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Abstract

The objectives of this study were to investigate a nuclear factor-kappa B (NFkB) decoy oligonucleotide (ODN) strategy on the

inhibition of glioblastoma (GBM) cell line growth and to evaluate a poly(DL-lactic-co-glycolic acid) (PLGA) microparticle delivery

system for the NFkB decoy ODNs in vitro. We have demonstrated that NFkB activation is important in regulating GBM cell line

growth. Aberrant nuclear expression of NFkB was found in a panel of GBM cell lines, while untransformed glial cells did not

display NFkB activity. Nuclear translocation of NFkB was inhibited by using a ‘‘decoy’’ ODN strategy. NFkB decoy ODNs

designed to inhibit NFkB resulted in a significant reduction in cell number (up to 45%) compared to control cultures after 2 days.

The reduction in cell number correlated with a decrease in cyclin D1 protein expression and a commensurate decrease in Cdk-4

activity. These results provide evidence suggesting that NFkB mediates cell cycle progression and demonstrates a mechanism linking

increased NFkB activity with GBM cell growth and cell cycle disregulation. Decoy ODNs were encapsulated at a yield of 66% in

PLGA microparticles and released in a controlled manner in phosphate buffered saline for up to 28 days. Approximately 83% of

entrapped ODNs were released by day 28. During 3 days of GBM cell line culture, the released decoy ODNs retained their biologic

activity and led to significantly reduced cell number as compared to control cultures. These findings offer a potential therapeutic

strategy in the control of human GBM cell line growth in vitro and suggest that PLGA microparticles may be appropriate as

delivery vehicles for the ‘‘decoy’’ ODN strategy. r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Minimal progress has been made in our ability to
treat glioblastoma (GBM) over the past century. While
surgery, chemotherapy and radiation may remain
primary treatment modalities for glioblastomas, they
have significant deleterious side effects and drawbacks.
The tumor is usually invasive through the normal brain.
Incomplete removal of the tumor and development of
drug-resistance by the remaining tumor cells ultimately
lead to tumor progression [1]. Although many innova-
tive techniques have improved the quality of survival for

many patients, the median survival following diagnosis
and adjuvant treatment still remains only approximately
one-year [2]. Previous studies have focused on identify-
ing the distinct biological features of high-grade human
GBM [3–11].

Nuclear factor-kappa B (NFkB) activation has
recently been shown to be important in regulating cell
proliferation in a variety of tumor cells [12–16].
Activation of NFkB involves phosphorylation and
dissociation of the inhibitory IkB protein from a
cytoplasmic complex with NFkB [17–19]. After serine
phosphorylation of IkB, the inhibitory protein is
ubiquinated and degraded by the proteasome pathway
[20,21]. Liberated NFkB is translocated into the nucleus
where it induces transcription of responsive genes by
binding to DNA kB motifs. Activation of NFkB is
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correlated with changes in cyclin D1 protein expression
and enzymatic activity of cyclin-dependent kinase 4
(Cdk-4). Cyclin D1 is a cell cycle regulatory protein that
is expressed in proliferating cells during G1 phase of the
cell cycle. It is not expressed in quiescent cells, such as
neurons or mature glial cells, which are in the G0 phase.
Cyclin D1 complexes with Cdk-4 to form an active
kinase, which phosphorylates the retinoblastoma gene
product [22]. Phosphorylation of Rb promotes progres-
sion through the cell cycle [12,22].

If errant NFkB activation in GBM is related to a
disregulation in the cell cycle yielding uncontrolled cell
growth, blocking the translocation pathway of NFkB
might inhibit tumor cell proliferation. We have recently
shown that specific inhibition of NFkB can be achieved
by using a molecular decoy oligonucleotide (ODN)
strategy in dorsal root ganglion neurons [23]. The
molecular strategy designed to inhibit NFkB activity
required the generation of cis decoy ODNs against
NFkB binding sites. Binding of liberated NFkB to
phosphorothioated decoy deca-nucleotide elements (50-
GGGATTTCCC-30) within the cytoplasm prevents
DNA binding and transactivation by the transcription
factor. Therefore, such ‘‘decoy’’ ODN strategies
may inhibit the NFkB activity in GBM cell lines and
reduce tumor cell growth. Generation and efficiency of
NFkB decoy elements have been previously determined
[23,24].

