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NHERF-1: Modulator of
Glioblastoma Cell Migration

and Invasion'?

Abstract

The invasive nature of malignant gliomas is a clinical problem rendering tumors incurable by conventional treatment
modalities such as surgery, ionizing radiation, and temozolomide. Na™/H™ exchanger regulatory factor 1 (NHERF-1) is
a multifunctional adaptor protein, recruiting cytoplasmic signaling proteins and membrane receptors/transporters
into functional complexes. This study revealed that NHERF-1 expression is increased in highly invasive cells that
reside in the rim of glioblastoma multiforme (GBM) tumors and that NHERF-1 sustains glioma migration and invasion.
Gene expression profiles were evaluated from laser capture—microdissected human GBM cells isolated from patient
tumor cores and corresponding invaded white matter regions. The role of NHERF-1 in the migration and dispersion
of GBM cell lines was examined by reducing its expression with small-interfering RNA followed by radial migration,
three-dimensional collagen dispersion, immunofluorescence, and survival assays. The /n situ expression of NHERF-1
protein was restricted to glioma cells and the vascular endothelium, with minimal to no detection in adjacent normal
brain tissue. Depletion of NHERF-1 arrested migration and dispersion of glioma cell lines and caused an increase in
cell-cell cohesiveness. Glioblastoma multiforme cells with depleted NHERF-1 evidenced a marked decrease in stress
fibers, a larger cell size, and a more rounded shape with fewer cellular processes. When NHERF-1 expression was re-
duced, glioma cells became sensitized to temozolomide treatment resulting in increased apoptosis. Taken together,
these results provide the first evidence for NHERF-1 as a participant in the highly invasive phenotype of malignant
gliomas and implicate NHERF-1 as a possible therapeutic target for treatment of GBM.
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Introduction late several G protein—coupled receptors, including receptors for

Glioblastoma multiforme (GBM) is the most frequent form of pri-
mary brain cancer and has an average life expectancy from time of
diagnosis of only 9 months to 1 year. The highly lethal nature of this
tumor partly originates from its invasive phenotype, which affords
the tumor cells the ability to infiltrate adjacent brain tissue [1,2].
In eradicating this invasive disease, it is considered incurable using
treatment modalities presently available. As a result, identifying
and characterizing molecular mechanisms that drive the invasive be-
havior of GBM may serve as diagnostic and prognostic markers, as
well as candidate therapeutic targets.

Na*/H" exchanger regulatory factor 1 (NHERF-1; also SLCA9A3R1)
was initially recognized as a scaffolding protein that recruits mem-
brane transporters/receptors and cytoplasmic signaling proteins into
functional complexes localized at or near the plasma membrane in

epithelial cells [3,4]. Specificall, NHERF-1 has been shown to regu-

parathyroid hormone, x-opioid, and f,-adrenergic receptors [5].
Na*/H" exchanger regulatory factor 1 interacts with specific growth
factor receptors such as the epidermal growth factor receptor and

Abbreviations: NHERF-1, Na*"/H" exchanger regulatory factor 1; GBM, glioblastoma
multiforme; TMZ, temozolomide; TMA, tissue microarray

Address all correspondence to: Michael E. Berens, PhD, The Translational Genomics
Research Institute (TGen), 445 N Fifth St, Fifth floor, Phoenix, AZ 85004.

E-mail: mberens@tgen.org

'Supported by grants SROINS042262 and ABRC0806 and by Students Supporting
Brain Tumor Research Fund.

This article refers to supplementary material, which is designated by Figure W1 and is
available online at www.neoplasia.com.

Received 11 December 2008; Revised 7 January 2009; Accepted 12 January 2009

Copyright © 2009 Neoplasia Press, Inc. All rights reserved 1522-8002/09/$25.00
DOI 10.1593/ne0.81572



378  NHERF-1 Regulates Glioma Migration and Invasion

Kislin et al.

