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Abstract

Skin cancer is one of the most commonly diagnosed cancers in the United States. Taxifolin reportedly
exerts multiple biologic effects, but the molecular mechanisms and direct target(s) of taxifolin in skin
cancer chemoprevention are still unknown. In silico computer screening and kinase profiling results
suggest that the EGF receptor (EGFR), phosphoinositide 3-kinase (PI3K), and Src are potential targets for
taxifolin. Pull-down assay results showed that EGFR, PI3K, and Src directly interacted with taxifolin in
vitro, whereas taxifolin bound to EGFR and PI3K, but not to Src in cells. ATP competition and in vitro
kinase assay data revealed that taxifolin interacted with EGFR and PI3K at the ATP-binding pocket and
inhibited their kinase activities. Western blot analysis showed that taxifolin suppressed UVB-induced
phosphorylation of EGFR and Akt, and subsequently suppressed their signaling pathways in JB6 P+
mouse skin epidermal cells. Expression levels and promoter activity of COX-2 and prostaglandin E,
(PGE,) generation induced by UVB were also attenuated by taxifolin. The effect of taxifolin on UVB-
induced signaling pathways and PGE, generation was reduced in EGFR knockout murine embryonic
fibroblasts (MEF) compared with EGFR wild-type MEFs. Taxifolin also inhibited EGF-induced cell
transformation. Importantly, topical treatment of taxifolin to the dorsal skin significantly suppressed
tumor incidence, volume, and multiplicity in a solar UV (SUV)-induced skin carcinogenesis mouse
model. Further analysis showed that the taxifolin-treated group had a substantial reduction in SUV-
induced phosphorylation of EGFR and Akt in mouse skin. These results suggest that taxifolin exerts
chemopreventive activity against UV-induced skin carcinogenesis by targeting EGFR and PI3K. Cancer

Prev Res; 5(9); 1103-14. ©2012 AACR.

Introduction

Skin cancer is one of the most common cancers in the
United States. Each year, more than 1,000,000 new cases of
skin cancers are reported in the United States, making up
40% of all diagnosed cancers (1). Chronic UV exposure is
recognized as a major etiologic factor of skin carcinogenesis
(2). The UV spectrum can be divided into 3 wavelengths,
UVA (320-400 nm), UVB (280-320 nm), and UVC (200-
280 nm; refs. 3, 4). Although UVC is filtered out by the
ozone layer, UVA and UVB reach the surface of the earth. Of
the UV irradiation that reaches the surface of the earth, 90%
t0 99% is composed of UVA and 1% to 10% is composed of
UVB (4). UVA is carcinogenic and causes photoaging and
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wrinkling of the skin (5). UVB is mainly responsible for a
variety of skin diseases including melanoma and nonme-
lanoma skin cancers because it is capable of triggering the
initiation, promotion, and progression phases of skin can-
cer (6, 7). Therefore, targeting UV-induced signaling might
be an effective strategy for preventing skin carcinogenesis.

The EGF receptor (EGFR) is activated by UV radiation (8).
EGEFR is a member of the receptor tyrosine kinase, and is
reported to be activated and/or overexpressed in a variety of
human cancers including UV-induced skin cancer (9, 10).
UV irradiation rapidly activates EGFR through the induc-
tion of EGFR ligands and the inactivation of cytoplasmic
protein tyrosine phosphatases that maintains low basal
levels of phosphorylated EGFR (11-13). UV-activated EGFR
in turn activates a number of signaling cascades, including
extracellular signal-regulated kinases (ERK), p38 kinase,
and c-jun-NH,-kinase (JNK), which are known regulators of
cell division (14-16). In response to UV irradiation, EGFR
also activates phosphoinositide 3-kinase (PI3K), leading to
Akt activation and suppression of apoptosis (17). Therefore,
the EGFR and PI3K/Akt signaling pathways are logical
molecular targets for chemoprevention of UV-induced skin
cancer.

