Ezrin regulates focal adhesion and invadopodia
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ABSTRACT Up-regulation of the cytoskeleton linker protein ezrin frequently occurs in ag-
gressive cancer types and is closely linked with metastatic progression. However, the underly-
ing molecular mechanisms detailing how ezrin is involved in the invasive and metastatic phe-
notype remain unclear. Here we report a novel function of ezrin in regulating focal adhesion
(FA) and invadopodia dynamics, two key processes required for efficient invasion to occur.
We show that depletion of ezrin expression in invasive breast cancer cells impairs both FA
and invadopodia turnover. We also demonstrate that ezrin-depleted cells display reduced
calpain-mediated cleavage of the FA and invadopodia-associated proteins talin, focal adhe-
sion kinase (FAK), and cortactin and reduced calpain-1-specific membrane localization, sug-
gesting a requirement for ezrin in maintaining proper localization and activity of calpain-1.
Furthermore, we show that ezrin is required for cell directionality, early lung seeding, and
distant organ colonization but not primary tumor growth. Collectively our results unveil a
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novel mechanism by which ezrin regulates breast cancer cell invasion and metastasis.

INTRODUCTION

The ability of cancer cells to migrate and invade beyond the bound-
aries of the primary tumor and into the surrounding stromal micro-
environment represents a critical step in the dissemination process.
Two prominent structures involved in cancer cell migration and inva-
sion are integrin-based focal adhesions (FAs) and invadopodia, re-
spectively. FAs are the main sites of cell-extracellular matrix (ECM)
attachment that mediate activation of downstream signaling path-
ways important for cytoskeletal reorganization and the generation
of traction forces during cell migration (Carragher and Frame, 2004).
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In contrast, invadopodia are specialized F-actin-rich membrane pro-
trusions that secrete matrix-degrading proteases (e.g., matrix metal-
loproteinases [MMPs]; Linder, 2007). Both FAs and invadopodia are
highly dynamic, transient structures requiring effective assembly
and disassembly in order to facilitate migration and invasion (Franco
et al., 2004; Chan et al., 2009) and are implicated in cancer metas-
tasis (Deakin and Turner, 2011; Yamaguchi, 2012).

Structurally, FAs and invadopodia are quite distinct, yet they
share many of the same constituent adhesion molecules, as well as
mechanisms regulating their dynamics (Kaverina et al., 1999; Kopp
et al., 2006; Zaidel-Bar et al., 2007; Badowski et al., 2008; Chan
et al., 2009), suggesting important interplay between these two
multiprotein complexes. In particular, the cysteine protease calpain
has been studied extensively in this context. Indeed, calpain is a
critical promoter of both FA and invadopodia turnover through
cleavage of specific substrates, by which inhibition of calpain or
disrupting calpain-mediated cleavage of its substrates impairs FA
and invadopodia turnover (Franco et al., 2004; Calle et al., 2006;
Cortesio et al., 2008; Chan et al., 2010).

The membrane-cytoskeleton linker protein ezrin (EZR) is the
only ezrin-radixin-moesin (ERM) family member known to be cleaved
by calpain (Yao et al., 1993), although little is known about the
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significance of their interaction. Ezrin participates in several actin-
based functions, including maintenance of epithelial cell polarity
(Bretscher et al., 2002) and microvilli organization (Saotome et al.,
2004), and a growing body of evidence implicates ezrin as an impor-
tant regulator and promoter of tumor progression and metastasis
(Khanna et al., 2004; Yu et al., 2004; Elliott et al., 2005). Data from
our lab and others have shown that overexpression of ezrin leads to
increased cell scattering and invasion of cancer cells (Elliott et al.,
2004; Naba et al., 2008), whereas disruption of ezrin function using
mutational or RNA interference approaches abrogates metastatic
spread (Khanna et al., 2004; Mak et al., 2012). Clinically, increased
expression of ezrin is frequently found in invasive cancers, including
breast cancer, where it is correlated with increased malignancy and
poor overall survival (Kobel et al., 2006; Sarrio et al., 2006; Bruce
etal., 2007; Elzagheid et al., 2008). Data also suggest that high ezrin
levels can predict the development of metastasis and local recur-
rence in soft tissue sarcomas (Carneiro et al., 2011), emphasizing the
clinical importance of up-regulated ezrin expression and the need
to better understand its role as a metastasis-associated protein.

Although a requirement for ezrin in cancer cell invasion and me-
tastasis has been demonstrated, what remain unclear are the under-
lying molecular mechanisms by which ezrin drives the invasive phe-
notype. In this study, we investigate the function of ezrin in regulating
FA and invadopodia dynamics. Our findings highlight novel func-
tions of ezrin in regulating cancer cell invasion and metastasis by
promoting FA and invadopodia turnover through regulation of cal-
pain-1 activity, as well as colonization at distant organ sites.

RESULTS
Ezrin regulates focal adhesion turnover and cell adhesion
Previous studies demonstrated a critical role for ezrin in maintaining
epithelial integrity as well as for cell spreading and migration in can-
cer cells (Bretscher et al., 2002; Srivastava et al., 2005; Prag et al.,
2007). However, the role of ezrin in FA dynamics and ECM attach-
ment, which are tightly regulated in migrating cells, has not been
characterized. To this end, we generated ezrin-deficient MDA-
MB-231 (MDA231) breast cancer cells using two independent short
hairpin RNA (shRNA) constructs that depleted endogenous ezrin by
at least 75% (Supplemental Figure STA). Surprisingly, the number
and size of FAs, as judged by staining for three different FA pro-
teins—peaxillin, vinculin, and FA kinase (FAK)}—were significantly in-
creased in ezrin-depleted cells compared with control (empty vector
[EV] transduced, MDA231-EV; Figure 1, A-C, and Supplemental
Figure S1, B-D). Furthermore, the number and size of FAs per cell
remained consistent among all proteins assessed within the same
cell line (Figure 1, B and C, and Supplemental Figure S1, C and D),
thus providing validation of our FA readout. We also detected an
increase in FAs containing zyxin (Figure 1D and Supplemental Figure
S1E), which is a marker of stable, mature adhesions (Zaidel-Bar
et al.,, 2003, 2004). To determine whether ezrin regulates FA turn-
over, we used time-lapse fluorescence microscopy to visualize the
dynamics of red fluorescent protein (RFP)-zyxin in control and ezrin-
deficient MDA231 cells (Figure 2A). Ezrin-deficient cells showed
~50% reduction in disassembly rate with no significant change in the
rate of assembly of FAs (Figure 2, B and C). Furthermore, the dura-
tion of FAs was significantly increased in ezrin-deficient cells (mean,
>75 min) compared with control cells (mean, ~40 min; Figure 2D and
Supplemental Videos S1 and S2), and resulted in an increase in the
percentage of longer-lived versus short-lived FAs found at any given
time within ezrin-depleted cells (Figure 2E).