Neoplasia Vol. 11, No. 4, 2009

platelet-derived growth factor receptor and modulates mitogenic sig-
naling by these receptor tyrosine kinases [5]. Structurall, NHERE-1
contains two tandem PDZ domains (protein-binding domains con-
served in the mammalian synaptic protein, PSD-95, Drosophila Dlg
or discs large, and the adherens junction protein, ZO-1) that can olig-
omerize with other PDZ domains to enhance scaffolding function
[6,7] as well as mediate other specific protein-protein interactions
[8]. Previous studies have shown NHERF-1 to be upregulated in
tumor tissue relative to its corresponding normal tissue in breast can-
cer [3], schwannoma [9], and hepatocellular carcinomas [10].

Whereas these studies indicate that NHERE-1 plays a role in the
progression of several cancer types, the involvement of NHERF-1 in
the pathogenesis of glioblastomas is unknown. Invasive cancer cells,
including glioblastoma, are resistant to apoptosis [11-16]. However,
decreasing the migratory capabilities of tumor cells can restore a cer-
tain level of sensitivity to cytotoxic insult [15,17]. To gain more in-
sight into the functional role of NHERF-1, changes in the levels of
this gene product in migrating primary human tumor cells were mea-
sured; NHERF-1 was depleted in GBM cell lines, then migration
and dispersion responses were assessed, cell morphology was ana-
lyzed, and the activity of the cytotoxic, alkylating agent, temozolo-
mide (TMZ), was tested.

Materials and Methods

Cell Culture Conditions and Extracellular Matrix Preparation

Human glioma cell lines SF767 [18] and T98G (American Type
Culture Collection, Manassas, VA) were maintained in minimum
essential medium (MEM; Invitrogen Corp., Carlsbad, CA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone
Laboratories, Inc., Logan, UT) in a 37°C and 5% CO, atmosphere
at constant humidity. Laminin from human placenta was obtained
from Invitrogen.

Clinical Samples and Histology

Human glioblastoma tumor samples were obtained from patients
who underwent primary therapeutic subtotal or total tumor resec-
tion performed under image guidance. All specimens (19 total) were
collected and submitted to the study under institutional review
board—approved protocols. No chemotherapy or radiotherapy was
performed on the patients before resection. Portions of the specimen
from the main tumor mass and the invasive rim were immediately
frozen on dry ice. Another portion was fixed in paraformaldehyde
and paraffin-embedded for histologic evaluation. Histologic diagnosis
was made by standard light microscopic evaluation of hematoxylin
and eosin (H&E)-stained sections. All tumor samples were classified
as grade 4 GBM according to the World Heath Organization [19].

Laser Capture Microdissection

Laser capture microdissection (LCM) was performed as described
previously [20-22]. Briefly, 1000 to 2000 tumor core and invasive rim
cells were dissected from 8-pum sections cut from four flash-frozen
glioblastoma (WHO grade 4) tumors. Cells in the tumor core were
identified and captured; tumor cells immediately adjacent to necrotic
areas, cortical areas, cells with small, regular nuclei, or that evidenced
features of endothelial and blood cells were avoided. White matter—
invading GBM cells were identified by means of their nuclear atypia
and heteropyknotic staining, which was consistent with that of the
cells within the tumor core. Reactive astrocytes (discriminated by their

distinct starlike morphology with eosinophilic cytoplasm and large,
acentric, round nuclei) were avoided.

RNA Isolation and Amplification

Total RNA was isolated from LCM cells using the Paradise Re-
agent System (Arcturus, Mountain View, CA), and quantified by
real-time reverse transcription—polymerase chain reaction (RT-PCR)
performed with the LightCycler (Roche Diagnostics, Indianapolis,
IN). This consisted of performing RT-PCR with Histone 3A primers
using a serial dilution of cDNA of known concentrations as standards.
The remaining RNA (approximately 10 ng) was amplified in two
rounds with the RiboAmp RNA Amplification kit (Arcturus), yielding
between 30 and 60 ng of copy RNA.

