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Abstract
In this study, we investigated whether DHA, a nutritionally important n-3 unsaturated fatty acid,
modulated the sensitivity of brain tumor cells to the anticancer drug, etoposide (VP16).
Medulloblastoma (MB) cell lines, Daoy and D283, and glioblastoma (GBM) cell lines, U138 and
U87, were exposed to DHA or VP16 alone or in combination. The effects on cell proliferation and
the induction of apoptosis were determined by using MTS and Hoechest 33342/PI double staining.
U87 and U138 cells were found to be insensitive to the addition of DHA and VP16, whereas the
two MB cell lines showed high sensitivity. DHA or VP16 alone showed little effect on cell
proliferation or death in either the MB or GBM cell lines, but pretreatment with DHA enhanced
the responsiveness to VP16 in the MB cell lines. To understand the mechanisms of combined
DHA and VP16 on MB cells, pathway specific oligo array analyses were performed to dissect
possible signaling pathways involved. The addition of DHA and VP16, in comparison to VP16
added alone, resulted in marked suppression in the expression of several genes involved in DNA
damage repair, cell proliferation, survival, invasion, and angiogenesis, including PRKDC,
Survivin, PIK3R1, MAPK14, NFκB1, NFκBIA, BCL2, CD44, and MAT1. These results suggest
(1) that the effects of DHA and VP16 in brain tumor cells are mediated in part by the down
regulation of events involved in DNA repair and the PI3K/MAPK signaling pathways and (2) that
brain tumors genotypically mimicked by MB cells may benefit from therapies combining DHA
with VP16.
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INTRODUCTION
Glioblastomas (GBM) and medulloblastomas (MB) are commonly diagnosed brain tumors
that show highly variable rates of morbidity and mortality. GBM patients typically have a
median survival of only 15 months, and the 2-year survival rate is only 27% [1, 2]. In
contrast, MB patients frequently show a 5-year survival rate of 70–80% using existing
cytotoxic therapies [3]. Since conventional treatment regimens for both GBM and MB have
significant short-term side-effects and ill-defined long-term complications, it is imperative to
develop novel adjunctive therapies to counteract the unfavorable toxicities and to enhance
the efficacy of current chemotherapies.

Docosahexaenoic acid (DHA) is a popular dietary supplement with marked general human
health benefits, specifically in the maintenance of normal brain function [4]. Recent studies
indicate that DHA has autoimmune preventive activity [5, 6] and anti-carcinogenic
properties in vitro and in vivo [7-9]. Moreover, in vitro studies show that when DHA was
administered in combination with well-studied anticancer drugs (e.g., doxorubicin, taxane,
5-fluorouracil, and celecoxib), exhibits additive or even supra-active effects in breast cancer
[10-12], colorectal cancer [13], colon cancer, and prostate cancer cells [14, 15]. However,
the mechanism(s) by which DHA augments the anti-tumor agents have not been completely
elucidated. Conceivably, DHA might induce synergistic efficacy in colorectal carcinoma
and neuroblastoma cells by targeting the PI3K/MAPK or ERK signaling pathways [16, 17].
Exposure to DHA combined with 5-fluorouracil increases the expression of BAX in gastric
carcinoma cells [18]. The combination of DHA and docetaxel suppresses the expression of
genes in NFκB pathway in prostate cancer cells [19], and activation of p53 in DHA-treated
prostate and colon cancer cells [20, 21]. In this study, we investigated the effect of DHA on
the sensitivity of MB and GBM cells to etoposide (VP16), an anticancer drug currently used
to treat brain tumors [22]. We also studied the mechanism by which the cells respond to the
combination of DHA with VP16.

MATERIALS AND METHODS
Cell Culture and Chemicals

MB cell lines, Daoy and D283, and GBM cell lines, U87 and U138, were obtained from
ATCC. Cells were maintained in minimum Essential Medium (MEM) (Cellgro)
supplemented with 4 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, 1%
sodium pyruvate, 1% nonessential amino acids, and 10% fetal bovine serum (FBS) at 37°C
with 5% CO2. Daoy and U138 cells harbor a p53 mutation but D283 and U87 cells have no
mutation in p53 [23, 24]. Etoposide (VP16), DHA, and propidium iodide (PI) were obtained
from Sigma. Hoechest 33342 was obtained from Invitrogen.