Because ezrin depletion altered FA disassembly rates, we
predicted that changes in cellular adhesion and potentially integrin
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engagement would ensue. Indeed, we observed increases in total
FAK levels, as well as phosphorylation of Y397FAK (Supplemental
Figure S2A), which is known to occur upon integrin engagement
and clustering. In agreement with these results, we detected in-
creased cell attachment to collagen-I and fibronectin ECM substrata
(Supplemental Figure S2B), as well as increased B1 integrin total
protein (Supplemental Figure S2C). No significant change in the ex-
pression of paxillin or vinculin was detected, although FAK and zyxin
protein levels were elevated by ~35% and 20%, respectively (Sup-
plemental Figure S2C). Collectively these findings indicate that ezrin
promotes the disassembly and turnover of FAs in breast cancer cells.

Ezrin regulates Src-induced invadopodia dynamics but does

not alter MMP activity

To determine whether ezrin affects invadopodia turnover, we used
time-lapse fluorescence microscopy to visualize the invadopodia
marker green fluorescent protein (GFP)—cortactin in MDA231 cells
expressing constitutively active Src Y527F plus empty vector
(MDASTrc-EV cells) and in ezrin-deficient MDASrc cells (Figure 3A).
We chose this approach because MDA231 cells readily form FAs,
whereas exogenous expression of constitutively active Src strongly
induces the formation of numerous cortactin-rich invadopodia com-
pared with parental cells (Gavazzi et al., 1989; Hu et al., 2011). Simi-
lar to our FA dynamic studies, we observed that the rate of invado-
podia disassembly was diminished by approximately fourfold in
ezrin-deficient compared with control MDASrc-EV cells, whereas the
assembly rate did not change (Figure 3, B and C). We also observed
significantly more invadopodia spots in ezrin-deficient MDASrc
cells, which had longer durations (mean, >30 min; Figure 3, D and E,
and Supplemental Videos S3 and S4) and consequently a greater
percentage of longer-lived versus shorter-lived invadopodia than
with control MDASrc cells (Figure 3F).

To assess whether there was any change in proteolytic activity in
ezrin-depleted MDASrc cells, we performed gelatin zymography
and ECM-degradation assays. We did not detect any significant
change in MMP-2 or MMP-9 activity between MDASrc-EV and ezrin-
depleted cells (Figure 4A). However, we observed that ezrin deple-
tion resulted in markedly larger nonfluorescent areas representing
ECM degradation when cells were seeded onto a fluorescently la-
beled fibronectin-gelatin substratum (Figure 4B), which is likely at-
tributable to the defect in disassembly kinetics and prolonged dura-
tion of invadopodia structures. Despite the increased number of
invadopodia in ezrin-depleted MDASrc cells, both invasion through
Matrigel and transendothelial migration were markedly impaired in
these cells (Figure 4, C and D). Taken together, our results suggest a
novel role for ezrin in invasion by promoting invadopodia turnover.

Ezrin regulates directional persistence and front-rear

cell polarization

Because depletion of ezrin hinders FA and invadopodia turnover,
we predicted that it would also perturb directional cell migration, as
previous studies linked tail retraction—known to involve dynamic
adhesions—and front-rear cell polarization to cell directionality
(Theisen et al., 2012; Chaki et al., 2013). We therefore performed
time-lapse differential interference contrast (DIC) microscopy to
monitor the movement of MDA231-EV and ezrin-depleted cells.
Using the open source computer program DiPer (Gorelik and
Gautreau, 2014), we quantitatively assessed cell migration differ-
ences between control and ezrin-deficient cells using two different
parameters: mean square displacement (MSD) and direction auto-
correlation. MSD is a measure of the surface area explored by cells
over time and therefore provides information regarding the overall
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efficiency of cell migration. Direction auto-
Paxillin correlation is used as a measure of direc-
' tional persistence, as it describes how the
angle of displacement vectors tangential to
a cell's trajectory align with each other over
different time points, and is reflective of a
cell's propensity to turn/change direction
(Gorelik and Gautreau, 2014). Cell trajecto-
ries from ezrin-deficient cells were shorter
and more convoluted than with control cells,
which exhibited relatively straighter paths
(Figure 5A). MSD values for ezrin-deficient
cells were substantially lower across all time
points analyzed, and their direction autocor-
relation curves decayed significantly faster
than those of control cells (Figure 5, B and
C). Similar results were obtained with
MDASrc-EV and MDASrc  ezrin-depleted
cells (Supplemental Figure S3). Collectively
these data suggest that ezrin- deficient cells
exhibit reduced migration efficiency, are
more likely to turn, and therefore show re-
B I ... S C x duced directional persistence.
- We next examined the morphology of

3 E gnh%l;é?ﬂlsv €, E MhIJE';2|:1'EV MDAZ231-EV and ezrin-depleted cells to de-
9 400 2 s : termine whether ezrin depletion affects the
g N2 front-rear axis of polarization. MDA231-EV
g- 50 u<"-’ 1 cells exhibited organized stress fibers aligned

in a front-rear manner, consistent with a po-
larized morphology, whereas ezrin-deficient
cells were significantly less polarized and
much flatter and displayed stress fibers with
little or no front-rear organization (Figure 5D).
We quantified these changes in cellular mor-
phology using cell area as a measure of flat-
ness (Figure 5E) and the presence or absence
of aligned stress fibers to distinguish polar-
ized versus nonpolarized cells (Figure 5F). As

o
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Ezrin regulates FA stability.
(A) MDA231-EV and ezrin-depleted cells
stained by immunofluorescence with
anti-paxillin, anti-vinculin, or anti-FAK
antibodies and imaged using TIRF microscopy.
Boxed areas depict regions of FAs that
are magnified in insets (100x).
(B, C) Quantification of the number and size of
FAs. (D) Cells stained by immunofluorescence
using anti-paxillin and anti-zyxin antibodies
E and imaged using TIRF microscopy. (E) The
percentage of zyxin-containing FAs was
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Ezrin is required for proper FA turnover. (A) RFP-zyxin was transiently transfected into MDA231-EV and
ezrin-depleted (shEZR-1) cells and analyzed by time-lapse fluorescence microscopy for a minimum of 3 h. Images are
representative of the dynamics of the FA marker RFP-zyxin over a period of 40 min. Red arrows indicate FAs. Scale bar,
5 pm. Rate constants for assembly (B) and disassembly (C) were calculated as described in Materials and Methods.

