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Abstract

Ultraviolet (UV) radiation is the primary environmental risk factor in the development of
nonmelanoma skin cancer, and UVB in particular promotes tumor growth through various
signaling pathways. Kaempferol, a flavonoid with anti-inflammatory and anti-oxidative properties,
has been studied as a chemopreventive agent; however, little is known regarding its effects on
UVB-induced photo-carcinogenesis. Here, we examined the effect of kaempferol on UVB-induced
skin inflammation. We found that kaempferol suppressed UVB-induced cyclooxygenase-2
(COX-2) protein expression in mouse skin epidermal JB6 P+ cells and attenuated the UVB-
induced transcriptional activities of cox-2 and activator protein-1 (AP-1). Kaempferol attenuated
the UVB-induced phosphorylation of several mitogen-activated protein kinases (MAPKS),
including ERKSs, p38, and JNKSs, but had no effect on the phosphorylation of the upstream MAPK
regulator Src. However, in vitro and ex vivo kinase assays demonstrated that kaempferol
suppressed Src kinase activity. Furthermore, in vivo data from mouse skin support the idea that
kaempferol suppresses UVB-induced COX-2 expression by blocking Src kinase activity. A pull-
down assay revealed that kaempferol competes with ATP for direct binding to Src. Docking data
suggest that kaempferol docks easily into the ATP-binding site of Src, which is located between
the N and C lobes of the kinase domain. Taken together, these results suggest that kaempferol is a
potent chemopreventive agent against skin cancer through its inhibitory interaction with Src.
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1. Introduction

Exposure to ultraviolet (UV) irradiation causes DNA damage and other cellular responses
that contribute to the development of inflammation and skin cancer. Skin cancer includes the
common but highly curable condition of nonmelanoma skin cancer (i.e., squamous and basal
cell carcinomas) and the less common but potentially lethal cutaneous melanomas [1,2].
More than one million new nonmelanoma skin cancer cases are diagnosed annually in the
United States, which is roughly equivalent to the incidence of all other cancers combined
[3]. UVB is of particular concern for the induction of skin cancer because it can induce
mutations in critical target genes, as well as modulate cellular signal transduction pathways
[4]. Despite major advances in our understanding of skin biology, the incidence of skin
cancer is reaching epidemic proportions, indicating that more effective preventive strategies
are required, as are innovative new treatments.

Cyclooxygenase (COX) proteins catalyze the rate-limiting steps in the synthesis of
prostaglandins from arachidonic acid. Two COX isoforms, COX-1 and COX-2, are known.
Whereas COX-1 is constitutively expressed in most tissues, COX-2 is typically absent from
many tissue types, including the epidermis. However, COX-2 expression is highly inducible
in response to various stimuli, including UV exposure [5]. In previous studies, transgenic
mice overexpressing COX-2 showed increased skin tumor development [6], whereas the
inhibition of COX-2 by celecoxib, a COX-2 inhibitor, significantly suppressed UV-induced
skin carcinogenesis [7,8]. These observations suggest a critical role for COX-2 in skin tumor
development.

The Src tyrosine kinase is part of a superfamily of membrane-associated non-receptor
tyrosine kinases, which were originally identified as proto-oncogene products. Src is
involved in multiple signal transduction pathways and cellular processes including as
growth, differentiation, adhesion, motility, and survival [9,10]. Src has been widely studied
in tumorigenesis. Recent reports show that Src family kinases are associated with the
activation of mitogen-activated protein kinases (MAPKS) in response to genotoxic and
oxidative stress. Notably, both Src expression and activity are elevated in tumor tissues
relative to normal tissues [11].

Flavonoids have attracted substantial attention in relation to their wide range of activities in
reducing cancer risk. Previous studies indicated that some flavonoids including myricetin
and quercetin can directly bind to some important kinases such as MEK, Raf, and PI3-K
[12-14]. Kaempferol (3,5,7,4'-tetrahydroxy flavone, Fig. 1A), which is found in tea,
propolis, and grapefruit, is one of the most common dietary flavonoids [15,16]. Kaempferol
is believed to be an antioxidant and anti-inflammatory agent [17-19]. Previous studies
demonstrated that kaempferol reduces lipopolysaccharide-induced COX-2 levels in RAW
264.7 cells [19] and inhibits reactive oxygen species production through the inhibition of
iNOS and TNF-a protein expression in aged gingival tissues [20].

