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lthough cortical actin plays an important role in

cellular mechanics and morphogenesis, there is

surprisingly little information on cortex organiza-
tion at the apical surface of cells. In this paper, we char-
acterize organization and dynamics of microvilli (MV)
and a previously unappreciated actomyosin network at
the apical surface of Madin-Darby canine kidney cells.
In contrast to short and static MV in confluent cells, the
apical surfaces of nonconfluent epithelial cells (ECs) form
highly dynamic protrusions, which are often oriented
along the plane of the membrane. These dynamic MV

Introduction

The cytoskeleton is responsible for detection, transmission, and
generation of the mechanical forces that determine individual
cell shape and collective cellular behaviors. Whereas microtubules
and intermediate filaments mostly pervade the cytosol, actin
filaments are concentrated at the cell periphery or cell cortex
(Bretscher, 1991), where they facilitate the mechanical stabili-
zation and remodeling of cell shape. Numerous morphogenetic
processes are actively driven by actin dynamics, including cell
polarization, migration, division, and differentiation (Pantaloni
et al., 2001; Pollard and Cooper, 2009). Mechanical forces re-
quired for these processes are generated by actin polymerization
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exhibit complex and spatially correlated reorganization,
which is dependent on myosin Il activity. Surprisingly,
myosin |l is organized into an extensive network of fila-
ments spanning the entire apical membrane in noncon-
fluent ECs. Dynamic MV, myosin filaments, and their
associated actin filaments form an interconnected, pre-
stressed network. Inferestingly, this network regulates lat-
eral mobility of apical membrane probes such as integrins
or epidermcﬂ growth factor receptors, suggesting that co-
ordinated actomyosin dynamics contributes to apical cell
membrane organization.

and depolymerization or via contraction mediated by myosin
motors (Martin et al., 2009; Lecuit et al., 2011).

Epithelial cells (ECs) organize into adherent groups, which
form the boundary layers that define tissue compartments in
multicellular organisms. Such an interface must generate and
withstand significant mechanical stresses during tissue remod-
eling in the course of development, growth, and wound healing.
It is therefore of great interest to understand the structural and
dynamical aspects of cortical organization and remodeling that
enable ECs to exert and sustain such forces.

Individual cells within epithelial monolayers are polarized
along an apical-basal axis, a feature that is reflected in aspects
of membrane trafficking, ion transport, and cytoskeletal organi-
zation (Nelson, 2009). At the basal surface of single-layered
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epithelia, actin forms stress fibers, made up of antiparallel actomy-
osin bundles that connect adhesion sites and exert tensile forces
on the underlying basement membrane (Katoh et al., 2008). A sec-
ond prominent actin structure in many polarized ECs is a circum-
ferential ring of actin filaments that are linked to cadherin-based
adherens junctions just basal to the apical surface (Danjo and
Gipson, 1998). This junctional actin is thought to stabilize cell-
cell contacts and to provide the principal structural source of force
transmission within epithelia (Lecuit and Wieschaus, 2002).

The apical surface of polarized epithelia is decorated by
numerous microvilli (MV). These membrane protrusions are
formed around bundles of parallel actin filaments and extend
1-3 pum from the cell surface. In epithelia of the small intestine
and kidney, <15,000 MV per cell (DeRosier and Tilney, 2000)
make up the typical brush border. Brush border MV are inter-
connected at their bases via a dense meshwork of actin, spec-
trin, and myosins called the terminal web (Bretscher and Weber,
1978; Hirokawa et al., 1982).

During developmental processes, such as gastrulation
(Chuai and Weijer, 2009), as well as wound healing, ECs undergo
drastic shape changes to facilitate large-scale tissue morphogen-
esis. In many cases, ECs undergo an epithelial-mesenchymal
transition (EMT) and acquire morphological features that are
reminiscent of mesenchymal cells or mesenchymal stem cells
(Lee et al., 2006; Mani et al., 2008; Thiery et al., 2009). Spe-
cifically, they modify cell-cell and cell-matrix contacts as their
typical apical-basal polarity is converted into the front—back
polarity characteristic of migratory cells (Nelson, 2009). Actin
is then organized in lamellipodia and filopodia at the leading
edge of such cells (Burnette et al., 2011). EMTs are common
during embryonic development—for example, in neural crest
cell delamination and migration (Thiery et al., 2009)—and may
underlie the metastatic potential of epithelial tumors (Gupta et al.,
2009). Although there has been significant progress in eluci-
dating the molecular basis for regulation of the EMT (Kalluri and
Weinberg, 2009), our understanding of the changes in organiza-
tion of the cortical cytoskeleton that occur during this process
remains very limited (Sperry et al., 2010; Xing et al., 2011).

Despite the common perception that MV mainly serve as
a device to increase cell surface area, they are likely involved in
a variety of additional cellular functions, including regulation of
energy metabolism, gating of ion flux, generation and modula-
tion of membrane potential, Ca?* signaling, and mechanorecep-
tion (Lange, 2011). However, the physical and molecular basis
for these diverse MV functions is not understood. Apart from
the specialized brush borders, ECs often form much less densely
packed actin-containing MV with diverse morphologies, includ-
ing tubelike protrusions (Chinkers et al., 1979; Garbett et al.,
2010), ridges (Poole and Miiller, 2005), and ruffles (Brunk et al.,
1976; Chinkers et al., 1979). Proteins of the ERM (ezrin—radixin—
moesin) family (Bretscher et al., 2002) and scaffold proteins,
such as EBP50 and PDKZ1 (Garbett et al., 2010; LalL.onde
et al., 2010), have been shown to play a crucial role in MV as-
sembly and morphogenesis. Although there has been progress
in elucidating the molecular composition of individual MV
(Garbett et al., 2010; Garbett and Bretscher, 2012; Zwaenepoel
et al., 2012), the basis for the morphological diversity of MV
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has not been addressed. In particular, very little information on
MYV dynamics and lateral connectivity is available.

Here, we use quantitative live-cell imaging to characterize
the spatial organization and dynamics of MV in MDCK cells, a
widely used epithelial model cell line. We find that the apical
surface of confluent MDCK cells bears a dense array of short
and static MV, whereas nonconfluent cells form highly dynamic
protrusions, which are more elongated and often oriented paral-
lel to the plane of the membrane. These dynamic MV exhibit
complex and spatially correlated patterns of reorganization that
depend on myosin II activity. Surprisingly, we found that myo-
sin I is organized into a network of filaments that extend along
the entire inner face of the apical membrane of nonconfluent
MDCK cells. MV, apical myosin filaments, and their associated
actin filaments form an interconnected prestressed network that
exhibits highly coordinated motility. Importantly, reorganiza-
tion of the apical actomyosin network both restricts and facili-
tates lateral mobility of apical membrane components such as
EGF receptors (EGFRs) or integrins and their ligands.

Results

A characteristic MV morphology and
organization in nonconfluent ECs

In light of the known morphological diversity of MV or apical
membrane protrusions found in mammalian cells, we set out to
establish a model system in which different microvillar struc-
tures could be clearly differentiated. To monitor organization of
MV in living cells, we stably transfected MDCK cells with the
actin marker Lifeact-GFP (Riedl et al., 2008). Using live-cell
epifluorescence microscopy, we found that the apical surface
of confluent MDCK cells was covered with dense arrays of
short MV (Fig. 1 A) that protruded from the plasma membrane
(Fig. 1 B). In contrast, we found many elongated MV oriented
parallel to the apical surface of nonconfluent cells (Fig. 1 C) as
well as less protrusive MV (Fig. 1 D). Note that we use the term
apical here to refer to the cell surface farthest removed from
the glass substrate, irrespective of the polarization state of cells.
Formation of elongated apical MV was not a result of Lifeact-
GFP expression because similar structures were found in live
cells expressing actin-GFP (Fig. S1 A) and in fixed cells stained
with Atto 488—phalloidine (Fig. S1 B). Elongated MV were not
unique to MDCK cells but were observed on the apical surfaces
of various nonconfluent EC lines, including HeLa, MCF-7, and
HaCaT cells (Fig. S1 C).

To study the density and topology of elongated MV in more
detail, we visualized the apical surface of MDCK cells using
either projections of successive focal planes (Fig. 1, E and G)
or scanning EM (SEM,; Fig. 1, F and H). Both approaches con-
firmed the prevalence of short protruding MV on confluent cells
(Fig. 1, E, F, and I), whereas nonconfluent MDCK cells formed
slightly longer apical protrusions (Fig. 1, G-I) that were often ori-
ented parallel to the cell surface (Fig. 1 G) and were frequently bent
into a bowlike shape (Fig. 1 J). We also observed that some MV
responded to an external oscillatory flow (Fig. S1 D), whereas
others remained static and membrane associated, indicating that
they did not project as far from the apical surface.
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Figure 1. Apical actin organization of ECs. (A-H) Apical actin organization and surface topology of confluent (A, B, E, and F) and nonconfluent (C, D, G,
and H) MDCK cells. Images showing filamentous actin structures labeled with Lifeact-GFP in a single focal plane (A and C) or in projections of three planes
covering ~1.5 pm (E and G) are shown. Transmission EM micrographs show varying numbers of protruding MV (B and D), whereas SEM images reveal
the topology of apical MV (F and H). (I and J) Quantitative analysis of the topology of MV imaged by SEM, showing length (I and degree of straightness
()) for confluent and nonconfluent cells (n = 99; error bars: SDs; ttest value: ***, P < 10719, Red lines indicate Gaussian fits. Bars, 2 pm. Cell shapes and
the relative positions of the focal planes shown are indicated schematically with color codes corresponding to structures in E and G. au, arbitrary unit.

We then asked whether the observed differences in mor-
phology and density of MV protrusions were dependent on the
time elapsed after seeding or on the position of individual cells
within an epithelial sheet. To do so, we systematically evaluated
apical actin distribution in MDCK cells by phalloidin staining
14 d after seeding. We classified cells according to their po-
sition as either single (isolated) cells (I), cells located at the
borders of small cell islands (II), or confluent (i.e., surrounded
by neighboring cells) cells within small (III) or large (IV) is-
lands (Fig. 2, A and B). We observed that, for confluent cells in
categories III and IV, the density of apical protrusions steadily
increased with time after seeding (n > 20 cells per data point;
Fig. 2 C, green), whereas for nonconfluent cells (categories I
and II), this parameter did not increase beyond the 48-h time

point (Fig. 2 C, blue). Hence, this difference in MV morphol-
ogy correlated with cell position, domelike shape, and absence
of neighbors.

