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Fascin-1 knock-down of human glioma cells
reduces their microvilli/filopodia while improving
their susceptibility to lymphocyte-mediated cytotoxicity
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Abstract: Cancer cells derived from Glioblastoma multiforme possess membranous protrusions allowing these cells
to infiltrate surrounding tissue, while resisting lymphocyte cytotoxicity. Microvilli and filopodia are supported by actin
filaments cross-linked by fascin. Fascin-1 was genetically silenced within human U251 glioma cells; these knock-
down glioma cells lost their microvilli/filopodia. The doubling time of these fascin-1 knock-down cells was doubled
that of shRNA control U251 cells. Fascin-1 knock-down cells lost their transmigratory ability responding to interleu-
kin-6 or insulin-like growth factor-1. Fascin-1 silenced U251 cells were more easily killed by cytolytic lymphocytes.
Fascin-1 knock-down provides unique opportunities to augment glioma immunotherapy by simultaneously targeting
several key glioma functions: like cell transmigration, cell division and resisting immune responses.
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Introduction

Glioblastoma multiforme (GBM) are aggressive,
lethal brain tumors. This cancer is usually fatal
within five years (2014 Central Brain Tumor
Registry; http://www.cbtrus.org/) due to its
very invasive nature. Even with the use of temo-
zolomide, an alkylating agent that targets the
DNA of these brain cancers, GBM patient sur-
vival is still limited. Immunotherapy is an attrac-
tive approach for the treatment of GBM, for it
allows the host's activated lymphocytes a
chance to destroy these cancerous cells [1, 2].
These activated immune cells should produce
more durable responses by preventing tumor
recurrence. Dendritic cell (DC)-based tumor
vaccines improved the survival of patients with
the mesenchymal sub-type of GBM [3]. Myeloid-
derived suppressor cells, T regulatory cells, im-
munosuppressive cytokines/factors, and im-

muno-modulatory cell surface molecules all
limit the host’s immune response via inhibited
antigen presentation or diminished lymphocyte
effector function [4-16].

We previously reported that glioma cells resist-
ed lymphocyte-mediated cytotoxicity in vitro via
a complex surface topography [17]. The glioma
cell's surface possesses numerous microvilli
and microspikes that physically prevent cytolyt-
ic lymphocytes from killing glioma cells, just as
a sea urchin avoids predators by using its
spines as a physical defense. Clinical GBM
specimens also display microvilli and filopodia
and can contain mitochondria, suggesting
these structures actively search for weak spots
between normal brain tissue that make it easy
for the tumor migration once fertile areas for
invasion are detected [18, 19]. Filopodia are
the long cylindrical protrusions coming from the
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cell membrane that extended outward from the
cell body. These extended protrusions express
integrin and growth factor receptors, which
allow the glioma to search for weak spots and
initiate the invasion process [19-25]. Micro-
projections also display various matrix prote-
ases (MTL--MMP/MMP14, MMP2 and MMP9)
which help digest the surrounding matrix and
allow macrophages, myoblasts and breast can-
cers to transmigrate through enlarged open-
ings between cells or into an extracellular ma-
trix [26-30]. Glioma cells also express these
same matrix metalloproteases, including the
membrane-bound MT-MMP/MMP14 [31-34].
Thus, these structures are actively involved in
very dynamic and complex processes.

Filopodia and microvilli are internally supported
by cross-linked polymerized actin (filamentous
actin). Upon a brief five-minute treatment with
cytochalasin B, the microvilli rapidly regressed
[17]. Likewise, when adherent glioma cells
detach from their substrates, these rounded-
up non-adherent cells became optimal targets
for various human effector lymphocytes since
these target cells lost their defensive microvilli.
Consequently, the current cytolytic assays may
over-estimate the amount of cytolytic effector
function that occurs within the in situ environ-
ment.

Fascin was initially discovered and cloned from
sea urchin oocytes [35]. Fascin is an important
scaffolding protein that strengthens this actin-
based cytoskeleton by cross linking the parallel
actin filaments into tightly compacted rope-like
strands [36-38]. Two actin binding regions
reside within the third and fourth domains of
the globular fascin-1 molecule allow two differ-
ent actin filaments to be cross-linked into stron-
ger bundles. These interlocked strands increa-
se the tensile strength and stiffness of these
membrane protrusions. Filopodia exerts ten-
sion upon the substrate and can elicit move-
ment of the cell in the direction of chemo-
attractants that the receptors on the filopodia
detect [23, 25, 27-30].

There are three members of the fascin family
(FSCN-1, 2 and 3); each protein has a restricted
tissue expression within normal tissue [23, 27,
31]. Fascin-1 is primarily expressed within the
mesenchymal and nervous tissue, like neu-
rons, glial cells and vascular endothelial cells.
Fascin-2 is expressed within retinal photore-
ceptor/sensitive cells; while Fascin-3 is found
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within the testes. Most work has studied fas-
cin-1. Fascin-1 is highly expressed with various
human cancers, including astrocytic-derived
tumors [20, 30, 39-41], and its expression
increases with the cancer’s grade status and
correlates with a poorer prognosis in other can-
cer types, too [39-50].

Using either transient siRNA or stable shRNA
constructs, fascin-1 was genetically silenced
within human U251 glioma cells. The siRNA
achieved a better knock-down efficacy with a
90% knock-down, while the stable transduced
shRNA-fascin-1 cells were inhibited by 50-70%.
Our best selected fascin-1 knock-down clone
possessed a 70% inhibition. In both silencing
systems, the U251 cells lost the majority of
their microvilli/filopodia and assumed a more
rounded squamous appearance. The shRNA
driven fascin-1 knock-down cloned U251 cells
had a slower in vitro growth rate and became
less invasive as demonstrated by its inhibited
ability to penetrate through 8 micron pores in
response to interleukin-6 (IL-6) or insulin-like
growth factor-1 (IGF-1), known chemo-attrac-
tants for human glioma cells. The expression of
HLA-A2 and the tumor associated antigen, the
glioma Big Potassium (gBK) ion channel was
unaltered by stable fascin-1 knock-down.
Consequently, the loss of these membrane pro-
trusions allowed these glioma cells to be more
susceptible to lymphocyte-mediated killing wi-
thin 6 hour cytotoxicity assays. Therefore, fas-
cin-1 knock-down improves lymphocyte cyto-
lytic activity, while simultaneously slowing glio-
ma growth and inhibiting their ability to migrate
in vitro. Thus, strategies which inhibit fascin-1
expression may enhance immunotherapy aga-
inst various GBM by three different mecha-
nisms: lowered growth rates, less invasiveness
and improved cytolytic potential of effector
lymphocytes.