Here, we examined the effects of kaempferol on UVB-induced COX-2 protein expression
both in cells (ex vivo) and in mouse skin (in vivo). Topical kaempferol treatment exerted
strong protective effects against UVB-induced photo-inflammation in mouse skin in vivo,
which is proposed to occur through the inhibition of Src activity. These results suggest that
kaempferol is a potent antitumor-promoting agent.

Biochem Pharmacol. Author manuscript; available in PMC 2011 December 15.
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2. Materials and Methods

2.1 Materials

Kaempferol was purchased from Indofine Chemical Co. (Somerville, NJ). Eagle's minimum
essential medium (MEM), gentamicin, and L-glutamine were obtained from Gibco-BRL
(Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Sigma-Aldrich (St. Louis,
MO). COX-2 antibodies were purchased from Cayman (Ann Arbor, MI) and anti-p-actin
was obtained from Sigma-Aldrich (St. Louis, MO). Antibodies to detect phosphorylated p38
(Tyr180/Tyr182), total p38, phosphorylated c-Jun N-terminal kinases (JNKs, Thr183/
Tyr185), total INKs, and phosphorylated Src (Y416) were purchased from Cell Signaling
Biotechnology (Beverly, MA). The antibody against total Src was obtained from Upstate
Biotechnology (Lake Placid, NY). CNBr-Sepharose 4B, glutathione-Sepharose 4B,
[y-32P]ATP, and the chemiluminescence detection kit were purchased from Amersham
Pharmacia Biotech (Piscataway, NJ). The protein assay kit was obtained from Bio-Rad
Laboratories (Hercules, CA).

2.2 Cell culture

JB6 P+ mouse epidermal cells were cultured in monolayers at 37°C in a 5% CO, incubator
in 5% FBS-MEM, 2 mM L-glutamine, and 25 pg/ml gentamicin. The cells were stably
transfected with a luciferase reporter plasmid bearing either cox-2 or activator protein-1
(AP-1) and then maintained in MEM supplemented with 5% FBS containing 200 pg/ml
G418 to exclude non-transfected cells.

2.3. Animals

Female ICR mice (five weeks of age; mean body weight of 25 g) were purchased from the
Institute of Laboratory Animal Resources at Seoul National University (Seoul, Korea). The
animals were acclimated for one week prior to the study and had access to food and water ad
libitum. The animals were housed in climate-controlled quarters (24°C and 50% humidity)
with a 12-h light/12-h dark cycle.

2.4. UVB irradiation

A UVB irradiation system was used to stimulate the cells in serum-free media. The spectral
peak of the UVB source (Bio-Link Crosslinker; Vilber Lourmat, Cedex 1, France) was 312
nm. The cells were exposed to UVB (0.5 kJ/m?) and then cultured for either 15 min or 4 h.
ICR mice were exposed to UVB at a dose of 5 kd/m? and then proteins were isolated from
their skin 2 or 6 h later.

2.5. Western blot assay

For Western blotting, cells (1.5 x 10°) were cultured in a 10-cm dish for 48 h and then
starved in 0.1% FBS-MEM for 24 h to eliminate the FBS-induced activation of MAPKs
[extracellular signal-related kinases (ERKS), JNKSs, and p38]. The cells were then treated
with kaempferol (0, 10, 20, or 40 uM) for 30 min and irradiated with UVB (0.05 J/cm?2). The
harvested cells were disrupted with lysis buffer [10 mM Tris (pH 7.5), 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 1 mM DTT, 0.1 mM PMSF, 10% glycerol, and a protease
inhibitor cocktail tablet] 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 proteins (40 pg) were subjected to 10%
sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
a polyvinylidene difluoride (PVVDF) membrane (Amersham Pharmacia Biotech). After
blotting, the membrane was incubated overnight with specific primary antibodies at 4°C.
The bands were visualized using a chemiluminescence detection kit (Amersham Pharmacia
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Biotechnologies) after hybridization with a horseradish peroxidase-conjugated secondary
antibody. In the in vivo assays, three groups of four ICR mice each received a topical
application of kaempferol (0, 40, or 200 nmol) in 200 pl acetone on their shaved backs 1 h
before UVB irradiation. To isolate and quantify COX-2 from the skin of the mice, the mice
were sacrificed 6 h after UVB treatment and the dorsal skin of each mouse was excised and
placed on ice. Any fat was removed, the skin then snap-frozen in liquid nitrogen and
immediately pulverized with a mortar and pestle. The pulverized skin was blended on ice
with a homogenizer (IKAT10 basic; IKA Laboratory Equipment, Staufen, Germany) and the
skin lysates were centrifuged at 9,000 g for 20 min. After the protein content was
determined using a Bio-Rad protein assay kit, 100 ug of the extract was subjected to 10%
SDS-PAGE.

