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CRMP-1 enhances EVL-mediated actin elongation to
build lamellipodia and the actin cortex

Hui-Chia Yu-Kemp, James P. Kemp Jr., and William M. Brieher

Department of Cell and Developmental Biology, University of Illinois, Urbana-Champaign, IL

Cells can control actin polymerization by nucleating new filaments or elongating existing ones. We recently identified
CRMP-1 as a factor that stimulates the formation of Listeria monocytogenes actin comet tails, thereby implicating it in
actin assembly. We now show that CRMP-1 is a major contributor to actin assembly in epithelial cells, where it works
with the Ena/VASP family member EVL to assemble the actin cytoskeleton in the apical cortex and in protruding
lamellipodia. CRMP-1 and EVL bind to one another and together accelerate actin filament barbed-end elongation.
CRMP-1 also stimulates actin assembly in the presence of VASP and Mena in vitro, but CRMP-1-dependent actin
assembly in MDCK cells is EVL specific. Our results identify CRMP-1 as a novel regulator of actin filament elongation
and reveal a surprisingly important role for CRMP-1, EVL, and actin polymerization in maintaining the structural in-

tegrity of epithelial sheets.

Introduction

Actin polymerization is necessary for a wide range of cellular
processes, including cell motility and cell shape change. Even
stationary cells such as those within interconnected sheets of ep-
ithelial cells require continuous actin polymerization, not only
for membrane dynamics such as endocytosis, but also to main-
tain actin-dependent adhesive junctions and repair breaches in
the epithelial barrier that are likely to occur from normal wear
and tear (Marchiando et al., 2010; Tang and Brieher, 2013;
Enyedi and Niethammer, 2015). Hence, the physiological func-
tion of both highly motile and relatively sessile cells requires
continuous actin polymerization.

Cells generate actin polymer either by nucleating new
filaments de novo from G-actin subunits or by elongating ex-
isting filaments. Both nucleation and elongation are highly
regulated and are under the control of different factors. The
Arp2/3 complex, for example, is an important actin nucle-
ation factor whose activity is controlled by a long list of nu-
cleation-promoting factors such as N-WASP, Scar/WAVE,
and others that activate Arp2/3 at specific cellular locations
at specified times (Welch and Mitchison, 1998; Machesky et
al., 1999; Goley and Welch, 2006). Arp2/3-dependent nucle-
ation reactions are most frequently associated with motility.
Arp2/3-dependent actin nucleation reactions are important
for intracellular motility of pathogens including the propul-
sion of Listeria monocytogenes, Shigella flexneri, Rickett-
sia, and Vaccinia (Welch et al., 1998; Egile et al., 1999;
Frischknecht et al., 1999; Loisel et al., 1999; Yarar et al.,
1999; Jeng et al., 2004; Weisswange et al., 2009; Welch and
Way, 2013), as well as the actin-dependent propulsion of en-
dosomes and internalization of phagosomes (Moreau et al.,
1997; May et al., 2000; Duncan et al., 2001; Derivery et al.,
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2009). Arp2/3 is also crucial for the formation of lamelli-
podia that push the leading edge of migrating cells forward
(Welch et al., 1997; Suraneni et al., 2012). Beyond these well-
established roles for Arp2/3 in motility, the complex also
contributes to the assembly of actin networks in nonmotile
cells, where it is important for the assembly of actin at cad-
herin-mediated cell—cell junctions (Verma et al., 2004, 2012;
Abu Taha et al., 2014).

Ena/VASP family proteins Ena, VASP, and Ena/
VASP-like protein (EVL), on the other hand, are a family
of actin-elongation factors that promote the growth of the
barbed ends of existing actin filaments (Bear and Gertler,
2009). These factors can increase the rate at which fila-
ment barbed ends elongate (Hansen and Mullins, 2010;
Breitsprecher et al., 2011; Winkelman et al., 2014), and
they help shield the growing barbed end from termina-
tion by capping protein (Bear et al., 2002; Barzik et al.,
2005). Inside the cell, VASP family proteins often local-
ize to Arp2/3-dependent structures, including lamellipodia
(Rottner et al., 1999), and at cell-cell contacts (Vasioukhin
et al., 2000; Scott et al., 2006). Ena/VASP proteins can
even promote Arp2/3-dependent actin assembly by binding
to WAVE (Havrylenko et al., 2015). Cells contain several
Ena/VASP binding partners that presumably help localize
these elongation factors to specific sites in cells (Bear and
Gertler, 2009). Lamellipodin, for example, is important for
localizing VASP to the leading edge of lamellipodia, where
VASP helps polymerize actin to push the leading edge
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forward (Krause et al., 2004; Hansen and Mullins, 2015).
Thus far, however, lamellipodin and profilin are the only
proteins known to stimulate the elongation activity of Ena/
VASP proteins (Hansen and Mullins, 2010). Because actin
assembly is so heavily regulated, it is likely that additional
factors and mechanisms controlling actin polymerization
remain to be identified.

We recently identified CRMP-1 as a novel factor that
promotes Arp2/3-dependent assembly of Listeria actin comet
tails (Yu-Kemp and Brieher, 2016). Listeria is an intracellular
bacterial pathogen that recruits proteins from the eukaryotic
host to build the actin comet tail that propels the pathogen
through the host’s cytoplasm and to adjacent cells to spread
the infection (Welch et al., 1997; Loisel et al., 1999; Brie-
her et al., 2004). CRMP-1 is one member of a family of five
related proteins implicated in a variety of cytoskeleton-de-
pendent processes such as neuronal growth cone motility
and collapse, neuronal polarity, endocytosis, and the anchor-
ing of ion channels in the plane of the membrane. (Li et al.,
1992; Goshima et al., 1995; Arimura et al., 2000; Inagaki et
al., 2001; Shih et al., 2001; Fukata et al., 2002; Brittain et
al., 2009; Maniar et al., 2011). The molecular mechanisms
through which CRMP proteins mediate these processes are
still mysterious. One popular model is that CRMP binds to
tubulin to promote microtubule assembly (Fukata et al., 2002;
Lin et al., 2011; Khazaei et al., 2014). Other studies suggest
that CRMPs might promote or inhibit actin filament bundling
(Rosslenbroich et al., 2005; Nakamura et al., 2014). Our re-
sults with Listeria implicate CRMP-1 in actin assembly (Yu-
Kemp and Brieher, 2016).

Our goals in this study were to determine whether
CRMP-1 contributes to actin network formation outside of
Listeria actin comet tails and, if so, to identify a possible under-
lying mechanism. We found that MDCK cells express CRMP-
1, providing a simple model system for studying CRMP-1
function in organizing actin in an established, nontransformed
kidney epithelial cell line.