Taxifolin, also known as dihydroquercetin, is a flavonone
commonly found in onions (18), milk thistle (19), French
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maritime bark (20), and Douglas fir bark (21) in an agly-
cone or glycoside form. Taxifolin has multiple biologic
effects, including antioxidant and anti-inflammatory
effects, and plays a role in preventing cardiovascular disease
(22-24). Recently, several studies have focused on taxifolin
as a potential cancer chemopreventive agent. One study
showed that aglycone form of taxifolin exerts chemopreven-
tive effects through an antioxidant response element (ARE)-
dependent mechanism in colon cancer cells (25). The
taxifolin aglycone form is also reported to induce apoptosis
in prostate cancer cells (26). Although these reports provide
evidence that taxifolin might exert chemopreventive effects
against several cancers, the molecular mechanisms and
direct targets of taxifolin are still unclear. Herein, we report
that taxifolin suppresses UVB-induced activation of signal
transduction by directly inhibiting EGFR and PI3K in JB6
P+ mouse skin epidermal cells. Moreover, taxifolin strongly
suppresses tumor incidence in a solar UV (SUV)-induced
skin carcinogenesis mouse model. Thus, taxifolin acts as an
inhibitor of EGFR and PI3K and is expected to have ben-
eficial effects in the prevention of UV-induced skin
carcinogenesis.

Materials and Methods

Chemicals

The aglycone form of taxifolin was purchased from Sig-
ma-Aldrich [>85%; 2R,3R-(+)-taxifolin] for in vitro and cell-
based experiments; for the animal study, taxifolin was
purchased from ENZO Life Sciences (> 90%; (+)-taxifolin).
Active EGFR, PI3K (p1108/p85a), and Src proteins were
from Millipore. The antibody to detect phosphorylated p38
(Tyr180/Tyr182) was purchased from BD Biosciences. Anti-
bodies against total Src, p38, ERK1/2, JNKs, Akt, p90RSK,
and EGFR, and phosphorylated ERK1/2 (Thr202/Tyr204),
JNKs (Thr183/Tyr185), Akt (Tyr308 and Ser473), MSK
(Ser376), p90RSK (Thr359/Ser363), and EGFR (Tyr1068)
were from Cell Signaling Biotechnology. The antibodies
against total MSK, PI3K (p110), and B-actin were obtained
from Santa Cruz Biotechnology. The prostaglandin E,
(PGE,) EIA Kit, COX Inhibitor Screening Assay Kit, and
antibody against COX-2 were purchased from Cayman
Chemical.

Cell culture and transfection

The JB6 P+ mouse epidermal cell line was purchased
from American Type Culture Collection and cultured in
Eagle’s Minimum Essential Medium (MEM)/5% FBS. For
the luciferase assay, the JB6 P+ cells were stably transfected
with a COX-2 luciferase reporter plasmid and maintained in
MEM/5% FBS containing 200 pg/mL G418 as described
earlier (27). EGFR wild-type (EGFR/WT) and EGFR knock-
out (EGFR/KO) murine embryonic fibroblasts (MEF) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)/
10% FBS as reported previously (28). All cells were cultured
with antibiotics at 37°C in a CO, incubator. Cells were
cytogenetically tested and authenticated before the cells
were frozen. Each vial of frozen cells was thawed and
maintained for a maximum of 8 weeks.

In silico target identification

To find the potential biologic targets of taxifolin, a shape
similarity method, a part of the PHASE module of Schrodin-
ger (29) molecular modeling software package, was used on
the basis of the chemical structure of taxifolin. The param-
eter of atom-type for volume was set to pharmacophore,
which means that the queries were used not only to consider
shape similarity but also to align potential pharmacophore
points with the targets. The protein target library was
obtained from the Protein Data Bank (PDB; ref. 30). To
provide more structure orientations for the possible align-
ment, we set the maximum number of conformers per
molecule in the library to be generated at 100 while retain-
ing up to 10 conformers per rotatable bond. We filtered out
the conformers with similarity below 0.7. Then, we
obtained the PDB ID associated with each aligned target
molecule. The PDB ID could show us the protein type
through the online Protein Data Bank.