c¢DNA Microarray Analysis

The amount and quality of RNA preparations were evaluated on
the Agilent 2100 Bioanalyzer with RNA 6000 Nano Reagents and
Supplies (Agilent, Santa Clara, CA). The LCM analytes were hybrid-
ized to 44K Agilent Human Whole Genome oligo microarrays using
Agilent SureHyb hybridization chambers; methods for microarray hy-
bridization and washing were as described in the manufacturer’s pro-
tocol. Hybridized DNA microarrays were scanned with a resolution of
5 um on an Agilent Scanner G2505B workstation, and TIFF images
were processed by Feature Extractor (Agilent) to measure intensity
values, which were then exported into GeneSpring software version
7 (Silicon Genetics, Santa Clara, CA). Intensity values for each probe
were divided by its control channel value in each sample; if the control
channel was below 10 then 10 was used instead. The percentiles of all
of the chips were calculated using only probes marked present. Inten-
sity value for each probe was divided by the median of its measure-
ments in all samples. Minimum Information About a Microarray
Experiment—compliant raw data for this series of experiments have
been deposited in the Gene Expression Omnibus (GEO) database
maintained by the National Center for Biotechnology Information (ac-
cession no. GSE12689).!

Tissue Microarray

Five-micrometer sections from a glioma invasion tissue microarray
(TMA) were subjected to the described staining methods using the
anti-NHEREF-1 antibody sc-51684 (Santa Cruz Biotechnology, Santa
Cruz, CA). The TMA specifically contained WHO grade 4 glioma
specimens (according to standardized criteria [22]) from 10 insti-
tutes. The glioma samples were obtained from patients who under-
went primary therapeutic subtotal or total tumor resection performed
under image guidance. The glioma invasion TMA is a consequence
of an international consortium. All specimens (7 = 31) were collected
and submitted to the study under institutional review board-approved
protocols. Patient information corresponding to the glioma samples on
the TMA is available through an online database.” The formalin-fixed
paraffin-embedded tissue blocks were selected by both a neurosurgeon
and a neuropathologist from each institution as listed on the online
illumine database. In addition, each specimen block chosen met the
criteria of nonnecrotic, nonirradiated, or chemotreated glioma tissue.
Briefly, two separate face cuts were made for each of the specimens

'Reviewer access to GBM Invasion Array GEO series: http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?token=Ibafrgcqkqomcvw&acc=GSE12689.

2Online database in Illumine may be accessed at https:/illumine.5amsolutions.com/ with User-
name: reviewer, Password: glassbox2008; read-only access.
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used to construct the TMA. H&E staining was performed on the face
cuts to assist in the identification of the tumor cells. Two independent
experienced neuropathologists (Dr. Ken Aldape, MD Anderson, and
Dr. David Zagzag, New York University) reviewed the face cuts and
designated the areas of core (center of the tumor) and rim (region dis-
tal to the edge but still containing notable tumor cells). The TMA was
constructed from representative punches of tumor core and invasive
rim using an indexed manual arrayer with attached stereomicroscope
under the direction of Dr. Galen Hostetter, pathologist and Director of
the TMA core facility at Translational Genomics Research Institute.
Dr. Hostetter also reviewed and verified that the prescribed areas made
by the neuropathologists were in agreement before punches were taken
for the TMA paraffin block. Tissue microarray slides were stained by
H&E every 50 sections to confirm that tissue morphology and diag-
nosis were consistent.

