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ABSTRACT The mechanisms that regulate actin filament polymerization resulting in the mor-
phogenesis of the brush border microvilli in epithelial cells remain unknown. Eps8, the proto-
type of a family of proteins capable of capping and bundling actin filaments, has been shown
to bundle the microvillar actin filaments. We report that Eps8L1a, a member of the Eps8 fam-
ily and a novel ezrin-interacting partner, controls microvillus length through its capping activ-
ity. Depletion of Eps8L1a leads to the formation of long microvilli, whereas its overexpression
has the opposite effect. We demonstrate that ezrin differentially modulates the actin-capping
and -bundling activities of Eps8 and Eps8L1a during microvillus assembly. Coexpression of
ezrin with Eps8 promotes the formation of membrane ruffles and tufts of microvilli, whereas
expression of ezrin and Eps8L1a induces the clustering of actin-containing structures at the
cell surface. These distinct morphological changes are neither observed when a mutant of
ezrin defective in its binding to Eps8/Eps8L1a is coexpressed with Eps8 or Eps8L1a nor
observed when ezrin is expressed with mutants of Eps8 or Eps8L1a defective in the actin-
bundling or -capping activities, respectively. Our data show a synergistic effect of ezrin and
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Eps8 proteins in the assembly and organization of actin microvillar filaments.

INTRODUCTION

Intestinal and renal absorptive epithelial cells display at their luminal
surface a brush border formed of densely packed microvilli that are
uniform in length and diameter. Microvilli are membrane protrusions
each supported by a bundle of actin filaments that are linked later-
ally to the membrane and anchored to the tip of the microvilli.
A specific repertoire of actin-binding proteins that participate in
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the assembly and dynamics of these highly organized structures
has been characterized (Revenu et al., 2004). It includes proteins
responsible for the organization of actin filaments into bundles and
those that tether actin filaments to the membrane. However, the
factors that trigger and control actin polymerization resulting in the
assembly of microvilli with uniform length are not known.

The membrane—cytoskeleton linker ezrin is an essential compo-
nent in the morphogenesis of the apical domain of epithelial cells
(Crepaldi et al., 1997; Saotome et al., 2004; Tamura et al., 2005).
Ezrin”~ mice show defects in the terminal web and the brush bor-
der of intestinal microvilli that are irregular in length and shape
(Saotome et al., 2004). Ezrin belongs to the band 4.1 superfamily,
whose members share a common domain named the FERM domain
(four-point one, ezrin/radixin/moesin). Ezrin, as well as the closely
related proteins radixin and moesin, provides a regulated linkage
between the plasma membrane and the actin cytoskeleton. These
proteins are composed of an ~300-amino acid FERM domain in the
amino-terminus, followed by a region rich in o-helices, and a car-
boxy-terminal domain that contains an F-actin-binding site. The
binding of ezrin to the membrane and to the actin cytoskeleton is
strictly regulated. The protein exists in the cytoplasm in an inactive
conformation due to an intramolecular interaction between the
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FERM domain and the ~80 carboxy-terminal amino acids (also called
N-/C-ERM association domains; Gary and Bretscher, 1995). The re-
lief of this intramolecular association is triggered by the sequential
binding of the FERM domain to the phosphoinositides and the
phosphorylation of a conserved threonine residue present in the
F-actin-binding site (T567 in ezrin; Fiévet et al., 2004). On activa-
tion, the FERM domain of ezrin can bind to the cytoplasmic tail of
transmembrane proteins and/or to the scaffolding proteins of the
Na*-H* exchanger regulatory factor (NHERF) family (Fehon et al.,
2010), whereas the C-terminal domain interacts with actin filaments
(Turunen et al., 1994). Through its interaction with its numerous part-
ners, ezrin has the ability to organize multiprotein complexes, there-
fore participating in the organization and function of specific do-
mains of the plasma membrane (Arpin et al., 2011).

How ezrin contributes to microvillar morphogenesis is not under-
stood. Ezrin recruitment to the apical surface of epithelial cells, with
its concomitant phosphorylation at the regulatory threonine 567,
represents an essential step in microvillar biogenesis (Yonemura
et al., 1999; Gautreau et al., 2000; ten Klooster et al., 2009). In this
activated state, ezrin presumably interacts with components that
participate in processes essential for brush border assembly. Thus
ezrin interaction with ERM-binding phosphoprotein-50 (EBP50, also
known as NHERF1) is required for microvillar assembly and mainte-
nance (Hanono et al., 2006; Garbett et al., 2010; Lalonde et al.,
2010). Indeed, expression of an EBP50 construct lacking the ezrin
binding site in cells in which endogenous EBP50 is knocked down
does not restore normal microvilli, whereas expression of wild-type
EBP50 does (Hanono et al., 2006; Garbett et al., 2010).

Ezrin is the target of receptor and nonreceptor tyrosine kinases
(Krieg and Hunter, 1992; Fazioli et al., 1993b; Crepaldi et al., 1997,
Heiska and Carpen, 2005). Its phosphorylation at specific tyrosine
residues triggers the formation of multimolecular complexes, and
therefore we searched for partners of phosphorylated ezrin. We
identified epidermal growth factor receptor substrate 8-like (Eps8L)
proteins, which are members of the Eps8 family, as partners of phos-
phorylated ezrin. In mammals, the Eps8 family comprises four genes
coding for Eps8 and three Eps8-like proteins (L1-L3; Fazioli et al.,
1993a; Tocchetti et al., 2003; Offenhauser et al., 2004). In addition,
at least three Eps8L1 variants (L1a—c) that arise from alternative
splicing have been identified. Eps8 and Eps8L1a display the same
modular organization. They contain a phosphotyrosine-binding
(PTB) domain at the N-terminus and an SH3 domain, followed by a
C-terminus, actin binding domain or effector domain (Figure 1A).
Eps8 transduces signals elicited by growth factor, leading to actin
cytoskeleton remodeling (Scita et al., 1999). The Eps8 effector do-
main has been shown to exert both actin filament barbed-end cap-
ping and bundling activities (Croce et al., 2004; Disanza et al., 2004,
2006; Hertzog et al., 2010). Genetic analyses indicated that the actin
bundling but not the capping activity of Eps8 is essential for the
proper organization of intestinal microvilli (Croce et al., 2004,
Tocchetti et al., 2010). A capping activity has also been described in
vitro for Eps8-like proteins (Disanza et al., 2004). Of interest, the
capping/bundling activities are masked in the full-length protein,
and it has been proposed that protein—protein interaction might re-
lieve this autoinhibition (Scita et al., 2001; Disanza et al., 2006;
Manor et al., 2011). For example, Abi1 has been shown to modulate
Eps8-dependent actin dynamics (Disanza et al., 2004; Roffers-
Agarwal et al., 2005).

Whereas Eps8 functions have been studied in detail in vitro and
in vivo, no studies have been performed on Eps8-like proteins.
Here, we investigate the role of ezrin/Eps8 protein interaction in
microvillus morphogenesis. We show that ezrin positively regulates
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the activities of these proteins through its interaction with their SH3
domain. Of importance, we report that Eps8 and Eps8L1a exert dis-
tinct activities—actin bundling and capping, respectively—in the
organization of the brush border microvilli.