Pull-down assays

Taxifolin-conjugated sepharose 4B beads or sepharose 4B
beads were prepared as reported earlier (27). For in vitro or
ex vivo pull-down assay, active EGFR, PI3K, or Src (200 ng)
or lysates from JB6 P+ cells (500 pg) were mixed with 50 uL
of taxifolin-conjugated sepharose 4B beads or sepharose 4B
beads in reaction buffer [50 mmol/L Tris-HCI (pH 7.5),
5 mmol/L EDTA, 150 mmol/L NaCl, 1 mmol/L dithiothrei-
tol (DTT), 0.01% NP-40, 2 ug/mL bovine serum albumin,
0.02 mmol/L phenylmethylsulfonylfluoride (PMSF), and
1 x protease inhibitor cocktail]. After incubation with gentle
rocking at 4°C overnight, the beads were washed 5 times
with washing buffer [50 mmol/L Tris-HCl (pH 7.5),
5 mmol/L EDTA, 150 mmol/L NaCl, 1 mmol/L DTT,
0.01% NP-40, and 0.02 mmol/L PMSF], and then the
proteins bound to the beads were analyzed by Western
blotting. For the ATP competition assay, active EGFR or
PI3K (200 ng) was incubated with different concentrations
of ATP (0, 10, or 100 umol/L) in reaction buffer at 4°C
overnight. Taxifolin-conjugated sepharose 4B beads
or sepharose 4B beads were added and again incubated at
4°C overnight. After washing 5 times with washing buffer,
the proteins bound to the beads were analyzed by Western
blotting.

In vitro EGFR kinase assay

The in vitro EGFR kinase assay was carried out in accor-
dance with the instructions provided by Millipore. Active
EGFR (100 ng) was mixed with taxifolin (0, 20, 40, or
80 umol/L) or erlotinib (10 umol/L, LC laboratories) in
reaction buffer [40 mmol/L MOPS/NaOH (pH 7.0),
1 mmol/L EDTA, 10 mmol/L MnCl,, and 0.8 mol/L ammo-
nium sulphate|. Erlotinib, a well-known EGFR inhibitor,
was used as a positive control. The mixture was incubated
with 500 pumol/L angiotensin II for 5 minutes at room
temperature followed by incubation with 10 pL of a ATP
mixture [25 mmol/L MgAc and 0.25 mmol/L ATP-contain-
ing 10 uCi [y->?PJATP] for 20 minutes at 30°C and then
25 uL of reaction mixture were transferred onto P81 papers.
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The papers were washed with 1% phosphoric acid twice and
with acetone once. The radioactive incorporation was deter-
mined using a scintillation counter.

In vitro PI3K kinase assay

The in vitro PI3K kinase assay was carried out as described
earlier (31). Active PI3K (100 ng) was incubated with taxi-
folin (0, 20, 40, or 80 umol/L) or LY294002 (10 pmol/L) for
10 minutes at 30°C. LY 294002, a well-known PI3K inhib-
itor, was used as a positive control. The mixtures were
incubated with 0.5 mg/mL phosphatidylinositol (MP Bio-
medicals) for 5 minutes at room temperature, followed by
incubation with reaction buffer [10 mmol/L Tris-HCI (pH
7.6), 60 mmol/L MgCl,, and 0.25 mmol/L ATP containing
10 pCi [y->2P] ATP] for an additional 10 minutes at 30°C.
The reaction was stopped by adding 15 puL of 4 N HCI and
130 pL of chloroform: methanol = 1:1. After mixing, the
lower chloroform phase were spotted onto a silica gel
plate (Merck KGaA). The resulting **P-labeled phosphati-
dylinositol-3-phosphate (PI3P) was separated by thin layer
chromatography with developing solvent (chloroform:
methanol:NH,OH:H,0 = 60:47:2:11.3) and then visual-
ized by autoradiography.

