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The expression of ganglioside GD3, which plays crucial
roles in normal brain development, decreases in adults
but is upregulated in neoplastic cells, where it regulates
tumor invasion and survival. Normally a buildup of
GD3 induces apoptosis, but this does not occur in
gliomas due to formation of 9-O-acetyl GD3 by the
addition of an acetyl group to the terminal sialic acid
of GD3; this renders GD3 unable to induce apoptosis.
Using human biopsy-derived glioblastoma cell cultures,
we have carried out a series of molecular manipulations
targeting GD3 acetylation pathways. Using immuno-
cytochemistry, flow cytometry, western blotting, and
transwell assays, we have shown the existence of a criti-
cal ratio between GD3 and 9-O-acetyl GD3, which pro-
motes tumor survival. Thus, we have demonstrated for
the first time in primary glioblastoma that cleaving the
acetyl group restores GD3, resulting in a reduction in
tumor cell viability while normal astrocytes remain unaf-
fected. Additionally, we have shown that glioblastoma
viability is reduced due to the induction of mitochond-
rially mediated apoptosis and that this occurs after mito-
chondrial membrane depolarization. Three methods of
cleaving the acetyl group using hemagglutinin esterase
were investigated, and we have shown that the baculo-
virus vector transduces glioma cells as well as normal
astroctyes with a relatively high efficacy. A recombinant
baculovirus containing hemagglutinin esterase could be
developed for the clinic as an adjuvant therapy for
glioma.

Keywords: 9-O-acetyl GD3, baculovirus, brain tumor,
hemagglutinin esterase.

C
entral nervous system (CNS) tumors account for
approximately 2% of all cancers diagnosed in
the United Kingdom but represent a dispropor-

tionately high mortality rate; in fact, brain tumors are
the leading cause of neoplasm-related death in patients
younger than age 35 years. Gliomas are the most fre-
quent CNS primary tumor, and glioblastomas are the
most common and of the highest malignancy grade—
grade IV—as classified by the World Health
Organization. Glioblastomas are highly refractory to
current therapeutic strategies due to their characteristic
local diffuse infiltration of normal tissue and hetero-
geneous nature—for example, they show differences in
epigenetic regulation and differentiation status.1 GD3
is a ganglioside—a member of a family of glycosphingo-
lipids containing sialic acid—that consists of a ceramide
backbone, 2 sugar residues, and 2 sialic acid residues. It
is found ubiquitously as a constituent of the plasma
membrane in all mammalian cells, where it is clustered
in the lipid rafts, with its hydrophobic ceramide portion
anchored in the membrane and the hydrophilic tail
protruding into the extracellular environment.2,3 GD3
has been shown to play crucial regulatory roles in
both normal physiological processes (such as embryo-
genesis) and pathological conditions (such as tumor
onset and progression).4 In particular, GD3 is a major
ganglioside constituent of the embryonic brain, where
it has been reported to mediate migration as well as
induce apoptosis in the supernumerary progenitor
cells.5 Following maturation of the CNS, GD3
expression diminishes considerably; in the adult brain,
GD3 is considered a minor ganglioside constituent
and is replaced by more complex gangliosides.6 There
is accumulating evidence suggesting that GD3 is being
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upregulated as a result of initial oncogenic transform-
ation and that it may play key roles in controlling the
induction of invasion, angiogenesis, apoptosis, and
immunosuppression.3,7–11 The buildup of GD3 has
been shown in recent years to induce apoptosis in a
variety of cell lines as well as in isolated mitochondria,
and several mechanisms have been proposed for this,
including direct interaction with the mitochondrial
permeability transition pore (MPTP), enhanced pro-
duction of reactive oxygen species, suppression of the
NFk-B survival pathway, and promotion of CD95/
Fas-mediated apoptosis.12–17 However, while high
levels of GD3 are reported in glioblastomas18 and
have also been shown in our laboratories (unpublished
data), these cells do not display any signs of apoptosis.
This phenomenon has been linked to acetylation, a
postsynthetic modification that results in the addition
of an acetyl group to the 9-carbon position of the term-
inal sialic acid to form 9-O-acetyl GD3 (GD3A). Unlike
GD3, GD3A is found mainly intracellularly and appears
to inhibit the pro-apoptotic potential of GD3,19–23 thus
promoting tumor cell survival while still allowing cell
surface-associated GD3 to assist cell migration.

