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Abstract

Recent studies suggest that anthocyanidins play a pivotal role in the chemopreventive effects of fruits
and vegetables. However, the underlying molecular mechanisms and targets remain unknown.
Neoplastic transformation of cells and inflammation are considered to be major events contributing
to carcinogenesis. Here we report that delphinidin, a major dietary anthocyanidin, inhibits tumor-
promoter-induced transformation and cyclooxygenase-2 (COX-2) expression in JB6 promotion-
sensitive mouse skin epidermal (JB6 P+) cells by directly targeting Raf and MEK. Delphinidin
inhibited 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced neoplastic transformation and
COX-2 expression at both the protein and transcriptional levels. The activation of AP-1 (activator
protein-1) and NF-xB (nuclear factor-xB) induced by TPA was dose-dependently inhibited by
delphinidin treatment. Kinase assays and Western blot data revealed that delphinidin strongly
inhibited Rafl and MEKZ1 kinase activities and subsequently attenuated TPA-induced
phosphorylation of MEK, ERK, p90RSK, and MSK. Although delphinidin suppressed ERK and JINK
activities, it was more effective at inhibiting Rafl or MEK1 activities. Pull-down and competition
assays revealed that delphinidin binds with Rafl or MEK1 noncompetitively with ATP. Delphinidin
also dose-dependently suppressed JB6 P+ cell transformation induced by epidermal growth factor
and H-Ras, both of which are known to be involved in the activation of Raf/MEK/ERK signaling.
Together these findings suggested that the targeted inhibition of Rafl and MEK activities and COX-2
expression by delphinidin contribute to the chemopreventive potential of fruits and vegetables.
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Neoplastic transformation of cells is one of the major events that occur during the carcinogenic
process. Accumulating evidence supports a strong link between inflammation and
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carcinogenesis (1,2). Cyclooxygenase-2 (COX-2) expression and its product prostaglandin
E, (PGE)) have been linked to enhanced carcinogenesis, particularly skin cancer (3,4).
Moreover, tumor promoters such as 12-O-tetradecanoylphorbol-13-acetate (TPA), epidermal
growth factor (EGF), and ultraviolet (UV) irradiation, induce COX-2 protein expression in the
epidermis of the skin and also in epidermal keratinocytes (5). Previous studies demonstrating
that COX-2 inhibitors suppress neoplastic transformation suggest that COX-2 overexpression
is one of the mechanisms underlying the induction of neoplastic transformation (6,7).
Therefore, inhibiting neoplastic transformation and COX-2 expression might be an effective
strategy for delaying carcinogenesis.

Activator protein (AP)-1 and nuclear factor (NF)-xB act as pivotal transcription factors
involved in neoplastic transformation and cancer development (7-10), and are regulated by
signaling pathways, including the mitogen-activated protein kinase (MAPK) cascades.
MAPKSs are commonly upregulated in various cancer cell types, and are known to be involved
in cell transformation and proliferation (11). Among the components of the MAPK pathways,
the MAPK kinase kinase (e.g., Raf)/MAPK kinase (MEK)/extracellular-signal-regulated
kinase (ERK) cascade has been the focus of cancer chemotherapy because of its relevance in
carcinogenesis. Various tumor promoters including TPA and EGF are known to induce
transformation in various cell lines through the activation of the Raf/MEK/ERK pathway (8,
12,13). This pathway was also identified as a key downstream effector of Ras, an oncogene
that is mutated in 30% or more of human cancers (14,15). The RaffMEK/ERK pathway plays
a critical role in linking extracellular signals associated with Ras activation to nuclear
transcription events (16). Because aberrant activation of ERK was demonstrated in various
tumor types (17,18), the targeted downregulation of ERK through inhibition of upstream
kinases such as Raf or MEK appears to be an effective method for intervening in
carcinogenesis.

Epidemiological studies suggest that a high consumption of fruits and vegetables can reduce
the risk of cancer. Anthocyanins are naturally occurring polyphenolic compounds that provide
intense color to fruits and vegetables such as berries, red grapes, purple sweet potato and red
cabbages (19). Previous studies showed that anthocyanidins scavenge reactive oxygen species
and suppress cell proliferation and migration, tumor cell invasion, and angiogenesis (20-22).
Delphinidin, a representative dietary anthocyanidin, was shown to exert the strongest
antitumor-promoting effects among the anthocyanidins tested, including delphinidin, cyanidin,
petunidin, pelargonidin, peonidin, and malvidin, in the TPA-promoted cell transformation of
JB6 promotion-sensitive mouse skin epidermal (JB6 P+) cells (23) (Fig. 1A). However, the
molecular mechanisms and specific targets of the antitumorigenic effects of delphinidin remain
unknown. The present study aimed to identify the molecular mechanisms and direct targets of
the antitumorigenic effects of delphinidin in tumor-promoter-induced neoplastic cell
transformation. Here we report that delphinidin is a potent inhibitor of Rafl and MEK1 kinases.
The inhibition of Rafl and MEK1 corresponded with a suppression of the phosphorylation of
ERK, p90 ribosomal s6 kinase (p90RSK), and mitogen- and stress-activated protein kinase
(MSK), and the suppression of AP-1 and NF-kB activation, which subsequently resulted in an
inhibition of neoplastic transformation and decreased COX-2 expression.