It is probable that such molecular therapeutic
strategies will involve local delivery of NFkB decoy
ODNs. Even if a potential therapy is effective, it may
not work because appropriate delivery has not been
achieved. In this regard, incorporation of NFkB decoy
ODNs into a biodegradable microparticle delivery
scheme would be particularly attractive. Incorporation
of biological molecules into synthetic matrices such as
microparticles provides a method for sustained and
controlled local delivery [25–32]. This approach is an
alternative to cell-based delivery systems during the
phase of drug development. A major advantage of
biodegradable synthetic microparticles is the ability to
control the rate of drug release to obtain the desired
local therapeutic concentrations by changing the struc-
ture and biodegradation rate of the polymers. Using
such a delivery system may also offer other advantages
such as site-specific delivery and protection of ODNs
from degradation prior to release [33].

In the present study, experiments were designed to
determine whether NFkB activation would cause
disregulation of GBM cell growth, whether decoy
ODNs could inhibit NFkB activity, whether NFkB
decoy ODNs would inhibit GBM cell line growth,
whether ODNs could be released from PLGA micro-
particles in a controlled fashion, and whether NFkB
decoy ODNs released from PLGA microparticles would
have inhibitory effects on GBM cell line growth.

2. Materials and methods

2.1. Raw materials

NFkB phosphorothioated decoy ODNs 50-
GGGATTTCCC-30 and mutated ODNs 50-
GGGCTTTCCC-30 (underlined base indicates muta-
tion) were purchased from Oligos Etc., Inc. (Wilsonville,
OR) on a 50 mm scale, which were purified to X90%
with gel electrophoresis and HPLC purification. NFkB
decoy and mutant ODNs for electrophoretic mobility
gel shift (EMSA) were generated by the Mayo Clinic
Molecular Biology Core Facility as follows: 50-
CCTTGAAGGGATTTCCCTCC-30 and 30-
GGAACTTCCCTAAAGGGAGG-50 (consensus se-
quences are underlined). Phosphate buffered saline
(PBS, pH 7.4), fetal calf serum, and Dulbecco’s modified
Eagle medium (DMEM) were obtained from Gibco
(Grand Island, NY). Bovine serum albumin was
purchased from Bio-Rad Lab (Richmond, CA). Mono-
clonal anti-Cdk-4 antibody was acquired from Trans-
duction Labs (Lexington, KY) and [g-32P]adenosine 50-
triphosphate (ATP) was purchased from NEN DuPont
(Boston, MA).

PLGA of 50:50 lactic to glycolic acid copolymer ratio
(Medisorbs, Alkermes, Cincinnati, OH) was used in
this study. The weight average molecular weight (Mw) of
PLGA was 72,0007360 (n ¼ 4), as determined by gel
permeation chromatography. The polydispersity index
(PI), equal to the ratio of the weight average to the
number average molecular weight (Mw/Mn), was
1.7370.05. All other chemical and biochemical reagents
were purchased from Sigma (Milwaukee, WI).

2.2. GBM cell culture

A panel of human GBM cell lines (U87, A172, D37)
with high proliferative potential were studied. The
characteristics of these cell lines have been previously
described [34,35]. Primary glial cultures were obtained
from adult rat brain tissue (300 g Harlan Sprague
Dawley rats; Harlan, Madison, WI). Whole brain tissue
was mechanically and enzymatically dissociated and re-
suspended in DMEM supplemented with 15% fetal calf
serum. Dissociated cells were plated onto collagen-
coated Petri dishes for 3 h, allowing for neuron
attachment to the collagen substrate. Media containing
unattached glial cells were collected and replated in fresh
collagen coated Petri dishes and cultured in vitro.

