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Epidemiological and animal-based investigations have indicated
that the development of skin cancer is in part associated with poor
dietary practices. Lipid content and subsequently the derived fatty
acid composition of the diet are believed to play a major role in the
development of tumorigenesis. Omega 3 (v3) fatty acids, including
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), can
effectively reduce the risk of skin cancer whereas omega 6 (v6)
fatty acids such as arachidonic acid (AA) reportedly promote risk.
To investigate the effects of fatty acids on tumorigenesis, we
performed experiments to examine the effects of the v3 fatty acids
EPA and DHA and of the v6 fatty acid AA on phorbol 12-tetrade-
canoate 13-acetate (TPA)-induced or epidermal growth factor
(EGF)-induced transcription activator protein 1 (AP-1) transactiva-
tion and on the subsequent cellular transformation in a mouse
epidermal JB6 cell model. DHA treatment resulted in marked
inhibition of TPA- and EGF-induced cell transformation by inhibit-
ing AP-1 transactivation. EPA treatment also inhibited TPA-induced
AP-1 transactivation and cell transformation but had no effect on
EGF-induced transformation. AA treatment had no effect on either
TPA- or EGF-induced AP-1 transactivation or transformation, but
did abrogate the inhibitory effects of DHA on TPA- or EGF-induced
AP-1 transactivation and cell transformation in a dose-dependent
manner. The results of this study demonstrate that the inhibitory
effects of v3 fatty acids on tumorigenesis are more significant for
DHA than for EPA and are related to an inhibition of AP-1. Similarly,
because AA abrogates the beneficial effects of DHA, the dietary
ratio of v6 to v3 fatty acids may be a significant factor in mediating
tumor development.

Nonmelanoma skin cancer is the most common type of cancer
in the United States and is presently a major cause of

morbidity and mortality in our society (1). Typically associated
with sun and UV radiation exposure, the development of skin
cancer has also been reported to be related to dietary factors,
including dietary lipids. Epidemiological and experimental stud-
ies have shown that different classes of dietary fatty acids have
a variety of effects on tumor development. Specifically, omega 3
(v3) fatty acids such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), the nomenclature of which was
developed at our institute (2), are reportedly chemopreventive
(3–7) whereas omega 6 (v6) fatty acids, including linoleic acid
(LA) and its in vivo metabolized product, arachidonic acid (AA),
are chemopromotive (8–11).

Transcription factor activator protein 1 (AP-1) is an inducible
eukaryotic transcription factor composed of the products of the
jun and fos oncogene families (12–14). The AP-1 dimers bind to
and transactivate promoter regions on DNA that contain cis-
acting phorbol 12-tetradecanoate 13-acetate (TPA) response
elements to induce transcription of genes involved in cell pro-
liferation, metastasis, and cellular metabolism (15). AP-1 is
induced by a variety of stimuli and is implicated in the devel-
opment of cancer (12). Agonists, such as TPA and epidermal
growth factor (EGF), are two of the most common agents used
to study the experimental induction of AP-1 and cellular trans-
formation in cellular and animal models of cancer (16). Several
reports have established the role of AP-1 activation in cellular
transformation and tumor promotion. In JB6 mouse epidermal

cell lines, TPA and EGF induce AP-1 transcriptional activity in
promotion-sensitive (P1) phenotypes but not in promotion-
resistant (P2) phenotypes. Blocking AP-1 induction causes P1

cells to revert to the P2 phenotype, indicating the unique
requirement for AP-1 activity in TPA- and EGF-induced cell
transformation (17). Moreover, various chemopreventive agents
long known to have inhibitory effects on cell transformation and
tumor promotion (e.g., aspirin, sodium salicylate, and retinoic
acid) also suppress AP-1 transactivation (18–20).

In the present study, we investigated the effects of EPA, DHA,
and AA on TPA- or EGF-induced AP-1 transactivation and on
subsequent cell transformation in the JB6 mouse epidermal cell
line. This study provides new insight into the primary mecha-
nisms by which certain dietary essential fatty acids inhibit or
promote tumorigenesis and support epidemiological reports that
suggest that diets rich in v3 fatty acids and low in v6 are
chemoprotective.