Materials and Methods

Chemicals

Delphinidin was purchased from Indofine Chemical (Hillsborough, NJ) and EGF, TPA, 3-[4,5-
Dimethylthiazol-2-ylI]-2,5-diphenyl tetrazolium bromide (MTT), and dimethyl sulfoxide
(DMSO) were from Sigma/Aldrich (St. Louis, MO). Eagle's minimum essential medium
(MEM), basal medium Eagle (BME), gentamicin, and L-glutamine were from GIBCO BRL
(Carlsbad, CA), and fetal bovine serum (FBS) was from Gemini Bio-Products (Calabasas, CA).
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The antibodies against phosphorylated MEK (Ser217/221), phosphorylated ERK (Thr202/
Tyr204), total ERK, p90RSK, phosphorylated MSK (Thr581), and total MSK were from Cell
Signal Biotechnology (Beverly, MA). The antibodies against total MEK, Rafl, and COX-2
were from Santa Cruz Biotechnology (Santa Cruz, CA). The Rafl, MEK1, ERK2, and JNK1
kinase assay kits were obtained from Upstate Biotechnology (Lake Placid, NY). CNBr-
Sepharose 4B, glutathione-Sepharose 4B, [y-32PJATP, and a chemiluminescence detection kit
were from Amersham Pharmacia Biotech (Piscataway, NJ), and the protein assay kit was from
Bio-Rad Laboratories (Hercules, CA). A prostaglandin E; (PGE5) enzyme immunoassay Kit
was from Cayman Chemical (Ann Arbor, MI) and the cDNA cycle kit, G418, and the luciferase
assay substrate were purchased from Promega (Madison, WI). TRIZOL reagent was from
Invitrogen (Carlsbad, CA).

JB6 P+ cells and H-Ras-transformed JB6 P+ mouse epidermal (H-Ras JB6 P+) cells were
cultured in monolayers at 37°C in a 5% CO, incubator in MEM containing 5% FBS, 2 mM L-
glutamine, and 25 pg/ml gentamicin. JB6 P+ cells stably transfected with a COX-2 luciferase
reporter plasmid were a kind gift from Dr. Chauanshu Huang (School of Medicine, NYU). JB6
P+ cells were stably transfected with a COX-2, AP-1, or NF-«B luciferase reporter plasmid,
and maintained in 5% FBS/MEM and 200 pg/ml G418.

Cell viability assay

Cell viability was measured using the MTT assay. Briefly, JB6 P+ cells (1x10%) were seeded
into 96-well plates and cultured for 6 h. The cells were treated with delphinidin at various
concentrations (0-40 uM). The cells were cultured for different times at 37°C, followed by
incubation with MTT for 4 h. The optical density of each well was measured at 570 nm using
an ELISA reader (Emax, Molecular Devices, CA) at 24 h intervals up to 120 h.

Anchorage-independent cell transformation assay

PGE, assay

RT-PCR

The effects of delphinidin on H-Ras-induced cell transformation or TPA- or EGF-induced cell
transformation in JB6 cells were investigated. JB6 (exposed to TPA or EGF) or H-Ras JB6
cells (8x103/ml) were treated or not treated with delphinidin in 1 ml of 0.33% BME agar
containing 10% FBS or in 3.5 ml of 0.5% BME agar containing 10% FBS. The separate cultures
were maintained at 37°C in a 5% CO, incubator for 14 days, at which time the numbers of cell
colonies were counted under a microscope with the aid of the Image-Pro Plus software program
(v. 4, Media Cybernetics, Silver Spring, MD).

JB6 P+ cells (1.5x106) were plated in 6-well dishes and grown to 80% confluence. The cells
were then exposed to 20 ng/ml TPA in the absence or presence of delphinidin for 16 h. The
amounts of PGE; released into the medium were measured using the PGE; enzyme
immunoassay Kit.

Reverse transcriptase (RT)-PCR was performed in accordance with the instructions provided
by Promega. In brief, TRIZOL reagent was used to extract total RNA from cells, and RT-PCR
was performed with a cDNA cycle kit. The sense and antisense primers for COX-2 mRNA
were 5-TGT TCT TGT AACATG ACACTT AC-3'and 5-GAAGTC CTATGT CTT GAC
CTC ATC A-3/, respectively, which yielded a 448-bp PCR product. The amplification
conditions for COX-2 were 40 cycles of 95°C for 90 s, 63°C for 90 s, and 72°C for 150 s,
followed by 1 cycle for 10 min at 72°C. The sense and antisense primers for GAPDH mRNA
were 5'-GGT GAA GGT CGG TGT GAA CGG ATT T-3'and 5-AAT GCC AAAGTT GTC
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ATG GAT GAC C-3/, respectively, which yielded a 448-bp PCR product with 40 cycles of
94°C for 90 s, 54°C for 90 s, and 72°C for 150 s.

Luciferase assays for COX-2 promoter activity and AP-1 and NF-kB transcription activities

Confluent monolayers of JB6 P+ cells stably transfected with a COX-2, AP-1, or NF-xB
luciferase reporter plasmid were trypsinized, and cells (8x103) suspended in 100 ul of 5% FBS/
MEM were added to each well of a 96-well plate. Plates were incubated at 37°C in a 5%
CO, incubator. At 80-90% confluence, cells were starved by culturing them in 0.1% FBS/
MEM for 24 h. The cells were then treated with delphinidin for 30 min and then exposed to
20 ng/ml TPA for an additional 24 h to assess COX-2 activity or 12 h to determine AP-1 or
NF-«B activities. After treatment, cells were disrupted with 100 pl of lysis buffer [0.1 M
potassium phosphate buffer (pH 7.8), 1% Triton X-100, 1 mM dithiothreitol (DTT), and 2 mM
EDTA], and the luciferase activity was measured using a luminometer (Microlumat Plus LB
96V, Berthold Technologies, Bad Wildbach, Germany).

