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Parthenolide (PN) is a major sesquiterpene lactone of
feverfew (Tanacetum parthanium) with known anti-
inflammatory activity. However, the anticancer effects of
PN have not been well studied. In the present investigation,
we examined the cancer chemopreventive property of PN
using a combination of in vivo and in vitro approaches. We
first tested the anticancer effect of PN in UVB-induced skin
cancer model. Mice fed with PN (1 mg/day) showed a
delayed onset of papilloma incidence, a significant reduc-
tion in papilloma multiplicity (papilloma/mouse) and sizes
when compared with the UVB-only group. To our surprise,
neither PN nor the known cyclooxygenase (COX)-2 inhibi-
tor celecoxib inhibit UVB-induced COX-2 expression and
epidermal prostaglandin E, (PGE;) production. We next
investigated the molecular mechanism(s) involved in its
anticancer effects using cultured JB6 murine epidermal
cells. Non-cytotoxic concentrations of PN significantly
inhibited UVB-induced activator protein-1 DNA binding
and transcriptional activity. In addition, PN pre-treatment
also inhibited c-Jun-N-terminal kinase (JNK) and p38
kinase activation. More importantly, we found that
impaired AP-1, JNK and p38 signaling led to the sensitiza-
tion of JB6 cells to UVB-induced apoptosis. Data from our
study for the first time confirm the anticancer property of
PN in an animal model, and provide evidence that the
inhibitory effects on AP-1 and mitogen-activated protein
kinases serve as one of the underlying mechanisms for the
cancer chemopreventive property of PN.

Introduction

Feverfew (Tanacetum parthenium) has been used as a herbal
medicine for the treatment of fever, arthritis and migraine in
Asia and Europe for centuries. The crude extracts of this herb
are known to have anti-microbial and anti-inflammatory prop-
erties (1,2). The principal active component in feverfew is the
sesquiterpene lactone parthenolide (PN) that contains a highly
electrophilic a-methylene-y-lactone ring and an epoxide resi-
due capable of interacting rapidly with nucleophilic sites of

Abbreviations: AP-1, activator protein-1; COX, cyclooxygenase; JNK,
c-Jun-N-terminal kinase; MAPKSs, mitogen-activated protein kinases; NF-
kB, nuclear factor kappa B; PGE,, prostaglandin E2; PN, parthenolide; UVB,
ultraviolet-B light.
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biological molecules (Figure 1) (3). At present, there is some
preliminary evidence showing the anticancer property of PN.
For instance, PN is a potent inhibitor of DNA synthesis and
cell proliferation in a number of cancer cell lines (4-6). Patel
and co-workers (7) have reported that PN sensitizes breast
cancer cells to the chemotherapeutic agent paclitaxel via its
inhibitory effect on nuclear factor kappa B (NF-«kB). Recently,
Wen and colleagues (8) demonstrated that PN-induced apop-
tosis involves caspase activation and mitochondria dysfunction
in hepatoma cells. To date, the anticancer property of PN has
not been studied using in vivo animal models.

Skin cancer is the most common type of cancer among
Caucasians (9). Clinically, skin cancers are classified into
two major groups: malignant melanoma and non-melanoma
skin cancer (NMSC). Numerous studies have demonstrated
UVB as the major etiological factor for NMSC (10-12),
which is derived from skin epithelial cells and can be further
categorized into squamous cell carcinoma and basal cell car-
cinomas (13). The mechanism(s) of UVB-induced skin cancer
have not been fully understood. Several transcriptional factors
including activator protein-1 (AP-1), NF-kB, nuclear factor of
activated T cells (NF-AT), and signal transducers and activa-
tors of transcription (STATs) have been linked to the tumor-
promoting ability of UVB (14-17). AP-1 is an important
nuclear transcription factor involved in many cellular func-
tions such as cell proliferation, cell death, cell survival and
differentiation (18). The mammalian AP-1 complex consists of
either homodimers or heterodimers of Jun (c-Jun, JunB, JunD),
Fos (c-Fos, FosB, Fra-1, Fra-2), Jun dimerization partners
(JDP1 and JDP2) and the closely related activating transcrip-
tion factors (ATF2, LRF1/ATF3 and B-ATF) (19). Depending
on the composite, the resulting AP-1 complex can then bind to
and transactivate either the TPA-response element or the
cAMP responsive elements to regulate the transcription of
many genes involved in cell proliferation, apoptosis, metasta-
sis and cellular metabolism (14,20,21). One important aspect
of AP-1 function is its role in tumor promotion based on the
fact that viral and cellular Jun or Fos can cause malignant
transformation in fibroblasts (22,23). Gene products promot-
ing invasion and metastasis are also under AP-1 regulation
(22). Furthermore, inhibition of UVB-induced skin cancer
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Fig. 1. Chemical structure of PN.
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has been shown to be mediated through suppression on AP-1
transactivation (24).

