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SUMMARY

Cells migrate by applying rearward forces against extracellular media. It is unclear how this is
achieved in amoeboid migration, which lacks adhesions typical of lamellipodia-driven
mesenchymal migration. To address this question, we developed optogenetically controlled models
of lamellipodia-driven and amoeboid migration. On a 2D surface, migration speeds in both modes
were similar. However, when suspended in liquid, only amoeboid cells exhibited rapid migration
accompanied by rearward membrane flow. These cells exhibited increased endocytosis at the back
and membrane trafficking from back to front. Genetic or pharmacological perturbation of this
polarized trafficking inhibited migration. The ratio of cell migration and membrane flow speeds
matched the predicted value from a model where viscous forces tangential to the cell-liquid
interface propel the cell forward. Since this mechanism does not require specific molecular
interactions with the surrounding medium, it can facilitate amoeboid migration observed in diverse
microenvironments during immune function and cancer metastasis.

eTOC paragraph

O’Neill et all use optogenetic control of two distinct migration modes to address the question of
how propelling forces are generated during adhesion-independent cell migration. They show that
rearward plasma membrane flow generates tangential viscous forces at the cell-liquid interface to
drive the cell forward.
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INTRODUCTION

Cell migration is broadly classified as either mesenchymal or amoeboid. The term
“amoeboid” has been used to describe a number of distinct migration modes, including
modes with or without pseudopods (Lammermann and Sixt, 2009). Here we use “amoeboid”
to refer to cell migration that is characterized by fast speeds, high levels of actomyosin
contractility, rounded cell shapes, and little or no adhesion (Paluch, et al., 2016). Amoeboid
migration plays important roles in developmental biology and immune system function
(Lammermann and Germain, 2014; Richardson and Lehmann, 2010). Additionally, tumor
cells can transition between mesenchymal and amoeboid migration modes and thereby
increase cancer invasiveness (Wolf, et al., 2003). Integrin-mediated adhesion had long been
thought to be essential for cell migration, but recent findings have challenged the need for
specific adhesions (Paluch, et al., 2016; Renkawitz, et al., 2009; Lammermann, et al., 2008),
and more generally the requirement for direct interaction with a 2D surface or 3D matrix
(Barry and Bretscher, 2010).

Forty years ago, the physicist EM Purcell outlined several physically feasible ways for single
cells to propel themselves through aqueous solutions (Purcell, 1977). Plausible “swimming”
modes for cells differ fundamentally from those found in macroscopic examples that shape
our intuition, because viscous forces completely dominate under the low Reynolds number
conditions that characterize hydrodynamics at the cellular level (Purcell, 1977). The
Reynolds number is a dimensionless number that quantifies the relative contributions of
inertial and viscous forces that determine fluid dynamics, and it varies by a factor of roughly
100 million between a human swimmer and a single cell (Purcell, 1977). An intriguing
quantitative prediction based on low Reynolds number calculations is that if a cell’s surface
flows in one direction at a constant speed, viscous forces generated tangential to the cell
surface can propel it through liquid in the opposite direction at nearly the same speed
(Leshansky and Kenneth, 2008; Leshansky, et al., 2007). This “surface treadmilling”
mechanism has been proposed to contribute to cell migration (Bretscher, 2014; Barry and
Bretscher, 2010), but it has not been possible to test it directly due to the lack of a model
system where plasma membrane flow can be controlled at will.

Optical methods, including optogenetics and optical control of chemical gradients, provide
rapid, directionally reversible control over dynamic cell behaviors (Collins, et al., 2015;
Karunarathne, et al., 2015). Subcellular optogenetics in particular can help deconstruct
complex cell behaviors such as migration, by targeted activation or inhibition of proteins that
control different aspects of the migratory response. For example, migrating cells exhibit
polarized intracellular signaling with distinct biochemical events localized to the front or
back (Surve, et al., 2016; Krause and Gautreau, 2014). The Rho family GTPases Rac and
Cdc4z2 control leading edge extension, whereas RhoA activity controls actomyosin
contractility at the back (O’Neill, et al., 2016; Yang, et al., 2016; Raftopoulou and Hall,
2004). Since actomyosin contractility is thought to generate forces important for migration
(Paluch, et al., 2016), we reasoned that optogenetic control of RhoA could be used to
generate a model system to study how those forces are leveraged to drive the cell forward.
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Surprisingly, we discovered that optogenetic activation of endogenous RhoA at one side of a
macrophage generates fast and persistent cell migration that closely mimics amoeboid
migration, with the photoactivated side forming the cell rear. Cells in which a GPCR was
optically activated demonstrated distinctly different lamellipodial movement. In combination
with live cell imaging, genetic and pharmacological perturbations, we found that RhoA
drives a cycle of rearward plasma membrane flow coupled to polarized vesicle trafficking.
To examine whether this rearward flow of the plasma membrane can support migration in
the absence of any adhesion, we suspended the cells in a liquid. Under these conditions
adhesion-dependent mechanisms that have been proposed to explain cell migration cannot
operate. We found that optically activated cells suspended in liquid migrated faster than cells
adhered to a surface. In contrast, the lamellipodial mode of migration lacked retrograde
membrane flow and failed to drive cell migration of cells suspended in liquid. The results
support the prediction that tangential viscous forces are sufficient to propel a cell forward in
the absence of any adhesive forces. Amoeboid cells tend to have high levels of RhoA
activity and transitions from mesenchymal to amoeboid migration usually involve increased
RhoA activity (Sanz-Moreno, et al., 2008; Gadea, et al., 2007; Sahai and Marshall, 2003).
This mechanism is thus likely to play a general role in the amoeboid cell migration that is
seen during tumor invasiveness or immune cell function.

Optically driving cell migration from the rear

We performed subcellular optogenetics and live cell imaging using RAW 264.7
macrophages. These cells are capable of chemotaxis (Green, et al., 2009), and their low
basal maotility facilitates the use of optogenetics to test the effects of activating or inhibiting
select proteins on polarity formation, migration initiation, and directional control of
migration (O’Neill, et al., 2016; O’Neill and Gautam, 2014; Karunarathne, et al., 2013).
Importantly, these cells are capable of the transition between mesenchymal and amoeboid
modes of migration (Van Goethem, et al., 2010). To achieve subcellular control over the
activation of endogenous RhoA, we optically triggered membrane recruitment of a Rho-
selective guanine nucleotide exchange factor (GEF) using an engineered light-inducible
dimerization system called iLID (Fig. 1A) (Guntas, et al., 2015). In the iLID system, the
interaction between a protein SspB and its peptide binding target SsrA is rendered light-
dependent by fusing SsrA to the blue light-sensitive LOV2 domain (Guntas, et al., 2015).
Coexpression of a membrane targeted LOV-SsrA fusion (iLID-CaaX) and different GEF
domains fused to SspB has been used previously to optically recruit GEFs for monomeric G
proteins Cdc42 and Rac to the plasma membrane to trigger G protein activation (O’Neill, et
al., 2016; Guntas, et al., 2015). Here we used light-inducible membrane recruitment of the
DHPH domain of LARG, a Rho selective GEF, to achieve activation of RhoA. LARG
activates RhoA significantly more than RhoB or RhoC and not other Rho family proteins
such as Cdc42 or Rac (Jaiswal, et al., 2013). Of the three Rho isoforms, RNAseq data from
our lab indicates that RhoA is the most highly expressed in RAW 264.7 cells (Table S1).
Similar optogenetic approaches have recently been used to examine the role for RhoA
signaling in cytokinesis and tissue deformation (Wagner and Glotzer, 2016) (Valon, et al.,
2017).
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To determine the response to subcellular RhoA activation, we plated cells on a 2D glass
surface following transfection with LARG-mCh-SspB, iLID-CaaX, and a RhoA sensor
called Venus-rGBD (Fig. 1B). Photoactivation of one side of the cell with blue light resulted
in recruitment of LARG-mCh-SspB from the cytosol to the plasma membrane within the
photoactivated region. RhoA activation in the same region was detected by membrane
translocation of Venus-rGBD, which contains the RhoA-GTP binding domain of rhotekin
(Benink and Bement, 2005). Thus optically triggered membrane recruitment of LARG was
sufficient to generate localized activation of RhoA.