(D) The mean duration of FAs for each cell type was calculated. (E) The percentage of short- and longer-lived FAs was
quantified, with short-lived adhesions defined as those that formed and disassembled within 40 min; any FAs with a
duration >40 min were counted as longer lived. Data shown represent means + SD of three independent experiments,
with a minimum of 40 FAs analyzed per experiment. *p < 0.02 and ** p < 0.007 by unpaired t test (C, D) or two-way

ANOVA (E); ns, not significant.

an independent assessment of front-rear polarization, the axial ratio
(length/width) of cells was calculated (Grande-Garcia et al., 2007).
MDA231-EV cells consistently had an elliptical factor of at least 1.5
(indicative of an elongated and polarized morphology), whereas ez-
rin-depleted cells had a mean elliptical factor of 1 (Figure 5G), sug-
gesting a loss of front-rear polarized morphology.

Ezrin regulates activity and localization of calpain

Multiple lines of evidence suggest that FA and invadopodia turn-
over are regulated by similar pathways. Indeed, calpain has been
causally linked to promoting FA and invadopodia/podosome
disassembly through cleavage of its substrates, including talin
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(Franco et al., 2004), FAK (Chan et al., 2010), and cortactin
(Cortesio et al., 2008). Ezrin is also a substrate specifically of cal-
pain-1 (Yao et al., 1993; Shuster and Herman, 1995; Dewitt and
Hallett, 2007), whereas other ERMs, such as moesin, are insensitive
to proteolytic cleavage by calpain (Shcherbina et al., 1999). How-
ever, it is not known whether ezrin is involved in regulating calpain-
mediated FA and invadopodia turnover. To this end, we assessed
relative changes in the levels of talin and FAK cleavage by immu-
noblot analysis in MDA231-EV cells and cortactin cleavage in
MDASrc-EV cells as indicators of calpain-mediated FA and invado-
podia turnover, respectively. To validate the specificity of the
calpain cleavage products, we depleted the catalytic subunits of
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Ezrin regulates Src-induced invadopodia dynamics. (A) GFP-cortactin was transiently transfected into
MDASrc-EV and MDASrc ezrin-depleted (MDASrc shEZR-1) cells and analyzed by time-lapse fluorescence microscopy
for a minimum of 3 h. Images are representative of the dynamics of GFP-cortactin over a period of 10 min. The xy
images (top) demonstrate that the invadopodia that formed protrude downward into the matrix. Rate constants for the
assembly (B) and disassembly (C) of invadopodia were calculated as described in Materials and Methods. Mean duration
of invadopodia (D) and number of invadopodia per cell (E). (F) Percentage of short- and longer-lived invadopodia;
invadopodia that formed and disassembled within 10 min were counted as short lived, and those that persisted for
>10 min were considered longer lived. Data shown represent means + SD of three independent experiments. A
minimum of 40 invadopodia was analyzed per experiment. **p < 0.01 and ***p < 0.001 by unpaired t test (C-E) or

two-way ANOVA (F); ns, not significant. Scale bar, 15 pm.

calpain-1 (CAPN1) and of calpain-2 (CAPN2) in MDA231 cells by
targeting the obligate small regulatory subunit (CAPNS1) using
lentiviral shRNA (Supplemental Figure S4). We observed signifi-
cant reductions in calpain-mediated cleavage of all the foregoing
molecules in ezrin-depleted MDA231 and MDASrc cells (Figure 6,
A-C), suggesting that ezrin may regulate FA and invadopodia dy-
namics through calpain. Because cleavage of talin by calpain is
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also important for mediating turnover in invadopodia (Calle et al.,
2006), we assessed talin cleavage in MDASrc-EV and ezrin-de-
pleted MDASrc cells. As expected, the calpain-generated cleav-
age product of talin was markedly reduced in MDASrc cells de-
pleted of ezrin (Figure 6D). Together these results indicate that
ezrin depletion reduces cleavage of specific calpain substrates in-
volved in FA and invadopodia disassembly.
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FIGURE 4: Ezrin does not regulate MMP secretion but is required for invasion and
transendothelial migration. (A) Conditioned media from MDASrc-EV and ezrin-depleted MDASrc
cells were collected and analyzed by gelatin zymography for MMP-2 and MMP-9 activity.

(B) Cells were plated onto FITC-fibronectin gelatin coverslips for 72 h, fixed, and stained with
F-actin (red). For each cell type, the total area of matrix digestion (dark spots) was calculated
using ImagePro Plus 6.0 software. (C) Cells (5 x 10%) were seeded onto Transwell inserts coated
with 100 pl of 20% Matrigel and allowed to invade for 18 h. Invaded cells were stained with
DAPI and quantified using Image ProPlus 6.0 software. (D) Cells (2 x 10%) labeled with a green
cell tracker were seeded onto an endothelial monolayer in a Transwell insert and allowed to
migrate for 6 h. Invaded and migrated cells were quantified using Image ProPlus. Data shown
represent means + SD of three independent experiments. *p < 0.05 and ***p < 0.0001 by

unpaired t test (B) or one-sample t test (C, D). Scale bar, 30 pm.

We next examined the interaction between ezrin and calpain.
Coimmunoprecipitation studies demonstrated that ezrin interacts
with CAPN1 but not CAPN2 (Supplemental Figure S5A), consistent
with previous reports indicating an ezrin—calpain-1 specific interac-
tion (Yao et al.,, 1993). Furthermore, double immunofluorescence
staining for CAPN1 and ezrin show significant colocalization of these
proteins at the cell membrane (Supplemental Figure S5B). Because
localization of calpain to the cell periphery is important for its activity
(Shao et al., 2006; Leloup et al., 2010) and active ezrin is found at
the plasma membrane, we postulated that ezrin depletion might
affect calpain-1 membrane localization. Immunofluorescence stain-
ing showed reduced CAPN1 at the plasma membrane in ezrin-de-
pleted cells compared with control MDA231-EV cells (Figure 7A),
whereas no change in CAPN2 membrane localization was detected
(Supplemental Figure S5C). To confirm these observations, we
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Area of degradation spots
* CAPN1 protein expression. We also looked
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MDASrc-EV MDASrc

Transendothelial migration

" MDASrc-EV MDASrc

performed cell fractionation experiments to
isolate membrane and cytoplasmic frac-
tions. We observed reduced amounts of
CAPN1 but not CAPN2 at the membrane in
ezrin-deficient cells (Figure 7B). Of interest,
the cytoplasmic levels of CAPN1 were also
reduced in ezrin-deficient cells, whereas cy-
toplasmic CAPN2 levels were unchanged
(Figure 7B). We therefore looked at total
protein levels in whole-cell lysates and
found that CAPN1 but not CAPN2 was re-
duced by 50% in ezrin-deficient cells (Figure
7C), suggesting that ezrin may be regulating

—l— at CAPN1 and CAPN2 mRNA expression

and detected no change in the mRNA levels
of either capn1 or capn2 (Figure 7D), indi-
cating that the observed effects of ezrin de-
pletion on CAPN1 protein expression are at
the posttranscriptional level.