Determination of Inhibition of Cell Proliferation
Cells (9×103/well) maintained in complete medium were placed in 96-well plates overnight.
DHA or identical volume of control (ethanol) was added to the appropriate wells at doses
indicated (15 μM, 30 μM, and 60 μM). Four hours later, VP16 or control (DMSO) was
added into designated wells to final concentrations of 0.2 μM, 0.8 μM, and 1.6 μM. The
control and treated cells were cultured for an additional 48 hours, and the cell numbers were
determined by adding 20 μl of MTS solution (Promega), and measuring the optical densities
at 490 nm after 4-hour incubation. The results were expressed as the percentages of control
cultures.
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Nuclear Staining of Live Cells
The cells were seeded in 6-well plates overnight. Thirty μM of DHA or an equal amount of
control (ethanol) was first added to the respective wells as described in the figure legends.
Four hours later, 0.8 μM of VP16 or vehicle control (DMSO) were added to the designated
wells. After an additional 24 hours in culture, the cells were stained in the culture medium
with 0.15 mg/ml of Hoechest 33342 and 0.2 μg/ml of PI. Images were captured using
confocal microscopy (Olympus).

Gene Expression Profiling
Daoy and D283 cells, with or without pretreatment of 30 μM of DHA, were exposed to 0.8
μM of VP16 for 24 hours. Thereafter, the cells were harvested, and the total RNA was
extracted using the RNeasy kit (QIAGEN, CA). The concentration of RNA was determined
using a NanoDrop spectrophotometer and the quality of the RNA was evaluated by agarose
gel electrophoresis. Total RNA (3 μg) from the control and treated cells was used for cDNA
synthesis, followed by cRNA synthesis using TrueLabeling-AMP 2.0 kit (SABiosciences).
Biotin-11-UTP-cRNA (Perkinelmer) was amplified and equal amounts of different samples
were applied to Oligo GEArray (SABiosciences). Hybridization was performed according to
the manufacturer’s instruction. The chemiluminescent signal was detected using Kodak film
and the intensity of the signals was quantified using Alpha Innotech. The images were
further analyzed using GEArray Expression Analysis Suite 2.0 (SABiosciences).

Array Data Analysis
The density of each spot and the background around each spot were determined using
GEArray Expression Analysis Suite 2.0 (SABiosciences). The raw data were analyzed
manually using Excel for the subtraction of the background density, and the results were
further normalized using housekeeping genes. When the normalized data for the same gene
were less than 0.005 in more than 3 out of 4 different conditions (control, DHA, VP16, and
the combination), the data were considered as negative calls (whose expression is too low to
be detected). The ratio of a gene in cells exposed to different treatments was determined
using the following formula: the ratio of Sample B/Sample A = (Tb + (ABS(Ta)/Ta-1)*Ta/
2)/ABS(Ta). Significance in change of expression of a gene in MB cells in response to
treatment B versus treatment A required a 2-fold increase or decrease.

Quantitative RT-PCR
Total RNAs from control and treated MB cells were also used for cDNA synthesis using the
QuantiTect Reverse Transcription kit (Qiagen). The primers were selected using the NCI
web-based primer designing tool and were obtained from Integrated DNA Technologies.
The gene expression levels were determined by real-time PCR using the QuantiTect SYBR
PCR kit (Qiagen). Real time PCR was performed using a Mastercycler ep realplex
(Eppendorf). The results were analyzed by Pfaffl’s method [25-28]. The ΔCt for each
treatment was calculated using a formula (ΔCt = treatment Ct – control Ct ). The 2−ΔC

T was
then calculated to give the level of gene expression for each treatment in comparison to the
control. The results were normalized using GAPDH. The primer sequences are available
upon request.

Western Blot Analysis
Control and treated cells were harvested at the 24-hour time point. Lysates were prepared,
analyzed by 10% SDS-PAGE, and transferred onto the nitrocellulose membrane.
Immunoblots were probed with antibodies specific for CD44 (Cell Signaling), BCL2 (Santa
Cruz), caspase-3 (Santa Cruz), and re-probed with β-actin (Sigma) as a loading control. The
images were quantified using ImageJ with correction using β-actin.
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RESULTS
Cytotoxic Effects of DHA and VP16 Individually, for Comparison with Combination of DHA
and VP16