It has been shown in other cell lines (eg, HEK-293,
Jurkat, U87) that cleaving the acetyl group from
GD3A appears to restore pro-apoptotic GD320,22,23

and that this may represent a potential therapeutic
strategy. Hemagglutinin esterase (HE) from influenza
C virus plays a significant role in cellular attachment
and infection by the virus but has also been shown
to bind specifically to 9-O-acetylated sialic acids and
to induce efficient degradation of GD3A to GD3.24–

27 In this study we used HE to cleave the acetyl
group from GD3A in biopsy-derived glioblastoma cell
lines to selectively induce apoptosis. As part of this
study, we investigated whether the baculovirus
Fas-mediated Autographa californica nucleopolyhedro-
sisvirus (AcNPV) may be a suitable expression
vector system for delivering HE to glioblastoma
cells. The baculovirus is an insect-specific virus that
is nonpathogenic in mammalian cells and is rapidly
gaining credibility as a gene therapy vector due to its
large cloning capacity, good biosafety record, and
ability to efficiently transduce a large number of mam-
malian cells as a non integrating vector.28–31 One of
the major incentives for developing a recombinant
baculovirus for use as a brain tumor cell gene
delivery system is its ability to transduce quiescent
cells (eg, the cancer stem cell population, the invading
population) as well as mitotic cells. Moreover,
unlike most mammalian viruses, baculovirus does
not trigger immune/inflammatory responses against
infected cells—a great advantage in our approach
where treatment safety and specificity result from the
expected lack of effect in normal cells, even if targeted
by the vector.31

We show here that the acetylation status of GD3
critically affects glioblastoma cell survival and that
cleaving the acetyl group from GD3A results in
tumor cell death via mitochondrially mediated
apoptosis.

Materials and Methods

Cell Culture

Three glioblastoma cell lines were used throughout:
SNB-19 (passages 38–42 since receipt in laboratory)
(Deutsche Sammlung von Mikroorganismen und
Zellkulturen brain bank); University of Portsmouth
(UP) AB (passages 12–16), an in-house–derived adult
biopsy cell line; and IN699 (passages 15–18), a pedi-
atric biopsy-derived cell line (Institute of Neurology).
Additionally, CC-2565 (passages 4–6), a normal
human cerebral astrocyte line (Lonza Wokingham),
and SC-9 amplified using specific primers (Invitrogen),
which incorporated flanking restriction endonuclease
sites (Table 1) and Phusion proofreading polymerase
(New England Biosciences) before resulting amplicons
were cloned, under the control of the cytomegalovirus
(CMV) promoter, into either pcDNA3.1 (Invitrogen)
to form pcDNA3.1-HE-CMV or a modified form of
pBacPAK8 (Clontech), in which the polyhedron promo-
ter had been replaced with the CMV promoter, to
produce pBacPAK-HE-CMV. Insect Sf9 cells were trans-
fected with pBacPAK-HE-CMV and flashBACGOLD
virus DNA (Oxford Expression Technologies) to
produce the recombinant baculovirus AcHE-CMV.
The virus was then amplified to high titer (1–2 × 108

plaque-forming units (PFU)/mL) in Sf9 cells, titrated
by plaque assay and characterized. HE was expressed
with the C-terminal transmembrane anchor.

Treatment of Cells with HE

Cells were treated with HE in 3 different regimens: (1)
exogenous administration of 10-mU recombinant HE
to the cell culture monolayer for 60 min before assays;
(2) monolayers transfected with 1.6 mg/100-mL
pcDNA3.1-HE-CMV using Lipofectamin 2000
(Invitrogen) and HE expressed for 24 h; (3) cells trans-
duced with AcHE-CMV by adding virus to monolayers
at a multiplicity of infectionof 50 PFU/cell and incubat-
ing for 1 h before removing and replenishing with SFM
and incubating for a further 16 h. Cells were plated at
a density of �1 × 105 cells/well.

Flow Cytometry

The expression of intracellular GD3 and GD3A was
quantitatively determined by flow cytometry. Briefly,
cells were harvested (and for intracellular analysis of

Table 1. Specific primer sequences incorporating flanking
restriction endonuclease sites for amplification of HE from pCHE4

5′ for pcDNA3.1- GGTCTCGAGATGTTTTTCTCATTACTC

3′ for pcDNA3.1- GATATCTTTAGTTCTGCAGATGG

5′ for pBacPAK8 TCTAGAATGTTTTTCTCATTACTCTTG

3′ for pBacPAK8 GAGCTCTTTAGTTCTGCAGATGG
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GD3 and GD3A cells were permeabilized using Cytofix
Cytoperm [BD Biosciences]) before incubating with
primary antibody (mouse anti-human GD3 clone
MB3.6 [Chemicon, Millipore] or mouse anti-human
9-O-acetyl GD3 clone D1.1 [Zymed, Invitrogen]), fol-
lowed by incubation with a goat anti-mouse secondary
antibody conjugated to Alexa Fluor 488 (Invitrogen).
Expression data were collected using a 4-color multipara-
meter FACS [fluorescence-activated cell sorting] Calibur
flow cytometer (BD Biosciences), and acquisition and
analysis of data were carried out using CellQuest Pro
Software. Using this technique enabled the analysis of
both the mean percentage of the cell population expres-
sing either GD3 or GD3A (% gated expression) and the
mean amount of antigen expressed by the positive cells
(increase in fluorescence fold). Thus we were able to
track the increase or decrease in GD3A and GD3, respect-
ively, after treatments. Monitoring differences in fluor-
escence fold was crucial for this study, since even subtle
changes in the critical ratio between the 2 ganglioside
forms may be sufficient to induce apoptosis.

