Original Article

Role of the Cofilin Activity Cycle in
Astrocytoma Migration and Invasion

Genes & Cancer

2(9) 859-869

©The Author(s) 201 |

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1947601911431839
http://ganc.sagepub.com

®SAGE

Shoichi Nagai"*, Orlando Morenoz'*, Christian A. Smith3’4,
Stacey Ivanchuk®*, Rocco Romagnuolo®*, Brian Golbourn®*
Adrienne Weeks**, Ho Jun Seol®, and James T. Rutka®*

Submitted 17-Jun-2011;accepted 10-Nov-201 1

Abstract

The cofilin pathway plays a central role in the regulation of actin polymerization and the formation of cell membrane protrusions that are essential for cell
migration. Overexpression of cofilin has been linked to the aggressiveness of a variety of different cancers. In these cancers, the phosphorylation of cofilin
at Ser3 is a key regulatory mechanism modulating cofilin activity. The activation status of cofilin has been directly linked to tumor invasion. Accordingly, in
this study, we examined the expression of cofilin and its activation status in astrocytoma cell lines and astrocytic tumors.We show that cofilin expression
was increased and correlated with increasing grade malignant astrocytoma. In addition, both cofilin and LIMK had elevated expression in astrocytoma cell
lines. Knockdown of cofilin by siRNA altered astrocytoma cell morphology and inhibited astrocytoma migration and invasion. Conversely, overexpression
of a cofilin phosphorylation mutant in an in vivo intracranial xenograft model resulted in a more highly invasive phenotype than those xenographs
expressing wild-type cofilin. Animals harboring astrocytomas stably expressing the cofilin phosphorylation mutant (cofilin-S3A) demonstrated marked
local invasiveness and spread across the corpus callosum to the contralateral hemisphere in all animals.Taken together, these data indicate that the cofilin

activity pathway may represent a novel therapeutic target to diminish the invasion of these highly malignant tumors.
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Introduction

Of all the histopathological features that characterize astro-
cytomas, arguably none is as significant or sinister as their
invasiveness into normal brain tissue. The most common
causes for treatment failure and mortality are local recur-
rence and invasion of astrocytoma cells to another region of
the brain. For a tumor cell to invade, it requires the cell to
have definable leading and trailing edges in order for the
migratory forces to exhibit directionality. Actin is necessary
for the development of protrusive structures known as lamel-
lipodia and filopodia. Tumor cell migration is the direct result
of a complex balance between extracellular cues and respon-
sive intracellular signals that lead to dynamic regulation of
the actin cytoskeleton and associated adhesions.'”

Actin filaments are polarized, and the formation of fila-
mentous actin is a regulated process where soluble actin
monomers (G-actin) are added to either the fast-growing
barbed end or the slow-growing pointed end. Directional
cell migration requires actin polymerization nucleated from
free barbed ends. In response to external stimuli in a normal
cell or deregulated signaling in the astrocytoma cell, actin
polymerization occurs locally adjacent to the plasma mem-
brane resulting in a force that causes protrusion of the mem-
brane. The cofilin pathway plays a central role in the
generation of free barbed ends and actin filament turnover
that are required for actin polymerization driven membrane

protrusion.*” The essential role of cofilin in cell migration
was established in Drosophila, where the loss of function
mutant twinstar (tsr) manifests severe defects in cell motil-
ity and migration.'” One potential model of cofilin function
in the cell is increased local cofilin expression, which
results in an increased rate of actin severing and depolymer-
ization. This results in increased free G-actin and F-actin
turnover and consequently enhanced cell motility (Figure
1A). Cofilin is tightly regulated both spatially and through
posttranslational modifications such as phosphorylation
that modulate its ability to interact with both monomeric
actin (G-actin) and actin filaments (F-actin) (reviewed in
Oser & Condeelis'' and van Rheenen ez al.'?). Cofilin exerts
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Figure |. Schematic of the cofilin function in the cell. (A) Localized increases in cofilin expression result in increased F-actin severing and depolymerization,
which result in an increase in free G-actin, elevated actin turnover, and enhanced motility. (B) Model of the cofilin activity cycle regulated by a dynamic

cycle of phosphorylation.