RESULTS

Ezrin interacts with Eps8 and Eps8-like proteins

To identify proteins that preferentially bind to ezrin phosphorylated
by Src family kinases, we performed a modified yeast two-hybrid
screen using yeast strains transformed or not with the Lyn kinase
(Naba et al., 2008). A truncated form of ezrin deleted of the last 52
amino acids was used as bait since most of the partner binding sites
are masked in full-length ezrin. In this screen, a fragment corre-
sponding to an amino acid sequence of Eps8L1 was found to inter-
act with phosphorylated ezrin. The sequence isolated in the two-
hybrid screen is common to Eps8L1a (amino acids 258-607) and
Eps8L1b (amino acids 131-480) but not to Eps8L1c. Eps8L1a and b
share the same primary sequence except in their N-terminal do-
mains. Eps8L1a displays a 126—amino acid extension that comprises
a PTB domain absent in Eps8L1b. The sequence of the first 16 N-
terminal amino acids of Eps8L1b diverges from the corresponding
sequence in Eps8L1a (Figure 1A).

To further analyze the expression and localization of these pro-
teins, we generated antibodies specific for Eps8L1a and Eps8L1b.
These antibodies were tested in LLC-PK1 cells, a nontransformed
porcine cell line derived from the kidney proximal tubule. These
cells display brush border microvilli at their apical surface that have
in common with intestinal microvilli the same highly organized arrays
of actin filaments and share most of the actin-binding proteins. All
three proteins—Eps8 and Eps8L1a and b—are expressed in LLC-
PK1 cells. The anti-Eps8L1a and anti-Eps8L1b antibodies each rec-
ognized a single band of the expected molecular weight (Figure 1B).
The specificity of our anti-Eps8L1a antibody was further confirmed
by immunofluorescence performed with cells depleted for this pro-
tein (see later discussion of Figure 7). Because the localization of
endogenous Eps8L1 proteins had not been reported, we performed
immunofluorescence on LLC-PK1 cells with our specific antibodies,
as well as with the anti-Eps8 antibody. As observed previously in in-
testinal cells from Caenorhabditis elegans (Croce et al., 2004), Eps8
is concentrated at the tip of the microvilli (Figure 1C). Of interest,
Eps8L1a is also present at the tip of the microvilli (Figure 1C). Unlike
Eps8 proteins, ezrin is distributed along the microvilli but seems to
be excluded from the tip. A colocalization of ezrin with Eps8 pro-
teins could only be observed in a restricted area—at the interface
between the tip and the microvillus. In LLC-PK1 cells, Eps8L1b is
absent from the microvilli but present on vesicular structures (data
not shown). Because we were interested in microvillus morphogen-
esis, we concentrated our studies on Eps8L1a and Eps8.

To confirm the interaction of ezrin with Eps8L1a, we performed
an immunoprecipitation with the anti-Eps8L1a antibody, and we ob-
served a coimmunoprecipitation of endogenous ezrin (Figure 1D,
top). The Eps8L1 ezrin-binding domain identified in the two-hybrid
screen comprises the SH3 domain, which is well conserved in Eps8
(58% identity). We thus tested whether ezrin interacts with Eps8 as
well, and we found that endogenous ezrin interacted with Eps8
(Figure 1D, bottom). We then determined whether green fluores-
cent proteins GFP-Eps8/GFP-Eps8L1a purified from mammalian
cells using the GFP-Trap_A assay interact with recombinant ezrin
(Figure 1E). Glutathione S-transferase (GST)-ezrin was found to in-
teract with GFP-Eps8 and GFP-Eps8L1a but not with GFP alone,
suggesting that the association between ezrin and Eps8/Eps8L1a is
direct (Figure 1E).
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Eps8 and Eps8L1a are components of the brush border microvilli. (A) Schematic representation of the
structure of Eps8 and Eps8L1a and b isoforms. The percentage of identity of Eps8 domains with that of Eps8L1a and b
is indicated. The position of the peptides used to generate antibodies against Eps8L1a and b is represented by the blue
and red boxes, respectively. The region of Eps8L1a and b found to interact with ezrin in the two-hybrid screen is
underlined. (B) Western blot was performed on LLC-PK1 cell extracts using anti-Eps8, anti-Eps8L1a, and anti-Eps8L1b
antibodies. (C) Localization of Eps8 proteins in LLC-PK1 cells. Double immunofluorescence was performed with an
anti-ezrin antibody (red) and either anti-Eps8 (top) or Eps8L1a (bottom) antibodies (green). Images were taken with a
three-dimensional wide-field optical sectioning microscope. The images on the left correspond to a maximum-intensity
Z projection, performed after deconvolution, of 10 slices starting from the top of the cells. Bar, 10 pm. Microvilli in the
rectangles are shown at high magnification on the right. Bar, 1 pm. (D) Immunoprecipitation was performed with control
immunoglobulin G (IgG) or anti-Eps8L1a (top) and anti-Eps8 (bottom) antibodies, respectively, from LLC-PK1 cell lysates.
Thirty percent of the immunoprecipitates were loaded on the gel. The Western blot performed with an anti-ezrin
antibody indicates that ezrin coimmunoprecipitates with Eps8 and Eps8L1a. (E) In vitro interaction of GFP-Eps8 or
GFP-Eps8L1a with ezrin. GFP, GFP-Eps8, or GFP- Eps8L1a bound to GFP-Trap_A beads were incubated with purified
GST-ezrin. Left, the immunoblot performed with the anti-ezrin antibody shows that ezrin interacts with Eps8 and
Eps8L1a but not with GFP alone. One-fifth of the beads were loaded on the gel. Middle, 1/300 and 1/25 of purified
GST-ezrin and GFP proteins used for the interaction were loaded on the gel and analyzed with anti-ezrin and anti-GFP
antibodies, respectively. Right, Coomassie staining of purified proteins.
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Mapping the interacting domains reveals a distinct mode

