
Abstract. Background: Glioma stem cells are associated for
temozolomide-resistance in glioblastoma. Adducin 3 (ADD3)
is a cytoskeletal protein associated with chemoresistance but
its role in glioblastoma has not been investigated. Materials
and Methods: Using an in vitro model of glioblastoma cells
with acquired temozolomide resistance (D54-MG-R), the
expressions of ADD3 and cancer stem cell markers were
compared to those in temozolomide-sensitive glioblastoma
cells (D54-MG-S). Immunofluorescence staining was used to
investigate the expression patterns of ADD3 and cancer stem
cell markers in temozolomide resistance and neurospheres of
glioblastoma. Results: Chemoresistant cells were found to
have up-regulation of ADD3 and CD133 expression. A sub-
population of D54-MG-R cells and glioma neurospheres
exhibited coexpression of ADD3 with CD133. Conclusion:
To our knowledge, this is the first report of a possible link
between cytoskeletal protein expression, cancer stem cell
phenotype and temozolomide resistance in human
glioblastoma. This report lays the foundation for further
investigation for ADD3 as a potential biomarker and
therapeutic target in temozolomide-resistant glioma cells.

Glioblastoma multiforme (GBM) is the most common and
malignant form of primary brain tumor (1). The current

standard treatment of GBM involves maximal surgical
resection followed by chemoirradiation and adjuvant
temozolomide (2). Despite this multimodality treatment, the
prognosis of patients with GBM remains poor. Although
temozolomide can provide significant survival benefit,
intrinsic and acquired drug resistance is common and
accounts for the majority of treatment failures (3). Glioma
stem cells (GSCs) are thought to be at least partially
responsible for temozolomide resistance in GBM, and have
attracted intense research effort in recent years (4). 

Cells use their cytoskeletons to move, polarize, divide and
maintain organization within multicellular tissues. The
cytoskeleton has three main structural components:
microfilaments, intermediate filaments, and microtubules.
Amongst these, actin is a highly conserved and essential
building block of the cytoskeleton that is constantly
remodeled by more than 100 different actin-binding proteins.
The latter include adducins (ADDs), which are heteromeric
proteins composed of different subunits referred to as alpha,
beta and gamma. ADDs stimulate spectrin–actin binding to
form meshworks beneath plasma membranes such as ruffling
membranes (5). ADDs have been implicated in the
development of chemoresistance in osteosarcoma (6, 7).
Györffy et al. studied 30 cancer cell lines and reported
correlations between ADD expression and drug resistance to
paclitaxel, topotecan, doxorubicin and vinblastin (8). In
glioma, the tetramer ADD3 has been implicated in tumor
development, progression and migration (9); its role in
temozolomide resistance, however, has not been investigated.

In this pilot study, we compared the expression level of
ADD3 in temozolomide-resistant and temozolomide-
sensitive GBM cells. We also investigated ADD3 co-
expression with GSC markers in temozolomide-resistant
GBM cells and glioma neurospheres. We hypothesized that
the acquisition of temozolomide resistance and development
of GSC phenotypes would be associated with up-regulation
of ADD3 expression. 
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Materials and Methods

Temozolomide-resistant GBM cells and neurosphere formation.
Human GBM cells, D54-MG, (Duke University Medical Center,
Durham, NC, USA) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 (1:1), supplemented with 10% fetal bovine
serum (FBS) (all from GIBCO; Life Technologies, Inc., Carlsbad,
CA, USA), and maintained in humidified incubators with 5% carbon
dioxide and 95% air atmosphere. Temozolomide-resistant sub-clones
were developed as previously described by our group (10). Briefly,
temozolomide (TEMODAR; MSD, Whitehouse Station, NJ, USA)
was dissolved in 100% dimethylsulphoxide (DMSO) to form 10 mM
stocks, which were then diluted in DMEM/F12 to different working
concentrations. Cells were treated with escalating concentrations of
temozolomide using the pulse-treatment method. The temozolomide-
resistant sub-clone developed was designated as D54-MG-R and the
parental temozolomide-sensitive cells as D54-MG-S.

To obtain neurospheres, D54-MG-S cells were cultured in serum-
free DMEM/F12 (1:1). After culturing for 3 to 4 days, neurospheres
staining positively for prominin 1 (CD133) were generated. 