its effect on actin filament dynamics by binding to F-actin,
severing the filament, resulting in a localized increase in the
number of free barbed and pointed ends. The free ends pro-
mote either actin polymerization or depolymeration depen-
dent upon the local concentration of G-actin and other actin
associated proteins such as the capping proteins and the
Arp2/3 complex.”” The Rho GTPases regulated LIM
kinases (LIMK) and testis-specific kinases (TESK1 and
TESK2) phosphorylate cofilin at the Ser 3 residue that ren-
ders cofilin unable to bind to actin thereby inactivating the
protein.'*'> The phosphatases Slingshot (SSH) and chro-
nophilin activate cofilin through dephosphorylation.'®
Cofilin is dynamically regulated by cycles of phosphoryla-
tion such that the local concentrations of kinases and

phosphatases determine the overall balance of cofilin activ-
ity (Figure 1B).

The cofilin pathway has also been implicated in tumor
invasion and metastasis in a number of different tumor
types.'”"? In brain tumors, Yap et al.* previously examined
the in vitro role of cofilin in astrocytoma motility. In their
study, they overexpressed wild-type cofilin in a single astro-
cytoma cell line, U373, and found that overexpressed cofilin
enhanced cell motility but in a concentration-dependent
manner. Indeed, high overexpression of cofilin paradoxi-
cally reduced motility indicating there was a biphasic rela-
tionship between expression and motility. In the current
study, we have investigated the role of the cofilin activity
cycle in astrocytoma migration and invasion. We present
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Figure 2. Increased cofilin expression correlates with increasing grade malignant astrocytoma. (A) Results of cofilin immunohistochemistry on brain
tumor tissue microarray represented as a bar graph showing distributions of total score of immunostaining for cofilin in each group according to
histopathological grade of astrocytoma. Total scores were determined by both distribution within a section and staining intensity. Asterisks indicate
statistically significant differences (*P = 0.004, **P = 0.034). (B) Images of representative specimens immunostained for cofilin from each group. The
original histopathological diagnoses are normal brain (a), diffuse astrocytoma (grade II; b), anaplastic astrocytoma (grade lll; ¢), and glioblastoma (grade IV;

d) Original magnification 200x.

data which demonstrate that cofilin expression is increased
in astrocytoma cells and that the cofilin activity cycle that is
regulated by phosphorylation significantly modulates astro-
cytoma migration and invasion in vitro and in vivo.

Results

Increased cofilin expression correlates with increasing grade
in malignant astrocytoma. Using a commercially prepared
tissue microarray (TMA) consisting of 55 astrocytoma
samples (grades I-IV) and 5 nonneoplastic controls, we
showed that cofilin immunoreactivity was significantly
higher in high-grade astrocytomas (WHO grade V) than in
low-grade astrocytomas (WHO grade II) (P = 0.034). In
addition, there was a significant difference in cofilin expres-
sion when non-neoplastic brain and astrocytomas were
compared (P = 0.004) (Figure 2).

The cofilin activity cycle is altered in astrocytoma cells. Next
we evaluated a panel of established astrocytoma cell lines
for cofilin expression to determine if there was a difference
in cofilin expression relative to normal human astrocytes
(NHAs). We observed elevated cofilin expression in all
astrocytoma cell lines compared to minimal detection of
cofilin expression in NHA cells (Figure 3). Given the
importance of the cofilin activation cycle in regulation of
the migratory machinery, we examined the phosphorylation
status of cofilin in the astrocytoma cell lines. As shown in
Figure 3, we detected variable levels of cofilin phosphory-
lation between astrocytoma cell lines. In addition, we
assessed the expression of the cofilin regulatory kinase,
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Figure 3. Elevated cofilin expression in astrocytoma cell lines. Western
blot analysis for cofilin, LIM kinase | (LIMK1),and phosphorylated (pSer3)
cofilin in normal human astrocytes (NHA) and human astrocytoma cell
lines. The blot was reprobed for actin as a loading control. Compared
to NHA controls, cofilin and LIMK have increased expression in
astrocytoma cell lines. Additionally, increased phospho-cofilin is detected
in astrocytoma samples potentially indicative of increased actin turnover
during cytoskeletal remodeling.

