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Induction of focal adhesions and motility 
in Drosophila S2 cells
Susana A. Ribeiro*, Michael V. D’Ambrosio*, and Ronald D. Vale
Howard Hughes Medical Institute and Department of Cellular and Molecular Pharmacology, University of California, 
San Francisco, San Francisco, CA 94158

ABSTRACT Focal adhesions are dynamic structures that interact with the extracellular matrix 
on the cell exterior and actin filaments on the cell interior, enabling cells to adhere and crawl 
along surfaces. We describe a system for inducing the formation of focal adhesions in nor-
mally non–ECM-adherent, nonmotile Drosophila S2 cells. These focal adhesions contain the 
expected molecular markers such as talin, vinculin, and p130Cas, and they require talin for 
their formation. The S2 cells with induced focal adhesions also display a nonpolarized form of 
motility on vitronectin-coated substrates. Consistent with findings in mammalian cells, the 
degree of motility can be tuned by changing the stiffness of the substrate and was increased 
after the depletion of PAK3, a p21-activated kinase. A subset of nonmotile, nonpolarized 
cells also exhibited focal adhesions that rapidly assembled and disassembled around the cell 
perimeter. Such cooperative and dynamic fluctuations of focal adhesions were decreased by 
RNA interference (RNAi) depletion of myosin II and focal adhesion kinase, suggesting that 
this behavior requires force and focal adhesion maturation. These results demonstrate that 
S2 cells, a cell line that is well studied for cytoskeletal dynamics and readily amenable to 
protein manipulation by RNAi, can be used to study the assembly and dynamics of focal 
adhesions and mechanosensitive cell motility.

INTRODUCTION
Cell motility is essential for the precise spatial and temporal organi-
zation of tissue morphogenesis, which gives rise to the elaborate, 
three-dimensional architecture of an organism (Friedl and Wolf, 
2010). Cellular migration remains crucial throughout the lifetime of 
higher organisms, enabling processes such as wound healing and 
chemotactic responses in the immune system (Ridley et al., 2003). 
Metastasis demonstrates another manifestation of cell motility, in 
which transformed cells relocate from a primary tumor and colonize 
a secondary site (Thiery, 2002).

Different types of cells migrate by distinct mechanisms. Some 
amoeboid cells do not adhere or pull on the substrate but rather 
propulse themselves by blebbing the leading edge and contracting 
the rear. Other cells adhere tightly to substrates and use this traction 
to pull themselves along surfaces. Substrate adherence is often me-
diated by focal adhesions (FA), large protein complexes at the cell 
membrane that sense external stimuli and form mechanosensitive 
links between the extracellular matrix (ECM) and the actin cytoskel-
eton (Friedl and Wolf, 2010). Integrins are well-characterized 
transmembrane receptors that mediate these transmembrane con-
nections. Integrins are αβ heterodimers with distinct extracellular 
domains that recognize diverse matrix ligands and a short cytoplas-
mic tail that binds to several actin-binding proteins (Huttenlocher 
and Horwitz, 2011). Integrins lack enzymatic activity, and their sig-
naling requires the recruitment and activation of a complex network 
of more than 100 proteins that form the FA (Hynes, 2002), which 
include kinases (e.g., focal adhesion kinase [FAK] and adapter pro-
teins [e.g., talin and pCas130]). The continuous formation and disas-
sembly of adhesions is highly regulated, both spatially and 
temporally (Webb et al., 2004).

The fruit fly Drosophila melanogaster has proved to be a valu-
able model organism for the study of integrins, in part because flies 
contain fewer integrin subunits (5 α subunits [αPS1–5] and 2 β 

Monitoring Editor
David G. Drubin
University of California, 
Berkeley

Received: Apr 7, 2014
Revised: Sep 9, 2014
Accepted: Sep 23, 2014

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E14-04-0863) on October 1, 2014.
*These authors contributed equally to this paper.
Address correspondence to: Ronald D. Vale (vale@ucsf.edu).