A A v e
1a hode
. , ;

Figure 1. CRMP-1 is expressed in MDCK
cells and localizes to junctional and cortical
actin. Inmunostaining of confluent monolayers
of MDCK cells showing that CRMP-1 (green)
localizes with actin (purple) at cell-cell con-
tacts, which are marked with E-cadherin (red).
CRMP-1 signal at this location can be detected
in the apical surface of the young monolayer
(day 1 of confluence; top) and the old mono-
layer (day 6 of confluence; middle), but not
at the lateral membrane. Blue arrowheads,
apical membrane; pink arrowheads, lateral
membrane. CRMP-1 can be detected at the
basal surface of the cell, yet its signal does
not colocalize with any specific actin struc-
tures (bottom). Bars, 10 pm.

We sought to characterize the distribution of CRMP-1 in
MDCK cells, which would provide a simple system to study
the possible role of CRMP-1 in cellular actin assembly. To do
so, we first performed immunostaining with a CRMP-1 an-
tibody and phalloidin to visualize the relative cellular loca-
tions of CRMP-1 and actin. MDCK is an epithelial cell line
that forms cadherin-dependent cell-cell adhesions once the
cells contact each other. Therefore, we also stained for E-cad-
herin to mark the cell border. In a young MDCK monolayer
that had been at confluence for 1 d, we detected CRMP-1
colocalizing with actin and E-cadherin at cell borders at
this stage (Fig. 1, top).

As MDCK monolayers age, the cells become more po-
larized and taller, and the junctions mature and become more
stable. To determine whether CRMP-1 also localized to the
same cellular localizations after the cells polarized, we per-
formed the same staining on a mature monolayer that had been
at confluence for 6 d. Unlike the young monolayer, which is thin
enough that most of the actin could be imaged in a single optical
plane (Fig. 1, top), the mature monolayer has a height of ~2.5
um. At the apical surface, actin filaments concentrated at cell
borders. At the basal surface, actin filaments were in stress fi-
bers. Under this condition, CRMP-1 localized with actin at cell
borders, where it still concentrated with E-cadherin and actin
near apical cell—cell junctions, but not at the lateral membrane
(Fig. 1, middle, apical view). In contrast, CRMP-1 did not con-
centrate at cell borders near the basal surface of the cell (Fig. 1,
bottom, basal view). In addition, a strong CRMP-1 signal was
present inside the cell in these aged monolayers, which corre-
sponded to the cortical actin network beneath the apical and
basal surfaces of the cell. Note that the intense nucleolar stain-
ing is not specific, because we still see it in the cells depleted
of CRMP-1 (Fig. S1). CRMP-1 periodically showed some lo-
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Figure 2. Perturbing CRMP-1 or Arp2/3 function results in the loss of cortical actin and junctional actin. (A) Actin staining in confluent MDCK monolayers
of control cells (scramble) and knockdown cells (CRMP-1, Arp3, or p34 knockdown). White stars indicate the holes detected in a confluent monolayer.
Bars, 20 pm. (B-D) Quantification of A. Amounts of cortical actin (B) and junctional actin (C) decreased in the knockdown cells. For quantification, n >
20. (D) Cell size in the x-y plane. In this set of measurements, control cells transfected with the scrambled shRNA have a mean area ~400 pm?, which
was standardized to 1 in the y axis. 25 cells were measured in each condition. Each dot represents the quantification result of one cell; horizontal lines

indicate the mean of the 25 data points.

calization to basal stress fibers in mature monolayers (Fig. 1,
bottom, basal view), even though the localization was not seen
in a young monolayer (Fig. 1, top). Together, these staining re-
sults indicate that CRMP-1 is expressed and localizes to actin
structures in MDCK cells.

To test whether CRMP-1 contributes to actin assembly and or-
ganization, we depleted it from MDCK cells using shRNAs.
Western blotting showed that the shRNA depleted CRMP-1
protein (Fig. S2 A). F-actin staining in CRMP-1-depleted
cells was diminished relative to control cells transfected with
a scrambled shRNA (Fig. 2 A). Quantification of the results
showed that the intensity of F-actin in the cortex was reduced
relative to controls (Fig. 2 B).

The Arp2/3 complex is thought to be the major actin nu-
cleator responsible for actin assembly at cell junctions and the
apical cortex in MDCK cells (Tang and Brieher, 2013), but that
study only used drugs to perturb Arp2/3 activity. To better as-
sess whether these actin networks were in fact Arp2/3 depen-
dent, we depleted either Arp3 or the p34 subunit of the Arp2/3
complex using shRNA (Fig. S2, B and C). In both cases, actin

accumulation in the cortex was diminished relative to control
cells (Fig. 2, A and B). Quantification of the results showed that
a reduction in Arp3 or p34 led to a 50% or 50-80% reduction
in cortical actin, respectively (Fig. 2, A and B). The actin signal
was also reduced at cell—cell borders (Fig. 2 C), which is con-
sistent with a loss in cortical actin in general, but the decrease
in actin intensity at cell boundaries in the knockdowns might be
the result of a change in cell height.

In addition to the loss of actin, we noticed a significant
increase in cell spreading in the plane of the substrate in cells
depleted of CRMP-1, p34, or Arp3 (Fig. 2 D). In each case, the
areas of depleted cells were five to eight times larger than the
areas of control cells. The increase in cell area suggested that the
knockdowns might have affected cell volume. We estimated cell
volume in rounded cells than had been detached from the sub-
strate by incubation in calcium- and magnesium-free medium.
These estimates suggest that knockdown cells are of approxi-
mately twice the volume of control cells. The increase in cell
volume might be accompanied by an increase in nuclear size.
Certainly, the area of the nucleus in these flat cells was two-
fold higher than that in control cells (Fig. S3). A more detailed
analysis will have to be performed to understand the possible
changes in cell and nuclear size. Nevertheless, the phenotypes
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Figure 3. CRMP-1 does not promote Arp2/3-dependent polymerization in the presence of canonical activators. (A) WAVE2 (green) localized to cell bound-
aries, marked with E-cadherin (red) and actin (purple) in a confluent MDCK monolayer. Bar, 10 um. (B) Phalloidin staining reveals that WAVE2 knockdown
cells show phenotypes similar to Arp2/3 and CRMP-1 knockdowns. Bar, 10 pm. (C and D) Actin polymerization assays testing the role of CRMP-1 on
Arp2/3 reactions. (C) CRMP-1 does not contribute to Arp2/3 polymerization in the presence of constitutively active WAVE truncations. Left, VCA-induced
Arp2/3 reaction; right, 8273-induced reaction. The 8273 construct contains VCA and proline-rich domain of WAVE-2. (D) CRMP-1 does not facilitate

Arp2/3 polymerization mediated by VVCA of N-WASP.

show that CRMP-1, p34, and Arp3 contribute to the formation
of the same actin networks and produce the same cell phenotype
of increased cell spreading.