LIMKI1. Similar to the cofilin expression, LIMK1 demon-
strated increased expression in all astrocytoma cell lines
compared to NHAs. Taken together, this suggests that in
addition to increased cofilin expression in astrocytomas,
aberrant regulation of the cofilin activity cycle may modu-
late cell migration, invasion and/or adhesion.

Cofilin knockdown alters astrocytoma cell morphology.
Given the central role of cofilin as an effector of the RhoGT-
Pase pathway, we tested the effect of cofilin knockdown on
astrocytoma cells. We selected the U251 astrocytoma cell
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laminin (LN). We observed a statisti-
cally significant decrease in cell
migration in both astrocytoma cell
lines following cofilin depletion on
both substratum constituents com-
pared to untransfected or scrambled
siRNA controls (Figure 5B).

The results from the radial cell
migration assay indicate that cofilin
plays an important role in astrocy-
toma migration. Accordingly, we
tested the effect of the modulation of
cofilin expression on in vitro astrocy-
toma cell invasion. In both U87 and
U251 cofilin depleted cells, there was
a significant decrease in invasiveness
through Transwell filters compared
to their scrambled siRNA control
counterparts (U87; P =0.003: U251,

Figure 4. Knockdown of cofilin stabilizes actin rich structures and alters cell morphology in

P =0.0006) (Figure 5C).

astrocytoma cells. Cells were imaged 72 hours after transfection of either ctl-siRNA or cofilin-siRNA.

Morphological changes were observed in U251 cells.The cells were labeled with Texas Red-X phalloidin
for F-actin and immunostained with anti-cofilin antibody followed by Alexa Fluor 488-conjugated anti-
mouse antibody. Altered morphology in treated cells are marked with arrows. Bar 40 mm.

line because it demonstrated a high level of endogenous
cofilin expression relative other astrocytoma cell lines
(Figure 3). Cofilin knockdown with ON-TARGETplus
cofilin siRNA (Dharmacon, Lafayette,CO) resulted in a sig-
nificant decrease in cofilin protein levels within 48 hours
after siRNA transfection. Remarkably, we observed changes
in astrocytoma cell morphology following immunostaining
for actin and cofilin. U251 astrocytoma cells treated with
control scrambled siRNAs appeared flattened with few
membrane extensions. In contrast, following transfection
with cofilin-siRNA, U251 cells showed an enrichment of
actin at the plasma membrane (Figure 4, arrows) suggesting
that diminished expression of cofilin leads to a stabilization
of actin filaments.

Cofilin knockdown inhibits astrocytoma migration and inva-
sion. Given the profound change in astrocytoma morphol-
ogy following siRNA treatment, we tested the effect of
cofilin knockdown on the ability of astrocytoma cells to
migrate and invade in vitro. To rule out that cell viability
was affected by cofilin knockdown, we assessed cell prolif-
eration in U87 and U251 astrocytoma cells following cofilin
knockdown. As shown in Figure 5A, we did not detect a
statistically significant decrease in cell viability when mea-
sured in an MTS cell growth assay.

To assess the effects of cofilin knockdown on cell migra-
tion, we used radial migration assays to analyze astrocy-
toma migration on surfaces coated with bovine serum
albumin (BSA) and the extracellular matrix component,

Disruption of the cofilin activation
cycle alters astrocytoma migration. We
used U251 cells stably expressing
cofilin phosphorylation mutants to
test the role of the cofilin activation pathway in human
astrocytomas (Figure 6). For these experiments, a critical
phosphorylation site at serine 3 either was mutated to ala-
nine (S3A), which represented constitutively active cofilin
that was incapable of being phosphorylated, or was mutated
to aspartic acid (S3D) to represent inactive cofilin that is a
mimic of constitutive phosphorylation.”’** To rule out
effects on cell viability, we conducted an MTS assay on
U251 cells expressing empty vector (EV), wild-type cofilin
(WT), constitutively active cofilin (S3A), or constitutively
inactive cofilin (S3D) and did not observe any statistically
significant difference in cell viability (Figure 7A). How-
ever, when we analyzed the effects of overexpression of the
cofilin phosphomutants on migration and invasion, we
observed a large, statistically significant increase in both
migration and invasion of the cofilin-S3A phosphomutant,
indicating that modulation of the balance of cofilin activity
in astrocytoma cells affects astrocytoma cell motility
in vitro (Figure 7B and 7C).