© 2014 Ribeiro, D’Ambrosio, et al. This article is distributed by The American 
Society for Cell Biology under license from the author(s). Two months after publi-
cation it is available to the public under an Attribution–Noncommercial–Share 
Alike 3.0 Unported Creative Commons License (http://creativecommons.org/
licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: ConA, concanavalin A; ECM, extracellular matrix; FA, focal 
adhesions; FAK, focal adhesion kinase; FBS, fetal bovine serum; MSD, mean 
square displacement; Pak3, p21-activating kinase; PBS, phosphate-buffered sa-
line; PDMS, poly(dimethylsiloxane); RNAi, RNA interference; TIRF, total internal 
reflection fluorescence.

 http://www.molbiolcell.org/content/suppl/2014/09/29/mbc.E14-04-0863v1.DC1.html
Supplemental Material can be found at: 

http://www.molbiolcell.org/content/suppl/2014/09/29/mbc.E14-04-0863v1.DC1.html


3862 | S. A. Ribeiro, M. V. D’Ambrosio, et al. Molecular Biology of the Cell

subunits [βPS and βν]) compared with mam-
mals (18 α and 8 β subunits) (Hynes, 2002). 
Integrins function in a number of events in 
Drosophila development (Brown, 1993), and 
many different cell types in adult Drosophila, 
including hemocytes, require integrins for 
their migratory behavior (Narasimha and 
Brown, 2014; Siekhaus et al., 2010). How-
ever, thus far, a system to study integrin-de-
pendent motility and focal adhesion func-
tion using Drosophila cells in culture has not 
been established.

More than a decade ago, it was shown 
that the expression of α-integrin chain in 
Drosophila S2 cells leads to the formation of 
an α,β-integrin complex that localizes to the 
cell surface and can produce cell adhesion 
to ECM (Bunch and Brower, 1992; Gotwals 
et al., 1994). In this paper, we show that α-
integrin expression in Drosophila S2 induces 
the formation of functional, mechanosensi-
tive FA when these cells are adhered to vit-
ronectin. We also show that these S2 cells 
exhibit highly dynamic focal adhesion be-
havior and random cell crawling, which is 
not observed for normal S2 cells. We show 
that focal adhesion dynamics are depen-
dent upon nonmuscle myosin II. We have 
also used RNA interference (RNAi) to dissect 
the roles of talin, FAK, and p21-activating 
kinase (Pak3) in focal adhesion formation 
and cell motility. This engineered cell line 
system provides a means of studying how 
FA form and affect the motile behavior of 
Drosophila cells.

RESULTS
Drosophila Schneider 2U (S2U) cells are de-
rived from the hemocytes that normally 
grow as round, nonadherent, and nonmotile 
cells. When plated on glass coverslips 
coated with the lectin concanavalin A 
(ConA), S2 cells flatten and spread to adopt 
a discoid morphology of approximately 
double their normal diameter but show no 
polarization or motility (Rogers et al., 2003; 
Figure 1A). S2 cells express very little en-
dogenous α-integrin (Bunch and Brower, 
1992; Gotwals et al., 1994). Previously it 
was shown that expression of the α-chain of 
integrin (αPS2m8) in S2 cells led to the ex-
pression of both α- and β-chains and the 
formation of functional integrin receptors on 
the cell surface, as evidenced by the ability 
of these cells to spread on ECM (Bunch and 
Brower, 1992; Gotwals et al., 1994).

FIGURE 1: Expression of α-integrin in Drosophila S2 cells induces the formation of FA. 
(A) Drosophila S2 cells stably expressing the focal adhesion marker p130Cas-GFP were either 
induced (αPS+) or not induced (αPS−) for α-integrin expression and then plated on glass, ConA, 
or vitronectin for 2 h (see Materials and Methods). Cells were then fixed (6.4% formaldehyde) 
and incubated with Alexa Fluor 548–phalloidin for 1 h. The insets show a higher magnified view 
of the FA. Scale bar: 5 μm. (B) S2 cells expressing the indicated combinations of fluorescent 
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these punctae, as is typical for FA (Figure 
1A). However, these actin filaments were 
relatively short and did not extend into elon-
gated stress fibers that extend through the 
cell, as seen in some cell types such as fibro-
blasts. Immunofluorescence staining also 
did not reveal an alternating, banded orga-
nization of α-actinin and nonmuscle myosin 
II (not shown), as is often found in stress 
fibers (Langanger et al., 1986).

To assess whether p130Cas clusters were 
indeed focal adhesion complexes, we coex-
pressed other well-characterized focal ad-
hesion proteins, talin, vinculin, and paxilin, 
either with a GFP or mCherry tag. We veri-
fied that these fluorescently tagged proteins 
all colocalized in the same punctate struc-
tures that form when αPS+ cells are plated 
on vitronectin (Figure 1B). These results 
demonstrate that the punctae that form 
when αPS+ cells adhere to vitronectin con-
tain the same focal adhesion components 
described in other adherent cell types. Thus 
we conclude that S2 cells contain the ma-
chinery for focal adhesion formation and 
that expression of the α-integrin chain might 
be sufficient to drive the formation of FA in 
otherwise poorly adherent S2 cells.