Remarkably, optical RhoA activation at one side of the cell generated persistent migration in
the opposite direction (Fig. 1B; Movie 1). The dynamic changes at cellular and molecular
levels are better visualized in the movie here and in the movies accompanying all of the
figures below. The corresponding kymograph shows that the migration direction rapidly
reversed upon switching the side of optical activation (Fig. 1C). Identical photoactivation
conditions did not produce cell migration in cells expressing comparable levels of mCherry-
SspB lacking the Rho-GEF domain (Movie 1). RhoA is commonly thought to be important
for retraction of the cell rear following extension of the leading edge (Worthylake, et al.,
2001), or for preventing the formation of multiple leading edges (Worthylake and Burridge,
2003), so it was surprising to discover that targeted activation of RhoA can initiate, direct,
sustain, and reverse cell migration.

Cell migration independent of leading edge signaling

Optical control of cell migration has previously only been achieved by controlling leading
edge signaling. This includes optical control of a constitutively active Rac mutant (Wu, et
al., 2009), and previous studies in our lab using optical control of endogenous signaling
proteins including heterotrimeric G protein subunits, Cdc42, and Rac (O’Neill, et al., 2016;
O’Neill and Gautam, 2014; Karunarathne, et al., 2013). All of these approaches lead to the
activation of canonical leading edge signaling including Rac activation, actin polymerization
and lamellipodia formation, and drive cell migration on 2D substrates in the direction of
optical activation. Since optical RhoA activation drives cell migration from the rear, we
asked if it activates these same signaling events from across the cell, or if it triggers a
distinct mode of migration.

First, we tested if Rac inhibition altered RhoA-driven migration. The small molecule NSC
23766 inhibits Rac1 and Rac2 (Yao, et al., 2011), and our RNAseq data indicate that RAW
cells express Racl and Rac2, but not Rac3 (Table S1). Treatment with 100 uM NSC clearly
inhibited Rac activity measured downstream of the chemoattractant receptor CXCR4 upon
stimulation with SDF-1a. (Fig. 2A), but the same treatment did not inhibit RhoA-driven
migration (Fig. 2B). These results showed that RhoA drives migration from the cell rear
through a Rac-independent mechanism.

We then compared RhoA-driven migration to GPCR-driven migration for cells on a 2D glass
surface. We used lamprey parapinopsin as the light-activated GPCR (Koyanagi, et al., 2004).
Previously we have used human blue opsin to optically drive cell migration (Karunarathne,
etal., 2013). Similar to blue opsin, parapinopsin also activates heterotrimeric Gi proteins,
but it has the additional advantage of being a bistable opsin. Both receptors bind 11-cis
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retinal, and photoactivation with blue light converts the chromophore to all-trans retinal,
resulting in receptor activation. Whereas blue opsin rapidly releases all-trans retinal and
requires a new 11-cis retinal molecule to bind before it can be reactivated by subsequent
photostimulation, parapinopsin remains bound to all-trans retinal and can convert it back to
11-cis in response to green/yellow light (Koyanagi, et al., 2004). In cell migration
experiments where the receptor must remain activated for long periods of time, this feature
of parapinopsin helps overcome the deleterious effects of exhausting the supply of 11-cis
retinal in solution.

As expected for polarized GPCR signaling, subcellular parapinopsin activation generated
actin polymerization and pronounced lamellipodia at the front of the cell (Fig. 2C; Movie 2).
In contrast, optical RhoA activation caused an increase in filamentous actin at the cell rear,
and failed to generate lamellipodia at the leading edge (Fig. 2D; Movie 2). Despite the
striking differences in actin polarization and cell morphology, these distinct migration modes
generated very similar cell translocation speeds when adhered to a surface (Fig. 2E).

Blebbing has been reported as an alternative mechanism for leading edge extension in the
absence of lamellipodia (Charras and Paluch, 2008). During RhoA-driven migration, we
found that some cells generated blebs at the leading edge (Movie 1). However, blebbing was
not essential for RhoA-driven migration, as other cells exhibited efficient migration without
blebbing (Movie 2).

These results show that RhoA signaling at the cell rear can drive the cell forward
independent of leading edge protrusion. Consistent with our findings, leukocytes that cannot
generate lamellipodia because they lack the Rac effector WAVE actually migrate faster than
wild-type cells (Leithner, et al., 2016). Similarly, Walker carcinoma cells increase their
migration speed upon pharmacological inhibition of lamellipodia formation (Keller, et al.,
2002), and rounded breast cancer cells can migrate through 3D matrices independent of
lamellipodia extension or blebbing (Poincloux, et al., 2011). Altogether, these findings
suggest that optical RhoA activation provides a useful approach to study how diverse cell
types can migrate using a mechanism that does not involve leading edge extension.

Rearward membrane flow and uropod formation

How can a cell propel itself forward without extending the leading edge? The fundamental
physical requirement is simply that the cell must exert rearward-directed forces on some
extracellular medium, whether it is a 2D surface, 3D matrix, or the surrounding liquid. One
way this can be achieved is if the surface of the cell flows backward and pushes against an
extracellular surface or liquid.

To test for rearward plasma membrane flow during RhoA-driven migration, we imaged
fluorescent beads bound to the outer surface of the plasma membrane. The beads moved
along the cell surface to the back of the cell, and moved again to the new cell rear when the
migration direction was optically reversed (Fig. 3A, Movie 3). We also imaged the following
genetically encoded constructs containing different plasma membrane targeting motifs (Fig.
3B, Fig. S1A): (1) Venus-KRasCT, which combines a covalently attached farnesyl lipid with
proximal positively charged residues to localize to the intracellular surface of the plasma
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membrane (Fig. 3B), (2) Venus-PH-PLCS, which binds to P1(4,5)P2 in the plasma
membrane (Fig. S1B), (3) YFP-GL containing a consensus N-glycosylation (GL) site fused
to a GPI-attachment signal to attach to the exterior leaflet of the plasma membrane (Fig.
S1A, top panel), (4) B2AR, a GPCR, which is a transmembrane protein (Fig. SLA, middle
panel), and (5) B1 integrin, also a transmembrane protein (Fig. S1A, bottom panel). All of
these plasma membrane markers rapidly accumulated at the back of the cell upon optical
RhoA activation. We analyzed the intensity change in the front and back half of the cell for
Venus-KRasCT and found that the increased intensity at the back was accompanied by an
intensity decrease at the front (Fig. 3C). Together these results suggest that the entire plasma
membrane flows towards the back of the cell during RhoA-driven migration.