Expression of cofilin phosphorylation mutant in vivo increases
astrocytoma invasiveness. Given that the cofilin-S3A mutant
demonstrated increased migration and invasion in vitro, we
evaluated the effect of altering the cofilin phosphorylation
cycle in vivo using an intracranial astrocytoma xenograft
model. The U251 astrocytoma cell line has been well charac-
terized to form astrocytomas intracranially 6 to 8 weeks
following implantation of 1 x 10° cells® and is characterized
by a well circumscribed border between the engrafted
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Figure 5. Migration and invasion of astrocytoma cells is inhibited by cofilin knockdown. (A). Results of MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assays. U87 and U251 cells untransfected or transfected with control and cofilin
siRNAs were cultured for 72 hours and then incubated for | hour with MTS. Bar graphs show the average absorbance at 490 nm after the incubation with
MTS. Any statistically significant differences could not be observed. (B) Bar graph representation of migration assay of U87 and U251 cells untransfected
or transfected with control and cofilin siRNAs seeded through a cell sedimentation manifold to establish a circular confluent monolayer on bovine serum
albumin (BSA) or laminin (LN) coated substrates. (*P = 0.009, **P = 0.0005, **P = 0.032, ***P = 0.016) (C) Bar graph representation of the average
invading cell number through the Matrigel invasion chamber membrane. Asterisks indicate statistically significant differences (*P = 0.003, **P = 0.0006).
Photomicrographs of the membranes with the invading cells stained with 0.5% crystal violet. Original magnification 200%.

astrocytoma and the surrounding brain. Stable U251 cells
0@ Q ¥ <_;§) expressing either empty vector (EV), wild-type cofilin (WT),
Exogenous or cofilin-S3A (S3A) were implanted into the brains of athy-
| |- cofilin mic mice. Given that the S3D mutant expressing cells did not
affect migration or invasion in vitro, these cells were excluded
from the mouse xenograft studies. Kaplan-Meier survival
o0 o e | < Endogenous analysis resulted in no significant difference in overall sur-
cofilin vival between the 3 groups indicating that cofilin overexpres-
P —— sion did not alter the tumor growth rate (Figure 8A).
a-GFP However, when the brains of the mice were examined histo-
el logically, differences in microscopic invasion and spread to
the contralateral hemisphere were observed. All implanted
astrocytomas originating from the cofilin-S3A cells exhib-
ited focal microscopic invasion (Figure 8B and Table 1) com-
é / ! pared to 71% and 86% of empty vector and wild-type cofilin

mutants tagged with green fluorescent protein (GFP).Western blot analysis . .
of cell lysates prepared from untransfected U251, U251 cells stably Xenogr afts, respectlvely. When the whole brain was exam-
transfected with empty pEGFP vector (EV),and U251 cells overexpressing ined for spread to the contralateral cerebral hemisphere,
WT, serine 3A mutant (S3A), and serine 3D mutant cofilin (S3D). Upper 43% of the EV and 29% of WT astrocytoma xenografts
and lower arrow heads mark exogenous GFP-cofilin fusion protein and compared to 100% of S3A xenografts spread to the contralat-
endogenous cofilin, respectively. eral hemisphere, indicating that expression of the cofilin

a-cofilin

O-ACTIN | — — — — —

Figure 6. Generation of stable cofilin wild-type (WT) and phosphorylation
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Figure 7. Alteration of cofilin activity cycle modulates astrocytoma migration and invasion. (A) Results of MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay. EV,WT, S3A, and S3D cells were cultured for 72 hours and then incubated
for | hour with MTS. Bar graphs show the average absorbance at 490 nm after the incubation with MTS. Any statistically significant differences could
not be observed. (B) Results of cell migration assays. EV, WT, S3A, and S3D cells were seeded through a cell sedimentation manifold to establish a
circular confluent monolayer on substrate-coated wells (bovine serum albumin [BSA] or laminin [LN]). The cells were allowed to migrate for 24 hours,
and photographs were taken before and after migration. Bar graphs show average migration rate calculated as the change in the diameter of the circle
circumscribing the cell population over a 24-hour period.Asterisks indicate statistically significant differences (*P = 0.006, **P = 0.005). (C) Results of cell
invasion assay. (Left) Bar graphs showing the average invading cell number through the Matrigel-precoated membrane with 8-mm pores within 24 hours
in 6 random light microscopic fields magnified at 200 times. Asterisk indicates statistically significant difference (*P = 0.01 I). (Right) Photomicrographs of
the membranes with the invading cells stained with 0.5% crystal violet. Original magnification 200x.