2.3. NFkB activation

NFkB activity was determined by EMSA on three
human GBM cell lines (U87, A172, D37). Nuclear
extracts for EMSA were prepared by the method of
Dignam et al. [36]. Briefly, nuclear extracts were
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prepared by lysing cells in ice-cold lysis buffer (pH 7.5)
containing 10 mm N-(2-hydroxyethyl)piperazine-N0-
(4-butanesulfonic acid) (HEPES), 0.5m sucrose, 0.5 mm
spermidine, 0.15 mm spermin, 5 mm ethylenediaminete-
traacetic acid (EDTA), 0.25m ethylene glycol-bis
(b-aminoethyl ether)-N,N,N0,N0-tetraacetic acid
(EGTA), 7 mm b-mercaptoethanol, and 1mm phenyl-
methylsulfonyl fluoride (PMSF). After centrifugation at
12 000g for 30min at 41C, each pellet was lysed in one
volume of ice-cold lysis buffer containing 0.1% tergitol
NP-40. Lysates were centrifuged at 12 000g for 30min at
41C and the pelleted nuclei were washed twice with ice-
cold buffer containing 0.35m sucrose. After washing,
nuclei were extracted with ice-cold lysis buffer contain-
ing 0.05m NaCl and 10% glycerol for 15min at 41C.
Nuclei were then extracted with lysis buffer containing
0.3m NaCl and 10% glycerol for 1 h at 41C and the
concentration of DNA was adjusted to 1mg/ml. After
pelleting the extracted nuclei at 12 000g for 30min at
41C, the supernatant was added to a 45% (NH4)2SO4

solution and stirred for 30min at 41C. Precipitated
protein was collected at 17 000g for 30min, and re-
suspended in lysis buffer containing 0.35m sucrose.
Primary glial cultures were used to determine baseline
NFkB activity and for comparison with tumor cell lines.
Radio-labeled NFkB decoy and mutant ODNs were
incubated with nuclear extracts, subjected to electro-
phoresis and dried.

2.4. Inhibition of NFkB activity

NFkB inhibition was attempted by addition of decoy
ODNs to cells in culture. Human GBM U87 cells were
maintained in DMEM supplemented with 15% fetal calf
serum. Cells were plated in 18-well arrays of 3-row� 6-
column 0.5ml cell wells. Columns accommodated the
following formulations: (1) untreated cell cultures, (2)
cell cultures exposed to 0.5 mm decoy ODNs, and (3) cell
culture exposed to 0.5 mm mutant ODNs. Rows pro-
vided for 3 independent data points per iteration. ODNs
were added 6 h after re-plating and replenished every
12 h. EMSA was conducted at 24 h of exposure of cell
line.

2.5. Cell growth study of GBM cell lines treated with

decoy ODNs

Human GBM cell lines (U87, A172, D37) were
maintained in DMEM supplemented with 15% fetal
calf serum. Cells were plated in 18-well arrays of
3-row� 6-column 0.5ml cell wells. Columns accom-
modated the following formulations: (1) U87 cell
cultures exposed to 0.5 mm decoy ODNs, (2) U87
cell culture exposed to 0.5 mm mutant ODNs, (3) D37
cell cultures exposed to 0.5 mm decoy ODNs, (4) D37 cell
culture exposed to 0.5 mm mutant ODNs, (5) A172 cell

cultures exposed to 0.5 mm decoy ODNs, and (6) A172
cell culture exposed to 0.5 mm mutant ODNs. Rows
provided for 3 independent data points per iteration.
Cells were plated at a concentration of 20� 103 cells per
50mm Petri dish. ODNs were added 6 h after re-plating
and replenished every 12 h. Cells were detached after
48 h from culture plates with a trypsin-EDTA solution
and the cell numbers were counted with a hemocyto-
meter and the means of 8 counted 0.1mm2 squares were
calculated.

2.6. Cyclin D1 immunoblotting

Human GBM A172 cells were maintained in DMEM
supplemented with 15% fetal calf serum. Cells were
plated in 18-well arrays of 3-row� 6-column 0.5ml cell
wells. Columns accommodated the following formula-
tions: (1) untreated cell cultures, (2) cell cultures exposed
to 0.5 mm decoy ODNs, and (3) cell culture exposed to
0.5 mm mutant ODNs. Rows provided for 3 independent
data points per iteration. ODNs were added 6 h after re-
plating and replenished every 12 h. Whole cell lysates of
GBM cell lines were obtained after 24 h in culture.
Western blot analysis was completed on whole cell
lysates of GBM cell lines using specific monoclonal
antibodies to cyclin D1. Immunoblotting and detection
of cyclin D1 was completed as described previously [37].