Cell Viability Assay

Cell viability was assessed using the CellTiter96 Aqueous
One Solution Cell Proliferation Assay (Promega). The
solution was added posttreatment, absorbance (at
490 nm) was recorded using a Labtech Polar Star
Optima plate reader, and viability was calculated from
the ratio between the sample and control readings.

Annexin V/Propidium Iodide

Apoptosis was detected using annexin V/propidium
iodide (PI) staining. Briefly, cells were harvested and
incubated with annexin V antibody conjugated to an
Alexa Fluor 488 (Invitrogen) and PI (BD Biosciences).
Analysis was carried out by flow cytometry, as
previously described in the section ‘Flow Cytometry’
above. To provide evidence of a direct link between
GD3 amounts and the induction of apoptosis, double
staining was also carried out using the annexin V and
GD3 antibodies.

Depolarization of the Mitochondrial Membrane

The JC-1 probe (Sigma-Aldrich) was used to determine
the degree of membrane depolarization in response to
HE treatment. The dye was added after treatment to
cell monolayers, where it could enter the mitochondrial
matrix in cells with intact mitochondrial membranes
and exist as red aggregates (emitting at l590 nm).
However, in cells with depolarized membranes, the dye
is excluded and remains in the cytoplasm as a green
monomer (emitting at l530 nm). Fluorescence at each
wavelength was recorded using a plate reader as pre-
viously described, and the ratio was used to calculate
the extent of depolarization.

Western Blotting

Cells were lysed with radioimmunoprecipitation assay
buffer containing Halt Protease and Phosphatase
Inhibitor Cocktail (Pierce Biotechnology) and scraped
to obtain lysates; 20 mg of protein was loaded and
resolved in 15% (for cytochrome [cyt] c detection) or
10% (for HE detection) sodium dodecyl sulfate gels
and then transferred to nitrocellulose membranes
before probing with primary antibody (1:1000 mouse
anti-human cyt c clone 7H8.2C12 [Zymed, Invitrogen]
or mouse anti-HE antibody 8B3A5 [Applied Biotech]),
followed by goat anti-mouse horseradish peroxidase
for the secondary antibody (Dako). Signals were
detected with enhanced chemiluminescence reagent
(GE Healthcare), and images were acquired and ana-
lyzed using the Syngene imaging system and GeneSnap
Image Acquisition software.

Triacetin Assay

The lysates obtained for western blotting were also used
in the triacetin assay to confirm presence of the active
enzyme. The triacetin assay uses HE to degrade triacetin
into glycerol and acetic acid—1 unit of enzyme is defined
as the amount that will produce 1 mM of acetic acid from
triacetin per min at pH 6.5 at 308C. Briefly, cell lysate was
added to a 5% triacetin solution (Sigma-Aldrich), and a
5-mM NaOH solution (Sigma-Aldrich) was gradually
added until it was no longer possible to maintain pH at
6.5, and the units of enzyme were calculated from the
volumes used and the time taken.

Modified Transwell Boyden Chamber Assay

The invasive potential of cells in vitro was assessed using
a modification of the method described by Albini.32

Briefly, treated cells were harvested and seeded onto
transwell units with an 8-mm pore polycarbonate filter
(Corning) coated with 0.5 mg/mL growth factor
reduced matrigel (BD Biosciences). Added to the lower
chamber as a chemoattractant was 10 ng/mL platelet-
derived growth factor-AB (Sigma-Aldrich). After 8 h
incubation, the upper side of the filter was wiped and
the bottom side was fixed with methanol and stained
with Giemsa (Sigma-Aldrich) and mounted onto slides;
9 fields per slide were counted.