Materials and methods
Cell lines and cell culture

The human U251 glioma cell line has been pre-
viously described [51]. These cells were grown
in DMEM media supplemented with 5% fetal
bovine serum and standard antibiotics.

Fascin-1 knock-down

The human glioma cells were genetically kno-
cked-down for fascin-1 by using either short
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interfering RNA (siRNA) (sc-35359) or short
hairpin (shRNA) (sc-35359-sh or control shRNA
sc-108060) constructs from Santa Cruz Bio-
technology (Dallas, TX) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) or the Santa
Cruz transfection reagent (sc-29528). The tr-
ansfections were performed according to the
manufacturer’s protocols. The cells were seed-
ed in 6-well plate and grown to 50-70% conflu-
ence. The fascin-1 or control constructs were
mixed with the transfection reagent. After 30-
minute incubations at room temperature, the
cells were washed with the complete medium
and incubated.

After 1-3 days after siRNA transfection, the
cells were examined. For the shRNA transfect-
ed cells, the cells were incubated at 37 C in the
CO, incubator; the cells were cultured in medi-
um containing puromycin. After puromycin
selection, single cells were isolated by limiting
dilution to screen the cells with the lowest fas-
cin-1 expression. The best known-down clone
was then used, which had a 70% knock down
as detected by both molecular and protein
detection analyses.

Quantitative real time-reverse transcriptase
polymerase chain reaction (QRT-PCR)

The following primers were synthesized by Op-
eron Biotech (Germantown, MD): fascin-1 for-
ward: 5-ACGGCAACGTGACCTGCGAG-3’; fascin-
1 reverse: 5-GACTGCAGCGACCAG CGACC-3..
18S RNA Forward and 18S reverse were 5-
CAGGATTGACAGATTGATAGC TCT-3’ and Rever-
se-5-GAGTCTCGTTCGTTATCGGAATTA-3, respe-
ctively.

Total RNA was isolated from the cells using the
Qiagen’ s RNeasy plus mini kit and one micro-
gram RNA were subjected to cDNA synthesis
using the cDNA synthesis kit from Bio-Rad. The
cDNA was then used for real-time PCR analysis
using C1000 Thermal Cycler (Bio-Rad, Hercules,
CA). The thermal profile was 95°C for 15 min-
utes, followed by 40 cycles of 95°C for 15 sec-
onds and 58°C for 30 seconds, finally holding
at 4°C.

Samples were run in triplicate, and a reaction
without cDNA was used to establish baseline
fluorescence levels with 18S RNA. The fluores-
cent signal was plotted versus cycle number,
and the threshold cycle (C,) was determined at
the cycle number where an increase above
background fluorescence could be reliably
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detected. Each PCR run also included non-tem-
plate controls containing all reagents except
cDNA. After cycling, a melting curve was pro-
duced by slow denaturation of the PCR end
products to validate the specificity of amplifica-
tion. The relative quantification of expression of
the gene was determined by 2°T as described
earlier [51-53].

Intracellular flow cytometry

Exponentially growing glioma cells (1x107 cells)
at 50-70% confluence were first trypsinized and
then fixed in FCM™ Fixation Buffer (Santa Cruz
Biotechnology) on ice for 30 minutes. The cells
were washed twice in ice-cold PBS. The cells
were permeabilized with Santa Cruz Biotech’s
Permeabilization buffer for 15 minutes on ice.
The cells were washed again with FCM Wash
buffer twice. The re-suspended cells were divid-
ed into 10° cell aliquots and then incubated
with the primary monoclonal IgG1l antibody
anti-fascin-1 antibody (Santa Cruz Biotechno-
logy, sc-21743) for 1 hr. The cells were washed
twice and the secondary antibody-conjugated
with fluorescein isothiocyanate (FITC) (Vector
Labs, Burlingame, CA) was incubated on ice for
another hour. After washing the cells twice, ten
thousand cells were analyzed with a Becton
Dickinson FACS Calibur flow cytometer (Moun-
tain View, CA). We used the Kolmogorov-Smir-
nov statistic’s test, to show significant differ-
ences in flow cytometry expressions (P<0.05)
between the various cell lines [51-53].

Immunofluorescent microscopy

Glioma cells were incubated upon coverslips
that were collagen coated. The cells were fixed
with 2% paraformaldehyde and permeabilized
with ice-cold methanol/acetone. Tissues con-
taining the glioma were stained with a 1:50
dilution of the anti-fascin-1 antibody. The tissue
was washed and then incubated one hour with
a 1:200 dilution of the secondary antibody-FITC
conjugated (Vector Labs, Burlingame, CA). Tis-
sue samples were washed and mounted with
Prolong Gold anti-fade reagent (Molecular Pro-
bes, Eugene, OR). Samples were imaged and
analyzed using the Eclipse ES00 Microscope.

For some experiments intact non-fixed cells
were stained with fluorescent wheat germ
agglutinin which stains extracellular glycopro-
teins to better outline the cell-surface topogra-
phy [17].
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Atomic force microscopy

Five thousand tumor cells were plated onto
sterile gelatin coated 12 mm coverslips cul-
tured within 24-well plates. The cells were
allowed to adhere to the matrix for 16-18 hrs.
Cells were fixed in 1% glutaldehyde here for 30
minutes at 37°C. The fixative was replaced by
PBS and transported to the AFM facility at room
temperature. At the AFM facility, the samples
were mounted onto a J-piezoscanner of an
atomic force microscope (Nanoscope lll, Digital
Instruments, Santa Barbara, CA) equipped with
a fluid cell. The cantilevers with oxide sharp-
ened silicon nitride tips were 100 um long. The
images were collected in tapping height mode
at frequencies of 9.2 kHz with a scanning fre-
quency of 1 Hz [36]. We used this technique in
our previous paper [17].

Doubling times

Five thousand glioma cells were placed in each
well of the 24 well plate in triplicate replicates.
The doubling time of each cell was calculated
by the equation: Number of divisions = (log 10
N1 - log 10 NO)/log 2 [54]. NO is the number of
cells found at Day O and N1 is the number ob-
tained on a later day. After days 1, 2 and 3, the
cells were trypsinized and counted. Population-
doubling time hour is calculated by dividing 24,
48 or 72 hours by the number of divisions that
were calculated. The doubling times of cells
from the 3 days were then averaged, and the
standard deviation was calculated.