On the basis of these results, we next
tested whether disrupting ezrin function at
the plasma membrane would alter calpain-1
membrane localization. We first monitored
talin cleavage in MDA231-EV and MDASrc-
EV cells transiently overexpressing vector
control (pCBé), wild-type (WT) ezrin, or a
point mutant of ezrin (threonine-to-alanine
567 substitution [T/A]). The T/A ezrin mutant
is not phosphorylatable at residue 567 and
therefore not fully open or active but is still
able to localize to the membrane (Gautreau
et al., 2000). Of interest, we observed a
strong induction of calpain-mediated talin
cleavage with WT ezrin compared with
pCBé6 control. However, the T/A ezrin mu-
tant did not induce talin cleavage in
MDA231-EV or MDASrc-EV cells but exhib-
ited talin cleavage levels comparable to
those of the pCB6 control (Figure 7E and
Supplemental Figure S6). To test whether
ezrin is important for the recruitment of ca-
plain-1 to the plasma membrane, we iso-
lated membrane and cytoplasmic fractions
from pCBé control, WT ezrin, and T/A ezrin—
overexpressing MDA231-EV cells. Our re-
sults showed that WT ezrin induced CAPN1
membrane localization, whereas T/A ezrin did not (Figure 7F).
CAPN2 membrane localization on the other hand remained un-
changed between WT and T/A ezrin—overexpressing cells (Figure 7F
and Supplemental Figure 5D), similar to the cytoplasmic and total
levels of CAPN1 and CAPN2 levels. Taken together, these results
suggest that the open and active ezrin conformation is important for
promoting membrane localization specifically for calpain-1 and reg-
ulating calpain proteolytic activity toward talin.

shEZR-1

shEZR-1

Ezrin is required for initial lung seeding and colonization
events in vivo

Our lab (Elliott et al., 2005) and others (Khanna et al., 2004; Yu
et al., 2004) have shown ezrin to be an important promoter and
regulator of metastasis. However, a central question remains about
the steps at which ezrin is involved along the metastatic cascade.
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Ezrin is required for directional cell migration and front-rear polarization.

Our transendothelial migration results sup-
port a potential role of ezrin in seeding of
metastatic cells at the target organ site. To
test this notion, we intravenously injected a
50:50 mixture of control and ezrin-deficient
cells labeled with orange and green cell
trackers, respectively, into immune-defi-
cient Rag2~~ yc~ mice. Mice were killed 1
or 24 h postinjection and lungs excised,
fixed, and imaged directly by spinning disk
fluorescence microscopy. After 1 h, the cell
types were present in the lungs in equal
proportions (Figure 8A). However, after
24 h, the proportion of ezrin-deficient cells
remaining in the lung was reduced to 30 +
2% of the total cell population (Figure 8A).
We next assessed the effect of ezrin deple-
tion on longerterm lung colonization
events. To this end, we injected GFP-posi-
tive control or ezrin-deficient cells intrave-
nously into mice and harvested lung tissues
3 wk postinjection. Lungs were imaged us-
ing biophotonics to quantify the number of
GFP-positive tumor nodules and total tu-
mor load. As shown in Figure 8B, ezrin de-
pletion significantly inhibited the number of
tumor colonies, as well as total tumor load
in the lungs (Figure 8C). Together these re-
sults show that ezrin is required for both ini-
tial seeding and longer-term outgrowth of
tumor colonies at distant organ sites.

To assess the effects of ezrin depletion
on primary tumor growth and spontaneous
metastasis, we engrafted GFP-positive
MDA231 or ezrin-deficient cells into the
number 4 mammary fat pad of mice. Ezrin
depletion had no significant effect on pri-
mary tumor growth (Figure 8, D and E),

direction autocorrelation (C) analyses were
carried out using the open source program
DiPer. (D) Representative images of MDA231-
EV and shEZR-1 cells stained for F-actin using
Alexa 488-phalloidin. The xz- planes (bottom)
show the relative flatness of the cells. A
minimum of 30 cells per line were analyzed.
(E) Cell areas were calculated by tracing
individual cell outlines using MetaMorph
software. (F) The percentage of polarized and
nonpolarized cells. Polarized cells were
defined as cells that displayed stress fibers
aligned along the front-rear axis. (G) The
axial ratio, defined as the ratio of the long
axis to the short axis of the cell, calculated
using F-actin-stained confocal images of
cells. Data represent means * SE (B, C) or +
SD (E-G) of three independent experiments.
*p < 0.05 and **p < 0.01 by unpaired t test
(E, G); ***p < 0.001 by linear regression
analysis (B), or unpaired t test from 10 to

180 min (C), or two-way ANOVA (F). Scale

generated using MetaMorph software and plotted using GraphPad Prism software. MSD (B) and  bar, 15 pm.
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FIGURE 6: Ezrin is required for calpain-mediated cleavage of talin, FAK, and cortactin. Lysates
from MDA231-EV and shEZR-1 (A, B) or MDASrc-EV and MDASrc shEZR-1 (C, D) cells were

analyzed by immunoblotting using anti-talin, anti-FAK, anti-cortactin, or anti-y-tubulin antibodies.

MDA231 CAPNS1-depleted (shCAPNS1) cell lysates were used to verify the calpain-specific
cleavage product for talin, FAK, and cortactin. Quantification of immunoblots was done using
densitometry and the results expressed as the fold change in cleavage product to full-length
(FL) protein or relative to the control MDA231-EV or MDASrc-EV as described in Materials and
Methods. Black lines represent merged lanes (vertical) or sections (horizontal) from different
areas of the same gel, except for the shCAPNS1 talin lane, which was from a separate gel.
Data shown represent means + SD of at least three independent experiments. **p < 0.01 and
***p < 0.001 by one-way ANOVA.

ezrin is involved in early lung seeding and
colonization of metastasized cancer cells
but not primary tumor growth.

DISCUSSION

Important features of invasive cancer cells
are directional migration and the ability to
adhere to and degrade ECM proteins
through the formation of FAs and invadopo-
dia. Although ezrin is known to promote mi-
gration and invasion, no studies have yet
linked ezrin function to FA or invadopodia
dynamics. The data reported here, to our
knowledge, are the first to show that ezrin is
required for proper disassembly and turn-
over of FA and invadopodia structures. Two
cell types were used in this study: parental
MDA231 cells for FA dynamics and MDASrc
cells for invadopodia, as the latter cell type
preferentially form invadopodia over FAs
due to ectopic expression of an active Src
mutant. Whereas MDA231 cells are capable
of forming invadopodia (i.e., through stimu-
lation with EGF; Hu et al., 2011), the Src-in-
duced invadopodia model allows one to in-
terrogate the role of ezrin in invadopodia
function downstream of Src. A study by Cor-
tesio et al. (2008) using a similar Src-induced
invadopodia model with MTLn3 cells
showed that calpain depletion inhibits inva-
dopodia turnover downstream of Src, simi-
lar to the results presented here. However,
when upstream of Src, calpain regulates in-
vadopodia formation, which emphasizes the
dual, context-specific roles of calpain in
regulating invadopodia function.