Molecular modeling

The active wild-type EGFR tyrosine kinase domain
(PDB ID:1m17) was chosen for docking studies. Its X-
ray diffraction structure had a resolution of 2.6 & (32),
and erlotinib was bound to the ATP-binding site of the
EGFR. For PI3K, the crystal structure of the murine P110-8
in complex with ZSTK474 (PDB ID:2WXL) was chosen for
docking studies. Its X-ray diffraction structure had a
resolution of 1.99 4. ZSTK474 is an ATP-competitive
inhibitor and has a shape similarity with taxifolin of
0.67 (33). EGFR and PI3K were prepared for docking
using the Protein Preparation Wizard in the Schrodinger
Suite 2010 by a standard procedure outlined separately.
Taxifolin was prepared using MacroModel of Schrodinger
and minimized, and the lowest energy conformations for
docking were determined by using default parameters.
The protein-ligand docking analysis was conducted using
the Induced Fit docking program of Schrodinger, which
can provide the ligand binding flexibility with the binding
pocket residues. Images are generated with the UCSF
Chimera program (34).

Cell viability assay

JBG6 P+ cells (1 x 10%) were cultured in 96-well plates and
then treated with various concentrations of taxifolin (0, 20,
40, or 80 umol/L). After incubation for 24, 48, or 72 hours,
20 puL of CellTiter96 Aqueous Non-Radioactive Cell Prolif-
eration Assay Kit (Promega) were added to each well. After
additional incubation for 1 hour at 37°C in a 5% CO,
incubator, absorbance was measured at 490 and 690 nm.

UVB irradiation
A UVB irradiation system (FS20 T12/UVB, National Bio-
logical corporation) was used to stimulate cells in the

serum-free medium. The spectral peak from the UVB source
was at 311 nm.

Western blotting

JBG P+ cells (1 x 10°) or MEFs (5 x 10°) were cultured in
10-cm dishes and then starved in serum-free medium for 48
hours. The cells were treated with various concentrations of
taxifolin (0, 20, 40, or 80 umol/L), gefitinib (2 umol/L),
and/or LY294002 (2 pmol/L) for 24 hours before exposure
to UVB (4 kJ/m?). The lysate proteins were subjected to SDS-
PAGE and transferred to a polyvinylidene difluoride
(PVDF) membrane. After blocking with 5% milk, the mem-
brane was incubated with a specific primary antibody, and
then protein bands were visualized by the ECL system after
hybridization with a horseradish peroxidase-conjugated
secondary antibody.

COX-2 luciferase assay

JB6 P+ cells stably transfected with a COX-2 luciferase
reporter plasmid (8 x 10%) were cultured in 96-well plates
and then starved in serum-free medium for 24 hours. The
cells were treated with various concentrations of taxifolin
(0, 20, 40, or 80 umol/L) for 1 hour before exposure to UVB
(4 kJ/m?). After incubation for 12 hours, the cells were
disrupted with 100 pL of lysis buffer [0.1 mol/L potassium
phosphate buffer (pH 7.8), 1% Triton X-100, 1 mmol/L
DTT, and 2 mmol/L EDTA], and luciferase activity was
measured using a luminometer (Luminoskan Ascent;
Thermo Election).

PGE, assay

JBG P+ cells or MEFs (1 x 10°) were cultured in 6-well
plates and then starved in serum-free medium for 24
hours. The cells were treated with various concentrations
of taxifolin (0, 20, 40, or 80 umol/L) or celecoxib (10
umol/L) for 1 hour before exposure to UVB (4 kj/m?).
After incubation for 6 hours, the amount of PGE, released
into the medium was measured using the PGE, EIA kit
following the supplier’s instructions. A standard curve
with PGE, provided with the kit was generated at the
same time. Celecoxib, a well-known inhibitor for COX-2,
was used as a positive control.

