
E X P E R I M E N T A L C E L L R E S E A R C H 3 1 8 ( 2 0 1 2 ) 1 5 9 7 – 1 6 1 0

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

www.e l sev i e r . com/ loca te /yexc r
Research Article

Survivin knockdown increased anti-cancer effects of
(−)-epigallocatechin-3-gallate in human malignant
neuroblastoma SK-N-BE2 and SH-SY5Y cells
Md. Motarab Hossaina, Naren L. Banikb, Swapan K. Raya,⁎
aDepartment of Pathology, Microbiology, and Immunology, University of South Carolina School of Medicine, Columbia, SC, USA
bDepartment of Neurosciences, Medical University of South Carolina, Charleston, SC, USA
A R T I C L E I N F O R M A T I O N
⁎ Corresponding author at: Department of Path
Room C11, 6439 Garners Ferry Road, Columbia,

E-mail address: swapan.ray@uscmed.sc.edu

0014-4827/$ – see front matter © 2012 Elsevie
doi:10.1016/j.yexcr.2012.03.033
A B S T R A C T
Article Chronology:

Received 29 February 2012

Revised version received
29 March 2012
Accepted 30 March 2012
Available online 10 April 2012
Neuroblastoma is a solid tumor that mostly occurs in children. Malignant neuroblastomas have
poor prognosis because conventional chemotherapeutic agents are hardly effective. Survivin,

which is highly expressed in some malignant neuroblastomas, plays a significant role in inhibiting
differentiation and apoptosis and promoting cell proliferation, invasion, and angiogenesis. We
examined consequences of survivin knockdown by survivin short hairpin RNA (shRNA) plasmid
and then treatment with (−)-epigallocatechin-3-gallate (EGCG), a green tea flavonoid, in
malignant neuroblastoma cells. Our Western blotting and laser scanning confocal immunofluo-
rescence microscopy showed that survivin was highly expressed in malignant neuroblastoma SK-
N-BE2 and SH-SY5Y cell lines and slightly in SK-N-DZ cell line. Expression of survivin was very
faint in malignant neuroblastoma IMR32 cell line. We transfected SK-N-BE2 and SH-SY-5Y cells
with survivin shRNA, treated with EGCG, and confirmed knockdown of survivin at mRNA and
protein levels. Survivin knockdown induced morphological features of neuronal differentiation, as
we observed following in situ methylene blue staining. Combination of survivin shRNA and EGCG

promoted neuronal differentiation biochemically by increases in the expression of NFP, NSE, and
e-cadherin and also decreases in the expression of Notch-1, ID2, hTERT, and PCNA. Our in situ
Wright staining and Annexin V-FITC/PI staining showed that combination therapy was highly
effective in inducing, respectively, morphological and biochemical features of apoptosis.
Apoptosis occurred with activation of caspase-8 and cleavage of Bid to tBid, increase in Bax:Bcl-
2 ratio, mitochondrial release of cytochrome c, and increases in the expression and activity of
calpain and caspase-3. Combination therapy decreased migration of cells through matrigel and
inhibited proliferative (p-Akt and NF-κB), invasive (MMP-2 and MMP-9), and angiogenic (VEGF
and b-FGF) factors. Also, in vitro network formation ability of cells was significantly inhibited by
survivin silencing and completely by combination of survivin silencing and EGCG treatment.
Collectively, survivin silencing potentiated anti-cancer effects of EGCG in human malignant

neuroblastoma cells having survivin overexpression.
© 2012 Elsevier Inc. All rights reserved.
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Introduction

Neuroblastoma is an extracranial, heterogeneous, and malignant
solid tumor of the sympathetic nervous system in children and it
accounts for approximately 15% of pediatric cancer deaths in the
United States [1]. Despite multimodal therapeutic approaches
including chemotherapy, radionuclide therapy, and immunother-
apy, the survival rate for patients with malignant neuroblastoma
remains poor. Newer therapeutic strategies are urgently war-
ranted for successful treatment of this devastating childhood
malignancy.

Survivin is the smallest member of inhibitor-of-apoptosis (IAP)
gene family in mammalian cells and it has attracted attention of
basic and translational research scientists. The survivin gene is
alternatively spliced extensively to generate several protein
isoforms [2]. The expression of survivin is transcriptionally
controlled in a cell cycle-dependent manner and the expression
of protein peaks at G2/M phase of cell cycle [3]. Survivin protein
functions as a key regulator of mitosis and programmed cell death
or apoptosis [4]. The role of survivin in the pathogenesis of cancer
is not limited to the inhibition of apoptosis but also in the
regulation of the mitotic spindle checkpoint and the promotion of
angiogenesis and chemoresistance [4]. Survivin is highly
expressed in most human tumors and fetal tissue, but it is
completely absent in terminally differentiated cells [5]. Tumors
that highly express survivin generally bear a poor prognosis and
are associated with resistance to radiation and chemotherapy [6].
Survivin gene expression is transcriptionally repressed by wild-
type p53 and can be deregulated in cancers by several mecha-
nisms, including gene amplification, hypomethylation, increased
promoter activity, and loss of p53 function [7,8]. Therefore,
survivin is an ideal target for killing tumor cells specifically and
leaving the normal cells unaffected.

Flavonoids are polyphenolic compounds that are ubiquitous in
plants. The role of dietary flavonoids in cancer prevention is
widely recognized [9]. Epigallocatechin-3-gallate (EGCG), a major
polyphenol found in green tea, is a widely studied chemopreven-
tive agent that has shown potential anti-cancer actions [9]. The
anti-tumor mechanism of EGCG in culture is due to modulation of
the expression of key molecules in cell cycle progression,
inhibition of the inflammatory molecule nuclear factor-kappaB
(NF-κB), binding to Fas, and activation of mitogen-activated
protein kinase cascade [10]. There are increasing evidence
demonstrating that EGCG alone or in combination with another
compound can be beneficial in curbing the growth of various
cancers including prostate cancer [11], breast cancer [12], and
pancreatic cancer [13]. We previously reported that EGCG induced
cell death in neuroblastoma SH-SY5Y cells by activation of the
receptor and mitochondria mediated pathways [9].