It has been well documented that PN is a potent inhibitor
of NF-kB signaling pathway, which contributes to its anti-
inflammatory activity (25-27). In contrast, relatively little is
known with regards to the effects of PN on other signaling
molecules such as AP-1 and their involvements in its anti-
cancer activity. The main objective of the present study is to
systematically investigate the cancer chemopreventive prop-
erty of PN using a combination of both in vivo animal model
and in vitro cell culture study. We first tested the anticancer
property of PN in UVB-induced skin cancer model using
female SKH-1 hairless mice. To determine the mechanism(s)
involved in the anticancer effect of PN, we further investigated
itseffect on AP-1 and mitogen-activated protein kinase (MAPK)
signaling cascade in JB6 murine epidermal cells. Data from
our study for the first time demonstrate the anticancer property
of PN in an animal model, and provide evidence that the
inhibitory effects on AP-1 and MAPK serve as one of the under-
lying mechanisms for the cancer chemopreventive property
of PN.

Materials and methods

Chemicals and reagents

PN (97% pure) was purchased from Biomol (Plymouth Meeting, PA).
Celecoxib was kindly provided by Pfizer (New York, NY). Anti p-c-Jun-
N-terminal kinase (JNK) p-p38, p38, p-Erk, Erk, p-c-Jun, c-Jun, p-ATF-2
and ATF-2 polyclonal antibodies were purchased from Cell Signaling
(Beverly, MA). Secondary antibodies (horseradish peroxidase conjugated
goat anti-mouse IgG and goat anti-rabbit IgG) and enhanced chemilumines-
cence substrate were from Pierce (Rockford, IL). ['y—32P]ATP was obtained
from Perkin-Elmer (Boston, MA). SP600125 was purchased from Calbiochem
(San Diego, CA). Other common chemicals were from Sigma-Aldrich
(St Louis, MO).

Animals and treatment

Female SKH-1 hairless mice were purchased from Charles River Laboratories
(Wilmington, MA), and they were 8-9 weeks of age at the beginning of the
experiments. The experiments were conducted following the rules and regula-
tions by the Animal Welfare Committee of the university. All mice were
housed in the Animal Holding Unit under climate-controlled environment
with a 12-h light/dark cycle. Mice (5 mice/cage) were allowed free access to
food pellets and water placed inside the food chamber on top of the cage cover.
The various treatments and UVB irradiation schemes were summarized in
Figure 2. Briefly, mice were placed on specifically prepared food pellets
containing DMSO, PN or celecoxib 1 week prior to UVB treatment and
throughout the study. The dosage of PN was calculated based on our prelimin-
ary acute toxicity study (data not shown). We also included a known cyclo-
oxygenase (COX)-2 inhibitor celecoxib as a positive control (28). Both
compounds were first dissolved in DMSO, diluted with sunflower oil, and
then coated onto food pellets. These food pellets were prepared weekly and
stored at 4°C once coated. Fresh food pellets were supplied three times a week
and the amount of consumption was recorded at the same time. UVB was
delivered through a bank of FS24 lamps (Light Sources, Orange, CT) with
spectral irradiance of 280-400 nm, 80% of which in the UVB region (280-
320 nm) and with a peak at ~313 nm. The emitted UVB dose was quantified
using a phototherapy radiometer (International Light, Newburyport, MA)
equipped with IL SED 240 detector. Mice were exposed to an initial dose of
100 mJ/cm? of UVB (5 days/week). A weekly increment of 50 mJ/cm? was
applied until a maximal dose of 200 mJ/cm? was reached. The UVB treatment
was continued for 25 weeks. A negative control group (no PN treatment and no
UVB exposure, n = 5) was included. Papilloma (lesion >1 mm) were exam-
ined and recorded weekly. Papilloma incidence (% of mice with one or more
papilloma) and papilloma multiplicity (no. of papilloma/mouse) were deter-
mined after the termination of the UVB treatment. All mice were humanely
killed at the end of the 25-week study. Papillomas were surgically removed,
paraffin embedded and cut into 4 wm sections in preparation for immuno-
histochemistry staining. The dorsal skins of mice were also removed, snap-
frozen in liquid nitrogen, and then stored at —80°C until further analysis.
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Fig. 2. Schematic representation of the chemopreventive aspect of PN or
celecoxib against UVB-induced skin cancer in SKH-1 hairless mice. Mice
were placed on diet containing 2% DMSO (group 1), 1 mg/day PN (group 2)
or 3 mg/day celecoxib (group 3) 1 week prior to the initiation of UVB
exposure and was maintained throughout the study. Mice were exposed to an
initial dose of 100 mJ/cm? of UVB (5 days/week), with an increment of

50 mJ/cm? per week until a maximal dose of 200 mJ/cm? was reached. The
UVB treatment was continued for 25 weeks. A negative control group

with no UVB exposure was also included.