2.7. Immune complex kinase assay

Human GBM 172 cells were treated in cell culture as
above. Endogenous activity of the enzymatic counter-
part to cyclin D1, cyclin-dependent kinase-4 (Cdk-4),
was completed as described [38]. Whole cell lysates were
suspended in 50mm HEPES, 150mm NaCl, 1mm

EDTA, 2.5mm EGTA, 1mm dithiotretiol (DTT),
0.1% Tween-20, 10% glycerol, 0.1mm phenylmethyl-
sulfonyl fluoride, 10 mg leupeptin/ml, 20 U aprotinin/ml,
10mm b-glycerophosphate, 1mm NaF, and 0.1mm

sodium orthovanadate and sonicated at 41C. Lysates
were clarified by centrifugation at 10 000g for 5min and
total protein concentrations were determined using the
Bradford method using bovine serum albumin as a
standard. One hundred micrograms of protein was
precipitated for 4 h at 41C with protein A-Sepharose
beads precoated with saturating amounts of monoclonal
anti-Cdk-4 antibody. Immunoprecipitated proteins were
washed 4 times with 1ml lysis buffer and twice with
50mm HEPES containing 1mm DTT. The precipitated
beads were suspended in 30 ml kinase buffer (50mm

HEPES, 10mm MgCl2, 1mm DTT) containing 2 mg of
soluble histone protein and 2.5mm EGTA, 10mm

b-glycerophosphate, 0.1mm sodium orthovanadate,
1mm NaF, 20 mm ATP, and 10 mCi of [g-32P]ATP. After
incubation for 30min at 301C with occasional mixing,
the samples were boiled in polyacrylamide gel sample

J.S. Gill et al. / Biomaterials 23 (2002) 2773–2781 2775



buffer containing sodium dodecyl sulfate (SDS) and
separated by gel electrophoresis. Phosphorylated pro-
teins were visualized by autoradiography of the dried
slab gels.

2.8. Microparticle preparation

PLGA microparticles were fabricated using a double-
emulsion-solvent-extraction technique ((water-in-oil)-in-
water or W/O/W) as previously described [30]. Briefly,
PLGA with a total weight of 500mg was first dissolved
in 2ml dichloromethane. Then, 400 ml of 100 mm ODN
solution was added to a flint glass tube containing the
polymer solution. The entire mixture was emulsified on
a vortexer for 20 s. This solution was then re-emulsified
in 100ml of 0.3% aqueous poly(vinyl alcohol) (PVA)
solution resulting in a double emulsion. The second
emulsion was added to 100ml of 2% isopropyl alcohol
(IPA) solution and maintained on a magnetic stirrer for
2 h. The extraction of the dichloromethane to the
external alcoholic phase resulted in precipitation of the
dissolved polymer and subsequent formation of micro-
particles. The supernatant was decanted off and settled
microparticles were washed 3 times with double distilled
water. The fabricated microparticles were finally col-
lected, centrifuged, lyophilized to dryness, and stored at
�701C before use. The procedure was applied to both
decoy and mutant ODNs.

2.9. Phosphorothioated ODN release kinetics

The entrapment efficiency of the ODNs in PLGA
microparticles was determined by normalizing the
amount actually entrapped to the starting amount,
using an established solvent extraction technique [30].
Approximately 20mg of microparticles were dissolved
in 1ml dichloromethane for 6 h at 371C. The entrapped
ODNs were then extracted from the organic phase to the
aqueous phase by incubation with 1ml PBS for an
additional 24 h. The concentrations of ODNs were
determined by absorption at 260 nm in a Beckman
DU-600 UV spectrometer.

The ODN release kinetics from PLGA microparticles
was studied in pH 7.4 PBS. Approximately 20mg of
microparticles were placed into 1.8ml microvials con-
taining 1ml PBS. The samples were maintained at 371C
with shaking (B100 rpm) for various time periods up to
28 days. At the end of each time point: 4, 8, 12, 16 h, 1,
2, 3, 4, 5, 6, 7, 10, 14, 18, 22, 28 days, the microparticle
suspension was centrifuged and the supernatant was
collected for analysis. The pellet was re-suspended in
fresh PBS. The amount of ODNs released from
microparticles was determined by quantifying the UV
absorption at 260 nm of collected sample solutions.

