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Introduction
Unlike most diseases, cancer causation cannot be easily classified, 

as its origin usually varies from patient to patient and is often due 
to multiple dysfunctions (Hanahan and Weinberg, 2000). However, 
because of the prevalence and sizeable contribution to mortality 
rates worldwide, developing an understanding of mechanisms that 
frequently contribute to cancer incidence is of the utmost importance. 
Mutations in the p53 gene resulting in a loss of function are present in 
a high percentage of cancers, making it a widely studied facet in the 
causation of cancer (Sidransky and Hollstein, 1996). This makes sense, 
as p53 is a transcription factor that directly binds to the promoter 
sequences of specific target genes resulting in the regulation of cell 
growth and survival, making it an important regulatory component 
for normal cell behavior (Hainaut and Hollstein, 2000; el-Diery, 1998; 
Levine, 1997; Wang et al., 1995). 

Nutrition can play a major role in cancer mortality with some 
estimating it can account for up to 30% of cancer-related deaths (Glade, 
1999). Numerous epidemiological studies have looked at the influence 
of diet on cancer (Willett, 2002; Lanier et al., 1976). One widely 
studied area is the anti-cancer properties of n-3 polyunsaturated fatty 
acids (PUFAs), specifically; docosahexaenoic acid (DHA) is a 22-carbon 
n-3 PUFA that has been shown to significantly reduce cancer growth
both in vitro and in vivo (Pardini, 2006).

While numerous mechanisms have been linked to DHA’s anti-
proliferative effects on cancer, several reports have focused on 
whether p53 plays a role in DHA-induced growth inhibition (Toit-
Kohn et al., 2009; Zand et al., 2007; Kolar et al., 2007; Kato et al., 
2007; Tsujita-Kyutoku et al., 2004). DHA treatment has been shown 
to modify p53 protein levels in addition to levels of phosphorylation 
at Ser15 (Toit-Kohn et al., 2009; Zand et al., 2007). While previous 
studies on colon cancer models have concluded that DHA is capable 
of exerting growth inhibitory effects independent of p53 mutational 
status (Zand et al., 2007; Kolar et al., 2007), there is some evidence 
p53-dependent pathways may be inhibiting cell growth. In one 
previous study, DHA was found to increase the number of apoptotic 
cells only in colon cancer cells containing wildtype p53 (Kolar et al., 
2007).

In the current study, the colon cancer cell lines WiDr and COLO 
205, in addition to the lung cancer cell lines H441 and A549 were 
selected. WiDr, a derivative of the HT-29 colon adenocarcinoma, 
posses a mutated p53 codon (His273) (Chen et al., 1987; Tamura 
et al., 1995), while H441 also has a p53 mutation (Lai et al., 2000). 
Both COLO 205 and A549 have wildtype p53 (Kato et al., 2007; 
Mukhopadhyay and Roth, 1997). To determine the role of p53 in 
DHA-induced effects on cell proliferation, apoptosis and anchorage-
independent cell growth (soft agar), pifithrin-α, a chemical inhibitor 
of p53 (Komarov et al., 1999), and p53-specific siRNAs were used. 
The findings suggest that while DHA-induced growth inhibition and 
apoptosis can occur independent of p53 mutational status, cell lines 
expressing wildtype p53 do undergo p53-dependent cell death and 
growth inhibition.

Materials and Methods
Cell lines, antibodies & reagents

A549 human lung adenocarcinoma cells, H441 human lung 
carcinoma, COLO 205 human colon carcinoma and WiDr human colon 
carcinoma cells were purchased from ATCC (Manasses, VA). Fatty acid 
methyl esters (FAME) (Sigma, St. Louis, MO) were dissolved in ethanol 
(EtOH), flushed with nitrogen gas, protected from light and stored at 
-20°C for no more than 60 days. Monoclonal antibodies specific to
p53 (Santa Cruz Biotechnology, Santa Cruz, CA) or β-actin (Abcam,
Cambridge, MA) were purchased for Western Blot analyses. Validated
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Abstract
Supplementation with n-3 polyunsaturated fatty acids, both in dietary in vivo studies, as well as in vitro tissue culture 