Statistics

Statistical significance was assessed by 2-way analysis of
variance (ANOVA) and the Tukey–Kramer post-hoc
test (P ≤ .05). Unless otherwise specified, data presented
here are representative of 3 independent experiments
carried out in triplicate (n ¼ 3), and values shown are
the arithmetic means+ standard errors of the means
(SEMs).
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Results

Cell Targeting and Expression of HE

We have conducted initial studies into the deacetylation of
GD3A using recombinant HE enzyme produced in Sf9 cells
(data not shown). This enzyme is reported to target only
9-O-acetylated sialic acids associated with the cell
surface, thus we created pcDNA3.1-HE-CMV to obtain
a proof of principle that intracellular delivery of HE
would result in a greater effect on the GD3:GD3A ratio
and the induction of apoptosis. HE expression after trans-
fection with pcDNA3.1-HE-CMV or transduction with
AcHE-CMV in the 3 glioblastoma cell lines and in
CC-2565 was analyzed by western blotting. We confirmed
that HE complementary DNAwas successfully introduced
into cells, resulting in protein synthesis. Figure 1 shows
that control cells expressed no HE, while all treated cells
showed some degree of expression. Additionally, the tria-
cetin assay used for quantification of the amount/activity
of HE produced in each cell line confirmed that the enzyme

was correctly processed and active (Table 2). We also
tested for the presence of the enzyme in the cell medium
by western blot and found that it had not been secreted
from the cells in any significant amount due to the c-
terminal transmembrane anchor that ensures membrane
binding of the enzyme.25,27 The amount of enzyme pro-
duced by different cells varied greatly depending on the
cell line, and this was particularly noticeable in the hetero-
geneous UPAB line.

In an attempt to eliminate variable transfection effica-
cies, AcHE-CMV was developed once we had shown the
improved rates of deacetylation and apoptosis in response
to intracellular expression of HE. Using AcEGFP
(enhanced green fluorescent protein)-CMV, we have pre-
viously shown that the baculovirus is a suitable vehicle
for gene delivery to glioblastoma cells, and the preliminary
assessments described above indicated that more HE was
produced after transduction with AcHE-CMV than as a
result of pcDNA3.1-HE-CMV transfection.

Characterization of Glioma and Glial Cells for GD3 and
GD3A Expression

The intracellular expression of GD3 and GD3A before
and after the various treatment regimens was assessed
by flow cytometry (Fig. 2). This was a crucial determi-
nant of the existence of a critical ratio between GD3
and GD3A and whether this ratio could be manipulated
in order to induce mitochondrially mediated apoptosis.
The percentage of the cell population expressing intra-
cellular GD3 and GD3A as well as the average amount
in each cell line (fluorescence fold) after the 3 treatment
regimens were compared with ganglioside expression in
untreated cells and are shown in Figure 2. The
phenotype of the cell affects the expression; for
example, nonneoplastic CC-2565 cells demonstrate the
lowest expression of the gangliosides, while the highest
levels were seen in the pediatric glioblastoma IN699.

All 3 treatment regimens caused a reduction in levels of
GD3A in the glioblastoma cell lines, and this effect was
most significant after transduction with AcCMV-HE.
However, the subsequent increase in GD3 expression
was greater than the reduction in GD3A levels. For
example, in UPAB after exogenous administration of
HE, GD3A expression decreased 3-fold (expressed as flu-
orescence fold change), while the GD3 expression
increased 10-fold. Additionally, CC-2565 expresses
very low levels of GD3A, and none of the 3 treatment

Fig. 1. Western blots after transduction with AcHE-CMV or transfection with pcDNA3.1-HE-CMV. (1) SNB-19, (2) IN699, (3) UPAB and (4)

CC-2565 cells. Expression of 44-kDa actin as protein loading control (A) and 120-kDa HE (B) are shown. Results are representative of 3

independent experiments (n ¼ 3).

Table 2. Units/mL HE expressed in SNB-19, IN699, UPAB, and
CC-2565 cells after transduction with AcHE-CMV or transfection
with pcDNA3.1-HE-CMV as determined by the hydrolysis of
triacetin

Units/mL
Enzyme

Blank 0

Control 860

UPAB Mock 0
Transfected with

pcDNA3.1-HE-CMV
60

Transduced with AcHE-CMV 400

SNB-19 Mock 0
Transfected with

pcDNA3.1-HE-CMV
120

Transduced with AcHE-CMV 400

IN699 Mock 0
Transfected with

pcDNA3.1-HE-CMV
120

Transduced with AcHE-CMV 360

CC-2565 Mock 0
Transfected with

pcDNA3.1-HE-CMV
20

Transduced with AcHE-CMV 80

Note: Control is recombinant HE produced in and purified from
Sf9 insect cells.
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regimens appeared to affect it or to increase GD3
expression, which was found in less than 1% of the cell
population.

Effects of GD3 Deacetylation on Cell Viability

Cell viability was assessed in the 4 cell lines in response
to the exogenous addition of HE and transduction with
AcHE-CMV (Fig. 3). CC-2565 astrocytes appeared

unaffected by HE treatment, with viability remaining
close to 100% in all experiments. In the glioblastoma
cell lines, however, cell viability was statistically signifi-
cantly reduced in response to the treatment regimen.