Reporter gene assay for c-fos promoter activity

The reporter gene assay for firefly luciferase activity was performed using lysates from
transfected cells. In addition, the reporter gene vector pRL-SV40 (Promega) was co-transfected
into each cell line, with the transfection efficiencies normalized to the Renilla luciferase activity
generated by this vector. Cell lysates were prepared by first washing the transfected JB6 P+
cells once in phosphate-buffered saline (PBS) at 37°C. After removing the PBS completely,
500 pl of passive lysis buffer (Promega Dual Luciferase Reporter Assay System) was added,
and the cells were incubated for 1 h with gentle shaking. The lysate was then transferred to a
reaction tube and the cellular debris was removed by centrifugation. The supernatant fraction
was used to measure the firefly and Renilla luciferase activities. Cell lysates (20 pl each) were
mixed with 100 ul of Luciferase Assay Il reagent, and the emitted firefly luciferase light was
measured (Luminoskan Ascent, Thermo Electron, Helsinki, Finland). Subsequently, the
coelenterazine reagent (100 pl) containing the substrate for the emission of Renilla luciferase
light was added for normalizing the firefly luciferase data. The c-fos luciferase promoter (pFos-
WT GL3) and constructs were kindly provided by Dr. Ron Prywes (Columbia University, New
York, NY).

Western blot analysis

After the cells (1.5x10%) were cultured in a 10-cm dish for 48 h, they were starved in serum-
free medium for an additional 24 h. The cells were then treated with delphinidin at
concentrations from 0 to 20 uM for the indicated durations before being exposed to 20 ng/ml
TPA for another 30 min. Cells were disrupted, and the supernatant fractions were boiled for 5
min. The protein concentration was determined using a dye-binding protein assay kit (Bio-Rad
Laboratories) as described in the manufacturer's manual. Lysate protein (20 pg) was subjected
to 10% sodium dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to a polyvinylidene fluoride (PVDF) membrane. After blocking, the membrane was
incubated with the appropriate specific primary antibody at 4°C overnight. Protein bands were
visualized by a chemiluminescence detection kit after hybridization with the appropriate
horseradish-peroxidase-conjugated secondary antibody. The relative amounts of proteins
associated with specific antibodies were quantified using Scion Image (NIH, Bethesda, MD).

In vitro MEK1, Rafl, ERK2, and JNK1 kinase assays

The in vitro kinase assays were performed in accordance with the instructions provided by
Upstate Biotechnology. Briefly, each reaction contained 20ul of assay dilution buffer [20 mM
MOPS (pH 7.2), 25 mM B-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate
(NagVOy), and 1 mM DTT] and a magnesium-ATP cocktail buffer. For MEK1, 1 g of inactive
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ERK2 substrate peptide was included; for Raf1, 0.4 ng of inactive MEK substrate peptide and
1 pg of inactive ERK2 substrate peptide were included; and for ERK2, 0.33 mg/ml MBP
substrate peptide was included. A 4-ul aliquot was removed after the reaction mixture had
incubated at 30°C for 30 min, to which 20 pug of the MBP substrate peptide and 10 pl of diluted
[y-32P]ATP solution were added. This mixture was incubated for 10 min at 30°C, and then 25-
ul aliquots were transferred onto p81 filter paper and washed 3 times with 0.75% phosphoric
acid for 5 min per wash and once with acetone for 2 min. For JNK1, the activating transcription
factor-2 (ATF2) substrate peptide was included at 3 M. An active JNK1 protein (20 ng) and
10 pl of diluted [y-32P]JATP solution were incubated at 30°C for 10 min with the above assay
buffer and substrate peptide, and then 15-pl aliquots were transferred onto p81 paper and
washed 3 times with 0.75% phosphoric acid for 5 min and once with acetone for 5 min. The
radioactive incorporation was determined using a scintillation counter (LS6500, Beckman
Coulter, Fullerton, CA). Each experiment was performed 3 times.

Ex vivo Rafl and MEK1 immunoprecipitation and kinase assays

JB6 P+ cells were cultured to 80% confluence and then starved in 0.1% FBS/MEM for 24 h
at 37°C. Cells were treated or not treated with delphinidin for 1 h, and then exposed to 20 ng/
ml TPA for 30 min, disrupted with lysis buffer [20 mM Tris-HCI (pH 7.4), 1 mM EDTA, 150
mM NaCl, 1 mM EGTA, 1% Triton X-100, 1 mM B-glycerophosphate, 1 mg/ml leupeptin, 1
mM NazVOy, and 1 mM phenylmethylsulfonyl fluoride (PMSF)], and centrifuged at 14,000
rpm for 10 min in a microcentrifuge. The lysates (500 ug protein each) were used for
immunoprecipitation with an antibody against Rafl or MEK1 and then incubated at 4°C
overnight. Protein A/G Plus agarose beads were then added, and the mixture was continuously
rotated for an additional 3 h at 4°C. The beads were washed 3 times with kinase buffer [20 mM
MOPS (pH 7.2), 25 mM B-glycerol phosphate, 5 mM EGTA, 1 mM NagVOy4, and 1 mM DTT],
and then resuspended in 20 pl of 1xkinase buffer supplemented with 1 pg of inactive ERK2
(for MEK1) or 0.4 ug of inactive MEK1 and 1 pug of inactive ERK2 (for Rafl) and incubated
for an additional 30 min at 30°C. MBP (20 ug) and 10 pl of diluted [y-32P]JATP solution were
then added, and the mixture was incubated for 10 min at 30°C. A 20-pul aliquot was transferred
onto p81 paper and washed 3 times with 0.75% phosphoric acid for 5 min/wash and once with
acetone for 2 min. The radioactive incorporation was determined using a scintillation counter.
Each experiment was performed 3 times.