Because CRMP-1 promotes Arp2/3-dependent Listeria actin
comet tail formation, our first hypothesis was that CRMP-1
would also enhance Arp2/3-mediated actin assembly in cells.
CRMP-1 does not directly activate Arp2/3 but rather enhances
the ability of Listeria ActA to activate the Arp2/3 complex (Yu-
Kemp and Brieher, 2016). Eukaryotic cells do not have an ob-
vious ActA homolog, but CRMP-1 might work with the known
eukaryotic activators of Arp2/3. Previous studies showed
that actin assembly at adherens junctions in intestinal epithe-
lial cells depends on Arp2/3 and WAVE2 (Verma et al., 2004,
2012). In MDCK cells, WAVE2 also localizes to cell boundar-
ies (Fig. 3 A). Depletion of WAVE2 with shRNAs (Fig. S2 D)
caused a phenotype that is similar to CRMP-1 and Arp2/3 knock-
downs: decreased actin accumulation at cell boundaries and in-
creased cell spreading (Fig. 3 B), demonstrating that these three
factors contribute to the same actin networks in MDCK cells.
CRMP-1 promotes the ability of Listeria ActA to acti-
vate Arp2/3 and nucleate actin polymerization. Because ActA
is constitutively active, we hypothesized that CRMP-1 would
also promote the ability of constitutively active fragments of
WAVE to activate Arp2/3. To test for CRMP-1 stimulation of
Arp2/3 activation, we used pyrene actin to track actin polym-
erization with two different constitutively active WAVE con-
structs (Suetsugu et al., 2001) containing the VCA domain +
the proline-rich domain, as well as the constitutively active
VVCA domain of N-WASP. To our surprise, CRMP-1 did
not stimulate the ability of any of these nucleation-promoting

factors to activate Arp2/3 (Fig. 3, C and D). Therefore, although
CRMP-1 can stimulate the ability of ActA, which is a constitu-
tively active nucleation-promoting factor for Arp2/3, it cannot
stimulate the ability of constitutively active forms of WAVE or
N-WASP to activate Arp2/3.

We sought another explanation for the severe loss of actin that
occurs when CRMP-1 is depleted from cells. Previous studies
from our laboratory showed that EVL is necessary for actin as-
sembly off cadherin-enriched junctional membranes (Tang and
Brieher, 2013). CRMP-1 is also present on these membranes
(Fig. S4). Ena/VASP family proteins including EVL promote
actin assembly from actin filament barbed ends (Pasic et al.,
2008; Yang and Svitkina, 2011; Winkelman et al., 2014). We
therefore tested whether CRMP-1 could enhance actin assem-
bly in the presence of EVL. 1.5-uM solutions of pyrene actin
containing 0 or 40 nM EVL were induced to polymerize. After
30 min, either 100 nM CRMP-1 or a compensatory amount of
buffer was added to the reactions. CRMP-1 stimulated actin as-
sembly in the presence of EVL, but it had no effect on actin
alone (Fig. 4 A). Increasing concentrations of EVL alone had a
modest effect on actin assembly, consistent with previous results
(Barzik et al., 2005; Hansen and Mullins, 2010; Breitsprecher et
al., 2011; Winkelman et al., 2014). Adding 100 nM CRMP-1 to
these reactions boosted the assembly rates (Fig. 4 B).

To emphasize the effect of CRMP-1 on EVL-mediated
assembly, we calculated and compared the slope in 3-min win-
dows before and after CRMP-1 was added into the reaction. The
results showed that CRMP-1 accelerated actin assembly two-
to threefold in the presence of EVL but had no effect on actin
assembly in the absence of EVL (Fig. 4 B, right). Similarly,
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Figure 4. CRMP-1 works with VASP family proteins to facilitate actin polymerization. (A) CRMP-1 promotes EVL-mediated actin polymerization. Polymer-
ization was initiated in the presence or absence of 40 nM EVL. 30 min later, either buffer or CRMP-1 was added to the reactions. (B) Actin polymerization
was initiated in the presence of increasing concentrations of EVL before adding 100 nM CRMP-1. CRMP-1 enhances EVL-mediated actin polymerization.
Right, analysis of the slopes in 3-min window before and after CRMP-1 was added. CRMP-1 induces a two- to threefold increase in polymerization rate.
(C) Adding increasing amounts of CRMP-1 to a fixed amount of EVL also provides a dose-dependent effect for actin polymerization. Actin polymerization
was initiated with actin alone or 20 nM EVL before adding different concentrations of CRMP-1. (Right) Analysis of the slopes in 3-min window before and
after CRMP-1 was added. (D) CRMP-1 promotes actin polymerization with the EVH2 domain, but not the EVH1 domain, of EVL. (E) CRMP-1 interacts with
EVL. The binding curve of CRMP-1 to MBP-tagged EVL. Insert, Western blotting of CRMP-1 in the supernatants showing CRMP-1 depletion after incubating
with different amounts of EVL. Numbers above each lane indicate total protein concentration on the beads (for concentration, EVL was calculated as fe-
tramer; MBP alone was calculated as monomer). (F) EVH2 of EVL interacts with MBP-tagged CRMP-1, but the EVH1 domain does not. Coomassie staining
shows the amount of EVL fragments remaining in the supernatant after incubating with the immobilized MBP or MBP-CRMP-1. (G and H) CRMP-1 contributes
to VASP-mediated (G) or MENA-EVH2-mediated (H) actin polymerization. Blue arrowhead indicates when CRMP-1 was added into the reaction.

adding increasing amounts of CRMP-1 to a fixed amount of
EVL also showed a dose-dependent increase in the actin assem-
bly rate (Fig. 4 C). Again, CRMP-1 accelerated actin assembly

two- to threefold (Fig. 4 C, right). The EVH2 domain of EVL
was sufficient to act in concert with CRMP-1 to enhance actin
assembly, but the effect was less pronounced than full-length

CRMP-1 promotes EVL-dependent actin elongation * Yu-Kemp et al.
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EVL, whereas the EVH1 domain and CRMP-1 had no effect
on actin assembly (Fig. 4 D). These results show that the com-
bination of CRMP-1 and EVL stimulates actin polymerization.

A recent proteomics study identified EVL as a binding
partner for CRMP-2 (Martins-de-Souza et al., 2015). Using
a pull-down assay, we confirmed that EVL binds directly to
CRMP-1 with an affinity of 2 uM (Fig. 4 E). The EVH2 domain
of EVL is sufficient for CRMP-1 binding, whereas the EVH1
domain alone failed to bind to CRMP-1 (Fig. 4 F).

In vertebrates, the VASP family consists of three different
homologs, VASP, MENA, and EVL, which are generally be-
lieved to have redundant biological functions (Menzies et al.,
2004; Furman et al., 2007; Kwiatkowski et al., 2007; Takaku
et al., 2011). To determine whether CRMP-1 can work with the
other VASP family proteins, we repeated the pyrene polymer-
ization experiments with VASP and MENA-EVH2. The results
showed that CRMP-1 can facilitate actin polymerization in the
presence of VASP or MENA-EVH?2 (Fig. 4, G and H).

Previous results have shown that Ena/VASP proteins promote
actin elongation, but they can also nucleate actin assembly, at
least in vitro (Skoble et al., 2001; Breitsprecher et al., 2011;
Winkelman et al., 2014). Our pyrene results showed that
CRMP-1 enhances EVL-mediated actin assembly, but the assay
cannot distinguish whether CRMP-1 is promoting actin nucle-
ation or elongation in the presence of EVL. To distinguish be-
tween these two possibilities, we used widefield fluorescence
microscopy to image single filaments polymerizing in the pres-
ence or absence of EVL and CRMP-1. We acquired a 3-min
time-lapse sequence to record the process of actin polymeriza-
tion under different conditions.