The purpose of this investigation was the knockdown of
survivin using shRNA plasmid and simultaneous EGCG treatment
in two neuroblastoma cell lines, SK-N-BE2 and SH-SY-5Y, and to
examine whether such a combination therapy could induce
apoptosis and cell differentiation, and inhibit cell migration,
angiogenesis, and network formation. The present study demon-
strated that knockdown of survivin in combination with EGCG
treatment controlled the growth of neuroblastoma cells (SK-N-
BE2 and SH-SY-5Y) by modulating the expression of the molecules
involved cell differentiation, apoptosis, migration, invasion, and
angiogenesis.
Experimental procedures

Cell culture conditions

The human malignant neuroblastoma SK-N-DZ (wild-type p53),
SK-N-BE2 (mutant p53), SH-SY5Y (wild-type p53), and IMR32
(wild-type p53) cell lines were purchased from the American
Type Culture Collection (ATCC, Manassas, VA). SK-N-DZ and
IMR32 cell lines were maintained in DMEM while SK-N-BE2 and
SH-SY5Y cell lines were maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) (Atlanta
Biological, Atlanta, GA) and 1% antibiotics in a humidified
incubator containing 5% CO2 at 37 °C. Survivin shRNA plasmid
and control shRNA plasmid (encoding scrambled shRNA se-
quence) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). EGCG (Sigma-Aldrich, St. Louis, MO) was dissolved in
dimethyl sulfoxide (DMSO) to make stock solutions and aliquots
were stored at −20 °C until ready to use.

Immunofluorescence microscopy to examine expression of
survivin in neuroblastoma cell lines

Laser scanning confocal immunofluorescence microscopy was
performed according to a previously described method [14].
Briefly, cells were grown on poly-D-lysine chamber slides (BD
Biosciences, Bedford, MA) at 37 °C in the presence of 5% CO2 for
24 h. Cells in the slidewerewashed twice in PBS (without Ca2+and
Mg2+) followed by fixation in 4% formaldehyde/phosphate-
buffered saline (PBS) for 30 min at room temperature. After
fixation cells were washed in PBS and made permeable with
0.25% Triton X-100/PBS for 10 min. Cells were washed and non-
specific binding was blocked by 3% bovine serum albumin (BSA) in
PBS for 10 min. Primary IgG antibody against survivin was diluted
(1:200) in 1% BSA/PBS. After the incubation with primary antibody
for 1 h at room temperature cells were washed twice with PBS and
stained with fluorescein isothocyanate (FITC) conjugated anti-
rabbit secondary IgG antibody (Jackson Immunoresearch, West
Grove, PA) in 1% BSA/PBS for 1 h at room temperature and washed
again with PBS. To counter stain the nucleus, cells were then
incubatedwith 300 nMDAPI (Invitogen, Eugene, OR) for 5 min and
washed four times before mounting cells with Dabco 33-LV
(Sigma, St. Louis, MO). Fluorescence images were captured using
Zeiss LSM 510 META confocal microscopy and analyzed by Zeiss
LSM image browser software.

Flow cytometry to monitor the expression of survivin in
neuroblastoma cell lines

Adherent cells were detached from culture flasks by incubating in
0.02% EDTA/PBS (Sigma-Aldrich, St. Louis, MO) and then dissoci-
ated into monodispersed cells. Cells (1×105 cells/sample) were
collected and suspended in 100 μl of 1× flow cytometry buffer
(1% BSA and 0.1% NaN3 in PBS, filtered through 0.22 μm filter unit)
containing an FcBlocker (eBioscience, San Diego, CA) and incu-
bated at 4 °C for 15 min. Then, primary IgG antibody against
survivin (1:200 dilution) was added to the cell suspension.
Parallel staining was also performed with rabbit IgG antibody
(1:200) (Jackson Immunoresearch, West Grove, PA), as isotype
matched control for survivin. After incubation at 4 °C for 30 min,
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cells were washed twice with the 1× flow cytometry buffer. Cells
were then incubated in 100 μl of 1× flow cytometry buffer
containing FITC-conjugated goat anti-rabbit secondary IgG anti-
body (1:200) at 4 °C for 30 min. Subsequently, cells were washed
as above, fixed in 2% paraformaldehyde in PBS and then
transferred into a 5-ml polystyrene round-bottom tube capped
with a cell-strainer 183 cap (BD Biosciences, Franklin Lakes, NJ).
Antibody-bound cells were then analyzed in a Calibur flow
cytometer using CellQuest software (BD Biosciences, Bedford,
MA), and FlowJo software (Tree Star, Ashland, OR).

Transfection with survivin shRNA plasmid and treatment with
EGCG

SK-N-BE2 and SH-SY-5Y cells were grown at 37 °C in 5% CO2 and
full-humidity. Both cell lines were transfected with survivin
shRNA plasmid or scrambled shRNA plasmid, treated with 50 μM
EGCG, or in combination of survivin shRNA plasmid and 50 μM
EGCG in medium containing 2% FBS. The concentration of EGCG
was chosen according to our previous study [15]. The cells were
transfected with 1 μg plasmid in 6-well dishes using Lipofecta-
mine 2000 transfection reagent and incubated at 37 °C in 5% CO2.
After 6 h, transfection reagent was exchanged with fresh medium
containing 2% FBS. After 18 h, the mediumwas replaced with fresh
medium or medium containing 50 μM EGCG and incubated for
another 24 h. The transfection efficiency was measured by
counting the percentage of green-fluorescent cells.