Immunohistochemistry staining

The immunostaining was done using VECTOR® M.0.M. immunodetection kit
(Vector Laboratories, Burlingame, CA) according to manufacturer’s instruc-
tion. Sections were deparaffinized, permeabilized and then incubated with
anti-Cox-2 monoclonal antibody (1:500 dilution) (Transduction Laboratories,
Los Angeles, CA). Sections were visualized with 3,3’-diaminobenzidine
through avidin-biotin-horseradish peroxidase system. Slides were counter-
stained with hematoxylin-1 (Sigma-Aldrich).

Prostaglandin E; (PGE,) determination

Skin samples were homogenized and purified using a Sep-Pak® Vac C-18
cartridge (Waters, Milford, MA). PGE; in skin samples were measured using
monoclonal enzyme immunoassay kit (Cayman, Ann Arbor, MI) according to
manufacturer’s protocol.

Cell culture and UVB exposure

JB6 murine epidermal cells and JB6 cells stably transfected with an AP-1
luciferase reporter plasmid have been reported previously (29,30). All cells
were cultured in MEM supplemented with 5% FBS and 100 U/ml penicillin
and 100 pg/ml streptomycin at 37°C in 5% CO,/air atmosphere. Cells were
seeded in 6-well plates or 60 mm cultural dishes and starved with MEM
containing 0.5% FBS for 24 h after reaching 80% confluence. After pre-
treatment with medium containing various chemicals at designated concentra-
tions, cells were washed with PBS once and then exposed to UVB in fresh
PBS. Cells were returned to incubator with the addition of the previous culture
medium until time of collection.

Determination of cell death and apoptosis

Cell viability was measured via LDH leakage (31), while apoptosis was
examined using propodium iodide (PI) staining for DNA content analysis
(sub-G; cells) and DNA ladder formation as reported previously (32).
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Nuclear extracts preparation and electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared according to published method with modifica-
tions (26). JB6 cells were scraped after the designated treatment, washed with
ice-cold PBS twice and then re-suspended in 120 pl of Buffer A (10 mM
HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT, protease inhibitor
cocktail). After 15 min of incubation on ice, Nonidet P-40 was added (final
concentration 0.3%) and tubes were vortexed vigorously. The lysates were
centrifuged at 2000 g for 10 min at 4°C. The resulting nuclear pellet was
re-suspended in 40 ml of Buffer B (20 mM HEPES, pH 7.9, 1.5 mM MgCl,,
450 mM NaCl, 25% glycerol, 0.2 mM EDTA, 0.5 mM DTT, protease inhibitor
cocktail) and incubated on ice for 30 min. The nuclear extracts were collected
after 15 min of centrifugation at 20 000 g at 4°C. Protein concentration was
quantified using Bio-Rad protein assay kit (Hercules, CA). All samples were
kept at —70°C until assay. The DNA binding reaction mixture contained 5 g
of nuclear extract, 5 x Buffer C (100 mM HEPES, pH 7.9, 20% glycerol, 1 mM
DTT and 300 mM KCl), 2 pg poly(dI-dC), 2 g BSA and was incubated for
30 min on ice. **P-Labeled AP-1 oligonucleotide (5'-CGCTTGATGAGTC-
GACCGGAA-3', 3-GCGAACTACTCAGTCGGCCTT-5') was then added in
a total volume of 20 pl. The DNA-protein complexes were resolved in 5%
polyacrylamide gel using a vertical gel electrophoresis apparatus (Gibco-BRL,
Gaithersburg, MD). Gels were then dried and exposed to an X-ray film
(Kodak) at —70°C overnight.

Western blot

Cells were scraped after the designated treatment and washed with ice-cold
PBS twice. Pellets were re-suspended in lysis buffer (62.5 mM Tris-HCl, pH
6.8, 2% SDS, 10% glycerol, protease inhibitor cocktail), sonicated on ice for
15 s, and centrifuged at 10 000 g for 10 min at 15°C. Thirty micrograms of
protein were separated on 10% SDS-polyacrylamide gel in Mini-Protein II
system (Bio-Rad). Following electrophoresis the protein was transferred to a
PVDF membrane (Millipore, Bedford, MA) and subsequently hybridized with
various antibodies. The blots were detected using the enhanced chemilumines-
cence method (Pierce) and analyzed using Kodak Image Station.