Materials and Methods
Cell Culture and Reagents. AP-1 luciferase reporter plasmid stably
transfected mouse epidermal JB6 P1 1-1 cells and the JB6 mouse
epidermal cell line, Cl 41, were cultured in monolayers at 37°C,
5% CO2 by using Eagle’s minimal essential medium, MEM,
containing 5% FBS, 2 mM L-glutamine, and 25 mg of gentamicin
per ml. FBS and MEM were from BioWhittaker; TPA, aproti-
nin, leupeptin, and low-endotoxin albumin (LEA) were from
Sigma; EGF was from Clonetics (San Diego); DHA (C22:6,
4,7,10,13,16,19-docosahexaenoic acids), EPA (C20:5,
5,8,11,14,17-eicosapentaenoic acids), and AA (C20:4, 5,8,11,14-
arachidonic acids) were from Nu Chek Prep (Elysian, MN);
luciferase assay substrate was from Promega; specific antibodies
against phosphorylated sites of Erks, p38 kinase, and the c-Jun
NH2-terminal kinase (JNK) assay kit were from New England
Biolabs.

Fatty Acid Preparation. A 5% LEA solution (16.6 ml) was added
to each 10 mg of fatty acid and mixed with a Vortex mixer. The
mixture was then bubbled very slowly with N2 for 60 s to remove
any oxygen and then incubated in a sealed tube for 4 h at 37°C
in a shaking water bath. The fatty acidyalbumin complex (0.6 mg
of fatty acid per ml) solution was then filter-sterilized, divided
into aliquots in single-use vials, and kept frozen at 270°C.

Luciferase Assay for AP-1 Transactivation. Confluent monolayers of
JB6 P1 1-1 cells were trypsinized, and 8,000 viable cells sus-
pended in 100 ml of 5% FBS MEM were added to each well of
a 96-well plate. Plates were incubated at 37°C in a humidified
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atmosphere of 5% CO2y95% air. Cells were starved for 24 h and
then treated for another 48 h by culturing them in 0.1% FBS
MEM with different concentrations of the fatty acids indicated.
The cells were then exposed to either TPA (20 ngyml) or EGF
(20 ngyml). After 24 h in culture, the cells were extracted with
100 ml of lysis buffer and luciferase activity was measured by
using a luminometer (Monolight 2010; Analytical Luminescence
Laboratory, San Diego). The results are expressed as relative
AP-1 activity (21).

Anchorage-Independent Transformation Assay. JB6 C1 41 cells (8 3
103 per ml) were exposed to either TPA or EGF with or without
EPA, DHA, or AA at concentrations ranging from 2.5 to 20
mgyml in 1 ml of 0.33% basal medium of Eagle agar containing
10% FBS over 3.5 ml of 0.5% basal medium Eagle agar
containing 10% FBS. Additionally, mixtures of DHA (20 mgyml)
containing increasing concentrations of AA (from 5 mgyml to 20
mgyml) were also tested. The cultures were maintained in a 37°C,
5% CO2 incubator for 4 weeks. Cell colonies were then scored
as described by Colburn et al. (22). The effects of the fatty acids
on cell transformation of JB6 C1 41 cells are presented as a

percentage inhibition of cell transformation in soft agar com-
pared with TPA- or EGF-stimulated cells.

AP-1 DNA Binding Studies. Electrophoretic mobility-shift assays
were performed essentially as described (23). Nuclear protein
extracts were prepared from JB6 C1 41 cells by the modified
method of Monick et al. (24). Briefly, JB6 C1 41 cells were
cultured in 10-cm dishes. After 48 h of pretreatment with
different concentrations of fatty acids as indicated in low per-
centage medium (0.1%), the cells were exposed to TPA (20
ngyml) or EGF (20 ngyml) and incubated for another 12 h. The
cells were then harvested and disrupted in 500 ml of lysis buffer
A (25 mM Hepes, pH 7.8y50 mM KCly0.5% Nonidet P-40y100
mM DTTy10 mg/ml leupeptiny25 mg/ml aprotininy1 mM PMSF).
The pellet containing the nuclei was washed once with 500 ml of
buffer B (buffer A without Nonidet P-40), resuspended in 150 ml
of extraction buffer (buffer B but with 500 mM KCl and 10%
glycerol), and shaken at 4°C for 30 min. The DNA binding
reaction (for the electrophoretic mobility-shift assay) was carried
out at room temperature for 30 min in a mixture containing 4 mg
of nuclear protein, 1 mg of poly(dIzdC), and 15,000 cpm of
32P-labeled double-stranded AP-1 oligonucleotide (59-
CGCTTGATGAGTCAGCCGGAA-39). The samples were
fractionated through a 5% polyacrylamide gel. Gels were dried
and analyzed by using the Storm 840 Phospho-Image System
(Molecular Dynamics).