To determine if synergistic cytotoxicity might result from exposure to combined DHA and
VP16, brain tumor cells were treated with DHA for 4 hours, followed by additional
exposure to VP16 for 48 hours. Cell proliferation was determined by MTS. In Daoy and
D283 MB cells, the addition of DHA or VP16 induced cell death in a dose-dependent
manner, and exerted an additive effect when combined. In U138 and U87 GBM cells,
however, no response to either DHA or VP16 treatments was observed (Fig. 1). The
cytotoxic effects of DHA, VP16, and their combinations on tumor cells were validated by
ascertaining the induction of apoptosis based on the staining of treated tumor cells with
Hoechest 33342/PI in culture, which showed that Daoy and D283 cells were highly sensitive
to the combined treatment while the U87 cells did not respond to the treatments.
Interestingly no evidence of apoptosis was observed in Daoy and D283 cells treated with
DHA alone (Fig. 2). These results suggest that the cytotoxicities of DHA and VP16 vary
with tumor type, possibly attributed in part to their genetic backgrounds.

DHA Modulating Multiple Signaling Pathways in MB Cells
To elucidate the mechanism by which DHA potentiated the effects of VP16 in the MB cell
lines, Human Cancer Pathway Finder Oligo GEArray was used to analyze the gene profiles
in Daoy and D283 cells exposed to 0.8 μM of VP16 for 24 hours with or without
pretreatment by 30 μM DHA. The data showed that DHA modulated the expression of
several genes in MB cells. Exposure to DHA alone resulted in down regulation of fifteen
genes involved in growth signaling, cell cycle control, DNA damage repair, and anti-
apoptotic pathway, in both Daoy and D283 cells (Fig. 3A). Using the same criteria, thirteen
genes including MAPK14, were found to be up regulated (Fig. 3B). In VP16-treated Daoy
and D283 cells, ten genes were down regulated including those involved in the suppression
of apoptosis such as BAX, BAD, and BAI1 (Fig. 3C); while eleven genes, including
MAPK14, MCAM and MDM2, were up regulated (Fig. 3D). Additional genes found to be
differentially regulated in response to DHA or VP16 included PTEN and Tp53 involved in
cell proliferation and cell death pathways (Figs. 3E and 3F). These results reinforce the
notion that cells with different genetic backgrounds respond differently to the same chemical
treatments.

Exposure to Combined DHA and VP16 Targets DNA Damage Repair Genes and Metastatic
Related Gene Expression in MB Cells

Compared to exposure to VP16 alone, Daoy and D283 cells treated with both DHA and
VP16 showed that over sixty genes were significantly down regulated in both cell lines (Fig.
3G). The most pronounced suppression occurred in genes involved in DNA damage repair
(e.g. PRKDC, BRCA1), cell death (e.g. BIRC5 [Survivin], APAF1), cell adhesion (e.g.
CD44, integrins), cell proliferation (e.g. PDGF), and metastasis (e.g. MAT1 and MAT2)
(Fig. 3G). This notion was supported by the analysis of the array data, and further validated
in the expression levels of PRKDC, MAT1, PDGFA and PDGFB by real-time PCR analysis
using the total RNA prepared from Daoy and D283 cells with or witout 30 μM of DHA
pretreatment and additionally exposed to 0.8 μM of VP16 for 24 hours (Fig. 4). It is
noteworthy that PRKDC, a nuclear serine/threonine protein kinase gene, is required for
DNA repair in response to DNA damage [29]. Thus, our results raise the possibility that
combined DHA and VP16 treatment downregulates the DNA repair pathway, which may
contribute to MB cell death.
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Additional evidence that the combination of DHA and VP16 affected the expression of
genes not responsive to either agent alone can be found in the protein expression of CD44, a
cell surface adhesion molecule demonstrated to play an important role in tumor metastasis in
lymphoma, breast cancer, and colon cancer [30-35]. Although CD44 protein was not
detected in D283 cells, the expression levels of the CD44 and BCL2 in Daoy cells were
unchanged by DHA or VP16 alone but were significantly reduced by the combination of
DHA and VP16 (Fig. 5).