Effects of GD3 Deacetylation on the Induction of
Apoptosis

Both treatment regimens resulted in the induction of
apoptosis in the glioblastoma cell lines. Importantly, no
significant effect was seen in CC-2565 after any of the
treatment regimens, with only �5% of the population
apoptotic in any of the 4 conditions assessed (Fig. 4A).
There was, however, some variability in treatment effi-
cacy with transduction, with AcHE-CMV causing the
greatest apoptosis in SNB-19 and exogenous adminis-
tration triggering the greatest apoptosis in UPAB cells.
AcHE-CMV induced apoptosis in �55% of the SNB-19
population and over 40% of the IN699, which is very
similar to the transduction efficacies we have previously
determined using this vector expressing green-fluorescent
protein as a reporter gene (unpublished data). Linear
regression analysis shows that there appears to be a very
strong cause-and-effect relationship between the percen-
tage of the population that is apoptotic and the percen-
tage expressing GD3 after treatment (supplementary
data). Here we demonstrate that increasing levels of
GD3 show a positive correlation with the levels of apop-
tosis detected. A direct link was shown by carrying out
double staining experiments; cells expressing high levels
of GD3 were also positive for annexin V (Fig. 4D),
whereas cells with little or no GD3 showed no signs of
early apoptosis. For example, we show that after treating
SNB-19 cells with AcHE-CMV, �48% of the population
is positive for both GD3 and annexin V. Around 21% of
the population stained positively for GD3 but not for
annexin V; however, this occurrence can be explained
by the fact that the critical ratio may not have yet been
achieved in those cells. Depolarization of the mitochon-
drial membrane is believed to be a critical step in the
induction of GD3-evoked mitochondrially mediated
apoptosis. JC-1 was used to determine the extent of
depolarization, and it was found that the phenotype of
cells (cell line) affects the extent of depolarization
(Fig. 4B). For example, CC-2565 controls remained unaf-
fected regardless of the treatment, while the glioblastoma
cell lines displayed depolarization in response to all 3
treatment regimens. The differences between the 2 regi-
mens were more marked in the homogeneous cell lines
SNB-19 and IN699, with exogenous administration
having the least effect and transduction with AcHE-
CMV resulting in the mostdepolarizationof the membrane.

Western blotting for cyt c was used to analyze mito-
chondrially mediated apoptosis. Figure 4C shows that
cyt c was not detected in any of the untreated glioblas-
toma cell lines and was not detectable in CC-2565
cells, regardless of whether these were treated or
untreated. However, cyt c was present in varying
degrees in the glioblastoma cell lines in response to
both treatment regimens. The greatest amount of cyt c

Fig. 2. (A) Percentage of the cell populations of UPAB, SNB-19,

IN699, and CC-2565 expressing GD3 and GD3A after treatment by

exogenous administration of HE, transfection with pcDNA3.1-

HE-CMV, or transduction with AcHE-CMV and compared with

untreated cells. (B) Amount of intracellular GD3 and GD3A as

shown by fluorescence intensity in UPAB, SNB-19, IN699, and

CC-2565 cells after exogenous administration of HE, transfection

with pcDNA3.1-HE-CMV, or transduction with AcHE-CMV and

compared with untreated cells. Results are representative of 3

independent experiments carried out in triplicate (n ¼ 3), and

values shown are the arithmetic means+ standard errors of the

means (SEMs). Statistical significance was assessed by 2-way

ANOVA and the Tukey-Kramer post-hoc test (P ≤ .05).
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in UPAB was detected in response to exogenous admin-
istration, with HE levels being significantly reduced after
transduction. Transduction with AcHE-CMV and
exogenous administration of HE resulted in the similar
amounts of cyt c being released in IN699; however,
interestingly, the treatment method did not appear to
have an effect on the amount of cyt c released in SNB-19.

Effect of GD3 Deacetylation on the Invasive Potential

Since elevated levels of GD3 are known to be associ-
ated with the diffuse local infiltration of glioblastoma
cells into the normal brain, it was investigated
whether cleaving the acetyl group from GD3A (which
results in an increase in intracellular GD3) would
lead to the promotion of diffuse cellular invasion
(Fig. 5). As expected, CC-2565 cells displayed
minimal invasion whether treated or untreated, while
in the 3 glioblastoma cell lines, invasion was reduced
after treatment. Treatment method significantly
affected the invasiveness of the glioblastoma cell
lines, with transduction with AcHE-CMV resulting in
the greatest decrease in invasive potential in all 3 cell
lines. Additionally, linear regression analysis indicated
that invasive potential is inversely dependent on the
amount of GD3 expressed (supplementary data). For
example, we show that with increasing amounts of
deacetylated GD3 in the cell there also appears to be
a reduction in invasive potential. Despite these data
conflicting with investigations previously carried out
in our laboratory,8 we suggest that this is due to
cells expressing high levels of GD3 undergoing apopto-
sis before they can invade through the transwell mem-
brane, as opposed to GD3 suppressing invasion.