AP-1 transactivation assay

JB6 cells stably transfected with an AP-1 luciferase reporter plasmid were
subjected to designated treatments. At 6 h post-UVB irradiation, the cell
lysates were collected after the addition of cell lysis buffer (Promega).
Luciferase activity was measured using a luciferase assay kit (Promega). The
relative light units were then determined in a luminometer (Lumi-one, Trans
Orchid, Tampa, FL) for 15 s after a 5-s delay time.

Statistical analysis

All numeric data are presented as means =+ standard deviations (SD) and
analyzed using one-way ANOVA with Student-Newman-Keuls multiple com-
parisons as post-hoc test (SPSS 11.5). Part of the results from the animal study
was analyzed using Fisher exact probability test. A P value <0.05 is consid-
ered as statistically significant.

Results

The chemopreventive activity of PN against UVB-induced skin
cancer

In this study, the anticancer property of PN was first tested in a
UVB-induced mouse skin cancer model, which was estab-
lished based on published methods (28,33). No papilloma
was detected in the negative control group throughout the
study. As shown in Figure 3A, PN (1 mg/mouse/day) or cel-
ecoxib (3 mg/mouse/day) significantly delayed the onset of
papilloma incidence comparing it with the UVB-only group:
the UVB-only group reached 100% tumor incidence at week 13,
while PN- or celecoxib-fed groups achieved full tumor inci-
dence at weeks 18 and 20, respectively. Papilloma multiplicity
(number of papilloma/mouse) was also significantly reduced
in mice fed with either PN or celecoxib (Figure 3B): PN
treatment decreased the papilloma multiplicity by 30%, com-
parable with that of celecoxib (40%). In addition, differences
in the severity of tumor growth and the size distribution of
papilloma among different groups were also noted (Table I):
papillomas observed in the group fed with PN were of smaller
size (73% papillomas of 1-2 mm in diameter) as compared with
that of the control (59%). Furthermore, immunohistochemistry
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Fig. 3. Inhibitory effects of PN and celecoxib on UVB-induced papilloma
incidence and yield in SKH-1 mice. Mice were placed on diets containing PN
or celecoxib (n = 10) 1 week prior to the beginning of UVB irradiation

(5 times/week) and the number of papillomas were counted weekly.

(A) Papilloma incidence was calculated as the percentage of mice having
tumors in each treatment group and analyzed using Fisher exact probability
test. (B) Papilloma yield was calculated as the mean values of papillomas/
mouse £ SD for each treatment group, and analyzed using one-way ANOVA
with Student-Newman-Keuls multiple comparisons test on data from the last
three weeks of the study. Asterisks indicate significant difference between
the control and treated groups (P < 0.05).

Table 1. Size distribution of papillomas

Treatment group n % Small papillomas % Big papillomas
(1-2 mm)?* (>3 mm)

Control (UVB only) 10 59.00 + 10.52 41.0 £ 9.32

PN + UVB 10 73.67 + 6.54° 26.33 + 5.34°

Celecoxib + UVB 10 65.90 £ 6.15 3410 £ 11.1

“Means + SD.

°P < 0.05 compared with the UVB-only control group using
one-way ANOVA with Student-Newman-Keuls multiple comparisons test.

staining (Figure 4) showed both PN and celecoxib treatments
markedly inhibited the UVB-induced hyperplastic response
(increased thickness of the epidermis) as compared with the
control group. In addition, the effect of celecoxib appears to be
more profound, and this observation is basically consistent
with the data in Figure 3. Taken together, here for the first
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Fig. 4. Effects of PN and celecoxib on UVB-induced hyperplasia (area between the arrows). Mice were placed on a diet containing (B) DMSO, (C) 1 mg/day
PN and (D) 3 mg/day celecoxib. A negative control group on normal diet with no UVB exposure was also included (A). Mice were placed on this diet 1 week
prior to and were continued throughout the 25 weeks of UVB exposure (5 times/week). At the end of the study, dorsal skins of the mice were removed and
formalin fixed. Cut sections (4 pm) were processed for hematoxylin and eosin staining, and photomicrographed at 400x.

time we provide evidence that PN possesses strong chemopre-
ventive property against UVB-induced skin cancer.