Migratory behavior and 
mechanosensing properties of 
integrin-expressing S2 cells
Next we wished to determine whether 
αPS2+ cells were capable of motility. We 
performed time-lapse imaging of αPS2+ 
and αPS2− cells expressing p130Cas-GFP 
on either vitronectin or ConA surfaces over 
a period of 1 h (Figure 2). To segment cells 
and determine their centroid, we used 
QuimP software (Dormann et al., 2002; 
Bosgraaf et al., 2009). The cell boundary 
was determined using the background fluo-
rescence from p130Cas-GFP (Figure 2A; for 
more details see Materials and Methods). 
We used cell centroid trajectories to quanti-
tate two parameters of cell movement: the 
mean square displacement (MSD) as a func-
tion of different time intervals (Figure 2B) 
and confinement ratio, which is the ratio of 
the final displacement distance to the total 
length of the path that the cell has traveled 

(Figure 2C). MSD is commonly used to evaluate random movement 
processes, such as diffusion or the random walk–like behavior of in-
dividual cells (Stokes and Lauffenburger, 1991). In the case of cell 
motility, the resulting average MSD curve gives information on the 
area explored by cells for a series of time intervals and a linear func-
tion of the MSD plot suggests random motion (Dieterich et al., 2008; 
Suraneni et al., 2012). The confinement ratio, on the other hand, is 
a measure of the persistence of the movement in one direction. A 
confinement ratio of 1 reflects directed cell movement (Beltman 
et al., 2009). The αPS2− cells spread on ConA, as previously de-
scribed (Rogers et al., 2003), and exhibited very little movement of 

We also found that S2 cells stably expressing the α-chain of inte-
grin (αPS2+ cells) would avidly attach to and spread on surfaces 
coated with the ECM protein vitronectin. To better understand this 
process of cell adhesion, we next expressed the focal adhesion 
p130Cas–protein green fluorescent protein (p130Cas-GFP) in these 
αPS+ cells (Figure 1A). Normal αPS− cells did not localize p130Cas-
GFP in any punctate structure at the cortex. Similarly, αPS+ cells 
plated on either glass or ConA did not localize p130CAS-GFP in 
surface punctae. However, when αPS+ cells were plated on vitronec-
tin, they exhibited numerous surface punctae of p130Cas-GFP 
(Figure 1A). Bundles of actin filaments were seen emerging from 

FIGURE 2: Cells expressing FA exhibit enhanced motility when plated on vitronectin. (A) The 
centroids of Drosophila S2 cells, in which α-integrin was induced (α-PS+) or not induced (α-PS−), 
that were plated on either vitronectin or ConA, were tracked every 30 s for 1 h. Examples of cell 
trajectories over 1 h are shown. Scale bar: 20 μm. (B) MSD is plotted at various time intervals for 
the indicated experiment treatments. The bars represent SEM. (For plots of each condition with 
single-cell trajectories see Supplemental Figure 1.) (C) Confinement ratio (ratio of the 
displacement of a cell to the total length that the cell traveled for 1 h) of cell trajectories, mean 
± SD (n > 20 cells from two independent experiments).
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Pak genes: three genes in group 1 and three in group 2 (Hofmann 
et al., 2004). Pak1 family kinases control cell motility by regulating 
the organization and dynamic assembly of downstream effectors 
such as actin (Bokoch, 2003). We chose to study Pak3, because it 
has been shown to be involved in larvae wound closure, while per-
turbation of Pak1 did not affect cell motility (Baek et al., 2012). Fur-
thermore, Pak3 RNAi depletion has been shown to induce S2 cells 
to exhibit a form of migratory behavior and enhanced lamellipodial 
dynamics, suggesting that Pak3 might be important for mainte-
nance of a cell poised state (Asano et al., 2009).

After 5-d RNAi treatment of talin, cells formed few visible punc-
tae of p130Cas-GFP (Figure 3D), suggesting that FA did not form. 
Furthermore, the adherence of talin-depleted cells to vitronectin-
coated glass surfaces was decreased dramatically (Figure 3E). These 
results are largely consistent with findings from mammalian cells 
showing that talin is required for focal adhesion formation (Zhang 
et al., 2008).