Physiological situations in which ECs lose their coherent,
sheetlike organization and become motile include wound heal-
ing and EMT that occur during gastrulation (Chuai and Weijer,
2009) and neural crest cell delamination (Thiery et al., 2009).
During these processes, ECs undergo drastic shape changes
that facilitate large-scale tissue morphogenesis. To examine
how MV organization is altered during EC morphogenesis,
we imaged apical actin organization in MDCK cells during
wound healing. We found that cells at the migration front
exhibited the elongated MV typical of nonconfluent cells
(Fig. 2 D, 1). In contrast, cells further away from the advancing
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Factors that influence MV morphology. (A and B) Classification of MDCK cells according to their position within cell layers (schematics and

selected regions of representative cells). (C) Relative density of the indicated classes of MV (defined in A and B) in cells cultured for the indicated times. All
cells were fixed and stained with Atto 488-phalloidin, and the object density in images was analyzed with an automated computer algorithm (n > 20; error
bars: SEMs; ttest: *, P = 0.05; ***, P < 0.001). (D) Apical actin organization in a wound-healing experiment. Note the differences between cells at the
wound edge (1) and cells within the sheet (2). Arrows indicate basal protrusions. (E) Effects of HGF on apical actin organization (shown here for a single
cell). Cells were treated with 100 ng/ml HGF and imaged at different times (given in minutes) after growth factor addition. Bars, 2 pm.

edge retained the denser arrays of short MV typical for con-
fluent cells (Fig. 2 D, 2).

We then tested the effect of hepatocyte growth factor
(HGF) on MV morphology. HGF induces dispersion of adherent
MDCK cells by promoting dissociation of the cell—cell junctions
that hold them together, thus facilitating subsequent migration.
This treatment is also used to mimic EMT (Montesano et al.,
1991). Before addition of HGF, confluent cells displayed dense
arrays of MV on their apical surfaces (Fig. 2 E, 0 min). After
several hours exposure to 100 ng/ml HGE, MV progressively
increased in length (Fig. 2 E), until the apical surface was com-
pletely covered in very long actin-filled protrusions (Fig. 2 E,
300 min). The ERM proteins ezrin, radixin, and moesin are
classical components of MV, and ezrin is a known effector of
HGEF during epithelial morphogenesis (Crepaldi et al., 1997).
We therefore tested localization of ERM proteins, as well as
their membrane adaptor EBP50, within elongated MV. We
found that all four markers colocalized with apical actin in non-
confluent MDCK cells (Fig. S2), indicating that the observed

JCB « VOLUME 207 « NUMBER 1 « 2014

actin structures in nonconfluent cells resemble MV in protein
composition, even though they differ in morphology. In sum-
mary, we found that bent and elongated MV are a characteristic
feature of ECs that are not completely surrounded by other cells
and are capable of undergoing morphogenetic changes.

MYV in nonconfluent cells exhibit rapid
myosin ll-dependent dynamics

To examine the molecular mechanisms that drive changes in
MYV morphology and organization in subconfluent cells, we next
performed time-lapse fluorescence microscopy on MDCK cells
transfected with Lifeact-GFP. In confluent cells, the typical dotted
MV structures remained largely static and only exhibited short-
range fluctuations (Fig. 3 A and Video 1). In contrast, nonconflu-
ent cells were characterized by extensive lateral rearrangements
of their elongated MV (Fig. 3 B and Video 2). This rearrangement
was accompanied by rapid turnover of actin, as shown by FRAP
experiments with actin-GFP—expressing cells (t,, =4.7 £ 1.0 s
[mean + SDJ; n = 21; Fig. 3 C). This recovery did not simply
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Figure 3. MV dynamics. (A and B) Qualitative motion analysis of MDCK cells stably transfected with Lifeact-GFP. Kymographs along the dotted red lines
reveal lateral actin rearrangement specifically in nonconfluent cells (time arrows, 300 s; Videos 1 and 2). (C) Rapid turnover of actin-GFP shown by FRAP.
Red dotted box is magnified on the bottom. Pre, time before FRAP event. (D-G) Image series demonstrating typical MV reorganization through bending
(D), exchange of connectivity (E), pivoting (F), and lateral translation (G). Red dotted lines, asterisks, and arrowheads indicate MV contours and ends for
the respective behaviors. Also see Video 3. Bars: (A-C) 2 pm; (D-G) 1 pm. Times are given in seconds.

reflect cytosolic diffusion of actin monomers, as recovery of sol-
uble Lifeact-GFP occurred much faster (¢, =2.8 + 0.7 s [mean +
SD]J; n=18). When we examined apical MV dynamics in greater
detail, we frequently observed extensive bending (Fig. 3 D and
Video 3) and exchange of connectivity (fusion and fission) be-
tween neighboring structures (Fig. 3 E and Video 3). In addition,
pivoting of straight MV (Fig. 3 F and Video 3), as well as lateral
translation of whole MV (Fig. 3 G and Video 3), was detected.

More detailed investigation of this lateral translation of
whole MV in nonconfluent cells revealed that adjacent MV
often moved in a coordinated fashion (Fig. 4, A and B). To
determine the spatial extent of correlation in the observed mo-
tion, we performed spatiotemporal image correlation spectros-
copy (STICS) analysis and found a mean correlation distance of
3 um (Fig. 4, C and D). As most MV movement was caused by
lateral reorganization in the plane of the membrane rather than
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Figure 4. Myosin-dependent motion of apical actin. (A and B) Kymographs along dotted lines in A reveal coordinated motion of MV (B). Arrows indicate
correlated motion of neighboring MV (B, 1) and noncorrelated motion of distant MV (B, 2). Time arrows, 500 s. White dotted lines represent viewing guides
to better follow trace evolutions. (C) STICS correlation analysis with characteristic spatiotemporal correlation length (inset: 3.3 £ 0.9 ym [mean = SD];
n = 11). Red lines represent exponential fits. (D) Calculated STICS flow field represented by velocity vectors on a uniform grid. Schematic indicates velocity
vectors and correlation length outlined by a radial gradient circle. Arrows indicate direction and magnitude of flow vectors. (E and F) Effect of inhibition
of myosin Il activity on correlation time in actin reorganization. Sample curves (E) and mean Pearson correlation coefficients (F) are shown for control cells
(blue, 62 + 20 s [mean = SEM]; n = 8) and cells treated with 50 pM blebbistatin (red, 156 + 60 s [mean + SEM]; n = 12). Black lines represent exponen-
tial fits. (G) Kymographs from cells analyzed in E and F showing that inhibition of myosin Il blocks lateral reorganization. Time arrows, 300 s. Squares,
triangles, and circles indicate data points for three representative cells. Bars: (A, B, and G) 2 pm; (D) 1 pm.

by polymerization and depolymerization, we hypothesized that
myosin II might be the molecule driving the observed dynam-
ics. Indeed, when we inhibited myosin II ATPase activity by
treating cells with 50 uM blebbistatin, apical actin reorganiza-
tion was slowed down significantly (Fig. 4, E-G), and the mean
temporal correlation in the overall actin structure increased from
1 to >2.5 min (Fig. 4 F). This effect confirmed that myosin II
plays an important role in the lateral motility of apical MV in
nonconfluent MDCK cells.

An isotropic myosin network spanning the
apical surface of ECs

As myosin II was essential for MV motility, we determined
the localization of myosin at the apical cortex. To this end, we
generated cell lines stably expressing GFP fusions to myosin
light chain (MLC; MLC-GFP) and myosin IIA heavy chain
(MHCA; MHCA-GFP). Ectopic expression levels of MHCA-
GFP were comparable to those of endogenous myosin ITA
(Fig. S3 A), and we did not observe any changes in cellular
morphology upon expression of the fusion proteins. Surpris-
ingly, we found that myosin II formed an extensive network
of filaments located immediately below the apical surface of
nonconfluent cells (Fig. 5, A and B). Both myosin markers co-
localized within filaments (Fig. S3 B), and the network could
also be visualized with antibodies against endogenous MHCA

JCB « VOLUME 207 « NUMBER 1 « 2014

(Fig. S3, C and D). In contrast, myosin II in confluent MDCK
cells was localized to distinct patches that likely corresponded
to the base of MV (Fig. 5, C and D; Hirokawa et al., 1982;
Watanabe et al., 2007). The myosin network in nonconfluent
cells was branched and exhibited coordinated fluctuations (Fig. 5,
E and F; and Video 4) that were sensitive to treatment with
50 uM blebbistatin or the MLC kinase inhibitor ML7 (Fig. S3 E).
Their patterns of movement were comparable to those of MV, as
confirmed by both spatial and temporal correlation coefficients
(Fig. 5, G and H). Finally, the change in myosin organization
was also seen in wound-healing experiments, in which cells at
the wound edge contained myosin II networks at their apical
surfaces (Fig. 5 1, 1), whereas cells deeper within the sheet had
a more patchy myosin localization with only a few filamentous
connections (Fig. 51, 2).

To observe apical actin and myosin structures simultane-
ously, we generated stably transfected MDCK cells coexpress-
ing Lifeact-mCherry and MHCA-GFP. Remarkably, actin and
myosin did not show extensive colocalization, but rather formed
a joint network covering the apical surface of cells, made up of
alternating stretches of actin and myosin II (Fig. 6, A and B).
Although overlap between the two filament systems was low,
both actin and myosin exhibited coordinated isotropic motion
(Fig. 6 C and Video 5) with similar spatial and temporal correla-
tion coefficients (Fig. 6, D and E). Interconnection between
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Figure 5. The apical myosin Il network. (A-D) Apical organization of myosin Il filaments visualized by labeling of myosin heavy chain Il A (MHCA;
A and C) or myosin light chain (MLC; B and D) with GFP. Whereas confluent cells exhibit punctate myosin Il signals (C and D), nonconfluent MDCK cells
form isotropic networks of myosin at their apical cell surface (A and B). (E and F) Dynamic rearrangement of myosin networks labeled with MHCA-GFP (E)
or MLC-GFP (F) labeled (time arrow, 400 s; Video 4). Kymographs were taken along the indicated red dotted lines. (G) Representative STICS curve of MLC-
GFP dynamics and characteristic correlation length (inset, 2.8 + 0.8 pm [mean = SD]; n = 8). Red lines represent exponential fits. (H) Correlation times for
myosin network mobility (60 = 10 s [means = SEM]; n = 14 [MHCA] and 9 [MLC]). (I) Apical myosin organization in wound-healing experiments. Examples
are shown for an isotropic myosin network in a cell close to the wound (1) and more punctate signal of myosin in a cell within the sheet (2). Bars, 2 pm.

actin and myosin was further confirmed by significant cross-
correlation between the respective velocity fields at zero time
shift (Fig. 6 F).

A cortical actomyosin network under
mechanical tension

Although fluorescent actin markers, such as Lifeact-GFP, can be
efficiently used to label bundled actin such as in MV, finer actin
structures and individual actin filaments often cannot be dis-
tinguished against the high cytosolic background. To indirectly
reveal the existence of myosin-associated, load-bearing actin
structures within the plane of the apical plasma membrane, we
tested whether the apical myosin network in nonconfluent ECs
was being subjected to actin-dependent mechanical tension.