Transmigration studies

The Chemo-Tx disposable chemotaxis system
with 8 um pores from NeuroProbe (Gaithersburg,
MD) was used according to the manufacturer’s
directions. Twenty thousand U251 cells in PBS
were loaded in the top chamber with either
non-transfected U251 or with fascin-1 knock-
down U251 cells. The bottom chamber con-
tained either 20% fetal bovine serum, or 100
ng/ml of either recombinant interleukin-6 (IL-6)
or insulin-like growth factor (IGF-1) to induce
glioma transmigration [55, 56]. The human
cytokines were purchased from Peprotech
(Rocky Hill, NJ). The number of cells transmi-
grating from the upper to lower chambers after
an overnight incubation (five hours) was deter-
mined in sextuplicate replicates. Fluorescent
cells at the bottom of the well in the 96 well
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plates were determined by the NOVOStar fluo-
rescence plate reader BMG Labtech Inc. (Cary,
NC). A student’s t-test was then used to verify
significant differences (P<0.05) occurred be-
tween the experimental groupings from the
control [51-53].

Cytolytic lymphocytes

Lymphokine Activated Killer Cells (LAK): After
informed consent, forms were signed, human
peripheral blood mononuclear cells were col-
lected at Hoag Hospital, and the cells were iso-
lated after a centrifugation using Ficoll-Hypa-
que. Aliquots were frozen until needed. Frozen
PBMCs were thawed in a 37°C water bath, re-
suspended in warm AIM-V (Gibco, Grand Island,
NY) with antibiotics and centrifuged at 2000
rom for 5 minutes at room temperature. The
cell pellet was re-suspended at 3 x 106 cells per
ml in AIM-V with antibiotics and supplemented
in 3,000 units/ml of recombinant human inter-
leukin-2 (rhIL-2) (Chiron, Emeryville, CA). The
cells were incubated in the humidified air at
37°C in 5% CO, for 7 days. On day 5, the cells
were counted by Trypan-blue dye exclusion
assay and re-suspended in 80% fresh AIM-V at
3 x 108 cells per ml plus 3,000 units/ml rhiL-2.
The cell cultures exhibited typical clustering
and phenotype of IL-2 activated lymphocytes as
well as cytolytic activity against natural killer
sensitive cell lines like K562 [17].

Peripheral-blood mononuclear cells were col-
lected from an HLA-A2+ donors after informed
consent forms were signed at UCLA. The DC
was pulsed with gBK, , .. .: 8BK1-SLWRLESKG
or gBK.,,..- 8BK2- GQQTFSVKV peptides as
previously described [51-53]. The mononuclear
cells were ficolled and then incubated in human
GM-CSF (1,000 units/ml) and IL-4 (1,000 units/
ml) in AimV (Gibco/Invitrogen, San Diego, CA) at
37°C. The recombinant cytokines were obtai-
ned from CellGenix USA (Antioch, lllinois). The
autologous T lymphocytes were then incubated
with the antigen pulsed DC and then expanded
with 10 ng/ml IL-2 for 1 week and then re-stim-
ulated with fresh antigen pulsed DC and then
fed every 3-4 days with IL-2, IL7 and IL-15 for
the next couple weeks.

Cytotoxicity assay

The U251 target cells were plated (10,000
cells/well) into the wells of 96 well flat bottom
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Figure 1. Intracellular flow cytometry of fascin-1 pro-
tein level knocked down by siRNA and shRNA. (A) The
U251 cells, siRNA control (shaded area) or siRNA fas-
cin-1 knockdown (light line) and (B), shRNA control
(shaded area) or initial non-cloned shRNA fascin-1
knockdown U251 cell (light line) were examined by
intracellular flow cytometry using the monoclonal
antibody towards fascin-1. Ten thousand cells were
analyzed. By the Kolmogorov-Smirnov statistics’ test,
the fluorescent readings were determined to be sta-
tistically different (P<0.001) from each other.

plates over night to allow them to adhere. A
separate aliquot of U251 cells was detached by
incubating the cells in a versene buffer for 20
minutes. The detached cells and the attached
U251 cells were labeled with Cr% (MP Bio-
medicals, Indianapolis, IN) as we have previ-
ously done [51]. After 3 washes, the cells we-
re incubated with the effector cells at either
50:1, 25:1 or 12:1 effector: target cell ratios
in quadruplicate cultures. Triton X-100 (1%)
treated cells served as the maximum relea-
se. U251 cells incubated without any effector
cells served as the spontaneous release val-
ues. After 6 hours, the supernatants was co-
llected and analyzed on the scintillation co-
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unter. Percent specific release was calcula-
ted using theequation: % Specific Release =

CPM (experiment) " CPM (spontaneous reIease)

CPM (maxmum) - CPM (spontaneous release) X 100

Data from the cytotoxicity assays were ana-
lyzed using a student’s t-test. Values were con-
sidered significantly different at the P<0.05
levels.

Results

Fascin-1 knock-down alters the glioma mor-
phology and loses membranous projections

U251 and other glioma cells display a complex
cell surface topography with numerous micro-
villi, microridges, microspikes and filopodia
both in vitro and in vivo [17-19]. When U251
glioma cells were treated with cytochalasin B to
disrupt the actin cytoskeleton or these adher-
ent cells were physically detached from their
substrates, the microvilli disappeared within 5
minutes. These membrane projections are com-
posed of polymerized actin filaments held
together by a cross-linking protein called fas-
cin-1. Previous studies associated the pres-
ence of fascin-1 with glioma morphology and
function [20, 39, 40].

Our preliminary work was done by using siRNA
fascin-1 knock-down techniques. With the si-
RNA knock-down of the fascin-1 gene in U251
cells, we obtained about 90% knock-down as
determined by gRT-PCR. This knock-down was
then verified at the protein level by using a
monoclonal antibody directed towards fascin-1
and assessed by doing intracellular flow cytom-
etry within three days (Figure 1). The morphol-
ogy of glioma cells changed in response to this
genetic silencing.

Representative picture of the morphology of
the U251 cells after two days after siRNA trans-
fection is displayed in Figure 2. Non-transfected
U251 cells changed from a stretched fibroblas-
tic-like morphology (Top Row of panels) to a
more rounded-squamous looking one, (Second
Row of panels). The non-transfected or siRNA
control (not shown) U251 cells displayed a nice
well-organized cytoskeleton with many strands
of polymerized F-actin (green) associated with
fascin-1 proteins (red). The yellow shows where
the co-localization of the F-actin and fascin-1
occurs. The long filopodia and the leading
edges (lammelipodia) are both observed to be
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Fascin siRNA Control siRNA

Fascin shRNA Control shRNA

dual positive for both F-actin and fascin. In con-
trast, the fascin-1 siRNA treated U251 cells
lack this internal cytoskeleton as the control
cells displayed. The only fluorescent staining
appeared along the various edges of the cells.
Only a few microspikes/microvilli are seen.
These membrane structures are dramatically
shortened when compared to the filopodia on
the normal cells.