In contrast to talin, after FAK RNAi, p130Cas-GFP containing FA 
still formed (Figure 3D), and the number of cells that adhered to 
vitronectin was similar to αPS2+ control cells (Figure 3E). Further-
more, long-term live-cell imaging, followed by MSD analysis, 
showed that cell motility parameters did not change after FAK de-
pletion (Figure 3F). Pak3 RNAi also did not interfere with focal adhe-
sion formation (Figure 3D) and did not affect the percentage of cells 
that adhered to vitronectin-coated glass surfaces (Figure 3E). Inter-
estingly, long-term imaging of Pak3 RNAi cells showed an increase 
in the slope of the MSD plot (Figure 3F), indicating that the cells 
became more motile after depletion of this kinase. However, the 
movement was not directed, since there was no increase in the con-
finement ratio of these cells (Supplemental Figure 3B).

Collectively these results demonstrate that αPS2+ cells are 
mechanosensitive and can detect the stiffness of a substrate. Our 
RNAi results show that the assembly of de novo FAs in S2 cells re-
quires talin, but neither FAK nor Pak3. FAK does not affect cell motil-
ity, while Pak3 increases the extent of random cell motility.

Behavior of FA in S2 cells
We next examined the dynamics of FA of αPS+ cells on vitronectin-
coated glass surfaces for 3 h by time-lapse imaging using total 
internal reflection fluorescence (TIRF) microscopy. Most cells exhib-
ited the well-characterized process of focal adhesion maturation 
and turnover (Webb et al., 2002; Choi et al., 2008), in which a na-
scent adhesion grew in its p130Cas–GFP intensity (assembly phase), 
maintained a constant intensity (stable phase), and then gradually 
lost intensity and disappeared (disassembly phase) (Figure 4A).

We also compared the dynamics of FA in cells that exhibited 
motility (Figure 4B and Supplemental Movie 1) with ones that were 
stationary (Figure 4C and Supplemental Movie 2). Motile cells, which 
were 51 ± 20% of the population (mean ± SD, > 50 cells from four 
experiments), exhibited an irregular shape and were continually ex-
tending protrusions and changing shape. When a protrusion formed, 
the FA formed rapidly at the leading edge of the protrusion and 
then disappeared during the retraction of the protrusion (Figure 4A 
and Supplemental Movie 1). On the other hand, stationary cells 
tended to be more symmetric in their surface footprint. A subset of 
these stationary cells displayed FA that were largely static and non-
dynamic (19 ± 12% of the total cell population; mean ± SD, > 50 cells 
from four experiments). However, other stationary cells (30 ± 16%) 
exhibited very dynamic FA behavior; clusters of FAs appeared syn-
chronously in a particular region of the cell perimeter and later syn-
chronously disassembled (Figure 4C, Supplemental Movie 2, and 
Supplemental Figure 4A). This behavior is apparent in a kymograph, 

their centroid over time (Figure 2A). Likewise, these cells exhibited 
little movement on vitronectin. Some of the αPS2+ cells on ConA 
showed movement of their centroids, which likely reflects the fact 
that these cells are not well attached to ConA. However, on vit-
ronectin, many of the of the αPS2+ cells displayed considerable 
movement of their centroid positions. Quantitative analysis of these 
cells’ motility parameters showed a greater slope of the MSD-ver-
sus-time plot compared with αPS2− cells or αPS2+ cells on ConA-
treated surfaces (Figure 2B and Supplemental Figure 1 for plots of 
MSDs of individual cells). However, the confinement ratio values 
were low, suggesting primarily random versus persistence motion 
(Figure 2C). In summary, these results show that αPS2+ cells can 
move on vitronectin surfaces but do not move persistently in one 
direction. Interestingly, we note that Drosophila S2R+ cells, which 
express both α- and β-integrin, can spread on an ECM but do not 
display motility (Jani and Schock, 2007), unlike what we observe for 
S2 cells. We do not understand the difference in this behavior for 
these two cell lines, but apparently some key component for motility 
is lacking in the S2R+ line.