Upon optical RhoA activation, the plasma membrane markers typically condensed into a
uropod-like structure. Consistent with uropods in immune cells migrating in a
chemoattractant gradient, the RhoA-generated uropods were enriched in myosin, ezrin,
moesin, B1-integrin, and P1(4,5)P2 (Figs. 5A, Fig. S1A, B, Movie 4) (Martinelli, et al.,
2013; Lokuta, et al., 2007). Once a pronounced uropod had formed, switching the side of
optical RhoA activation most often caused the existing uropod to swing around to the other
side of the cell (Movie 4). Interestingly, the migration direction reversed immediately upon
switching the side of photoactivation, before the established uropod had repositioned to the
new cell rear (Movie 4). Our results suggest that RhoA-mediated retrograde membrane flow
helps to drive uropod formation, and that once formed the uropod passively flows along with
the membrane toward the region of highest RhoA activity. It is not the location of the uropod
at a given instant, but rather the location of RhoA activity and direction of membrane flow
that determines the migration direction.

Coupling of membrane flow to polarized vesicle trafficking

If the plasma membrane continually flows toward the back of the cell, then how does the cell
maintain its size and shape? This could be achieved through a polarized endocytic cycle that
traffics lipids from the back to the front of the cell. We combined live cell imaging with
pharmacological and genetic perturbations to determine if intracellular membrane trafficking
is polarized and if it plays a role in RhoA-driven migration.

We started by simultaneously imaging fluorescent clathrin and a Golgi marker during RhoA-
driven migration (Fig. 4A, Movie 5). Clathrin is a key molecular component of the endocytic
machinery, and its spatial distribution has been used to identify polarized endocytosis
(Kirchhausen, 2009). Vesicle trafficking from the trans-Golgi apparatus to the plasma
membrane is a major mechanism for delivering lipids to the cell surface, and this process
can be enhanced in cellular regions where the Golgi is closer to the plasma membrane. Prior
to photoactivation, mCherry-clathrin appeared as fluorescent puncta present uniformly
throughout the cell. Following photoactivation at one side of the cell, clathrin polarized
toward the side of RhoA activation (12 of 13 cells). In contrast, the trans-Golgi marker YFP-
GalT (galactosyltransferase) moved forward in the cell until it was just behind the leading
edge (45 of 58 cells) (Fig. 4A, Fig. S2B, Movie 5). Upon optical reversal of the migration
direction, clathrin and the trans-Golgi rapidly switched sides, thereby maintaining clathrin at
the new back and the trans-Golgi at the new front. Thus both markers dynamically
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positioned themselves in a manner consistent with the direction of polarized membrane
trafficking that is required to maintain the rearward plasma membrane flow. Furthermore,
the small molecule brefeldin-A, which inhibits Golgi to plasma membrane transport (Miller,
et al., 1992), inhibited the migration (Fig. 4B, Fig. S3, Movie 6). The partial inhibition
suggested that trafficking pathways independent of the Golgi were also involved in
supporting this form of migration.

To more directly demonstrate that endocytosis is polarized we used dye-labeled transferrin, a
commonly used model endocytic cargo (Fig. 4C, Movie 5). Optical RhoA activation was
applied to initiate migration, then fluorescent transferrin was added and imaged as it
internalized into the migrating cell. Shortly after addition, internalized transferrin was
strongly polarized to the cell rear. The kymographs of individual migrating cells show that
over time some of the internalized transferrin moved away from the cell rear suggesting that
endocytosed vesicles can traffic from the back to the front of the cell (Fig. 4C).

We then examined whether polarized endocytosis during migration is a direct result of RhoA
activation, or a result of the consequent rearward membrane flow. The distinct properties of
caveolin, a reporter for non-clathrin mediated endocytosis (Le Roy and Wrana, 2005),
facilitated these experiments. mApple-caveolin is predominantly bound to the plasma
membrane in the basal state of the cell. When caveolin is endocytosed there is a detectable
decrease in mApple-caveolin in the plasma membrane apart from the intracellular increase,
so both plasma membrane intensity and intracellular fluorescence serve as reporters of
endocytosis. We first globally activated RhoA in mApple-caveolin expressing cells and
examined endocytosis. There was no detectable increase in caveolin internalization or
plasma membrane reduction (Fig. 4F (bottom panel), Movie 7). This showed that RhoA
activation by itself does not lead to increased caveolin-reported endocytosis. In contrast,
subsequently initiating migration in the same cell by localized activation of RhoA triggered
a caveolin fluorescence intensity decrease at the plasma membrane and increase in
endocytosis at the back of the cell (Fig. 4F (top panel), Movie 7). This served as an internal
control to verify that the optogenetic RhoA activation system was working in these cells.

These results indicate that polarized endocytosis is a result of retrograde plasma membrane
flow. Rearward membrane flow is expected to lead to a decrease in membrane tension at the
cell rear. A decrease in membrane tension is known to stimulate endocytosis (Echarri and
Del Pozo, 2015). The increase in endocytosis restricted to the back of the migrating cells is
thus consistent with expectations. In our model, endocytosis at the rear is not essential for
plasma membrane flow. It is, however, essential for migration, because rearward plasma
membrane flow has to be supported by internal trafficking in the opposite direction to
conserve cell size and maintain migration.

We then performed FRAP based experiments to examine whether directional trafficking of
the endocytosed membranes at the back of the cell occurred during RhoA driven migration.
To follow any potential movement of the endocytosed membranes across the cell during the
progress of migration we photobleached one half of each cell expressing mApple-caveolin
and then induced RhoA-driven migration. Over a period of time as the cell migrated,
caveolin-labeled membranes moved consistently towards the bleached front part of the cell
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and were localized close to the plasma membrane (Fig. 4E, Movie 7). In a control
experiment where mApple-caveolin in half the cell was bleached without any subsequent
localized photoactivation of RhoA, there was no detectable increase in intracellular
membranes containing mApple-caveolin (Fig. 41, Movie 7). This confirmed that endocytosis
and trafficking require the migratory response to be initiated. These results suggest that
membranes that accumulate at the back of the cell through endocytosis, traffic towards the
front during migration, consistent with the existence of an exocytic pathway to the plasma
membrane at the cell front.

We then tested if the polarized membrane trafficking described above is functionally
important for RhoA-driven migration. Cells use both clathrin-dependent and independent
pathways for endocytosis, so we inhibited endocytosis using a cocktail of small molecule
inhibitors, including a clathrin inhibitor (pitstop2), a dynamin inhibitor (dynasore), and an
inhibitor of the Arf6 GEF cytohesin (secinH3). This cocktail significantly inhibited
endocytosis measured by fluorescent transferrin internalization in unpolarized cells (Fig.
S2A). Consistent with a role for the polarized endocytosis in driving migration, the cocktail
significantly inhibited cell migration (Fig. 4D, Fig. S3, Movie 6).

We also tested the effect of inhibiting exocytosis and endosomal recycling on RhoA-driven
migration. We used endosidin-2, an inhibitor of the Exo70 subunit of the exocyst complex
that has been shown to inhibit exocytosis and endosomal recycling in plant and human cells
(Zhang, et al., 2016). Treatment with endosidin-2 significantly inhibited RhoA-driven
migration relative to control cells (Fig. 4G, Fig. S3, Movie 6). Coexpression of dominant
negative mutants of Rab4 and Rab11, two proteins involved in endosomal recycling, also
inhibited the migration (Fig. 4H, Fig. S3, Movie 6). Altogether these results show that RhoA
activity at the cell rear polarizes intracellular membrane trafficking and this is essential for
its ability to drive cell migration. Interestingly, endocytosis has also been reported to
polarize to the cell rear in T lymphocytes, and the polarization was prevented by inhibition
of RhoA or ROCK (Samaniego, et al., 2007). Our results suggest that RhoA can play a
general role in generating polarized membrane trafficking in migrating cells.