In vitro and ex vivo pull-down assays

Recombinant Rafl (or MEK1) (2 ug) or a JB6 P+ cellular supernatant fraction (500 pg protein)
was incubated with delphinidin/Sepharose 4B beads (100 ul, 50% slurry) or Sepharose 4B
beads (as a control) in reaction buffer [50 mM Tris-HCI, (pH 7.5), 5 mM EDTA, 150 mM
NaCl, 1 mM DTT, 0.01% Nonidet P-40, 2 ng/ml bovine serum albumin, 0.02 mM PMSF, and
1x protease inhibitor mixture]. After incubation with gentle rocking overnight at 4°C, the beads
were washed 5 times with buffer [50 mM Tris-HCI (pH 7.5), 5 mM EDTA, 150 mM NacCl, 1
mM DTT, 0.01% Nonidet P-40, and 0.02 mM PMSF], and proteins bound to the beads were
analyzed by immunaoblotting.

ATP and delphinidin competition assay

Recombinant Rafl (or MEK1) (0.2 nug) was incubated with 100 ul of delphinidin/Sepharose
4B or 100 pl of Sepharose 4B in a reaction buffer (see in vitro and ex vivo pull-down assays)
for 12 h at 4°C; and ATP was added at either 10 or 100 uM to a final volume of 500 ul and
incubated for 30 min. The samples were washed and then proteins were detected by Western
blotting.
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Molecular modeling

Insight I (Accelrys, San Diego, CA) was used for the docking study and structure analysis
with the crystal coordinates of MEK1 (accession code 1S9J) and B-Raf (accession code
1UWH) available in the Protein Data Bank (http://www.rcsb.org/pdb/).

Statistical analysis

Results

As necessary, data are presented as mean and S.D. values, and the Student's t test was used for
single statistical comparisons. A probability value of p < 0.01 was used as the criterion for
statistical significance.

Delphinidin inhibits TPA-induced transformation of JB6 P+ cells

Delphinidin had no effect on the proliferation of JB6 P+ cells when applied at concentrations
from 0 to 20 uM at 1, 3, or 5 days after treatment (Fig. 1B). TPA is a typical tumor promoter
that has been shown to induce two-stage skin carcinogenesis and potently stimulate COX-2
expression in various cell lines (24,25). That treatment with delphinidin markedly inhibited
TPA-promoted transformation of JB6 P+ cells in a dose-dependent manner (Fig. 1C) and at
10 uM inhibited TPA-induced neoplastic transformation by 43% (Fig. 1D).

Delphinidin suppresses TPA-induced COX-2 expression and PGE, generation in JB6 P+ cells

Delphinidin at 5-20 pM inhibited TPA-induced COX-2 expression in JB6 P+ cells (Fig. 2A).
The production of PGE, peaked at 16 h following exposure to TPA (data not shown), and
delphinidin suppressed the TPA-induced PGE, production (Fig. 2B). Delphinidin attenuated
TPA-induced COX-2 expression at the mRNA level (Fig. 2C) and also suppressed TPA-
induced COX-2 promoter activity in a dose-dependent manner in JB6 P+ cells stably
transfected with a COX-2 luciferase plasmid (Fig. 2D). These results indicated that delphinidin
could effectively repress TPA-induced COX-2 expression and PGE, production in JB6 P+
cells.

Delphinidin suppresses TPA-induced AP-1 and NF-kB transactivation and c-fos promoter
activity in JB6 P+ cells

We next measured AP-1 transactivation using JB6 P+ cells stably transfected with an AP-1
luciferase reporter plasmid. Consistent with the above results for cell transformation and
COX-2 expression, delphinidin inhibited TPA-induced transactivation of AP-1 (Fig. 3A) and
NF-xB (Fig. 3B) in a dose-dependent manner. Because TPA induces c-fos expression mainly
through the ERK signaling pathway and subsequently induces AP-1 transactivation, we next
investigated whether delphinidin could inhibit c-fos promoter activation using the reporter
plasmid carrying the luc gene under the control of the c-fos promoter. Results indicated that
delphinidin attenuated TPA-induced c-fos promoter activity (Fig. 3C), These results indicated
that delphinidin could effectively suppress AP-1 and NF-«B transactivation and c-fos promoter
activity in JB6 P+ cells, which may contribute to delphinidin's antitumor-promoting and anti-
inflammatory activities.

Delphinidin inhibits TPA-induced phosphorylation of MEK, ERK, p90RSK, and MSK in JB6 P

+ cells

We next found that delphinidin inhibited TPA-induced phosphorylation of MEK, and also
strongly suppressed the phosphorylation of the MEK downstream kinases, including ERK,
p90RSK, and MSK (Fig. 4A). These results suggested that the inhibition of the ERK pathways
by delphinidin leads to the suppression of AP-1 and NF-kB activity, resulting in decreased
neoplastic transformation.
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Delphinidin inhibits Rafl and MEK1 activities more strongly compared to its inhibition of
ERK2 and JNK1 activities

Because the ERK signaling pathway was strongly blocked by delphinidin, we investigated the
effects of delphinidin on the kinase activities of Rafl and MEK1, upstream kinases of ERK.
Kinase assay data revealed that delphinidin strongly suppressed Rafl and MEK1 activities in
vitro (Fig. 4B). Delphinidin at 10 pM blocked Rafl and MEK1 activities by 67.2% and 64.3%,
respectively, but either had no significant effect or only slightly inhibited ERK2 or INK1
activities (Fig. 4C). Consistent with results from an in vitro kinase assay, an ex vivo kinase
assay revealed that delphinidin inhibited TPA-induced Rafl and MEK1 activities in JB6 P+
cells (Fig. 4D). These results indicated that the inhibition of cell transformation and COX-2
expression by delphinidin was mainly attributable to the suppression of Rafl or MEK1
activities and to a lesser extent to the inhibition of ERK or JNK activities.