Mammalian cells with FA also have been shown to detect matrix 
rigidity via integrin-mediated adhesions and downstream mecha-
nosensor protein signaling (Giannone and Sheetz, 2006). A soft ma-
trix does not reinforce focal adhesion formation or cytoskeletal con-
tractility and results in cell rounding (Ulrich et al., 2009). On the other 
hand, stiff substrates reinforce focal adhesion formation at cell pro-
trusions (Peyton et al., 2008; Ulrich et al., 2009). Consequently, inter-
mediate stiffness of the matrix has been shown to produce the fast-
est speeds of cell migration (Harland et al., 2011). We examined the 
behavior of αPS+ cells when placed on vitronectin-coated substrates 
of three different rigidities. We used the elastomeric system 
poly(dimethylsiloxane) (PDMS) cross-linked with a curing agent at 
two different ratios to produce surfaces with rigidities of 5 KPa 
(soft or compliant substrate) or 2 MPa (intermediate substrate) 
(Prager-Khoutorsky et al., 2011). A glass surface provided a third 
substrate of high rigidity (>20 MPa). FA (visualized with p130Cas–
GFP) formed on both rigid and compliant substrates (Figure 3A). 
However, the percentage of cells that adhered to the soft (5 KPa) 
substrate was much lower when compared with intermediate and 
stiff substrates (Figure 3B). When the centroids of the cells were 
plotted over time, we found that the majority of cells were more 
mobile on the 2-MPa substrate than on the 5-kPa substrate. This was 
confirmed by quantitative analysis of the motion, which shows that 
intermediate (2-MPa) substrate displayed the steepest slope of the 
MSD plot (Figure 3C and Supplemental Figure 2 for plots of MSDs 
of individual cells). This increase in MSD was not accompanied by an 
increase in directionality, as confinement ratios on the different stiff-
ness matrices were similar, signifying random cell migration (Supple-
mental Figure 3A). These results demonstrate that αPS2+ cells can 
detect the stiffness of a substrate and respond by modulating their 
motility.

We next examined the role of talin, FAK, and serine/threonine 
Pak3 in focal adhesion formation and random cell motility in αPS+ 
cells. Talin is a large cytoskeletal protein that binds β-integrin cyto-
plasmic tails (Geiger and Yamada, 2011) and activates integrins 
(Miranti and Brugge, 2002; Schlaepfer and Mitra, 2004). Drosophila 
has one talin gene, while vertebrates possess two. FAK tyrosine ki-
nase elicits intracellular signal transduction pathways that promote 
the turnover of FA and facilitate cell migration (Miranti and Brugge, 
2002; Schlaepfer and Mitra, 2004). In the Drosophila genome, there 
are three genes that encode Pak proteins: Pak1 and Pak3 belong to 
the Pak1 group, while Mbt belongs to the Pak2 group (Mentzel and 
Raabe, 2005; Baek et al., 2012). In contrast, there are six mammalian 
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which shows the focal adhesion intensity in-
creasing and decreasing in an out-of-phase 
manner at opposite sides of a cell (Figure 
4D). Spectrum analysis did not reveal any 
defined periodicity of the appearance and 
disappearance of FA (unpublished data), 
suggesting that the cooperative assembly 
and disassembly of clusters of FA are largely 
stochastic in nature.

We next examined the contribution of 
FAK, Pak3, and nonmuscle myosin II in focal 
adhesion dynamics. The kymographs of FA 
at the cell membrane show that Pak3-de-
pleted cells still had focal adhesion intensity 
increasing and decreasing at opposite sides 
of a cell (Figure 4F, Supplemental Movies 5 
and 6, and Supplemental Figure 4C). In con-
trast, we found that the FAs were more sta-
ble in the FAK RNAi cells; these FA matured 
to large bright structures but tended to re-
main in place and not disassemble, as ob-
served in a kymograph of a typical cell 
(Figure 4E, Supplemental Movies 3 and 4, 
and Supplemental Figure 4B). Nonmuscle 
myosin II was previously shown to be impor-
tant for FA maturation in mammalian cells 
(Alexandrova et al., 2008; Choi et al., 2008). 
Drosophila has a single nonmuscle myosin II 
heavy chain, which we depleted by 5-d 
RNAi, a treatment previously shown to result 
in myosin depletion and a cytokinesis defect 
(Vale et al., 2009). Myosin II–depleted cells 
only exhibited small FAs (Supplemental 
Figure 5), which tended not to mature to 
larger structures. These FAs also were gen-
erally nondynamic and did not undergo cy-
cles of maturation and disassembly in differ-
ent regions of the cell periphery, as shown in 
the kymograph image of a cell slice (Figure 
4F and Supplemental Movie 7). Taken to-
gether, these results show that factors known 
to be important for FA maturation and dis-
assembly in mammalian cells (FAK and myo-
sin II) are required for dynamic fluctuations 
of FA around the cell periphery of integrin-
expressing S2 cells.