models, has anti-proliferative effects on tumor cells. In the current study, the role of p53-dependent growth inhibition 
by docosahexaenoic acid (DHA), an n-3 polyunsaturated fatty acid, is examined. Previous work has established that 
DHA is capable of growth inhibitory effects independent of p53 mutational status in colon carcinomas, however, one of 
the same studies showed an increase in the number of apoptotic cells (measured by Annexin V-FITC) only in the DHA-
treated cells of the colon carcinoma with wildtype p53. To determine the potential role of p53 on the growth inhibition 
observed with DHA treatment of the human colon carcinomas COLO-205 (wildtype p53) and WiDr (mutant p53, His 237) 
and the human lung adenocarcinomas A549 (wildtype p53) and H441 (mutant p53, codon 158), p53-specific siRNA’s 
and a chemical inhibitor of p53, pifithrin-α, were employed in vitro. Significant increases in the number of DHA-treated 
cells by p53 siRNA or pifithrin-α addition were observed only in the COLO-205 and A549 cell lines expressing wildtype 
p53, and these correlated with a reduction in the percentage of apoptotic and necrotic cells. This data confirms a role 
for p53-dependent growth inhibition with DHA treatment.
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p53 and non-silencing (NS) siRNAs, as well as HiPerFect reagent was 
purchased from Qiagen (Valencia, CA).

Cell culture: A549, H441 and COLO 205 cells were maintained in 
RPMI-1640 supplemented with 10% FBS (Hyclone, Logan, UT), while 
WiDr cells were maintained in MEM supplemented with 10% BGS 
(Hyclone, Logan, UT). Cells were grown as monolayers at 37°C in a 
humidified environment with 5% CO2. A549 and H441 human lung 
cancer cell lines received 100 uM doses of FAME, while colon cancer 
cell lines were administered 125 uM doses. Linoleic acid (LA), is an 
n-6 PUFA that is predominant in Western diets, and ethanol (EtOH) is
used as a vehicle to dissolve FAME and serves as a control treatment
for most of the experiments.

siRNA treatments: siRNA treatments were performed according to 
the manufacturers protocol. Briefly, siRNA (Qiagen, Valencia, CA) was 
placed in OptiMem (Invitrogen, Carlsbad, CA) and allowed to complex 
with HiPerFect (Qiagen, Valencia, CA) reagent before being added 
dropwise to cell cultures plated at specific densities 24 hours earlier. 
24 hours after siRNA treatments, lung cultures were supplemented 
with 100 uM FAME of DHA and linoleic acid (LA), or an equal volume 
of ethanol (EtOH), while colon cell lines received 100 uM or 125 uM 
FAME or an equal volume of EtOH.

Western blot analysis: Cells were washed with ice-cold PBS and 
lysed using GTP-lysis buffer [50mM HEPES (pH 7.5), 15mM NaCl, 
6mM sodium deoxycholate, 1% NP-40, 10% glycerol, 10mM MgCl2,1 
mM EDTA] containing freshly added protease and phosphatase 
inhibitors. Samples were centrifuged at 16,000 × g for 10 minutes at 
4°C. Supernatants were analyzed for protein concentration using BIO 
RAD’s DC assay (Hercules, CA). Samples were resolved by SDS-PAGE 
and transferred to nitrocellulose membranes (BIO RAD, Hercules, CA) 
and probed with specific antibodies. Detection was performed using 
HRP-conjugated secondary antibodies and visualized with ECL (GE 
Healthcare, Buckinghamshire, UK).

Anchorage-independent cell growth assays: A 0.4% solution of 
noble agar (Sigma, St Louis, MO) was combined with RPMI-1640 
media containing 25 uM concentrations of FAME or EtOH. The cells 
were seeded over a 0.8% noble agar base layer in triplicate for each 
independent experiment. Cells were rehydrated every 3 days with the 
appropriate medium. Cells were rehydrated twice weekly with RPMI-
1640 media without additional fatty acid or siRNA treatments. After 
3 weeks, cells were stained with crystal violet (Sigma, St. Louis, MO) 
and colonies numbers were determined.

Annexin V-FITC/PI analysis: Analysis was performed as described 
previously (Tamura et al., 1995). Briefly, cells were trypsinized, 
counted, and 1.0 x 106 cells were assayed using an Annexin V-FITC 
Apoptosis Detection Kit (Calbiochem, San Diego, CA). Briefly, cells 
were added to binding buffer and incubated with Annexin V-FITC, 
washed, resuspended and had propidium iodide added before being 
analyzed by flow cytometry.

Statistical analysis: All experimental results were independently 
repeated at least three times. All quantitative data shown represent 
the compiled data as percentages versus control treatments with 
error bars representing standard deviation, and statistical analyses 
were performed with ANOVA using the Tukey method for pairwise 
comparison, with values of at least p ≤ 0.05 being considered 
significant unless stated otherwise.