Recent evidence suggests that another
ERM protein moesin can also affect invado-
podia function but in a manner that differs
from ezrin. Beaty et al. (2014) demon-
strated that, unlike ezrin, moesin localizes
to invadopodia in MDA231 cells and is im-
portant for promoting maturation of inva-
dopodia to proteolytically active structures
by recruiting the sodium ion exchanger
NHE-1 to invadopodia precursors. This
function is specific to moesin, as Beaty
et al. (2014) showed that depletion of ezrin
does not affect the number of mature inva-
dopodia, even though ezrin can also inter-
act with NHE-1 (Denker et al., 2000). These
data also indicate that ezrin may not be
required for invadopodia formation, as ez-
rin-depletion did not affect invadopodia
numbers in this study. Furthermore, our re-
sults suggest that endogenous moesin lev-
els are not sufficient to maintain proper in-
vadopodia disassembly in the absence of

consistent with a metastasis-specific function of this molecule. As
expected, ezrin depletion markedly reduced the number of lung
metastases compared with control mice, as demonstrated by bio-
photonics imaging (Figure 8F). Taken together, our results show that
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ezrin. Thus, despite the high homology between ezrin and moesin,
our findings and those of Beaty et al. (2014) highlight distinct but
complementary roles of these two ERM proteins in invadopodia
function.
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Phosphorylation of FAK at Y397 induced by cell-ECM adhesion
is known to trigger downstream signaling events that lead to adhe-
sion disassembly (Webb et al., 2004; Hamadi et al., 2009), and ezrin
is known to interact with FAK (Poullet et al., 2001). However, our
data suggest potential defects in these signaling events, as in-
creased phosphorylation of FAK after ezrin depletion is associated
with impaired FA turnover.

Regulation of adhesion dynamics is also important in cell direc-
tionality. Multiple studies have linked defects in adhesion turnover
to a loss of directional migration (Grande-Garcia et al., 2007; Chaki
et al., 2013). In our study, ezrin depletion markedly increased the
tendency of cells to change direction, an indication that these cells
could not maintain a stable polarized morphology with distinct lead-
ing and trailing edges. Of interest, cancer cells that exhibit random
migration have been linked to tumor progression (Weiger et al.,
2013). Furthermore, this characteristic is postulated to be an advan-
tage for cancer cells, as a more exploratory migration phenotype
can increase the likelihood of engaging blood or lymphatic vessels
for intravasation (Kline et al., 2013).

RhoGTPases are also important for directional motility (Petrie
et al., 2009), as well as adhesion dynamics. For instance, Rac activ-
ity is associated with lamellipodia and FA formation at the leading
edge of the cell, and Rho-dependent actomyosin contractions re-
sult in FA maturation and subsequent formation of stress fibers that
align in the direction of migration (Rottner et al., 1999; Zaidel-Bar
et al., 2003). Our data suggest that Rho activity may not be af-
fected by ezrin depletion, as ezrin-depleted cells form disorga-
nized stress fibers, indicative of a loss of front-rear cell polarity, and
display larger, more-elongated adhesions, in contrast to the shorter
adhesions characteristic of disrupted Rho function (Rottner et al.,
1999; Geiger and Bershadsky, 2001). We also did not observe any
defects in FA assembly, implying that Rac activity is not being
affected. Because activated ezrin is known to preferentially activate
cdc42 to promote directional migration (Prag et al., 2007), deple-
tion of ezrin would therefore be expected to result in a loss of
directional persistence. However, cdc42 and Rac regulate the for-
mation of invadopodia (Nakahara et al., 2003), and since invado-
podia assembly was not impaired in this studly, it is possible that
ezrin deficiency is not significantly affecting RhoGTPase activity
based on the functional readouts presented here. Nevertheless,
our results support the notion that ezrin may regulate directional
motility a least in part by promoting adhesion turnover. Despite an
increase in the number of invadopodia, the invasive capacity of
ezrin-depleted cells was still significantly impaired. This result is
consistent with the notion that the ability of cancer cells to form
invadopodia alone is not sufficient for invasion to occur, and per-
turbed FA dynamics can also affect invasion by impeding cellular
migration (Chan et al., 2009).

Given that ezrin depletion alters both FA and invadopodia dis-
assembly and that calpain is a known regulator of FA/invadopodia
turnover, we hypothesized that ezrin may affect calpain activity. In
this study, we show that ezrin depletion inhibits calpain-mediated
cleavage of talin, FAK, and cortactin. Furthermore, we demon-
strate that a threonine-to-alanine mutation of residue 567 on ezrin
hinders calpain cleavage of talin, suggesting that the fully open
conformation of ezrin is important for calpain function. Further
analysis revealed that CAPN1 but not CAPN2 protein levels were
reduced upon ezrin depletion Thus not only is the open and active
conformation of ezrin important for calpain-1 activity, but its pres-
ence within cancer cells is also required to maintain proper cal-
pain-1 protein expression. These results are intriguing and are con-
sistent with a newly identified role of ezrin in regulating the
translation of proteins relevant for metastasis to specific subcellular
locations (Briggs et al., 2012). It is also possible that ezrin stabilizes
calpain-1 protein from proteasome degradation, as described for
Met (Zaarour et al., 2012) and c-Myc (Chuan et al., 2010).

The differential regulation of calpain-1 versus calpain-2 by ezrin is
also intriguing since both isoforms are expressed in MDA231 cells
and have similar functions. Calpain-2 is the predominant isoform
linked to adhesion turnover at the cell rear and is therefore necessary
for promoting tail retraction (Glading et al., 2000; Franco et al.,
2004), whereas calpain-1 activity is primarily associated with adhe-
sion assembly and disassembly at the leading edge of polarized cells
(Glading et al., 2002; Satish et al., 2005). Many studies have also at-
tributed calpain-2 activity to invadopodia/podosome dynamics. For
example, calpain-2 cleavage of talin at the adhesion sites within po-
dosome structures is required for their turnover (Calle et al., 2006). In
addition, calpain-2-mediated cleavage of the phosphatase PTP1B
can regulate Src activity as well as proteolytic cleavage of cortactin,
the latter being important for promoting invadopodia disassembly
downstream of Src (Cortesio et al., 2008). Our results suggest that
calpain-1 also plays a role in invadopodia dynamics and demon-
strate that while ezrin has been characteristically known as a sub-
strate of calpain-1, it can also function as an upstream regulator of
calpain-1 activity and expression (Figure 9). In support of this notion,
a study by Youn et al. (2009) showed ezrin to act upstream of a cal-
pain-specific signaling cascade leading to nitric oxide production.

