir, F. ROBUST MODELING WITH ERRATIC DATA. Geophysics 38, 826-844,
doi:10.1190/1.1440378 (1973).

145



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Munevar, S., Wang, Y. L. & Dembo, M. Distinct roles of frontal and rear cell-substrate adhesions in
fibroblast migration. Mol Biol Cell 12, 3947-3954 (2001).

Thievessen, I. et al. Vinculin-actin interaction couples actin retrograde flow to focal adhesions, but
is dispensable for focal adhesion growth. J Cell Biol 202, 163-177, doi:10.1083/jcb.201303129
(2013).

Stricker, J., Sabass, B., Schwarz, U. S. & Gardel, M. L. Optimization of traction force microscopy for
micron-sized focal adhesions. J Phys Condens Matter 22, 194104, doi:10.1088/0953-
8984/22/19/194104 (2010).

Stricker, J., Beckham, Y., Davidson, M. W. & Gardel, M. L. Myosin ll-mediated focal adhesion
maturation is tension insensitive. PLoS One 8, e70652, doi:10.1371/journal.pone.0070652 (2013).

Schafer, C. et al. The key feature for early migratory processes: Dependence of adhesion, actin
bundles, force generation and transmission on filopodia. Cell adhesion & migration 4, 215-225
(2010).

Ji, L. & Danuser, G. Tracking quasi-stationary flow of weak fluorescent signals by adaptive multi-
frame correlation. Journal of microscopy 220, 150-167, doi:10.1111/j.1365-2818.2005.01522.x
(2005).

Gui, L. & Wereley, S. T. A correlation-based continuous window-shift technique to reduce the peak-
locking effect in digital PIV image evaluation. Experiments in Fluids 32, 506-517,
doi:10.1007/s00348-001-0396-1 (2002).

del Alamo, J. C. et al. Three-dimensional quantification of cellular traction forces and
mechanosensing of thin substrata by fourier traction force microscopy. PLoS One 8, e69850,
doi:10.1371/journal.pone.0069850 (2013).

Landau, L. D. & Lifshitz, E. M. Theory of elasticity. 3rd English edn, (Pergamon Press, 1986).

Bruckstein, A. M., Donoho, D. L. & Elad, M. From Sparse Solutions of Systems of Equations to Sparse
Modeling of Signals and Images. SIAM Rev. 51, 34-81, doi:10.1137/060657704 (2009).

Aster, R. C., Thurber, C. H. & Borchers, B. Parameter estimation and inverse problems. (Elsevier
Academic Press, 2005).

Aguet, F., Geissbubhler, S., Marki, ., Lasser, T. & Unser, M. Super-resolution orientation estimation
and localization of fluorescent dipoles using 3-D steerable filters. Optics express 17, 6829-6848
(2009).

Aguet, F., Antonescu, C. N., Mettlen, M., Schmid, S. L. & Danuser, G. Advances in analysis of low
signal-to-noise images link dynamin and AP2 to the functions of an endocytic checkpoint. Dev Cell
26, 279-291, doi:10.1016/j.devcel.2013.06.019 (2013).

Jagaman, K. et al. Robust single-particle tracking in live-cell time-lapse sequences. Nature methods
5, 695-702, doi:10.1038/nmeth.1237 (2008).

Chazotte, B. Mounting live cells onto microscope slides. Cold Spring Harbor protocols 2011, pdb
prot5554, doi:10.1101/pdb.prot5554 (2011).

146



39 Prasad, A. K., Adrian, R. J., Landreth, C. C. & Offutt, P. W. EFFECT OF RESOLUTION ON THE SPEED
AND ACCURACY OF PARTICLE IMAGE VELOCIMETRY INTERROGATION. Experiments in Fluids 13, 105-
116, doi:10.1007/bf00218156 (1992).

147