Results
p53 Inhibition in cancer cells with wildtype p53 partially 
reverse DHA-induced growth inhibition

To inhibit wildtype p53 function, pifithrin-α treatments and 

concentrations of siRNA specific to p53 were optimized for each 
cell line (data not shown). For this experiment, cells received either 
fatty acid methyl esters (FAME) of the n-3 PUFA docosahexaenoic acid 
(DHA), the n-6 PUFA linoleic acid (LA), or ethanol (EtOH), in addition 
to no treatment (NT), mock transfection with HiPerFect reagent alone 
(Mock), control non-silencing siRNA (NS), p53-specific siRNA (p53), or 
pifithrin-α (Pifithrin). A sample blot of A549 cells treated with p53 
siRNA is shown to verify the efficacy with siRNA treatment (Figure 1). 
It is worthwhile to note that DHA treatments do appear to slightly 
increase p53 protein expression, most notably for the expose shown 
in the p53 siRNA treatment (Figure 1). This is consistent with earlier 
reports that demonstrate DHA is capable of modifying p53 protein 
expression (Toit-Kohn et al., 2009; Zand et al., 2007).

In A549 cells that possess wildtype p53, the inhibition of cell 
proliferation was partially reversed from 63.66 ± 5.30% to 91.24 ± 
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Figure 1: A549 lung cancer cells were treated with 100 µM of linoleic acid 
(LA), docosahexaenoic acid (DHA), or ethanol (EtOH), or 25 nM of control/non-
silencing siRNA (NS siRNA), or siRNA specific to p53 (p53 siRNA).  24 hours 
later siRNA treatments were supplemented with 100 µM of LA, DHA, or EtOH.  
48 hours after PUFA supplementation, cells were processed, resolved by SDS-
PAGE, transferred to nitrocellulose membranes and probed with antibodies 
specific to p53 and β-actin protein.
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Figure 2: Human lung cancer cells A549 (A) and H441 (B), or human colon 
cancer cells COLO 205 (C) and WiDr (D) cell lines were plated in 96-well plates 
and were left untreated (NT), received transfection reagent only (Mock), were 
treated with 25 nM control/non-silencing siRNA (NS siRNA), siRNA specific to 
p53 (p53 siRNA), or were treated with the chemical inhibitor to p53, Pifithrin α 
(Pifithrin).  After 24 hours, colon cells were treated with 125 µM of linoleic acid 
(LA), docosahexaenoic acid (DHA), or ethanol (EtOH).  Lung cells received 
100 µM concentrations of the same fatty acids.  Proliferation was assessed 
48 hours later by MTT.  Results represent at least 3 independent experiments.  
Statistical significance versus NT EtOH (*) and NT DHA (#, only versus other 
DHA treatments) groups are indicated and represent p values  0.05.
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8.79% with p53 siRNA and to 86.40 ± 7.80% with pifithrin-α (Figure 
2A). Similarly, COLO 205 cells expressing wildtype p53 saw growth 
inhibition somewhat inverted by the addition of siRNA (93.81 ± 
11.82%) and pifithrin-α (82.93 ± 17.81%) (Figure 2C). Interestingly, 
the control EtOH group of the COLO 205 cells treated with p53 
inhibitors also showed significant enhancement in cell proliferation, 
with siRNA (131.19 ± 11.89%) and pifithrin-α (118.63 ± 8.57%) both 
showing increases (Figure 2C). Neither of the cell lines expressing 
mutant p53 demonstrated any significant differences in response 
to the p53 inhibitors (Figures 2B and 2D). Taken together, these 
data demonstrate that there is p53-dependent inhibition on cell 
proliferation due to DHA supplementation occurring in A549 and 
COLO 205 cells expressing wildtype p53.

Changes in cell proliferation due to DHA supplementation 
correlate with increases in apoptosis/necrosis and are partially 
reversed by p53 inhibition

To determine how effects on cell proliferation might relate to cell 
death by apoptosis and/or necrosis, cells receiving DHA treatment 
in combination with p53 inhibitors were analyzed for increases in 
the number of apoptotic/necrotic cells. For these experiments, only 
the lung cancer cell lines were used. Irrespective of p53 status, DHA 
treatment increased the percentage of apoptotic and necrotic cells 
in both A549 cells with wildtype p53 (from 5.78 ± 1.72% to 38.06 ± 
6.05%) and H441 cells with mutant p53 (from 3.87 ± 0.86% to 38.74 
± 4.91%) (Figure 3). However, upon the addition of p53 inhibitors, 
only A549 cells saw significant reductions in cell death with siRNA 
treatments reducing the percentage to 19.76 ± 5.29% and pifithrin-α 
treatments dropping to 27.37 ± 3.76% (Figure 3). These results 
indicate that the p53-dependent effects noted in DHA treatments 
relate in part to cell death, most likely due to the induction of 
apoptosis.