When we disrupted apical actin structures by exposure to the
actin-depolymerizing drug latrunculin A (2 uM), we found that
within a few minutes, MV and myosin networks were disrupted
at multiple sites and that the remnants of both structures aggre-
gated in randomly dispersed clusters (Fig. 7, A—C; and Video 6),
consistent with previous studies using low levels of actin drugs
(Verkhovsky et al., 1997; Luo et al., 2013). The clustered MV
could also be observed using SEM (Fig. 7 D). This behavior is
consistent with the existence of a planar actomyosin network
that is under isotropic tension. We confirmed this hypothesis by
using laser ablation on MHCA-GFP-expressing cells, in which
the myosin network clearly exhibited tension release when lo-
cally and rapidly severed (Fig. 7 E). Initial retraction of myo-
sin fibers perpendicular to the cut occurred with 261 + 51 nm/s
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Figure 6. The apical actomyosin network. (A-C) Localization and dynamics of actin and myosin in MDCK cells stably transfected with Lifeact-mCherry
and MHCA-GFP (Video 5). Both markers label distinct regions (A) that only rarely overlap (yellow in B). A kymograph (C) along the dotted line (overlay)
shows correlated motion patterns for both structures. Bars, 2 pm. Time arrow, 400 s. (D and E) Correlation analysis showing similar temporal (D; actin:
53 + 11 s; myosin: 57 + 20 s [means + SD]; n = 10) and spatial (E; actin: 2.1 + 0.4 pm; myosin: 3.3 = 0.6 pm [means = SD]; n = 7) correlation of actin
and myosin structures within the same cells. (F) Cross-correlation analysis of STICS velocity. The fact that the mean cross-correlation coefficient (cross-corr.

coeff.) peaks at At = O s indicates interdependence of actin and myosin motion (n = 8; SDs). *, P < 0.05.

(mean = SD; n = 19), and this experiment also revealed that
new myosin filaments were rapidly formed to fill the gap in the
network (Fig. 7 E, kymograph).

If connectivity in the apical network relies largely on acto-
myosin interactions, we reasoned that it should be possible to
unbalance the system instead of disrupting it, by only slightly
reducing the amount of cortical actin filaments available. Indeed,
after treatment with 500 nM latrunculin B for several minutes,
apical myosin networks again began to rupture at several positions
(Fig. 8 A). However, instead of clustering the remnants, the resid-
ual networks started to manifest massive long-distance rearrange-
ments and oscillations (Fig. 8 A and Video 7). Interestingly, stress
fibers at the basal cell surface (Fig. 8 A, light blue; and Video 7)
were not affected by low latrunculin concentrations and remained
static in spite of the fast rearrangements occurring within the api-
cal network. These findings indicate that forces within apical and
basal actomyosin assemblies are largely balanced within their re-
spective structures and that local actomyosin assemblies are not
necessarily connected into a cell-spanning mesh. In summary, our
results are consistent with a joint isotropic 2D network made up of
actin and myosin that covers the apical surface of ECs.

Dynamic MV emerge from the cortical actomyosin network as
actin-filled membrane protrusions. Such protrusion could di-
rectly affect the lateral mobility of membrane-associated fac-
tors, either through changes in local topology and membrane
composition or via interactions of membrane components with
the underlying cytoskeletal elements.

To test this hypothesis, we first monitored lateral mobility
of carboxylated and collagen (type I)-coated beads attached
to the apical surface of MDCK cells. For robust quantification
of bead motility, we automatically tracked individual beads
(Fig. S4 A) and calculated their mean squared displacement
(MSD; Fig. S4 B). With a mean MSD exponent of 1, carboxylated
beads of 100-nm diameter that bound unspecifically to noncon-
fluent cells exhibited free diffusion, indicating that they were
not significantly obstructed by dynamic MV (Fig. S4, A and B,
black graph; and Video 8). In contrast, larger beads of 500-nm
or 1-um diameter frequently became stuck between surrounding
MYV and were therefore actively (MSD exponent > 1) moved along
the cell surface via myosin-dependent forces (Fig. S4, A and B,
red/blue graphs; and Video 8). Interestingly, we could also ob-
serve trapping of 100-nm beads between dynamic MV (Fig. 8 B
and Video 9). However, reorganization of MV was rapid enough
to not significantly obstruct diffusion of these beads (exponent
in MSD analysis did not drop <1 as expected for restricted dif-
fusion). For collagen I-coated beads, we found tight association
with MV independent of bead size, reflected in active motion
(Fig. 8 D and Fig. S4 C, bottom). As a consequence, beads
closely followed the dynamic rearrangement of their MV at-
tachment sites (Fig. 8 C and Video 10). We expected attachment
of collagen I beads to MV to be mediated by binding to the main
collagen I receptor, integrin a2f31. Indeed, incubation of cells
with the B1-blocking antibody AIIB2 (Hall et al., 1990) led to
a loss of bead—MV association and to a diffusion-characteristic
MSD exponent of 1 (Fig. 8 D). In addition, collagen I beads at-
tached to the apical surface of confluent cells exhibited random
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mobility (Fig. 8 D), in accordance with the fluctuations seen for
short MV in these cells (Fig. 3 A). As 1 integrins are highly
expressed in ECs, localization of integrin 31-GFP is difficult to
interpret in the presence of endogenous protein (Parsons et al.,
2008). To verify whether integrin localization supports our obser-
vations of M V-restricted beads, we instead expressed integrin o5—
GFP in MDCK cells. We found that integrin a5—GFP was con-
centrated on dynamic MV (Fig. 8 E). However, in contrast to the
immobilized collagen I beads, integrin a5—GFP showed rapid
lateral mobility in FRAP experiments (Fig. 8 E).

We found a similar mechanism of kinetic trapping in dy-
namic MV of nonconfluent MDCK cells for the EGFR (Fig. S5 A).

Figure 7.  Perturbation of network organiza-
tion. (A-C) Changes in actin (A) and myosin
(B and C) organization upon treatment with
2 pM latrunculin A (Video 6). Rupture of net-
works (C) and formation of clusters (A and B)
are shown in selected cells over time. Arrows
indicate ends of rupturing myosin filament.
(D) Visualization of MV clustering with SEM.
(E) Recoil of myosin filaments after scission by
laser ablation demonstrates that the apical
actomyosin network is under tension. Release
of tension appears as the extended gap (ar-
rows) in the kymograph (drawn along dotted
line). Bars, 2 ym. Time arrow, 25 s. Times are
in minutes (A, B, and D) or seconds (E).

This was also reflected in the guided motion of labeled EGF
(Fig. S5 B) and the resulting random distribution within re-
stricted areas (Fig. S5 B, max). Upon binding to nonconfluent
cells, both EGF and its receptor were rapidly taken up via endo-
cytosis (Fig. S5 C). In contrast, EGF was hardly bound to the
apical surface of confluent cells, where the EGFR was found nearly
exclusively at the lateral surface or cell-cell contact regions
(Fig. S5 D). Endocytic uptake was consequently minimal in these
cells (Fig. S5 D). Collectively, our results strongly suggest that
apical actin protrusions, MV motion, and actomyosin network
dynamics have a significant effect on the lateral distribution—
and function—of a variety of apical surface markers.
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Figure 8. Network connectivity and plasma membrane organization. (A) Destabilization of the apical actomyosin network in the presence of low concen-
trations of 500 nM latrunculin B. Drug treatment induces large-scale reorganization of apical myosin involving the coordinated motion of whole sections
of the network (Video 7), whereas basal stress fibers remain unaffected (green: projection of apical 5 pm; cyan: basal focal plane). The kymograph was
taken along the indicated red dotted line. (B) Mobility of fluorescent carboxylated beads (red) on the apical cell surface (green: Lifeact-GFP; maximum pro-
jection of five subsequent frames at 1 frame/s). (C) Collagen I-coated beads bind to MV and are guided by their motion (kymograph along dotted line).
(D) MSD analysis reveals active transport (exponent > 1) of collagen I-coated beads attached to nonconfluent cells (non confl.; 11 cells, n = 426). In contrast,
free diffusion (exponent = 1) is seen for carboxylated beads (7 cells, n = 422) and collagen I-coated beads on either nonconfluent cells treated with the
integrin B1 inhibitory antibody AlIB2 (5 cells, n = 410) or confluent cells (confl.; 5 cells, n = 668). Beads in B-D had a 100-nm diameter. Results are given
as box plots marking 25-75 percentile (boxes), median (lines), and mean value (small boxes). Whiskers indicate range of data points. ***, P < 0.001.
(E) a5 Integrin-GFP is concentrated in actin-rich MV but shows rapid exchange, as demonstrated by FRAP analysis (bleached region is shown by the dotted
ellipse). Bars: (A and E) 2 pm; (B and C) 1 pm. Time arrows: (A) 300 s; (C) 50 s. Time stamps are in minutes (A) and seconds (B and E).

In this study, we have shown that the apical surface of noncon-
fluent ECs is covered by elongated and pliable MV that undergo
complex, myosin II-driven lateral displacements. Myosin II in
these cells is organized into a distinctive, isotropic, and two-
dimensional subsurface network of filaments that are intercon-
nected with MV and laterally oriented actin filaments (Fig. 9 A).
This apical actomyosin cortex exhibits characteristic coordi-
nated motion, is under mechanical tension, and influences the
distribution of various surface markers.

Bow-shaped MV are found at the apical surface of all of
the EC lines that we tested and were easily visualized with sev-
eral commonly used actin probes. Surprisingly, these structures
have not featured prominently in the literature so far. One obvi-
ous reason for this is that many studies have focused on polar-
ized and confluent EC, in which MV adopt the prototypical
array organization that has traditionally been studied in the
highly specialized and biochemically accessible brush border
epithelium (Bretscher and Weber, 1978; Hirokawa et al., 1982;

Drenckhahn and Dermietzel, 1988). However, scanning elec-
tron micrographs from the 1970s show elongated and bent api-
cal protrusions in ECs cultured under specific conditions (Brunk
et al., 1976; Bretscher and Weber, 1978; Chinkers et al., 1979).
More recently, atomic force microscopy has been used to reveal
ridgelike topological structures on the apical surfaces of MDCK
and melanoma cells (Poole et al., 2004; Poole and Miiller,
2005). In addition, ezrin and its adapter EBP50 have been shown
to localize to bent apical protrusions in cultured ECs (Garbett
et al., 2010; LaLonde et al., 2010). Importantly, protrusions
with the characteristics of bent MV have also been described for
epithelia that are undergoing reorganization in developing em-
bryos (Lofberg, 1974; Rauzi et al., 2010).