of association between ezrin and Eps8 or Eps8L1a

We sought to dissect the mechanisms of interaction between ezrin
and Eps8 and Eps8L1a. To do so, we performed pull-down experi-
ments with the ezrin-binding domain of Eps8L1a or the SH3 domain
of either Eps8L1a or Eps8 fused to GST and lysates of cells express-
ing vesicular stomatitis virus glycoprotein (VSVG)-tagged ezrin. As
shown in Figure 2A, ezrin interacted with the ezrin-binding domain
identified in the two-hybrid screen and more precisely with the SH3
domains of Eps8L1a. The ezrin/Eps8 interaction was also mediated
by Eps8 SH3 domain. The SH3 domain of Eps8 has been shown to
interact preferentially with the consensus motif PXXDY or PPPY/W
(Mongiovi et al., 1999). Because ezrin contains a PPPVY#7 motif, we
determined whether this motif was involved in the binding of ezrin to
Eps8 and Eps8L1a. LLC-PK1 cells stably expressing either wild-type
ezrin or the mutants of ezrin YA77F or P475A were used to test the
capacity of these different forms to interact with endogenous Eps8
and Eps8L1a. As shown in Figure 2B, Eps8 interaction with ezrin mu-
tants Y477F or P475A was completely abolished, indicating that the
PPPVY#7motif in ezrin is indeed the binding site for Eps8. On the
contrary, Eps8L1a could still interact with ezrin P475A or YA77F, sug-
gesting that either the PPPVY#”” motif in ezrin was not involved in the
binding to Eps8L1a or that there was a second binding site in ezrin
that could mediate its interaction with Eps8L1a. To test these hy-
potheses, we coexpressed in 293T cells either the amino- or car-
boxy-terminal domains of ezrin with Myc-tagged, full-length Eps8L1a
or its various domains and performed an immunoprecipitation with
an anti-Myc antibody. No interaction of the amino-terminal domain
of ezrin was observed with Eps8L1a full length or any of its domains
(Figure 2C). The carboxy-terminal domain of ezrin was found to inter-
act with both the amino-terminal domain of Eps8L1a and the SH3
domain (Figure 2C). Further mapping indicated that the PTB domain
of Eps8L1a interacts with ezrin carboxy-terminal domain (Figure 2D).
Moreover, we demonstrated that Eps8L1a SH3 domain interacted
with the PPPVY#7 motif in ezrin, as the introduction of the Y477F
mutation in the carboxy-terminal domain of ezrin inhibited the inter-
action with the SH3 domain of Eps8L1a (Figure 2D). Of interest, the
second interaction site mediated by the PTB domain of Eps8L1a was
not affected by the introduction of the Y477F mutation in ezrin car-
boxy-terminal domain. Taken together these data indicated that
Eps8 and ezrin interact through the consensus PPPVY#” motif of ez-
rin and the SH3 domain of Eps8. In contrast, two binding sites medi-
ate the interaction between Eps8L1a and ezrin: one binding site in-
volved the SH3 domain of Eps8L1a and the PPPVY#”7 motif in ezrin,
and the other one the Eps8L1a amino-terminal domain and the ezrin
carboxy-terminal domain.

Ezrin and Eps8 proteins cooperate in the control

of microvillus formation

Eps8 displays multiple functions in actin filament organization pre-
sumably through its interaction with distinct actin-containing regula-
tory complexes (Croce et al., 2004; Disanza et al., 2004; Roffers-
Agarwal et al., 2005). However, such a requirement for interacting
proteins in Eps8L1a activities has not been established. To test the
role of ezrin and Eps8/Eps8L1a interaction in the formation of the
microvilli, we overexpressed either Eps8L1a or Eps8 alone or to-
gether with ezrin in LLC-PK1 cells. Cells were analyzed by immuno-
fluorescence and correlative light scanning electron microscopy
(CL-SEM). For CL-SEM, in the first instance we performed immuno-
fluorescence to detect cells coexpressing ezrin-VSVG and GFP-Eps8
or GFP-Eps8L1a. Because morphological changes were observed
only when both ezrin and either Eps8 or Eps8L1a were coexpressed,
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we subsequently monitored transfected cells only through the
expression of GFP-Eps8 or GFP-Eps8L1a to avoid damaging cell
membrane by permeabilization. The overexpression of ezrin-VSVG
or -GFP tagged alone had no striking effect on microvillar morphol-
ogy (Figure 3, A and B, left) as compared with untransfected cells or
cells expressing GFP alone (Figure 3, bottom). The expression of
Eps8L1a led to an important reduction in the microvillus length as
observed by immunofluorescence and CL-SEM (Figure 3, A and B,
right). About 70% of cells expressing Eps8L1a displayed shorter
microvilli as assessed by immunofluorescence, suggesting that
Eps8L1a prevents microvillus elongation. In addition, the width of the
microvilli measured from SEM images was increased by ~10% in cells
expressing Eps8L1a as compared with cells expressing GFP (112.4 +
2.000 nm vs. 104.0 £ 1.499 nm, respectively). It is striking that coex-
pression of ezrin and GFP-Eps8L1a induced morphological changes
at the apex of the cells characterized by the clustering of actin-con-
taining structures in which ezrin, Eps8L1a, and Eps8 were present
(Figure 4, A and B). This clustering was observed in nearly 100% of
cells coexpressing both proteins. Close examination of the clusters
by SEM indicated that they comprise enlarged membrane exten-
sions. Microvilli emerged from some but not from all of these en-
larged structures. Moreover, the number of microvilli that form in
these structures varied from one cell to another, likely due to different
levels of Eps8L1a expression (Figure 4B). A strong staining of Eps8L1a
and actin was observed by immunofluorescence at the base of the
clusters, presumably in the enlarged structures observed by SEM
(Figure 4A, al-a4 and c1-c4). Although ezrin and Eps8 colocalized
with Eps8L1a, both proteins were more abundant in the microvilli that
originate from the enlarged structures (Figure 4A, al-a4 and b1-b4).
A faint staining of Eps8L1a was also observed along the microuvilli.

Distinct morphological effects were induced when we overex-
pressed Eps8 with ezrin. In cells overexpressing Eps8 alone, the mi-
crovilli appear similar to that of cells expressing GFP alone as ob-
served by CL-SEM (Figures 3B and 5B). The major phenotype
observed in most cells when ezrin was coexpressed with Eps8 was
the formation of circular dorsal ruffles and membrane waves on the
dorsal surface of the cells (Figure 5, A and B). Moreover, arc-shaped
ridges covered with abundant microvilli were observed at the edge
of the cells (~30% of cells; Figure 5A, asterisk), as well as bundles of
actin filaments (~40% of cells; Figure 5A, arrowhead). In 60% of cells,
tufts of microvilli were detected mostly at the cell periphery when
ezrin was coexpressed with Eps8. Both Eps8L1a and Eps8 remained
localized at the tip of the microvilli in cells coexpressing ezrin and
Eps8 and gave a punctate staining in the membrane ruffles (Figure
5A, middle, insets).

To confirm that the ezrin/Eps8 proteins interaction was respon-
sible for the observed morphological changes, we coexpressed ez-
rin YA77F with Eps8L1a or Eps8 since both proteins interact with
ezrin via the PPPVY#7 motif. The morphological changes detected
when wild-type ezrin was coexpressed with either Eps8 or Eps8L1a
were rarely observed with ezrin Y477F. In both cases, transfected
cells displayed microvilli at their apical surface. However, whereas
Eps8 was still present at the tip of the microvilli, Eps8L1a was not
and remained diffuse in the cytoplasm. Taken together, these ex-
periments indicated that ezrin binding to Eps8/Eps8L1a promotes
their activities, resulting in the morphological changes described
(Figure 6, A and B). Moreover, the interaction of Eps8L1a with the
PPPVY#77 motif in ezrin is critical for its activities and localization.