Elevated cofilin expression has been documented in a
number of malignancies including renal cell, ovarian, and
oral squamous carcinomas.'”"’ Cofilin is also overex-
pressed in A549 lung cancer cells, pancreatic cancer cells,
and the rat C6 glioblastoma cell line.***° In addition, cofilin

phosphorylation mutant enhanced the extent of migration of
astrocytoma cells in vivo (Table 1).

Discussion

In this study we observed that overexpression of cofilin in
the context of a patient sample tissue microarray correlates
with increasing grade of astrocytoma. Furthermore, we
demonstrate for the first time, through the use of functional
assays, a role for cofilin in astrocytoma migration and inva-
sion. Finally, we have evaluated the consequence of per-
turbing the cofilin activity cycle by demonstrating with an
in vivo intracranial xenograft mouse model that tumors
expressing a cofilin phosphorylation mutant have increased
invasiveness compared to controls.

overexpression has been linked to an invasive subpopula-
tion in rat mammary tumors.”’ Previously, van Rheenen
et al."* established that alterations in a common cofilin
activity cycle regulates invasion in many tumor and inflam-
matory cells.

Interestingly, cofilin has also been shown to be down-
regulated in several tumor types including hepatocellular
carcinoma cells and certain ovarian cancer subtypes.”**’
Furthermore, restoration of cofilin expression in H1299
lung cancer cells was found to be inhibitory to invasion.*’
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Figure 8. Modulation of the cofilin activity cycle increases in vivo invasiveness but not overall
survival. (A) Kaplan-Meier survival curves for nude mice with orthotopic intracranial xenografts of
U251 cells stably transfected with empty pEGFP vector (EV) and U251 cells stably overexpressing
wild-type (WT) and S3A mutant cofilin (S3A). Any statistically significant differences determined by
the Wilcox on matched-pairs signed-ranks test could not be observed among the 3 groups. (B)
Photomicrographs of the representative sections of the orthotopic intracranial xenograft with EV,
WT, and S3A. Invasions to the contralateral cerebral hemisphere or the corpus callosum were
observed in the xenografts with S3A.The sections were stained with hematoxylin and eosin. Original
maghnifications are 10x (left) and 40% (right).

These seemingly contradictory data
indicate that the context of the entire
cofilin activity cycle must be taken
into consideration when evaluating
the role of cofilin in tumor invasion.
Put in other terms, it is likely the bal-
ance of cofilin activity in tumor cells
in addition to its chief co-regulatory
molecules that tips the scales in favor
of tumor invasion.

A simple interpretation may indi-
cate that cofilin expression mediates
invasiveness in a cell context depen-
dent manner. Given our results where
there is variable expression of cofilin
in astrocytoma cells, we propose it is
the total activity of the cofilin pathway
that must be evaluated to fully under-
stand the invasive nature of certain
tumors.”’ Evidence for this has been
found through the examination of
cofilin pathway members that directly
regulate cofilin. Yoshioka et al.* iden-
tified that LIMK1 expression corre-
lated with invasiveness in breast
cancer cells. LIM kinases inactivate
cofilin through phosphorylation that
prevents cofilin from interacting with
actin. Overexpression in these tumors
is postulated to perturb the balance of
the cofilin activity cycle by decreasing
the local concentrations of unphos-
phorylated active cofilin.”> Cofilin
activity is regulated not only by phos-
phorylation but also by subcellular
localization that influences cofilin
intermolecular interactions. For exam-
ple, when cofilin is localized at the
plasma membrane it can be inacti-
vated through interactions with phos-
phatidylinositol  (4,5)-bisphosphate
(PtdIns(4,5)P2).* Cofilin transloca-
tion to the F-actin sub-plasma mem-
brane domain is mediated by PLCy
activity, which results in cofilin acti-
vation and binding to actin. Active
cofilin severs the actin filaments,
which increases the local concentra-
tion of free barbed ends thereby stimu-
lating  further  branching and
polymerization of actin filaments (see
schematic in Figure 1).