The pliable form of curved MV in nonconfluent ECs
stands in contrast to the stiffer rectilinear organization of actin
filaments in classical MV, filopodia, or stress fibers (Chhabra
and Higgs, 2007) and also differs markedly from the dendritic
organization in lamellipodia (Pollard et al., 2000). Although
we currently lack ultrastructural information, the high rate of
actin subunit exchange in these MV indicates that individual
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Figure 9. Models for apical actomyosin organization and membrane organization. (A) Hypothetical model for surface topology and actomyosin organiza-
tion in nonconfluent ECs. Actin filaments (red) form either thick bundles in bent MV or thinner structures (single filaments or thin bundles) that are not resolved
as such by fluorescence microscopy (shown here below the plane of the membrane). Myosin (minifilaments) filaments (green) form a two-dimensional net-
work below the apical membrane and are connected to both individual actin filaments and MV (indicated by bent actin filaments at MV roots). The plasma
membrane (transparent orange) is tightly connected to MV. Bent MV could consist of a single bundle of actin filaments or of multiple tightly connected
bundles oriented orthogonally to the plasma membrane (example shown in the foreground). (B) Schematic depiction of three types of mechanisms by which
apical actomyosin dynamics influences the mobility and distribution of plasma membrane components.

MV contain bundles of short actin filaments that turn over
rapidly. The curved shape of MV likely results from lateral
pulling forces exerted by the underlying myosin II filaments.
These forces are most probably also responsible for the lateral
cortex reorganization implied by the frequent occurrence of fu-
sion and fission events between adjacent MV. Importantly, we
found that MV in nonconfluent ECs are mechanically coupled
and undergo coordinated lateral motions with characteristic length
and time scales. Such coordinated dynamics have so far not
been described for individual cultured cells but are typical for
networks of flexible polymers and resemble the tissue scale dy-
namics found in Drosophila melanogaster or Caenorhabditis
elegans epithelia undergoing morphogenetic changes (Munro
et al., 2004; Martin et al., 2009).

A major finding of our study is that an extensive, isotropic
network of myosin filaments lines the inner apical surface of
nonconfluent EC. Interestingly, this myosin network is discon-
tinuous, with alternating stretches of filaments and gaps (Fig. 9 A).
However, as indicated by the coordinated motions within the
network and the collective motion observed in drug perturbation
experiments, myosin filaments are likely connected through actin
filaments that cannot be visualized against the high background
signal of cytosolic actin probe (Fig. 9 A). Myosin II probes are
therefore optimally suited to visualize lateral cell cortex orga-
nization. In addition, correlation analyses show that the lateral

cortical actomyosin network is structurally interlinked with MV.
This apical cortex organization constitutes a particularly inter-
esting case of an active biopolymer network in which molecular
motors use chemical energy to modify the topology of a semi-
flexible polymer mesh (Koenderink et al., 2009; Kohler et al.,
2011). Such dynamics at the level of whole actin bundles could
provide a very efficient mechanism for large-scale reorganiza-
tion of the cortex, without direct connection to stable reference
points, such as those provided by focal adhesions on the basal
surface or adherens junctions at cell-cell contacts. In spite of its
apparent organizational flexibility, the joint actomyosin network
is under considerable tension, as becomes apparent after latrun-
culin A treatment or focal laser ablation.

Actin bundles in MV are typically connected to the plasma
membrane via proteins of the ERM family and their membrane
adaptors (Fehon et al., 2010). Hence, the localization of all
major ERM proteins, as well as the adaptor EBP50, to bent MV
suggests that, during myosin-driven lateral reorganization, actin
bundles in MV remain closely associated with the apical plasma
membrane. We were therefore not surprised to find that the
apical actomyosin network and its dynamics have a direct influ-
ence on the mobility and lateral segregation of various plasma
membrane markers. The single membrane-spanning receptor
a5 integrin exhibits rapid lateral mobility within the apical
membrane. However, despite its fast diffusion rate, a5 integrin
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was highly enriched on bent MV and followed MV dynamics
via kinetic association (Fig. 9 B). Our results imply similar sce-
narios for B1 integrin and EGFR. In contrast, ligands of these
kinetically trapped receptors, such as collagen-coated beads and
chemically labeled EGF tightly associated with bent MV. This
resulted in guided motion following the pattern of actomyosin
network motility (Fig. 9 B). Finally, we observed restricted diffu-
sion of beads that were not stably attached to the cell surface but
became topologically trapped between adjacent MV (Fig. 9 B).
In summary, the apical actomyosin network clearly affects the
distribution of membrane markers, either through direct attach-
ment and transport (Brangwynne et al., 2009) or by acting as
a diffusion barrier and fence (Ritchie et al., 2003). Restriction
of lateral motion through association with actin ridges or cy-
toskeletal picket fences has been demonstrated previously for
several signaling factors (Suzuki et al., 2005; Liu et al., 2010;
Jaqaman et al., 2011). Importantly, immobilization of membrane
proteins on apical actin structures not only results in reduced
lateral mobility of these factors but might at the same time fa-
cilitate intermolecular contacts and encounters via the observed
active lateral motion of the actomyosin network. Indeed, the
constant isotropic rearrangement of bent MV seems well suited
to distribute and bring into contact those surface-bound factors,
which have been immobilized and concentrated near MV. An
exciting task for future studies will be to determine whether the
observed actomyosin motion might serve to increase the effi-
ciency of receptor dimerization, receptor—ligand interaction and
ultimately signal transduction.

Irrespective of its potential role in membrane organiza-
tion, the apical actomyosin network is ideally positioned to act
as a mechanosensory element. It provides mechanical resistance
to external forces, while at the same time being flexible enough
to allow for structural adaptations upon mechanical or chemical
stimulation during programmed morphogenetic changes. Such
arole would be in keeping with the appearance of the actomyo-
sin network in nonconfluent ECs that are still motile and are
therefore exposed to a more varied environment. Furthermore, a
mechanosensory function might not be limited to the cell cortex,
as it has recently been proposed that mechanical forces acting
on the cell nucleus directly influence transcriptional activities
(Khatau et al., 2010; Mazumder and Shivashankar, 2010; Swift
et al., 2013). A flexible, cagelike apical actomyosin network
could offer the protection and adaptability required to maintain
and control the stress exerted on the nucleus. Thus, elucidating
the response of apical actomyosin to local or global changes in
the mechanical environment is another exciting challenge for
future research.

Materials and methods

Cell culture and transfection
MDCK, Hela, HaCaT, and MCF-7 cells were grown in 25-cm? tissue cul-
ture flasks (Falcon Company) at 37°C and 5% CO; in DMEM-GlutaMAX-1
(Gibco) supplemented with 10% FBS (Gibco). For imaging of noncon-
fluent cells, 200-400 pl cells were seeded in 8-well p-Slides (lbidi) at 2 x
10* cells/ml and incubated for 48 h. For observation of confluent mono-
layers, cells were seeded at 4-5 x 10° cells/ml and incubated for 3-4 d.
All cell transfections were performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. To obtain stably
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transfected lines, cells were selected using 600 pg/ml hygromycin (Roche)
and/or 200 pg/ml puromycin (Sigma-Aldrich) for 7-10 d, and selection
pressure was maintained during cell culture. Antibiotics were, however,
omitted during drug treatments and imaging. Lifeact, MHCA (human; MHC?9),
MLC (rat; MLC12B), &5 integrin (human; [TGAS5), and actfin (human B-actin;
ACTB) were expressed from the cytomegalovirus promoter using pEGFP-N1
or pEGFP-C1 vectors (Takara Bio Inc.). EGFR-EYFP was expressed from the
cytomegalovirus promoter using a pcDNA3. 1-derived plasmid obtained
from Vibor Laketa (European Molecular Biology Laboratory) and used as
previously described (Offterdinger et al., 2004).

Cells were treated with 50 pM blebbistatin (Invitrogen) to inhibit
myosin Il ATPase activity and with 2 pM latrunculin A (EMD Millipore) or
500 nM latrunculin B (Enzo Life Sciences) to sequester actin monomers.
HGF (HumanZyme) was added to a final concentration of 100 ng/ml, and
cells were imaged after the indicated incubation times. EGF complexed to
Alexa Fluor 555 (Life Technologies) was added to the cells directly before
experiments at a final concentration of 2 pg/ml. Uptake of EGF by EGFR-
EYFP-expressing MDCK cells was monitored every 20 s for a total length
of 30 min.

For wound-healing assays, 6 x 10* cells were seeded on both sides
of a 35-mm p-Dish wound-healing culture insert (Ibidi) and incubated for
24 h. After removal of the insert, cells were again incubated for 16-24 h
before imaging. For shearflow experiments, 5 x 10° cells were seeded in
flow chambers (p-Slide®? Luer; Ibidi), incubated for 48 h, and then con-
nected fo the pump system (Ibidi), with the perfusion set containing DMEM.
Cells were subjected to 20 dyn/cm? oscillatory shear stress at 0.2 Hz.

Antibodies and beads

Commercial antibodies for immunofluorescence and Western blot analy-
ses used in this study were rabbit anti-nonmuscle myosin IIA (Novus
Biologicals), mouse anti-nonmuscle myosin IIA antibody (Abcam), rabbit
anti-radixin (Abcam), and mouse anti-moesin (Abcam). Two further anti-
bodies were obtained from the Developmental Studies Hybridoma Bank,
developed under the auspices of the National Institute of Child Health
and Human Development, and maintained by the Department of Biology
at the University of lowa (lowa city, IA): mouse anti-ezrin (CPTC-Ezrin-1,
developed at the National Cancer Institute, Bethesda, MD) and mouse
anti-integrin 31 (AlIB2, developed by C.H. Damsky, University of California,
San Francisco, San Francisco, CA).

For surfacelabeling experiments, carboxyl-coated, red fluorescent
polystyrene beads with diameters of 100, 500, or 1,000 nm were used
(FluoSpheres; Invitrogen). To induce binding to integrin a2 1, beads were
incubated overnight at 4°C in 2 mg/ml type | rat tail collagen solution
(PureCol 100 type | collagen; Nutacon). Subsequently, beads were col-
lected by centrifugation for 30 min at 12,000 g. Before use, beads were di-
luted in PBS, sonicated, and added to the cells for 15 min. Unbound beads
were removed by washing with imaging buffer before the experiment.

To inhibit binding of collagen-coated beads, cells were treated with
the integrin B1 inhibitory antibody AlIB2 at 1:10 dilution of the supernatant.
The antibody was added to the cell culture medium 15 min before addition
of collagen-coated beads and was present throughout the experiment.

Immunofluorescence

For immunofluorescence staining, cells were grown on glass coverslips,
fixed with 3.2% paraformaldehyde in PBS for 20 min, washed in PBS, per-
meabilized in 0.3% Triton X-100 in PBS for 5 min, and blocked with 1.25%
gelatin and 0.05% saponin in PBS for 20 min before incubation with pri-
mary antibody for 1 h. After washing in PBS and incubation in secondary
antibodies and phalloidin (Alexa Fluor goat anti-rabbit/mouse [A11008/
A11029; Invitrogen] and rhodamine-phalloidin [R415; Invitrogen]) for 1 h
in 1.25% gelatin and 0.05% saponin in PBS, cells were washed again in
PBS before mounting in Mowiol/DABCO (Roth).