DISCUSSION
In this study, we tested if DHA alters the effects of anticancer drug VP16 in brain tumor cell
lines and performed studies to gain insight into the mechanism of induced synergy and
cytotoxicity in cells exposed to the combination of DHA and VP16. Several interesting
observations have resulted from these experiments. First, DHA at ≥ 30 μM significantly
increased cell death and restricted cell proliferation in MB cells; moreover, DHA combined
with VP16 induced synergistic activities on cell proliferation and cell death, in striking
contrast to GBM cells which failed to respond to either DHA or VP16. Second, insights on
how DHA enhanced VP16 cytotoxicity in MB cells were gleaned by the pathway finder
array analysis aiming to dissect the gene profiles of Daoy and D283 cells treated with DHA,
VP16 or both. The data provided evidence in support of the notion that DHA modulated the
expression of genes involved in multiple pathways including DNA damage repair, cell
cycle, angiogenesis, cell adhesion, and metastasis. Further, common genes, notably PRKDC,
Survivin, MAPK14, PIK3R1, NFκB1 NFκBIA, BCL2, CD44, and MAT1, were down
regulated in response to DHA or VP16 (Fig. 3) in both Daoy and D283 cells, which is
consistent with the inhibition response pattern made evident by the determination of cell
proliferation and cell death (Figs. 1 & 2).

The unlimited cell proliferation of tumor cells is fueled by the activation of growth signaling
pathways. Previous studies have reported that anticancer activities of DHA in human
colorectal carcinoma cells involve the modulation of the PI3K/p38 MAPK [16]. In MB cells,
robust expression of PDGFs and PDGFRs may contribute to tumor development [28, 36-40]
possibly by the activation of the PI3K /MAPK pathway [28, 40]. Notably, our current study
showed that the combination of DHA and VP16 down regulated the expression of PDGFa
and PDGFb in MB cells while the addition of VP16 alone did not. These observations are
consistent with our previous observation that PDGF/PDGFR signaling plays an important
role in MB cell proliferation and cell death [41]. Conceivably, the down regulation of PDGF
ligands could disrupt the autocrine signaling loop necessary for the activation of the PI3K/
MAPK pathway and the subsequent survival of MB cells.

The concerted suppression of apoptosis in synchrony with the inhibition of cell proliferation
is vital to tumor cell survival. One mechanism to diminish the efficacy of induced cell death
during chemotherapy is the enhancement of DNA repair activity. In this regard, the down
regulation of the expression of DNA-PKcs (encoded by PRKDC), an important DNA
damage repair protein, could contribute to the induction of cell death in MB cells in
response to the combined DHA and VP16 treatment but not VP16 alone. DNA-PKcs is a
nuclear serine/threonine protein kinase involved in the DNA repair signaling pathway for
the DNA non-homologous-end-joining, and it contributes to the maintenance of genomic
stability and prevention of cancer. Several studies have demonstrated that GBM cells lack
DNA-PKcs activity which may lead to persistence of oxidative induced cell death [42-44].
Moreover, the cell death pathway could be activated via BCL2/BAD/caspase [45] in a p53-
dependent or p53-independent manner. BCL2 is believed to be an anti-apoptotic molecule
that blocks caspase activation [46]. The observed decrease in the expression of BCL2 in MB
cells without change in the protein level of caspase-3 (data not shown) but the concomitant
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down regulation of caspases 8 and 9 (Fig. 3G) suggest that, in MB cells, the combined DHA
and VP16 treatment likely activates a caspase-independent cell death pathway. Since p53 is
a well-known inducer of apoptosis whose function is tightly coupled to the expression of
MDM2 [47] and because our array data showed that the expression of MDM2 was
decreased in MB cells treated with DHA and VP16 compared to VP16 alone, it is possible
that the co-administration of DHA and VP16 impinges on the regulation of MDM2/p53
interplay in D283 cells harboring the wild type p53. However, as the same effects were also
observed in the mutant p53-containing Daoy cells, therefore, the combined treatment of
DHA and VP16 in MB cells suggests that modulation of the MDM2/p53 pathway may not
be the primary mechanism of apoptosis. Alternatively, down regulation of Survivin, another
critical regulator of mitosis and apoptosis in cancer cells [48], could play a role in the
apoptotic effect of DHA and VP16 treated MB cells.

Finally, because metastasis plays a pivotal role as the driver of tumor progression, and
because CD44 plays an important role in metastasis in numerous tumor types [33, 34, 49],
we measured the expression of CD44. We found that the combination of DHA and VP16
treated cells had markedly a lower CD44 expression compared to cells treated with VP16
alone or untreated control cells. Of note, CD44 expression was detected in both MB cell
lines at the mRNA level using array analysis (Fig. 3), while CD44 protein was only detected
in Daoy but not in D283 cells (Fig. 5). A possible explanation may relate to the probes of
CD44 covering more CD44 variants while the pan-CD44 antibody displays a more restricted
detection capability. Alternatively, CD44 expression at the protein level in D283 may be too
low for detection by Western blotting. These different possibilities are currently under
consideration for additional investigation in our laboratory.