Eps8 and Eps8L1a play distinct roles in microvillar assembly
The foregoing coexpression experiments suggested that Eps8 and
Eps8L1a play distinct roles in the organization of the microvillar actin
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FIGURE 2: Mapping of interaction sites between ezrin and Eps8 proteins. (A) Immobilized GST or GST fused to
ezrin-binding domain on Eps8L1a (BD), the SH3 domain of Eps8L1a, and the SH3 domain of Eps8 were incubated with
lysates of LLC-PK1 cells expressing ezrin-VSVG. Western blot was performed with an anti-VSVG antibody. Bottom, the
Coomassie staining of GST-fused proteins. (B) Left, immunoprecipitation performed with an anti-Eps8 antibody on
lysates of LLC-PK1 cells stably transfected with the empty vector (-) or with cDNA coding ezrin wild type (WT),
ezrinY477F, or P475A tagged with VSVG. Immunoblots were performed with an anti-VSVG antibody to detect ezrin.
Eps8 interacts only with wild-type ezrin. Right, the immunoprecipitation was performed as before, but with an anti-
Eps8L1a antibody. Eps8L1a interacts with wild-type ezrin, as well as with ezrin Y477F and ezrin P475A. (C) 293T cells
were cotransfected with cDNA coding the VSVG-tagged carboxy-terminal (C-ter) or amino-terminal (N-ter) domains of
ezrin and Myc-tagged full-length Eps8L1a (FL) or its various domains. Left, immunoprecipitation performed with an
anti-Myc antibody, followed by an immunoblot on immunoprecipitated proteins with anti-Myc and anti-VSVG antibodies.
Right, cell lysates analyzed with anti-VSVG and anti- Myc antibodies. (D) 293T cells were cotransfected with cDNA
coding the VSVG tagged carboxy-terminal domain of ezrin carrying or not the mutation Y477F and Myc-tagged
full-length Eps8L1a or its various domains. Left, immunoprecipitation performed with an anti-myc antibody, followed by
Western blots with anti-VSVG and anti-Myc antibodies. Right, cell lysates analyzed with anti-VSVG and anti-Myc
antibodies. The introduction of the Y477F mutation in the carboxy-terminal domain of ezrin abolishes the interaction of
Eps8L1a SH3 domain with ezrin.
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FIGURE 3: Expression of Eps8L1a blocks microvillus elongation.

(A) Immunofluorescence was performed on LLC-PK1 cells expressing
ezrin-VSVG (left) or GFP-Eps8L1a (right). Ezrin (in red) was detected
with an anti-VSVG antibody. Images were taken as in Figure 1B and
correspond to a maximum-intensity Z-projection performed after
deconvolution. Insets show the localization of ezrin along the microvilli
(left) and Eps8L1a at the tip (right). Bar, 10 pm; insets, 1 pm.

(B) CL-SEM was performed on cells expressing ezrin-GFP or GFP-
Eps8L1a. Transfected cells (in green) were tracked by fluorescence
and subsequently analyzed by scanning electron microscopy. The size
of the microvilli is considerably reduced in cells expressing Eps8L1a as
compared with that of cells expressing ezrin-GFP or of untransfected
cells (bottom). Bars, first row,10 pm; others, 1 ym.

cytoskeleton. To confirm these observations, we inhibited the ex-
pression of either Eps8L1a or Eps8. The depletion of Eps8/Eps8L1a
was performed with two independent short hairpin RNAs (shRNAs)
in all experiments and gave identical results. Cells transfected with
the plasmids encoding the shRNA were monitored through the ex-
pression of GFP. Efficient depletion of Eps8L1a or Eps8 was achieved,
as shown by an almost complete disappearance of Eps8L1a
and Eps8 staining (Figures 7 and 8). Cells depleted for Eps8L1a
exhibited very long microvilli as compared with cells expressing a
nontargeting shRNA (scrambled sequence [scr]; Figure 7A). This
observation was confirmed by CL-SEM, which showed that the cells
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were covered with very long and bent microvilli that were thinner
than the microvilli observed at the surface of cells producing scram-
bled shRNA (Figures 7B and 8C). No changes in the localization of
either ezrin or Eps8 were observed in these microvilli, with ezrin being
distributed along the microvilli and Eps8 at their tip (Figure 7A). On
the contrary, Eps8 depletion did not reveal striking effects on mi-
crovilli structure as observed by immunofluorescence (Figure 8A).
However, CL-SEM indicated that the microvilli were more irregular in
shape and length as than the microvilli of cells transfected with the
scramble shRNA (Figure 8B). In absence of Eps8, Eps8L1a was still
localized at the tip of the microvilli (Figure 8A, right). Finally, we
sought to analyze the phenotype of cells after depletion of both
Eps8 and Eps8L1a. Cells were transfected with plasmids coding
shRNA targeting Eps8L1a/Eps8 and the reporter genes mCherry
and GFP, respectively. Cells expressing both shRNAs were rounded,
suggesting a defect in cell adhesion (Supplemental Figure). Further-
more, their surface displayed abundant membrane ruffles and het-
erogeneous microvilli. We observed in several cells very long mi-
crovilli often localized at the center of the cells, whereas abundant
shorter microvilli were seen at the junction between the cells. It is
worth mentioning that, in LLC-PK1 cells, Eps8 but not Eps8L1a is
present at the cell-cell junctions. These observations might be an
indication that the functional requirements for Eps8 and Eps8L1a
are not the same in different regions of the cells.

The capping activity of Eps8L1a and the bundling activity

of Eps8 are involved in microvillar actin filament assembly
Both the depletion of Eps8L1a and the coexpression of ezrin and
Eps8L1a strongly suggested that Eps8L1a displayed an actin-cap-
ping activity in microvillar actin cytoskeleton assembly. Moreover,
the formation of tufts of microvilli when ezrin was coexpressed with
Eps8 suggested that Eps8 actin bundling activity plays a role in the
assembly of microvilli as previously described in animal models
(Croce et al., 2004; Tocchetti et al., 2010). Recently the domains of
Eps8 involved in actin filament-capping and -bundling activities
have been mapped and validated by mutagenesis (Hertzog et al.,
2010). We introduced the mutations that abrogate capping or bun-
dling activities in human Eps8 (V690D/L694D; Eps8Acap) and
(L758A/K760A; Eps8Abund). So far only the capping activity of
Eps8L1a has been demonstrated in vitro (Disanza et al., 2004). We
observed that the motifs identified as critical for the capping and
bundling activities of Eps8 are conserved in Eps8L1a. Therefore we
introduced mutations in Eps8L1a (V601D/L605D; Eps8L1aAcap)
and (L667A/K669A; Eps8L1a Abund). To determine which of these
activities were involved in the observed phenotypes, we coex-
pressed ezrin with Eps8 or Eps8L1a in which the capping or the
bundling activity was suppressed. Coexpression of ezrin with
Eps8L1aAcap prevented the clustered phenotype observed upon
expression of wild-type Eps8L1a, and the surface of the cells was
covered with microvilli (Figure 9A). It is striking that these clustered
structures were still observed when ezrin was coexpressed with
Eps8L1aABund, although they were less abundant (Figure 9A). Of
interest Eps8L1aAcap was not localized to the tip of the microvilli
but rather at the microvilli side. This suggests that Eps8L1a interacts,
through its capping site, with the actin filament barbed ends (Figure
9, A and B).