Reverse transcription-polymerase chain reaction (RT-PCR) to
examine survivin mRNA

The RT-PCR experiments were conducted to monitor the knock-
down of the expression of survivin mRNA after treatment with the
survivin shRNA. SK-N-BE2 and SH-SY-5Y cells were grown at 37 °C
in 5% CO2. Both cell lines were transfected with survivin shRNA
plasmid or scrambled shRNA plasmid, treated with 50 μM EGCG, or
in combination of survivin shRNA plasmid and 50 μM EGCG in
medium containing 2% FBS. Total RNA was isolated from the cells
(1×106 cells/sample) using TRIZOL Reagent (Invitrogen, Carlsbad,
CA).We used the following primer sequences for PCR amplifications
of survivin (forward: 5′-CAT TCA AGA ACT GGC CCT TC-3′ and
reverse: 5′-CTA AGA CAT TGC TAA GGG GC-3′) and GAPDH
(forward: 5′-ATG GGG AAG GTG AAG GTC GG-3′ and reverse: 5′-
AGA CGC CAG TGG ACT CCA CGA CG-3′) genes. The cDNA was
synthesized using SuperScript one-step RT-PCR kit (Invitrogen,
Carlsbad, CA) on a PCR cycler (Eppendorf,Westbury, NY) at 50 °C for
30 min followed by 30 cycles of amplification (denaturation at 94 °C
for 15 s, annealing at 55 °C for 30 s and extension at 72 °C for 1 m)
and final extension at 72 °C for 10 min. The RT-PCR products were
resolved by electrophoresis on 1% agarose gels, stained with
ethidium bromide (1 μg/ml), and visualized using a UV chamber
(Alpha Innotech, San Leandro, CA). Expression of GAPDH was used
as an internal standard.

In situ methylene blue staining to examine morphology of
neuronal differentiation

After the transfection with mammalian expression vector carrying
the survivin shRNA plasmid or scrambled shRNA plasmid, cells
were cultured in 6-well dishes for 3 days. The transfected cells
were washed twice with ice-cold PBS, in the culture plate followed
by fixation of cells with 2 ml of ice-cold 95% (v/v) ethanol for
5 min. After fixation, we aspirated ethanol, washed the cells twice
with PBS, and then stained with 2 ml of ice-cold 0.2% (v/v)
methylene blue solution (prepared in 50% ethanol) for 20 s. After
staining, the cells were washed with distilled water and air dried
before taking photograph under the microscope. The dimensions
of the cells (length and width) and length of neurite were
measured (n=20) using ImagePro Plus software version 4.5.1.29
(Media Cybernetics, Silver Spring, MD).

In situ Wright staining for the detection of morphological
features of apoptosis

After the treatments, both adherent and non-adherent cells were
spun down at 3500 rpm for 10 min. The cells were washed with
PBS and then fixed and stained with HEMA 3 stain set according
to the manufacturer′s instruction (Fisher Scientific, Kalamazoo,
MI). Cells were allowed to dry after the staining and the
morphological features of the cells were observed under the
light microscope and pictures were taken. All the experiments
were conducted in triplicates and only representative pictures
were shown.

Annexin V staining and flow cytometry for detection of a
biochemical feature of apoptosis

After the treatments, both adherent and non-adherent cells were
collected in 15-ml tubes and washed twice with 10 ml PBS. Cells
(1×105 cells/sample) were stained with Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI), processed as per the
manufacturer's instructions (BD Biosciences, San Diego, CA), and
then analyzed on Epics XL-MCL Flow Cytometer (Beckman
Coulter, Fullerton, CA). Both PI and Annexin V negative cells
(quadrant B3) were considered as normal, PI negative and
Annexin V positive cells were considered as early apoptotic
(quadrant B4), cells that were both PI and Annexin V positive
(quadrant B2) were considered as late necrotic, and cells that
were PI positive and Annexin V negative were considered as
mechanically injured (quadrant B1) during the experiment. All
the experiments were conducted in triplicates and only represen-
tative pictures were shown.

Protein extraction

Cells were grown in 150-mm dishes and treated as mentioned
above before protein extraction. Cells were scraped into growth
medium, collected into a 50 ml tube, and centrifuged to harvest
the pellet. The cell pellets were washed twice with 20 ml of ice-
cold PBS. The cell pellets were suspended in 400 μl of ice-cold
homogenization solution (50 mM Tris–HCl, pH 7.4, 320 mM
sucrose, 0.1 mM phenylmethylsulfonyl fluoride, and 1 mM
EDTA), transferred to eppendorf tube, and subjected to sonication
gently in micro-ultrasonic cell disruptor (Kontes, Vineland, NJ).
The cell lysates were centrifuged at 12000 rpm for 10 min at 4 °C
and the supernatants were collected. The protein concentrations
in the supernatant were measured using Coomassie Plus protein
assay reagents (Pierce Biotechnology, Rockford, IL). All the
samples were divided into small aliquots and kept at −20 °C
until used.
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Western blotting using specific antibodies

The protein samples (10 μg) were mixed with Laemmli buffer and
boiled in water for 5 min. The boiled protein samples were loaded
onto precast 4–20% polyacrylamide gradient gels (Bio-Rad
Laboratories, Hercules, CA) and electroblotted to the polyvinyli-
dene fluoride (PVDF) membranes (Millipore, Bedford, MA). The
non-specific binding sites in the membrane were blocked with 5%
non-fat dry milk for 1 h at room temperature. The membranes
were then incubated overnight at 4 °C on a rocker with
appropriate dilution of primary IgG antibody followed by three
times washing in washing buffer (20 mM Tris–HCl, pH 7.6,
137 mM NaCl, 0.1% Tween 20). After washing, the membranes
were incubated with the appropriate alkaline horseradish perox-
idase (HRP)-conjugated secondary IgG antibody for 1 h followed
by three times washing in washing buffer. Specific protein bands
were detected by incubation for 5 min at room temperature with
Immun-StarTM HRP Lumino/Enhancer (Bio-Rad Laboratories,
Hercules, CA) and exposing to BIOMAX XAR films (Kodak,
Rochester, NY) for autoradiography.

The antibody against β-actin (clone AC-15) was purchased from
Sigma (St. Louis, MO), and antibodies against survivin, NFP, NSE, e-
cadherin, Notch-1, ID2, PCNA, hTERT, caspase-8, Bid, Bcl-2, Bax,
calpain, caspase-3, SBDP, ICAD, p-Akt (Thr 308), p65 NF-κB, VEGF, b-
FGF, MMP-2, andMMP-9 were from Santa Cruz Biotechnology (Santa
Cruz, CA). The alkaline HRP-conjugated anti-rabbit and anti-mouse
secondary IgG antibodies were purchased from Biomeda (Foster City,
CA) and anti-goat secondary IgG antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA).