Cortex-membrane interactions in membrane flow generation

How does polarized RhoA signaling generate directional membrane flow? We thought that
RhoA might leverage forces generated by myosin motor proteins to orchestrate the
membrane flow, because it is well known to control actomyosin contractility through myosin
phosphorylation. RhoA activity could localize myosin activity to the cell rear, causing it to
pull the actin cortex backward. Direct interactions between the cortex and plasma membrane
could then generate the rearward membrane flow. Amoeboid migration has been shown to be
based on retrograde cortical flow (Liu, et al., 2015; Ruprecht, et al., 2015).

Consistent with this hypothesis, myosin 1A polarized to the back of the cell during RhoA-
driven migration (Fig. 5A), and filamentous actin increased at the cell rear (Fig. 2D). To test
whether polarized myosin activity is important for RhoA-driven migration, we examined the
effect of inhibiting ROCK, a Rho-associated kinase that controls myosin phosphorylation.
The small molecule ROCK inhibitor Y-27632 prevented myosin polarization and inhibited
the migration (Fig. 5A, B). Thus RhoA'’s control over localized myosin activity is essential

Dev Cell. Author manuscript; available in PMC 2019 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Neill et al.

Page 9

for its ability to generate migration. Ezrin-radixin-moesin (ERM) family proteins are known
to act as links between the cortex and plasma membrane by simultaneously binding to both
cortical actin and P1(4,5)P2 lipids in the plasma membrane (Roubinet, et al., 2012). All
three, ezrin, moesin, and PIP2 accumulated at the cell rear during RhoA-driven migration, as
would be expected for coupled cortical-membrane flow (Fig. 5A, Fig. S1B, Movie 4).

Membrane flow as an adhesion independent mechanism for cell migration

Unlike other migration mechanisms that require direct surface contacts, retrograde
membrane flow is predicted to be capable of driving cell migration using forces generated at
the interface between the cell and the surrounding liquid (Purcell, 1977). We therefore tested
if optical RhoA activation could generate directional migration of cells suspended in liquid
(Fig. 6). To prevent sedimentation and adhesion of the cells to the surface, we suspended
them in an iso-dense medium containing 23% Ficoll. The appropriate concentration of Ficoll
was determined empirically.

We used a Ficoll solution because it has Newtonian properties and has been widely used as a
solution of molecules for a long time (Martinez, et al., 2014; Barry and Bretscher, 2010;
Berg and Turner, 1979). There is extensive evidence that even at high concentrations,
molecules diffuse at ~10~'cm?/s in a Ficoll solution (Lavrenko, 1986). The viscosity of
these solutions increases monotonically with concentration (Busch, 2000). At concentrations
used here, Ficoll molecules are globular, not linear — they are thus incapable of forming a
lattice (Bohrer, 1984). Finally consistent with the properties of a liquid, the macrophage
cells in our experiments sink in Ficoll solutions even very slightly below the concentration
that we found to be iso-dense.

For optically driven migration studies we selected cells that were at least 50 pm above the
glass surface. Side-views of z-stack images provide further verification that the cells imaged
in Ficoll were free in suspension, because the suspended cells had fully round cross-sections
whereas cells adhered to the glass surface were flat on the bottom like hemispheres (Fig.
6A).

Remarkably, optical RhoA activation in suspended cells generated persistent, directional cell
migration (Fig. 6B, Movie 8). The migration was similar to that of RhoA-driven migration
on a 2D surface at both the cellular and molecular levels. The cells formed uropods and
migrated without lamellipodia. Accumulation of the plasma membrane marker KRasCT at
the cell rear and retrograde movement of beads bound to the cell surface demonstrated
rearward membrane flow (Fig. 6C, Fig. S4). Myosin and filamentous actin polarized toward
the cell rear, as did clathrin (Fig. 6B, D, E). On average, RhoA-driven migration was
approximately 30% faster in suspension than in 2D (Fig. 6G, 2E). These results showed that
when freed from the constraints of adhesion to a surface the cells actually moved faster.
Overall these results show that the mechanism behind RhoA-driven migration does not
require any direct contact with a solid surface, consistent with a surface treadmilling
mechanism.

To further test the contribution of retrograde membrane flow, we asked if a different mode of
optically driven cell migration that does not generate membrane flow could also drive
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migration of suspended cells. We tested optical activation of GPCR signaling using
parapinopsin in suspended cells. Above we showed that optical GPCR activation generated
migration speeds comparable to optical RhoA activation for cells on a 2D glass surface (Fig.
2, Movie 2). In contrast to optical RhoA activation, optical GPCR activation failed to drive
migration of suspended cells despite producing strongly polarized lamellipodia (Fig. 6B,
Fig. 6G, Movie 8). It also failed to generate rearward plasma membrane flow (Fig. 6C).
These results show that whereas migration modes based on lamellipodia or membrane flow
can both drive migration in 2D, only retrograde membrane flow can generate forces required
to propel suspended cells forward through liquid.

To further test the link between cortical flow, plasma membrane flow, and migration, we
examined the effect of ROCK enzyme inhibition on plasma membrane flow and migration in
suspended cells. We found that ROCK inhibition abrogated both RhoA directed cell
migration and integrin-bound bead movement in suspended cells (Fig. 6F). In contrast, in
control cells both cellular and bead movement were elicited. This result is consistent with a
role for membrane flow in driving the migration of suspended cells. It is also consistent with
our model where the flow of the actin cortex drives the plasma membrane flow.

Sufficiency of viscous forces for cell propulsion

Since RhoA activation generates plasma membrane flow, we asked if the membrane flow is
fast enough to account for the observed cell translocation speeds through surface
treadmilling alone. To put this question into context, first consider an object moving by
surface treadmilling in contact with a solid substrate. This could be for example a tank
moving along the ground. The rearward speed of the tank track relative to the tank is
referred to as the “treading speed”. As long as the tank track does not slip along the ground,
the track must have zero velocity with respect to the ground while in contact with it. This
condition can only be achieved if the forward speed of the tank relative to the ground equals
the treading speed. The treading speed gives an upper bound on the tank’s forward speed,
because any slipping of the track on the ground will reduce the tank’s speed. The same
upper bound holds for a cell moving on a 2D surface, regardless of whether it is driven by
retrograde actin flow coupled through integrins to the surface or by plasma membrane flow
coupled to the surface through non-specific friction.