In the context of astrocytomas,
cofilin was observed to be upregu-
lated in the C6 rat glioma cell line
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Table I. Summary of the Findings of Orthotopic Intracranial Xenografts of U251 Cells Stably Transfected with Empty pEGFP Vector
and U251 Cells Stably Overexpressing Wild-Type Cofilin and S3A Mutant Cofilin

Number of mice

Invasion to the contralat-

Microscopic eral cerebral hemisphere or

Transplanted with examined Median survival, days invasion (cases) the corpus callosum (cases)
Empty vector 7 39 5(71%) 3 (43%)
Wild-type cofilin 7 43 6 (86%) 2 (29%)

S3A mutant cofilin 7 38 7 (100%) 7 (100%)

using serial analysis of gene expression.”® In a human astro-
cytoma cell line, increased cofilin expression was shown to
enhance astrocytoma cell motility to a certain threshold
concentration. Exogenous expression of cofilin higher than
this threshold resulted in inhibition of migration, providing
further support to the concept that local balance of subcel-
lular concentrations of cofilin determines its function.”” In
the current report, we extended the observations by Yap
et al.” to investigate the cofilin pathway in primary patient
samples. Furthermore, the current study demonstrates that
disruption of cofilin activity has significant effects on cell
migration and invasion both in vitro and in vivo. It would
have been interesting to analyze the expression of phospho-
cofilin and the cofilin pathway regulators LIMKI1 and
Slingshot on the tissue micro-array; however, our attempts
were limited due to unavailable reagents that worked reli-
ably on paraffin embedded TMA specimens. In the future,
as reagents become available, it would be interesting to
assess how cofilin phosphorylation status correlates with
tumor aggressiveness and patient survival. Our study also
looked at multiple astrocytoma cell lines and noted not only
elevated cofilin expression but also increased LIMKI
expression that parallels the observation by Wang ef al.”’ in
invasive breast carcinoma cells.

In summary, we tested the effects of cofilin and cofilin
mutants on astrocytoma cell migration and invasion both in
vitro and in a mouse intracranial xenograft model of astrocy-
toma. In vitro, depletion of the active pool of cofilin by
siRNA inhibited migration and invasion. Conversely, over-
expression of a cofilin phosphorylation mutant in vivo
resulted in a tumor that not only had increased invasiveness
at the microscopic tumor margin but also exhibited increased
spread to the contralateral hemisphere compared to controls.
Although we observed increased invasiveness in the cofilin
phosphorylation mutant, we unexpectedly did not see a
change in overall survival. We reason that the astrocytoma
cells used in this experiment aggressively form tumors within
60 days, and given that the animals are sacrificed as soon as
they show any signs of overt disease, this may result in a nar-
row window of time that is unsuitable to distinguish subtle
differences in survival. Interestingly, we did not see any
difference between cofilin wild-type and cofilin-S3D
phosphorylation mutant when compared to cofilin-S3A

mutant. This can be explained given that the cofilin-S3A is
incapable of being phosphorylated and thus remains in an
active state and is able to promote actin turnover. In contrast,
the cofilin-S3D mutant is a phospho-mimic and results in a
pool of inactive cofilin that does not exert a dominant nega-
tive effect on the cofilin activity cycle.

Taken together, these findings suggest that in astrocyto-
mas, analysis of the expression and activity of cofilin,
LIMK1, and potentially other cofilin pathway proteins in
patient samples may predict astrocytoma aggressiveness
and should be further evaluated for prognostic significance
and as future targets to inhibit human astrocytoma
invasiveness.

Materials and Methods

Cell culture. Normal Human Astrocytes (NHAs, Lonza,
Walkersville, MD) were cultured in specialized media
obtained from the manufacturer (Astrocyte Basal Medium
containing rhEGF; insulin, ascorbic acid, GA-1000, L-
glutamine, and FBS). The permanent, well-characterized
U251, U138, U118, A172, and T98 human astrocytoma cell
lines were maintained in Dulbecco’s modified eagle’s
medium (DMEM) (Wisent, St Bruno, QC) with 10% fetal
bovine serum (FBS) (HyClone Laboratories Inc., Logan,
UT). The U87 cell line was maintained in minimum essen-
tial medium (MEM) supplemented with 10% FBS. Cells
were cultured in a 37°C, 5% CO2 humidified chamber.