In vitro cell migration assay

In vitro cell migration assay was performed to determine the
effects of survivin shRNA or EGCG alone and in combination on the
migratory property of neuroblastoma cells. The migration assay
was carried out in 6-well transwell inserts of polycarbonate filter
with 8.0 μm pore size (Corning, Lowell, MA). The transwell inserts
were coated with Matrigel (BD Biosciences, San Jose, CA) of final
concentration of 1.0 mg/ml in an ice-cold serum-free medium and
allowed to dry at 37 °C for 4 h. After the treatments, cells were
trypsinized, washed twice with serum-free medium. Then, 500 μl
of cell suspension (1×105 cells) from each sample was added to
each Transwell insert in triplicate. Cells were incubated at 37 °C in
the presence of 5% CO2 for 48 h, the membranes were collected
and stained with DIFF quick stain kit stain (IMEB, San Marcos, CA).
The cells that migrated to the undersurface of the membrane were
observed by light microscope, photographed, and counted in 10
randomly selected microscopic fields.

In vitro network formation assay

In vitro angiogenic network formation assay was performed to
evaluate the effects of survivin shRNA, EGCG alone, or in
combination on network formation of human microvascular
endothelial (HME) cells (Cascade Biologics, Portland, OR) in co-
culture. Neuroblastoma cells (1×105 cells/sample) were seeded
into 2-well chamber slides. After overnight incubation at 37 °C in
5% CO2, the cells were transfected with survivin shRNA or
scrambled shRNA plasmid. After 6 h, transfection reagent was
exchanged with fresh medium containing 2% FBS. After 18 h, the
medium was replaced with fresh medium or medium containing
50 μM EGCG and incubated for another 24 h. The cells were
incubated for another 24 h and then co-cultured with 1×105 HME
cells in a 50:50 mixture of serum-free medium and HME medium
(Medium 131, Cascade Biologics, Portland, OR). The co-cultures
were further incubated at 37 °C in the presence of 5% CO2 for 72 h
and fixed in 95% ethanol (cold) and treated with Von Willebrand
factor (VWF) antibody (Santa Cruz, CA). After washings, the slides
were further treated with biotinylated secondary antibody for
30 min, washed twice in PBS, and then incubated with HRP-
labeled streptavidin for 30 min. Cells were stained with the HRP
substrate according to the instruction of ImmunoCruzTM staining
System (Santa Cruz, CA). The cells were viewed under the light
microscope and photographed. The numbers of network forma-
tion were quantified using Image-Pro Discovery software (Media
Cybernetics, Silver Spring, MD).

Statistical analysis

Results from different experiments were analyzed using Minitab®
15 Statistical Software (Minitab, State College, PA). Data were
expressed as mean±standard deviation (SD) of separate exper-
iments (n≥3) and compared by a one-way analysis of variance
(ANOVA) followed by Fisher's post hoc test. Difference between
control and a single or combination treatment was considered to
be significant at p<0.05.
Results

Levels of expression of survivin in neuroblastoma cell lines

We examined the expression of survivin in four neuroblastama
(SK-N-BE2, SH-SY5Y, SK-N-DZ, and IMR32) cell lines (Fig. 1).
Western blotting showed high expression of survivin protein in
SK-N-BE2 and SH-SY5Y cells, low in SK-N-DZ cells, and very low in
IMR32 cells (Fig. 1A). Further, in situ immunofluorescence
analysis showed similar variations in survivin expression in SK-
N-BE2, SH-SY5Y, and SK-N-DZ cells (Fig. 1B). We also quantitated
the levels of expression of this protein by flow cytometric analysis
(Fig. 1C). Flow cytometric data revealed that the levels of survivin
expression were 72.73%, 70.84%, and 37.68% in SK-N-BE2, SH-
SY5Y, and SK-N-DZ cells, respectively (Fig. 1C). Our immunoflu-
orescence and flow cytometric analyses detected very low
expression of survivin in IMR32 cells (data not shown). Based on
these findings, we confirmed relatively overexpression of survivin
in SK-N-BE2 and SH-SY5Y cell lines, which were used for further
experiments.

Down regulation of survivin mRNA and protein levels in SK-N-BE2
and SH-SY-5Y cells

We examined the down regulation of survivin mRNA and protein
levels in neuroblastama SK-N-BE2 and SH-SY5Y cells after
scrambled shRNA plasmid transfection, survivin shRNA plasmid
transfection, EGCG treatment, and combination of survivin shRNA
transfection and EGCG treatment (Fig. 2). RT-PCR and Western
blot analyses showed the extents of survivin down regulation at,
respectively, mRNA (Fig. 2A) and protein (Fig. 2B) levels in both
cell lines after these treatments. There was no change in mRNA



Fig. 1 – Expression of survivin in neuroblastoma cell lines. (A) Representative Western blots to show the presence of survivin in
neuroblastoma cell lines (SK-N-BE2, SH-SY5Y, SK-N-DZ, and IMR32). Expression of β-actin was used as a loading control.
(B) Representative (n=3) immunofluorescence staining to show the expression of survivin (FITC, green). DAPI (blue) was used as a
counter stain for the nucleus. (C) Flow cytometry to show survivin expression (FITC, green) in comparison with control (no stain,
black).
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and protein levels when cells were transfected with the scrambled
shRNA plasmid. The levels of expression of survivin mRNA and
protein were further down regulated if concurrently treated with
EGCG. We used GAPDH mRNA expression and β-actin protein
expression as the internal controls in the RT-PCR and Western
blotting. Quantification of mRNA and protein levels by Gel-Pro
analyzer software demonstrated more than 80% knockdown of
survivin at mRNA and protein levels in both neuroblastoma cell
lines after treatment with a combination of survivin shRNA and
EGCG (Fig. 2C).