2.10. Delivery of NFkB ODNS from microparticles into

cell culture

Human GBM cells were maintained in DMEM
supplemented with 15% fetal calf serum. Cells were
plated in 18-well arrays of 3-row� 6-column 0.5ml cell
wells. Columns accommodated the following formula-
tions: (1) a positive control of 0.5 mm aqueous decoy
ODNs, (2) a negative control of mutant ODN-loaded
microparticles (175mg microparticles per well) left
floating in culture medium, (3) a second negative control
of blank microparticles left floating in culture medium,
and (4–6) decoy ODN-loaded microparticles in three
varying quantities (17.5, 87.5, or 175mg microparticles
per well) left floating in culture medium. Decoy, mutant,
and blank microparticles were applied directly to cell
culture while still wet from the final filtration. Weights
of 17.5, 87.5, and 175mg were chosen to approximate
effective ODN concentrations of 0.5, 2.5, and 5 mm in
medium after 72 h. Rows provided for 3 independent
data points per iteration. Cells were plated at a
concentration of 20� 103 cells per 50mm Petri dish.
Microparticles were added 6 h after re-plating. One
single array was harvested at each of 24, 48, and 72 h
time periods. Cells were detached from culture plates
with a trypsin-EDTA solution and the cell numbers
were counted with a hemocytometer and the means of 8
counted 0.1mm2 squares were calculated. Harvest of
each array yielded data regarding total cell numbers per
well.

2.11. Statistical analysis

All data are reported as means7standard deviations
for n ¼ 3 or 4. Single factor analysis of variance
(ANOVA) was used to assess the statistical significance
of results. Scheff!e’s method was employed for multiple
comparison tests at significance levels of 95% and 99%.

3. Results

3.1. NFkB activity in GBM cell lines

In the first line of experiments, the level of NFkB
activity in three GBM cell lines was compared to that in
primary glial cultures. EMSA revealed NFkB activity
was detected in all GBM cell lines (arrow) but not in
primary glial cultures (Fig. 1). It suggests that the
disregulation of tumor cell growth could be caused by
NFkB activation. The NFkB activity was most sig-
nificant on the U87 cell line. Therefore, we selected this
cell line for the evaluation of the inhibition of NFkB
activity.
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3.2. Inhibition of NFkB activity by decoy ODNS

Molecular decoy oligonucleotides (0.5 mm,
GGGATTTCCC) corresponding to the NFkB DNA
binding domain were generated and exposed to the
GBM cell line U87 (Fig. 2). These decoy ODNs
sequester liberated NFkB within the cytoplasm and
prevent nuclear translocation and gene transactivation
[24]. EMSA revealed a reduction in nuclear NFkB
activity (arrow) in cells exposed to decoy ODNs (lane 2)
as compared to control cultures (lane 1) or mutant
ODNs (lane 3). Similar inhibition of decoy ODN-
mediated inhibition of NFkB activity was observed in
the D37 and A172 cell lines. Therefore, NFkB activity of
GBM cell lines can be inhibited by being exposed to
decoy ODNs.

3.3. Activation of NFkB: role in cell growth and cell cycle

3.3.1. Inhibition of NFkB results in reduced cell number

We examined the effect of molecular inhibition of
NFkB activity on GBM cell growth. Three panels of
GBM cell lines were exposed to NFkB decoy and
mutant ODNs for 48 h (Fig. 3). After 2 days of exposure
to decoy ODNs, only 77 (74), 59 (75), and 54 (76) %

of cells were found for the GBM cell lines U87, D37 and
A172, respectively, compared to untreated cell culture.
The inhibitory effects of decoy ODNs were most

Fig. 1. Aberrant activation of NFkB in GBM cell lines. EMSA of

NFkB was performed on nuclear extracts from rat primary glial

cultures (lane 1) and from the GBM cell lines U87 (lane 2), D37 (lane

3), A172 (lane 4). Unbound radiolabeled ODNs were revealed in the

bottom panel and served as a control for sample loading.

Fig. 2. NFkB inhibition in GBM cell line U87. EMSA of NFkB was

performed on nuclear extracts from untreated GBM cell line U87 (lane

1) and GBM cell line U87 which had been exposed to NFkB decoy

(lane 2) or mutant (lane 3) ODNs for 24 h. Unbound radiolabeled

ODNs were revealed in the bottom panel and served as a control for

sample loading.

Fig. 3. Inhibition of NFkB resulted in reduced cell number in GBM

cell lines. Cell numbers were quantified in a panel of GBM cell lines

(U87, D37, A172) and expressed as a percentage of untreated (control)

cultures. Cultures were exposed to mutant and decoy ODNs for 48 h at

which time cell numbers were determined. Error bars represent

means7SD for n ¼ 3:
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significant on the A172 cell line. Therefore, we selected
this cell line for the following studies: disregulation in
cyclin D1 and p16 protein expression and the evaluation
of released ODNs from microparticles.