Using the shRNA constructs, we initially ob-
served about a 50% knock-down of the early
bulk transduced cells. After cloning these trans-
fected cells, we obtained stable cell clones that
possessed between 50-70% knock-down as
determined by qRT-PCR. The best knock-down
(70%) clone was then used for all future work.
The protein content of fascin-1 was confirmed
to be lost by intracellular flow cytometry (data
not shown). The stable fascin-1 knock-down
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Figure 2. The morphology of U251 cells before and two days after fascin-1 siRNA knock-down. U251 cells (untreated
Top Row) and siRNA-fascin-1 knock-down (2 days after transfection, Second Row), shRNA control (third row) or
shRNA fascin-1 (bottom row) were allowed to adhere overnight onto a slide. The cells were fixed, permeabilized and
then stained with the anti-fascin-1 antibody (red) and anti-F-actin antibody (green). Magnification is 100 X.

also appeared to have a rounded morphology
lacking membrane protrusions (Figure 2, bot-
tom row of panels). As a result of stable fas-
cin-1 knock-down, there was also a reorganiza-
tion of the actin cytoskeleton, so that the cells
assumed a rounded phenotype with very few
microspikes. The untreated cells showed mem-
brane protrusions and polarity. These two char-
acteristics were largely absent in the fascin-1
knock-down cells.

Atomic force microscopy (AFM) confirms there
is a loss of microvilli/microspikes on the fas-
cin-1 knock-down U251 cells

We showed that human U251 cells possess
multiple microvilli/micro-spikes by AFM, which
images the topography of cell surfaces [17].
These genetic knock-down cells were also eval-
uated by AFM to confirm that their cell-surface
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Figure 3. Atomic force microscopy reveals that fascin-1 knock-down results in loss of microvilli/microspikes. The
U251, siRNA control, siRNA fascin and shRNA fascin, cells were allowed to adhere overnight on sterile cover-slips.
The cells were fixed in 2% paraformaldehyde and imaged by atomic force microscopy. Left Panel: the siRNA controls
U251 cells with multiple microspikes/microvilli. While Middle Panels (siRNA fascin treated) and Right Panel (shRNA

fascin treated) displays a smoothed cell-surface topography.
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Figure 4. Fascin-1 knock-down cells loss of transmi-
gration ability by the U251. Ten thousand cells (U251
untreated, shRNA-control U251 and fascin-1 knock-
down U251 cells) were placed in the top chamber of
the NeuroProbe Invasive unit. The chemo-attractants
(20% FBS, 100 ng/ml rh-IL-6 or rhIGF-1) were placed
in their respective bottom chambers. After 5 hours,
the number of invading cells that penetrated through
the 8 ym pore was measured and then calculated for
the number of cells. Data is expressed as the mean
of sextuplicate cultures + standard deviation (SD).
The asterisk denotes a significant difference by the
student’s t test (P<0.05) of the fascin-1 knock cells
compared to both the untreated U251 or shRNA con-
trol U251 cells.

topography was changed. Figure 3, Left Panel
shows siRNA control-treated U251 cell that
possess many membrane protrusions classi-
fied as microspikes, microvilli or microridges.
The Middle Panel shows the siRNA fascin-1
treated U251 cells are relatively smooth and
relatively devoid of microvilli and micro-spikes.
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Figure 5. LAK cells kill siRNA knock-down cells better
than control siRNA treated cells. Human lymphokine
activated Killer cells were tested against adherent
U251 non-treated, shRNA control U251 and U251
fascin-1 knock-down cells. The non-adherent U251
cells which lack microvilli served as the maximum
killing. Data is expressed as the mean of specific kill-
ing of quadruplicate cultures *+ SD. The asterisk de-
notes a significant difference by the student’s t test
(P<0.05) from the shRNA-fascin-1 knock-down cells
compared to the adherent U251 or shRNA-control
U251 cells.

We also saw identical results using our stable
shRNA knock-down U251 cells (Right Panel).
Thus, both silencing techniques cause a dra-
matic reduction in membrane protrusions.

Fascin-1 knock-down slows U251 growth

One empirical finding we quickly noted was that
the shRNA-fascin-1 knock-down clone grew at a
slower rate than the shRNA control cells. The
growth kinetics of the U251 shRNA control and
fascin-1 knock-down cells was examined over
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Figure 6. shRNA knock-down of fascin-1 does not alter expression of HLA-A2 or gBK antigens. A-C. The U251 un-
treated, shRNA control or fascin-1 shRNA treated cells were stained for the presence of membrane HLA-A2 (Top
Row) or the cells were fixed, permeabilized and stained for gBK (Bottom Row). D-F. Ten thousand were analyzed by

flow cytometry.

the next 3 days. These cells were grown in 24
well plates, and the cell counts were done daily.
The doubling rate was next calculated from this
data. The shRNA-control cells had a doubling
time of 17.4 + 1.0 hours, while the fascin-1
knock-down was 33.8 + 0.7 hours. This delayed
doubling time represented nearly a doubling of
the time; it was significantly different from the
shRNA control cells by using a student’s t test
(P<0.05). Thus, the fascin-1 knock-down unex-
pectedly slowed down the growth of U251 glio-
ma cells, besides having the cosmetic loss of
microvilli and loss of polarity.

U251 fascin-1 knock-down cells had de-
creased transmigration properties

The U251-shRNA control and U251-shRNA fas-
cin-knock-down cells were tested in transmi-
gration assays using the NeuroProbe chemo-
taxis chamber with 8 ym pores. One of two
reproduced experiments is presented here. The
U251 cells, (non-modified, shRNA control and
fascin knock-down cells) were placed in the
upper chambers, while the various chemo-at-
tractants: 20% fetal bovine serum, recombi-
nant interleukin-6 or recombinant insulin-like
growth factor-1 was placed in their respective
bottom chambers. Figure 4 shows that all three
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of the attractants tested allowed the U251 and
shRNA control cells to migrate faster through
the 8 micron pores than when no chemo-attrac-
tant was added. The U251 fascin-1 knock-down
cells displayed a significant inhibition (P<0.05)
towards all of the chemo-attractions that were
tested. The repeated experiment confirmed
these results.

Adherent fascin-1 knock-down cells are killed
better than are non-treated U251 cells

Adherent U251 cells are more resistant to being
Killed by a variety of lymphocyte effectors than
are non-adherent cells in vitro [17]. We postu-
lated that the microvilli act analogous to sea
urchins spins by providing a physical barrier to
protect the main cell body from the lymphocyte
effectors’ molecules like perforin or granzy-
mes.