To gain a comprehensive understanding of the function of ezrin
as a metastasis-associated protein, it is necessary to identify the
steps along the metastatic cascade at which ezrin is involved. Our in
vitro data point to a role for ezrin in the intricate regulation of inva-
sion through the extracellular matrix and in transendothelial migra-
tion. Our in vivo results suggest that ezrin is mainly important for
late-stage disease, including distant organ seeding and longer-
term colonization, as ezrin depletion did not attenuate primary
tumor growth. These data are consistent with previous reports

expression relative to MDA231-EV cells. (D) Quantitative real-time PCR was performed to analyze capn and capn2
mRNA levels from MDA231-EV and ezrin-depleted cells. (E) MDA231-EV cells were transiently transfected with empty
vector control (pCB6), wild-type ezrin (WT EZR), or a mutant form of ezrin with alanine substituted for threonine at
residue 567 (T/A). Both WT EZR and T/A were tagged at the N-terminus with VSV-G. Cell lysates were analyzed by
Western blotting using anti-ezrin, anti-talin, anti-VSV-G, or anti—y-tubulin antibodies. Densitometry was performed to
assess the fold change in talin cleavage relative to full-length protein, as well as the amount of exogenous ezrin present
in WT and T/A transfected cells relative to pCB6. (F) Membrane (concentrated sevenfold) and cytoplasmic fractions from
pCB6, WT EZR, and T/A-overexpressing MDA231-EV cells were immunoblotted for anti-CAPN1 and anti-calpain-2
antibodies. (B, F) Membrane-to-cytoplasmic (memb/cyto) ratios of CAPN1 and CAPN2 were assessed by densitometric
analysis of immunoblots from the same exposure and normalized to control MDA231-EV or pCBé. For each protein,
membrane and cytoplasmic lysates were run on the same gel. Data shown represent means + SD of three independent
experiments. **p < 0.01 and ***p < 0.001 by one-sample t test (B), or one-way ANOVA with Tukey’s multiple
comparison test (E, F). T'p < 0.002 by one-sample t test (C). Scale bars, 15 pm; ns, not significant.
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Ezrin is required for early lung seeding events and colonization but not primary tumor growth. (A) MDA231-
EV (red) and ezrin-depleted (shEZR-1) cells (green) were mixed in equal proportions and injected into the tail veins of
mice. Representative confocal images of lungs harvested 1 or 24 h postinjection. Histogram denotes the relative
proportion of cells at the indicated times (five mice per group per time point). (B) Representative biophotonic images of
lungs harvested 3 wk after tail vein injection of GFP-labeled MDA231 and ezrin-depleted cells (five mice per group). The
total number of lung colonies was quantified using ImagePro Plus 6.0 software. (C) Tumor burden evaluated as the
percentage of GFP-positive pixel areas relative to total lung area. (D) Primary tumor volumes measured and calculated
as described in Materials and Methods (six mice per group). (E) Tumor growth rates generated from the slopes of tumor
growth curves. (F) Representative biophotonics images of lungs harvested 24 d after tumor injection (six mice per
group). Data shown represent means + SD. **p < 0.01 by Mann-Whitney U test (F) and ***p < 0.001 by unpaired t test
(A) or Mann-Whitney U test (B, C).
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Depleting ezrin expression (by shRNA) or inhibiting its open active conformation (by T/A mutation) perturbs calpain-1-
membrane linkage and therefore cleavage of the calpain substrates necessary for efficient FA/invadopodia disassembly,

resulting in impaired cancer cell invasion.

showing that ezrin promotes early metastatic survival signaling
through activation of the phosphoinositide 3-kinase/Akt pathway
(Khanna et al., 2004; Chen et al., 2011).

In summary, our findings reveal a novel regulatory role for ezrin
in promoting proper FA and invadopodia turnover by regulating
calpain-1 membrane localization and activity toward key compo-
nents of FAs and invadopodia. By dissecting the various steps of the
metastatic cascade, we show that ezrin function is indeed required
for specific aspects of tumor cell dissemination and thus begin to
understand the complexity of ezrin as a metastasis-associated pro-
tein. Future investigation will elucidate the precise regulation of cal-
pain-1 activity by ezrin and whether calpain-1 is required for ezrin-
mediated metastasis. Information from this study will provide
important mechanistic insight in evaluating ezrin as a potential
prognostic marker of metastatic relapse in breast cancer patients.

MATERIALS AND METHODS

Antibodies and reagents

Rabbit anti-B 1 integrin, goat anti-CAPN1, and rabbit anti-FAK were
from Santa Cruz Biotechnology (Dallas, TX). Rabbit anti-ezrin was
purchased from Cell Signaling (Beverly, MA). Rabbit anti-phospho-
Y397 FAK and mouse anti-paxillin were from BD Transduction Labs
(Mississauga, Canada). Mouse anti-cortactin was purchased from
EMD Millipore (Etobicoke, Canada). Mouse anti—y-tubulin, mouse
anti-moesin, mouse anti-vinculin, mouse anti-talin, and rabbit anti-
zyxin were purchased from Sigma-Aldrich (Oakville, Canada). Rab-
bit anti—calpain-2, which recognizes both CAPN2 and CAPNST,
was provided by P. Greer (Queen’s University, Kingston, Canada;
Arthur et al., 2000). Transwell chambers (8-pym pore size) were ob-
tained from Corning (Mississauga, Canada). Eight-well chamber
slides were purchased from LabTek (Mississauga, Canada). p-Slide
VI, 35-mm p-Dish, and eight-well p-Slides were from Ibidi (Madison,
WI). Alexa Fluor reagents and cell trackers were obtained from Life
Technologies (Burlington, Canada). Growth factor-reduced Matri-
gel and rat-tail collagen | were purchased from BD Biosciences
(Mississauga, Canada). Fibronectin, gelatin, and puromycin were
from Sigma-Aldrich.
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Cell culture, transfection, and constructs

MDA-MB-231 (MDA231) human breast cancer cells were provided
by P. Siegel (McGill University, Montreal, Canada). MDA231 cells
stably expressing an avian Src Y527F mutant (referred to as MDASrc)
were obtained from A. Mak (Queen'’s University; Hu et al., 2011),
and MDASrc cells were transduced with either EV or ezrin shRNA as
will be described. HEK293T cells were obtained from the American
Type Culture Collection (Manassas, VA). All cell lines were main-
tained in DMEM supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich) at 37°C in a humidified atmosphere with 5% CO,.
Transient transfections were performed using FugeneHD reagent
(Promega, Madison, WI) according to the manufacturer’s protocol.
RFP-zyxin was obtained from Addgene (plasmid 26720; Cam-
bridge, MA). GFP-cortactin was provided by A. Craig (Queen’s Uni-
versity). The pCB6 empty vector and WT and T/A ezrin constructs
were a kind gift from M. Arpin (Curie Institute, Paris, France). All cell
lines were routinely tested for mycoplasma using the Lookout
Mycoplasma PCR Detection Kit (Sigma-Aldrich).