Temozolomide-sensitivity test. Sulforhodamine B (SRB)-based in
vitro toxicology assay kit (Sigma-Aldrich, Saint Louis, MO, USA)
was used according to the manufacturer’s instructions. Cells were
seeded on 96-well plates. DMEM/F12 with different temozolomide
concentrations (0, 125, 250, 500, 1,000, 2,000, 3,000 μM) were
added for 72 h. Surviving cells were measured by absorbance at an
optical density (OD) of 490 nm. The 50% inhibitory concentrations
(IC50) were calculated from the toxicity curves derived from three
independent experiments.

RNA extraction and preparation. Total RNA was extracted by Trizol
reagent (Invitrogen, Carlsbad, CA, USA). ADD3 mRNA was reversely
transcribed into cDNA, using assay-specific primers according to the
manufacturer’s protocol (Applied Biosystems Ltd., Foster City, CA,
USA). ADD3 (Assay ID: Hs 00249895_m1) and CD133 (Assay ID:
Hs 01009261_m1) mRNA expression levels were detected by Taqman
RNA probes in 7900 HT Faster Real-Time Polymerase Chain Reaction
(PCR) System (Applied Biosystems Ltd.).

Western blot analysis. To analyze protein expression levels, 20 μg of
total protein were separated by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes by electroblotting. The membranes were
blocked in 5% milk powder in Tris-buffered saline (Tris base 2.42
g/l, pH 7.6, NaCl 8 g/l) with 0.001% Tween 20 (TBS-T) at room
temperature for 1 h. The membrane was probed overnight at 4˚C
with antibodies against ADD3 (1:750; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), CD133 (1:1,000; Abcam, San Francisco,
CA, USA), and the house keeping protein β-actin (1:2,000; Sigma-
Aldrich). After 1 h of incubation with horseradish peroxidase-
coupled secondary anti-rabbit or anti-mouse antibodies (1:1,000;
Invitrogen-Zymed Laboratories, Carlsbad, CA, USA), specific
antibody binding was detected by the enhanced chemiluminescence
technique (GE Biosciences, Pittsburgh, KS, USA) and the Western
Blotting Detection System (GE Biosciences). 

Immunofluorescence staining. Cells were fixed with 2%
paraformaldehyde/PBS (pH 7.2) (Invitrogen-Zymed Laboratories), and
stained with the following primary antibodies: ADD3 (1:100; Santa

Cruz Biotechnology), CD133 (1:100; Abcam), POU Class 5
Homeobox 1 (OCT3/4) and Nanog homeobox (NANOG) (1:200;
Santa Cruz Biotechnology), and then with the corresponding
secondary antibodies (1:1000; Invitrogen-Zymed). The cells were then
counterstained with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen-
Zymed), and visualized under fluorescence microscopy for the specific
fluorescent signals from the specific staining by the specific antibodies.
Images were captured and presented.

Statistical analysis. Data analysis was performed by SPSS for
Windows version 17.0 (SPSS, Inc., Chicago, IL, USA). The p-values
were calculated by the paired-sample t-test. p-Values of less than 0.05
were considered statistically significant. All p-values were two-sided.

Results 

Temozolomide-resistant GBM model. We compared D54-
MG-R cells with D54-MG-S cells in their responses to
temozolomide treatment. The IC50 was around 1000 μM for
D54-MG-S and 3000 μM for D54-MG-R cells (Figure 1).
The resistance index (RI), calculated with the formula:
RI=IC50 for D54-MG-R/IC50 for D54-MG-S, was around 3,
indicating the successful development of a temozolomide-
resistant subclone.

Up-regulated ADD3 expression in temozolomide-resistant cells.
We measured the mRNA level of ADD3 by real-time
quantitative PCR (qPCR). ADD3 expression was 6.47-fold
higher in D54-MG-R than in D54-MG-S cells (p=0.041).
(Figure 2A) To confirm up-regulation of expression, ADD3
protein level was measured by western blotting, we
demonstrated a relative increase in D54-MG-R over D54-MG-
S cells (Figure 2B).

Up-regulated CD133 expression in temozolomide-resistant
cells. CD133 mRNA expression, measured by qPCR, was
significantly increased (by 2.38-fold) in D54-MG-R when
compared to D54-MG-S cells (p=0.0032) (Figure 2C). Up-
regulation of CD133 protein expression in D54-MG-R cells
was confirmed with western blot analysis (Figure 2B).