Discussion

The main aim of this work was to identify the existence
of a critical ratio between GD3 and GD3A in glioblas-
toma cell survival. Additionally, we have shown that
the baculovirus is a suitable vector for delivering HE
to glioblastoma cells in order to maximize cleaving of
the acetyl group from GD3A, with resultant apoptosis
and depolarization of the mitochondrial membrane
potential.

GD3:GD3A Critical Ratio Controls Glioblastoma Cell
Survival

We have shown in our preliminary studies that high
levels of GD3 are expressed both intracellularly and on
the surface of glioblastoma cells. In contrast, very little
GD3 was detected in the normal human astrocytes
CC-2565. Similarly, CC-2565 showed very little
expression of GD3A, while in the 3 glioblastoma cell
lines it was present but detected only intracellularly,
although at extremely high frequency (ie, over 90% of
the cell population were positive). This finding was con-
sistent with work by Testi and colleagues20,33,34 and Yu
and colleagues35,36 showing that a critical ratio between
GD3 and GD3A exists and dictates cell survival and
apoptosis.20,22,33–36 The expression of GD3 and GD3A

in the glioblastoma cells but not in CC-2565 appears
to support the cancer stem cell hypothesis, as it is the
undifferentiated progenitor cells that enable tumor self-
renewal, and it has been widely acknowledged that
ganglioside expression is upregulated in undifferentiated
cells but disappears from those cells with a stellate
appearance—that is, in the normal astrocytic population

Fig. 3. Cell viability shown for UPAB, SNB-19, IN699, and CC-2565 after exogenous HE administration or transduction with AcHE-CMV and

compared with untreated cells. Results are representative of 3 independent experiments carried out in triplicate (n ¼ 3), and values shown

are the arithmetic means+ standard errors of the means (SEMs). Statistical significance was assessed by 2-way ANOVA and the Tukey-

Kramer post-hoc test (P ≤ .05).
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Fig. 4. (A) Percentage of apoptotic cells shown for UPAB, SNB-19, IN699, and CC-2565 after exogenous HE administration or transduction with

AcHE-CMV and compared with untreated cells. Results are representative of 3 independent experiments carried out in triplicate (n ¼ 3), and

values shown are the arithmetic means+ standard errors of the means (SEMs). Statistical significance was assessed by 2-way ANOVA and

the Tukey–Kramer post-hoc test (P ≤ .05). (B) Effect of deacetylation on the mitochondrial membrane potential in SNB-19, IN699, UPAB,

and CC-2565 cells either untreated, after exogenous administration of HE, or after transduction with AcHE-CMV. Relative fluorescence

units (RFU) are calculated from the ratio of JC-1 monomers to aggregates, and higher RFU indicates greater depolarization. Results are

representative of 3 independent experiments carried out in triplicate (n ¼ 3), and values shown are the arithmetic means+ standard errors

of the means (SEMs). Statistical significance was assessed by 2-way ANOVA and the Tukey–Kramer post-hoc test (P ≤ .05). (C) Western

blots on SNB-19, IN699, UPAB, and CC-2565 cells either untreated, after exogenous administration of HE, or after transduction with

AcHE-CMV. Presence of 44-kDa actin as protein loading control (A) and 13-kDa cyt c (B) are shown. Results are representative of 3

independent experiments (n ¼ 3). (D) Cells positive for GD3 after deacetylation also stain positively for annexin V, indicating a direct link

between GD3 and the induction of apoptosis. Results are representative of 3 independent experiments carried out in triplicate (n ¼ 3).

SNB-19 after treatment with exogenous HE (I), transduction with AcHE-CMV (II), IN699 after treatment with exogenous HE (III),

transduction with AcHE-CMV (IV), UPAB after treatment with exogenous HE (V), transduction with AcHE-CMV (VI).
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in the adult brain.37,38 Furthermore, the highest levels of
GD3 and GD3A were seen in the pediatric glioblastomas
IN699; this cell line has been shown in our laboratories
to express high levels of CD133 (Donovan PhD thesis
2010, University of Portsmouth). CD133, a transmem-
brane glycoprotein, has been well documented as a puta-
tive marker of brain tumor stem cells, and this finding
suggests that GD3 expression may indeed be upregulated
in response to the glycosylation status of CD133. At
present, no literature has been published on the topic,
and thus it is impossible to predict the significance of
this finding on the clinical application or discuss in
detail the biological reason for this phenomenon.
Despite this, Yu et al and Varki et al have both recently
reviewed the role of glycosphingolipids in neural stem
cells and reported the presence of GD3 in mouse