Survivin knockdown induced the morphological and biochemical
features of neuronal differentiation in SK-N-BE2 and SH-SY-5Y cells

Transfection with survivin shRNA plasmid for 72 h induced
neuronal differentiation in both SK-N-BE2 and SH-SY5Y cell lines
(Fig. 3). The morphological features of neuronal differentiation
were demonstrated following in situ methylene blue staining
(Fig. 3A). Survivin shRNA transfection caused induction of
neuronal differentiation morphologically resulting in cells with
small and retracted cell bodies having thin elongated and
branched neurite extensions, while scrambled shRNA transfection
in neuroblastoma cells did not change cell width, length, or
neurite. We measured the width, length, and neurite extensions
and observed that down regulation of survivin due to survivin
shRNA transfection tended to significantly shrink the width but
increased the length of the cells and neurite extensions, when
compared with the cells transfected with scrambled shRNA
(Fig. 3B). We performed Western blotting to examine the changes
in biochemical features of neuronal differentiation after the
treatments (Fig. 3C). Knockdown of survivin and concurrent
EGCG treatment increased expression neurofilament protein
(NFP), neuron specific enolase (NSE) and the tight junction
protein (e-cadherin), confirming the expression of biochemical
markers of neuronal differentiation. Differentiation of neuroblas-
toma SK-N-BE2 and SH-SY5Y cells was also clearly evidenced from
the down regulation of Notch-1, ID2 (a member of inhibitor of
differentiation family), catalytic subunit of human telomerase
(hTERT), and proliferation cell nuclear antigen (PCNA) following
survivin knockdown and EGCG treatment.



Fig. 2 – Alterations in survivin mRNA and protein levels in SK-N-BE2 and SH-SY5Y cells after transfection (48 h) with plasmid vector
carrying survivin shRNA cDNA (0.5 μg/ml), treatment (24 h) with EGCG (50 μM) or both agents together (n>3). (A) Reverse
transcription-polymerase chain reaction (RT-PCR) analysis for survivin mRNA expression. Expression of GAPDH mRNA was used as
an internal control. (B) Western blotting for examining expression of survivin protein. Western blots were reprobed for β-actin
content to demonstrate that all lanes were loaded with equal amounts of protein. (C) Determination of survivin mRNA and protein
levels after the treatments. *p<0.05; **p<0.01; #p<0.05 (* or ** compared with control; # compared combination therapy with
survivin shRNA or EGCG alone).
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Survivin knockdown and EGCG treatment induced the morphological
and biochemical features of apoptosis in SK-N-BE2 and SH-SY-5Y cells

We examined the effect of survivin knockdown and EGCG
treatment in the increases in morphological and biochemical
features of apoptosis in both SK-N-BE2 and SH-SY5Y cells (Fig. 4).
We performed in situ Wright staining and found characteristic
morphological features of apoptosis including blebbing, shrinkage
of cell volume, nuclear fragmentation, chromatin condensation
and fragmentation, and membrane attached apoptotic bodies
(Fig. 4A). The characteristic morphological changes, which were
evident after survivin knockdown and increased after addition of
EGCG, were clear in Wright staining and shown by arrows
(Fig. 4A). Determination of percentage of apoptotic cells showed
that survivin knockdown caused apoptosis in both neuroblastoma
cell lines and amounts of apoptosis were significantly increased by
concurrent EGCG treatment (Fig. 4B). We confirmed the presence
of apoptotic population by further analyzing the Annexin V
staining of cells, an early biochemical feature of apoptosis, after
the treatments (Fig. 4C). Annexin V-FITC/PI staining and flow
cytometry in both SK-N-BE2 and SH-SY5Y cells showed that
Annexin V positive cells were increased moderately in the A4
quadrant after survivin knockdown. Interestingly, when cells were
subjected to survivin knockdown and concurrent EGCG treatment,
we found that population of Annexin V positive apoptotic cells
was increased dramatically in the A4 quadrant. The percentage of
cells in A4 quadrant presented in the bar graphs clearly showed
that survivin knockdown and concurrent EGCG treatment signif-
icantly increased the apoptotic cell death (Fig. 4D). We also tested
a pharmacological inhibitor of survivin (YM155) in combination
with EGCG and found that YM155 was not as effective as the
genetic inhibitor (survivin shRNA) in promoting apoptosis.

Survivin knockdown in combination with EGCG activated the
classical extrinsic and intrinsic caspase cascades to induce
apoptosis in SK-N-BE2 and SH-SY-5Y cells

In order to determine the changes in expression or activation of
apoptosis related proteins in both SK-N-BE2 and SH-SY5Y cell lines
following treatments, we performed Western blotting (Fig. 5).
Survivin knockdown stimulated the classical receptor-mediated
extrinsic pathway leading to activation of caspase-8 for apoptosis

image of Fig.�2


Fig. 3 – Down regulation of survivin inhibited cell proliferation and induced morphological and biochemical features of neuronal
differentiation. (A) In situ methylene blue staining showed inhibition of cell growth and increase in morphological features of
neuronal differentiation. Photographs were taken after transfection (72 h) with plasmid vector carrying survivin shRNA cDNA
(0.5 μg/ml) or scrambled shRNA cDNA (0.5 μg/ml). (B) Measurement of morphological features of neuronal differentiation (width
of cell, length of cell, and length of neurite extension). Mean values of 3 independent experiments are shown (*p<0.05; **p<0.01).
(C) Representative (n=3)Western blots to show changes in biochemical markers of neuronal differentiation and cell proliferation.
Treatments: transfection with plasmid vector carrying scrambled shRNA cDNA (0.5 μg/ml) for 48 h, transfection with plasmid
vector carrying survivin shRNA cDNA (0.5 μg/ml) for 48 h, 50 μM EGCG for 24 h, and survivin shRNA (0.5 μg/ml) for 48 h+50 μM
EGCG for last 24 h. Expression of β-actin was used as a loading control.
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in both SK-N-BE2 and SH-SY5Y cell lines. The increased activation of
caspase-8 was further augmented with the combination of survivin
knockdown and EGCG treatment. Increased activity of caspase-
8 was recognized in the cleavage of Bid to tBid, which could be
translocated to mitochondria for induction of cell death through
intrinsic pathway.