JNK Kinase Assay. JB6 Cl 41 cells were pretreated with the various
concentrations of fatty acids as indicated and starved for 48 h in
0.1% FBS MEM as described earlier. Cells were then exposed to
TPA (20 ngyml) or EGF (20 ngyml) followed by culturing for
another 30 min. The JNK kinase assay was carried out according
to the protocol of New England Biolabs (www.neb.com). c-Jun
phosphorylation was selectively measured by Western immuno-
blotting by using a specific c-Jun antibody against phosphory-
lated c-Jun at serine-63.

Immunoblotting for Phosphorylated Erks and p38 Kinase. Immuno-
blotting for the phosphorylated proteins Erks and p38 kinase was
carried out by using specific antibodies against phosphorylated
sites on Erks or p38 kinase (19) according to the supplier’s
recommendations (Cell Signaling Technology, Beverly, MA).

Fig. 1. DHA suppresses both TPA- and EGF-induced AP-1 activity, but EPA
suppresses only TPA-induced AP-1 activity. AP-1 luciferase reporter plasmid
stably transfected JB6 P1 1-1 cells were cultured and treated as described in
Materials and Methods. After a 48-h treatment with fatty acids at the con-
centrations indicated, 20 ngyml TPA or EGF was added and the cells were
cultured for another 24 h before harvest. (A) DHA at 2.5 mgyml significantly
inhibits TPA-induced AP-1 activity (67% inhibition, P , 0.01; mean 6 SD of
triplicate experiments, six wells each); increased concentrations of DHA did
not further inhibit AP-1 activity. EPA inhibited TPA-induced AP-1 activity in a
concentration-dependent manner (P , 0.01; mean 6 SD of triplicate experi-
ments, six wells each). AA failed to inhibit AP-1 activity at the concentrations
indicated (P . 0.05; mean 6 SD of triplicate experiments, six wells each). (B)
DHA inhibited EGF-induced AP-1 activity in a concentration-dependent man-
ner (P , 0.01 at 10 or 20 mgyml; mean 6 SD of triplicate experiments, six wells
each). Neither EPA nor AA affected EGF-induced AP-1 activity (P . 0.05;
mean 6 SD of triplicate experiments, six wells each).

Fig. 2. AA abrogates the inhibitory effect of DHA on TPA- and EGF-induced
AP-1 activity. Luciferase reporter plasmid stably transfected JB6 P1 1-1 cells were
cultured as described in Materials and Methods. The cells were treated with a
mixture of 20 mgyml DHA and increasing concentrations of AA as indicated. After
48 h of culture, 20 ngyml TPA or EGF was added and the cells were harvested after
another24-h incubation.AAsignificantlyreducedtheinhibitoryeffectofDHAon
TPA-induced AP-1 activity in a concentration-dependent manner (P , 0.01;
mean 6 SD of triplicate experiments, six wells each).
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Antibody-bound proteins were detected by chemiluminescence
and analyzed by using the Storm 840 Phospho-Image System
(Molecular Dynamics).

Statistical Analysis. Significant differences in AP-1 activity were
determined by using the Student’s t test. The results are ex-
pressed as means 6 SD.