To determine whether EVL plus CRMP-1 induces any
nucleation, we counted the number of filaments in 15 x 15-um
squares over the course of 3 min, comparing actin alone to
EVL, CRMP-1, or EVL plus CRMP-1. The micrographs in
Fig. 5 A are representative images of actin filaments in each of
the four conditions at three different time points. The numbers
(N*) below each image are the mean number of filaments found
in 10 of such images at that time point. The results show that
over the course of 3 min, filament numbers remained within a
filament number difference of 1 for all the conditions. There-
fore, EVL plus CRMP-1 does not nucleate new actin filaments.

To assess the effects of CRMP-1 and EVL on actin elon-
gation, we compared the lengths of actin filaments at the end of
the 3-min video. Adding increasing concentrations of CRMP-1
to actin in the presence of 25 nM EVL produced filaments two
to three times longer than those formed by CRMP-1 alone or
EVL alone (Fig. 5 B). Because EVL plus CRMP-1 has no ef-
fect on actin nucleation (Fig. 5 A), the differences in filament
length must be caused by faster elongation rates in the pres-
ence of CRMP-1 plus EVL.

Even widefield microscopy provided sufficient contrast
to determine actin filament elongation rates from kymographs
generated from the time-lapse sequences (Fig. 5 C). This anal-
ysis confirmed that the combination of EVL and CRMP-1 ac-
celerated actin filament elongation rates. Actin alone elongated
with a rate of 8.4 + 2.2 subunits/s in our experiment (Fig. 5 D).
Neither 60 nM CRMP-1 nor 25 nM EVL/EVH2 alone had any
significant effect on the elongation rate (Fig. 5 D). In contrast,
the combination of CRMP-1 plus EVL accelerated the elonga-

tion rate approximately two- to threefold compared with actin
alone. Adding increasing concentrations of CRMP-1 to 1 uM
actin and 25 nM EVL accelerated elongation to a maximum
rate of ~18 subunits/s achieved with 100 nM CRMP-1 (~2.2-
fold increase compared with actin alone; Fig. 5 E, top). Simi-
larly, adding increasing amounts of EVL to 100 nM CRMP-1
in the reaction increased the elongation rate two- to threefold
compared with EVL alone (Fig. 5 E, bottom), confirming that
CRMP-1 augments EVL-dependent actin elongation. Note that
CRMP-1 had no effect on how much EVL is required to saturate
the reaction. The half-maximal rate of elongation was attained
with ~35 nM EVL in both the absence and presence of CRMP-
1. CRMP-1 also accelerates the elongation rate with the EVH2
domain of EVL. The rates saturate at the same concentration
of CRMP-1 (100 nM), and the half-maximal concentrations
were also the same (40 nM) as with full-length EVL. However,
the maximum rate of elongation was slightly slower for EVH2
than for full-length EVL (15 vs. 19 subunits/s, respectively;
Fig. 5 E). The differential enhancement of the elongation rate
by full-length EVL and EVH?2 was also detected in pyrene po-
lymerization assays (Fig. 4, C and D).

Because CRMP-1 promotes actin elongation mediated by VASP
family proteins in vitro, we wished to know whether they con-
tribute to CRMP-1-dependent actin network formation in cells.
We first determined which VASP family proteins are expressed
in MDCK cells. As determined by Western blotting, MDCK
cells express VASP and EVL but not MENA (Fig. S2 E).

The cellular localizations of VASP and EVL are differ-
ent. In confluent monolayers, EVL and CRMP-1 localized with
E-cadherin at cell boundaries (Fig. 6 A). EVL localization to
cell boundaries was expected, given its association with junc-
tion-enriched plasma membranes isolated from liver (Tang and
Bricher, 2013). We did not detect VASP at cell boundaries. In-
stead, VASP is diffuse in the cytoplasm (Fig. 6 B).

We determined the role of EVL and VASP in organizing
actin in MDCK cells by depleting them using shRNA. Western
blotting shows that the shRNAs specifically targeted either EVL
or VASP and did not trigger any compensatory up-regulation of
the other family members (Fig. 6 C). Depletion of EVL produced
the same phenotype as depleting CRMP-1, including a decrease
in junctional and cortical actin and an increase in cell spreading in
the plane of the substrate (Fig. 6, D and E). In contrast, depleting
VASP did not result in any obvious change in junctional or corti-
cal actin, nor did it alter cell spreading (Fig. 6 F). Overexpressing
VASP did not rescue actin accumulation at cell junctions or in the
cortex, nor did VASP rescue cell spreading in EVL-depleted cells.
Cells expressing VASP in an EVL-depleted background produced
more actin stress fibers at the basal surface than cells just depleted
of EVL (Fig. 6 G), aresult that has been seen before in endothelial
cells from Ena/VASP/EVL triple knockout mice overexpressing
VASP (Furman et al., 2007). Therefore, although both EVL and
VASP can both work with CRMP-1 to enhance actin assembly in
vitro, only EVL contributes to CRMP-1-dependent actin struc-
tures in confluent monolayers of MDCK cells.

These results demonstrated that CRMP-1 and EVL are import-
ant for actin assembly in stationary MDCK cells at confluence.
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We wished to know whether CRMP-1 contributes to Arp2/3- CRMP-1 and EVL localized to these lamellipodia (Fig. 7 A).
dependent actin assembly in moving cells. MDCK cells plated Cells depleted of either CRMP-1 or EVL did not form lamel-
on collagen I form lamellipodia in response to wounding. lipodia, whereas control cells transfected with a scrambled
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Bars, 10 pm. Graphs show the mean + SD.

shRNA did (Fig. 7 B). Quantification confirmed that more than
80% of control cells at the edge of the wound formed lamelli-
podia, whereas <10% of cells depleted of CRMP-1 or EVL did
(Fig. 7 C, left), and the concentration of F-actin at the wound
margin was substantially reduced in cells depleted of either
CRMP-1 or EVL (Fig. 7 C, right). Reciprocally, overexpression
of CRMP-1 increased the percentage of lamellipodia formation,
with increased F-actin detected at the leading edge (Fig. 7 D). In
this experiment, we omitted the serum stimulation step that re-
duces lamellipodia formation in the control condition, allowing
a greater range to observe the increase in lamellipodia forma-
tion induced by CRMP-1 overexpression.