Tissue microarray and immunohistochemistry. Tissue micro-
array staining was done using the commercially available
brain tumor tissue microarray GL803 (US Biomax Inc.,
Rockville, MD), which consists of 55 astrocytic tumor
specimens and 5 normal brain specimens. The patient popu-
lation included 22 male and 33 female tumor specimens,
with a mean patient age of 41.7 years (range, 4-68), and 3
male and 2 female normal control specimens, with a mean
patient age of 45.8 years (range, 30-52). Of the astrocytic
tumor specimens, 5 were grade I, 10 were grade 11, 24 were
grade III, and 15 were grade IV. Tumor grade data were
provided by US Biomax Inc., and determined according to
the 2007 WHO grading system. Immunohistochemistry
was performed as previously reported using anti-cofilin
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antibodies (AbD Serotec, Oxford UK).** Cofilin immunos-
taining was graded semi-quantitatively using a score rang-
ing from 0 to 3 based on the extent of positive staining in 5
fields of view per tumor core: score 0 = 0%, score I =
1-30%; score II = 31-70%; and score III = 71% or more
positive tumor cells. Total scores were determined by both
distribution within a section and staining intensity relative
to normal brain controls (scoring based on semi-quantita-
tive measure of staining intensity per cell was scored on
relative intensity level (0 = equivalent; 1 = moderate
increase; 2 = high increase) above normal brain controls.

Expression constructs and siRNA. For gene silencing, an
siRNA quadriplex specific to human cofilin 1 (NM_005507)
ON-TARGETplus SMARTpool (L-012707-00; Dharma-
con, Thermo Scientific, Waltham, MA) was obtained com-
mercially. The ON-TARGETplus siRNA sequences contain
modifications to both the sense and antisense strands to
minimize off-target effects by more than 90%. Cofilin con-
structs, serine 3A and serine 3D mutants, were generated by
PCR based mutagenesis (Stratagene, La Jolla, CA) using
wild-type cofilin obtained from the Mammalian Gene Col-
lection (I.M.A.G.E. Consortium [LLNL] ¢cDNA Clones)*
and subcloned into amino terminal GFP epitope tagged
(pEGFP) mammalian expression vectors (Clontech, Palo
Alto, CA). All constructs and mutants were verified by
sequencing (ACGT Corporation, Toronto, ON).

Western blot analysis. Cell lysates were prepared from
cultured astrocytoma cells by scraping 90% confluent
10-cm dishes into 1 mL of lysis buffer (50 mM HEPES, pH
7.5, 150 mM NaCl, 1.5 mM MgCI2, 1% [vol/vol] Triton
X-100, 10% [vol/vol] glycerol, and protease inhibitors
(Roche Molecular Biochemicals) and centrifuged at 14,000
rpm to pellet the insoluble material. The protein concentra-
tions of cell lysates were determined using the MicroBCA
kit (Pierce, Rockford, IL) according to the manufacturer’s
directions. Equivalent amounts of protein were separated
by SDS-PAGE, transferred onto PVDF membrane (Immob-
ilon-P, Millipore, Billerica, MA), and immunoblotted with
primary antibodies as follows: anti-LIMK1 1:500 (Cell Sig-
naling Technology, Danvers, MA), anti-Cofilin 1:500
(Abcam, Cambridge, UK), anti-phospho-Cofilin 1:500 (Cell
Signaling Technology), and anti-b-actin 1:1000 (Sigma, St.
Louis, MO). Bound antibodies were visualized using HRP-
conjugated protein A (Bio-Rad, Hercules, CA) or goat anti-
mouse in conjunction with a chemiluminescence reagent
system (PerkinElmer Life Sciences Inc., Boston, MA).