Consistent with the formation of long microvilli following deple-
tion of Eps8L1a or short microvilli upon expression of Eps8L1a,
these experiments suggested that the capping activity of Eps8L1a
was involved in the control of the microvillus length. To further con-
firm that Eps8L1a controls the microvillus length through its capping
activity, we sought to rescue the defects observed in LLC-PK1
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/Eps8L1a

Coexpression of ezrin and Eps8L1a induces microvillar clustering at the apical
surface of LLC-PK1 cells. LLC-PK1 cells were cotransfected with plasmids coding for ezrin-VSVG
and GFP-Eps8L1a. (A) Immunofluorescence was performed with an anti-VSVG antibody to
detect ezrin (a, b, ¢, al-a4; red) and an anti-Eps8 antibody (b, b1-b4; blue). Actin was detected
with phalloidin (c, c1-c4; blue). Images correspond to a maximum-intensity Z-projection
performed after deconvolution. Bottom, four successive slices of the clusters in the insets from
a—c are shown from the bottom (a1, b1, c1) to the top of the structure (a4, b4, c4). Eps8L1a is
mainly localized in the enlarged membrane structures (see scanning electron microscopy) and
ezrin in the microvilli that originate from them. Bars, a—c, 10 um; al-c4, 1 um. (B) CL-SEM. Low
(left) and high (middle and right) magnification of the surface of LLC-PK1 cells expressing

ezrin-VSVG and GFP-Eps8L1a. Clusters from two different cells are shown at high magnification.

Transfected cells are monitored by fluorescence through GFP fluorescence. Bars, left, 10 ym;
middle and right, 1 pm.
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cells after depletion of Eps8L1a by ex-
pressing wild-type Eps8L1a, Eps8L1aAcap,
or Eps8L1aAbund (Figure 10A). Whereas
microvilli with normal length were observed
by CL-SEM and immunofluorescence (data
not shown) in cells depleted for endogenous
Eps8L1a and expressing shRNA-resistant,
wild-type human Eps8L1a or Eps8L1aAbund,
long microvilli were still observed in the cells
expressing Eps8L1aAcap. Quantification of
these phenotypes by immunofluorescence
indicated that ~85% of the cells depleted of
Eps8L1a display long microvilli. This number
dropped to ~20% in depleted cells express-
ing wild-type Eps8L1a, whereas 60% of cells
expressing Eps8L1aAcap had long microvilli.
Together these data converge toward a role
for Eps8L1a’s capping activity in the control
of microvilli morphogenesis.

We next examined which of the Eps8 actin
filament-capping or -bundling activity was re-
sponsible for the morphological changes ob-
served in cells expressing ezrin and Eps8.
Coexpression of ezrin and Eps8Acap resulted
in the formation of circular ruffles in nearly
100% of cells, but their number per cell was
reduced, as was the presence of tufts of mi-
crovilli (~20% of cells) or arc-shaped ridges
(~10% of cells) when compared with cells ex-
pressing wild type Eps8 and ezrin. Eps8Acap
was no longer present in membrane ruffles
but was still observed at the tip of the mi-
crovilli. In contrast, coexpression of ezrin with
Eps8Abund prevented the formation of these
structures, and the cells were covered with
microvilli (Figure 9B). We next examined by
CL-SEM the surface of Eps8-depleted cells
expressing a shRNA-resistant form of human
wild-type Eps8, Eps8Acap, or Eps8Abund.
Cells expressing wild-type Eps8 or Eps8Acap
displayed straight microvilli, whereas cells ex-
pressing Eps8Abund were irregular and bent
(Figure 10B). Taken together, our data indi-
cate that both Eps8 and Eps8L1a cooperate
with ezrin to regulate the actin organization
within microvilli through the bundling and
capping activities of Eps8 and Eps8L1a,
respectively.

DISCUSSION

Of finger-like protrusions observed in meta-
zoans, the microvilli present at the luminal
surface of absorptive cells represent one of
the most highly ordered actin-based struc-
tures, yet the mechanisms controlling their
assembly is the least well understood. This is
partly due to the fact that microvillus assem-
bly at the apical surface of epithelial cells is
a slow process that requires well-differenti-
ated cells, which precludes a dynamic analy-
sis. In particular, the mechanisms involved in
microvillar actin filament growth and in the
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GFP-Eps8

Coexpression of ezrin and Eps8 induces the formation of membrane ruffles and tufts of microvilli at the

GFP-Eps8 + Ezrin-VSVG

-}

apical surface of LLC-PK1 cells. (A) Immunofluorescence of cells expressing GFP-Eps8 alone or GFP-Eps8 and ezrin-
VSVG. Images correspond to a maximum-intensity Z-projection performed after deconvolution. Dorsal circular ruffles,
arc-shaped ridges covered with abundant microvilli (asterisk, middle), and actin bundles (arrow, right) are observed in
cells expressing both proteins. Insets (right of the middle) show the localization of Eps8 and Eps8L1a at the tip of the
microvilli. A punctate staining of Eps8 and Eps8L1a is observed in membrane ruffles (left insets, middle). Bars, 10 um;
inset, 1 pm. (B) CL-SEM. Left, microvilli of cells overexpressing GFP-Eps8. Middle and right, low and high magnification
of the surface of cells expressing ezrin and GFP-Eps8. Extensive dorsal ruffles are observed. The inset shows the tufts of
microvilli observed at the edge of the cells. Bars, left, 1 pm; middle, 10 pm (inset, 1 um); right, 1 pm.

control of their uniform length are not known. In this study, we un-
covered a role for ezrin, Eps8, and Eps8L1a in the control of microvil-
lus morphogenesis. First, we observed distinct functions for Eps8
and Eps8L1a in microvilli organization. We reported for the first time
a role for Eps8L1a in the control of microvillar length due to its cap-
ping activity. Second, we showed that the interaction of ezrin with
Eps8 or Eps8L1a promotes at least in part their activities.

A long-standing question concerns the regulatory mechanism by
which the length of the microvillus actin filaments is maintained con-
stant. Because Eps8 displays an actin-capping activity, it was a po-
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tential candidate for regulating microvillus length (Croce et al.,
2004; Disanza et al., 2004). Genetic analyses of Eps8 function in the
intestine of two evolutionary distant organisms, C. elegans and
mouse, led to the observation that Eps8 is required for the correct
organization of intestinal microvilli. However, it was proposed that
the bundling rather than the capping activity of Eps8 was involved
in the regulation of the microvilli organization (Croce et al., 2004,
Tocchetti et al., 2010). Our observations are in agreement with these
conclusions since expression of Eps8 in our model leads to the for-
mation of tufts of microvilli. Of importance, we report here that the
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A GFP-Eps8 + ezrin-Y477F-VSVG

B GFP-Eps8L1a + ezrin-Y477F-VSVG

Eps8L1a

Ezrin Y477F fails to promote Eps8 protein activities. Immunofluorescence was
performed on LLC-PK1 cells coexpressing ezrin Y477F and (A) GFP-Eps8 or (B) GFP-Eps8L1a
with an anti-VSVG antibody to detect ezrin (red). No morphological changes are observed in
cells expressing both proteins. (A) Eps8 remains localized at the tip of the microvilli (inset, right).
(B) Eps8L1a is diffuse in the cytoplasm and absent from the tip of the microuvilli (inset, right).