Immunohistochemistry—Fluorescence Staining

The TMA slide was baked at 65°C for 1 hour, deparaffinized in
three xylene washes (2 minutes each), followed by a dehydration se-
ries of 100%, 95%, and 70% ethanol, then by rehydration in water
(20 dips each). The slide was blocked, and antigens were retrieved
using a sodium citrate-based buffer, pH 6.5, for 20 minutes (BondMax
autostainer; Vision Biosystems, Norwell, MA). The primary monoclo-
nal antibody, anti-NHERF-1 sc-51684 (Santa Cruz Biotechnology),
was diluted at 1:100 and incubated for 30 minutes. For fluorescence
staining, a 1:50 dilution of rabbit anti—glial fibrillary acidic protein
(GFAP; Cell Signaling Technology, Danvers, MA) was used to stain
the cytoplasmic portions of glial cells. A secondary antibody cocktail
containing antirabbit Alexa 555 and anti-mouse-HRP was incubated
for 30 minutes. Lastly, a tyramide signal amplification system using
Cy5 (Perkin Elmer, Waltham, MA) was used to stain the primary target
NHERF-1. The slide was coverslipped using ProLong Gold containing
DAPI (Invitrogen). For immunohistochemistry (IHC) staining, the
slide was incubated with a secondary antibody conjugated to HRP for
30 minutes followed by a diaminobenzidine (DAB) substrate. The slide
was counterstained with hematoxylin and coverslipped for imaging.

Image Acquisition and Analysis

Fluorescence-based automated and quantitative analysis (AQUA;
HistoRx technology [23,24]) measured alterations in the levels of ex-
pression of NHEREF-1 within regions of interest defined by GFAP
immunoreactivity within each spot of the TMA. The AQUA score
is 2 numeric representation of fluorescence intensity in a user-defined
area normalized by exposure time. Multiple, monochromatic, high-
resolution (2048 x 2048 pixels) images were obtained from each
TMA spot with an Olympus BX51RF microscope (Olympus, Melville,
NY) [24] and analyzed with the AQUA software. For each TMA spot,
areas of tumor are distinguished from stromal elements by creating an
epithelial mask (GFAP) from the NHERF-1 protein signal, which was
visualized through the Alexa 488 fluorophore. Positivity for NHERF-1
was determined by gating the pixels, in which an intensity threshold
was set by visual inspection of TMA spots, and each pixel was recorded
as “tumor” or “nontumor” by the software on the basis of the threshold.
The DAPI image, used to designate the nuclei, was subjected to a rapid
exponential subtraction algorithm that improves signal-to-noise ratio
by subtracting the out-of-focus image from the in-focus image. After
applying the exponential subtraction algorithm, the signal intensity
of the target protein (NHEREF-1), which was acquired under the Cy5
signal, was scored on a scale of 0 to 255. The AQUA score within the

subcellular compartment of the cytoplasm was calculated by dividing
the signal intensity by the area of the specified cytoplasmic compart-
ment. Further scoring by a pathologist (J.M.E.) of NHERF-1 levels
on the TMA was performed using a system for chromophore to capture
the outcome: 1, negative to very weak; 2, moderate; 3, intense staining.

siRNA Preparation and Transfection

The siRNA oligonucleotide specific for GL2 luciferase was previ-
ously described [25]. The siRNA oligonucleotides specific for
NHERF-1 were designed, validated, and purchased from Qiagen
(Valencia, CA): NHERF-1-1 (494-514 bp; 5V-CTG CGG AAT
GGA TCA CAC TGA) and NHERF-1-2 (2631-2651 bp; 5V-AAC
TCA TTG GGT CAG CAA TTA). Transient transfection of siRNA
was carried out using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. Cells were plated in a 60-mm plate at
8.0 x 10° cells per plate in 3 ml of Dulbecco’s modified Eagle’s medium,
supplemented with 10% serum without antibiotics. Transfections
were carried out according to the manufacturer’s protocol after cells
were fully adherent (6 hours after plating). Cells were transfected with
NHERE-1 siRNA oligonucleotides or control GL2 luciferase siRNA
oligonucleotides at a concentration of 20 nM for 16 hours. No cell
toxicity was observed using this concentration of siRNA. Cells were
assayed on either day 1 or day 2 after transfection.