The Bcl-2 family of proteins plays a key role in regulation of
mitochondrial permeability during apoptosis via intrinsic path-
way. Survivin knockdown caused an increase in pro-apoptotic Bax
expression and decrease in anti-apoptotic Bcl-2 expression in both
cell lines (Fig. 5). Combination of survivin knockdown and EGCG
treatment most dramatically increased Bax expression and
decreased Bcl-2 expression, which could lead to increase in the
Bax:Bcl-2 ratio in both cell lines. An increase in the Bax:Bcl-2 ratio
could cause mitochondrial release of pro-apoptotic molecules
such as cytochrome c, Smac/Diablo, and apoptosis-inducing factor
(AIF) to trigger mitochondrial caspase-dependent and caspase-
independent pathways for apoptosis.

We also examined the activation and activity of cysteine
proteases, calpain and caspase-3, in SK-N-BE2 and SH-SY5Y cell
lines after the treatments (Fig. 5). We found that both calpain and
caspase-3 were activated simultaneously after survivin knockdown
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Fig. 4 – Determination of morphological and biochemical features of apoptosis. Treatments: transfection with plasmid vector
carrying scrambled shRNA cDNA (0.5 μg/ml) for 48 h, transfection with plasmid vector carrying survivin shRNA cDNA (0.5 μg/ml)
for 48 h, 50 μM EGCG for 24 h, survivin shRNA (0.5 μg/ml) for 48 h+50 μM EGCG for last 24 h, and 50 nM YM155 for 48 h+50 μM
EGCG for last 24 h. (A) In situ Wright staining for morphological features of apoptosis. (B) Bar diagrams showing percentage of
apoptosis based on in situ Wright staining. Mean values of 3 independent experiments are shown. **p<0.01; #p<0.05 (**compared
with scrambled shRNA; # compared combination therapy with survivin shRNA or EGCG alone). (C) Staining with Annexin V-FITC/PI
and flow cytometry for determination of percentage of apoptotic cells. Apoptotic cells (Annexin V-FITC positive and PI negative) are
represented by dot plot in A4 quadrant (bottom right). (D) Bar diagrams to show percentage of apoptosis based on accumulation of
Annexin V positive cells in A4 quadrant. Mean values of 3 independent experiments are shown. **, p<0.01; #p,<0.05 (**compared
with scrambled shRNA; # compared combination therapy with survivin shRNA or EGCG alone).
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but activated most prominently after combination of survivin
knockdown and EGCG treatment. We found the increases in calpain
and caspase-3 activities in the formation of calpain-specific 145 kD
spectrin breakdown products (SBDP) and caspase-3 specific 120 kD
SBDP, respectively, in both SK-N-BE2 and SH-SY5Y cells following
combination therapy (Fig. 5).

We further examined caspase-3 activity in the cleavage of
inhibitor of caspase-3 activated DNase (ICAD) (Fig. 5). Our results
showed that survivin knockdown in combination with EGCG
treatment markedly increased the cleavage of ICAD in both SK-N-
BE2 and SH-SY5Y cells so as to release of CAD from the CAD/ICAD
complex and translocation to the nucleus for DNA fragmentation.

Combination therapy prevented cell migration and down
regulated molecules involved in survival, angiogenesis, and
invasion pathways in SK-N-BE2 and SH-SY-5Y cells

We examined the effects of survivin knockdown or/and EGCG
treatment on the capability of migration of malignant neuroblas-
toma cells through the polycarbonate membrane and also
examined the expression of molecules involved in survival,
angiogenesis, and invasion pathways (Fig. 6). Cells underneath
the membrane that migrated through matrigel on the polycar-
bonate membrane were stained and examined under the light
microscope (Fig. 6A). We found that scrambled shRNA plasmid
transfection did not prevent cells from migration through the
matrigel coated membrane but survivin knockdown or EGCG
treatment inhibited the cell migration. Importantly, there was a
dramatic reduction in the cell migration through matrigel coated
membrane after combination of survivin knockdown and EGCG
treatment (Fig. 6A). The percentage of cells migrated through the
transwell membrane presented in the bar graphs clearly showed
that combination of survivin knockdown and EGCG treatment
most significantly reduced cell migration (Fig. 6B). Our Western
blotting showed that survivin knockdown in combination with
EGCG treatment drastically down regulated the molecules in-
volved in pro-survival (p-Akt and NF-κB), angiogenesis (VEGF and
b-FGF), and invasion (MMP-2 and MMP-9) pathways (Fig. 6C).

Survivin knockdown and EGCG treatment inhibited in vitro
angiogenic network formation

We examined the in vitro angiogenic network formation in co-
culture of HME cells and SK-N-BE2 or SH-SY-5Y cells after survivin
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Fig. 5 – Western blotting to examine molecules involved in induction of apoptosis. Treatments: transfection with plasmid vector
carrying scrambled shRNA cDNA (0.5 μg/ml) for 48 h, transfection with plasmid vector carrying survivin shRNA cDNA (0.5 μg/ml)
for 48 h, 50 μM EGCG for 24 h, survivin shRNA (0.5 μg/ml) for 48 h+50 μM EGCG for last 24 h. Induction of extrinsic and intrinsic
caspase pathways for apoptosis in neuroblastoma SK-N-BE2 and SH-SY5Y cells. Levels of expression of β-actin and COX4 were used
as loading controls for cytosolic protein and mitochondrial protein, respectively. All experiments were conducted in triplicates.
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knockdown and EGCG treatment alone or in combination (Fig. 7).
Co-culturing of scrambled shRNA transfected SK-N-BE2 or SH-SY-
5Y cells with HME cells did not prevent angiogenic network
formation ability of HME cells (Fig. 7A). However, network
formation was marginally reduced with the use of SK-N-BE2 or
SH-SY-5Y cells treated with EGCG alone. There was a drastic
reduction in network formation when HME cells were co-cultured
with the SK-N-BE2 or SH-SY-5Y cells subjected to survivin
knockdown and EGCG treatment (Fig. 7A). The percentage of
network formation presented in the bar graphs clearly showed
that co-culturing of combination therapy exposed SK-N-BE2 or
SH-SY-5Y cells with HME cells most significantly reduced the
angiogenic network formation ability of HME cells (Fig. 7B).
Discussion

Our study clearly demonstrated that the combination of survivin
knockdown and EGCG treatment successfully induced differenti-
ation and apoptosis and inhibited capabilities of cell migration and
angiogenesis in human malignant neuroblastoma SK-N-BE2 and
SH-SY-5Y cells harboring survivin overexpression.