Delphinidin directly binds with Rafl or MEK1 noncompetitively with ATP

Because delphinidin can inhibit Rafl or MEK1 activity, we determined whether delphinidin

directly interacts with Rafl or MEKZ1. In an in vitro pull-down assay, Rafl and MEK1 were

found in the delphinidin/Sepharose 4B beads but not in Sepharose 4B beads (Fig. 5A). We also
found ex vivo binding between delphinidin and Rafl or MEK1 in JB6 P+ cell lysates (Fig. 5B).
Competition data revealed that ATP did not compete with delphinidin for binding with Rafl

or MEK1 (Fig. 5C). These results indicated that delphinidin interacts with Rafl or MEK1, and
results in downregulation of their respective kinase activities.

Delphinidin inhibits H-Ras- or EGF-induced neoplastic transformation of JB6 P+ cells

To confirm that inhibition of the Raf/MEK/ERK signaling pathway by delphinidin leads to the
suppression of neoplastic transformation, we examined whether delphinidin could inhibit H-
Ras- or EGF-induced JB6 P+ cell transformation. Results indicate that delphinidin at 10 uM
blocked H-Ras- or EGF-induced cell transformations by 53.7% or 40.3%, respectively (Fig.
6A and B). Together these findings provided evidence that delphinidin suppresses cell
transformation mainly by targeting Rafl or MEK1 (Fig. 6C).

Discussion

Epidemiological investigations indicate that moderate consumption of anthocyanin-containing
foodstuffs such as red wine and bilberry extract is associated with a lower risk of cancer (26,
27). A previous study showed that delphinidin exerted the strongest anticarcinogenic effects
among six types of anthocyanidins, including delphinidin, cyanidin, petunidin, pelargonidin,
peonidin, and malvidin (23), which is consistent with our finding that delphinidin inhibited
TPA-induced neoplastic transformation. Our results showed that delphinidin suppresses TPA-
induced COX-2 expression and PGE, production in JB6 P+ cells. However, the application of
resveratrol, a well-known chemopreventive polyphenol in red wine and berries, at the same
concentration as delphinidin used in this study had no effect on neoplastic transformation or
COX-2 expression induced by TPA (data not shown). Chemopreventive strategies for
suppressing tumor promotion (a reversible, long-term process) will be more practical than those
for inhibiting tumor initiation (an irreversible, short-term process). Evidence suggests that
inflammation is associated with the transformation of normal cells into tumors (28).
Overexpression of COX-2 was found to be a general feature of neoplasms, particularly those
of epithelial origin, in both experimental animals and humans. Accumulating evidence suggests
that high levels of COX-2 expression and PGE;, production play a role in tumorigenesis,
particularly in skin cancer (3,4,29). Previous studies also demonstrated that COX-2 inhibitors
suppress neoplastic transformation and that COX-2 overexpression induces neoplastic
transformation (6,30). Therefore, the suppression of prostaglandin synthesis by selectively
inhibiting COX-2 was suggested as a promising strategy for deveoping chemopreventive
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agents. Our results indicated that delphinidin exerts potent antitumor-promoting and anti-
inflammatory effects.

The AP-1 and NF-xB signal transduction pathways are important in tumor progression, and
both AP-1 and NF-«xB are activated by tumor promoters (31-33). Recent studies showed that
COX-2 expression is primarily regulated by AP-1, NF-xB, and their upstream kinases, MAPKs
(13,31,32). The activated form of each MAPK phosphorylates and activates other kinases or
transcription factors, thereby altering the expression of the target genes. The induction of
neoplastic transformation and COX-2 expression was abolished by the pharmacological
inhibition or dominant-negative knockout of MEK, suggesting that the MEK pathway is
partially responsible for cell transformation and COX-2 expression (9,34). Therefore,
inhibition of signal transduction involving MEK, AP-1, and NF-xB might be functionally
linked to the antitumor promotion effects of delphinidin. The present study demonstrated that
delphinidin inhibits TPA-induced AP-1 and NF-kB transactivation and c-fos promoter activity
in JB6 P+ cells. Further, we found that the MEK/ERK/p90RSK/MSK signaling cascade was
blocked by delphinidin, suggesting that other upstream effectors serve as target(s) for
delphinidin.

The Ras/Raf/MEK/ERK signaling pathway is responsible for the coordination and regulation
of cell growth and differentiation in response to extracellular stimulation (35-38). The ERK or
MAPK group is considered the classical MAPK signaling pathway, and consists of a MAPK
(e.0., ERK1 and ERK?2), a MEK (e.g., MEK1 and MEK?2), and a MAPK kinase kinase (e.g.,
Raf or MKKK). MEK1 and MEK2 are dual-specificity protein kinases that phosphorylate the
downstream target ERK on specific tyrosine and threonine residues. MEKSs function as key
components of this evolutionarily conserved signaling module and are activated by the
phosphorylation of key serine residues on the catalytic domain by the upstream serine kinase,
Raf. Constitutively activated MEK or Raf results in neoplastic transformation (39). Our results
clearly showed that delphinidin was effective at inhibiting Rafl and MEKZ1 activities in vitro
and ex vivo and resulted in the suppression of ERK phosphorylation. In addition to the ERK
pathway, JNK also was reported to be involved in neoplastic transformation and COX-2
overexpression in JB6 P+ cells (6,32). A previous study showed that TPA did not induce skin
tumorigenesis in INK2-deficient mice, which also supports the important role of JNK in skin
tumorigenesis (40). We found that although delphinidin inhibited TPA-induced JINK
phosphorylation (data not shown), delphinidin slightly inhibited JNK1 activity but no effect
on ERK2 activity was detected. Also, in vitro and ex vivo pull-down assays revealed that
delphinidin directly bound Rafl and MEK1 noncompetitively with ATP, which might account
for reduced kinase activities of Rafl and MEKZ1. Delphinidin also suppressed H-Ras- and EGF-
induced neoplastic transformation, supporting the idea that delphinidin inhibits the Raf/MEK/
ERK pathway irrespective of the type of inducers stimulating this pathway. Collectively, these
findings indicated that the inhibition of cell transformation and COX-2 expression by
delphinidin was mainly caused by the suppression of Rafl or MEK1 activities and to a lesser
extent by inhibition of ERK or JNK. However, this does not eliminate the possibility that
delphinidin has another potent molecular target, such as an upstream kinase of JNK.