COX-2 and UVB-induced skin cancer

It has been relatively well known that COX-2 over-expression
is implicated in UVB-induced skin cancer (34-36), and COX-2
inhibitors are known to be effective in preventing UVB-
induced skin cancer (28,33). To our surprise, in the present
study we found that COX-2 is unlikely to be the direct mole-
cular target of either PN or celecoxib. As shown in Figure 5,
UVB exposure led to COX-2 over-expression in skin tissue
determined by immunohistochemistry, while either PN or cel-
ecoxib failed to suppress this reaction (Figure 5A). A consist-
ent pattern of changes was also found for the PGE, level in the
skin tissue: UVB exposure markedly enhanced the PGE; level,
while no reduction was found with either PN or celecoxib
treatment (Figure 5B). Therefore, it is believed that the chemo-
preventive activity of PN or celecoxib might be independent of
COX-2 in our experimental system.

PN sensitizes mouse epidermal cells to UVB-induced
apoptosis

In order to elucidate the mechanism(s) involved in the chemo-
preventive property of PN against UVB-induced skin cancer, a
mouse epidermal cell line JB6 was used in the subsequent
in vitro study. We first tested the cytotoxicity of PN on this
cell line and the LDsy was estimated at 8.5 wM (data not
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shown). Next, we investigated whether PN has any synergistic
or antagonistic effect on UVB-induced apoptosis. High dosage
of UVB is capable of inducing apoptosis in JB6 cells (data not
shown) and our preliminary experiment showed that 50 mJ/
cm? UVB was the lowest observed effect level with marginal
cytotoxic effect to cells. Pre-treating cells with non-cytotoxic
concentrations of PN (2.5 and 5 pM) greatly enhanced UVB
(50 mJ/cm?)-induced cell death as measured by LDH leakage
(Figure 6A) and percentage of sub-G; cells determined by
DNA content analysis (Figure 6B). Similar results were also
found in DNA gel electrophoresis showing DNA fragmenta-
tion, a hallmark of apoptosis (Figure 6C). Based on the com-
mon understanding that removal of damaged cells via
apoptosis is an important anti-oncogenic process (37-39), it
is thus believed that such sensitization by PN may serve as one
of the underlying mechanisms for its chemopreventive prop-
erty against UVB-induced skin cancer.

PN inhibits AP-1 DNA binding and transcriptional activity
induced by UVB

Among various UV-elicited signaling pathways, it has been
well documented that AP-1 is an important transcription factor
mainly involved in cell survival and proliferation (18). It has
been reported that UVB induces DNA binding activity of AP-1
in JB6 cells (40). As shown in Figure 7A, 50 mJ/cm?> UVB
vastly induced the AP-1 binding activity in JB6 cells. Pre-
treatment with PN (2.5-5 pM) effectively suppressed the
UVB-induced DNA binding capability of AP-1. The effect of
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Fig. 5. (A) Immunohistochemistry staining of COX-2 in mouse skin
samples. Skin samples were stained for COX-2 at the end of the

study protocol. Images of (1) negative control, (2) DMSO, (3) PN,

(4) celecoxib-treated groups were photomicrographed at 1000x. COX-2
staining gives a brown reaction product. (B) PGE, levels in untreated or
UVB-irradiated mice fed with DMSO-, PN- or celecoxib-containing diets.
PGE, was extracted from the skin samples at the end of the study protocol
and analyzed by enzyme immunoassay described in Materials and
methods. Data were presented in means + SD.

PN on AP-1 transcriptional activity was also examined in JB6
cells stably transfected with an AP-1 luciferase reporter plas-
mid. Cells were pre-treated with PN (1-5 wM) for 2 h and
followed by UVB irradiation (50 mJ/cm?). Being consistent
with our findings in EMSA, significant reduction of AP-1
luciferase activity was observed with higher concentrations
of PN (2.5-5 uM) (Figure 7B).

PN inhibits UVB-induced phosphorylation of c-Jun and
ATF-2

Both c-Jun and ATF-2 are important components of AP-1
complex (19). It has been reported previously that UV-induced
AP-1 DNA binding is independent of new protein synthesis,
and both Jun and ATF-2 activation occur as a result of post-
translational modification involving changes in the phosphor-
ylation states (41-43). Here we further investigated whether
PN suppresses UVB-induced AP-1 activation via inhibition of
the phosphorylation states of its key components. As shown in
Figure 8A, pre-treatment with PN (5 uM) completely blocked
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Fig. 6. PN sensitizes cells to UVB-induced apoptosis. JB6 cells were
pre-treated with 1, 2.5 or 5 uM of PN for 2 h, and then subjected to UVB
irradiation of 50 mJ/cm?. The viability of cells was determined by (A) LDH
leakage, (B) DNA content analysis for sub-G; cells and (C) DNA
fragmentation at 24 h post-UVB irradiation as described in Materials and
methods. DNA fragments were resolved by electrophoresis at 50 V on
1.5% agarose gels impregnated with ethidium bromide, detected by UV
transillumination and analyzed using Kodak Image Station 440.