DISCUSSION
We developed a new system to induce the 
formation of FA in a controlled manner in S2 

functionalized glass surface, images were 
acquired with a spinning-disk confocal 
microscope (>150 cells from two (talin RNAi) 
or three experiments). Bars indicate the 95% 
confidence interval (of the binomial 
proportion) computed with the Pearson-
Klopper method. The t test is significantly 
different for talin-depleted cells compared 
with all other conditions (p < 0.05). (F) MSD of 
control and depleted cells, quantified using 
cell centroid trajectory over 3 h (>30 cells from 
three experiments).
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these structures in intact flies and fly embryos (McMahon et al., 
2010; Bulgakova et al., 2012; Pines et al., 2012).

Behavior of FA in S2 cells
The newly engineered S2 cell line has the ability to adhere to vit-
ronectin-coated surfaces and show nondirected cell movement. 

cells through the expression of an α-integrin chain. The formation of 
FA allows S2 cells to adhere to a vitronectin surface and also to 
sense and respond to the stiffness of the substrate, as described in 
mammalian cells. Thus this cell system provides the first opportunity 
to study focal adhesion formation and function in Drosophila cells in 
culture and should provide a useful tool to complement studies of 

FIGURE 4: Cells expressing integrin have different motility behaviors. Focal adhesion dynamic behavior requires FA 
maturation. (A) Example of a focal adhesion (labeled with p130Cas-GFP) turnover in α-PS+ cell plated on vitronectin: 
assembly (increasing intensity, blue arrowhead), maturation (constant intensity, red arrowhead), and disassembly 
(decreasing intensity, green arrowhead). Time: min; scale bar: 1 μm. (B and C) Still images from a time-lapse sequence of 
an α-PS+ cell showing motility (B) and an α-PS+ cell that is stationary (C) show clusters of FA appearing and disappearing 
in a synchronous manner at the perimeter (Supplemental Movie 1 and 2 correspond to the stills shown). Time: min; scale 
bar: 5 μm. (D) Kymograph of a cell slice (red dashed rectangle in C) shows the appearance and disappearance of FA at 
the bottom and top of the cell in an out-of-phase manner. (E–G) Kymograph of representative cell slices after FAK (E), 
Pak3 (F), and myosin II heavy-chain (G) depletion showing focal adhesion dynamics at opposite sides of a cell (see 
Figure 4D for more details). Scale bar: 5 μm.
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dynamics around the cell edge in stationary cells. Pak3 depletion 
also has been linked to enhanced motility in nonadherent Drosophila 
cells (Asano et al., 2009). In Drosophila larvae, a deficiency in Pak3 
results in poor epidermal wound healing (Baek et al., 2012), consis-
tent with our results, which show an abnormality in cell motility. In 
vertebrates, Pak1 and Pak2 depletion leads to decreased FA turn-
over and an accompanying reduction in epithelial cell migration 
(Delorme-Walker et al., 2011). However, the role of Pak3 in verte-
brate cell motility is less clear (Kreis et al., 2008). Pak3 expression in 
vertebrates is restricted to neurons (Bagrodia et al., 1995; Manser 
et al., 1995), where loss of function is associated with X-linked non-
syndromic mental retardation.

Future directions
In this work, we extend the use of the S2 cell line to study cell adhe-
sion and focal adhesion formation. While αPS2+ S2 cells are more 
motile than normal S2 cells, they do not display persistent and di-
rectional movement. However, it might be possible to engineer this 
system further by introducing signaling modules, potentially cou-
pled to receptor-ligand triggers, that could polarize the actin cy-
toskeleton and lead to directional motion. Such an engineered sys-
tem would enable a better understanding of symmetry breaking 
and how cell polarity can be maintained and coupled to focal adhe-
sion dynamics.

S2 cells are derived from hemocytes, which have the ability of 
undergo both directed migration (Evans et al., 2003; Wood and Ja-
cinto, 2007) and random cell motility (Comber et al., 2013) during 
embryonic and late larval stages in Drosophila. Interestingly, the 
αPS2 integrin subunit is required for the invasive movement and 
transmigration of tissue barriers of embryonic macrophages from 
the head region into the tail in the whole organism (Siekhaus et al., 
2010). Thus the αPS2+ S2 cells may be useful for addressing ques-
tions related to this interesting hemocyte behavior and understand-
ing the molecular switches that cause hemocytes to change their 
migratory program during development. By adding factors to αPS2+ 
S2 cells (e.g., hormones or particular types of ECM or an epithelial 
tissue barrier), one also might be able to identify external cues that 
guide hemocytes inside the whole organism.