Western Blot Analysis

Immunoblot analysis and protein determination experiments were
preformed as previously described [26]. Briefly, monolayers of cells
were washed in phosphate-buffered saline (PBS) containing 1 mM
phenylmethylsulfonyl fluoride and then lysed in 2x sodium dodecyl
sulfate (SDI) sample buffer (0.25 M Tris-HCI, pH 6.8, 2% SDS, and
25% glycerol) containing 10 pg/ml aprotinin, 10 pg/ml leupeptin,
and 1 mM phenylmethylsulfonyl fluoride. Protein concentrations
were determined using the BCA assay procedure (Pierce, Rockford,
IL), with bovine serum albumin as reference. Fifteen micrograms of
total cellular protein was loaded per lane, separated by 10% SDS-
polyacrylamide gel electrophoresis, and then transferred to nitrocel-
lulose (Invitrogen) by electroblotting. The nitrocellulose membrane
was blocked with 5% nonfat dry milk in Tris-buffered saline (pH 8.0)
with 0.1% Tween-20 before the addition of the primary antibody and
then HRP-conjugated anti-mouse/rabbit IgG (Promega, San Luis
Obispo, CA). Bound secondary antibodies were detected using a
chemiluminescence system (NEN Life Science Products, Boston,
MA). A mouse monoclonal antibody to NHERF-1 was obtained from
Santa Cruz Biotechnology and used at a concentration of 1:1000. The
rabbit polyclonal antibody to poly(ADP-ribose)polymerase (PARP)
was obtained from Upstate Cell Signaling Solutions (Charlottesville,
VA) and used at a concentration of 1:1000. A mouse monoclonal
antibody for a-tubulin was obtained from Santa Cruz Biotechnology.
All secondary antibodies were obtained from Promega.

Radial Cell Migration Assay

Quantification of cellular migration was performed using a micro-
liter scale migration assay as described previously [26]. Briefly, 10-well
slides were coated with 10 pg/ml human laminin at 37°C for 1 hour
and washed with PBS to enhance cell attachment while promoting
migration. Approximately 2000 cells were plated onto each well of
slides using a cell sedimentation manifold (CSM, Inc., Phoenix, AZ)
to establish a confluent 1-mm-diameter monolayer. Cells transfected
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with siRNA were treated in monolayer before transferring into mani-
folds. After sedimentation and adhesion, cells were allowed to disperse
for 24 to 48 hours. Measurements of the area occupied by the cells
were taken at regular intervals for 48 hours. The average radial migra-
tion rate of five replicates was calculated as the increasing radius of the
entire cell population over time.

Three-dimensional Spheroid Dispersion Assay

Spontaneous multicellular spheroids, derived from T98G and
SE767 cells, were sandwiched between 10 pl of collagen I gel below
the spheroid and 25 pl of collagen I gel on top of the spheroid
(Vitrogen; Angiotech, Palo Alto, CA) supplemented with MEM,
2% FBS in each well of a 384-well plate (Nunc, Rochester, NY),
and overlain with 20 pl of MEM, 10% FBS. Eighteen hours after im-
plantation, dispersion assays were monitored (Axiovert 40 CFL; Zeiss,
Thornwood, NY) for up to 72 hours. Hanging drop culture [27] was
used for all subsequent spheroid production where 2 x 10> cells/ml
for T98G and SF767 lines were seeded in 20-ul droplets and cultured
in a water-filled dish for 4 days. Cells transfected with siRNNA were
treated in monolayer before the formation of hanging drops.

Cell-Cell Adhesion Assay

Cells were grown to 75% confluency and treated with NHERF-1
siRNA or luciferase control overnight; the medium was changed, and
the cells were allowed to recover for 24 hours. The cells were washed
with calcium/magnesium—free PBS and detached from the culture
dishes with 4 mM EDTA in calcium/magnesium—free PBS to pre-
serve cell surface expression of cadherin subtypes. Cells were separated
to a single-cell suspension by trituration with a Pasteur pipette. After
centrifugation, the cells were suspended in a final concentration of
0.5 million cells/ml in calcium-free suspension—modified Eagle’s
medium (Invitrogen) in the absence of serum, and 10° cells were main-
tained in suspension on 1 mg/ml poly-2-hydroxyethyl methacrylate—
coated (Sigma, St. Louis, MO) 35-mm? culture dishes to prevent cell
attachment to the substrate. Images of cells, on the substrate of at least
three fields per well, were taken after 60 minutes in culture using a
Zeiss Axiovert 40 CFL. Cell aggregates were counted based on the
number of cells per aggregate (see Results).