3.3.2. NFkB mediated disregulation in cyclin D1 and

Cdk-4 activation

GBM cell lines exposed to NFkB decoy ODNs
demonstrated a reduced level of cyclin D1 protein
expression compared to untreated cultures and cells
treated with mutant ODNs (Fig. 4A). A decrease in
cyclin D1 protein expression in cell lines exposed to
NFkB decoy ODNs correlated with a decrease in Cdk-4
activity compared to untreated cultures (Fig. 4B). Cdk-4
activity in cultures exposed to mutant NFkB ODNs was
comparable to control cultures. A reduced level of cyclin
D1 protein expression indicated that more cells are in
the G0 phase, which suspends the cell cycle after mitosis
and prior to DNA synthesis and, therefore, prevents cell
proliferation.

3.4. ODN release kinetics from PLGA microparticles

The initial loading density of NFkB phosphor-
othioated decoy ODNs in PLGA microparticles was
300 ng/mg. After fabrication, 66.4 (71.6) % of ODNs
were entrapped. The actual loading density was 200 ng
of ODN per mg of microparticle. The ODN release
profile (Fig. 5) was comprised of three phases: (a) an
initial burst during which 23.9 (71.3) % of entrapped
ODNs were released after the first 2 days, (b) a linear
steady release phase that lasted up to day 18, during
which 22.1 (71.1) % of entrapped ODNs were released,
and (c) a final release phase for the rest of the time
frame. Nearly 83% of entrapped ODNs (168 ng/mg)
were released at the end of day 28. These results show
that the encapsulated ODNs were released in a slow and
controlled manner from the PLGA microparticles.

3.5. Microparticle based strategies for ODN delivery

Cell growth studies were performed in the GBM cell
line A172 exposed to three sets of ODN-loaded PLGA
microparticles to obtain local concentrations of 0.5, 2.5,
and 5 mm of NFkB decoy ODNs after 3 days (Fig. 6).

Unloaded microparticles and microparticles loaded with
mutant ODNs (5 mm) served as negative controls.
Unencapsulated decoy ODNs in aqueous solution
(0.5 mm) served as a positive control. Quantitation of
cell numbers revealed a significant reduction at 48 h
(7976% and 6276%) and 72 h (7472% and 5576%)
in cultures exposed to microparticles loaded with 2.5
and 5 mm NFkB decoy ODNs, respectively (po0:01).
This dose dependent inhibition of cell growth was
comparable to that observed in cultures exposed to
0.5 mm NFkB decoy ODNs (6173%) delivered
aqueously after 3 days. Unloaded microparticles and
microparticles loaded with NFkB mutant ODNs did not
have a significant effect (p > 0:05) on cell growth as
compared to untreated cultures.

4. Discussion

This study was conducted to answer the following five
questions: (1) Could NFkB activation be the reason for
disregulation of GBM cell growth? (2) Could the decoy
ODNs inhibit the NFkB activity? (3) Do the decoy
ODNs have inhibitory effects on GBM cell line growth?
(4) Could the ODNs be released from PLGA micro-

Fig. 4. NFkB mediated disregulation in cyclin D1 and Cdk-4 activation. (A) Western blot analysis using a monoclonal antibody directed at cyclin D1

protein was completed on whole cell lysates of the A172 cell line. (B) Kinase assays for Cdk-4 activity were completed on GBM A172 cells. GBM

A172 cell line had been untreated (lane 1), exposed to NFkB decoy ODNs (lane 2), or mutant ODNs (lane 3) for 24 h.

Fig. 5. Cumulative release of decoy ODNs from PLGA microparticles

in pH 7.4 PBS. The initial loading density was 300 ng ODN per mg

microparticle. Error bars represent means7SD for n ¼ 4:
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particles in a controlled manner? (5) Do the ODNs
released from PLGA microparticles also have inhibitory
effects on GBM cell line growth?

We have demonstrated that NFkB activation is
important in regulating GBM cell line growth. Aberrant
nuclear expression of NFkB was found in a panel of
GBM cell lines, while untransformed glial cells did not
display NFkB activity. NFkB decoy ODNs designed to
inhibit NFkB resulted in a significant reduction in cell
number compared to control cultures. The reduction in
cell number correlated with a decrease in cyclin D1
protein expression and a commensurate decrease in
Cdk-4 activity. These results provide evidence suggest-
ing that NFkB mediates cell cycle progression. We
demonstrated a mechanism linking increased NFkB
activity with GBM cell growth and cell cycle disregula-
tion.