Ezrin and calpain knockdown

Human EZR- and capnsi-specific shRNA and EV control pLKO.1
lentiviral vectors were purchased from GE Healthcare Dharmacon.
Viral particles were prepared by transfecting HEK293T cells with
psPAX2 packaging, pMD2.G envelope, and pLKO.1 EV or ezrin
shRNA vectors using Lipofectamine 2000 transfection reagent (Life
Technologies), as per the manufacturer’s protocol. Virus-containing
supernatant was collected and passed through 0.45-um syringe fil-
ters before addition to target cells. Stably transfected cells were se-
lected in 4 pg/ml puromycin. Knockdown of ezrin protein was con-
firmed by immunoblot.

Immunoblotting

Whole-cell lysates were prepared as follows. Cells were rinsed twice
in ice-cold phosphate-buffered saline (PBS) and lysed in 2x Laemmli
buffer. Total protein concentrations were determined using the DC
Protein Assay (Bio-Rad, Mississauga, Canada). From 10 to 30 ug of
protein was separated by SDS-PAGE and transferred to 0.45 pm
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polyvinylidene fluoride membranes (EMD Millipore). Membranes
were blocked in 5% nonfat dry milk in 1x Tris-buffered saline/0.1%
Tween-20 and then probed with the indicated antibodies. Primary
antibodies were detected with horseradish peroxidase-bound sec-
ondary antibodies and Pierce ECL Plus Western Blotting Substrate
(Life Technologies). Densitometry was performed using ImageJ
software (National Institutes of Health, Bethesda, MD).

Calpain substrate cleavage analysis

Quantitative assessment of the levels of calpain-mediated cleavage
of talin, FAK, and cortactin was performed by calculating the ratio of
the cleavage product to the full-length protein based on densitom-
etry readings from the same gel. Different autoradiographic expo-
sures were used for optimal detection of the full-length and cleaved
proteins. The molecular weights of the major calpain-specific cleav-
age products for talin, FAK, and cortactin were used for the analyses
(~200, ~35, and ~55 kDa, respectively) as previously described
(Dourdin et al., 2001; Perrin et al., 2006; Chan et al., 2010).

Cytosol/membrane fractionation

Subcellular fractionation was performed as follows. Cells from con-
fluent cultures in 100-mm dishes were rinsed twice in cold PBS. Cells
were scraped off in 350 pl of cell fractionation buffer containing
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;
pH 7.4), 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 10 mM
KCl, 1.5 mM MgCl,, 250 mM sucrose, and a cocktail of protease/
phosphatase inhibitors and then mechanically disrupted with a
27-gauge needle (10 times). Homogenates were clarified by cen-
trifugation at 600 x g. The supernatant was then subjected to a
60-min centrifugation at 100,000 x g. The resulting supernatant (cy-
tosolic fraction) was supplemented with 6x Laemmli buffer. Pellets
(membrane fraction) were solubilized in 50 pl of 1x Laemmli buffer.
Samples were separated by SDS-PAGE and analyzed by immunob-
lotting. Membrane-to-cytoplasmic ratios of CAPN1 and CAPN2
were assessed by densitometric analysis of immunoblots from the
same exposure and normalized to control MDA231-EV or pCBé. For
each protein, membrane and cytoplasmic lysates were run on the
same gel.

Immunofluorescence

Cells (1.7 x 10% were seeded onto collagen I-coated Ibidi p-Slides
(VI), fixed in 2% paraformaldehyde, permeabilized with 0.2% Triton
X-100, and blocked in 3% bovine serum albumin (BSA). Cells were
then stained with the indicated primary antibodies and appropriate
Alexa Fluor 546 or 633 secondary antibodies. For focal adhesion
proteins, cells were visualized by total internal reflection fluores-
cence (TIRF) microscopy using a 63x/1.42 numerical aperture oil ob-
jective on an inverted Olympus BX-80 confocal microscope
equipped with a multicolor TIRF module and a Hamamatsu electron-
multiplying charge-coupled device digital camera (Spectral Applied
Research, Richmond Hill, Canada). All other markers were visualized
using a 63x oil objective on an inverted Quorum WaveFX-X1 Spin-
ning Disk confocal microscope system (Quorum Technologies,
Guelph, Canada). Images were collected through 593/40- or 692/
40-nm emission filters. The 16-bit images were aligned and quanti-
fied using MetaMorph software (Molecular Devices, Sunnyvale, CA).

Real-time fluorescence microscopy and quantification of FA
and invadopodia dynamics

Fluorescence imaging of RFP-zyxin and GFP-cortactin dynamics
was performed to detect FA and invadopodia, respectively, using a
40x objective on an inverted Quorum WaveFX-X1 Spinning Disk
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confocal microscope in a closed system at 37°C and 5% CO,. The
35-mm p-dishes (Ibidi) were coated with 10 ug/ml collagen | for 1 h
at 37°C. Cells (3.5 x 10%) were plated in DMEM/F12 containing 10%
FBS and 20 mM HEPES and allowed to adhere for 3 h. Images were
captured every 1 min for a minimum of 3 h. Measurements of fluo-
rescence-labeled FA and invadopodia spots and calculations of as-
sembly and disassembly rate constants were performed as de-
scribed previously (Chan et al., 2007, 2009). At least 40 FAs or
invadopodia spots were analyzed per experiment.

Real-time cell migration assays

Cells (1.5 x 10%) were seeded sparsely onto collagen |-coated eight-
well p-slides in DMEM/F12 containing 10% FBS and 20 mM HEPES
and incubated at 37°C for 3 h. Cells were then imaged every 10 min
for 18 h using a 10x objective on an inverted Quorum WaveFX-X1
Spinning Disk confocal microscope with bright-field illumination in a
closed system at 37°C and 5% CO,. Individual cells were tracked
using MetaMorph software. Cell tracks were graphed using Excel. A
minimum of 50 cells were analyzed per experiment.

Immunoprecipitation

Cells were grown to 85% confluence and lysed in a buffer containing
20 mM Tris (pH 7.5), 150 mM NaCl, T mM EDTA, 1% (wt/vol) NP-40,
and 1x Halt protease/phosphatase inhibitor cocktail (Life Technolo-
gies). Lysates were incubated overnight with Gammabind G-Sepha-
rose beads plus antibody (GE Healthcare Dharmacon). Immunopre-
cipitates were subsequently analyzed by immunoblot as described.