Morphological changes with temozolomide-resistance
development. Under light microscopy, the parental D54-MG-S
cells exhibited typical spindle-shaped morphology. In D54-MG-
R cells, we observed a sub-group of spherical cells with intense
ADD3 expression that lacked typical astrocytic cytoplasmic
extensions. When compared to the typical tumor cells that
expressed ADD3 on the cell membrane of their cytoplasmic
extensions, these spherical cells exhibited a condensed ADD3
expression pattern in the cell body (Figure 3A). The proportion
of these spherical cells was significantly higher (2.76-fold) in
D54-MG-R than in D54-MG-S subclones (Figure 3B). 

Temozolomide-resistant cells co-expressed ADD3 and CSC
markers. We then proceeded to study the characteristics of
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these spherical cells in the D54-MG-R subclone by
immunofluorescence staining. These cells were found to
have strong expression levels of GSC markers CD133,
OCT3/4 and NANOG (Figure 4A) Moreover, these putative
CD133-positive and NANOG-positive GSCs also strongly
co-expressed ADD3, suggestive of a possible association
between up-regulation of ADD3 expression and the
development of GSC phenotype in the temozolomide-
resistant subclones (Figure 4B).

Expression of ADD3 in CD133+ neurospheres generated
from GBM cells. Next, we investigated neurospheres
generated from glioma cells. Serum-free culture, upon >80%
confluence, yielded neurospheres within 3 to 4 days (Figure
5A). These neurospheres were capable of regenerating
monolayered culture the same as the original culture on re-
plating under full-serum conditions (Figure 5B). These
neuropsheres were CD133 immunofluorescence-positive.
Coexpression of ADD3 and CD133 was also observed in
double-stained images of these neurospheres (Figure 6).

We also compared the distribution of ADD3-positive and
CD133-positive cells before and after neurosphere formation.
Nuclear staining with DAPI confirmed similar cell numbers
under the two conditions. In culture before neurosphere
formation, CD133 expression was found to be evenly
distributed across the monolayered culture. In contrast,
following neurosphere generation, we observed neurosphere-
like cell masses in the culture. On immunofluorescence
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Figure 1. Effect of temozolomide (TMZ) on glioma subclone D54-MG-
S (D54-S) and glioma subclone D54-MG-R (D54-R). Sulphorhodamine
assays showed a higher survival rate for the TMZ-resistant subclone
than the parental TMZ-sensitive subclone when treated with
temozolomide. 

Figure 2. mRNA and protein expression of the cytoskeletal protein
adducin 3 (ADD3) and the glioma stem cells marker CD133 in
subclones of glioblastoma cells. A: Real-time reverse transcriptase
polymerase chain reaction (RT-PCR) showed up-regulation of ADD3
expression in the chemoresistant D54-MG-R subclone when compared
with the chemosensitive D54-MG-S subclone. B: Western blot analysis
showed increased levels of ADD3 and CD133 proteins in D54-MG-R
subclone when compared with the D54-MG-S subclone. C: Real-time
RT-PCR showed up-regulation of CD133 expression in the D54-MG-R
subclone when compared with the D54-MG-S subclone.



staining, high expression of CD133 was found to be
concentrated in these cell masses, while reduced expression
was found at the periphery. We further observed that ADD3
expression followed a pattern corresponding that of CD133-
positivity (Figure 7). 

Discussion

ADD is expressed in normal human brain cells (11). Recent
evidence suggests that ADD may play a role in cell motility
by acting as a target of calcium-dependent pathways (12).
ADD contains the major phosphorylation site for protein
kinase C (PKC), and PKC-dependent phosphorylation has
been shown to cause changes in cytoskeletal-dependent
processes, such as tumor migration (13). MicroRNA-145,
which down-regulates ADD3 expression, has also been
shown to reduce adhesion and invasion of GBM cells,
suggesting that ADD3 may contribute to the infiltrative
behavior of glioma (14). Dysregulation of ADD has been
implicated in the development of chemoresistance in a
variety of human malignancies, including lung cancer (15),
osteosarcoma (7), prostate cancer (16), and multidrug-
resistant gastric carcinoma (17). In the present study, we

found, to our knowledge for the first time, that up-regulation
of ADD3 expression was associated with the development of
temozolomide-resistance in GBM. 