MATERIALS AND METHODS
Cell culture and stable cell lines
Drosophila S2U cells were maintained in Schneider’s medium 
(Life Technologies, Carlsbad, CA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Life Technologies), penicillin, 
streptomycin, and kanamycin (Goshima et al., 2007). Full-length 
PS2m8 was kindly provided by Thomas A. Bunch and cloned into 
pHS (Life Technologies). cDNAs of pCas130, paxilin, and vinculin 
were obtained by PCR from Drosophila S2 cell cDNA. Vectors were 
cloned into metallothionein promoter pMT-GFP (Life Technologies) 
or pMT-Cherry vectors, as described previously (Goshima et al., 
2007), using the Gateway system (Invitrogen). For generation of 
stable cell lines, the vectors were cotransfected with blasticidin and 
hygromycin plasmids in S2U cells and selected for five passages 
(Millar et al., 1994). pMT-GFP and pMT-mCherry were imaged after 
induction of gene expression with 50 μM CuSO4 overnight. The 
PS2m8 is under a heat-shock promoter (pHS), and its induction was 
achieved by maintaining cells at 37°C for 40 min and then transfer-
ring them to the 25°C incubator for 1 h before imaging cells.

For RNAi treatment, 6 × 105 α-PS-S2 cells were treated with 1 μg 
RNA and incubated for 30 min in serum-free Schneider’s medium; 
this was followed by a 5-d recovery in Schneider’s medium supple-
mented with 20% heat-inactivated FBS (Goshima et al., 2007). 

Thus the expression of a single gene (α-integrin) is able to drive the 
formation of protein structures and signaling pathways that allow 
the cell to adhere and move. We also observed a cooperative as-
sembly and disassembly of many FA on cells that do not move or 
show any overt polarization of their shape. This intriguing behavior 
suggests the existence of some dynamic signaling system that gov-
erns these spatial “waves” of focal adhesion assembly–disassembly, 
even in the absence of cell protrusion and retraction. This dynamic 
and cooperative focal adhesion behavior is displayed only by a sub-
set of cells and shortly after plating on vitronectin (<3 h); after 24 h, 
virtually all cells exhibit nondynamic FA that change little in their in-
tensity over an hour of observation (unpublished data). Case and 
Waterman (2011) also recently described waves of integrin and actin 
that travel along the ventral surface of adherent, migrating mam-
malian cells. These waves required a cycle of integrin assembly and 
disassembly engagement to the ECM. However, the waves are dif-
fuse propagating bands of integrin and actin and are distinct from 
the FA, which do not exhibit this behavior in the same cells. Thus the 
cooperative, fluctuating focal adhesion behavior observed here ap-
pears to differ from these earlier described integrin waves. The na-
ture of the intracellular signals that give rise to the fluctuating pat-
terns of FA at the perimeter of αPS2+ S2 cells is presently not known. 
However, the process appears to be dependent on myosin II, which 
generates forces that are required for FA maturation. FAK also ap-
pears to influence the process of cooperative assembly and disas-
sembly of FAs around the cell edge, since large, static FAs form 
around the cell perimeter after FAK depletion.

Functional and molecular characterization of S2 FA
Drosophila S2 cells are very amenable to RNAi protein depletion, 
and we have used this approach to study the role of three genes 
involved in FA turnover and downstream signaling: talin, FAK, and 
Pak3. Talin depletion generates phenotypes similar to those ob-
served for integrin deficiencies in various model organisms, includ-
ing Drosophila (Monkley et al., 2000; Brown et al., 2002; Cram et al., 
2003). Further manipulation of talin function in fibroblasts showed 
that it is not required for initial cell spreading but is necessary for 
sustained cell adhesion and FA maturation (Zhang et al., 2008; Kopp 
et al., 2010). In agreement with these previous studies, we find that 
talin is essential for focal adhesion formation and adhesion to vit-
ronectin by αPS2+ S2 cells.