For an object moving through liquid, the relationship between the treading speed and the
forward translocation speed is less intuitive and strongly depends on the Reynolds number.
Because our intuition of swimming mechanisms is largely influenced by macroscopic
examples governed by high Reynolds number hydrodynamics, it may be tempting to assume
that surface treadmilling would be very inefficient in liquid, and that cell protrusions
resembling paddles would be needed for propulsion. However, fluid dynamics calculations
performed at low Reynolds number previously revealed that for a spherical cell with no
shape changes, surface treadmilling generates forward translocation at a speed equal to 67%
of the treading speed (Leshansky, et al., 2007). To arrive at this result, the authors derived a
general formula for the propulsion speed of ellipsoidal objects moving by surface
treadmilling within an incompressible fluid characterized by low Reynolds number. Their
derivation assumes the so-called “no-slip boundary condition”, meaning that the surface of
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the object and the liquid touching the object move at the same speed. Measurements on lipid
bilayers using a dynamic force apparatus showed that aqueous fluid flow over lipid bilayers
satisfies the no-slip boundary condition (Cross, 2006), indicating that it is a reasonable
assumption when considering the fluid dynamics of cells suspended in liquid. For an

ellipsoid with zero elongation, i.e. a sphere, their formula simplifies to U = %us, where Uis

the propulsion speed and g is the surface treadmilling speed. This analytical result suggests

that the dominance of viscous forces at the cellular scale makes surface treadmilling a viable
mechanism for self-propulsion through liquid. It should be emphasized that this relationship

between surface treading and forward translocation speeds is independent of viscosity within
the low Reynolds number regime (Leshansky, et al., 2007). Thus the change in viscosity due
to the addition of Ficoll to the cell culture medium has little impact on this mechanism.

We sought to determine if the relationship between the forward cell translocation speed and
the rearward membrane flow speed during RhoA-driven migration agrees with the above
prediction. Minor deviations from the predicted value can be expected, given that the
theoretical ratio of 0.67 was derived assuming constant, uniform directional membrane flow
over the surface of a perfect sphere, whereas the details of the membrane flow will be more
complex for real cells. On the other hand, if the cell speed were orders of magnitude faster
than expected from the above theoretical results, it would strongly suggest that a different
mechanism must contribute to the migration.

To quantify the ratio of cell translocation to membrane flow speeds, we measured the cell
translocation speeds and the movement of membrane bound fluorescent beads upon
optogenetic RhoA activation in suspended cells (Fig. 7). As detailed in the methods section,
here the speed was measured only during periods when the cell speed and bead movement
could be stringently analyzed. This is in contrast to other data shown above, where cell
migration speeds were averaged over large numbers of cells and comparably longer time
periods. This explains why Fig. 7 includes cells travelling at speeds up to nearly 5 um/min,
whereas the average cell speed in Ficoll was 1.3 pm/min. The measured ratio of bead to cell
speed at 0.70 agrees well with the predicted value of 0.67. This suggests that viscous forces
generated by the liquid in response to the retrograde membrane flow are in principle
sufficient to generate cell migration at speeds observed here.

Cell shape changes might also contribute to the adhesion-independent migration. For
example, small protrusions can be seen moving rearward during RhoA driven migration of
suspended cells (Movie 8). Such protrusions have been proposed to explain migration of
Dictyostelium cells in suspension, although membrane flow was not examined in that
context (Bae and Bodenschatz, 2010). Potential contributions from cell shape changes
cannot be ruled out here due to the lack of an experimental perturbation that can prevent cell
shape changes while leaving membrane flow intact. Nonetheless, the quantitative results in
Fig. 7 suggest that membrane flow is sufficient to support amoeboid migration.

DISCUSSION

Several decades have passed since the physicist EM Purcell reasoned that it was physically
plausible that cells or microorganisms could propel themselves through liquid using
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tangential movement of their surface without shape changes (Purcell, 1977). His “toroidal
swimmer” example has inspired models of cell migration based on “surface treadmilling”,
where retrograde plasma membrane flow over the entire cell surface is coupled to polarized
endocytic trafficking (Bretscher, 2014; Bretscher, 1996; Bretscher, 1984). However, a direct
demonstration of this mechanism has been lacking. Various examples of membrane flow or
polarized membrane trafficking have been reported (Fletcher and Rappoport, 2010;
Samaniego, et al., 2007; Bretscher and Aguado-Velasco, 1998; Bretscher, 1984), but it has
been difficult to experimentally examine their contributions to migration directly.

To test if membrane flow can drive cell migration, we developed an optogenetic system that
provides dynamic control over cell migration and plasma membrane flow. We also
developed the ability to direct stereotypical migratory responses in cells suspended in a
liquid. This is essential to determine the potential role of viscous forces at the cell-liquid
interface in the absence of any contributions from direct molecular links between the actin
cortex and a solid substrate through intermediate molecules. In this context it is important to
emphasize that models that require adhesion such as a “transmembrane clutch” mechanism,
while providing an explanation for migration under substrate attached conditions, are not
applicable under conditions where a cell is suspended in a liquid.

We found that optical activation of RhoA induced migration with all the characteristics of
amoeboid migration. The migration was accompanied by collective rearward flow of lipids
and proteins comprising the plasma membrane. In independent experiments we used well
established reporters that bind to (a) the lipid PIP2, (b) phospholipids at the inner leaflet of
the plasma membrane or (c) lipids on the outer leaflet of the plasma membrane. Each of
these reporters demonstrated retrograde flow during amoeboid cell migration demonstrating
that lipids on the plasma membrane flow backwards when a cell moves forward. We also
used integrin-functionalized beads and fluorescent protein tagged transmembrane receptors
to observe the rearward flow of proteins on the plasma membrane. The results showed
consistent retrograde movement of the proteins during migration. Optogenetic control
provides the ability to almost instantaneously switch the location of optical activation and
introduce rapid directional changes to the migratory trajectory. The flow of both lipids and
proteins was highly correlated with the direction of migration. Reversal of migration induced
reversal of plasma membrane flow. Membrane flow during amoeboid migration has been
directly confirmed very recently using a complementary technique involving photobleaching
of fluorescent lipids (Tanaka, et al., 2017).

Three main results support a model where viscous forces generated at the cell-liquid
interface by rearward plasma membrane flow drive an adhesion-independent mode of
amoeboid cell migration. First, RhoA activation was able to generate directed migration for
cells suspended in liquid, and the migration speeds achieved were significantly faster than
those of cells on a 2D surface. The forces that propel the cell forward in a liquid when in
suspension must be independent of adhesions or any type of solid substrate interaction.

Second, an alternative migration mode lacking rearward membrane flow is incapable of
propelling cells suspended in liquid. This alternative mode, triggered by optical GPCR
activation, generated polarized lamellipodia formation but no detectable retrograde
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membrane flow. It was able to drive cell migration on 2D glass substrates at speeds
comparable to RhoA activation, but failed to propel cells suspended in a liquid. This clear
difference suggests that the retrograde membrane flow is essential for RhoA’s ability to
generate substrate-independent directional migration.

Third, low Reynolds number hydrodynamic calculations reveal that retrograde surface
movement in a sphere can support forward translocation of that body at a speed that is 67%
of the surface flow speed (Leshansky, et al., 2007). The quantitative relationship between the
plasma membrane flow speed and the cell translocation speed that we determined here
experimentally is in strikingly close agreement with this prediction. This agreement
indicates that viscous forces generated by the surrounding liquid in response to the rearward
membrane flow are sufficient to produce the observed migration speeds.

Despite the plasma membrane flowing backwards during migration, the size and shape of
the cells are conserved consistent with recent results where Dictyostelium cell size is
similarly conserved (Tanaka, et al., 2017). This suggested that internal trafficking plays a
role in maintaining membrane homeostasis. The polarization of markers for endosomes and
active endocytosis from back to front as well as the movement of a trans Golgi marker to the
cell front during migration support the prediction that directional intracellular vesicle
trafficking supports the plasma membrane flow. Furthermore, inhibition of motility by
pharmacological and genetic perturbations of endocytosis and exocytosis provide additional
support for polarized trafficking underlying amoeboid migration in the absence of adhesion.