CONCLUSION
In conclusion, our study demonstrated that DHA modulates the cytotoxic effect of VP16 in
brain tumor cells, in a cell type dependent manner. Our data indicate that the combination of
DHA with VP16 may be more efficacious for treating patients with MB but not GBM. We
also demonstrated that the combination of DHA with VP16 in MB cells altered multiple
signaling pathways. Among them, the down regulating DNA repair and limiting growth
factors/PI3K/MAPK pathways are likely the major contributors to the cytotoxic effects.
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ABBREVIATIONS

PRKDC Protein kinase, DNA-activated, catalytic polypeptide

DNA-PKcs DNA-dependent protein kinase, catalytic subunit (encoded by PRKDC)

PDGF Platelet-derived growth factor

PIK3R1 Phosphoinositide-3-kinase, regulatory subunit 1

MAPK14 Mitogen activated protein kinase 14
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NFκB1 Nuclear factor of kappa light polypeptide gene enhancer in B cells 1

NFκBIA Nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor,
alpha

BCL2 B-cell CLL/lymphoma 2

MAT1 Metastasis associate1

MDM2 Murine double minute 2

MTS 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H- tetrazolium, inner salt

DMSO Dimethyl sulfoxide
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Fig. (1). The effects of DHA or VP16 alone and their combination on cell proliferation in brain
tumor cells
Cells in complete medium were placed in 96-well plates overnight before treatment. After
48 hours, the number of viable cells in each well was determined using MTS. The optical
densities were measured at 490 nm. The results were calculated as the percentage of control
cultures and presented as mean ± SD. The statistical differences were determined using
paired student’s t-test and performed using SPSS. * p<0.05, **p<0.01, and ***p<0.001.
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Fig. (2). The effects of cytotoxicity of DHA or VP16 alone and their combination in brain tumor
cells
The cells were seeded in 6-well plates for treatments. After 24 hours, the cells were stained
in culture with Hoechest 33342/PI. Images were captured using confocal microscopy.
Hoechest 33342 labelled the nueclei of cells in blue and PI labelled the apoptotic cells in
red.
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Fig. (3). Regulation of gene expressions in MB cells treated with DHA and VP16
The Y axis represents the normalized intensity for the genes chosen for analysis using
Human Cancer Pathway Finder Oligo GEArray. The ratio of the changes was calculated
using the formula described in the material and methods section. A negative number
indicates low to no expression for the gene in the cells. A) up regulated genes in response to
DHA compared to control; B) down regulated genes in response to DHA compared to
control; C) up regulated genes in response to VP16 compared to control; D) down regulated
genes in response to VP16 compared to control; E) differentially regulated genes in response
to DHA compared to the control; F) differentially regulated genes in response to VP16; G)
down regulated genes in response to DHA + VP16 compared to VP16 alone.
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Fig. (4). Confirmation of down regulated genes involved in cell proliferation, DNA repair, and
metastasis in MB cells in response to DHA + VP16 compared to VP16 alone by real time PCR
Total RNAs from Daoy and D283 Cells exposed to DHA, VP16 and their combination were
used for cDNA synthesis, and it was then subject to be used for real time PCR using SYBR.
The results were calculated using Pfaffl’s method [25-28], normalized using GAPDH and
presented as relative expression level. The results shown were one representative of three
independent experiments.
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Fig. (5). Down regulation of CD44 and BCL2 in MB cells in response to DHA + VP16 compared
to VP16 alone
A). Total cellular proteins were prepared using lysis buffer containing 2% SDS, 100 mM
DTT, 60 mM Tris (pH 6.8), 10% glycerol and separated on a 10% SDS-polyacrylamide gel,
and transferred onto nitrocellulose membrane. Immunoblots were probed with antibodies
specific for CD44, BCL2, caspase-3. The blots were then re-probed with β-actin as a loading
control. B). Quantification of the results from A using ImageJ, expressed as a ratio of the
expression level of target genes against β-actin. The results were calculated as mean ± SD.
The statistical differences between the combination treatment vs. control or DHA or VP16
alone were determined using paired student’s t-test and performed using SPSS. ***p<0.001.
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