Survivin is a bi-functional cancer-specific protein at the interface
between cell proliferation and cell survival due to inhibition of
apoptosis [16]. We observed that survivin was expressed constitu-
tively in humanmalignant neuroblastoma SK-N-BE2, SH-SY-5Y, SK-
N-DZ, and IMR-32 cell lines; however, highly in SK-N-BE2 and SH-
SY-5Y cell lines, slightly in SK-N-DZ cell line, and very slightly in
IMR-32 cell line. Thus, survivin could be a potential therapeutic
target for the treatment of malignant neuroblastomas that over-
express survivin. EGCG is a widely known polyphenolic compound
from green tea and it has been effective as pro-apoptotic agent in
several cancers including human colon cancer [17,18] and pancre-
atic cancer [19]. Survivin expression can be down regulated in
cancer cells by several mechanisms, including the prevention of
amplification of the survivin locus on chromosome 17q25 [20], the
use of survivin inhibitor such as YM155 [21], and knockdown of
survivin by survivin shRNA plasmid transfection. In the present
study, we successfully employed survivin shRNA plasmid to
knockdown survivin mRNA and protein levels in two human

image of Fig.�5


Fig. 6 – (A) Cell migration assay in neuroblastoma SK-N-BE2 and SH-SY5Y cells. Treatments: transfection with plasmid vector
carrying scrambled shRNA cDNA (0.5 μg/ml) for 48 h, transfection with plasmid vector carrying survivin shRNA cDNA (0.5 μg/ml)
for 48 h, 50 μM EGCG for 24 h, survivin shRNA (0.5 μg/ml) for 48 h+50 μM EGCG for last 24 h. After treatments, cells were seeded
for migration on the matrigel coated membrane of tranwell insert and incubated at 37 °C in the presence of 5% CO2. After
incubation for 48 h, the membranes were collected and stained, and photographs were taken under the light microscope.
(B) Quantitation of matrigel invaded cells underneath the membrane. Mean values of 3 independent experiments are shown.
**p<0.01; #p<0.05 (** compared with scrambled shRNA; # compared combination therapy with survivin shRNA or EGCG alone).
(C) Western blotting to examine the molecules involved in cell survival and proliferation (p-Akt, NF-κB), angiogenesis (VEGF,
b-FGF), and cell migration (MMP-2, MMP-9). Expression of β-actin was used as a loading control. All experiments were conducted
in triplicates.
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malignant neuroblastoma SK-N-BE2 and SH-SY-5Y cell lines. We
found that shRNA directed against survivin resulted in more than
40% suppression of survivin expression and this transfection
followed by EGCG treatment resulted in more than 80% suppression
of survivin at the mRNA and protein levels in SK-N-BE2 and SH-
SY5Y cells.

We also found that survivin shRNA plasmid transfection
induced neuronal differentiation in SK-N-BE2 and SH-SY5Y cells
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Fig. 7 – Changes in the in vitro network formation ability of HME cells in co-culture with neuroblastoma cells. Treatments of
neuroblastoma cells before co-culturing: transfection with plasmid vector carrying scrambled shRNA cDNA (0.5 μg/ml) for 48 h,
transfection with plasmid vector carrying survivin shRNA cDNA (0.5 μg/ml) for 48 h, 50 μM EGCG for 24 h, survivin shRNA
(0.5 μg/ml) for 48 h+50 μM EGCG for last 24 h. (A) Representative network formation in HME cells co-cultured with
neuroblastoma (SK-N-BE2 or SH-SY5Y) cells. Cells were grown on chamber slides and transfected with survivin shRNA plasmid or
treated with EGCG or both agents together. After 24 h, HME cells were co-cultured with neuroblastoma cells. The co-cultures were
terminated at 72 h and immunocytochemically stained for Von Willebrand factor. (B) Quantitation of in vitro network formation
ability of HME cells. Mean values of 3 independent experiments are shown. **p<0.01; #p,<0.01 (** compared with scrambled
shRNA; # compared combination therapy with survivin shRNA or EGCG alone).
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resulting in reduced width of the cell along with significant
increase in the length of the cell as well as in the neurite
extensions. The increases in expression of the differentiation
markers such as NFP and NSE indicate induction of neuronal
differentiation [22]. We found that both NFP and NSE were highly
increased indicating neuronal differentiation in SK-N-BE2 and SH-
SY-5Y cells after the combination therapy. Transition to neuronal
differentiation phenotype was accompanied by dramatic de-
creases in expression of Notch-1 and ID2, which were previously
shown to promote dedifferentiation of neuroblastoma cells under
hypoxic conditions [23]. Our data showed that cells transfected
with shRNA plasmid and concurrently treated with EGCG showed
clear inhibition of expression of Notch-1 and ID2. Expression of e-
cadherin, known to promote cell differentiation [24], was highly
induced due to survivin knockdown in combination with EGCG
treatment. Induction of neuronal phenotype was correlated with
repression of cell proliferation markers such as PCNA and hTERT
[25].
In situ Wright staining and Annexin V staining demonstrated
significant increases in, respectively, morphological and biochem-
ical features of apoptosis in neuroblastoma cells after survivin
shRNA plasmid transfection and EGCG treatment. Survivin blocks
apoptosis by inhibiting several members of the caspases such as
caspase-9, caspase-3, and caspase-7 [26,27]. It has previously been
reported that green tea polyphenol induces death receptor
mediated caspase-8 activation followed by caspase-3 activation
[9,28]. We analyzed expression of various molecules involved in
apoptosis after the treatments. We first analyzed the expression of
caspase-8, which could confirm activation of the receptor
mediated pathway of apoptosis. Caspase-8 cleaves of Bid to tBid
and translocates tBid to mitochondrial membrane for promoting
mitochondrial release of several pro-apoptotic factors including
cytochrome c, Smac/Diablo, and apoptosis-inducing factor (AIF)
into the cytosol to facilitate apoptosis [24,29]. Direct interaction
between survivin and Smac/Diablo can prevent the release of
Smac from mitochondria to block cell death [30]. We found that
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down regulation of survivin by survivin shRNA plasmid transfection
and EGCG treatment highly upregulated caspase-8 for cleavage of Bid
to tBid, followed by mitochondrial release of cytochrome c Smac/
Diablo and AIF in SK-N-BE2 and SH-SY-5Y cells, indicating the
inductionmitochondriamediated intrinsic apoptotic pathway aswell.