Immunofluoresence Microscopy

T98G and SF767 cells (z = 800) under control or siRNA
NHEREF-1 conditions were cultured for 24 hours then fixed with
4% paraformaldehyde. Cells were permeabilized with 0.5% Triton
X-100 for 10 minutes, blocked with 2.5% FBS for 5 minutes, then
stained with Alexa Fluor 546-labeled phalloidin antibody at a 1:140
dilution (Invitrogen) followed by PBS washes. Omission of primary
antibody was used as a negative control. Slides were counterstained
with DAPI and coverslipped using ProLong Gold antifade reagent
with DAPI (Invitrogen). Cells were viewed using a 40x Zeiss oil im-
mersion objective on a Zeiss LSM 510 inverted confocal microscope.

Cell Viability Assay

The Alamar Blue assay (Biosource, Camarillo, CA) was used to
assess viability as described previously [28]. Briefly, 4000 cells of each
population were seeded in quadruplicate wells of 96-well plastic
plates in 200 pl of culture medium supplemented with 10% FBS.
Cells were treated with various conditions, and the assay was devel-
oped 48 hours later. Alamar Blue was then added to the cells in a
volume of 20 pl (10% of total volume) per well, and the plates were

incubated for 6 hours at 37°C. The plates were read on a fluorescence
plate reader (excitation, 560 nm; emission, 600 nm). Averages of
the fluorescence values were calculated and normalized to controls
without TMZ (Sigma; ICsq of 250 pM for T98G and 125 pM
for SF767).

Results

NHERF-1 Expression Is Increased in Invasive Glioma
Cells In Vivo

We examined whether increased expression of NHERF-1 coincided
with the migratory behavior of invasive glioma cells iz vivo. Two paired
glioma subpopulations, from the tumor core or the invasive rim, were
isolated from 19 specimens. Using gene expression profiling, followed
by fold change analysis, we selected genes that were differentially regu-
lated in the tumor core and the rim. One of the candidate genes iden-
tified to be overexpressed in the rim of more than 50% of the tumors
was NHERF-1. In 10 of 19 glioblastoma core and rim biopsies, sam-
ples of cells invading at the rim showed 1.5- to nearly 6-fold induction
of NHERF-1 compared with cells isolated from the core (Figure 1).
Because of the heterogeneity of glioblastoma, it is not surprising that
only a little more than 50% of the population exhibited an overexpres-
sion of NHERF-1 in the invasive rims of the tumors. Quantitative
real-time polymerase chain reaction (QRT-PCR) validated the over-
expression of NHERF-1 in 9 of the 10 GBM cases and validated the
underexpression of NHERF-1 in 7 of the 9 glioma samples (data not
shown). These findings substantiate that up-regulation of NHERF-1 ac-
companies migration of tumor cells at the rim of GBM tumor samples.

Immunohistochemical Validation of NHERF-1 Protein
Expression in a Brain Tumor TMA

The protein expression of NHERF-1 from a series of primary hu-
man glioblastoma specimens (independent sample set from the 19
specimens described previously) assembled on a TMA consisting of
38 tumor cases containing core and rim was examined by immuno-
fluorescence staining. AQUA scores [23] of NHERF-1 within GFAP
regions of interest were derived for matched samples. Greater levels
of NHERF-1 expression (AQUA score > 1) were observed in the in-
vasive rim compared with the core in 31 of 38 cases (Figure 2, A
and B). Because AQUA is a relatively recent technology for quanti-
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Figure 1. Na*/H" exchanger regulatory factor 1 is overexpressed
in invasive GBM cells. From 19 independent GBM specimens,
1000 to 2000 stationary (core) and invasive (rim) cells were har-
vested by LCM for microarray analysis. Relative NHERF-1 mRNA
signal intensity was expressed as a ratio of rim to core.
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laminin or to invade in a collagen-based environment when NHERF-1
is depleted.