neural progenitor cells, which they hypothesized may
function to restrict cell proliferation, potentially by reg-
ulating Ras-MAPK signaling.39,40 Additionally, the
coexpression of GD3 and CD133 has since been
further linked in a study on Caco-2 and HT-29-D4
colon cancer cells after the development of a polyclonal
anti-CD133 antibody that recognizes the N-terminal
extracellular region as opposed to the extracellular
loops at the C-terminus region, which can become
unglycosylated and thus do not truly reflect CD133
expression.41 The authors of this study suggest that the
binding of GD3 and other gangliosides may modulate
the accessibility of the N-terminus of CD133 and thus
serve to regulate cell-cell contact.

For the first time we have shown cleavage of the
acetyl group from GD3A in biopsy-derived human

Fig. 5. (A) Effect of deacetylation by exogenous HE addition or transduction with AcHE-CMV on the invasive potential of UPAB, SNB-19,

IN699, and CC-2565 cells as determined by the modified Transwell Boyden chamber assay. (A) The average number of cells per captured

field is shown. Results are representative of 3 independent experiments carried out in triplicate (n ¼ 3), and values shown are the arithmetic

means+ standard errors of the means (SEMs). Statistical significance was assessed by 2-way ANOVA and the Tukey–Kramer post-hoc test

(P ≤ .05). (B) UPAB (i, v, ix), SNB-19 (ii, vi, x), IN699 (iii, vii, xi), and CC-2565 (iv, viii, xii). No scale bar is shown but the 8-mm pres serve as a

reference point.
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glioblastoma cells in vitro and observed a concomitant
increase in the amount of GD3 expressed by the cells.
Furthermore, we showed that the process of deacetyla-
tion resulted in a reduction in cell viability, which was
inversely dependent on the amount of GD3 expressed.
The issue of whether the observed increase in GD3 is
due simply to the cleaving of the acetyl group remains
to be resolved. For example, in UPAB, the increase in
GD3 is greater than the decrease in GD3A, which
suggests another phenomenon acting in concert with
the act of deacetylation, as this should simply decrease
GD3A and increase GD3 to the same degree. Previous
studies have reported that upon activation of death
receptors such as tumor necrosis factor–a receptor
or CD95/Fas, many cells begin the de novo synthesis
of GD3, which then may contribute to mitochond-
rially mediated apoptosis.42–44 In light of these
studies and the findings reported here, further investi-
gation would be required to rule out this phenom-
enon. We confirmed that this reduction in cell
viability was linked to the induction of mitochond-
rially mediated apoptosis: as shown by the annexin
V/PI assay as well as by changes in cyt c levels.
Additionally, the JC-1 probe, which detects mitochon-
drial membrane depolarization, indicated that apopto-
sis was induced by membrane depolarization, which
corroborates the current literature data that GD3
induces mitochondrially mediated apoptosis through
direct interaction with the MPTP.14–16 However, one
of the most important questions arising from this
study is how GD3 actually interacts with the mito-
chondrial membrane and the molecular mechanism
behind the propagation of apoptosis. Garofalo and
colleagues have already shown the existence of a
complex consisting of GD3, voltage-dependent anion
channel 1 (VDAC-1), and the fission protein hFis1
on the outer mitochondrial membrane;44 additionally,
modulation of VDAC has been reported to alter
channel conductance in the mitochondrial membrane
and is thought to be involved with the opening of
the MPTP.45,46 Thus we hypothesize that GD3 may
interact with VDAC to cause a conformational
change or recruit other pro-apoptotic molecules,
which either results in the formation of a channel or
alters ion exchange/oxidative phosphorylation to
induce rupturing of the membrane. We hypothesize
that the acetyl group blocks the ability of GD3A to
interact with the MPTP and that the role of GD3
acetylation in glioblastoma appears to suppress GD3
interaction with the mitochondria. Additionally, it
may support the activation of the NFk-B survival
pathway; however, any biological function or sup-
plementary role in tumor progression for GD3A has
yet to be elucidated.12,13 Furthermore, we investigated
whether cleaving the acetyl group from GD3A and
increasing the intracellular concentration of GD3
would cause an increase in invasive potential;
however, it was found that cell death is achieved
before GD3 can be trafficked to the plasma membrane
and impact on invasion.