Bars, 10 ym; inset, 1 pm.

capping activity necessary for the control of microvillar length is ex-
erted by Eps8L1a. Three lines of evidence support this conclusion.
First, Eps8L1a localizes at the tip of the microvilli, where actin mono-
mers are added to the barbed end of actin filaments. Second, de-
pletion of Eps8L1a results in the formation of very long microuvilli,
indicating that actin polymerization proceeds without control. Con-
versely, overexpression of Eps8L1a results in very short microvilli.
Third, Eps8L1a mutated in a site that is identical in amino acid se-
quence to the actin-capping site in Eps8 does not rescue the phe-
notype observed in absence of endogenous Eps8L1a, namely the
formation of long microvilli, whereas wild-type Eps8L1a does.

The coexpression of ezrin and Eps8/Eps8L1a indicates that ezrin
tailors Eps8 protein functions. This is illustrated by the distinct mor-
phological changes—formation of microvilli clusters or circular dor-
sal ruffles and tufts of microvilli—when ezrin is coexpressed with
Eps8L1a or Eps8, respectively. It was previously shown that Eps8 is
required for the formation of circular dorsal ruffles in response to
receptor tyrosine kinase growth factor stimulation (Scita et al., 1999;
Innocenti et al., 2003; Offenhauser et al., 2004; Goicoechea et al.,
2006). Here we report that coexpression of ezrin and Eps8 induced
these circular dorsal ruffles in the absence of growth factor stimula-
tion. This implies that ezrin, together with Eps8, can trigger the as-
sembly of these structures by recruiting the components involved in
actin cytoskeleton remodeling. The exchange factor for the GTPases
RhoG/Rac, PLEKHG6, might be one of these components, since we
previously showed that its recruitment to the apical surface of epi-
thelial cells by ezrin triggers the formation of membrane ruffles
(D'Angelo et al., 2007).

The distinct morphological changes triggered by the expression
of ezrin with Eps8 or Eps8L1a could be correlated with the actin-
capping and -bundling activities of Eps8L1a and Eps8, respectively.
Eps8 possesses intrinsically these dual functions. Eps8L1a likely dis-
plays a bundling activity in addition to the capping activity since it
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contains a motif identical to that character-
ized in Eps8 (Hertzog et al., 2010). How is
the switch between the two activities bun-
dling or capping regulated? Several hypoth-
eses can be envisioned to explain our data.
The mode of interaction between ezrin and
Eps8 proteins may differentially regulate
their activities toward actin. Both Eps8 and
Eps8L1a interact with the PPPVY#7 motif in
ezrin through their SH3 domains, and this
interaction is critical for Eps8 and Eps8L1a
activities. However, the interaction between
Eps8L1a and ezrin is also mediated through
an additional binding site. Therefore ezrin
may trigger distinct conformational changes
in Eps8 proteins that expose either their ac-
tin-capping or -bundling sites. Furthermore,
the phosphorylation of ezrin and/or Eps8
proteins might regulate their binding to
each other since both are the targets of
receptor and nonreceptor tyrosine kinases
(Bretscher, 1989; Fazioli et al., 1993a; Heiska
and Carpen, 2005; Menna et al., 2009). Ez-
rin phosphorylation at tyrosine 477 by Src
kinases (Heiska and Carpen, 2005) may dif-
ferentially regulate the binding to Eps8 pro-
teins since Eps8L1a but not Eps8 was found
in a phospho-dependent screen performed
with yeast transformed with Src family ki-
nase. Further supporting this observation, we found that Eps8L1a
but not Eps8 binds preferentially ezrin phosphorylated by Src ki-
nases in a coimmunoprecipitation assay (data not shown). However,
because tyrosine 477 is part of the PPPVY#7 motif involved in the
binding to the SH3 domains of Eps8 proteins, we were not able to
firmly determine whether its phosphorylation regulates the binding
since mutation of any amino acid in the motif abolishes the interac-
tion between ezrin and Eps8 proteins. Finally, the distinct mode of
interaction might, in turn, promote the formation of distinct molecu-
lar complexes that regulate different steps of microvillus actin fila-
ment assembly. It is worth mentioning, however, that the rescue with
Eps8L1aAbund in cells depleted of Eps8L1a or with Eps8Acap in
cells depleted of Eps8 is not as efficient as with wild-type Eps8L1a
or Eps8, respectively. This suggests that the two activities—bundling
and capping—are not completely separable.

Our studies suggest that ezrin and Eps8 proteins interact at an
early step of microvilli assembly. Indeed, the coexpression of ezrin
and Eps8L1a leads to the formation of clustered actin structures in
which both Eps8 proteins are present. Which factors contribute to
this clustering is not clear, but overexpression of ezrin and Eps8L1a
may promote the clustering of PIP; in specific membrane domains
since binding to PIP, represents the first step in the activation
mechanism of ezrin. The requirement for ezrin/Eps8L1a interac-
tion in the formation of these structures is confirmed by our obser-
vation that they are neither observed when ezrin or Eps8L1a is
expressed alone nor when ezrin YA77F is coexpressed with
Eps8L1a. Moreover, the formation of these structures suggests
that in restricted domains of the apical membrane ezrin together
with Eps8L1a recruits the machinery allowing the assembly of the
microvilli. One component of this machinery might be the scaf-
folding protein EBP50, as its interaction with ezrin has been shown
to be critical for microvilli assembly (Garbett et al., 2010). Further-
more, microvillus clustering has been observed at the surface of
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sh-Eps8L1a sh-Eps8L1a
Eps8lla =~ .. ..  NEpsslia ' :

Eps8Lla/

plasmids coding the reporter gene GFP and shRNA, nontargeting (scr; left) or targeting Eps8L1a (middle and right)
were analyzed by immunofluorescence. Transfected cells were monitored through the expression of GFP (artificially
rendered in blue). Immunofluorescence was performed with anti-ezrin (red) and anti-Eps8L1a and anti-Eps8 (green)
antibodies. Images correspond to a maximum-intensity Z-projection performed after deconvolution. Eps8 is still
localized at the tip of the microvilli (right). Bars, 10 um; inset, 1 um. (B) CL-SEM shows microvilli of cells expressing
scramble (left) or Eps8L1a shRNA. Bar, 1 pm. Both immunofluorescence and CL-SEM indicate that depletion of Eps8L1a
leads to the formation of long microvilli.
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sh-scr Sh-EIpSB sh-EbsBL1a

LLC-PK1 cells depleted for Eps8 display irregular microvilli at their apical surface. (A) Immunofluorescence and
(B) CL-SEM were performed on cells expressing shRNA scr (left) or targeting Eps8 (middle and right). Transfected cells
were detected through the expression of GFP (artificially rendered in blue). Eps8L1a localizes to the tip of the microvilli
(right). Bars, 10 pm; inset, 1 pm. (B) CL-SEM indicates that cells depleted for Eps8 display shorter and more irregular
microvilli. Bar, 1 pm. (C) Graph showing the width of the microvilli determined from CL-SEM images of cells transfected
with Scr, Eps8, or Eps8L1a psiRNA. The values in the histogram are means * SE. Statistical significance was determined
by one-way analysis of variance with a Dunnett multiple comparison test. The width (nm) of the microvilli in cells depleted
of Eps8L1a is significantly thinner than in cells transfected with nontargeting or Eps8-targeting shRNA, with p < 0.005.
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ezrin-VSVG + GFP Eps8L1a