Results
Varied Effects of Fatty Acids on AP-1 Activity. No significant changes
were observed in AP-1 activity when stably transfected mouse
epidermal JB6 P1 1-1 cells were cultured with EPA, DHA, or
AA alone compared with the LEA control (data not shown).
DHA markedly inhibited TPA-induced AP-1 activity (83%, P ,
0.01) from the lowest concentration, 2.5 mgyml, to the highest
concentration of 20 mgyml (Fig. 1A). Increasing the DHA
concentration had no further inhibitory effect on AP-1 activity
induced by TPA. EPA treatment moderately inhibited TPA-
induced AP-1 activity (48% inhibition at 2.5 mgyml, P , 0.05;
Fig. 1 A). DHA treatment also resulted in a significant inhibition
of EGF-induced AP-1 activity in an apparent concentration-
dependent manner, whereas EPA had no effect (Fig. 1B). AA
treatment had no effect on either TPA- or EGF-induced AP-1
activity (Fig. 1). To confirm that the observed effects were not

due to cytotoxicity, we investigated [3H]thymidine incorporation
into the cells under the exact conditions of fatty acid treatment,
and no significant effects on growth inhibition or cellular
viability were found (data not shown).

AA Abrogates the Inhibitory Effect of DHA on TPA-induced AP-1
Activity. Although AA, a direct substrate of cyclooxygenase-2,
can be converted to prostglandin E2 (PGE2), which is reported
to induce AP-1 activation (25, 26), in our experiments AA did
not induce AP-1 activity. To investigate the potential interactive
effects of AA and DHA on AP-1 activation, we combined
increasing concentrations of AA (Fig. 2) with a fixed amount of
DHA (20 mgyml) that was found to inhibit AP-1 activation in the
TPA- or EGF-JB6 model as reported herein. Surprisingly, the
DHA inhibitory effect on TPA-induced AP-1 activation was
significantly (P , 0.01) abrogated by AA in a concentration-
dependent manner (Fig. 2). Similar results were observed in the
EGF-stimulated cells, but to a much lesser extent (Fig. 2).

DHA Suppresses JB6 Cell Anchorage-Independent Transformation.
Cell transformation was determined by a cell anchorage-
independent growth assay on soft agar. In the absence of TPA
or EGF, no Cl 41 colony formation in soft agar was observed.
However, treatment by TPA or EGF promoted significant Cl 41
transformation and colony formation on soft agar. EGF treat-
ment resulted in larger and more robust cell colony formation
when compared with cells treated with TPA. DHA significantly
repressed TPA- and EGF-induced cell transformation and col-
ony formation on soft agar (Fig. 3 A and B). However, treatment
with EPA suppressed TPA-induced cell transformation only at
the highest dose (20 mgyml, Fig. 3A) but had no effect on
EGF-induced transformation (Fig. 3B). AA did not significantly
effect cell transformation induced by TPA or EGF on soft agar.
AA treatment did, however, reduce the inhibitory effects of
DHA in both TPA- and EGF-induced cell transformation (Fig.
4). These findings are in agreement with the effects of EPA,
DHA, and AA treatment on AP-1 activity as reported herein.

DHA Represses AP-1 DNA Binding. As a transcription factor, AP-1
mediates gene transcription induced by TPA, growth factors,
cytokines, and many other stimuli by binding to the TPA
response element site in the promoter region of a specific target
gene (27). AP-1 DNA binding activity as an index of activation
was therefore measured by electrophoretic mobility-shift assay

Fig. 3. DHA suppresses both TPA- and EGF-stimulated cell transformation on
soft agar, but EPA only slightly inhibits TPA-induced cell transformation on
soft agar. JB6 Cl 41 cells were seeded into triplicate wells and exposed to 20
ngyml TPA or EGF with or without fatty acids at the different concentrations
as indicated in Materials and Methods. The cell colonies were scored after a
4-week incubation in a 37°C, 95% airy5% CO2 atmosphere. (A) TPA-induced
cell transformation on soft agar was inhibited 61% by 10 mgyml DHA (P , 0.01,
n 5 3), but was inhibited by only 21% with 20 mgyml EPA. AA had no effect on
TPA-induced cell transformation (P . 0.05, n 5 3). (B) Cell transformation on
soft agar was inhibited 61% by 20 mgyml of EGF, but neither EPA nor AA had
an effect on TPA-induced cell transformation.