We also observed changes in the subcellular distribution
of ADD3 with the development of temozolomide-resistance.
Fowler et al. described changes in ADD localization that
paralleled an increase in growth potential and de-
differentiation in renal tumors (18). The implications of these
findings were unknown, and future work may explore the
localization of ADD in glioma of different malignancy
grades. Interestingly, Huang et al. conducted gene expression
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Figure 3. Immunofluorescence staining in the D54-MG-R glioma
subclone and appearance of spherical cells. A: Immunofluorescence
staining demonstrated the presence of spherical glioma cells (arrow) in
the D54-MG-R subclone. These cells also exhibited a condensed pattern
of adducin 3 (ADD3) expression. B: Graphical representation of the
percentage of putative glioma stem cells that expressed ADD3 was 2.76-
fold higher in the D54-MG-R subclone than in the D54-MG-S subclone.



profiling on low-grade gliomas, and reported down-
regulation of ADD3 in tumors when compared with normal
brain tissues (19).

We identified a sub-group of temozolomide-resistant
cells with distinct morphological features and strong
CD133 and ADD3 co-expression. CD133, also known as
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Figure 4. Immunofluorescence staining of stemness markers prominin 1 (CD133), POU class 5 homeobox 1 (OCT3/4), nanog homeobox (NANOG)
and adducin 3 (ADD3). A: Immunofluorescence studies showed strong expression of CD133, OCT 3/4, and NANOG in the D54-MG-R subclone.
NANOG was coexpressed with ADD3. B: CD133-positive showed co-expression with ADD3.



prominin-1, is a GSC marker characteristically down-
regulated during cell differentiation (20). It is widely used
to isolate GSCs (21). The latter are characterized by their
abilities for self-renewal, sustained proliferation (22), tumor
initiation and propagation. Singh et al. demonstrated that
CD133+ glioma cells were capable of producing tumors in
immunodeficient mice at a much lower cell number than
were CD133− cells (23). Clinically, the proportion of
CD133+ cells and their topological organization were

significant prognostic factors (24), and CD133 expression
has been implicated in the development of chemoresistance
(25). CD133+ cells were also found to have high expression
of O6-methylguanine-DNA methyltransferase and anti-
apoptosis proteins (26), as well as multidrug resistance
genes in GBM (27, 28). We surmise that a possible link
may exist between ADD3 expression, GSC selection and
the development of temozolomide resistance. Clinically,
these putative GSCs may represent tumor cells that can give
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Figure 5. A: Glioma neurosphere formation and dual-growth pattern. When cultured in serum-supplemented medium, glioma cells grew as adherent
monolayered culture (i); in serum-free medium, they grew as single cells suspended in the medium after 6 h and as small tumor spheres after 24 h
(ii); larger tumor spheres were observed after 72 h (iii & iv) and 96-168 h (v-viii) on the parental culture; neurospheres were observed in the
supernatant (ix-xii). B: After the spheres were re-seeded in serum-supplemented medium, tumor spheres began to form monolayered culture after 
1 h (i); by 6 h, cytoplasmic extensions were observed (ii); and after 24 h (iii), the cells became attached, with a morphology similar to that of the
original culture. 



rise to recurrent disease. Further functional studies are
required to investigate the mechanistic roles of ADD3 as an
effector and biomarker of cancer stemness, and its role as a
potential therapeutic target. 

Our results, however, must be interpreted with caution as
the use of CD133 as a GSC marker has been questioned,
and the functional role of CD133 in the development of
chemoresistance has not been fully delineated (29). Our in
vitro model did not include the effect of radiation, which is
commonly given with temozolomide in the clinical setting.
GBM is characterized by the presence of multiple
deregulated signaling pathways, and the microenvironment
and pharmacokinetics of temozolomide in our model may
differ from those in patients (30). Our CD133+ neurospheres
were isolated under serum-free conditions, without growth
factor supplementation. 

Conclusion

ADD3 is known to be associated with chemoresistance in
many types of human cancers. The present study provides
new information on a possible association between ADD3
expression and the development of temozolomide-
resistance in human GBM. Temozolomide-resistant
subclones of GBM cells which expressed CD133 and other
cancer stem cell markers and CD133+ neurospheres
strongly co-expressed ADD3, suggestive of a possible link
between cytoskeletal protein expression, cancer stem cell
phenotype and temozolomide resistance. Our findings may
direct future studies on the mechanistic roles of ADD3 and
other cytoskeletal proteins in response to cancer drugs and
their potential uses as novel therapeutic targets and
biomarkers. 
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Figure 6. Immunofluorescence staining of glioma neurospheres showed co-expression of adducin 3 (ADD3) and prominin 1 (CD133) i: 4',6-diamidino-
2-phenylindole (DAPI); ii: ADD3; iii: CD133; iv: ADD3 and CD133; v: ADD3 and DAPI; vi: CD133 and DAPI and vii: ADD3, CD133 and DAPI.
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