Using the siRNA fascin-1 knock-down cells, we
showed that these fascin-1 knock-down cells
lost their ability to defend themselves from the
cytolytic effects of non-specific cytolytic lym-
phokine-activated Killer cell (also known as LAK
cells). Figure 5 shows the results of one repre-
sentative experiment of two different experi-
ments done with human LAK cells. U251, U251
siRNA control cells and fascin-1 knock-down
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Figure 7. CTL-mediated cytotoxicity is enhanced on fascin-1 knocked-down U251 cells. HLA-A*0201+ human CTLs
sensitized to gBK1 or gBK2 peptides were tested against adherent U251 shRNA control U251, U251 fascin-1 knock-
down and gBK knock-down cells. The top panels show the representative results of one experiment done out of
three different assays. The Bottom Panel shows the results when adherent siRNA control or siRNA fascin-1 U251
cells were used. A, C. The gBK1 specific CTLs are shown in the left panels while the gBK2 CTLs are displayed on
the right panels B, D. Data is expressed as the mean of specific killing of quadruplicate cultures + SD. The asterisk
denotes a significant difference by the student’s t test (P<0.05) from the fascin-1 knock-down cells compared to
the adherent control U251 cells. In the Top Panel, the asterisk also indicates that the gBK shRNA knock-down U251
cells were significantly killed less than the shRNA control U251 cells.

cells were allowed to adhere to plastic and were Killers could reproduce this previous effect. We
labeled directly with Cr®* in situ, and LAK cells generated HLA-A*0201 restricted CTLs towards
were then added to the U251 cells. As a con- the two glioma Big Potassium (gBK) epitopes
trol, non-adherent U251 cells which lack micro- (gBK1 and gBK2), as previously described [52,
villi were used to achieve maximal killing. Both 53] and then used these CTLs as effector cells
adherent U251 and adherent control-siRNA towards U251 control cells and U251-fascin
cells showed significantly lowered Kkilling (P< knock-down cells. The expression of either cell
0.05) when compared to the adherent fascin-1 surface of HLA-A2 molecules (Figure 6, Panels
knock-down U251 or the non-adherent U251 A-C) or the internal target antigen precursor
cells. Since the fascin-1 knock-down cells lack protein, gBK (Panels D-B), was unaffected by
the microvilli as the non-attached U251, they fascin-1 knock-down within the shRNA treated
were killed at the maximal amount. U251 cells.

Besides LAK cells, we next used cytolytic T lym- The anti-gBK1 or anti-gBK2 specific CTLs were
phocytes (CTLs) to show that other lymphocyte tested against adherent control-treated (shRNA
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or siRNA) U251 and adherent U251 fascin-1
knock-down (ShRNA or siRNA) cells (Figure 7).
When the shRNA-treated matched U251 cells
were tested (Top Panels), both sets of CTLs
(gBK1 specific CTLs-left panel or gBK2 specific
CTLs-right panel) killed the shRNA fascin-1
treated cells better than the shRNA control ce-
lls, since these fascin-1 knock-down cells lack
the microvilli/microspikes, which prevented op-
timal killing. As a further specificity control, we
also tested a shRNA gBK knock-down (with
70% knock-down) that reduced the amount of
targeted antigenic epitopes that the CTLs rec-
ognize in the context of HLA-A*0201. The CTLs
showed significantly less killing against these
gBK knock-down cells (P<0.05) than the shRNA
control cells.

In a separate experiment, we showed identical
results occurred when we used the fascin-1
siRNA treated cells (Figure 7, Bottom Panels),
too. Again, the adherent siRNA control U251
cells were killed by both sets of CTLs. But the
adherent siRNA Fascin knock-down cells were
killed significantly better by both sets of the
gBK-specific CTLs (P<0.05). Thus, the loss of
microvilli/microspikes by fascin-down strate-
gies provides a better target cell for CTLs.

Discussion

Previously, we reported that glioma cells pos-
sess a cell surface that was covered in micro-
spikes, microridges and microvilli, which pre-
vented lymphocyte effector cells from optimal
killing of the glioma cells in vitro. These micro
projections can also be seen within in situ glio-
mas [17-19]. Fascin is an important actin bun-
dling protein, which provides cytoskeletal sup-
port for the microspikes, microvilli and filopodia
by cross-linking individual actin filaments toge-
ther. There are three different members of this
family of proteins, fascins-1 through 3. Fascin-1
over-expression is reported in glioma, colon,
breast, lung, kidney, ovarian, cervix and ovarian
cancers [20, 39-50]. Most of these previous
studies also correlated fascin-1 expression
with the increased grade and/or malignancy of
the cancers and with a poorer prognosis when
it was over-expressed. Yamashiro and col-
leagues [42] took rounded epithelial cells (LLC-
PK1 pig epithelial cells or rat embryonic REF-52
cells) and by either gene transduction or by
direct intracellular micro-injection of purified
fascin-1 protein induced major cellular morpho-
logical changes. These differences included
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increased numbers of microspikes, longer and
thicker microvilli, and more extensive lammeli-
podia. These modified cells also improved their
transmigratory ability to penetrate through 8
micron pores. With regards to human glioma
biology, fascin-1 is concluded to play active
roles in tumor cell migration and invasion.
Hwang, et al., [20] showed that U87, U251 and
SNB19 glioma cells treated with siRNA knock-
down constructs had less adhesiveness to-
wards laminin, collagen IV and vitronectin coat-
ed substrates. Fascin-1 also was concentrated
at the leading edge of the migrating glioma cell.
Fascin-1 knock-down cells using siRNA pos-
sessed less migration potential. Vignjevic and
colleagues concluded that fascin provides the
rigidity necessary to push the membrane for-
ward [56]. This biophysical property, therefore,
allowed the cell to move in that direction that
was supplying a source of chemo attractants.
The filopodia thereby provides the cell with a
sense of polarity and promotes cell migration
[25, 57-59].