Western analysis

For detection of MHCA in Western blots, equal amounts of cell lysates
were separated by SDS-PAGE, transferred to Immobilon-P-membrane
(Serva), incubated in primary antibody in the presence of 5% skim milk
in TBS-T (TBS with Tween 20) overnight, and labeled with HRP-coupled
secondary antibodies.

Transmission EM and SEM

Transmission EM of MDCK cells was performed as described previously
(Keil and Steinbrecht, 2010). In brief, cells were fixed for 30 min at 40°C
in 0.1 M cacodylate buffer containing 2.5% glutaraldehyde (Sigma-
Aldrich) and 5% sucrose at pH 7.2. Cells were then incubated for 30 min
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at 40°C in cacodylate buffer containing 1% tannic acid. After removal of
the fixative, cells were incubated for 1 h at 40°C in 0.1 M cacodylate buf-
fer containing 1% OsOy, washed with double distilled H,O, and stained
overnight with 1% aqueous uranyl acetate solution at 60°C. Cells were de-
hydrated in a graded ethanol series and embedded in Spurr’s medium.
Sections (100 nm) were cut using a DIATOME diamond knife on a micro-
tome (Ultracut; Reichert), stained for 30 min in 1% aqueous uranyl acetate
solution, and imaged at 120 kV on an electron microscope (CM120; Phil-
ips FEI) equipped with a camera (MegaView; Olympus).

For SEM, MDCK cells were incubated for 45 min in 0.1 M phos-
phate buffer containing 2.5% glutaraldehyde. Subsequently, after three
10-min washing steps in 0.1 M phosphate buffer, cells were subjected to
dehydration by successive incubations in 20, 40, 60, 80, and 99% etha-
nol (EtOH 99%; Sigma-Aldrich) for 10 min each and kept in 99% EtOH
overnight. Cells were then dehydrated using a critical point dryer (Polaron
E3000; Polaron Instruments) and the standard drying protocol. Cell sur-
faces were sputter coated with gold (108auto; Cressington Scientific) to a
thickness of é-nm gold and imaged on a scanning electron microscope
(SM300; Topcon) at 10-15 kV.

Fluorescence microscopy

Epifluorescence imaging of GFP and RFP fusion proteins was performed on
a fully automated iMIC-based microscope from FEl, using an Olympus
100x, 1.4 NA objective and diode-pumped solid-state lasers at 491 nm
(75 mW; Calypso; Cobolt) and 561 nm (150 mW; Jive; Cobolt) as light
sources. Lasers were selected through an acousto-optical tunable filter and
directed through a broadband fiber to the microscope. A galvanometer-
driven two-axis scan head was used to adjust laser incidence angles. Im-
ages were collected using a camera (Imago-QE SensiCAM; PCO AG).
Acquisition was controlled by LiveAcquisition software (TILL Photonics).
FRAP of actin-GFP was performed using a third galvanometer-controlled
mirror (Polytrope) to switch between widefield and FRAP modalities.

Confocal microscopy was performed on a spinning-disk system
(UltraView Vox; PerkinElmer) based on an inverted microscope (DMI6000 B;
Leica) and equipped with 488- and 561-nm lasers, a 100x, 1.47 NA
obijective (Leica), and a charge-coupled device camera (ImagEM; Hame-
matsu Photonics). Image acquisition was controlled by the Volocity 3D soft-
ware (PerkinElmer).

Ablation of MLC-GFP filaments was performed either on a confocal
microscope (FV1000; Olympus) equipped with a 100x, 1.42 NA objec-
tive and a pulsed 405-nm picosecond UV laser (Sepia; PicoQuant) or on
the aforementioned iMIC-based microscope equipped with a pulsed UV
laser (DPSL-355/14; Rapp OptoElectronic). All experiments were per-
formed as previously described (Raabe et al., 2009). In brief, cortical myo-
sin filaments were cut by the pulsed UV laser without damaging the plasma
membrane or other intracellular compartments. Initial retraction, as well
as the subsequent stabilization, was acquired for the following 30 s at a
frame rate of 200 ms. Retraction speeds were calculated from kymographs
generated perpendicular to the cut axis. The linear slope of filament traces
within the first second after cutting was used to quantify angles and veloci-
ties of the retracting filaments. For all measurements, cells were maintained
in DMEM at constant temperature (37°C), CO; level (5%), and humidity.

Image processing and analysis

All images were processed using either Fiji (National Institutes of Health),
MATLAB (MathWorks, Inc.), or Volocity 3D (PerkinElmer). Images were con-
trast adjusted and zoomed for purposes of presentation in the figures only.
For image cleanup and denoising, we used either the background subtrac-
tion algorithm in Fiji (rolling ball and radius of 50 pixels) or the Block
Matching 3D filter (block size of 8 x 8 pixels; Dabov et al., 2007) followed
by a local top-hat filter (radius of 5 pixels) in MATLAB (CODE 3). For object
density measurements, @ MATLAB algorithm was applied to image regions
of 150 x 150 pixels. After initial background subtraction and denoising,
images were binarized using twice the image mean intensity value as a
threshold. Detected objects were thinned to skeletons, single-pixel objects
were removed, and the number of objects was counted (CODE 1).

A simple Pearson correlation coefficient was used to calculate simi-
larities between pairs of frames from fluorescence microscopy time-lapse
videos to quantify the time scale of structural reorganization. The Pearson
correlation coefficient r between two images X and Y is defined as

Here, the subscript denotes the i pixel of the image, and brackets denote
the mean over all pixels in the image. For a given video, we calculated the
Pearson correlation coefficient r(X°,X) = r(f] of the first frame X° with each
consecutive frame in {X'} o measure their similarity. Inage denoising was
applied as described in the previous paragraph, and full images were cut
to a region of interest of 250 x 250 pixels before calculating the Pearson
correlation coefficient. As r(f) decays over time, corresponding fo a struc-
tural reorganization, a single exponential decay fit with constant offset was
used to determine the characteristic correlation time.

STICS measures the mean velocity of a labeled mobile target in an
image template by fitting a Gaussian distribution to the spatiotemporal cor-
relation function (Hebert et al., 2005). Velocity fields were obtained on a
uniform grid by performing STICS analyses on neighboring subimage se-
ries in space and time. For each grid point (x,y, in a given video, STICS
analysis was performed on a spatial window {x + 2dx, y + 2dy}, and a
temporal window of t + 2dt with the spatial widths of dx = dy = 6 pixels
and a femporal width of df = 8 frames. Nearest-neighbor velocities on the
STICS grid have overlapping averaging windows in both space and time,
which results in systematically correlated velocities. Thus, nearest-neighbor
pairs of velocities were excluded from all correlation analyses to evaluate
spatiotemporal correlations in cytoskeletal dynamics using independent
values only.

Spatial correlations in STICS velocity fields for a given fimelapse
video were quantified using the spatial correlation function (SCF). Following
Angelini et al. (2010), the SCF of a vector field v(r,f| at time tis given by

zr(v(r,r) —<v(r,r)>r)' (v(r +R )= {v(r+ R,r)}r)
zr(v(r,r)—<v(r,f)>r)~(v(r,r)—<v(r,r)>r)

SCF(r,r) =
opit

Here, v(r,1) is the velocity vector at the STICS grid position r at time f, and
brackets denote averaging over the subscripted variable. ®; denotes the
orientation of R with respect to an arbitrary reference angle. The SCF re-
moves mean drift from the raw STICS velocity vectors. The SCF was fitted
with a single exponential decay only considering points out of the STICS
window to extract the correlation length scale Ro.

Temporal correlations between actin and myosin channels were
quantified using the temporal correlation function (TCF):

Here v, and v, denote actin and myosin motion fields, respectively, and
7 denotes the lag time. TCF; »(0) equals the mean cross-correlation of the
actin and myosin motion fields with no temporal offset (i.e., the mean local
flow of the myosin motion field along the direction of the actin field).

MSD analysis was performed using a MATLAB-based algorithm to
binarize maximum-projected time-lapse videos of beads on apical surfaces
of MDCK cells (three planes; Az = 1 pm) using adaptable thresholding pa-
rameters (CODE 2) and consecutively calculating the center of mass for each
binarized object with an x and y diameter <25 pixels (CODE 4). Particles
were subsequently tracked using Image) Particle Tracker (radius: 3; cutoff: 3;
percentile: 0.1%; link range: 2; displacement: 5; National Institutes of
Health; Sbalzarini and Koumoutsakos, 2005). All traces longer than 30
frames were analyzed in Origin9.1 (OriginLab) with fitting function y = a - x°
(allometric 1). Only MSD exponents b in the range of 0.1 < b < 3 were
considered and plotted as box plots marking the 25-75 percentile (box),
median (line), and mean value (small box). Reading and writing of TIFF files
from MATLAB was performed using customized programs (CODES 5 and 6).

Statistics

Mean values, number of measurements (n), and SD or SEM are provided
for all quantified results. Error bars in graphs are explained in the respec-
tive legends. Statistical comparison between conditions was performed
using the unpaired t test with Welch correction.

Online supplemental material

Fig. S1 shows apical actomyosin organization in different EC lines and with
different markers. Fig. S2 shows colocalization of actin with ERM proteins.
Fig. S3 shows expression levels and localization of myosin heavy chain
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and MLC in transfected and untransfected MDCK cells. Fig. S4 shows the
procedure used to calculate MSD of beads attached to the apical surface
of MDCK cells and control results for beads of different sizes. Fig. S5 shows
localization and internalization of EGFR-YFP and EGF-Alexa Fluor 555 in
unstimulated and EGF-stimulated MDCK cells. Video 1 shows MV dynam-
ics in confluent cells. Video 2 shows MV dynamics in nonconfluent cells.
Video 3 shows examples of MV reorganization. Video 4 shows apical
myosin dynamics in MDCK cells. Video 5 shows colocalization of actin and
myosin at the apical surface of MDCK cells. Video é shows the disruption
of the apical MV array and myosin network. Video 7 shows unbalanced
myosin dynamics upon treatment with low concentrations of latrunculin B.
Video 8 shows size-dependent confinement of carboxylated beads at the
apical surface of MDCK cells. Video 9 shows dynamic trapping of carbox-
ylated beads at apical surface of MDCK cells. Video 10 shows trapping
of collagen I-coated beads on apical MV. A ZIP file is also included that
provides six MATLAB source codes. Code 1 provides the MATLAB source
code for object density analysis. Code 2 provides the MATLAB source
code for MSD analysis. Code 3 provides the MATLAB source code for
image filtering. Code 4 provides the MATLAB source code for center of
mass determination of beads. Code 5 provides the MATLAB source code
for reading LiveAcquisition TIFF files. Code é provides the MATLAB source
code for writing TIFF files. Online supplemental material is available at
http://www.jcb.org/cgi/content/full /jcb.201402037/DC1.

We thank Paul Hardy, Carsten Grashoff, and Christian Schuberth for com-
ments on the manuscript.

This work for supported by the Max Planck Society and the German Re-
search Foundation via the SFB863 and the Cells-in-Motion Cluster of Excel-
lence (EXC1003-CiM, University of Minster, Minster, Germany).