/Eps8L1

< 3

Actin-capping and -bundling activities of Eps8L1a and Eps8, respectively, in microvillus assembly.

ezrin-VSVG + GFP Eps8L1a Acap
aAcap

ezrin-VSVG + GFP Eps8L1a Abund
in/Eps8L1aAbund

/Eps8Abund; . .,

(A) LLC-PK1 cells were transfected with plasmids coding ezrin and GFP-Eps8L1a (left), ezrin and Eps8L1a mutated in its
capping site (Eps8L1aAcap, middle), or ezrin and Eps8L1a mutated in its actin-bundling site (Eps8L1aAbund, right).
Clusters are observed in cells expressing ezrin with either Eps8L1 wild type or Eps8L1aAbund but not with
Eps8L1aAcap. Inset in the middle shows that Eps8L1aAcap is localized at the microvilli side and rarely at their tip as
observed with Eps8L1a. Bars, 10 pm; inset, 1 pm. (B) LLC-PK1 cells were transfected with plasmids coding ezrin and
GFP-Eps8 (left), ezrin and GFP-Eps8 mutated in its capping site (middle, Eps8Acap), or ezrin and Eps8 mutated in its
actin-bundling site (right, Eps8Abund). Circular dorsal ruffles are observed on the surface of the cells coexpressing ezrin
and Eps8 or Eps8Acap but not in cells expressing ezrin and Eps8Abund. Bars, 10 um; inset, 1 pm.

JEG cells expressing mutant forms of EBP50 (Garbett et al.,
2010).

The proteins recruited at the membrane by ezrin and Eps8L1a
would be part of a complex reminiscent of the “tip complex” ob-
served in filopodia or in microvilli (Mooseker et al., 1982; Svitkina
et al., 2003). In this complex, Eps8 proteins would participate in the
initiation and elongation of microvillar actin filaments through their
capping and bundling activities. As for filopodia, formins are be-
lieved to play an important role in the elongation of microvillar actin
bundles (Chhabra and Higgs, 2007). Formins associate with the
barbed ends of filaments, protecting them from excess of capping
proteins. It is therefore possible that Eps8L1a competes with form-
ins for the elongation of actin filaments. This hypothesis is consistent
with our observation that coexpression of Eps8L1a and ezrin leads
to the formation of enlarged structure that likely results from an ex-
cess of Eps8L1a capping activity, which prevents microvilli elonga-
tion. The presence or not of microvilli emerging from these enlarged
structures likely depends on the relative amount of Eps8L1a cap-
ping activity. Our results indicate that Eps8 is also required at an
early step of microvillus assembly, presumably through its bundling
activity. Of interest, the bundling activity of VASP has been shown to
be necessary for the elongation of actin filaments driven by Diapha-
nous-related formin dDia2 and to provide the force to push the
membrane outward (Schirenbeck et al., 2006). Therefore Eps8 would
bundle actin filaments near their barbed ends, and microvillar actin
filaments would be subsequently stabilized by other bundling pro-
teins, including villin, fimbrin, and espin (Revenu et al., 2004).

The robust biochemical and biological interactions between ez-
rin and Eps8 or Eps8L1a that we uncovered seem in contradiction
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with the almost exclusive distribution of these proteins in the
microvilli. Only a restricted colocalization of these proteins is ob-
served at the interface between the distal end of the microvilli and
their core. These observations further support our hypothesis that
the interaction of ezrin may occur at an early step of microvillus
assembly. In this scenario, ezrin would recruit Eps8 proteins and
participate in their activation in the tip complex. Whereas Eps8
proteins would exert their capping and bundling activities at the
barbed ends, ezrin would remain associated with the actin filament
bundles as they elongate.

In conclusion, we identified a new component of the brush bor-
der microvilli, Eps8L1a, which controls microvillus length through its
capping activity. Our data emphasize the remarkably fine regulation
of Eps8 protein activities, which display in the same subcellular com-
partment complementary, nonredundant functions. Whether ezrin
interacts with and regulates the activities of the other Eps8-related
proteins such as Eps8L2 and Eps8L3 remains to be investigated.
However, the versatile interaction of ezrin with Eps8 proteins that we
uncovered underlines the key role of ezrin in organizing molecular
complexes essential for the morphogenesis of the apical domain of
epithelial cells and provides new insights into the mechanisms of
microvillus formation.

MATERIALS AND METHODS

Antibodies

The following primary antibodies were used: affinity-purified, rabbit
polyclonal anti-VSVG and anti-ezrin antibodies (Algrain et al., 1993);
monoclonal anti-ezrin antibody clone 4G11B5, a kind gift from
G. Choquet-Kastylevsky (New Markers Department, BioMérieux,
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FIGURE 10: The defects caused by depletion of either Eps8 or Eps8L1a can be reverted by expressing wild-type Eps8
or Eps8L1a, respectively, but not their mutant forms. (A) LLC-PK1 cells expressing shRNA targeting Eps8L1a were
transfected with human GFP-Eps8L1a wild type, GFP-Eps8L1aAcap, or GFP-Eps8L1aAbund. Long microvilli are
observed in cells depleted for Eps8L1a with or without expression of Eps8L1aAcap, whereas shorter microvilli are
observed in cells expressing the shRNA targeting Eps8L1a and Eps8L1a wild type or Eps8L1aAbund. (B) LLC-PK1 cells
expressing shRNA targeting Eps8 were transfected with human GFP-Eps8 wild type, GFP-Eps8Acap, or GFP-
Eps8Abund. Cells expressing shRNA targeting Eps8 or cells expressing shRNA targeting Eps8 and GFP-Eps8Abund
display irregular, bent microvilli. In contrast, cells expressing shRNA targeting Eps8 and either wild-type GFP-Eps8 or

GFP-Eps8 Acap show stiff microvilli. Bar, 10 pm.

France); monoclonal anti-VSVG (clone P5D4; Kreis, 1986), polyclonal
anti-Myc antibody generated in the laboratory; mouse monoclonal
anti-Myc (clone 9E10); mouse monoclonal anti—o-tubulin (Sigma-
Aldrich, St. Louis, MO); mouse monoclonal anti-Eps8 (BD Biosci-
ences, Franklin Lakes, NJ); rabbit polyclonal antibodies anti-Eps8L1a
and anti-Eps8L1b were raised by Biogenes (Berlin, Germany) against
the peptide CAPKPSAKSIYEQRKR corresponding to amino acids
10-24 in Eps8L1a and against the peptide CMNRTWPRRIWGSSQ
corresponding to amino acids 1-14 in Eps8L1b and affinity purified
against their respective peptides. Secondary antibodies were as
follows: horseradish peroxidase— and Cy3-, Texas Red-, and Cy5-
conjugated goat anti-rabbit and anti-mouse (Jackson Immuno-
Research Laboratories, West Grove, PA); Alexa 488-conjugated
goat anti-rabbit and anti-mouse (Molecular Probes, Invitrogen,
Carlsbad, CA). Phalloidin was purchased from Invitrogen Life Tech-
nologies (Paisley, United Kingdom).