UVB-induced c-Jun phosphorylation at both Ser63 and Ser73
sites. No changes in total protein level for c-Jun were detected
in cells treated with either UVB and/or PN. Similar inhibi-
tion on UVB-induced ATF-2 phosphorylation was also
observed with PN pre-treatment (Figure 8B). Therefore, it is
believed that PN suppresses UVB-elicited AP-1 activation via
reduced phosphorylation levels of its key components such as
c-Jun and ATF-2.

PN blocks UVB-induced MAPK pathways

JNK and p38 are two main groups of MAPKs that are directly
involved in UVB-elicited AP-1 activation (44,45). c-Jun and
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Fig. 7. PN inhibits UVB-induced AP-1 activation. (A) PN inhibits the
UVB-induced DNA binding activity of AP-1. JB6 cells were pre-treated
with 1, 2.5 or 5 uM of PN for 2 h, followed by UVB irradiation with

50 mJ/cm?. Control cells were mock irradiated. Cells were harvested 6 h after
UVB irradiation. Five micrograms of nuclear extracts were subjected to
EMSA as described in the Materials and methods. (B) PN inhibits the
UVB-induced transcriptional activity of AP-1. JB6 cells stably transfected
with an AP-1 luciferase reporter plasmid were pre-treated with 1, 2.5 or 5 uM
of PN for 2 h, followed by UVB irradiation with 50 mJ/cm?. Control

cells were mocked irradiated. Cells were harvested 6 h after UVB
irradiation. Luciferase activity was determined as described in the Materials
and methods. Data were presented as means £ SD from three

independent experiments and analyzed using one-way ANOVA with
Student-Newman-Keuls multiple comparisons test. An asterisk indicates
statistical significance with a P-value <0.05.

ATF-2 serve as direct downstream targets for JNK and p38,
respectively. In order to further understand the mechanisms
involved in the inhibitory effect of PN on UVB-induced AP-1
activation, we examined whether PN acts on UVB-elicited
JNK and p38 activation. Pre-treatment with PN (5 M) com-
pletely blocked UVB-induced JNK phosphorylation without
affecting the total JNK protein level (Figure 9A). A similar
inhibitory effect on UVB-induced p38 phosphorylation was
also observed in cells pre-treated with PN (Figure 9B). There-
fore, it is believed that PN suppresses UVB-mediated AP-1
activation through its inhibitory effects on JNK and p38.
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PN sensitizes UVB-induced apoptosis via JNK and p38

It is still controversial with regards to the exact role of JNK and
p38 in UV-induced apoptosis. In mouse embryonic fibroblasts,
JNK has been shown to be required for UV-induced cell death
(46). On the contrary, there is evidence indicating that JNK
and p38 act as cell survival/anti-apoptotic mechanism in UV-
treated cells (47-49). As shown above (Figure 6), PN effect-
ively sensitizes UVB-induced apoptosis in JB6 cells. Notably,
similar sensitization was also found in cells pre-treated with
SP600125 (a specific inhibitor of JNK) or SB203580 (a spe-
cific inhibitor of p38), although to a less extent (Figure 10).
The effectiveness and specificity of these two inhibitors were
confirmed by the significant reduction in phosphorylation of
their respective targets (Figures 8 and 9). Data from this
experiment thus provide indirect evidence that PN may sensi-
tize UVB-induced apoptosis via its inhibitory effect on JNK
and p38. It appears that both JNK and p38 contribute to the cell
survival mechanisms in UVB-treated JB6 cells, based on the
observation that PN as a dual-inhibitor of JNK and p38 are
much more effective than the individual inhibitor for sensitiz-
ing UVB-induced apoptotic cell death.