Fig. 4. AA abrogates the DHA inhibitory effect on TPA- or EGF-induced cell
transformation. JB6 Cl 41 cells from triplicate wells were exposed to 20 ngyml
TPA or EGF with 20 mgyml DHA and increasing concentrations of AA as
indicated. Cells were incubated for another 4 weeks as described in the legend
of Fig. 3. AA effectively abrogated the inhibitory effects of DHA on both TPA-
and EGF-induced cell transformation on soft agar (P , 0.01; n 5 3).
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after pretreatment of cells with EPA, DHA, or AA. Our findings
indicated that LEA alone (10 mgyml) enhanced AP-1 DNA
binding (Fig. 5A, lane 3). This result, however, may be due to the
positive effects of albumin on cell growth. In comparison to LEA

Fig. 5. DHA blocks TPA- or EGF-induced AP-1 DNA binding. JB6 Cl 41 cells
were treated, nuclear proteins were extracted, and electrophoretic mobil-
ity-shift assays were carried out as described in Materials and Methods. (A)
TPA-induced AP-1 binding is totally eliminated by a 10-fold excess of
unlabeled AP-1 oligonucleotide (lane 1 and lane 7). LEA increased AP-1
binding. EPA and AA, but not DHA, induced a slightly higher AP-1 binding
compared with LEA alone. (B and C) DHA suppressed either TPA- or
EGF-induced AP-1 DNA binding (lane 4 of B and lane 5 of C). EPA or AA had
no effect on either TPA- or EGF-induced AP-1 DNA binding (lane 5 and 6 of
B and lane 6 and 7 of C).

Fig. 6. Fatty acids do not block TPA- or EGF-induced phosphorylation of Erks
or p38 kinase and JNK kinase activity. JB6 Cl 41 cells were treated and Western
blot analysis was carried out as described in Materials and Methods. (A and B)
Erks and p38 kinase were phosphorylated after treatment with either TPA or
EGF. None of the fatty acids were capable of blocking the phosphorylation.
p-Erk and p-p38 indicate the phosphorylated proteins. (C and D) JNK activity
was assessed by determining the phosphorylation of JNK’s direct substrate,
c-Jun. Western blotting was carried out by using a specific c-Jun antibody
against c-Jun phosphorylated at serine-63. Both TPA and EGF induced an
increase in JNK activity, and none of the fatty acids blocked the increase.
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alone and in the absence of an agonist, DHA did not effect AP-1
DNA binding, whereas EPA and AA slightly increased DNA
binding of AP-1 (Fig. 5A, lanes 5 and 6). Treatment with TPA
(20 ngyml) resulted in a significant increase in AP-1 DNA
binding (Fig. 5A, lane 7). This increased binding could be
completely eliminated by adding a 10-fold excess of unlabeled
AP-1 oligonucleotide, confirming that the electrophoretic mo-
bility-shift band was specific for AP-1 binding (Fig. 5A, lane 1).
DHA (10 mgyml) treatment inhibited AP-1 DNA binding in-
duced by either TPA or EGF (Fig. 5 B and C). However, EPA
had no effect on AP-1 DNA binding.

Mitogen-Activated Protein (MAP) Kinases Are Not Involved in Fatty
Acid-Mediated AP-1 Activity Induced by TPA or EGF. MAP kinases
contribute to the induction of AP-1 activity in response to a
broad range of extracellular stimuli (27). In our experiments,
both TPA and EGF induced phosphorylation of Erks and p38
kinase (Fig. 6 A and B). Neither TPA nor EGF induced
detectable phosphorylation of JNKs as assessed by Western blot
analysis (data not shown). TPA and EGF did, however, induce
the phosphorylation of a direct substrate of JNKs, c-Jun at
serine-63 (Fig. 6 C and D). None of the fatty acids tested,
however, affected TPA- or EGF-induced phosphorylation of any
of the MAP kinases measured (Fig. 6).