Because abnormal activation of the ERK pathway was reported to be pivotal in human tumors
(17,18), putative chemoprevention strategies have focused on targeted inhibition of the Raf/
MEK/ERK pathway by small molecules. Actually, because most cancers result from only a
small number of mutations (41), agents targeting multiple kinases might more effective than
highly selective kinase inhibitors administered as single agents. The discovery of inhibitors
targeting multiple kinases has been largely empirical in the sense that many such inhibitors
have evolved from drug-discovery programs in which nonselective ATP competition was
identified at the outset. BAY43-9006 is a multi-target kinase inhibitor that was recently
approved for the treatment of metastatic renal cancer, and suppresses B-Raf and vascular
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endothelial growth factor receptor (VEGFR) activities (42,43). Crystallographic studies

showed that BAY43-9006 binds to the ATP pocket of B-Raf, interacting with residues in both
the P and kinase-activation loops. BAY43-9006 is believed to inhibit Raf catalytic activity by
preventing the activation loop and the catalytic residues from adopting a conformation that is
competent to bind and phosphorylate the substrate (44). On the other hand, PD318088 binds
with MEK1 in a region of the kinase active site that is adjacent to the ATP-binding site (45).

Based on the observations above, we modeled the binding mode of delphinidin to MEK1 and
Rafl. Because the crystal structure of Rafl is not available, a docking study was carried out
using the crystal structure of B-Raf, which is highly homologous to Rafl (80% homologous
amino acid sequence). In the crystal structure of B-Raf complexed with BAY43-9006, the
compound occupied the adenine-binding site and promoted the inactive conformation of the
activation loop by interacting with the phenyl ring of Phe594 (44), suggesting that delphinidin
was an ATP-noncompetitive inhibitor. Therefore, the binding of delphinidin to B-Raf cannot
be similar to that of BAY43-9006 without occupying the ATP-binding site of B-Raf. In the
hypothetical structure of the B-Raf/ATP/delphinidin ternary complex, delphinidin could be
docked to the pocket separate from but adjacent to the ATP-binding site of B-Raf, as predicted
for the model structure of the MEK1/ATP/delphinidin ternary complex (Fig. 6D). The hydroxyl
groups at the 3, 5, and 7 positions form hydrogen bonds with the side chains of Lys482, Thr528,
and Thr507, respectively. This group also forms hydrophobic interactions with Leu504 and
Val503. The inactive conformation of the activation loop of B-Raf can also be stabilized by
forming hydrogen bonds with delphinidin, with BAY43-9006 contributing to the inactive
conformation by an hydrophabic interaction. The C-ring moiety of delphinidin forms hydrogen
bonds with the backbone carbonyl group of Gly595 and the side chain of Thr598, and thus
holds the activation loop of B-Raf in an inactive conformation. Interestingly, delphinidin could
be docked to the pocket separate from but adjacent to the ATP-binding site of MEK1, which
is similar to that observed for PD318088 in the crystal structure of the MEK1/PD318088
complex (Fig. 6D) (45). The predicted binding mode of delphinidin is also similar to that of
PD318088. The hydroxyl group at the 7 position forms a hydrogen bond with the backbone
carbonyl group of VVal127 in the ATP-noncompetitive binding site of MEKL. In addition,
several van der Waals interactions exist with the hydrophobic surface formed by 11e99, lle141,
Phe209, and Leu118. The C ring interacts with the residues in the activation loop of the inactive
MEKZ1, and Val211 and Leu215 experience van der Waals interactions with the C ring of the
inhibitor. The hydroxyl group at the 3’ or 5’ position of the C ring can form a critical hydrogen
bond with the backbone amide group of Ser212. These interactions of delphinidin with the
activation loop would lock MEK1 into a catalytically inactive species by stabilizing the inactive
conformation of the activation loop.

In summary, delphinidin inhibits tumor-promoter-induced neoplastic transformation and
COX-2 expression in JB6 P+ cells. This inhibition is mediated mainly by the blockage of the
Raf/MEK/ERK pathway and subsequent suppression of AP-1 and NF-«xB activities.
Delphinidin binds with Raf1 and MEK1 and strongly inhibits their kinase activity. Collectively,
these results suggested that Rafl and MEK1 are the most potent molecular targets of
delphinidin for suppressing neoplastic transformation. These results provide insight into the
biological actions of delphinidin and the molecular basis for the development of new
chemoprotective agents.
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Fig. 1.

Effects of delphinidin on TPA-induced neoplastic transformation of JB6 P+ cells. A, Chemical
structure of delphinidin. B, Antiproliferative effects of delphinidin on JB6 P+ cells. JB6 P+
cells were treated with delphinidin (0-40 uM) or its vehicle, DMSO (< 0.1%, as a negative
control), in 5% FBS/MEM for the indicated time period. The proliferation of cells was
determined by the MTT assay as described in “Materials and Methods”. Data are presented as
mean and S.D. values from three independent experiments. The asterisk (*) indicates a
significant difference (p < 0.01) compared to untreated control. C, Delphinidin inhibits TPA-
induced cell transformation. JB6 P+ cells were treated as described in “Materials and Methods”,
and colonies were counted 14 days later: (a) untreated control; (b) TPA alone; (c) TPA and 5
uM delphinidin; (d) TPA and 10 uM delphinidin; (e) TPA and 20 uM delphinidin; and (f) TPA
and 40 uM delphinidin. D, Cell colonies were counted under a microscope with the aid of
Image-Pro Plus software (v4). The effects of delphinidin on cell transformation of JB6 P+ cells
are shown as the percent inhibition of cell transformation in soft agar by delphinidin relative
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to TPA-only stimulated cells. Data are presented as mean and S.D. values from three

independent experiments. The asterisk (*) indicates a significant difference (p <0.01) between
groups treated with TPA and delphinidin and the group exposed to TPA alone.
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Fig. 2.