cDNA constructs

VSVG-tagged ezrin constructs in pcB6 and GST-fused ezrin con-
structs in pGEX-2T were previously described (Algrain et al., 1993;
Andreoli et al., 1994). pEGFP-ezrin was a kind gift from Richard
Lamb (University of Alberta, Canada). The single-point mutants ezrin
Y477F and ezrin P475A were obtained using the QuikChange Muta-
genesis Kit (Stratagene, La Jolla, CA). The cDNAs encoding human
Eps8 (IMAGE 4820933) and Eps8L1a (NITE clone AKO75098) were
cloned into pCS2-Myc or pCS2-GFP vectors (pCS2 vectors were a
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gift from Alex Gautreau, Laboratoire d’Enzymologie et Biochimie
Structurales, Gif-sur-Yvette, France). cDNAs encoding Eps8L1a ez-
rin-binding domain (amino acids [aa] 258-607) and SH3 domain (aa
480-534) were obtained by PCR amplification and cloned into the
pPGEX-CS2 vector to produce GST-fusion proteins. pGEX-CS2 en-
coding the SH3 domain of Eps8 (aa 528-596) was a kind gift from
Alexis Gautreau. cDNAs encoding Eps8L1a N-ter (aa 1-476), SH3
(aa 480-534), and PTB (aa 1-176) domains were obtained by PCR
amplification and cloned into the pCS2-Myc vector. Mutants in the
capping and bundling activities of Eps8 proteins (Hertzog et al.,
2010) were obtained using the QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies, La Jolla, CA).

Cell culture and transfection

LLC-PK1 cells (CCL 101; American Type Culture Collection,
Manassas, VA) were grown in DMEM (Invitrogen) containing 10%
fetal bovine serum. LLC-PK1 cells were transiently transfected by
electroporation. The stable LLC-PK1 cell lines expressing ezrin
WT, ezrinY477F, and ezrin P475A were generated as previously
described (Naba et al., 2008). 293T cells were transiently trans-
fected by the calcium phosphate method and lysed 24 h after
transfection.

Eps8, Eps8L1a, and ezrin knockdown by RNA interference

For depletion of the proteins, oligonucleotides were inserted
into the psiRNA-h7SK-GFP-zeo vector to express shRNA and the
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reporter GFP (Invitrogen). For some experiments we used the same
plasmid in which we replaced the reporter GFP by mCherry. The
following oligonucleotides derived from porcine expressed se-
quence tags and genomic sequences were used to target Eps8 and
Eps8L1a:

shEps8, #0: 5’ACCTCGGCAAATGTAACCCGTCAGAATCAA-
GAGTTCTGACGGGTTACATTTGCCTT3".

shEps8, #2: 5’ACCTCGAAAGCCGCATTAGAGGATAATCAA-
GAGTTATCCTCTAATGCGGCTTTCTTS3".

shEps8L1a, #4: 5’ACCTCGAGGAAGCGATATACCACTGATCAA-
GAGTCAGTGGTATATCGCTTCCTCTT3".

shEps8L1a,#11:5ACCTCAGATGCTGCTGTGCGTGTCTTTCAA-
GAGAAGACACGCACAGCAGCATCTTTS".

Plasmids encoding scrambled shRNA were previously described
(Naba et al., 2008). LLC-PK1 cells were transfected by electropora-
tion with the plasmids, and cells were analyzed 2 d after transfec-
tion. Expression of the reporter GFP or mCherry allows monitoring
of transfected cells by fluorescence microscopy. For the rescue ex-
periments, cells were transfected at the same time with plasmids
encoding shRNA targeting porcine Eps8L1a and myc-tagged hu-
man Eps8L1a wild type or mutated. For CL-SEM analysis, cells were
transfected as described with plasmids encoding shRNA expressing
mCherry and GFP-Eps8 or GFP-Eps8L1a.

Protein interactions

For GST pull-down experiments, cells were lysed in RIPA buffer A
containing 50 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) (pH 7.5), 150 mM NaCl, 10 mM ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N"-tetraacetic acid), 1.5 mM MgCl,, 10%
glycerol, 0.1% SDS, 0.5% sodium deoxycholate, and protease in-
hibitor cocktail (Sigma-Aldrich). Clarified supernatants were incu-
bated for 2 h at 4°C with immobilized GST fusion proteins on gluta-
thione-Sepharose 4B beads (GE Healthcare, Chalfont St Giles,
United Kingdom). For immunoprecipitation, cells were lysed in RIPA
lysis buffer B (50 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM EDTA,
0.1% SDS, 0.5% sodium deoxycholate, 1% NP40, and protease in-
hibitor cocktail). Clarified supernatants were incubated for 2 h at
4°C with antibody and protein G-Sepharose beads (Perbio, Aalst,
Belgium). For the interaction of GST-ezrin with GFP-Eps8 or GFP-
Eps8L1a, GFP or GFP-fused proteins were purified from lysates
of 293T cells transfected with the corresponding plasmids. Cells
were lysed with RIPA buffer A containing 300 mM NaCl, and
the supernatant was incubated with 10 pl of GFP-Trap_A beads
(Chromotek, Planegg-Martinsried, Germany). After washing with
RIPA buffer containing 300 mM NaCl, beads were incubated with
purified GST-ezrin for 15 h. After six washes with RIPA buffer con-
taining 300 mM NaCl, the bound material was analyzed by
SDS-PAGE.

Immunofluorescence

Cells were fixed with paraformaldehyde (4%) and processed for im-
munofluorescence. Images were taken with a Nikon 90i upright mi-
croscope equipped with PIFOC objective stepper and a 100x/1.4
numerical aperture Plan Apochromat objective (Nikon, Champigny
sur Marne, France). Slices were acquired along the z-axis every
0.2 um. Deconvolution was done by the MetaMorph module (Roper
Scientific, Sarasota, FL) using the Meinel algorithm. Image process-
ing and analyses were performed with ImageJ (National Institutes of
Health, Bethesda, MD; Abramoff et al., 2004).
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Correlative light scanning electron microscopy

Cells plated on 35 mm Grid-500 dishes (lbidi, Martinsried,
Germany) were fixed in 4% formaldehyde. Cells transfected with
plasmids expressing functional shRNAs (psiRNAs) were monitored
through the expression of GFP. Cells coexpressing ezrin-VSVG and
either Eps8-GFP or Eps8L1a-GFP were processed for immunofluo-
rescence with a VSVG antibody. Images over a 2 cm? area were
taken by light and fluorescence microscopy. Cells were then fixed
for 30 min in 2.5% glutaraldehyde and 2% paraformaldehyde in
0.1 M sodium cacodylate buffer, pH 7.2, and postfixed with 1%
tannic acid and 2% osmium tetroxide (both from Electron Micros-
copy Sciences, Hatfield, PA). Samples were dehydrated in a graded
ethanol series and critical point dried with CO, in a Leica CPD-030
apparatus (Leica, Wetzlar, Germany). Specimens were coated with
5 nm of gold/palladium in a Gatan lon Beam Coater 681 (Gatan,
Pleasanton, CA). Fluorescent cells were tracked based on their po-
sition relative to letters/numbers on the grid and observed in a
JEOL JSM-6700f field emission scanning electron microscope
(JEOL, Tokyo, Japan). Image processing and analyses were per-
formed with ImageJ.
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