2.6. Luciferase assay of COX-2 and AP-1 transactivation

Confluent monolayers of JB6 P+ cells that were stably transfected with the cox-2 or AP-1
luciferase plasmid were trypsinized, and 8x103 viable cells suspended in 100 ul of 5% FBS
MEM were added to each well of a 96-well plate. The plates were incubated at 37°C in a
humidified atmosphere of 5% CO,. When the cultures reached 80-90% confluence, they
were starved in 0.1% FBS MEM for an additional 24 h. The cells were treated for 30 min
with kaempferol (0, 10, 20, or 40 uM) and irradiated with UVB (0.05 J/cm?) and harvested 4
h later. Thereafter, the cells were disrupted with 100 ul of lysis buffer (0.1 M potassium
phosphate [pH 7.8], 1% Triton X-100, 1 mM dithiothreitol [DTT], 2 mM EDTA), and
luciferase activity was measured using a luminometer (Luminoskan Ascent; Labsystems,
MD).

2.7. Src kinase assay

Src kinase activity was determined directly according to the instructions provided by
Upstate Biotechnology. Briefly, each reaction contained 6.25 ul of assay buffer [200 mM
Tris-HCI (pH 7.5), 0.4 mM ethyleneglycol-bis(aminoethylether)-tetraacetic acid, and 0.4
mM sodium orthovanadate (NazVVO,4)] and a magnesium acetate-ATP cocktail buffer [2.5
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH 7.4), 50 mM magnesium
acetate, and 0.5 mM ATP]. The Src substrate peptide (250 uM) was also included with 10
ng of active Src. Next, 10 pl of diluted [y-32P]JATP solution was incubated at 30°C for 10
min with the above assay buffer and substrate peptide and 15-pl aliquots were transferred to
p81 paper and washed three times with 0.75% phosphoric acid for 5 min and once with
acetone for 5 min. Radioactive incorporation was measured using a scintillation counter.
The effects of kaempferol (0-40 uM) were evaluated with the reaction mixtures at 30°C for
10 min.

2.8. Src immunoprecipitation and kinase assays in JB6 P+ cells

JB6 P+ cells were cultured to 80% confluence and then incubated with 0.1% FBS-MEM for
24 h at 37°C to reduce background. Cells were treated with various concentrations of
kaempferol (0-40 pM) for 30 min before UVB irradiation (0.5 kJ/m?). The cells were then
harvested after 15 min, disrupted with lysis buffer [20 mM Tris-HCI (pH 7.4), 1 mM EDTA,
150 mM NaCl, 1 mM ethyleneglycol-bis(aminoethylether)-tetraacetic acid, 1% Triton
X-100, 1 mM B-glycerophosphate, 1 mg/ml leupeptin, 1 mM NazV Oy, and 1 mM PMSF],
and centrifuged at 10,000 g for 15 min in a microcentrifuge. Lysates containing 500 pug of
protein were immunoprecipitated using anti-Src and then incubated overnight at 4°C with
protein A/G Sepharose beads. The beads were washed three times with kinase buffer [200
mM Tris-HCI (pH 7.5), 0.4 mM ethyleneglycol-bis(aminoethylether)-tetraacetic acid, and
0.4 mM NagVOy4] and then re-suspended in 6.25 pl of kinase buffer supplemented with 250
1M Src substrate peptide and 10 ul of diluted [y-32P]JATP solution. The beads were
incubated for 30 min at 10°C. A 15-pl aliquot was transferred to p81 paper and washed three
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times with 0.75% phosphoric acid for 5 min and once with acetone for 5 min. Radioactive
incorporation was measured using a scintillation counter.