Extracellular matrix degradation and gelatin

zymogram assays

Cells (1 x 10%) were plated onto gelatin-coated coverslips containing
a layer of fluorescein isothiocyanate (FITC)-conjugated fibronectin
prepared as previously described (Webb et al., 2007). Cells were
incubated for 72 h for consistency of ECM degradation (Furmaniak-
Kazmierczak et al., 2007) and subsequently fixed in 2% paraformal-
dehyde and stained for F-actin using Alexa Fluor-phalloidin 594.
Images were acquired using spinning disk confocal microscopy. In
this assay, proteolysis of the FITC-fibronectin results in the appear-
ance of nonfluorescent areas. Owing to the strong migratory pheno-
type of MDASrc cells, extensive areas of ECM degradation not asso-
ciated with actin-rich structures were visible (Figure 4B). Therefore
the total area of degradation spots from at least 10 fields per experi-
ment was quantified using ImagePro Plus 6.0 software (Media
Cybernetics, Rockville, MD). MMP activity was assessed using gela-
tin zymography, as described previously (Hauck et al., 2002). Briefly,
conditioned medium from MDASrc and MDASrc shEZR cells was
collected for 48 h and resolved in nonreducing gels containing 0.2%
(wt/vol) gelatin. Areas of gelatin degradation bands were visualized
using 0.4% Coomassie blue staining.

Cell adhesion assays

Cells (5 x 10%) were seeded in quadruplicate onto 5 pg/ml collagen
|- or 3% BSA-coated wells (as a negative control) in a 96-well plate
and allowed to adhere for 30 min at 37°C. Wells were then washed
several times with PBS to remove any unbound cells. Cells were
then fixed and stained using a 0.4% solution of toluidine blue O in
4% paraformaldehyde/PBS for 15 min at room temperature. Adhe-
sion was measured colorimetrically at 570 nm.

Invasion assays

Transwell inserts were coated with 100 ul of 20% Matrigel (diluted in
serum-free DMEM) and incubated at 37°C for 1 h to allow the
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Matrigel to gel. Cells were trypsinized and resuspended in serum-
free DMEM. A 100-ul amount containing 5 x 10* cells was seeded
into the upper chamber, and 500 pl of DMEM plus 10% FBS was
added to the lower chamber as a chemoattractant. Cells were al-
lowed to invade for 18 h, after which Transwell membranes were
fixed in 2% paraformaldehyde and nuclei stained using 4’,6-diamid-
ino-2-phenylindole (DAPI). Invaded cells were visualized with a BX51
System Microscope (Olympus, Toronto, Canada) and images ac-
quired using QCapture Pro 5.0 software (Qlmaging, Surrey, Canada).
Invaded cells were quantified using ImagePro Plus 6.0 software.

Transendothelial migration assays

Human umbilical vein endothelial cells (5 x 10%) were seeded on
collagen I-coated Transwell inserts and adhered for 18 h. Tumor cells
cultured on a 100-mm dish were loaded with a green cell tracker and
seeded (1 x 10% on top of the endothelial monolayer. Cells were al-
lowed to migrate for 6 h, after which, Transwell membranes were
fixed in 2% paraformaldehyde and nuclei stained using DAPI. Mi-
grated tumor cells were visualized with a BX51 System Microscope
and images acquired using QCapture Pro 5.0 software. Migrated
tumor cells were quantified using ImagePro Plus 6.0 software.

Real-time PCR

Total RNA was purified from MDA231-EV and shEZR-1 cells using
TRIzol reagent according to the manufacturer’s instructions (Life
Technologies). cDNA was synthesized from 1 pg of total RNA using
the iScript Select cDNA Synthesis Kit with random primers (Bio-
Rad). Samples were incubated at 16°C for 30 min, followed by
42°C for 30 min and 85°C for 5 min. The levels of capn1 and capn2
were detected using the iQ SYBR Green Supermix Kit on the iQ5
Multi-Color Real-Time PCR Detection System (Bio-Rad). Primer se-
quences were as follows. CAPN1: forward, 5-AACAAGGAGGG-
CGACTTCGT-3’; reverse, 5-CTTCCGGAAGATGGACAGGT-3".
CAPN2: forward, 5-AGGCATACGCCAAGATCAAC-3’; reverse,
5-GGATGCGGATCAGTTTCTGT-3". Glyceraldehyde-3-phosphate
dehydrogenase: forward, 5-GAGTCAACGGATTTGGTCGTAT-3’;
reverse, 5-AGTCTTCTGGGTGGCAGTGAT-3’. Conditions of the
thermal cycling were initial denaturation for 3 min at 95°C, fol-
lowed by 50 cycles of denaturation for 15 s at 95°C and annealing/
extension for 45 s at 55°C. Differences in the expression levels of
genes were determined by calculating the fold change in expres-
sion (27949T). Values are expressed relative to control MDA231-EV.
All primer sequences were used in previous publications (Ueyama
et al., 1998; Nuzzi et al., 2007).

In vivo studies

Mice were housed in the Queen’s Animal Care Facility, and proce-
dures were carried out according to the guidelines of the Canadian
Council on Animal Care, with the approval of the institutional animal
care committee. For the tumor xenograft studies, GFP-labeled MD-
A231control (empty vector) or ezrin-depleted cells (1 x 10¢ in 50 pl
of 50% Matrigel) were injected into the mammary fat pad of Rag2~"~
yc”~ mice, as described previously (Elliott et al., 2005). At 25 d
postinjection, primary tumors and lungs were excised and fixed in
4% paraformaldehyde/PBS. Measurements of tumor volume, histo-
logical processing and assessments, and analysis of local invasion
and metastasis were performed as described previously (Mak et al.,
2012). For assessment of GFP-expressing metastatic nodules, lungs
were dissected and analyzed by biophotonics. Images were cap-
tured using a Hamamatsu ORCA-ER digital camera. For the lung-
seeding assays, control and ezrin-deficient cells were preloaded
with Orange-CMTMR and calcein cell trackers, respectively. Cells
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were mixed in equal proportion and injected into the tail veins of
mice (1 x 10° total in 200 pl of PBS), as previously reported (Pinner
and Sahai, 2008). Lungs were harvested 1 or 24 h postinjection,
fixed in 4% paraformaldehyde/PBS, and directly imaged using a 10x
objective on a spinning disk confocal microscope. At least 10 fields
were imaged per lung, with a minimum of 150 cells counted.

Statistical analysis

Al statistical analyses were performed using GraphPad Prism Soft-
ware, version 5.0. All error bars represent SD from the mean unless
otherwise indicated. The p values were calculated by unpaired or
one-sample t test or one-way or two-way analysis of variance
(ANOVA). Lung metastases data sets were analyzed by a Mann-
Whitney U test. Specific conditions and p values for each test are
described in the figure legends.
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