The Baculovirus as a Potential Therapeutic Vector

Through the exogenous addition of recombinant HE
from influenza C virus, we achieved a proof of principle:
this treatment caused a decrease in GD3A expression
with an increase in GD3 and induced apoptosis with
varying degrees of success within the 3 glioblastoma
cell lines. In the next step, 2 expression vectors were
developed: pcDNA3.1-HE-CMV and AcHE-CMV for
transfection/transduction studies and intracellular
expression of HE. We found that the baculovirus (with
no specific pseudotyping) was relatively efficient at
transducing the 4 cell lines and producing active HE—
shown through western blotting and the triacetin
assay—and we believe that modifications such as the
use of tumor-homing peptides or specific ligands/
binding receptors may improve this virus specificity
and efficacy even further. Additionally, the use of
agents such as cyclohexamide has been shown to
increase the size of the nuclear pores and may enhance
nuclear import.47 Unfortunately, as is the case with
other therapeutic approaches, the more heterogeneous
cell lines are more difficult to transduce, and thus the
rate of deacetylation and subsequent mitochondrially
mediated apoptosis were reduced in these cell lines. At
present it is difficult to establish whether the reduced
effects in these more heterogeneous cells are due to
poor transduction efficacy alone or variability of
expression/processing of HE. A major biological
feature of glioblastomas is their heterogeneous nature,
and these differences in epigenetic regulation and differ-
entiation status are a barrier to transduction with the
baculovirus. However, the most significant benefit of
using this virus is that it is able to transduce quiescent
cells as well as the mitotic ones, and thus the invasive
population that have been arrested from the cell cycle
can also be targeted. Another significant benefit of devel-
oping the baculovirus further for use in our future
studies is its large (130 kb) double-stranded genome,
which is capable of containing more than one insert. In
this respect we envisage combining deacetylation with
other established and/or novel glioblastoma markers,
such as cathepsins, matrix metalloproteinases, neural/
glial antigen 2, etc.48

Conclusions and Clinical Implications

A treatment that selectively targets neoplastic cells
without affecting normal cell populations represents
the Holy Grail for brain tumor research. The critical
ratio between GD3 and GD3A is clearly one of the
factors that contribute to the survival of glioblastoma
and to its ability to evade the immune response;
however, it may also be exploited in order to overcome
the therapeutic resistance demonstrated by glioblas-
toma. Modifying GD3 postsynthesis caused no damage
to normal astrocytes (unlike many currently used thera-
peutic modalities). Clearly, targeting the biochemical
pathways used exclusively or predominantly by brain
tumor cells minimizes harm to “innocent bystanders.”
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Additionally, although the effect on normal neurons has
not been specifically investigated in this study, current
literature indicates that we can expect a similar result
to that obtained with normal astrocytes. Previous
studies have shown that the process of deacetylation
should have little effect on neurons in the developed
brain, as both antigens have been shown to be signifi-
cantly downregulated following maturation.5,6

The viral origins of the enzyme used in this
proof-of-principle study do not make it an optimal can-
didate for therapeutic applications in vivo. Influenza C
virus HE is a strong antigen: �70–90% of adults have
preexisting antibodies toward it, and treatment could
trigger an immune response that would disable the enzy-
matic effect and/or lead to cell death. Therefore, future
developments should exploit human sialic acid
9-O-acetylesterase or inhibition of the sialic acid–
specific O-acetyltransferases.49 Importantly, a gene
therapy approach allows for more selective targeting of
tumor cells: for example, use of vectors containing the
target gene under the control of cell-specific regulatory
elements will prevent unwanted expression in other
brain cell populations. In this respect we envisage that
baculoviruses containing HE or GD3A-specific
9-O-acetylesterase enzymes could be developed for the
clinic and used as a safe and specific adjuvant therapy
or twin treatment to target the infiltrative population
left behind by surgical resection or combat the side
effects of many anti-angiogenics. Crucially, not only
has increased GD3 in the cell been shown to enhance
chemosensitivity, but the hypoxic environment may
reduce the threshold for the critical ratio.13,38 Two of
the most important aspects that must be considered in
the development of the baculovirus containing HE as a
potential therapy are which population of cells we are

targeting and whether the therapy can be improved in
order to reach the cells we want to kill.

These findings may bear a significant impact on our
future studies and indeed on our therapeutic targeting
of the tumor stem cell population. We acknowledge
that the levels of apoptosis that we are currently report-
ing (30–55%), while significant in vitro, are not suffi-
cient in a therapeutic setting, and clearly further
investigations are required to elucidate the in vivo situ-
ation—for example, to elucidate whether cells at the
hypoxic center of the brain tumor will be accessible to
this approach. We intend to use ex vivo rat brain slices
to investigate the cell tropism shown by the baculovirus
and to allow us to specifically target populations of cells
by pseudotyping the virus and identifying biological bar-
riers to transduction. Through these investigations, we
hope that we can improve on these proof-of-principle
data to achieve a clinically relevant outcome.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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