We genetically knocked-down fascin-1 either by
using current siRNA or shRNA technologies in
U251 cells. Previously, all glioma-based work
done with fascin knock-down employed siRNA,
so our studies prove that shRNA technology is
easily amendable with fascin-1 silencing and
alters cell morphology, although the siRNA
appeared more efficient in vitro transfection.
With both transient siRNA technology and sta-
ble shRNA knock-down, the expression of fas-
cin-1 mRNA was shown by using gRT-PCR and
the proteins were confirmed to be reduced by
using a monoclonal antibody in conjunction
with intracellular flow cytometry (Figures 1 and
2). The morphology of these cells changed from
fibroblastic-looking cells to a more rounded
squamous looking one with minimal membrane
protrusions (Figures 2 and 3). When we used
shRNA technology, the best shRNA knock-down
clone produced 70% knock-down. By atomic
force microscopy, we saw the loss of microvilli,
microridges and microspikes on these knock-
down cells, but not on the control siRNA or sh-
RNA (data not shown), and the glioma cells
assumed a smoother surface (Figure 3). One
empirical observation we noticed was that our
knock-down cells had slower growth rates. Our
best shRNA fascin-1 knocked-down clone had
a doubling time of 33.8 £ 0.7 hours. The control
shRNA U251 cells had faster doubling time of
17.4 + 1.0 hour. Since previous work used
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siRNA, which is a transient system, previous
researchers probably didn’t recognize the over-
all effect on long term cell proliferation rates,
as we saw with the stable knock-down of fas-
cin-1. These fascin-1 shRNA silenced cells also
failed to transmigrate through 8 um pores in
response to three different chemo-attractants,
fetal bovine serum, interleukin-6 and insulin-
like growth factor-1 (Figure 4). The last two che-
mo-attractants induce migration of various
cancer cells [55, 60]. The expression of fascin
and fascin-containing microspikes has been
reported to be controlled by IL-6 and IGF-1, too
[55, 60].

Finally, when these knock-down cells were
used in cytolytic assays in vitro, the adherent
siRNA fascin-1 knock-down cells were better
targets for LAK cells (Figure 5), since they lack
their defensive microspikes/microvilli. Identical
results occurred when two sets of gBK-specific
cytolytic T lymphocytes were used. HLA-A2 res-
tricted CTLs generated towards the gBK ion
channel, which had HLA-A2 restricted peptides
[52, 53]. The fascin-1 knock-down cells did not
have altered levels of either HLA-A2 or gBK
expression (Figure 6). As a result of either kn-
ock-down strategy, the fascin-1 knock-down
cells were optimally killed by the gBK-specific
CTLs (Figure 7), because the defensive micro-
villi/microspikes were lost and the amount of
HLA-A2 or the tumor antigen was unchanged.
Thus, the conditions are right, so that the loss
of these defensive membrane protrusions per-
mit a direct attack upon the glioma’s cell body.
Our ultimate goal is to disrupt the microvilli of
human glioma cells by genetic silencing to
improve the cytotoxic capability of human cyto-
lytic lymphocytes and may be a universally
applicable to improve immunotherapy towards
brain cancers, in general.

Our work illustrates that we can improve immu-
notherapy, especially cytolytic lymphocyte-ba-
sed therapies towards glioma by the judicious
use of a fascin-1 knock-down strategy. If fas-
cin-1 down-down can be delivered by some
genetic delivery system (virus, continuous infu-
sion of si/shRNA constructs or targeted drugs)
the glioma cells should express less microvilli/
filopodia. Knock-down should make glioma
cells less invasive in situ, due to their loss of
invadopodia-requiring membrane projections.
On a second level, the fascin-1 knock-down
should also slow down glioma cell division, by
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interfering with cell division. Finally, if the glio-
ma cells lose their defensive microvilli/micro-
spikes then this glioma defense should be
reduced and allow the maximal effects of cyto-
lytic lymphocytes to occur. Thus, immunothera-
py, as a whole may be augmented on three dif-
ferent levels by a fascin-1 knock-down stra-

tegy.
Acknowledgements

This paper was supported by: C.A.K. is funded
by NIH grants: RO1CA125244 and RO1CA1-
54256. M.R.J. is supported by a VA Merit Re-
view. C.A.K. is funded by Department of De-
fense grant BCO96018. Partial support was
provided by NIH/NCATS UCLA CTSI Grant Nu-
mber ULITR0O00124 and UL1RR033176.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Martin R Jadus, Box
113 Pathology and Laboratory Medicine, 5901 E 7t
St. Long Beach, CA 90822, USA. Tel: 1 (562) 826-
8000 Ext. 4079; E-mail: martin.jadus@va.gov

References

[1]  Hickey MJ, Malone CC, Erickson KL, Jadus MR,
Prins RM, Liau LM and Kruse CA. Cellular and
vaccine therapeutic approaches for gliomas. J
Transl Med 2010; 8: 100.

[2] Ge L, Hoa NT, Cornforth AN, Bota DA, Mai A,
Kim DI, Chiou SK, Hickey MJ, Kruse CA and
Jadus MR. Glioma big potassium channel ex-
pression in human cancers and possible T cell
epitopes for their immunotherapy. J Immunol
2012; 189: 2625-2634.

[3] Prins RM, Soto H, Konkankit V, Odesa SK, Es-
kin A, Yong WH, Nelson SF and Liau LM. Gene
expression profile correlates with T-cell infiltra-
tion and relative survival in glioblastoma pa-
tients vaccinated with dendritic cell immuno-
therapy. Clin Cancer Res 2011; 17: 1603-
1615.

[4] Smyth MJ, Strobl SL, Young HA, Ortaldo JR and
Ochoa AC. Regulation of lymphokine-activated
killer activity and pore-forming protein gene ex-
pression in human peripheral blood CD8+ T
lymphocytes. Inhibition by transforming growth
factor-beta. J Immunol 1991; 146: 3289-3297.

[5] Wischhusen J, Friese MA, Mitteloronn M, Me-
yermann R and Weller M. HLA-E protects glio-
ma cells from NKG2D-mediated immune re-
sponses in vitro: implications for immune es-
cape in vivo. J Neuropathol Exp Neurol 2005;
64: 523-528.

Am J Transl Res 2015;7(2):271-284



(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

[15]

(16]

[17]

282

Fascin-1 knock-down and lymphocyte-mediated cytotoxicity

Hussain SF, Yang D, Suki D, Aldape K, Grimm E
and Heimberger AB. The role of human glioma-
infiltrating microglia/macrophages in mediat-
ing antitumor immune responses. Neuro Oncol
2006; 8: 261-279.

Jordan JT, Sun W, Hussain SF, DeAngulo G,
Prabhu SS and Heimberger AB. Preferential
migration of regulatory T cells mediated by gli-
oma-secreted chemokines can be blocked
with chemotherapy. Cancer Immunol Immu-
nother 2008; 57: 123-131.

El Andaloussi A and Lesniak MS. An increase
in CD4+CD25+FOXP3+ regulatory T cells in
tumor-infiltrating lymphocytes of human glio-
blastoma multiforme. Neuro Oncol 2006; 8:
234-243.

Fecci PE, Mitchell DA, Whitesides JF, Xie W,
Friedman AH, Archer GE, Herndon JE 2nd, Bi-
gner DD, Dranoff G and Sampson JH. Increased
regulatory T-cell fraction amidst a diminished
CD4 compartment explains cellular immune
defects in patients with malignant glioma. Can
Res 2006; 66: 3294-3302.