It is worth noting that a net flux of membrane to the front of the cell could even be achieved
if polarized endocytosis at the rear were accompanied by spatially uniform exocytosis.
Either way, this directional trafficking would balance the rearward flow of the plasma
membrane. However, our results do suggest that trafficking is directional from back to the
front of the cell. Our results also suggest that the increased endocytosis that occurs at the
back during RhoA directed migration is likely due to the lowered tension that arises when
the plasma membrane flows backwards.

Overall, our results suggest that RhoA stimulated actomyosin contractility at the back
generates retrograde plasma membrane flow through the coupling of the plasma membrane
to the flow of the actin cortex. Retrograde actin flows are widely observed in amoeboid
migration (Liu, et al., 2015; Maiuri, et al., 2015), and faster actin flow is correlated with
increased directional persistence and faster migration speeds (Maiuri, et al., 2015).
Inhibiting the ROCK enzyme results in inhibition of both cell migration and movement of
beads attached to the cell surface. Since ROCK is activated by RhoA and mediates a
pathway involved in myosin contraction and resultant actin cortical flow, this result suggests
that RhoA directed migration is governed by myosin induced actin flow. Although many
examples of adhesion-independent migration are known, their mechanistic basis has
remained unclear (Bergert, et al., 2015; Renkawitz and Sixt, 2010; Lammermann, et al.,
2008). Our results highlight how coupling actin flow to surface membrane flow provides
cells with a means of adhesion-independent migration that does not sacrifice migration
speed. Given the extensive coupling of the actomyosin cortex with the plasma membrane in
various cell types (Kapus and Janmey, 2013), this is likely to be a widely used mechanism.
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Interestingly, low Reynolds number hydrodynamics calculations show that propulsion by
surface treadmilling is much more energetically efficient than other modes of swimming,
such as those involving rotating flagella, because it minimizes momentum transfer to the
surrounding liquid resulting in reduced viscous dissipation (Leshansky, et al., 2007).
Furthermore, the cell recruits native trafficking without expending energy in synthesizing
components for flagella or cilia. This suggests that the amoeboid migratory mode, which is
used by immune cells and tumor cells with invasive capabilities, is highly efficient (Liu, et
al., 2015). While membrane flow may be sufficient to drive adhesion-independent migration
on its own, it can also act synergistically with mechanisms that depend on cell shape
changes, such as intercalation of cellular protrusions into gaps in the extracellular matrix that
allows the cell to push off matrix fibers (Paluch, et al., 2016), to direct non-adhesive
amoeboid migration in 3D matrices.

STAR METHODS

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, N Gautam (ngautam@wustl.edu).

Experimental Model and Subject Details

RAW 264.7 is a macrophage cell line that was established from an ascites of a tumour
induced in a male mouse by intraperitoneal injection of Abselon Leukaemia Virus (Raschke,
etal., 1978).

Method Details

DNA Constructs—The following constructs were obtained from Addgene: mVenus-
myosinllA (#56389, Michael Davidson), GFP-rGBD (#26732, William Bement), mCherry-
ezrin (#55043, Michael Davidson), mCherry-moesin (#55103, Michael Davidson), Venus-
iLID-CaaX (#60411, Brian Kuhlman), mRFP-FKBP12-5ptpase (#67516, Tamas Balla),
MRFP-FKBP12 (#67514, Tamas Balla), EYFP-Clathrin-19 (#56584, Michael Davidson),
mCherry-Lifeact-7 (#54491, Michael Davidson), mApple-caveolin (#54872, Michael
Davidson), pUASP-YFP-Rab4 (#37690, Matthew Scott), pUASP-YFP-Rab4DN (#37691,
Matthew Scott).

The Rac biosensor is a modified version of a previously published biosensor (Moshfegh, et
al., 2014) and was kindly provided by Louis Hodgson (Albert Einstein College of Medicine
of Yeshiva University, New York City, NY). Lck-FRB-ECFP was kindly provided by
Carsten Schultz (EMBL Heidelberg, Germany). Parapinopsin was kindly provided by
Akihisa Terakita (Osaka City University, Japan). B2AR-YFP was kindly provided by
Michael Bruchas (Washington University in St. Louis, USA). YFP-Rab11 and GFP-
Rab11DN were kindly provided by Jennifer Stow (University of Queensland, Australia).

The cDNA clone for CXCR4 was obtained from the cDNA Resource Center
(www.cdna.org). iLID-CaaX was previously described (O’Neill, et al., 2016). The DHPH
domain of LARG was kindly provided by Reza Ahmadian (Universitét Diisseldorf),
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Germany). LARG-mCh-SspB-R73Q was made by ligating a PCR fragment containing the
DHPH domain of LARG (Kpnl and BamH1) with an mCherry-SspB-R73Q fragment
(BamH1 and Xbal) into pcDNA3.1 (Kpnl and Xbal). LARG-mTurg-SspB-R73Q was made
by replacing the mCherry in LARG-mCh-SspB-R73Q with mTurquoise (synthesized as a
Gblock by IDT) flanked by BspE1 at both 5” and 3’ ends. Venus-rGBD was made by
ligating Venus (Hindll1-Kpnl), rtGBD(Kpnl-EcoR1) and pcDNA3.1 (HindlI1-EcoR1).
Venus-KRasCT and mCh-KRasCT were synthesized as Gblocks (Hindlll-Xbal) and cut and
ligated with pcDNA3.1 (Hindlll-Xbal). PCR fragments of YFP Rab 4/Rab4DN (Nhel-Notl)
were transferred from the original Addgene constructs (#37690 and #37691) into
pcDNA3.1(Nhel-Notl).

Cell culture—RAW 264.7 cells were obtained from the Washington University Tissue
Culture Support Center and ATCC (Manassas, VA). Cells were cultured in high-glucose
DMEM (D6429; Sigma Aldrich) supplemented with 10% dialyzed fetal bovine serum
(Atlanta Biologicals), and 1% penicillin-streptomycin at 37°C in a humidified atmosphere of
5% CO2. RAW cells ranging from passage 4 to 16 were used for experiments.

Transfection—RAW cells were transfected by electroporation in Amaxa Nucleofector
Solution V using the T-020 setting on an Amaxa Nucleofector 2b device. Each
electroporation was performed on 2-3 million cells in 100 pl of Nucleofector solution,
followed immediately be addition of 500 ul of warm culture medium. For experiments
performed on glass, the electroporated cells were incubated in suspension at 37°C and 5%
CO2 for ten minutes, then plated in glass bottom dishes at 50-100 pl per dish. The dishes
were kept at 37°C and 5% CO2 for 1 h to allow cells to adhere to the surface, followed by
addition of 2 ml of warmed culture medium. Imaging was performed 4-10 h after
electroporation.

For experiments performed in Ficoll, cells were plated in a T25 flask immediately after
electroporation and media was exchanged for fresh RAW media after 1 h. Prior to imaging,
cells were incubated with EDTA (17-711E; Lonza) for 10 min to detach them from the flask,
spun for 90 s at 1173 rpm, and resuspended in 100 pL of media containing 23% Ficoll400
(F8016; Sigma Aldrich). A 4x5 mm glass cylinder (7030304; Bioptechs) was fixed to a glass
bottom dish using silicon grease and 25 L of cell suspension in 23% Ficoll was pipetted
into the cylinder. The following layers were added on top to create a Ficoll gradient: 20 pl
10% Ficoll, 20 pl 5% Ficoll, and 20 ul mineral oil to prevent evaporation. This protocol was
adapted from previously published work (Barry and Bretscher, 2010). Imaging was
performed 4-10 h after electroporation.