The order of recruitment of talin and Fak to FA is still under 
debate. Studies using mouse knockouts or mammalian cell lines 
cells showed that talin does not require FAK for its recruitment to 
integrins at focal adhesion sites (Chen et al., 1995; Zhang et al., 
2008; Wang et al., 2011). However, another recent study using 
MEF cells showed that FAK is indeed required for talin recruitment 
to nascent adhesions (Lawson et al., 2012). Our results in integrin-
expressing S2 cells show that FAK is not required for talin recruit-
ment, since we observe normal focal adhesion formation after FAK 
RNAi.

FAK depletion does not change cell motility, while Pak3-depleted 
cells have increased random cell motility. These results are largely 
consistent with previous results from mammalian cells. FAK is involved 
in turnover of FAs (Ilic et al., 1995; Mitra et al., 2005). Previous find-
ings showed that FAK depletion results in a reduced rate of FA turn-
over and consequently to an increase in the level of steady-state FAs 
(Ilic et al., 1995; Webb et al., 2004). In our system, we show that FAK 
does not play a role in random cell migration and, as reported in the 
literature, it increases the level of static FAs at the cell edge.

When we depleted Pak3 in αPS2+ S2 cells, we observed a signifi-
cant increase in nonpolarized cell motility and no alteration in FA 
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After 5 d, cells were resuspended and transferred to vitronectin or 
ConA-coated glass-bottom plates (Dot Scientific, Burton, MI). 
Vitronectin treatment was carried out by coating the surface with 
70 μl of 10 μg/ml of vitronectin (EMD Millipore, Germany) overnight 
at 4°C; this was followed by three washes with phosphate-buffered 
saline (PBS) and growth medium. ConA treatment was performed 
by drying 70 μl of a 0.05 mg/ml ConA solution onto the bottom of 
each well.

PDMS surface coating
PDMS substrates of varying rigidities were prepared using a 
Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI; 
Prager-Khoutorsky et al., 2011). The silicone elastomer compo-
nent was mixed with the curing agent, degassed, and spin-coated 
at 2000 rpm for 2 min on glass-bottom Microwell dishes (MatTek, 
Ashland, MA). Subsequently, cross-linking of the elastomer was 
carried out at 70°C for 4 h. The elastomer-to-curing agent ratios of 
10:1 and 75:1 corresponded to Young’s moduli 2 MPa and 5 kPa, 
respectively (Prager-Khoutorsky et al., 2011). Dishes with a layer of 
PDMS were functionalized with 10 μg/ml of vitronectin overnight 
at 4°C, and cells were plated after the surface was washed two 
times with PBS.

Cell motility measurements and live-cell imaging
For time-lapse imaging, cells growing in suspension were plated on 
functionalized surfaces, and after α-PS induction, cells were left to 
adhere to the surface for 1–2 h. Once cells were adherent, plates 
were taken to a TIRF microscope (TE2000; Nikon, Japan), where 
they were imaged with a 60×/1.49 NA oil objective with an Andor 
EM-CCD camera. For lower-resolution, time-lapse imaging was con-
ducted in a spinning-disk microscope with a 16×/0.5 NA objective 
and a EM-CCD camera (Hamamatsu) and μManager microscopy 
software (Stuurman et al., 2007). Linear-contrast adjustments were 
performed on all images.

Image analysis
Movies were registered using the StackReg ImageJ plug-in (Theve-
naz et al., 1998). To quantify cell movement, we used low-resolution 
time-lapse images and QuimP software (Dormann et al., 2002; Bos-
graaf et al., 2009) to segment single cells and to determine the x,y 
coordinates of the centroid of each cell trajectory, as well as the 
displacement and path length. The x,y coordinates were exported 
to Excel and mean square displacement was calculated using the 
following formula:

τ − −+ +x x y yMSD( ) = < ( ) + ( ) >i t i i t i
2 2

in which <> indicate averages, (xi, yi) are the coordinates of the cell 
at time i, and τ is the lag time between the two positions. After a 
series of MSD lag times were calculated, an ensemble average over 
several trajectories was plotted (Figures 2B and 3, C and F), as were 
individual traces for each cell trajectory (Supplemental Figures 1 and 
2). Statistical analysis and data plotting was carried out on R for plots 
of Figure 3, B and E. All of the remaining plots were produced and 
analyzed in Prism (GraphPad).

For measurement of FA areas, live-cell images of control and 
zipper-depleted cells were loaded in Image J, and a threshold 
triangle was applied to select an FA. The area was measured, and 
the average area per frame was saved. The values were exported to 
GraphPad Prism, in which a histogram of the relative frequencies of 
average areas was constructed. Mean and SD were determined 
after fitting a curve to the data obtained.
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