Heimberger AB, Abou-Ghazal M, Reina-Ortiz C,
Yang DS, Sun W, Qiao W, Hiraoka N and Fuller
GN. Incidence and prognostic impact of Fox-
P3+ regulatory T cells in human gliomas. Clin
Cancer Res 2008; 14: 5166-5172.

Carson MJ, Doose JM, Melchior B, Schmid CD
and Ploix CC. CNS immune privilege: hiding in
plain sight. Immunol Rev 2006; 13: 48-65.
Constam DB, Philipp J, Malipiero UV, ten Dijke
P, Schachner M and Fontana A. Differential ex-
pression of transforming growth factor-beta 1,
-beta 2, and -beta 3 by glioblastoma cells, as-
trocytes, and microglia. J Immunol 1992; 148:
1404-1410.

Hishii M, Nitta T, Ishida H, Ebato M, Kurosu A,
Yagita H, Sato K and Okumura K. Human glio-
ma-derived interleukin-10 inhibits antitumor
immune responses in vitro. Neurosurgery
1995; 37: 1160-1166.

Prayson RA, Castilla EA, Vogelbaum MA and
Barnett GH. Cyclooxygenase-2 (COX-2) expres-
sion by immunohistochemistry in glioblastoma
multiforme. Ann Diagn Pathol 2002; 6: 148-
153.

Akasaki Y, Liu G, Chung NH, Ehtesham M, Bla-
ck KL and Yu JS. Induction of a CD4+ T regula-
tory type 1 response by cyclooxygenase-2-over-
expressing glioma. J Immunol 2004; 173:
4352-9.

Wiendl H, Mitsdoerffer M, Hofmeister V, Wis-
chhusen J, Bornemann A, Meyermann R, Weiss
EH, Melms A and Weller M. A functional role of
HLA-G expression in human gliomas: an alter-
native strategy of immune escape. J Immunol
2002; 168: 4772-4780.

Hoa N, Ge L, Kuznetsov Y, McPherson A,
Cornforth AN, Pham JT, Myers MP, Ahmed N,

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Salsman VS, Lamb LS Jr, Bowersock JE, Hu Y,
Zhou YH and Jadus MR. Glioma cells display
complex cell surface topographies that resist
the actions of cytolytic effector lymphocytes. J
Immunol 2010; 185: 4793-803.
Arismendi-Morillo G, Hoa N, Ge L and Jadus
MR. Mitochondrial network in glioma’s invado-
podia displays an activated state both in situ
and in vitro: potential functional implications.
Ultrastruct Pathol 2012; 36: 409-414.

Dang AQ, Hoa NT, Ge L, Arismendi Morillo G,
Paleo B, Gomez EJ, Shon DJ, Hong E, Ahmed
AM and Jadus MR. Using REMBRANDT to Paint
in the Details of Glioma Biology: Applications
for Future Immunotherapy, Evolution of the
Molecular Biology of Brain Tumors and the
Therapeutic Implications, Edited by Lichtor T:
InTech; 2013, pp. 167-200

Hwang JH, Smith CA, Salhia B and Rutka JT.
The role of fascin in the migration and invasive-
ness of malignant glioma cells. Neoplasia
2008; 10: 149-159.

Lidke DS, Lidke KA, Rieger B, Jovin TM and
Arndt-Jovin DJ. Reaching out for signals: filopo-
dia sense EGF and respond by directed retro-
grade transport of activated receptors. J Cell
Biol 2005; 170: 619-626.

Letourneau PC and Shattuck TA. Distribution
and possible interactions of actin-associated
proteins and cell adhesion molecules of nerve
growth cones. Development 1989; 105: 505-
519.

Adams JC. Roles of fascin in cell adhesion and
motility. Curr Opin Cell Biol 2004; 16: 590-
596.

Machesky LM and Li A. Fascin: Invasive filopo-
dia promoting metastasis. Commun Integr Biol
2010; 3: 263-270.

Li A, Dawson JC, Forero-Vargas M, Spence HJ,
Yu X, Konig I, Anderson K and Machesky LM.
The actin-bundling protein fascin stabilizes ac-
tin in invadopodia and potentiates protrusive
invasion. Curr Biol 2010; 20: 339-345.

Ma M and Baumgartner M. Filopodia and me-
mbrane blebs drive efficient matrix invasion of
macrophages transformed by the intracellular
parasite Theileria annulata. PLoS One 2013;
8:e75577.

Knoblauch A, Will C, Goncharenko G, Ludwig S
and Wixler V. The binding of Mss4 to alpha-in-
tegrin subunits regulates matrix metallopro-
teinase activation and fibronectin remodeling.
FASEB J 2007; 21: 497-510.

Yu X and Machesky LM. Cells assemble inva-
dopodia-like structures and invade into matri-
gel in a matrix metalloprotease dependent
manner in the circular invasion assay. PLoS
One 2012; 7: e30605.

Wolf K and Friedl P. Mapping proteolytic cancer
cell-extracellular matrix interfaces. Clin Exp
Metastasis 2009; 26: 289-298.

Am J Transl Res 2015;7(2):271-284



[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

283

Fascin-1 knock-down and lymphocyte-mediated cytotoxicity

Sayegh ET, Kaur G, Bloch O and Parsa AT.
Systematic review of protein biomarkers of in-
vasive behavior in glioblastoma. Mol Neurobiol
2014; 49: 1212-1244.

Belién AT, Paganetti PA and Schwab ME. Me-
mbrane-type 1 matrix metalloprotease (MT1-
MMP) enables invasive migration of glioma
cells in central nervous system white matter. J
Cell Biol 1999; 144: 373-384.

Fillmore HL, VanMeter TE and Broaddus WC.
Membrane-type matrix metalloproteinases (M-
T-MMPs): expression and function during glio-
ma invasion. J Neurooncol 2001; 53: 187-202.
Thorns V, Walter GF and Thorns C. Expression
of MMP-2, MMP-7, MMP-9, MMP-10 and MMP-
11 in human astrocytic and oligodendroglial
gliomas. Anticancer Res 2003; 23: 3937-
3944,

Ulasov |, Yi R, Guo D, Sarvaiya P and Cobbs C.
The emerging role of MMP14 in brain tumori-
genesis and future therapeutics. Biochim
Biophys Acta 2014; 1846: 113-120.

Duh FM, Latif F, Weng Y, Geil L, Modi W,
Stackhouse T, Matsumura F, Duan DR, Linehan
WM and Lerman MI, cDNA cloning and expres-
sion of the human homolog of the sea urchin
fascin and Drosophila singed genes which en-
codes an actin-bundling protein. DNA Cell Biol
1994; 13: 821-827.