The authors declare no competing financial interests.

Submitted: 7 February 2014
Accepted: 22 August 2014

References

Angelini, T.E., E. Hannezo, X. Trepat, J.J. Fredberg, and D.A. Weitz. 2010. Cell
migration driven by cooperative substrate deformation patterns. Phys. Rev.
Lett. 104:168104. http://dx.doi.org/10.1103/PhysRevLett.104.168104

Brangwynne, C.P., G.H. Koenderink, F.C. MacKintosh, and D.A. Weitz. 2009.
Intracellular transport by active diffusion. Trends Cell Biol. 19:423—427.
http://dx.doi.org/10.1016/j.tcb.2009.04.004

Bretscher, A. 1991. Microfilament structure and function in the cortical cyto-
skeleton. Annu. Rev. Cell Biol. 7:337-374. http://dx.doi.org/10.1146/
annurev.cb.07.110191.002005

Bretscher, A., and K. Weber. 1978. Localization of actin and microfilament-
associated proteins in the microvilli and terminal web of the intestinal
brush border by immunofluorescence microscopy. J. Cell Biol. 79:839—
845. http://dx.doi.org/10.1083/jcb.79.3.839

Bretscher, A., K. Edwards, and R.G. Fehon. 2002. ERM proteins and merlin:
integrators at the cell cortex. Nat. Rev. Mol. Cell Biol. 3:586-599. http://
dx.doi.org/10.1038/nrm882

Brunk, U., J. Schellens, and B. Westermark. 1976. Influence of epidermal
growth factor (EGF) on ruffling activity, pinocytosis and proliferation
of cultivated human glia cells. Exp. Cell Res. 103:295-302. http://dx.doi
.org/10.1016/0014-4827(76)90266-4

Burnette, D.T., S. Manley, P. Sengupta, R. Sougrat, M.W. Davidson, B. Kachar,
and J. Lippincott-Schwartz. 2011. A role for actin arcs in the leading-edge
advance of migrating cells. Nat. Cell Biol. 13:371-382. http://dx.doi.org/
10.1038/ncb2205

Chhabra, E.S., and H.N. Higgs. 2007. The many faces of actin: matching assem-
bly factors with cellular structures. Nat. Cell Biol. 9:1110-1121. http://
dx.doi.org/10.1038/ncb1007-1110

Chinkers, M., J.A. McKanna, and S. Cohen. 1979. Rapid induction of morpho-
logical changes in human carcinoma cells A-431 by epidermal growth
factors. J. Cell Biol. 83:260-265. http://dx.doi.org/10.1083/jcb.83.1.260

Chuai, M., and C.J. Weijer. 2009. Regulation of cell migration during chick gas-
trulation. Curr. Opin. Genet. Dev. 19:343-349. http://dx.doi.org/10.1016/
j-gde.2009.06.007

Crepaldi, T., A. Gautreau, PM. Comoglio, D. Louvard, and M. Arpin. 1997. Ezrin
is an effector of hepatocyte growth factor—-mediated migration and mor-
phogenesis in epithelial cells. J. Cell Biol. 138:423-434. http://dx.doi.org/
10.1083/jcb.138.2.423

Dabov, K., A. Foi, V. Katkovnik, and K. Egiazarian. 2007. Image denoising by
sparse 3-D transform-domain collaborative filtering. IEEE Trans. Image
Process. 16:2080-2095. http://dx.doi.org/10.1109/TTP.2007.901238

JCB « VOLUME 207 « NUMBER 1 « 2014

Danjo, Y., and L.LK. Gipson. 1998. Actin ‘purse string’ filaments are anchored by
E-cadherin-mediated adherens junctions at the leading edge of the epithelial
wound, providing coordinated cell movement. J. Cell Sci. 111:3323-3332.

DeRosier, D.J., and L.G. Tilney. 2000. F-actin bundles are derivatives of micro-
villi: What does this tell us about how bundles might form? J. Cell Biol.
148:1-6. http://dx.doi.org/10.1083/jcb.148.1.1

Drenckhahn, D., and R. Dermietzel. 1988. Organization of the actin filament
cytoskeleton in the intestinal brush border: a quantitative and qualitative
immunoelectron microscope study. J. Cell Biol. 107:1037-1048. http://
dx.doi.org/10.1083/jcb.107.3.1037

Fehon, R.G., A.I. McClatchey, and A. Bretscher. 2010. Organizing the cell cor-
tex: the role of ERM proteins. Nat. Rev. Mol. Cell Biol. 11:276-287.
http://dx.doi.org/10.1038/nrm2866

Garbett, D., and A. Bretscher. 2012. PDZ interactions regulate rapid turnover of
the scaffolding protein EBP50 in microvilli. J. Cell Biol. 198:195-203.
http://dx.doi.org/10.1083/jcb.201204008

Garbett, D., D.P. LaLonde, and A. Bretscher. 2010. The scaffolding protein EBP50
regulates microvillar assembly in a phosphorylation-dependent manner.
J. Cell Biol. 191:397-413. http://dx.doi.org/10.1083/jcb.201004115

Gupta, P.B., C.L. Chaffer, and R.A. Weinberg. 2009. Cancer stem cells: mirage or
reality? Nat. Med. 15:1010-1012. http://dx.doi.org/10.1038/nm0909-1010

Hall, D.E., L.F. Reichardt, E. Crowley, B. Holley, H. Moezzi, A. Sonnenberg, and
C.H. Damsky. 1990. The a1/B1 and a6/B 1 integrin heterodimers mediate
cell attachment to distinct sites on laminin. J. Cell Biol. 110:2175-2184.
http://dx.doi.org/10.1083/jcb.110.6.2175

Hebert, B., S. Costantino, and P.W. Wiseman. 2005. Spatiotemporal image cor-
relation spectroscopy (STICS) theory, verification, and application to
protein velocity mapping in living CHO cells. Biophys. J. 88:3601-3614.
http://dx.doi.org/10.1529/biophysj.104.054874

Hirokawa, N., L.G. Tilney, K. Fujiwara, and J.E. Heuser. 1982. Organization of actin,
myosin, and intermediate filaments in the brush border of intestinal epithe-
lial cells. J. Cell Biol. 94:425-443. http://dx.doi.org/10.1083/jcb.94.2.425

Jagaman, K., H. Kuwata, N. Touret, R. Collins, W.S. Trimble, G. Danuser, and
S. Grinstein. 2011. Cytoskeletal control of CD36 diffusion promotes its
receptor and signaling function. Cell. 146:593-606. http://dx.doi.org/10
.1016/j.cell.2011.06.049

Kalluri, R., and R.A. Weinberg. 2009. The basics of epithelial-mesenchymal tran-
sition. J. Clin. Invest. 119:1420-1428. http://dx.doi.org/10.1172/JCI39104

Katoh, K., Y. Kano, and S. Ookawara. 2008. Role of stress fibers and focal adhe-
sions as a mediator for mechano-signal transduction in endothelial cells
in situ. Vasc. Health Risk Manag. 4:1273-1282.

Keil, T.A., and R.A. Steinbrecht. 2010. Insects as model systems in cell biology.
Methods Cell Biol. 96:363-394. http://dx.doi.org/10.1016/S0091-679X
(10)96016-0

Khatau, S.B., D.H. Kim, C.M. Hale, R.J. Bloom, and D. Wirtz. 2010. The peri-
nuclear actin cap in health and disease. Nucleus. 1:337-342. http://dx.doi
.org/10.4161/nucl.1.4.12331

Koenderink, G.H., Z. Dogic, F. Nakamura, PM. Bendix, F.C. MacKintosh,
J.H. Hartwig, T.P. Stossel, and D.A. Weitz. 2009. An active biopolymer
network controlled by molecular motors. Proc. Natl. Acad. Sci. USA.
106:15192-15197. http://dx.doi.org/10.1073/pnas.0903974106

Kohler, S., V. Schaller, and A.R. Bausch. 2011. Collective dynamics of active
cytoskeletal networks. PLoS ONE. 6:¢23798. http://dx.doi.org/10.1371/
journal.pone.0023798

Lalonde, D.P., D. Garbett, and A. Bretscher. 2010. A regulated complex of the
scaffolding proteins PDZK1 and EBP50 with ezrin contribute to micro-
villar organization. Mol. Biol. Cell. 21:1519-1529. http://dx.doi.org/
10.1091/mbc.E10-01-0008

Lange, K. 2011. Fundamental role of microvilli in the main functions of dif-
ferentiated cells: Outline of an universal regulating and signaling sys-
tem at the cell periphery. J. Cell. Physiol. 226:896-927. http://dx.doi
.org/10.1002/jcp.22302

Lecuit, T., and E. Wieschaus. 2002. Junctions as organizing centers in epithe-
lial cells? A fly perspective. Traffic. 3:92-97. http://dx.doi.org/10.1034/
j.1600-0854.2002.030202.x

Lecuit, T., PF. Lenne, and E. Munro. 2011. Force generation, transmission, and in-
tegration during cell and tissue morphogenesis. Annu. Rev. Cell Dev. Biol.
27:157-184. http://dx.doi.org/10.1146/annurev-cellbio-100109-104027

Lee, J.M., S. Dedhar, R. Kalluri, and E.W. Thompson. 2006. The epithelial—
mesenchymal transition: new insights in signaling, development, and dis-
ease. J. Cell Biol. 172:973-981. http://dx.doi.org/10.1083/jcb.200601018

Liu, A.P, F. Aguet, G. Danuser, and S.L. Schmid. 2010. Local clustering of
transferrin receptors promotes clathrin-coated pit initiation. J. Cell Biol.
191:1381-1393. http://dx.doi.org/10.1083/jcb.201008117

Lotberg, J. 1974. Apical surface topography of invaginating and noninvaginating
cells. A scanning-transmission study of amphibian neurulae. Dev. Biol.
36:311-329. http://dx.doi.org/10.1016/0012-1606(74)90054-2