Discussion
Epidemiological studies have suggested that v3 fatty acids, such
as DHA and EPA, are effective chemopreventive agents (13,
28–30). In animal experiments, fish oil, rich in the long-chain v3
fatty acids EPA and DHA, significantly suppressed the incidence
of colon cancer and average tumor volume (31). In contrast,
maintaining animals on diets high in v6 fatty acids, such as LA
from vegetable oil, significantly increased cancer incidence (31).
In hairless mice, 2 weeks of fish oil feeding resulted in a
significant reduction in the inflammatory response in skin and
increased skin repair after ultraviolet A exposure, compared
with animals raised on corn oil high in LA (32). In mice, the
photocarcinogenic response increased with increasing amounts
of LA in the diet, compared with a diet high in saturated fat (33).
These results agreed with data from other groups that reported
that diets high in v6 fatty acids, such as LA or AA, significantly
elevated risk of developing cancer (34–37). In the present study,
we report that DHA significantly inhibits TPA- or EGF-induced
cell transformation in a mouse epidermal JB6 cell model. Based
on the findings that DHA suppresses TPA- and EGF-induced
AP-1 DNA binding and AP-1 transactivation, we hypothesize
that the inhibitory effects of DHA on cancer development are
due, at least in part, to the suppression of AP-1 activity. EPA,
however, was not as effective as DHA in suppressing AP-1
transactivation, a result that may argue against an eicosanoid-
mediated event. Topical treatment with EPA, however, was
reported to protect against ultraviolet B-induced damage by
preventing immunosuppression (38). In the present study, when
AA was tested no direct induction of AP-1 activity was observed.
AA treatment in conjunction with DHA, however, strongly
abrogated the DHA-mediated inhibition of AP-1 activity. In
addition, the effects of fatty acids on AP-1 transactivation are

consistent with their observed effects on cell transformation in
soft agar anchorage-independent colony formation, further
demonstrating that the reported cell transformation effects are
due to interaction with AP-1.

The precise mechanisms that explain the effects of various
fatty acids on tumor development are largely unclear. Epidermal
cells lack D6 desaturase activity, which is the rate-limiting
enzyme for the conversion of LA into AA and a-linolenic acid
into DHA. In addition, many unique eicosanoid and lipoxygen-
ase metabolites are present in the skin, where they may also play
a central role in cell signaling related to skin cancer development
(39). The role that diet and, specifically, fatty acids play in
photocarcinogenesis remains largely unknown but is reportedly
related to eicosanoid signaling, peroxidation effects, and mod-
ulation of the immune system (40). Other suggestions include an
eicosanoid-mediated mechanism whereby formation of PGE2, a
major prostaglandin of the mammalian epidermis derived from
AA, is either stimulated or inhibited by v3 or v6 fatty acids (41).
Cyclooxygenase-2 activity and PGE2 are reportedly involved in
tumor development (42, 43). Increased proportions of AA in
cellular membrane lipids (the eicosanoid precursor pool), re-
sulting from diets high in v6 and low in v3, provide an increased
PGE2 level. EPA and DHA compete with AA and thus strongly
inhibit the formation of PGE2 from AA (44–46). Several studies
(47–49) have suggested that PGE2 is signaling through AP-1 and
thus may play a definitive role in tumor development. Addition-
ally, the significance of eicosanoids in mediation of skin cancer
development has been demonstrated by the inhibition of pho-
tocarcinogenesis in the hairless mouse treated with the cycloox-
ygenase inhibitor indomethacin (50). These observations may
explain the effects of fatty acids on tumor development. More-
over, the different effects of EPA and DHA on AP-1 transac-
tivation observed in our experiments may be related to their
differential effects on tumor suppression.

Many mechanisms are involved in the up- and down-
regulation of AP-1 activity (12). MAP kinases are the most
common signaling pathways known to mediate AP-1 function
(27), and the blocking of MAP kinases leads to the inhibition of
AP-1 transactivation and subsequent cell transformation (51–
57). In the present study, however, we found no effect of EPA,
DHA, or AA on TPA- or EGF-induced activation of JNKs, Erks,
or p38 kinases, the three members of the MAP kinase family.
These results indicate that the effects of EPA and DHA on AP-1
activity may not be mediated by MAP kinase pathways, but
rather by other mechanisms (27).

In summary, our data showed that v3 fatty acids efficiently
inhibit tumor promoter-induced AP-1 transactivation and sub-
sequent cell transformation in mouse epidermal JB6 cells. DHA
was a more efficient inhibitor than EPA. The v6 fatty acid, AA,
had no effect on AP-1 activity but abrogated the inhibitory
effects of DHA on tumor promoter-induced AP-1 activity and
subsequent cell transformation. We conclude that signaling to
AP-1 is involved in the observed effects of EPA, DHA and AA
on tumor development.
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