2.9. In vivo Src immunoprecipitation and kinase assay

Mice were treated topically with kaempferol (0, 40, or 200 nmol) in 200 pul of acetone and at
2 h after UVB (5 kJ/m2) exposure, they were euthanized and their dorsal skin was excised
and prepared for analysis. Proteins were extracted as described above and centrifuged at
10,000 g for 15 min. The mouse skin extract (700 pg) was mixed with protein A/G
Sepharose (20 pl) for 1 h at 4°C and centrifuged at 9,000 g for 1 min at 4°C. Anti-Src (20 pl)
was added to the supernatant fraction and samples were rocked gently overnight at 4°C. The
tubes were then centrifuged and pellets were washed twice. Next, the pellets were suspended
in 6.5 ul of kinase buffer supplemented with 10 pl of diluted [y-32P]JATP solution and 2.5 pl
of Src substrate peptide (250 uM) and incubated for 30 min at 30°C. A 15-ul aliquot was
then transferred to p81 paper and washed three times with 0.75% phosphoric acid for 5 min
per wash and one time with acetone for 5 min. Radioactive incorporation was determined
using a scintillation counter. The data are shown as means + standard deviation (S.D.) of the
results from three mice in each treatment group.

2.10. In vitro and ex vivo pull-down assays

Recombinant Src (2 ug) or the supernatant fraction of JB6 P+ cells irradiated with UVB
(0.05 J/cm?2, 500 ug protein) was incubated with kaempferol-Sepharose 4B or Sepharose 4B
(control) beads (100 ul, 50% slurry) 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 ug/ml bovine serum albumin,
0.02 mM PMSF, and 1 x protease inhibitor mixture]. After incubation with gentle rocking
overnight at 4°C, the beads were washed five times with buffer [50 mM Tris-HCI (pH 7.5),
5mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet P-40, and 0.02 mM PMSF], and
the proteins bound to the beads were analyzed by immunoblotting. Three separate
experiments were performed.

2.11. ATP and kaempferol competition assay

Briefly, active Src (0.2 ug) was incubated with 100 pl of kaempferol-Sepharose 4B or 100 pl
of Sepharose 4B beads in reaction buffer (see in vitro pull-down assay) for 12 h at 4°C, and
ATP was added at 10 or 100 uM to a final volume of 500 pl. After 30 h, the samples were
washed and the proteins analyzed by Western blotting. Three separate experiments were
performed with similar results and representative blots are shown.

2.12. Molecular modeling

Insight 1l (Accelrys Inc., San Diego, CA) was used for the docking study and structural
analysis using the crystal coordinates of Src (accession code 1YQJ) from the Protein Data
Bank (PDB; http://www.rcsh.org/pdb/).

2.13. Statistical analyses

When necessary, the data are expressed as means = S.D. and the student's t-test was used for
single statistical comparisons. A p-value of < 0.05 was used as the criterion for statistical
significance.

3. Results

3.1. Kaempferol inhibits UVB-induced COX-2 expression

One well-recognized molecular target for chemoprevention is COX-2, which is abnormally
up-regulated in many premalignant and malignant tissues [21]. The JB6 P+ mouse epidermal

Biochem Pharmacol. Author manuscript; available in PMC 2011 December 15.
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cell line represents a well-developed cell culture system that has been utilized extensively as
a model to study the molecular events associated with tumor promotion [22]. To evaluate the
inhibitory effects of kaempferol on pro-inflammatory gene expression, cells were treated
with various doses of kaempferol for 30 min and harvested and kaempferol at 40 uM
effectively inhibited UVB-induced COX-2 protein expression (Fig. 1B).