Effects of delphinidin on TPA-induced COX-2 expression, PGE, production, mRNA
expression, and COX-2 promoter activity in JB6 P+ cells. A, Delphinidin downregulates TPA-
induced COX-2 expression in JB6 P+ cells. JB6 P+ cells were treated for 30 min with
delphinidin at the indicated concentrations (0, 5, 10, 20 uM) before being exposed to TPA for
an additional 4 h. Cells were lysed, and the expression of COX-2 was analyzed by a Western
blot assay as described in “Materials and Methods”. B, Delphinidin inhibits TPA-induced
production of PGE; in JB6 P+ cells. JB6 P+ cells were pretreated with delphinidin at the
indicated concentrations (0, 10, 20 uM) for 30 min before incubation with TPA for 16 h.
PGE; generation was determined by a PGE; assay Kit as described in “Materials and Methods”.
The asterisk (*) indicates a significant difference (p < 0.01) between groups treated with TPA
and delphinidin and the group exposed to TPA alone. C, Delphinidin inhibits TPA-induced
COX-2 mRNA expression in JB6 P+ cells. Cells were treated for 2 h with TPA alone or together
with delphinidin at the indicated concentrations (0, 10, 20 uM). The COX-2 mRNA level was
determined by RT-PCR as described in “Materials and Methods”. Data are representative of
two independent experiments. D, Delphinidin inhibits TPA-induced COX-2 promoter activity
in JB6 P+ cells. JB6 P+ cells, which were stably transfected with COX-2 luciferase reporter
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plasmids, were pretreated with delphinidin for 30 min at the indicated concentrations (0, 5, 10,
20 uM) before being exposed to TPA for 24 h. The relative COX-2 activity was measured by
a luciferase assay as described in “Materials and Methods”. The asterisk (*) indicates a
significant difference (p < 0.01) between groups treated with TPA and delphinidin and the
group exposed to TPA alone.
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Fig. 3.

Effects of delphinidin on TPA-induced AP-1 and NF-«B transactivation and c-fos promoter
activity in JB6 P+ cells. A and B, Delphinidin inhibits TPA-induced AP-1 (A) and NF-«xB (B)
transactivation. The JB6 P+ cells, which were stably transfected with an AP-1 or NF-xB
luciferase reporter plasmid, were pretreated with delphinidin for 1 h at the indicated
concentrations (0, 5, 10, 20 uM) before being exposed to TPA for 24 h. The relative activity
was measured by a luciferase assay as described in “Materials and Methods”. Data are
presented as mean and S.D. values of the AP-1 and NF-«B luciferase activities from three
independent experiments. For A and B, the asterisk (*) indicates a significant difference (p <
0.01) between groups treated with TPA and delphinidin and the group exposed to TPA alone.
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C, Delphinidin suppresses TPA-induced c-fos promoter activity. For the reporter-gene assay,
JB6 P+ cells were transfected with a plasmid mixture containing the c-fos luciferase reporter
gene (0.5 pg) and the pRL-SV40 gene (0.5 pg). At 24 h after transfection, cells were starved
for 24 h by incubation in 0.1% FBS/MEM at 37°C in a 5% CO, atmosphere. Cells were then
treated with delphinidin at the indicated concentrations (0, 5, 10, 20 uM) for 1 h before being
exposed to TPA for 12 h. Firefly luciferase activity was determined in cell lysates and
normalized to Renilla luciferase activity, and c-fos luciferase activity is expressed relative to
control cells not exposed to TPA. Data are presented as mean and S.D. values of the c-fos
luciferase activity from three independent experiments. The asterisk (*) indicates a significant
difference (p < 0.01) between groups treated with TPA and delphinidin and the group exposed
to TPA alone.
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The TPA-stimulated Raf/MEK/ERK/p90RSK/MSK signaling cascade is downregulated by
delphinidin through the direct inhibition of both Rafl and MEK1 activities. A, Delphinidin
inhibits TPA-induced phosphorylation of MEK, ERK, p90RSK, and MSK in JB6 P+ cells. JB6
P+ cells were treated with delphinidin (0, 10, 20 uM) for 1 h before being exposed to TPA for
an additional 15 min. The cells were lysed, and the levels of phosphorylated and total MEK,
ERK, p90RSK, and MSK proteins were determined by Western blot analysis as described in
“Materials and Methods” using specific antibodies against the respective phosphorylated and
total proteins. Data are representative of three independent experiments that gave similar
results. B and C, Delphinidin inhibits Rafl or MEK1 activities more than ERK2 or JNK1
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activities in vitro. In vitro Rafl, MEK1, ERK2, and JNK1 kinase assays were performed as
described in “Materials and Methods”, and the kinase activity is expressed as the percent
inhibition by delphinidin relative to the activity of untreated Rafl, MEK1, ERK2, or JNK1
control. D, Delphinidin inhibits Rafl and MEKZ1 activities ex vivo. For the ex vivo MEK1 and
Rafl kinase assays, cells were pretreated with delphinidin at the indicated concentrations (0,
10, 20, 40 uM) for 1 h before being exposed to TPA for 30 min. Cells were harvested, and
immunoprecipitation and ex vivo Rafl and MEK1 kinase assays were performed. The kinase
activity is expressed as the percent inhibition by delphinidin relative to cells exposed to TPA
only. The data are presented as mean and S.D. values of the 32P count from three separate
experiments. For in vitro kinase assays, the asterisk (*) indicates a significant decrease (p <
0.01) in kinase activity between the groups treated with active Rafl (or MEK1, ERK2, or JINK1)
and delphinidin together and the group containing active Rafl (or MEK1, ERK2, or INK1)
alone. For ex vivo kinase assays, the asterisk (*) indicates a significant decrease (p < 0.01) in
kinase activity between groups treated with TPA and delphinidin together and the groups
exposed to TPA alone.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2010 March 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kang et al.