In vitro COX-2 activity

In vitro COX-2 activity was determined by measuring the
synthesis of PGs using the COX Inhibitor Screening Assay
Kit following the supplier’s instructions. A standard curve
with PGs was generated at the same time. Celecoxib was
used as a positive control.

Cell transformation assay

JBG6 P+ cells (8 x 10°) were suspended in 1 mL of BME
supplemented with 10% FBS and 0.33% agar and treated
with various concentrations of taxifolin (0, 20, 40, or
80 wmol/L), gefitinib (0.1 umol/L), LY294002 (1 pmol/
L), or celecoxib (10 pmol/L) together with 1 ng/mL EGF on
3 mL of solidified Basel Medium Eagle supplemented with
10% FBS and 0.5% agar with the indicated concentrations
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Figure 1. EGFR and PI3K are important targets of taxifolin. A, chemical structure of taxifolin. B, taxifolin binds to EGFR, PI3K, and Src in vitro. Active EGFR,
PI3K, or Src (200 ng) was incubated with taxifolin-conjugated sepharose 4B beads or sepharose 4B beads alone, and the pulled-down proteins were analyzed
by Western blot. C, taxifolin binds to EGFR and PI3K but not to Src ex vivo. Cell lysates from JB6 P+ cells (500 ug) were incubated with taxifolin-conjugated
sepharose 4B beads or sepharose 4B beads, and the pulled-down proteins were analyzed by Western blot. Data are representative of 3 independent
experiments that gave similar results. D, taxifolin inhibits EGFR kinase activity in vitro. Active EGFR (100 ng) was mixed with taxifolin (0, 20, 40, or 80 umol/L) or
erlotinib (EGFR inhibitor, 10 pmol/L) and then incubated with an [y->P] ATP mixture. The radioactive incorporation was determined using a scintillation
counter. E, taxifolin inhibits PI3K activity in vitro. Active PI3K (100 ng) was mixed with taxifolin (0, 20, 40, or 80 umol/L) or LY294002 (PI3K inhibitor, 10 umol/L)
and then incubated with an [y->2P] ATP mixture. The *2P-labeled PI3P was separated by thin-layer chromatography and then visualized by autoradiography.
Data are represented as mean + SD from 3 independent experiments conducted with triplicate samples and significance was determined by the Student t test.
The asterisk (*) indicates a significant decrease versus EGFR or PI3K alone (P < 0.05).

of compound together with 1 ng/mL EGF. After incubation
for 7 days in a CO, incubator, colonies were counted.

Animals

Female SKH-1 hairless mice (5-13 weeks old) were
purchased from Charles River. Animals were acclimated
for 2 weeks before the study and had free access to food and
water. All animal studies were conducted according to the
guidelines approved by the University of Minnesota Insti-
tutional Animal Care and Use Committee (IACUC). The
animals were housed in climate-controlled quarters with a
12-hour light/dark cycle.

Skin carcinogenesis was induced by an SUV irradiation
system (SUV-340, Q-LAB). SKH-1 mice were divided into 5
age-matched groups: vehicle group (n = 10), 1.0 mg taxi-
folin group (n = 10), Veh/SUV group (n = 20), 0.5 mg
taxifolin/SUV group (n = 20), and 1.0 mg taxifolin/SUV
group (n = 20). In the vehicle group, 200 uL of acetone was
topically treated to the dorsal skin of mice and they were not