Chemicals—Stock solutions of Y-27632, NSC 23766, and SDF-1a were prepared in H,O.
Stock solutions of secinH3, dynasore, pitstop2, and brefeldin A were prepared in DMSO.
The reagents were kept at —20°C until use. Dilutions were made in warm Hank’s Balanced
Salt Solution (HBSS) containing 1 mg/l of glucose. Stock solution of 9-cis-retinal was
prepared in ethanol and kept at —80°C until use. Dilutions were made in HBSS with 1 mg/I
of glucose. All retinal preparation was performed with minimum light exposure. Cells were
incubated with 10 uM of retinal for at least 20 min prior to imaging.
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Beads—Carboxyl-functionalized beads with an average diameter of 1.31 um containing the
fluorophore Nile Red (FCM-1056-2, Spherotech) were conjugated to the integrin-binding
peptide GRGDS (G4391; Sigma Aldrich) by incubating 30 pl of 1% w/v bead solution for 4
h with 50 pg/ml GRGDS in phosphate buffered saline (PBS) containing 5 mg/ml of the
carboxyl-activating agent N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC) (E7750; Sigma Aldrich). The solution was then buffer exchanged into 1 ml of fresh
PBS by centrifuging twice at 5,000 rpm for 5 min in order to remove excess peptide and
EDC.

For experiments on glass, cells were incubated with 50 pl of peptide-functionalized bead
solution per dish for 1 h, then washed with warm media to remove unbound beads. For
experiments in Ficoll, the beads were added to the cells 1 h prior to detaching the cells from
the T25 flask.

Live cell imaging and optogenetic control of cell migration. Imaging and optical activation
were performed using an Andor Revolution spinning disk confocal imaging system. The
system consisted of a Leica DMI6000B microscope unit with adaptive focus control, a
Yokogawa CSU-X1 spinning disk unit, an Andor iXon electron-multiplying charge-coupled
device (EMCCD) camera, a laser combiner with 445, 488, 515, and 594 nm solid state
lasers, and an Andor FRAPPA unit for photoactivation of manually selected regions of the
sample in real time. All components were controlled using Andor iQ2 software. For optical
activation, the 445 nm laser was used at 145 nW power and scanned across the selected
region at a rate of 0.9 ms/um2. Photoactivation and image capture were performed once
every 5 s for single plane imaging. Z-stacks contained 6-9 confocal planes. Laser
wavelengths of 515 and 594 nm were used to excite Venus and mCherry, respectively.
Emission filters were Venus 528/20 nm and mCherry 628/20 nm (Semrock). All images
were acquired using a 63x, 1.4 NA oil immersion objective (Leica). Imaging was performed
inside a temperature-controlled chamber held at 37°C and 5% CO,.

Migration trajectory analysis—Using a custom script written in Python, and using
scikit-image to load and save image data (van der Walt, et al., 2014), multi-image TIF files
of migrating cells were converted to kymographs where the x and y axes represent time and
cell position, respectively. The cell outline depicted in the kymographs was manually traced
in ImageJ (Schneider, et al., 2012), and a second Python script was used to create trajectories
from the traces based on the position of the cell rear. The displacement values for each time
point were averaged for n number of cells to create a mean trajectory and shaded regions
representing SEM.

Quantitative comparison of membrane and cell speeds—Image sequences of cells
undergoing RhoA driven migration in suspension were acquired as z-stacks with 8 planes
per cell. Of 24 cells imaged, 7 satisfied the following criteria and were used for quantitative
analysis: (i) The retrograde movement of at least one integrin-bound bead on the cell surface
followed a trajectory that stays within a given xy-plane to facilitate quantitative analysis of
its movement. (ii) The cell did not exhibit sideways drift — this could be detected by drift of
unbound beads within the field of view. (iii) The number of beads on the cell surface was
low enough to track an individual bead. (iv) The cell retained a rounded shape during the
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migration, with no dramatic changes in the cell shape that could complicate measurement of
the cell velocity or the membrane velocity.

Coordinates of the center of the bead and the back of the cell were recorded at each time
point using the ImageJ plugin MtrackJ (Meijering, et al., 2012). Remaining analysis was
performed using a custom-written Python script as follows. First the bead coordinates were
converted from the lab frame to the frame of the moving cell by subtracting the cell
coordinates at each time point. The membrane and cell speeds were calculated over the time
window corresponding to clear retrograde movement of the bead along the cell surface. The
speeds were computed as the sum of individual displacements between time points, divided
by the total time. The linear fit to the ratio of velocities was performed using the Scipy
function for linear regression.

Quantification and Statistical Analysis

Data presented in the text are expressed as the mean + standard error of the mean. Statistical
significance was determined using one-sample t-test as indicated in the legend for Figure 3.

Data and Software Availability

For software for image analysis, see Key Resources Table.
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Highlights

Optogenetic RhoA or GPCR activation drives amoeboid or lamellipodial cell
migration

Only the amoeboid mode exhibits rearward plasma membrane flow

Both modes propel adherent cells, but only the amoeboid mode propels
suspended cells

Tangential viscous forces at the cell surface drive adhesion-independent
migration
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Photoactivation

LARG-mCh-SspB
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Fig. 1. Localized optical RhoA activation drives cell migration from the rear
(A) Scheme for optical activation of RhoA using the iLID system.

(B) Optical control of RhoA activation and cell migration in a cell expressing iLID-CaaX,
LARG-mCh-SspB (red), and Venus-rGBD (green), a RhoA-GTP sensor. Scale bar is 10 pm.
(C) Kymographs of the same cell showing the accumulation of LARG (red) and RhoA-GTP
(green) in the rear of migrating cell. Scale bar is 10 um (vertical) and 5 min (horizontal). For
this and all subsequent kymographs, white arrowheads indicate the time of initial
photoactivation and reversal. Image sequences in all Figures use white boxes to show the
localization of photoactivation with 445 nm light, and show time in min:sec.
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Fig. 2. RhoA-driven migration is Rac-independent and does not polarize actin to the leading edge
or generate lamellipodia

(A) Verification of Rac inhibition by NSC 23766. Cells were transfected with a Rac
biosensor (green) and chemoattractant receptor CXCR4. Cells were treated with 100 uM
NSC 23766 for 10 min or untreated (control). Cytosolic Rac biosensor fluorescence was
continuously measured for 4 min and 10 pg of SDF-1a was added at t=1 min.

(B) RhoA-driven migration with and without the Rac inhibitor NSC 23766. In this and all
other graphs, nis the number of cells, solid lines represent mean values and shaded areas
show SEM.

(C) Actin dynamics during GPCR-driven migration in a cell expressing mCh-Lifeact (red)
and parapinopsin.

(D) Actin dynamics during RhoA-driven migration in a cell expressing LARG-mTurg-Sspb,
iLID-CaaX, and mCh-Lifeact (red).

(E) Comparison of migration speeds for RhoA versus GPCR-driven migration on a 2D glass
surface. Cells were transfected with mCh-Lifeact, Venus-KRasCT, and their respective
optogenetic construct. Localized photoactivation was initiated at t=30 s.