We next tested the function of VASP in lamellipodia for-
mation in response to wounding. In contrast to EVL, depleting
VASP had no obvious effect on lamellipodia formation or the
amount of actin in the lamellipodia relative to controls (Fig. 8,
A and B). Furthermore, expressing VASP in EVL-depleted cells
had only a modest effect on lamellipodia formation. Under these
conditions, some cells were able to extend small lamellipodia a
short distance into the wound area, but these protruding sheets
of membrane were not as robust as the pronounced lamellipodia
that formed in control cells (Fig. 8 A, right). VASP does local-
ize to lamellipodia in wild-type cells (Fig. 8 C, yellow arrow),

but it does not play as important a role as EVL. or CRMP-1
in lamellipodia formation in MDCK cells. VASP also localized
to focal adhesions in response to wounding in those cells that
did not extend a strong lamellipodia (Fig. 8 C, white arrow-
head, and Fig. 8 D). Earlier studies also showed VASP at focal
adhesions in other cell types (Haffner et al., 1995; Furman et
al., 2007). These results obtained in lamellipodia are consis-
tent with the observations in MDCK monolayers at confluence:
EVL is crucial for the formation of CRMP-1-dependent actin
networks, but VASP is not.

To investigate how the leading edge would behave when cells
express different amounts of CRMP-1, we analyzed the be-
havior of the leading edge from kymographs generated from
time-lapse imaging (Fig. 9 A). Kymographs showed that
lamellipodia of control cells protruded forward persistently.
The lamellipodia from CRMP-1-overexpressing cells also
protruded forward, but they extended faster than those of the
scramble cells. CRMP-1-depleted cells rarely formed protru-
sions (Fig. 7, B and C), and the wounded edge did not advance
(Fig. 9 A, middle). However, a small percentage of CRMP-1-

CRMP-1 promotes EVL-dependent actin elongation
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depleted cells formed small protrusions. We analyzed the be-
havior of these small protrusions that managed to form in
CRMP-1-depleted cells and found that they were unstable and
retracted frequently (Fig. 9 B). Quantitative results confirmed
that protrusions made by CRMP-1 knockdown cells showed
the least persistence and greatest retraction frequency. Lamel-
lipodia from CRMP-1-overexpressing cells and scramble con-
trols had similar protrusion persistence, but the lamellipodia of
CRMP-1-overexpressing cells advanced a greater distance of
~4.7 um/protrusion over a 5S-min period compared with scram-
bles, at 1.3 and 1.8 um/protrusion for the protrusions made in
CRMP-1-depleted cells (Fig. 9 C).

The actin cytoskeleton helps support the integrity of epithelial
sheets by bolstering adhesion systems such as E-cadherin—de-
pendent adherens junctions, which are actin dependent. A pre-
diction therefore is that a loss of CRMP-1 or any other factor
necessary for assembling actin at cell—-cell contacts will result in
less cell—cell adhesion. This is clearly the case. Cells depleted of
CRMP-1, Arp2/3, or EVL had holes in the monolayer that could
be readily seen in light micrographs imaging for F-actin. An
example of a hole in the monolayer in CRMP-depleted cells as
detected with phalloidin staining is shown in Fig. 10 A. Holes
also can be seen in cells depleted of components of the Arp2/3
complex or EVL (Figs. 2 A and 6 D). We compared the number
of holes in sheets of control MDCK cells versus those depleted
of the various factors. Holes were never seen in control MDCK
cells, which is consistent with their physiological function. In
contrast, cells depleted of factors necessary for the assembly of
junctional or apical cortical actin had many holes. Expressing
VASP in cells depleted of EVL did not rescue the integrity of
the monolayer (Fig. 10 B).

To confirm that CRMP-1 knockdown indeed compro-
mises cell-cell adhesion, we used hanging-drop adhesions as-
says to monitor cell clustering. We also used trituration to test
the resistance of the cell aggregates to a shearing force. At the

EVL knockdown

+VASP rescue Figure 8. VASP localizes to focal adhesions

and lamellipodia in MDCK cells. (A) Depletion
of VASP did not affect lamellipodia formation.
VASP did not rescue EVL-depleted cells’ inabil-
ity to form lamellipodia. (B) Quantification of
A. Actin intensity at the leading edge of lamel-
lipodia in scramble and VASP knockdown
cells. Each dot indicates the result from one
lamellipodium. (C and D) VASP localizes the
leading edge of cells that make strong lamel-
lipodia (yellow arrow) and focal adhesions
(white arrowhead) in cells that make small
protrusions. Focal adhesions are obvious in D
while using mouse monoclonal antibody clone
43 (see Materials and methods). Bars, 10 pm.

beginning of the hanging-drop experiment, both control cells
and CRMP-1 knockdown cells were present as single cells
or clusters of fewer than 10 cells (Fig. 10, C and D, 0 h). Be-
fore trituration, 30% of control cells were in large clusters of
50 cells or more after 2 h of aggregation in the hanging drop.
This number increased to nearly 60% at 3 h. In contrast, the
majority of CRMP-1-depleted cells remained as small clusters
even at 3 h. After 4 h, 70% of the cells were in large clusters
in CRMP-1-depleted conditions, whereas the control condition
had already reached 98%. Therefore, CRMP-1-depleted cells
aggregate at a slower rate than controls.

Control cells showed stronger resistance to trituration
than CRMP-1-depleted cells. Control cells aggregated for 3 h
showed the same clustering profile as CRMP-1 cells aggregated
for 4 h. We therefore compared the ability of these two popu-
lations to resist trituration. After trituration, large clusters were
all broken down to smaller sizes in CRMP-1—depleted cells,
whereas ~50% of the control cells remained in large clusters.
Holes in the monolayer along with the cell adhesion assays
show that CRMP-1 is important for cell-cell adhesion.

CRMP-1 is one member of a family of five related factors that
modulate the cytoskeleton to control such processes as growth
cone motility, cell migration, neuronal and T cell polarity, and
cancer cell metastasis (Wang and Strittmatter, 1996; Shih et al.,
2003; Giraudon et al., 2013; Qiao et al., 2015; Xu et al., 2015).
Previous results suggest that CRMPs perform these functions
either by binding to tubulin dimers and promoting microtubule
assembly (Gu and Thara, 2000; Inagaki et al., 2001; Fukata et al.,
2002) or by modulating actin filament bundling (Rosslenbroich
et al., 2005; Yoneda et al., 2012; Khazaei et al., 2014; Norris et
al., 2014; Yu-Kemp and Brieher, 2016). Our results demonstrate
that CRMP-1 plays an important role in actin assembly. CRMP-1
was necessary for the assembly of actin filaments in the apical
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cortex and in lamellipodia. CRMP-1 might also contribute to the
actin assembly at cell—cell adhesive contacts, which would help
explain why perturbing CRMP-1 leads to a decrease in cell—cell
adhesion. CRMP-1 is also important for the assembly of Listeria
actin comet tails (Yu-Kemp and Brieher, 2016). CRMP-1 binds
directly to EVL and stimulates EVL’s intrinsic actin filament
elongation activity. We therefore propose that a major function
of CRMP-1 is to facilitate the assembly of actin networks by
accelerating actin filament elongation rates. Defects in actin po-
lymerization could easily account for the various phenotypes
that result from perturbing CRMP function in other cell types.
Physiological regulation of CRMP-dependent actin polymeriza-
tion could also explain how CRMPs control neuronal growth
advance in response to guidance cues such as Semaphorin 3A.
We found that CRMP-1 binds to EVL and promotes its
ability to elongate actin filaments. EVL is related to VASP and
Ena, and all three proteins are weakly processive actin filament
elongation factors (Kiihnel et al., 2004; Barzik et al., 2005; Ap-
plewhite et al., 2007; Ferron et al., 2007; Breitsprecher et al.,
2008; Pasic et al., 2008; Hansen and Mullins, 2010; Winkelman
et al., 2014). All three family members contain an EVHI1 do-
main that is separated from an EVH2 domain by a proline-rich
segment. The EVH1 domain targets the protein to different loca-
tions within the cell (Bear and Gertler, 2009). The EVH2 domain