Page 21

Active, Raf1 + + Active, MEK1 + +
o Sepharose 4B & - Sepharose 4B - +
Delphinidin-Sepharose 4B - ¢ Delphinidin-Sepharose 4B - -
Raf1 MEK1 | s
Cell lysate + + + Cell lysate + + +
Sepharose 4B - + - Sepharose 4B - + J
Delphinidin-Sepharose 4B - - + Delphinidin-Sepharose 4B - - +
Raf1 | MEK1 |48 -
Active, Raf1 + + + + + Active, MEK1 + + + + +
Sepharose4B - + - - - Sepharose 4B -+ - - -
Delphinidin-Sepharose 4B - - + + + Delphinidin-Sepharose 4B - -+ o+ 4
ATP (uM) - 10 100 ATP(uM) - - - 10 100
Fig. 5.

Delphinidin specifically binds with Raf1 or MEK1 noncompetitively with ATP. A, Binding of
Rafl or MEKZ1 with delphinidin in vitro was confirmed by immunoblotting using antibodies
against Raf1 (left panel) or MEK1 (right panel): lane 1 (input control)-Raf1 and MEK1 protein
standards; lane 2 (control)-Sepharose 4B was used to pull down Rafl or MEK1 as described
in “Materials and Methods”; and lane 3—delphinidin/Sepharose 4B affinity beads were used to
pull down Rafl or MEK1. B, Binding of Raf1 or MEK1 with delphinidin ex vivo was confirmed
by immunoblotting using an antibodies against Rafl (left panel) or MEK1 (right panel): lane
1 (input control)-whole-cell lysates from JB6 P+ cells; lane 2 (control)-a lysate of JB6 P+
cells precipitated with Sepharose 4B beads; and lane 3—whole-cell lysates from JB6 P+ cells
precipitated by delphinidin/Sepharose 4B affinity beads. C, Delphinidin did not compete with
ATP for binding with Rafl or MEK1. Active Rafl (100 ng) or MEK1 (2 pg) was incubated
with ATP at two concentrations (10 or 100 uM) and 100 pl of delphinidin/Sepharose 4B or
100 pl of Sepharose 4B (as a negative control) in a reaction buffer to a final volume of 500
ul. The mixtures were incubated at 4°C overnight with shaking. After washing, the pulled-
down proteins were detected by Western blotting: lane 2 is the negative control, which indicates
that Rafl and MEK1 do not bind with Sepharose 4B; and lane 3 is the positive control, which
indicates that Rafl and MEK1 bind with delphinidin/Sepharose 4B.
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Fig. 6.

Effects of delphinidin on H-Ras- or EGF-induced cell transformations and the proposed
molecular mechanisms for inhibition of neoplastic cell transformation by delphinidin. A, (left
panel) H-Ras- transformed JB6 cells were treated as described in “Materials and Methods”,
and colonies were counted 14 days later: (a) untreated control; (b) 5 uM delphinidin; (c) 10
uM delphinidin; (d) 20 uM delphinidin; and (e) 40 uM delphinidin. (right panel) Delphinidin
inhibits H-ras-induced cell transformation. Cell colonies were counted under a microscope
with the aid of Image-Pro Plus software (v.4). The effects of delphinidin on cell transformation
of JB6 P+ cells are presented as the percent inhibition of cell transformation in soft agar by
delphinidin relative to untreated H-ras-transformed cells. Data are presented as mean and S.D.
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values from three independent experiments. The asterisk (*) indicates a significant difference
(p < 0.01) between groups treated with delphinidin and the untreated control group. B, (left
panel) Delphinidin inhibits EGF-induced cell transformation. JB6 P+ cells were treated as
described in “Materials and Methods”, and colonies were counted 14 days later: (a) untreated
control; (b) EGF alone; (c) EGF and 5 uM delphinidin; (d) EGF and 10 uM delphinidin; (e)
EGF and 20 puM delphinidin; and (f) EGF and 40 uM delphinidin. (right panel) Cell colonies
were counted under a microscope with the aid of Image-Pro Plus software. The effects of
delphinidin on cell transformation of JB6 P+ cells are presented as the percent inhibition of
cell transformation in soft agar relative to cell stimulated by only EGF. Data are presented as
mean and S.D. values from three independent experiments. The asterisk (*) indicates a
significant difference (p < 0.01) between groups treated with EGF and delphinidin and the
group treated with EGF alone. C, Delphinidin inhibits TPA-induced neoplastic transformation
by directly targeting Rafl and MEK1 activities. The “+” indicates a greater inhibition of kinase
activity. D, Modeling study of the binding of delphinidin to Rafl or MEK1. Upper panel,
Hypothetical model of the B-Raf—-ATP-delphinidin complex. Delphinidin (with green carbon
atoms) binds to the pocket adjacent to the ATP (white carbon atoms)-binding site. BAY43-9006
(yellow) is overlaid on the model structure. The partially disordered activation loop is colored
white. The residues involved in the interactions with delphinidin are indicated. The hydrogen
bond is depicted as a dashed line. Lower panel, Hypothetical model of the MEK1-ATP-
delphinidin complex. Delphinidin (atomic color) binds to the pocket adjacent to the ATP
(orange)-binding site. PD318088 (green) is overlaid on the model structure of the complex for
comparison. The partially disordered activation loop is colored yellow. The residues involved
in the interactions with delphinidin are indicated. The hydrogen bond is depicted as a dashed
line.
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