3.2. Kaempferol attenuates UVB-induced COX-2 and AP-1 activation in JB6 P+ cells

To confirm that kaempferol regulates COX-2 expression, we examined the effect of
kaempferol on cox-2 transcription using a reporter gene assay. UVB-induced cox-2 promoter
activity decreased significantly in a dose-dependent manner after kaempferol exposure (Fig.
2A). AP-1, a downstream molecule regulated by MAPKS, is a transcription factor involved
in cox-2 gene expression [23]. UVB-induced AP-1 transcription has also been previously
documented [24]. To determine whether the suppression of cox-2 gene expression by
kaempferol involves the inhibition of AP-1 activity, we measured AP-1 transactivation using
JB6 P+ cells stably transfected with a luciferase reporter plasmid bearing AP-1. Treatment
with kaempferol significantly reduced the UVB-induced transactivation of AP-1 (Fig. 2B).
These results indicate that kaempferol suppresses cox-2 promoter activity and AP-1
transactivation in JB6 P+ cells, which might contribute to the antitumor-promoting activity
of kaempferol.

3.3. Kaempferol inhibits the UVB-induced phosphorylation of ERKSs, p38, and JNKs, but
has no effect on Src phosphorylation in JB6 P+ cells

Previous studies have shown that UV irradiation activates the MAPKSs cascade, and further
work has demonstrated that Src family kinases are associated with MAPKSs activation
[25,26]. Thus, we investigated the influence of kaempferol on the UVB-induced activation
(or phosphorylation) of Src, ERKs, p38, and JNKs. Treatment with kaempferol (20 or 40
pM) inhibited the UVB-induced phosphorylation of ERKSs, p38, and JNKSs, but had no effect
on Src phosphorylation (Fig. 3). These results indicate the kaempferol suppressed
phosphorylation and activation of ERKSs, p38, and JNKs, which could lead to attenuated
UVB-induced COX-2 expression.

3.4. Kaempferol suppresses UVB-induced COX-2 expression through the inhibition of Src

activity

Kaempferol did not block the UVB-induced phosphorylation of Src. However, because
kaempferol strongly blocked UVB-induced MAPKSs phosphorylation, which is regulated by
Src, we hypothesized that kaempferol might directly inhibit Src kinase activity. Thus, we
next investigated the effects of kaempferol on Src kinase activity using a specific substrate
peptide. The results of an in vitro kinase assay showed that kaempferol strongly inhibited
Src kinase activity (Fig. 4A). In JB6 P+ cells, kaempferol also attenuated UVB-induced Src
kinase activity (Fig. 4B), suggesting that kaempferol exerts its COX-2-suppressing effects in
JB6 P+ cells by inhibiting Src activity, and subsequent downstream signaling.

3.5. Kaempferol attenuates UVB-induced COX-2 expression and Src activity in vivo in

mouse skin

We further evaluated the effect of kaempferol on UVB-induced COX-2 expression and Src
kinase activity in vivo using mouse skin. Topical pre-treatment with kaempferol blocked
both UVB-induced COX-2 protein expression (Fig. 5A) and Src kinase activity (Fig. 5B) in
mouse dorsal skin, supporting the idea that the inhibitory effect of kaempferol on COX-2
expression is mediated through the modulation of Src kinase activity in mouse skin.

Biochem Pharmacol. Author manuscript; available in PMC 2011 December 15.
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3.6. Kaempferol competes with ATP for Src binding

To further elucidate the inhibitory effect of kaempferol on Src activity, we performed a
kaempferol pull-down assay. Subsequent immunoblotting revealed that Src bound with
kaempferol-Sepharose 4B beads, but not with Sepharose 4B beads (Fig. 6A). Src was loaded
as a control. Next, we used ex vivo pull-down assays to determine whether kaempferol binds
with Src derived from JB6 P+ cell lysates. Cells were treated with UVB and cell lysates
were collected 15 min later and subjected to SDS-PAGE. Src was observed in association
with kaempferol-Sepharose 4B beads, but not with Sepharose 4B beads (Fig. 6B). These
data indicate that kaempferol binds Src directly and subsequently inhibits the activity of Src
and the activation of downstream signals. The ability of kaempferol to bind Src was
decreased in the presence of ATP in a concentration-dependent manner (Fig. 6C),
suggesting that kaempferol is an ATP-competitive inhibitor.