GTOZ ‘22 1290100 uo Bio'ssaidni gal wol) papeojumod


http://dx.doi.org/10.1083/jcb.148.1.1
http://dx.doi.org/10.1083/jcb.107.3.1037
http://dx.doi.org/10.1083/jcb.107.3.1037
http://dx.doi.org/10.1038/nrm2866
http://dx.doi.org/10.1083/jcb.201204008
http://dx.doi.org/10.1083/jcb.201004115
http://dx.doi.org/10.1038/nm0909-1010
http://dx.doi.org/10.1083/jcb.110.6.2175
http://dx.doi.org/10.1529/biophysj.104.054874
http://dx.doi.org/10.1083/jcb.94.2.425
http://dx.doi.org/10.1016/j.cell.2011.06.049
http://dx.doi.org/10.1016/j.cell.2011.06.049
http://dx.doi.org/10.1172/JCI39104
http://dx.doi.org/10.1016/S0091-679X(10)96016-0
http://dx.doi.org/10.1016/S0091-679X(10)96016-0
http://dx.doi.org/10.4161/nucl.1.4.12331
http://dx.doi.org/10.4161/nucl.1.4.12331
http://dx.doi.org/10.1073/pnas.0903974106
http://dx.doi.org/10.1371/journal.pone.0023798
http://dx.doi.org/10.1371/journal.pone.0023798
http://dx.doi.org/10.1091/mbc.E10-01-0008
http://dx.doi.org/10.1091/mbc.E10-01-0008
http://dx.doi.org/10.1002/jcp.22302
http://dx.doi.org/10.1002/jcp.22302
http://dx.doi.org/10.1034/j.1600-0854.2002.030202.x
http://dx.doi.org/10.1034/j.1600-0854.2002.030202.x
http://dx.doi.org/10.1146/annurev-cellbio-100109-104027
http://dx.doi.org/10.1083/jcb.200601018
http://dx.doi.org/10.1083/jcb.201008117
http://dx.doi.org/10.1016/0012-1606(74)90054-2
http://dx.doi.org/10.1103/PhysRevLett.104.168104
http://dx.doi.org/10.1016/j.tcb.2009.04.004
http://dx.doi.org/10.1146/annurev.cb.07.110191.002005
http://dx.doi.org/10.1146/annurev.cb.07.110191.002005
http://dx.doi.org/10.1083/jcb.79.3.839
http://dx.doi.org/10.1038/nrm882
http://dx.doi.org/10.1038/nrm882
http://dx.doi.org/10.1016/0014-4827(76)90266-4
http://dx.doi.org/10.1016/0014-4827(76)90266-4
http://dx.doi.org/10.1038/ncb2205
http://dx.doi.org/10.1038/ncb2205
http://dx.doi.org/10.1038/ncb1007-1110
http://dx.doi.org/10.1038/ncb1007-1110
http://dx.doi.org/10.1083/jcb.83.1.260
http://dx.doi.org/10.1016/j.gde.2009.06.007
http://dx.doi.org/10.1016/j.gde.2009.06.007
http://dx.doi.org/10.1083/jcb.138.2.423
http://dx.doi.org/10.1083/jcb.138.2.423
http://dx.doi.org/10.1109/TIP.2007.901238
http://jcb.rupress.org/

Published October 13, 2014

Luo, W., CH. Yu, Z.Z. Lieu, J. Allard, A. Mogilner, M.P. Sheetz, and A.D.
Bershadsky. 2013. Analysis of the local organization and dynamics of
cellular actin networks. J. Cell Biol. 202:1057-1073. http://dx.doi.org/10
.1083/jcb.201210123

Mani, S.A., W. Guo, M.I. Liao, E.N. Eaton, A. Ayyanan, A.Y. Zhou, M. Brooks,
F. Reinhard, C.C. Zhang, M. Shipitsin, et al. 2008. The epithelial-
mesenchymal transition generates cells with properties of stem cells.
Cell. 133:704-715. http://dx.doi.org/10.1016/j.cell.2008.03.027

Martin, A.C., M. Kaschube, and E.F. Wieschaus. 2009. Pulsed contractions of
an actin-myosin network drive apical constriction. Nature. 457:495-499.
http://dx.doi.org/10.1038/nature07522

Mazumder, A., and G.V. Shivashankar. 2010. Emergence of a prestressed eukary-
otic nucleus during cellular differentiation and development. J. R. Soc.
Interface. 7(Suppl. 3):S321-S330. http://dx.doi.org/10.1098/rsif.2010
.0039.focus

Montesano, R., K. Matsumoto, T. Nakamura, and L. Orci. 1991. Identification
of a fibroblast-derived epithelial morphogen as hepatocyte growth factor.
Cell. 67:901-908. http://dx.doi.org/10.1016/0092-8674(91)90363-4

Munro, E., J. Nance, and J.R. Priess. 2004. Cortical flows powered by asym-
metrical contraction transport PAR proteins to establish and maintain
anterior-posterior polarity in the early C. elegans embryo. Dev. Cell.
7:413-424. http://dx.doi.org/10.1016/j.devcel.2004.08.001

Nelson, W.J. 2009. Remodeling epithelial cell organization: transitions between
front-rear and apical-basal polarity. Cold Spring Harb. Perspect. Biol.
1:a000513. http://dx.doi.org/10.1101/cshperspect.a000513

Offterdinger, M., V. Georget, A. Girod, and P.I. Bastiaens. 2004. Imaging phos-
phorylation dynamics of the epidermal growth factor receptor. J. Biol.
Chem. 279:36972-36981. http://dx.doi.org/10.1074/jbc.M405830200

Pantaloni, D., C. Le Clainche, and M.F. Carlier. 2001. Mechanism of actin-
based motility. Science. 292:1502—1506. http://dx.doi.org/10.1126/
science.1059975

Parsons, M., A.J. Messent, J.D. Humphries, N.O. Deakin, and M.J. Humphries.
2008. Quantification of integrin receptor agonism by fluorescence lifetime
imaging. J. Cell Sci. 121:265-271. http://dx.doi.org/10.1242/jcs.018440

Pollard, T.D., and J.A. Cooper. 2009. Actin, a central player in cell shape and
movement. Science. 326:1208-1212. http://dx.doi.org/10.1126/science
1175862

Pollard, T.D., L. Blanchoin, and R.D. Mullins. 2000. Molecular mechanisms
controlling actin filament dynamics in nonmuscle cells. Annu. Rev.
Biophys. Biomol. Struct. 29:545-576. http://dx.doi.org/10.1146/annurev
.biophys.29.1.545

Poole, K., and D. Miiller. 2005. Flexible, actin-based ridges colocalise with the
betal integrin on the surface of melanoma cells. Br. J. Cancer. 92:1499—
1505. http://dx.doi.org/10.1038/sj.bjc.6602515

Poole, K., D. Meder, K. Simons, and D. Miiller. 2004. The effect of raft lipid
depletion on microvilli formation in MDCK cells, visualized by atomic
force microscopy. FEBS Lett. 565:53-58. http://dx.doi.org/10.1016/j.febslet
.2004.03.095

Raabe, ., S.K. Vogel, J. Peychl, and I.M. ToliX-Ngrrelykke. 2009. Intracellular
nanosurgery and cell enucleation using a picosecond laser. J. Microsc.
234:1-8. http://dx.doi.org/10.1111/j.1365-2818.2009.03142.x

Rauzi, M., PF. Lenne, and T. Lecuit. 2010. Planar polarized actomyosin con-
tractile flows control epithelial junction remodelling. Nature. 468:1110—
1114. http://dx.doi.org/10.1038/nature09566

Riedl, J., A.H. Crevenna, K. Kessenbrock, J.H. Yu, D. Neukirchen, M. Bista, F.
Bradke, D. Jenne, T.A. Holak, Z. Werb, et al. 2008. Lifeact: a versatile
marker to visualize F-actin. Nat. Methods. 5:605-607. http://dx.doi.org/10
.1038/nmeth.1220

Ritchie, K., R. Tino, T. Fujiwara, K. Murase, and A. Kusumi. 2003. The fence
and picket structure of the plasma membrane of live cells as revealed
by single molecule techniques (Review). Mol. Membr. Biol. 20:13-18.
http://dx.doi.org/10.1080/0968768021000055698

Sbalzarini, I.F., and P. Koumoutsakos. 2005. Feature point tracking and trajec-
tory analysis for video imaging in cell biology. J. Struct. Biol. 151:182—
195. http://dx.doi.org/10.1016/j.jsb.2005.06.002

Sperry, R.B., N.H. Bishop, J.J. Bramwell, M.N. Brodeur, M.J. Carter, B.T.
Fowler, Z.B. Lewis, S.D. Maxfield, D.M. Staley, R.M. Vellinga, and
M.D. Hansen. 2010. Zyxin controls migration in epithelial-mesenchymal
transition by mediating actin-membrane linkages at cell-cell junctions.
J. Cell. Physiol. 222:612-624.

Suzuki, K., K. Ritchie, E. Kajikawa, T. Fujiwara, and A. Kusumi. 2005. Rapid
hop diffusion of a G-protein-coupled receptor in the plasma membrane
as revealed by single-molecule techniques. Biophys. J. 88:3659-3680.
http://dx.doi.org/10.1529/biophysj.104.048538

Swift, J., LL. Ivanovska, A. Buxboim, T. Harada, P.C. Dingal, J. Pinter, J.D.
Pajerowski, K.R. Spinler, J.W. Shin, M. Tewari, et al. 2013. Nuclear lamin-A
scales with tissue stiffness and enhances matrix-directed differentiation.
Science. 341:1240104. http://dx.doi.org/10.1126/science.1240104

Thiery, J.P, H. Acloque, R.Y. Huang, and M.A. Nieto. 2009. Epithelial-mesenchymal
transitions in development and disease. Cell. 139:871-890. http://dx.doi
.org/10.1016/j.cell.2009.11.007

Verkhovsky, A.B., T.M. Svitkina, and G.G. Borisy. 1997. Polarity sorting of actin
filaments in cytochalasin-treated fibroblasts. J. Cell Sci. 110:1693-1704.

Watanabe, T., H. Hosoya, and S. Yonemura. 2007. Regulation of myosin II dy-
namics by phosphorylation and dephosphorylation of its light chain in
epithelial cells. Mol. Biol. Cell. 18:605-616. http://dx.doi.org/10.1091/
mbc.E06-07-0590

Xing, P, J.G. Li, F. Jin, T.T. Zhao, Q. Liu, H.T. Dong, and X.L. Wei. 2011. Fascin,
an actin-bundling protein, promotes breast cancer progression in vitro.
Cell Biochem. Funct. 29:303-310. http://dx.doi.org/10.1002/cbf.1750

Zwaenepoel, 1., A. Naba, M.M. Da Cunha, L. Del Maestro, E. Formstecher, D.
Louvard, and M. Arpin. 2012. Ezrin regulates microvillus morphogen-

esis by promoting distinct activities of Eps8 proteins. Mol. Biol. Cell.
23:1080-1095. http://dx.doi.org/10.1091/mbc.E11-07-0588

Apical cortex organization in epithelial cells ¢« Klingner et al.