Discussion

Previous studies have demonstrated PN as a potent inhibitor of
DNA synthesis and cell proliferation in a number of cancer cell
lines (4-6). More recently, PN has been reported to be a potent
apoptosis inducer in human cancer cells (8). Furthermore, it
has been shown that PN sensitizes breast cancer cells to chemo-
therapeutic agent paclitaxel (7). However, the anticancer
potential of PN has not been tested on animal models. Here
for the first time we provide clear evidence that PN possesses
chemopreventive property against UVB-induced skin cancer
in female SKH-1 hairless mice: (i) PN treatment delayed the
onset of tumor incidence from week 13 to week 18 (Figure 3A);
(ii) PN reduced tumor multiplicity by 30% (Figure 3B);
(iii) smaller papilloma sizes were found in mice treated with PN
(Table I); and (iv) PN treatment reduced the hyperplastic
response of the epidermis induced by UVB irradiation (Figure 4).
The chemopreventive capability of PN is found to be as effec-
tive as the pharmaceutical COX-2 inhibitor celecoxib in pre-
venting UVB-induced photocarcinogenesis (28,33).

COX-2 is the inducible subtype of the enzyme COX, which
converts free arachidonic acid to PGEs (50). The fact that UVB
up-regulates COX-2 and PGE production suggested COX-2
may contribute to photocarcinogenesis (34,51). Preliminary
findings from our laboratory revealed a positive correlation
between cytotoxic response to PN and COX-2 expression
(unpublished data), which leads us to hypothesize that PN
may exert its effect in a COX-2-dependent manner. However,
our results showed that neither treatment of PN nor the specific
COX-2 inhibitor celecoxib alters COX-2 expression or PGEs
production induced by UVB (Figure 5), suggesting that COX-2
is unlikely to be the direct molecular target for PN and cel-
ecoxib. This finding is in concordance with a previous report in
which long-term oral treatment of celecoxib has no effect on
UVB-induced expression of COX-2 (28). Furthermore, in vitro
studies also demonstrated that celecoxib induces apoptosis and
cell cycle arrest in a COX-2-independent manner (52-54). In
contrast, a recent study reported that topical treatment of
celecoxib is as effective as the oral route in inhibiting UVB-
induced skin cancer while also suppressing PGE, production
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Fig. 8. PN inhibits the UVB-induced phosphorylations of (A) c-Jun and (B) ATF-2. JB6 cells were pre-treated with 1, 2.5 and 5 uM of PN, 20 uM of SP600125,
or 10 uM SB203580 for 2 h, and then subjected to UVB irradiation of 50 mJ/cm?. Cells were harvested 2 h after UVB irradiation. Thirty micrograms of proteins
were separated on 10% SDS-polyacrylamide gels and the subsequent membranes were hybridized with anti-p-c-Jun and p-ATF-2 antibodies. a-Tubulin was
blotted as loading control. The blots were detected using the enhanced chemiluminescence method (Pierce) and analyzed using Kodak Image Station 440.

induced by UVB (55). It remains to be determined whether
such a difference in PGE, suppression by celecoxib is due to
the different routes of administration applied.

Nuclear transcriptional factors such as AP-1, NF-kB, NF-AT
and STATSs have been reported to be involved in the UVB-
induced signaling pathway (14-17). In order to further under-
stand the possible mechanism(s) contributing to the observed
chemopreventive property of PN, we investigated the effects
of PN on AP-1 and the related MAPKs signaling cascade using
JB6 murine epidermal cells. AP-1 plays a key role in pre-
neoplastic to neoplastic transformation in cell culture and the
blockage of AP-1 activities has been shown to inhibit cell
transformation (56). Moreover, AP-1 has been shown to reg-
ulate apoptosis, with both pro-apoptotic and anti-apoptotic
function (18). It appears that the exact outcome of AP-1
manipulations is highly tissue- and developmental stage-
specific. In the present study, we demonstrated that PN pre-
treatment inhibits the UVB-induced DNA binding and
transcriptional activity of AP-1 (Figure 7). Two of the major
components of AP-1 complex, c-Jun and ATF-2, can activate
AP-1 via post-translational modification involving changes in
the phosphorylation states (42-44). In response to UV, c-Jun is
rapidly phosphorylated at both Ser63 and Ser73 sites along
with ATF-2. Our data showed that PN subdues UVB-induced
AP-1 transactivation via blockage of c-Jun and ATF-2 phos-
phorylations (Figure 8). The outcome of these series of inhibi-
tions seems to lead to massive sensitization to UVB-induced
apoptosis (Figure 6), suggesting an anti-apoptotic role of AP-1.

Such anti-apoptotic function of AP-1 and c-Jun has been
reported previously. Wisdom and co-workers (47) noted that
c-Jun protects cells from UV-induced apoptosis, and phos-
phorylation of c-Jun on Ser63 and Ser73 is required for such
protection. Moreover, Ivanov and colleagues (57) demon-
strated that c-Jun protects cells against UV-induced cell
death via co-operation with STAT3 to suppress transcription
of Fas.