Protrusion of the
Knockdown

[ I N - ]

Time (min)

Figure 9. CRMP-1 contributes to the per-
sistence of the protruding edge in wounded
monolayers. (A) Representative kymographs
of the protrusive edge. x axis represents time
(minutes); y axis represents distance (microm-
eters). Note that the majority of cells depleted
of CRMP-1 do not form protrusive structures.
(B) Representative kymograph of a protrusion
that did manage to form in CRMP-1-depleted
cells. Triangle indicates the start of the retrac-
tion. The edge of the kymographs in A and
B are highlighted with yellow dotted lines to
help visualize the protrusion/retraction behav-
ior of the leading edge. (C) Schematic repre-
sentation of the parameters and the equation
used for data analysis. (D) Quantification of
A. leading edges that do form in CRMP-1-
depleted cells exhibit high retraction frequen-
cies. CRMP-T-overexpressing cells protrude
more persistently compared with control and
CRMP knockdown cells. *, P < 0.05; **, P <
0.01 Graphs show the mean = SD.

5

Retraction Frequency= number of retractions/min

binds to F-actin and G-actin and is responsible for accelerating
barbed-end growth (Bachmann et al., 1999; Ferron et al., 2007).
Current models of elongation propose that actin monomers are
transferred from Ena/VASP to the growing barbed end to which
Ena/VASP is attached. CRMP-1 binds to the EVH2 domain of
EVL, and CRMP-1 also binds to F-actin. Therefore, CRMP-1
could promote EVL-dependent actin elongation by increasing
either the rate at which actin monomers are transferred from
the EVH2 G-actin binding site to the barbed end or the affinity
of EVH2 for F-actin. Our results favor the former mechanism,
because we did not detect a change in the concentration of EVL
required to reach the half-maximal rate in elongation with or
without CRMP. Although Ena/VASP/EVL interact with many
different proteins, profilin and lamellipodin are the only other
binding partners known to modulate elongation activity (Han-
sen and Mullins, 2010, 2015). Profilin binds to the proline-rich
domain (Reinhard et al., 1995; Kang et al., 1997; Ferron et
al., 2007), lamellipodin binds to EVH1, and CRMP-1 binds to
EVH2 (Krause et al., 2004; Hansen and Mullins, 2015). EVH2
can be phosphorylated by protein kinase A and protein kinase
G. These phosphorylations are known to alter VASP binding
to F-actin (Benz et al., 2009). Phosphorylation of EVH2 might
also control its ability to bind CRMP-1, to provide cells with an
additional control point to modulate actin polymerization.

CRMP-1 promotes EVL-dependent actin elongation * Yu-Kemp et al.
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Figure 10.  CRMP-1 knockdown cells show weaker cell-cell adhesion. (A) Phalloidin staining of confluent monolayers of scramble and CRMP-1 knockdown
cells. White star indicates a hole in the monolayer. Bar, 10 pm. (B) Quantifications showing that cells depleted of Arp2/3, CRMP-1, or EVL contain holes
in the monolayer. For each condition (scramble, Arp2/3 knockdown, CRMP-1 knockdown, and EVL knockdown), the number of holes was quantified
from three individual sets of data. Graph shows means + SD. (C and D) Hanging-drop experiments showing that CRMP-1-depleted cells have decreased
cell-cell adhesion. (C) Quantification. The stacked column represents the percentage of cells in clusters as 0-10 cells (white), 11-50 cells (gray), or >50
cells (black). (D) Representative images of cell clusters from the hanging-drop experiments. Images were collected at O, 2, and 4 h, before and after
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CRMP-1 and EVL proved to be just as important as Arp2/3
and WAVE?2 for assembly of the actin cortex, actin at adherens
junctions, and lamellipodia in MDCK cells. This could mean
that actin filament elongation reactions are especially important
in MDCK cells. Such a situation could arise if the cells con-
tained very high concentrations of capping protein, which binds
to barbed ends and terminates further growth (Edwards et al.,
2014). Ena/VASP/EVL can antagonize capping protein, but the
effect is weak (Bear et al., 2002; Barzik et al., 2005; Breitspre-
cher et al., 2008; Pasic et al., 2008; Hansen and Mullins, 2010).
Not only might CRMP-1 accelerate actin filament elongation
rates, it might also help EVL shield barbed ends from capping
protein. Alternatively, CRMP-1 and EVL might contribute to
the assembly of Arp2/3-WAVE-dependent actin assembly in
other ways. For example, VASP binds to WAVE (Havrylenko et
al., 2015) and CRMP-1 binds to the WAVE-associated protein
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Sral (Kawano et al., 2005), which is important for WAVE- and
Arp2/3-dependent lamellipodia formation (Kunda et al., 2003).
Therefore, in addition to elongating filaments, CRMP and EVL
might also contribute to Arp2/3 activation in lamellipodia.

Ena, VASP, and EVL are homologous, with shared bio-
chemical activities. Deleting all three genes in mice produces
a more severe phenotype than deleting any individual gene or
pair of genes, underscoring their functional redundancy (Kwi-
atkowski et al., 2007). Nevertheless, VASP was unable to sub-
stitute for EVL in MDCK cells. Although EVL produced the
exact same actin networks as CRMP-1, WAVE2, and Arp2/3,
VASP assembled more actin stress fibers on the basal surface of
the cell, which has been seen before. Our data also revealed that
EVL is important for lamellipodia formation in MDCK cells;
yet VASP is not. An earlier study in fibroblasts showed that per-
turbing Ena/VASP did not affect the formation of lamellipodia



yet altered the persistency of the protrusion (Bear et al., 2002).
Although Ena, VASP, and EVL have similar biochemical prop-
erties in vitro, they might contribute to the assembly of different
actin networks in different types of cells. Other compensatory
mechanisms might be masking interesting differences between
the family members in the whole organism (Withee et al., 2004).