Caspase-8 mediated cleavage of Bid to tBid and translocation of
tBid to mitochondria provides a link between death receptor and
mitochondrial pathways of apoptosis [31]. Caspase-8 mediated
cleaved Bid to tBid alters the expression of Bax and Bcl-2 [32].
Increase in Bax:Bcl-2 ratio is a key factor to induce the release of
several pro-apoptotic molecules from mitochondria [33]. Upregula-
tion of various anti-apoptotic molecules such as Bcl-2 protects the
cancer cells from apoptosis [34]. In this study, survivin shRNA
plasmid transfection in combination with EGCG treatment caused
significant upregulation of Bax with a concomitant down regulation
of Bcl-2 so as to cause an increase in the Bax:Bcl-2 ratio in SK-N-BE2
and SH-SY-5Ycells.

Mitochondria mediated activation of the effector caspases,
including caspase-3, can cleave a number of cytoplasmic and nuclear
substrates leading to apoptosis [33]. Increases in calpain and caspase-
3 activities are simultaneously activated in human glioblastoma cells
[32] as well as in glioblastoma T98G xenograft [35] to facilitate the
apoptosis. Cytochrome c is released from mitochondria into cytosol
and it binds to apoptosis-activating-factor-1 (Apaf-1) to produce
apoptosome leading to the activation caspase-9 and caspase-3 for
caspase-dependent apoptosis [24,36]. Caspases play significant roles
in the apoptosis of mammalian cells. In the present study, we
demonstrated that survivin shRNA plasmid transfection in combina-
tion with EGCG treatment played an important role in the dramatic
upregulation of calpain and caspase-3. Increases in the activities of
calpain and caspase-3 were confirmed in the formation of 145 kD
SBDP and 120 kD SBDP, respectively. Also, caspase-3 activity caused
ICAD cleavage in both SK-N-BE2 andSH-SY-5Y cells. Cleavage of ICAD
could allow the neuroblastoma cells to translocate CAD to the
nucleus for nuclear DNA fragmentation, the final step in apoptosis.

The distinct ability of tumor cells to infiltrate the extracellular
matrix of normal tissue makes it impossible to treat the highly
invasive neuroblastomas using surgery and radiation. The dislodg-
ment of tumor cells from the primary site and their subsequent
migration of normal adjacent tissues is a defining feature of
malignant neuroblastoma. MMPs, especially MMP-9 and MMP-2,
can play a significant role in tumor cell migration through
proteolytic degradation of the extracellular matrix. Tumor cell
migration through matrigel and subsequently through a polycar-
bonate membrane with a particular pore size is an excellent
technique to measure any change in the migration potency of
tumor cells after exposure to radiation or chemotherapy. Not all
sorts of tumor cells have the ability to migrate through a
polycarbonate membrane with a particular pore size. However,
almost all neuroblastoma cells are highly migrating and possess this
ability. In the present study,we used cellmigration assay tomeasure
the ability of two highly malignant neuroblastoma cell lines that
migrate and then pass through the matrix on polycarbonate
membrane (8 μm pore size) before and after survivin knockdown
or/and EGCG treatment. The combination of survivin knockdown
and EGCG treatment resulted in up to 80% inhibition in the ability of
neuroblastoma cells to migrate through the matrix on polycarbon-
ate membrane. We did not use any chemoattractant in the medium
placed underneath the membrane. This indicated that the treated
tumor cells lost the ability to secrete the required amount of
proteolytic enzymes such as MMP-9 and MMP-2 to degrade the
matrix and pass through the membrane.

Phosphorylation of Akt (p-Akt) promotes cell survival and
proliferation via activation of NF-κB survival pathway [37]. NF-κB
is a protein complex that controls the transcription of DNA in the
nucleus. Abberant regulation of NF-κB is linked to cancers and
many inflammatory and autoimmune diseases. The active form of
Akt (p-Akt) has high potential to deregulate cell cycle, induce cell
proliferation, avoid apoptosis, and stimulate cell survival through
upregulation ofNF-κB [38]. In this study,wedemonstrated that survivin
knockdown and EGCG treatment resulted in remarkable decreases in
the expression of molecules such as p-Akt and NF-κB in SK-N-BE2 and
SH-SY-5Y cells that could otherwise promote tumor cell proliferation.

Angiogenesis, the formation of new blood vessels from pre-
existing ones, plays an important role in tumor progression and
metastasis. Angiogenesis is a key regulatory factor in the progression
and growth ofmalignant tumors such as neuroblastomas. Therefore,
development of an appropriate targeted molecular strategy to
prevent angiogenesis is an important milestone in the therapeutic
intervention against neuroblastomas. The mechanism of angiogen-
esis is primarily mediated by hypoxia through chronic activation of
the hypoxia-inducible factor pathway leading to the production of
VEGF and b-FGF [39,40]. In the present study, we observed that cells
after transfection with survivin shRNA and treatment with EGCG
failed to produce potent angiogenic factors such as VEGF and b-FGF.
Thus, this combination therapywould inhibit the secretion of potent
angiogenic stimulants and subsequently prevent tumor progression.
In vitro network formation requires special angiogenic stimulants
such VEGF and b-FGF secreted by the tumor cells. In this study, we
observed that neuroblastoma cells transfected with survivin shRNA
and treated with EGCG and then co-cultured with HME cells
markedly reduced the network formation ability of HME cells.

In conclusion, the present study demonstrated that survivin
knockdown and EGCG treatment effectively induced differentia-
tion and apoptosis and inhibited cell migration, angiogenesis, and
growth of malignant neuroblastoma cells through down regula-
tion of molecules involved in these processes. Therefore, the
combination of survivin silencing and EGCG treatment can be a
novel therapeutic strategy for controlling the growth of human
malignant neuroblastomas.
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