Inhibition of p53 results in increased anchorage-independent 
cell growth in A549 cells

Because standard tissue culture models are not always indicative 
of how cells behave in vivo, in vitro soft agar assays were performed 
to determine how the previous findings might relate to results in 
more translational models. Interestingly, unpublished data from 
our laboratory has shown IC50 concentrations of DHA are less than 
¼th the amount when examining colony formation and anchorage-

independent growth in soft agar compared to standard tissue 
culture models. When p53 siRNA treatments were used on A549 
cells in combination with EtOH, LA and DHA supplementation, 
colony formation increased in all cases (Figure 4A). Images of 
representative fields are also provided for reference (Figure 4B). With 
all of the enhancements in colony formation showing significance, 
DHA treatments did not appear to respond any better to p53 siRNA 
treatment than control EtOH and LA supplementations. 

Discussion
This study adds new information on DHA-induced inhibition of 

cell proliferation by demonstrating a p53-dependent effect in lung 
and colon cancer cells expressing wildtype p53. Both p53-specific 
siRNA and pifithrin-α, a chemical inhibitor of p53 (Komarov et al., 
1999), result in a partial, but significant reversal of decreased cell 
proliferation upon DHA supplementation in cell lines expressing 
wildtype p53. These alterations in cell growth correlated with 
decreased percentages in the number of apoptotic and necrotic cells. 
These data confirm previous findings that suggest some of the effects 
of DHA may be p53-dependent in cell lines expressing wildtype p53. 
However, when anchorage-independent growth in soft agar was 
examined, inhibiting p53 did not have a preferential effect in the 
DHA-treated group, conferring greater colony numbers in control 
treatments as well. This information suggests that the ability of DHA 
to inhibit colony formation in soft agar may be unrelated to its p53-
dependent effects on cell growth in standard tissue culture models, 
thus bringing into question how relevant these findings might be in 
an in vivo model. 

While numerous studies have reported DHA supplementation 
is capable of inhibiting cell proliferation in a wide range of in vitro 
cancer cell models (Pardini, 2006) to our knowledge, this is the first 
time the effect of p53-specific siRNA, and a chemical inhibitor of p53 
has been used. An earlier study did employ a genetically matched 
model of human colon cancer that appeared to show a higher 
apoptotic index for DHA in cells with wildtype p53, though in this 

Figure 3: A549 & H441 human lung cancer cells were treated with 25 nM of 
control/non-silencing siRNA (NS siRNA), siRNA specific to p53 (p53 siRNA), 
or the chemical inhibitor to p53 Pifithrin  (Pifithrin).  24 hours later they were 
supplemented with 100µM of linoleic acid (LA), docosahexaenoic acid (DHA), or 
ethanol (EtOH).  48 hours after PUFA supplementation, cells were analyzed with 
an Annexin V FITC Apoptosis Detection Kit (Calbiochem®) by flow cytometry.  
The % Apoptotic/Necrotic cells were quantified from the gated population of 
cells in the upper and lower right quadrants.  Statistical significance versus NS 
siRNA EtOH (*) and NS siRNA DHA (#, only versus other DHA treatments) 
groups are indicated and represent p values ≤ 0.05.
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Figure 4: A549 lung cancer cells were treated with 25 nM of control/non-
silencing siRNA (NS siRNA), siRNA specific to p53 (p53 siRNA)and suspended 
in an RPMI/Soft agar solution over a basement layer.  Plates were allowed 
to grow for 2 weeks and were rehydrated every 3 days before being stained 
with crystal violet before being counted (A) and photographed (B).  Statistical 
significance versus NS siRNA EtOH (*) and NS siRNA DHA (#, only versus 
other DHA treatments) groups are indicated and represent p values ≤ 0.05.
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model, the apoptotic index noted with DHA was no different than 
what was seen for LA regardless of p53 status (Kolar et al., 2007). It 
is important however to remember that the effect of DHA has been 
linked to a number of different mechanisms (Pardini, 2006) and can 
be highly cell line-dependent (Calviello et al., 2004), and our data 
assessment combined both apoptotic and necrotic cells.

Understanding how n-3 PUFAs exert their anti-cancer effects is of 
critical importance, as nutritional supplements provide a promising 
opportunity to enhance conventional chemotherapeutics without the 
undesirable side effects often associated with these agents. While it 
is clear DHA can exhort inhibitory effects independent of p53 status, 
it also seems apparent that in some cell models there may be a p53-
dependent response.
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