Immunofluorescence and confocal microscopy. For immu-
nofluorescence examination of astrocytoma cell lines,
astrocytoma cells were plated onto coverslips 24 hours
after siRNA transfection. At 72 hours after transfection,
cells were washed 3 times with PBS and fixed with 4%

paraformaldehyde and 750 puL of 1M sucrose for 30 minutes
and then permeabilized for 10 minutes using 0.2% Triton
X-100 in PBS at room temperature. Nonspecific binding
was blocked by 5% BSA in PBS for 30 minutes at room
temperature. Subsequently, cells were incubated with anti-
cofilin antibody (Cell Signaling Technology; 1:100) for
30 minutes in a 37°C incubator. After washing, cells were
then incubated with Alexa-Fluor 488 (1:200, Molecular
Probes, Eugene, OR) conjugated anti-rabbit IgG secondary
antibody. For double labeling with F-actin, cells were co-
incubated with Texas Red-X phalloidin (1:50; Molecular
Probes), and the DNA was stained with DAPI (Promega,
Madison, WI). To visualize fluorescence, a Zeiss Axiovert
200M Spinning Disk confocal microscope (Carl Zeiss Inc.,
Gottingen, Germany) equipped with a Hamamatsu Back-
Thinned EM-CCD camera (Hamamatsu Corporation,
Bridgewater, NJ) was used.

Radial cell migration assay. Cell migration assays were
performed using the micrometer-scale radial monolayer
assay as described previously.’®*” Briefly, to establish a cir-
cular confluent monolayer at the center of the substrate-
coated well, siRNA treated cells were seeded through a cell
sedimentation manifold (CSM Inc., Phoenix, AZ) at 2,000
cells per well. Photographs were acquired 22 hours after
plating, and a circle of best-fit circumscribing the cells was
drawn representing the first time point. The cells were
allowed to migrate for 24 hours, and then another circle cir-
cumscribing the newly migrated cells was made. The aver-
age migration rate was calculated as the change in the
diameter of the circle circumscribing the cell population
over a 24-hour period and expressed as micrometers per
24 hours. Photomicrographs were taken with an inverted
microscope (Leica DM IRE2; Leica Microsystems, Inc.,
Bannockburn, IL) and studied using image-analysis soft-
ware (Scion Image, Frederick, MD). All experiments were
done in triplicate and repeated 3 times.

Transwell cell invasion assay. A cell invasion assay was
carried out using modified Boyden chambers that consisted
of Transwell-coated Matrigel membrane filter inserts with
8-um pores in 24-well tissue culture plates (BD Biosci-
ences, Bedford, MA) as described previously.”” Astrocy-
toma cells (4 x 10* cells) treated with siRNA (control or
cofilin specific) were plated onto the top of the chamber in
DMEM with 5% FBS. The bottom chamber was filled with
DMEM containing 20% FBS as a chemo-attractant. Plates
were incubated for 24 hours in a 5% CO, humidified cham-
ber at 37°C. Non-invading cells were wiped off the upper
surface of the membrane with a cotton swab, and the filter
membrane was fixed with 4% paraformaldehyde and
stained with 0.5% crystal violet. The degree of invasion
was determined by counting the number of cells that had
migrated through the membrane in at least 6 random fields
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(total magnification, 200x) per filter. Experiments were
repeated 3 times in triplicate.

Xenograft in vivo invasion assay. Six week-old male nu/nu
mice were purchased from Charles River Canada Labs (St.
Constant, Quebec, Canada). All procedures in mice were
reviewed and approved by the Animal Care Committee and
Research Ethics Board, the Hospital for Sick Children.

Approximately 1.0 x 10° stably expressing cofilin wild-
type or cofilin mutant cells were stereotactically injected
into the right frontal lobe of athymic mice at a depth of
2 mm through a 0.5-mm burr hole 2 mm lateral to the sagit-
tal suture and 1 mm anterior to the coronal suture using the
rodent head frame, Lab Standard Stereotaxic Instrument
(Stoelting, Wood Dale, IL). Mice demonstrating 20% body
weight loss or difficulty ambulating, feeding, or grooming
were sacrificed. The mouse brains were then removed and
fixed in 10% formalin before histological examination
using hematoxylin and eosin and immunohistochemistry
with cofilin antibodies.

Statistical analysis. Survival curves were generated by the
Kaplan-Meier method. The log-rank statistic was used to
compare the distributions of survival times. All reported
P values were 2-sided and were considered to be statisti-
cally significant at P < 0.05.
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