Cells depleted of CRMP-1, EVL, WAVE2, or compo-
nents of the Arp2/3 complex spread extensively, producing an
enormous apical membrane (at the expense of lateral mem-
brane), resulting in very thin cells. The phenotype eventually
corrects itself, at least to some extent, as the cells pack more
as the monolayer ages. This phenotype has been seen before.
Inhibition of the pointed actin capping protein tropomodulin,
ankyrin, or p120 catenin produces thin cells with increased api-
cal surface per cell and reduced lateral membrane (Kizhatil and
Bennett, 2004; Kizhatil et al., 2007; Weber et al., 2007; Bulga-
kova and Brown, 2016; Yu et al., 2016). Therefore, ankyrin-,
actin-, and cadherin-mediated cell—cell adhesions all determine
whether cells preferentially spread on the extracellular matrix
or on each other to expand the lateral membrane. The increase
in cell spreading in the plane of the substrate also correlated
with a possible doubling in cell volume and nuclear size.

Epithelial cells form extensive cell-cell adhesive junc-
tions that are essential for epithelial tissue to create a barrier
separating two distinct environments. E-cadherin is the major
cell-cell adhesion molecule expressed in epithelial cells, and
its activity is actin dependent. We have shown that CRMP-1,
EVL, WAVE2, and Arp2/3 are all critical for the formation of
the apical actin cortex and assembly of the actin cytoskeleton
at cell—cell contacts. As a consequence, perturbing any of these
proteins compromises cell—cell adhesion, resulting in holes in
the epithelial sheet, which is catastrophic for epithelial function.
Research on cadherin—actin interactions has thus far focused on
how a-catenin links cadherins to actin filaments that are under
myosin II-dependent tension (le Duc et al., 2010; Yonemura et
al., 2010; Buckley et al., 2014; Nelson and Weis, 2016). Our re-
sults here show that actin polymerization is at least as important
for cell-cell adhesion and the structural integrity of epithelial
sheets as mechanically stable linkages that connect cadherins to
contractile actin networks. When Arp2/3-, EVL-, or CRMP-1-
mediated actin filament dynamics fail, the monolayer becomes
perforated with holes that will have a harder time healing, be-
cause these same factors are critical for lamellipodia formation
that could quickly seal the wound.

Plasmids and protein purification

For recombinant protein expression, human CRMP-1 or human
EVL (full length, EVHI domain, and EVH2 domain) was cloned
into pET30a. Human CRMP-1 or human EVL was also cloned into
pMALc4x for testing protein interactions. Truncations of mouse
WAVE2 (VCA region alone or deletion of 272 aa from the N termi-
nus [8273]) were cloned into the pGEX 5X-1. VVCA region of WAVE
was provided by the D. Kovar laboratory (University of Chicago,
Chicago, IL; Skau et al., 2011). Human VASP was cloned into pEX-
N-His (OriGene). The EVH2 domain of human Mena was provided
by J. Faix (Hannover Medical School, Hannover, Germany; Breit-
sprecher et al., 2011). Rosetta Escherichia coli cells (EMD Millipore)
were used for expressing recombinant proteins. All the recombinant
proteins were induced when bacterial OD reached 0.5. All the recom-

binant proteins were induced with 0.2 mM IPTG at RT for 4 h. The
purification of each protein was done according to manufacturer’s in-
structions for His-tagged (QIAGEN) and GST-tagged and MBP-tagged
(GE Healthcare) proteins.

Cells and cell transfection
Madin-Darby canine kidney II cells (MDCK II) were used for the ex-
periments. The cells were cultured at 37°C under 5% CO, in DMEM
with 5% FBS. Knockdown cells were generated by calcium phosphate
precipitation with shRNAs when the cells reached 50% confluence.
24 h after transfection, cells were trypsinized and plated into puromycin
or G418 for 24 h. Selection drugs were removed after 24 h. A heteroge-
neous cell population was collected and used for the experiments within
1 wk after transfection. Western blotting was used to validate knock-
down efficiency. For Western blotting, we used a detergent-compatible
Bradford assay (Bio-Rad Laboratories) to verify that the same amount
of sample from different conditions was provided for each lane. The
primary antibodies used for each Western blotting are homemade rab-
bit polyclonal antibodies (for CRMP-1 or EVL); for Arp3 or p34, p34
antibody (07-227; EMD Millipore) or Arp3 antibody (sc-10130; Santa
Cruz Biotechnology, Inc.); VASP antibody (3112; Cell Signaling Tech-
nology); and WAVE2 antibody (sc-33548; Cell Signaling Technology).
For shRNA-expressing plasmids, hybridized oligonucleotides
were cloned into pLKO.1. The following target sequences were used:
Scramble, plasmid 1864 (Addgene); CRMP-1 shl, 5'-ACCTGGAAG
ATGGACTTATAA-3'; CRMP-1 sh2, 5'-CCAAGTCTACATGGCATA
TAA-3"; CRMP-1 sh3, 5'-GATGGATGAGCTAGGAATAAA-3’; p34
shRNA1, 5-TACGGGAGTTTCTTGGTAAAT-3'; p34 shRNA2, 5'-
TACAATGTCTCTTTGCTATAT-3"; p34 shRNA3, 5'-GCCTCTGTC
TTTGAGAAATAT-3’; APR2 shRNAI, 5'-GTAGATGCCAGACTG
AAATTA-3’; ARP3 shRNA2, 5-AGAAATTGGACCTAGCATTTG-
3’; ARP3 shRNA3, 5-GTCGTCACAATCCAGTGTTTG-3'; EVL
shRNA1, 5'-CAGCAGGTTGTGATCAATTAT-3’; EVL shRNA2,
5'-AGGAGGCCTCATGGAAGAAAT-3’; WAVE2 shRNAI, 5'-TGG
GCAGCCTGAGTAAATATG-3’; and WAVE2 shRNA2, 5'-TCC
AAATCGAGGGAATGTAAA-3'. VASP shRNA was purchased from
OriGene: 5'-ATGAGTGAGACGGTTATCTGCTCCAGCTG-3'.
CRMP-1 rescue was done with human CRMP-1 cloned into pLen-
ti-III-HA (ABM Inc.); VASP rescue was done with a vector purchased
from OriGene (mr205851).

Actin polymerization assays

Pyrene actin was prepared as described (Bryan and Coluccio, 1985).
Actin polymerization was monitored by the increase in fluorescence
of pyrenyl-actin with excitation at 365 nm and emission at 410 nm.
The reaction contains 2.5 uM actin (25% pyrene-labeled), with various
proteins added as indicated in the figures. The reaction was carried in
buffer A (1 mM EGTA, 50 mM KCI, 1 mM MgCl,, and 10 mM imidaz-
ole, pH 7.0, with 2 mM ATP). To address the change of polymerization
rate in Fig. 2, we calculated the slope of the curves 3 min before and
after CRMP-1 was added.