All scale bars are 10 um.
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Fig. 3. Cells undergoing RhoA-driven migration exhibit rearward membrane flow
(A) Movement of surface bound beads to the cell rear during RhoA-driven migration in a

cell expressing LARG-mTurg-SspB and Venus-iLID-CaaX (green). Microbeads are in red.
Images shown are top and side view maximum intensity projections from an 8-plane z-stack.
(B) Accumulation of Venus-KRasCT (green) at the cell rear during RhoA-driven migration
in a cell coexpressing LARG-mCh-SspB and iLID-CaaX. The corresponding kymograph is
shown on the right. Scale bar for image sequences is 10 pm. Kymograph scale bars are 10
pum (vertical) and 5 min (horizontal).

(C) Fractional change in KRasCT fluorescence intensity in the front or back half of the cell,
for n=17 cells. Error bars are SEM. The fractional change is significantly <1 at the cell front,
and >1 at the cell rear (*** one sample t-test with p<0.001).
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Fig. 4. RhoA-driven migration requires polarized vesicle trafficking
(A) Subcellular dynamics of mCh-clathrin (red) and a trans-Golgi marker (GalT-YFP, green)

during RhoA-driven migration. Cells are coexpressing LARG-mTurg-SspB and iLID-CaaX.
Images are maximum intensity projections from an 8-plane z-stack.

(B) Effect of brefeldin-A on RhoA-driven migration. Cells expressing LARG-mCh-SspB,
iLID-CaaX, and Venus-KRasCT were incubated with 100 uM brefeldin-A or DMSO
(control) for 30-45 min prior to initiation of migration. See also Fig S5, Movie 8.

(C) Polarized endocytosis of transferrin during RhoA-driven migration. Cells are expressing
LARG-mTurg-SspB, iLID-CaaX, and Venus-KRasCT (green). AlexaFluor594-transferrin
(red) was added 5 min after initiating photoactivation. Corresponding kymographs are
shown on the right. See also Movie 9.

(D) Effect of endocytosis inhibition on RhoA-driven migration in cells expressing LARG-
mCh-SspB, iLID-CaaX, and Venus-KRasCT. Prior to initiation of migration, cells were
incubated for 30-45 min with either 0.41% DMSO (control) or an endocytosis inhibitor
cocktail consisting of 10 uM secinH3, 25 uM pitstop2, and 100 uM dynasore. See also Fig
S5, Movie 12.

(E) Polarized trafficking of caveolin vesicles during RhoA-driven migration in a cell
expressing LARG-mTurg-SspB, iLID-CaaX, Venus-KrasCT (green) and mApple-caveolinl
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(red). mApple-caveolinl was photobleached with 594 nm laser light in half of the cell
(yellow rectangle) at t=1:43. Localized photoactivation of RhoA (white rectangles) was
initiated immediately after photobleaching. See also Movie 11.

(F) Localized (top) and global (bottom) RhoA photoactivation of a cell expressing LARG-
mTurg-SspB, iLID-CaaX, Venus-KRasCT, (green) and mApple-caveolinl (red). Note the
formation of caveolin vesicles in the cell rear (white arrow) and the decrease in caveolin at
the plasma membrane (yellow arrow) in response to localized RhoA photoactivation. See
also Movie 10.

(G) Effect of exocytosis inhibition by endosidin2 on RhoA-driven migration. Prior to
initiation of migration, cells were incubated for 30 min with 40 uM endosidin2. See also Fig
S5, Movie 13.

(H) Effect of dominant negative Rab4 and Rab11 on RhoA-driven migration. Cells were
transfected with LARG-mTurg-SspB, iLID-CaaX, and mCh-KRasCT alone (control), or
together with both wild-type YFP-Rab4 and YFP-Rab11, or both dominant negative mutants
(YFP-Rab4DN, GFP-Rab11DN). See also Fig S5, Movie 14.

(I) Caveolin dynamics in the absence of RhoA photoactivation. mApple-caveolinl (red) was
photobleached with 594 nm laser light (yellow rectangle). Cells are coexpressing LARG-
mTurg-SspB, iLID-CaaX, and Venus-KRasCT (green). Image sequence scale bars are 10
pum. Kymograph scale bars are 10 pm (vertical) and 5 min (horizontal).
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Fig. 5. RhoA-driven migration is ROCK-dependent
(A) Effect of ROCK inhibition on RhoA-driven migration in cells expressing LARG-mTurg-

SspB, iLID-CaaX, Venus-myosinllA (green), and mCh-ezrin (red). Optical activation was
applied before and after 10 min incubation with 100 pM Y-27632.

(B) Migration speeds of cells with and without ROCK inhibition. Localized photoactivation
was initiated at t=30 s.

Scale bar: 10 um.
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Fig. 6. Directional membrane flow, but not polarized lamellipodia formation, drives migration of

cells suspended in liquid
(A) Schematic showing the different conditions for cells on a 2D glass surface (left) or

suspended in Ficoll (right). Images are side-view maximum intensity projections from z-
stacks.

(B) Comparison of migration and actin responses to optical RhoA or GPCR activation in
suspended cells. Cells express Venus-KRasCT (green), mCh-Lifeact (red), and either
LARG-mTurg-SspB and iLID-CaaX (left) or untagged parapinopsin (right). Images are
single confocal slices. See also Movies 15-16.

(C) Localized activation of RhoA, but not GPCR, in suspended cells induces rearward
membrane flow. Cells were transfected with Venus-KRasCT (green) and either LARG-
mTurg-SspB and iLID-CaaX (left) or untagged parapinopsin (right). NileRed-containing
beads (red) were bound to the extracellular part of transmembrane integrins. Images are
single confocal slices.

(D) Polarized myosin response during RhoA-driven migration for suspended cell expressing

LARG-mTurg-SspB, iLID-CaaX, mCh-KRasCT (red) and Venus-myosinllA (green).
Images are top-view maximum intensity projections from z-stacks.
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(E) Polarized clathrin distribution during RhoA-driven migration in a suspended cell
expressing LARG-mTurg-SspB, iLID-CaaX, mCh-KRasCT (red) and Clathrin-EYFP
(green). Images are top-view maximum intensity projections from z-stacks.

(F) Bead and cell movement during RhoA driven migration in suspended cells with or
without the ROCK inhibitor Y-27632. Cells are expressing LARG-mTurg-SspB, iLID-CaaX,
and Venus-KRasCT (green). Cells were incubated with 100 uM Y-27632 for 10 min prior to
resuspension in Ficoll also containing 100 uM Y-27632. Images are top-view maximum
intensity projections from z-stacks.

(G) Speed of RhoA-driven migration and GPCR-driven migration in suspended cells
expressing Venus-KRasCT and either parapinopsin (for GPCR-driven migration) or LARG-
mTurg-SspB and iLID-CaaX (for RhoA-driven migration). Localized photoactivation was
initiated at t=30 s. All scale bars are 10 um.
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Fig. 7. Relative speeds of membrane flow and cell translocation suggest that viscous forces
tangential to the cell surface suffice to drive the migration

(A) Side view schematic of a migrating cell with a bead attached to the outer plasma
membrane. v, is the speed of the cell. v is the speed of the bead which is moving rearward
along with the membrane. v is the speed of the bead with respect to the cell, which
corresponds to the speed of rearward membrane flow.

(B) Scatter plot of v,and v, during RhoA-driven migration. Of 24 cells imaged, 7 cells met
the criteria required to allow quantification of both cell and membrane flow speeds as
detailed in the Methods section. The linear fit yields v /vy = 0.70 (dashed line). The
predicted value for a perfect sphere with uniform, constant membrane flow and no cell shape
changes is 0.67.
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