4. Discussion

Kaempferol is commonly found in fruits, vegetables and tea, and has been reported to exert
various biological effects, including anti-oxidative and anti-carcinogenic effects [27].
Compared to other daily dietary flavonols, kaempferol is reported to be associated with a
decreased risk of various cancers [28-30]. In the present study, we demonstrated that
kaempferol directly targets the Src protein kinase to effectively inhibit UVB-induced COX-2
expression both in vitro and in vivo.

UVB plays a major role in the development of human skin cancer [31,32] and has been
shown to act as a tumor initiator and promoter in animals [33]. The observed inflammatory
response following acute and chronic UVB exposure contributes to skin carcinogenesis
through oxidative stress mechanisms. Numerous studies have shown that UVB irradiation
significantly increases cox-2 gene expression [34,35] and suggest that COX-2 may function
as an early marker for skin tumorigenesis [36]. Given the causal relationship between
inflammation and cancer, COX-2 is a promising target for preventing photo-inflammation
and skin cancer. In our study, kaempferol inhibited UVB-induced cox-2 expression at the
transcriptional level by suppressing cox-2 promoter activity, which resulted from the
inhibition of AP-1 transactivation. The effect was not dose-dependent. Previous studies
demonstrated that C/EBP 3, CREB, and signal transducer and activator of transcription 1
(STATL) play crucial roles in the shear stress-induced cox-2 gene expression [37,38].
Therefore, kaempferol could affect other promoter activities. Topical pre-treatment with
kaempferol blocked UVB-induced COX-2 protein abundance in mouse dorsal skin. These
data support the hypothesis that the anti-inflammatory activity of kaempferol might be due
in part to its ability to block COX-2 production.

UVB-induced COX-2 protein expression corresponds with its effect on signal pathway
activation. UVB irradiation promotes tumor development by activating various intracellular
signaling cascades with major roles in cell growth, differentiation, and proliferation, leading
to the clonal expansion of UVB-initiated cells into skin tumors [39]. MAPKSs belong to a
highly conserved family of serine/threonine protein kinases that includes ERKSs, p38, and
JNKSs, and these proteins have been demonstrated to play a role in tumorigenesis. In this
study, we found that kaempferol suppresses UVB-induced MAPKSs phosphorylation-
activation, which might represent a mechanistic link between kaempferol and the observed
attenuation of UVB-stimulated COX-2 expression.

Src is an oncogenic kinase whose activity has been implicated in the progression of many
types of cancer [40]. Elevated Src expression and activity have been reported in
hyperproliferative epidermal disorders and pre-malignant lesions [41,42]. Recent studies
showed that treatment with AZD0530, a selective Src inhibitor, suppressed keratinocyte
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proliferation and reduced the number of papillomas formed [43]. We showed that
kaempferol inhibited MAPKSs activation, suggesting that kaempferol targets an upstream
activator. Therefore, we focused on the role of Src in UVB-induced COX-2 protein
expression. Our results show that kaempferol significantly inhibited Src activity through its
direct binding with Src.

To investigate the molecular mechanism of kaempferol-induced Src inhibition, we
conducted a computational modeling study using the crystal structure of the Src kinase
domain [44]. The catalytic kinase domain of Src consists of an N lobe and a C lobe, which
are linked through a loop called the “hinge region.” The ATP-binding site is flanked by
these two lobes and the backbone atoms in this hinge region interact with the adenine moiety
of ATP through hydrogen bonding. Considering our experimental results indicating that
kaempferol is an ATP-competitive inhibitor of Src, we docked the compound onto the ATP-
binding site of the kinase (Fig. 6D). Interestingly, our model suggests that kaempferol
interacts with the backbone atoms in the hinge region of Src, as do other protein kinase
inhibitors. The hydroxyl group at the 5-position and the carbonyl group at the 4-position in
the compound can form two hydrogen bonds with the backbone atoms at Met343 in the
hinge region of Src. The hydroxyl groups at the 4'- and 7-positions of kaempferol might
form additional hydrogen bonds with Glu312 and Asp350, respectively. In addition, the
inhibitor might be sandwiched by the side chains of the hydrophobic residues in the ATP-
binding site, including Ala295, Ala405, Leu395, Val325, Leu275, and Val283. Additional
studies using x-ray crystallography to determine the inhibitor-complex structure should
elucidate the exact binding mode of kaempferol to Src.