The proposed role of NFkB in GBM oncogenesis and
proliferation is supported by other studies implicating
its role in tumor biology [12–16]. One member of the
NFkB family, Rel, has been characterized as a viral
oncogene [14]. Ras and Raf-1 are known to be
important regulators of cell proliferation and survival
in a number of models. Activation of both results in the
activation of NFkB [12]. It has also been determined
that matrix metalloproteinase, MMP-9, has kB binding
sites in its promoter region [39]. Expression of this gene
has been implicated in the appearance of the trans-

formed phenotype in OST tumor cells. In our study, we
have demonstrated NFkB mediated regulation of the
G1 phase-cell cycle element cyclin D1 and its catalytic
counterpart Cdk-4. This is also consistent with other
reports describing over-expression of cyclin D1 in a
variety of human cancers, including glioblastomas
[40,41]. Cyclin D1 plays a critical role in carcinogenesis
by enhancing genomic instability and thereby the
process of tumor progression. Clearly, strategies to
inhibit the effects of cyclin D1 function may be useful in
both cancer chemoprevention and therapy.

Our results support a role for NFkB activity in human
glioblastomas. There are several potential upstream
regulators of NFkB. NFkB activity can be induced by
tumor necrosis factor, interleukins, and growth factors
[42]. The growth of human glioblastomas is also highly
influenced by the above growth factors and cytokines.
Thus, it is possible that NFkB activity is a significant
post-receptor event induced by binding of growth
factors or cytokines that regulate cellular proliferation
and differentiation.

NFkB normally binds to a double-stranded duplex,
which is utilized as a decoy in most of the published
examples [43,44]. In this study, we demonstrated that
single-stranded decoy ODNs also led to the inhibition of
NFkB activation and GBM cell line growth. One
possible explanation would be that the decoy ODNs
formed a weak self-duplex with a central TT mismatch.
The mutant control with a central ATTT mismatch
would not be stable enough to act as a decoy. The
detailed biochemical mechanism of our decoy strategy
will be investigated in future studies.

Our findings were then tested at a therapeutic level by
designing PLGA microparticles incorporated with
NFkB decoy ODNs. The ODNs were encapsulated in
PLGA microparticles with high entrapment efficiency
and released in a sustained and controlled manner. The
tri-phasic release profile was similar to that previously
established for protein release from biodegradable
microparticles [30,45]. The initial burst effect was due
to the desorption of ODNs at the microparticle surface.
Polymer hydration and ODN diffusion led to a linear
release phase. Subsequent solubilization and release of
low molecular weight PLGA degradation products
(polymer erosion) resulted in the final release phase.

In recent work, we showed that the release rate can be
varied by changing the microparticle composition, ODN
loading density, and local pH to achieve desired local
concentrations at delivery sites [32]. ODNs released
from such PLGA microparticles were protected from
degradation and remained biologically active. The
microparticle strategy of ODN delivery produced a
significant reduction in cell number compared to
unencapsulated ODNs. PLGA microparticles are ap-
propriate as delivery vehicles for controlled release of
NFkB decoy ODNs.

Fig. 6. PLGA microparticle-based delivery of NFkB ODNs. Micro-

particles were loaded with decoy ODNs to obtain concentrations of

0.5mm (D1), 2.5 mm (D2), and 5mm (D3) after 3 days. The GBM cell

line A172 was exposed to unloaded microparticles (Blank), micro-

particles loaded with mutant NFkB ODNs (Mutant) of 5 mm,

microparticles loaded with decoy ODNs (D1, D2, D3), as well as

0.5mm NFkB decoy ODNs in aqueous solution (Solution). Cell

numbers were quantified after 24, 48 and 72 h of exposure and

normalized to untreated (control) cultures. Error bars represent

means7SD for n ¼ 3: * Values significantly (po0:01) lower than

control groups.

J.S. Gill et al. / Biomaterials 23 (2002) 2773–2781 2779



Our results suggest that our molecular approach to
inhibit NFkB activity in GBM cell lines was effective in
vitro and PLGA microparticles are appropriate as
delivery vehicles for NFkB decoy phosphorothioated
ODNs. The findings presented here warrant the
investigation of intra-thecal delivery of microparticles
in an animal model of GBM.
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