Edwards RA and Bryan J. Fascins, a family of
actin bundling proteins. Cell Motil Cytoskeleton
1995; 32: 1-9.

Adams JC. Fascin protrusions in cell interac-
tions. Trends Cardiovasc Med 2004; 14: 221-
226.

Kureishy N, apountzi V, Prag S, Anilkumar N
and Adams JC. Fascins, and their roles in cell
structure and function. Bioessays 2002; 24:
350-361.

Peraud A, Mondal S, Hawkins C, Mastronardi
M, Bailey K and Rutka JT. Expression of fascin,
an actin-bundling protein, in astrocytomas of
varying grades. Brain Tumor Pathol 2003; 20:
53-58.

Roma AA and Prayson RA. Fascin expression in
90 patients with glioblastoma multiforme. Ann
Diagn Pathol 2005; 9: 307-311.

Gunal A, Onguru O, Safali M and Beyzadeoglu
M. Fascin expression [corrected] in glial tu-
mors and its prognostic significance in glio-
blastomas. Neuropathology 2008; 28: 382-6.
Yamashiro S, Yamakita Y, Ono S and Matsu-
mura F. Fascin, an actin-bundling protein, in-
duces membrane protrusions and increases
cell motility of epithelial cells. Mol Biol Cell
1998; 9: 993-1006.

Heidemann SR, Lamoureux P and Buxbaum
RE. Growth cone behavior and production of
traction force. J Cell Biol 1990; 111: 1949-
1957.

[44]

[45]

[46]

(48]

[49]

(50]

(51]

[52]

(53]

Ishikawa R, Sakamoto T, Ando T, Higashi-Fu-
jime S and Kohama K. Polarized actin bundles
formed by human fascin-1: their sliding and
disassembly on myosin Il and myosin V in vitro.
J Neurochem 2003; 87: 676-685.

Grothey A, Hashizume R, Ji H, Tubb BE, Patrick
CW Jr, Yu D, Mooney EE and McCrea PD. C-
erbB-2/HER-2 upregulates fascin, an actin-
bundling protein associated with cell moatility,
in human breast cancer cell lines. Oncogene
2000; 19: 4864-4875.

Grothey A, Hashizume R, Sahin AA and McCrea
PD. Fascin, an actin-bundling protein associat-
ed with cell motility, is upregulated in hormone
receptor negative breast cancer. Br J Cancer
2000; 83: 870-873.

Alam H, Bhate AV, Gangadaran P, Sawant SS,
Salot S, Sehgal L, Dange PP, Chaukar DA,
D’Cruz AK, Kannanl S, Gude R, Kane S, Dalal
SN and Vaidya MM. Fascin overexpression pro-
motes neoplastic progression in oral squa-
mous cell carcinoma. BMC Cancer 2012; 12:
32.

Onodera M, Zen Y, Harada K, Sato Y, Ikeda H,
Itatsu K, Sato H, Ohta T, Asaka M and Naka-
numa Y. Fascin is involved in tumor necrosis
factor-alpha-dependent production of MMP9
in cholangiocarcinoma. Lab Invest 2009; 89:
1261-1274.

Iguchi T, Aishima S, Umeda K, Sanefuji K, Fu-
jita N, Sugimachi K, Gion T, Taketomi A, Mae-
hara Y and Tsuneyoshi M. Fascin expression in
progression and prognosis of hepatocellular
carcinoma. J Surg Oncol 2009; 100: 575-579.
Jawhari AU, Buda A, Jenkins M, Shehzad K,
Sarraf C, Noda M, Farthing MJ, Pignatelli M
and Adams JC. Fascin, an actin-bundling pro-
tein, modulates colonic epithelial cell invasive-
ness and differentiation in vitro. Am J Pathol
2003; 162: 69-80.

Zhang JG, Eguchi J, Kruse CA, Gomez GG,
Fakhrai H, Schroter S, Ma W, Hoa N, Minev B,
Delgado C, Wepsic HT, Okada H and Jadus MR.
Antigenic profiling of glioma cells to generate
allogeneic vaccines or dendritic cell-based
therapeutics. Clin Cancer Res 2007; 15: 13:
566-575.

Ge L, Hoa N, Bota DA, Natividad J, Howat A,
Jadus MR. Immunotherapy of brain cancers:
the past, the present, and future directions.
Clin Dev Immunol 2010; 2010: 296453-
296453.

Hoa NT, Ge L, Tajhya RB, Beeton C, Cornforth
AN, Abolhoda A, Lambrecht N, DaCosta-lyer M,
Ouyang Y, Mai AP, Hong E, Shon J, Hickey MJ,
Erickson KL, Kruse CA and Jadus MR. Small
cell lung cancer cells express the late stage
gBK tumor antigen: a possible immunotarget
for the terminal disease. Am J Trans| Res 2014;
6: 188-205.

Am J Transl Res 2015;7(2):271-284



[54]

[55]

[56]

(57]

284

Fascin-1 knock-down and lymphocyte-mediated cytotoxicity

Heidrick ML and Ryan WL. Adenosine 3',5'-cy-
clic monophosphate and contact inhibition.
Cancer Res 1971; 31: 313-315.
Schlenska-Lange A, Knupfer H, Lange TJ, Kiess
W and Knupfer M. Cell proliferation and migra-
tion in glioblastoma multiforme cell lines are
influenced by insulin-like growth factor | in vi-
tro. Anticancer Res 2008; 28: 1055-1060.
Vignjevic D, Kojima S, Aratyn Y, Danciu O, Svit-
kina T and Borisy GG. Role of fascin in filopo-
dial protrusion. J Cell Biol 2006; 174: 863-875.
Jayo A and Parsons M. Fascin: a key regulator
of cytoskeletal dynamics. Int J Biochem Cell
Biol 2010; 42: 1614-1617.

(58]

(59]

[60]

Guvakova MA, Boettiger D and Adams JC.
Induction of fascin spikes in breast cancer
cells by activation of the insulin-like growth
factor-l receptor. Int J Biochem Cell Biol 2002;
34: 685-698.

Adams JC. Molecular organization of cell-ma-
trix contacts: essential multiprotein assem-
blies in cell and tissue function. Expert Rev Mol
Med 2002; 4: 1-24.

Li R, Li G, Deng L, Liu Q, Dai J, Shen J and Zh-
ang J. IL6 augments the invasiveness of
U87MG human glioblastoma multiforme cells
via up-regulation of MMP-2 and fascin-1. Oncol
Rep 2010; 23: 1553-1559.

Am J Transl Res 2015;7(2):271-284