Overall, our results reveal a novel molecular mechanism in which kaempferol blocks UVB-
induced COX-2 expression by binding directly to Src. Based on our findings, kaempferol
shows great potential as a novel chemopreventive agent and might be useful in the treatment
of UVB-associated tumorigenesis.
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Fig. 1.

Kaempferol attenuates UVB-induced COX-2 protein expression. (A) Chemical structure of
kaempferol with its numbering scheme. (B) Kaempferol inhibits UVB-induced COX-2
protein expression in JB6 P+ cells. Cells were treated with various doses of kaempferol (0,
10, 20, or 40 uM) for 30 min, then stimulated with UVB (0.05 J/cm?) and harvested 4 h
later. COX-2 and B-actin protein expression were determined by Western blotting using
specific antibodies. Three separate experiments were performed with similar results and
representative blots are shown. The asterisks (**) indicate a significant decrease in COX2
activity in groups treated with UVB and kaempferol compared with the group treated with
UVB alone (p <0.01).
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Fig. 2.

Kaempferol inhibits UVB-induced cox-2 and AP-1 promoter activity in JB6 P+ cells. (A and
B) Kaempferol suppresses UVB-induced cox-2 and AP-1 promoter activity. For the
luciferase assay, JB6 P+ cells stably transfected with a luciferase reporter plasmid bearing
either cox-2 or AP-1 were cultured as described in Materials and Methods. Cells were then
starved in 0.1% FBS-MEM and treated with various doses of kaempferol (0, 10, 20, or 40
uM) for 30 min. The cells were then subjected to UVB irradiation (0.05 J/cm?) and
harvested 4 h later. Luciferase activity was assayed and cox-2 and AP-1 activities are
expressed relative to control cells without UVB treatment. The values indicate means + S.D.
of cox-2- or AP-1-associated luciferase activity calculated from triplicate samples. The
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asterisk (**) indicates a significant decrease in luciferase activity in kaempferol treated cells
compared to untreated control (p < 0.01).

Biochem Pharmacol. Author manuscript; available in PMC 2011 December 15.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Leeetal. Page 14

p-Src - ——— p-ERKs
SIC | " — — — — ERKs | s o
> >
@ 15 E 8r
g3 gL
s = c
@ 49 £
e~ 2o
b4
g -2
@ 5
2e 28 2
= =
@ @
o 0 3 0
uve & + + o+ o+ uve - + + + o+
kaempferol (pM - - 10 20 40 kaempferol (pMV - - 10 20 40
p-p38 p-JNKs
p38 JNKs |
> >
2 15¢ 2 101
5 Sg
2 10 =
T — T~ 6
e c
g Bx |
[} a 5 [ 2 *k
2= 22 -
E: 57 %1
] )
(4 0 x 0
uve - + + o+ o+ uve - + + o+ o+
kaempferol (uM - - 10 20 40 kaempferol (uM = - 10 20 40

Fig. 3.

Kaempferol has differential effects on UVB-induced phosphorylation of Src, ERKSs, p38,
and JNKs in JB6 P+ cells. Cells were starved in 0.1% FBS-MEM and then treated with
various doses of kaempferol (0, 10, 20, or 40 uM) for 30 min. The cells were then stimulated
with UVB (0.05 J/cm?) and harvested 15 min later. Lysates were prepared and Western
blotting was carried out to assess the phosphorylated and total protein levels of Src, ERKS,
p38, and JNKs. Three separate experiments were performed with similar results and
representative blots are shown. The asterisks (**) indicate a significant difference between
groups treated with UVB and kaempferol and the group treated with UVB alone (p < 0.01).
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Fig. 4.