Our experiments also show that SF767 cells, which typically are
unable to form spontaneous spheroids, generate self-aggregating multi-
cellular assemblies after depleting NHERF-1 by siRNA. It also seems
that when NHERF-1 levels are decreased in T98G cells, the spheroids
adopt very tight and well-defined borders. On the basis of these obser-
vations, we evaluated the propensity of single-cell suspensions of T98G
and SF767 cells to develop cell-cell cohesion. Cell-cell cohesion assays
clearly showed that NHERF-1 knockdown elicited stronger cell-cell
aggregation when compared with luciferase-transfected control cells.
A quantitative measurement of cell-cell adhesion after 60 minutes in
culture, scored as aggregates as clumps of cells, revealed that glioma
cells with decreased NHERF-1 expression had significantly higher
numbers of aggregates of a larger size, compared with that in luciferase-
transfected control cells. These increases in aggregation were consequent
to depletion of NHERF-1, suggesting that an adhesion molecule(s)
is likely involved in NHERF-1-related cell-cell adhesion. In addition,
the presence of NHERF-1 induces a promotility phenotype resulting
in actin cytoskeletal rearrangements that decrease the adhesive properties
of the cells. Our data determined that when NHERF-1 is present in
glioma cells, there are prevalent stress fibers observed within elongated
motile cell bodies. However, when NHERF-1 is diminished, there is a
visible decrease in stress fibers. A more rounded cell is also observed along
with what appeared to be focal adhesion complexes in many of the cells.
These data suggest that NHERF-1 plays a major role in tumor cell mi-
gration and dispersion, and when inhibited, glioma cells cease to migrate
and possibly increase the expression of cell adhesion molecules. On the
basis of these phenotypic data, we speculate that NHERF-1 is involved in
integrin signaling pathways leading to motility and stress fiber induction
in glioma cells. Studies are underway to investigate the mechanism of
regulation of adhesion- and migration-based molecules by changes in
NHERE-1 expression, particularly the role of integrin-mediated signal-
ing processes.

A major characteristic of glioblastoma is the propensity to invade
and become resistant to chemotherapeutic agents [15,26,35-39].
Temozolomide is an oral alkylating agent that readily crosses the
blood-brain barrier, and it has been used for the treatment of brain
cancer since 1999. It induces apoptosis in neoplastic cells by inter-
fering with DNA replication [40]. However, a main cause of treat-
ment failure, with TMZ treatment [41], is the ability of tumor cells
to acquire resistance to apoptosis, which is necessary for tumor de-
velopment and progression [37,42]. The absence of apoptosis resis-
tance would otherwise induce tumor cell death when deprived of the
support from neighboring cancer cells [15,37,42]. In this study, cell
migration and dispersion are inhibited and an increased sensitization
of glioblastoma cells to TMZ treatment is observed when NHERF-1
expression is depleted. Specifically, NHERF-1 down-regulation in
conjunction with TMZ treatment showed an increase in apoptosis
versus TMZ treatment alone. A possible molecular link between
migration arrest due to NHERF-1 inhibition and enhanced TMZ-
induced apoptosis is currently under investigation.

In summary, our current findings indicate an important role of
NHEREF-1 in the regulation of glioma cell migration and dispersion.
Significantly, these data provide the first evidence that NHERF-1 is
upregulated in migrating GBM cells in vitro and in vivo, and when
silenced, tumor cells exhibit little to no migratory or dispersion ac-
tivity leading to an increased susceptibility and vulnerability to che-
motherapy. Specifically, when NHEREF-1 is inhibited, glioma cells

become sensitized to TMZ treatment. Further investigation of down-
stream signaling mechanisms of NHERF-1 related to adhesion mole-
cules needs to be conducted to determine its role in glioma invasion.
It is necessary to understand the biologic functions of NHERE-1 to
allow innovative therapeutic interventions to be developed with the
goal of targeting migratory and invasive glioma cells.
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