The UV-activated signal transduction pathway is primarily
mediated by MAPKs. Mammals express at least four distinctly
regulated groups of MAPK: Erks, JNK, p38 and ErkS5 (58). All
MAPKSs are activated by dual phosphorylation on threonine
and tyrosine at T-X-Y motifs within the activation loop. Once
activated, they translocate to the nucleus and phosphorylate
target transcription factors. In response to UV, key MAPKs
such as JNK and p38 are activated, which in turn phosphor-
ylate c-Jun at Ser63 and Ser73 sites and ATF-2, respectively
(42,43). It is rather controversial in regards to the exact role of
JNK in UV-mediated apoptosis. For instance, JNK has been
shown to be required for UV-induced apoptotic cell death in
mouse embryonic fibroblasts (46), while other studies demon-
strated the anti-apoptotic role of JNK in UV-induced apoptosis
(47,57). Here we showed that the inhibition of JNK leads to
sensitization of JB6 cells to UVB-induced apoptosis, suggest-
ing an anti-apoptotic role of JNK in our system (Figure 10). In
general, the exact role of JNK in apoptosis varies depending on
a number of factors that include the nature of the stimuli, cell
type, the duration of activation and more importantly, the
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Fig. 10. PN, SP600125 and SB203580 sensitize cells to UVB-induced
apoptosis. JB6 cells were pre-treated with PN (5 wM), SP600125 (20 uM) or
SB203580 (10 wM) for 2 h, and then subjected to UVB irradiation of 50 mJ/
cm?. The viability of cells was determined using PI staining in sub-G, assay
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independent experiments and analyzed using one-way ANOVA with
Student-Newman-Keuls multiple comparisons test. An asterisk indicates
statistical significance with a P-value <0.05.
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interaction of other signaling pathways such as NF-kB and the
AKT-PI3K cascades (59-62). The involvement of those cell
survival signaling pathways in PN-mediated cell death sensi-
tization remains to be investigated further.

In the present study, we also noted the potent inhibitory
effect of PN on UVB-induced p38 activation (Figure 9), and
p38 inhibition leads to sensitization of cells to UVB-induced
apoptosis (Figure 10), implying an anti-apoptotic role of p38 in
UVB-induced apoptotic cell death. Although it is still contro-
versial regarding the exact role of p38 in apoptosis, p38 has
been reported to protect cells from UV-induced apoptosis
through down regulation of NF-kB activity and Fas expression
(48). Some other mechanisms have also been proposed to be
involved in the anti-apoptotic function of p38. For instance, the
p38 MAPK inhibitor SB203580 can trigger a significant, Ras-
independent activation of c-Raf in certain cell lines in the
concentration range of 8-25 wM (63,64). Activated Raf may
phosphorylate and inactivate Bad, a pro-apoptotic member of
the Bcl-2 family of proteins, or up-regulate the transcription of
pro-survival genes to prevent cytochrome c release and subse-
quently apoptosis (65). Furthermore, Raf-1 has been shown to
promote cell survival by antagonizing apoptosis signal-
regulating kinase 1, an important mediator of apoptotic signal-
ing (66). In the present study, we demonstrated PN as a dual
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inhibitor of both JNK and p38 in UVB-treated cells (Figure 9).
Incidentally, the PN-elicited sensitization of JB6 cells to UVB-
induced apoptosis is twice as strong as with the individual JINK
and p38 inhibitor (Figure 10). These findings suggest that both
JNK and p38 contribute to the cell survival mechanisms in
UVB-treated cells.

UV exposure could result in direct or indirect DNA damage,
and the damage is normally repaired by a nucleotide excision
repair mechanism (67). Most of the irreparable DNA-damaged
cells will be eliminated through apoptosis, as evident in skin
with the appearance of sunburn cells (38). However, not all
cells with irreparable DNA damage will undergo apoptosis.
DNA lesions that are not repaired or incorrectly repaired may
lead to mutations and subsequently carcinogenesis. Therefore,
the removal of damaged cells through sensitizing cells to
apoptosis denotes an effective mean in preventing carcinogen-
esis process (37-39).

In summary, our data for the first time demonstrated the
chemopreventive property of PN against UVB-induced skin
cancer in female SKH-1 mice. Using JB6 murine epidermal
cells in vitro, we also found the synergistic effect of PN and
UVB in sensitizing cells to apoptosis. Such sensitization
appears to be mediated through inhibition on AP-1, JNK and
p38 signaling pathways and may contribute to the anticancer
activity of PN.
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