121

GTOZ ‘22 1290100 uo Bio'ssaidni gal wol) papeojumod


http://dx.doi.org/10.1016/j.cell.2009.11.007
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://dx.doi.org/10.1091/mbc.E06-07-0590
http://dx.doi.org/10.1091/mbc.E06-07-0590
http://dx.doi.org/10.1002/cbf.1750
http://dx.doi.org/10.1091/mbc.E11-07-0588
http://dx.doi.org/10.1083/jcb.201210123
http://dx.doi.org/10.1083/jcb.201210123
http://dx.doi.org/10.1016/j.cell.2008.03.027
http://dx.doi.org/10.1038/nature07522
http://dx.doi.org/10.1098/rsif.2010.0039.focus
http://dx.doi.org/10.1098/rsif.2010.0039.focus
http://dx.doi.org/10.1016/0092-8674(91)90363-4
http://dx.doi.org/10.1016/j.devcel.2004.08.001
http://dx.doi.org/10.1101/cshperspect.a000513
http://dx.doi.org/10.1074/jbc.M405830200
http://dx.doi.org/10.1126/science.1059975
http://dx.doi.org/10.1126/science.1059975
http://dx.doi.org/10.1242/jcs.018440
http://dx.doi.org/10.1126/science.1175862
http://dx.doi.org/10.1126/science.1175862
http://dx.doi.org/10.1146/annurev.biophys.29.1.545
http://dx.doi.org/10.1146/annurev.biophys.29.1.545
http://dx.doi.org/10.1038/sj.bjc.6602515
http://dx.doi.org/10.1016/j.febslet.2004.03.095
http://dx.doi.org/10.1016/j.febslet.2004.03.095
http://dx.doi.org/10.1111/j.1365-2818.2009.03142.x
http://dx.doi.org/10.1038/nature09566
http://dx.doi.org/10.1038/nmeth.1220
http://dx.doi.org/10.1038/nmeth.1220
http://dx.doi.org/10.1080/0968768021000055698
http://dx.doi.org/10.1016/j.jsb.2005.06.002
http://dx.doi.org/10.1529/biophysj.104.048538
http://dx.doi.org/10.1126/science.1240104
http://jcb.rupress.org/

Supplemental material JCB

Klingner et al., http://www.jcb.org/cgi/content/full/jcb.201402037/DC1

>
w

actin-GFP

atto488-phalloidin

@)

Lifeact-GFP

4—

oscillatory flow

MLC-GFP

Figure S1.  Apical actin and myosin organization. (A and B) MV in nonconfluent (A and B, left) and confluent (B, right) MDCK cells, labeled with actin-GFP
(A) or Atto488-phalloidin (B). (C) Apical actin and myosin organization in selected EC lines. (D) Exposure of MDCK cells labeled with Lifeact-GFP to oscilla-
tory flow. Kymograph (dotted line) shows movement of protruding MV (zigzag lines) as well as immobile (smooth lines) actin structures. Bars, 2 pm. Time
arrow, 20s.

Apical cortex organization in epithelial cells * Klingner et al. S



s2

overlay

Rho—palloidin
Fﬁ‘ . F g Sl

a-EBP50

o-Radixin a-Ezrin

“a-Moesin

Figure S2. Colocalization of actin with ERM proteins. Inmunofluorescence labeling of selected MV marker proteins. EBP50 serves as a membrane anchor
for the ERM family proteins ezrin, radixin, and moesin. Actin was stained with rhodamine (Rho)-phalloidin. For colocalization, images were background
subtracted using a Fiji plugin before color overlay. Bars, 2 pm.
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Figure S3. Characterization of myosin markers. (A) Western blot of cells stably transfected with MHCA-GFP versus control MDCK cells, using an anti-
MHCA antibody (marker bands and target bands indicated). (B) Cell stably transfected with MHCA-GFP and MLC-mCherry to confirm functionality and cor-
rect localization of myosin components. Kymograph demonstrates colocalization and joint dynamics. (C) Control MDCK cells stained with anti-MHCA
antibody to demonstrate the presence of the isotropic network. (D) Stably transfected MHCA-GFP cell lines were stained with anti-MHCA antibody. Colocal-
ization of the antibody signal with GFP fluorescence confirms correct localization of the MHCA-GFP protein construct. (E) Inhibition of myosin Il function by
blocking of myosin ATPase activity (blebbistatin) or inhibition of MLC kinase (ML7). In both cases, myosin dynamics is strongly reduced as depicted in the
kymographs. Kymographs were taken along the indicated red dotted lines. Bars, 2 pm. Time arrows, 300 s.
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Figure S4. MSD analysis. (A) Overview of bead tracing algorithm before MSD analysis. Three successive image planes (Az = 1 pm) per time point were
maximum projected and binarized (red objects) using adaptable threshold values. For each object within a defined maximum size, the center of mass was
calculated in MATLAB (yellow dots) and traced using the Image] Plugin Particle Tracker (Sbalzarini and Koumoutsakos, 2005). Bars, 5 pm. (B) Three exam-
ples of MSD fitting to particle traces with various MSD exponents (black: 1.0; red: 1.2; blue: 1.6). Colored lines represent linear fits to the data points.
(C) MSD analysis for beads of various dimensions reveals change from diffusive motion to active transport caused by steric effects for carboxylated beads
(same data as in Fig. 8 D; black: 7 cells, n = 422 beads; red: 6 cells, n = 335; blue: 5 cells, n = 124), whereas collagen-coated beads are actively driven
irrespective of bead size (same data as in Fig. 8 D; black: 11 cells, n = 426 beads; red: 8 cells n = 19; blue: 5 cells, n = 16). Results are given as box
plots marking 25-75 percentile (boxes), median (lines), and mean value (small boxes). Whiskers indicate range of data points.
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Figure S5. Distribution of EGF and EGFR. (A) EGF receptor (EGFR; EGFR-YFP) colocalizes with apical MV (Lifeact-mCherry) in nonconfluent MDCK cells.
(B) Guided motion of EGF-Atto 488 (red) bound to the apical surface. Kymograph was created along the dotted line. Isotropically oriented movement
through actomyosin dynamics (LifeactRFP in green) resulted in distribution of EGF over confined regions (max, maximum). Time arrow, 200 s. (C) Uptake
of EGFR-YFP in nonconfluent cells upon adding EGF-Alexa Fluor 555. 30 min after EGF addition, EGFR was found in endocytic structures close to apical
and basal surfaces (maximum projections: three planes; Az = 1 pm), where it colocalizes with EGF-Alexa Fluor 555. (D) Localization of EGFR-YFP at apical
and basal surfaces of confluent MDCK cells. Maximum projections of three planes with Az = 1 pm. EGFR localizes to lateral surfaces, and addition of EGF
does not result in EGFR internalization. Bars: (A, C, and D) 5 pym; (B) 2 pm.

Video 1. MV dynamics in confluent cells. Time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) of the api-
cal cortex region of a confluent MDCK cell that has been stably transfected with Lifeact-GFP to label actin. Bar, 2 pm. Frames
were taken every 10 s for 10 min. Video to Fig. 3 A.

Video 2. MV dynamics in nonconfluent cells. Time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) of the
apical cortex region of a nonconfluent MDCK cell stably transfected with Lifeact-GFP to label actin. Bars, 2 pm. Frames were
taken every 10 s for 10 min. Video to Fig. 3 B.

Apical cortex organization in epithelial cells

S5



Video 3. MV reorganization. Time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) showing examples of
MV reorganization events in nonconfluent MDCK cells stably transfected with Lifeact-GFP: (1) bending, (2) exchange of con-
nectivity, (3) flickering, and (4) lateral translation. Bar, 2 pm. Frames were taken every 10 s for indicated times. Red asterisks,
arrowhead, and circles indicate ends of filaments described in the respective panels. Video to Fig. 3 (D-G).

Video 4.  Myosin dynamics. Time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) showing isotropic reor-
ganization of the apical myosin network in nonconfluent MDCK cells stably transfected with MHCA-GFP or MLC-GFP. Two focal
planes (Az = 1 pm) were maximum projected and color coded in red (most basal) followed by green and blue (most apical).
Bars, 2 pm. Frames were taken every 10 s for 15 min. Video to Fig. 5 (E and F).

Video 5. Actin-myosin colocalization. Time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) of a nonconflu-
ent MDCK cell double transfected with MHCA-GFP and LifeactmCherry. Bar, 2 ym. Frames were taken every 10 s for 15 min.
Video fo Fig. 6 A.

Video 6. Disruption of the cell cortex. Time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) showing dis-
ruption of the apical MV array (left, cells stably transfected with LifeactGFP) and myosin network (right, cells stably transfected
with MHCA-GFP) at the apical surface of MDCK cells, upon treatment with 2 pM latrunculin A. Maximum projections of three

(for actin, Az = 1.5 pm) or two (for myosin, Az = 1 pm) focal planes are shown. Bar, 2 pm. Frames were taken every 20 s for
15 min. Video to Fig. 7 (A and B).

Video 7. Unbalanced dynamics of myosin. Time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) of a
MDCK cell stably expressing MHCA-GFP, treated with 500 nM latrunculin B. Green, myosin at apical plane. Cyan, myosin

at basal plane. Bar, 5 pm. Frames were taken every 10 s for 15 min starting 6 min after addition of latrunculin B. Video to
Fig. 8 A.

Video 8. Size-dependent confinement of beads. Carboxylated red fluorescent polystyrene beads (red) of indicated size were
monitored by time-lapse epifluorescence microscopy on a customized iMIC setup (FEI) at the apical surface of nonconfluent MDCK
cells stably transfected with LifeactGFP (green). Bar, 2 pm. Frames were taken every 2 s for 200 s. Video to Fig. 8 (B and C).

Video 9. Trapping of carboxylated beads. Carboxylated red fluorescent polystyrene beads (red) were monitored by time-
lapse epifluorescence microscopy on a customized iMIC setup (FEI) at the apical surface of nonconfluent MDCK cells stably
transfected with Lifeact-GFP (green). Frames were taken every 2 s for 200 s. Video to Fig. 8 B.



Video 10. Trapping of collagen beads. Collagen I-coated red fluorescent polystyrene beads (red) were monitored by time-
lapse epifluorescence microscopy on a customized iMIC setup (FEI) at the apical surface of nonconfluent MDCK cells stably
transfected with Lifeact-GFP (green). Bar, 2 pm. Frames were taken every 2 s for 200 s. Video fo Fig. 8 C.

Code 1 shows object density analysis. A MATLAB code is provided for counting the nhumber of objects
per frame (flag list), object density (objects per image area), and bending parameter for each object with
a skeleton length =5 pixels and <4 branching points.

Code 2 shows MSD analysis. A MATLAB code is provided using a trajectory report list from the ImagedJ
plugin Classic Particle Tracker to calculate the MSD for each bead trajectory longer than 30 frames.
Curve fitting MSD exponent determination was then performed using Origin software.

Code 3 shows the image filtering procedure. A MATLAB code is provided that applies the Block Match-
ing 3D algorithm followed by a local top-hat filter with Gaussian structure element.

Code 4 shows the bead image processing. A MATLAB code is provided for binarization of bead images
using an adaptable threshold and subsequent determination of the center of mass for each identified
object.

Code 5 shows the image reader. A custom algorithm is provided to create three-dimensional MATLAB
matrices from LiveAcquisition TIFF images.

Code 6 shows image output. A custom algorithm is provided for converting three-dimensional MATLAB

matrices into TIFF files.

Sbalzarini, L.F., and P. Koumoutsakos. 2005. Feature point tracking and trajectory analysis for video imaging in cell biology. J. Struct. Biol. 151:182—-195. http://dx.doi.
org/10.1016/j.jsb.2005.06.002
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