Kaempferol suppresses UVB-induced Src kinase and binding activities. (A) In vitro and (B)
ex vivo Src kinase assays were performed as described in Materials and Methods. Active Src
was incubated with kaempferol (A) or UVB-irradiated cells were treated with kaempferol
(B) and Src kinase activity assessed. The mean 32P count was determined from triplicate
samples and the data are expressed as means + S.D. The asterisks ** indicate a significant
decrease in samples treated with kaempferol compared to untreated control samples (p <
0.01).

Biochem Pharmacol. Author manuscript; available in PMC 2011 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 16

UVB - - - - + + + + + + + + + + + +
kaempferol (pM - - - - - - - - 40 40 40 40 200 200 200 200

COX-2 -y ]

B-actin w

= =
o N
o o

1

)

control
® o
S ©

s
(=]

(% of UVB-irradiated

n
o

Relative COX-2 expression

0
UVB - + + +

kaempferol (UM - - 40 200

B

=
(=}
o

80
60
40
20

0
uve - + + +

kaempferol (pM) - - 40 200

ity (%) (in vivo)

Relative Src kinase activ-

Fig. 5.

Kaempferol inhibits UVB-induced COX-2 protein expression and Src kinase activity in
mouse dorsal skin. (A) In a COX-2 expression assay, COX-2 and f-actin protein expression
were analyzed by Western blotting using specific antibodies. Each band was quantified by
densitometry. The data are expressed as means £ S.D. (n = 4). The asterisk (*) indicates a
significant difference (p < 0.05) between the groups treated with kaempferol and UVB
irradiation and the group exposed to UVB alone. (B) In the Src kinase activity assay, dorsal
skin protein lysates were prepared from the epidermis and the assays were carried out as
described in Materials and Methods. Each band was quantified by densitometry. The data
are expressed as means + S.D. (n = 3). The asterisks (**) indicate a significant difference at
p < 0.01 between the groups treated with kaempferol and UVB irradiation and the group
exposed to UVB alone.

Biochem Pharmacol. Author manuscript; available in PMC 2011 December 15.



1dussnueln Joyny vd-HiN 1duosnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Leeetal.

Page 17

A 1.0 1.2 B 1.0 1.6
Src| - —— Src
Src, active + + + Cell lysate + o+ o+
Sepharose 4B - + - Sepharose 4B -+ -
kaempferol-sepharose 4B - - + kaempferol-sepharose 4B - -+
C 1.0 1.5 09 0.2
Src —_—— A —

Src, active + + + + -

Sepharose 4B + -
kaempferol-sepharose 4B - + + +
ATP (UM - 10 100

Hinge

- y ",
region . \.,—‘\\ [
~ r -

N
@

Fig. 6.

Kaempferol directly binds with Src. (A) Src-kaempferol binding was confirmed by
immunoblotting with anti-Src: lane 1 (input control), Src protein standard; lane 2 (control),
Sepharose 4B beads; lane 3, kaempferol-Sepharose 4B beads. (B) Kaempferol binds
specifically to UVB-activated Src. Src-kaempferol binding in UVB-exposed JB6 P+ cells
was confirmed by immunoblotting using anti-Src: lane 1 (input control), whole-cell lysates
from JB6 P+ cells; lane 2 (control), lysates from JB6 P+ cells precipitated with Sepharose
4B beads; lane 3, whole-cell lysates from JB6 P+ cells precipitated with kaempferol-
Sepharose 4B beads. (C) Kaempferol binds with Src in an ATP-competitive manner. Active
Src (2 pg) was incubated with ATP (10 or 100 uM) and kaempferol-Sepharose 4B beads (50
ul) or Sepharose 4B beads (50 ul; as a negative control) in reaction buffer at a final volume
of 500 pl. The mixtures were incubated at 4°C overnight with shaking. After washing, the
pulled-down proteins were detected by Western blotting: lane 2, negative control, Src kinase
cannot bind Sepharose 4B; lane 3, positive control, Src kinase binding with kaempferol-
Sepharose 4B; lanes 4 and 5, increasing amounts of ATP decreased kaempferol binding with
Src kinase. (D) Hypothetical computational models of Src in complex with kaempferol. In
the close-up view, hydrogen bonds are depicted as white lines and hydrophobic contacts as
white ellipses.
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