Protein interactions

The affinity of CRMP-1 for EVL was determined using the approach
described by Pollard (2010). We used recombinant MBP-tagged pro-
teins or His-tagged proteins to test protein interactions. MBP-CRMP-1
or MBP-EVL was immobilized onto amylose beads (New England Bi-
olabs, Inc.). To determine the amount of MBP-tagged protein bound to
the beads, Bradford assay (Bio-Rad Laboratories) was used to measure
the amount of protein left in the supernatant. The amylose beads were
blocked with 0.5% casein by rocking at 4°C for 1 h before use. To test
CRMP-1 and EVL (full length) interaction, a constant amount of His-
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CRMP-1 was incubated with varying amounts of MBP-EVL beads.
Three repeats of experiments were done to calculate the binding curve
of CRMP-1 and EVL (full length). To test the CRMP-1 binding domain
on EVL, we incubated MBP-CRMP-1 beads with solution containing
EVHI1 or EVH2 fragments. Each condition contained 200-p1 solutions.
After 1 h of incubation at 4°C, the beads were pelleted using centrifu-
gation. The supernatant was collected and loaded into SDS-PAGE. The
amount of protein remaining in the supernatant was verified by either
Coomassie staining or Western blotting.

Time-lapse single-filament assay

Filaments were polymerized by incubating 1 pM Alexa Fluor 647—
labeled actin (15% labeled) or rhodamine-labeled actin (20% labeled)
in buffer A in the presence of antibleaching reagents (15 mM glucose,
20 pg/ml catalase, 100 pg/ml glucose oxidase, and 1 mM Trolox) for
1 min at RT. The reaction had a total volume of 25 ml. For control
conditions (actin alone and “+ 60 nM CRMP-1"), the reactions were
started with actin alone in the test tube without EVL. After 1-min in-
cubation, buffer (actin alone) or 60 nM CRMP-1 was added to the test
tube. For other conditions, the actin was polymerized with EVL for 1
min and different concentrations of CRMP-1 were later added: 25 nM
EVL (no CRMP-1 was added) or EVL + X nM CRMP-1, where X is
the amount of CRMP-1 in nanomoles. To visualize filament growth,
2 ul of the reaction was placed on to the coverslip and immediately
imaged under a fluorescence microscope. The coverslip was precoated
with 1 uM a-actinin-4 to capture filaments. The images were collected
every 3 s for 3 min with 2 x 2 binning under a 63x objective lens (NA
1.4) attached to a 1,000 x 1,000 CCD camera (ORCA-ER; Hamamatsu
Photonics) on an Axiolmager!l (ZEISS) with the Colibri illumination
system or to Axiocam 503 mono on an Axiolmager2 under acqui-
sition software (ZEISS).

Immunofluorescence and live-cell imaging of MDCK II
Immunostaining of different proteins was done with antibodies listed
in Cells and cell transfection. Cells were extracted with Triton X-100
before formaldehyde fixation. Extraction buffer contains 50 mM NaCl,
3 mM MgCl,, 10 mM Hepes, pH 6.8, and 0.5% Triton X-100. Primary
antibodies were diluted 1:200, followed by a secondary antibody con-
jugated with fluorophore (Thermo Fisher Scientific) at 1:200 dilution
in PBS for 1 h. Immunostaining of VASP was performed with rabbit
polyclonal antibody from Cell Signaling Technology (3112; Fig. 8 C) or
mouse monoclonal antibody from BD (clone 43; Fig. 8 D). E-Cadherin
immunostaining was done with rrl antibody (Developmental Studies
Hybridoma Bank), which is specific for canine E-cadherin (Gumbiner
and Simons, 1986). Actin staining was done using phalloidin according to
the manufacturer’s instruction (Alexa Fluor 647 phalloidin from Thermo
Fisher Scientific or FITC-phalloidin from American Peptide Company).

Fluorescence images were collected using two different micro-
scopes: Applied Precision personal DeltaVision deconvolution micro-
scope system (GE Healthcare) with a 60x (1.4-NA) objective lens and a
CoolSNAP HQ2 CCD camera (Figs. 1, 2, 3, 6 [except B and F], 7 B, 8
D, and 9 A) or with a 63x objective on a ZEISS Axiolmager (Figs. 5, 6
[B and F], 7 [A and D], 8 [A and C], and 10). For detecting lamellipodia
formation in response to wounding, a sharpened needle was used to
wound a confluent MDCK II monolayer grown on collagen-coated cov-
erslips. A 1-h serum starvation step was performed before wounding if
needed. The monolayers were then allowed to recover in MEM with
5% FBS for 1 h before immunostaining. Cell protrusive activity under
wound-healing conditions was imaged at 24.5°C. Phase-contrast im-
ages were acquired every 5 s for a total of 5 min using a 40x phase-con-
trast objective lens (NA 0.7) with the ORCA-ER camera.

Adhesion and trituration assay

This assay was performed as described by the Nelson group with some
modifications (Ehrlich et al., 2002). In brief, cells were allowed to grow
in a 10-cm dish for 2 d. Cells were trypsinized, centrifuged, and resus-
pended in the media at 1.2 x 10° cells/ml. 20-ul drops of cell suspension
were pipetted on the inside surface of 6-cm culture dish lids. At the
bottom of the dish, 5 ml medium was added to prevent evaporation. At
each time point, two individual drops were used and quantified. Each
drop had 5 pl suspension spread directly on the glass slide, as the sam-
ple before trituration. Another 5 pl suspension was taken out from each
drop and triturated 10 times with a 20-ml pipet before being put on a
glass slide. At least three random fields from each drop were photo-
graphed under a 20x objective on the Axiolmager. The number of cells
and size of clusters were determined. Note that same amount of cells
were quantified in different conditions.

Data analysis

Data analysis of the results was performed with Fiji software (Schin-
delin et al., 2012). To quantify and compare the amount of actin, we
analyzed the images taken under the DeltaVision microscope system.
To quantify the amount of actin around cell-cell borders, we manu-
ally outlined the two cell boundaries and measured the fluorescence
intensity per pixel. For quantifying the amount of cortical actin, three
1 x 1-um boxes were drawn inside one cell. The actin intensity was
collected and averaged from these three datasets. Each dot shown in
the figures is the result of an individual measurement. To quantify the
percentage of wounded edge covered by lamellipodia, we divided the
number of protrusions by the total number of cells at the wounded
edge. Each quantification was done by analyzing the cells in a 50 x
50-um square; 15 sets of squares were counted for each condition. To
estimate the cell volume difference between scramble and CRMP-1
knockdown cells, images from hanging-drop experiments were used
to measure the radius of individual cells. To estimate nuclear size
change, we measured the radius of the nucleus (using DAPI signal)
in the middle of the cell in a monolayer. To analyze single-filament
results, 30 filaments of each condition in each set were counted; the
results were analyzed from three repeats. Each dot shown in Fig. 5 B
represents a filament. To quantify whether the number of filaments
was increased by time in each condition, the number of filaments in a
15 x 15-um box was analyzed. N* in Fig. 5 A is the mean number of
filaments after this quantification. For live-cell imaging, the tracking
plug-in of Fiji was used to track the movement of the leading edge.
The middle of the leading edge was followed to track the movement
and generate the kymograph.

Online supplemental material

Fig. S1 shows CRMP-1 and actin staining in control and CRMP-1-
depleted cells. Fig. S2 shows Western blots of target proteins in control
cells versus shRNA knockdown cells. Fig. S3 shows estimates of cell
volume in control and CRMP-1-depleted cells. Fig. S4 shows a West-
ern blot of CRMP-1 in liver membranes.
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