exposed to SUV. In the 1.0 mg taxifolin group, 1.0 mg
taxifolin in 200 UL of acetone was topically treated to the
dorsal skin and mice were not exposed to SUV. In the Veh/
SUV group, the dorsal skin was topically treated with 200 uL
of acetone before SUV irradiation. The mice in the 0.5 mg
taxifolin/SUV or 1.0 mg taxifolin/SUV groups received
topical application of taxifolin (0.5 or 1.0 mg) in 200 uL
of acetone before SUV irradiation. The SUV irradiation was
given 3 times a week for 15 weeks as described below. At
week 1, mice were irradiated with SUV at a dose of 30 kJ/m?
UVA and 1.8 kJ/m? UVB 3 times a week. The dose of SUV
was progressively increased (10% each week) because of the
ensuing hyperplasia that can occur with SUV irradiation of
the skin. At week 6, the dose of SUV reached 48 kj/m? (UVA)
and 2.9 kJ/m” (UVB) and this dose was maintained for 6 to
15 weeks. Mice were weighed and tumors were measured by
caliper once a week until week 30 or tumors reached 1 cm?
total volume, at which time mice were euthanized and then
skins were collected for further analysis.
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Statistical analysis

All quantitative data are expressed as mean + SD or SE as
indicated. The Student t test or a one-way ANOVA was used
for statistical analysis. A probability of P < 0.05 was used as
the criterion for statistical significance.

Results

EGFR and PI3K are potential targets of taxifolin

To find potential molecular targets of taxifolin (Fig. 1A),
we first conducted in silico screening using a shape similarity
method. Shape similarity scores of 15 proteins were more
than 0.7, suggesting that those proteins are potential targets
of taxifolin (Supplementary Table S1). We then conducted
in vitro kinase profiling (KinaseProfiler; Millipore) with
taxifolin against those proteins. Results indicated that the
kinase activities of EGFR, PI3K, and Src were inhibited by
more than 50% by taxifolin at 80 umol/L (EGFR, 95%;
PI3K, 51%; and Src, 53%, respectively). To determine
whether taxifolin binds to EGFR, PI3K, or Src, in vitro and
ex vivo pull-down assays were conducted. Recombinant

EGFR, PI3K, and Src indeed interacted with taxifolin-
sepharose 4B beads in vitro (Fig. 1B). However, taxifolin-
sepharose 4B beads pulled down only EGFR and PI3K, but
not Src using cell lysates from JB6 P+ cells ex vivo (Fig. 1C).
In vitro kinase assay results revealed that taxifolin sup-
pressed kinase activities of EGFR (Fig. 1D) and PI3K (Fig.
1E), and the ICs, value of taxifolin against EGFR or PI3K was
29.0 or 78.4 pmol/L, respectively. These results indicate that
EFGR and PI3K are effective targets of taxifolin.

Taxifolin binds to EGFR and PI3K at the ATP-binding
pocket

Our computer screening indicated that the shape and
pharmacophore of taxifolin were similar with N-[4-(3-bro-
mo-phenylamino)-quinazolin-6-yl]-acrylamide (PDB ID:
2j5f), a known EGFR inhibitor, and with 4-amino-2-meth-
yl-N-(1H-pyrazol-3-yl) quinazoline-8-carboxamide (PDB
ID: 3prz), a known PI3K inhibitor (Supplementary
Table S1). Both inhibitors were reported to interact with
the ATP-binding pocket of the respective proteins.

A
EGFR, active
Sepharose 4B
Taxifolin-sepharose 4B
ATP (umol/L)
EGFR

C

Figure 2. Taxifolin binds to EGFR
and PI3K at the ATP-binding pocket.
A, taxifolin binds with EGFR in an
ATP-competitive manner. B, taxifolin
binds with PI3K in an ATP-
competitive manner. Active EGFR or
PI3K (200 ng) was incubated with
different concentrations of ATP

(0, 10, or 100 umol/L) and then
incubated with taxifolin-conjugated
sepharose 4B beads or sepharose 4B
beads. The pulled down proteins
were analyzed by Western blot
analysis. Data are representative of 3
independent experiments that gave D
similar results. C, docking model of
EGFR and taxifolin. D, docking model
of PI3K and taxifolin. Docking models
show the predicted interactions.
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Therefore, taxifolin might also bind to the ATP-binding
pocket. ATP competition assays showed that the binding
ability of taxifolin with EGFR (Fig. 2A) or PI3K (Fig. 2B) was
altered in the presence of ATP. We then docked taxifolin to
EGER or PI3K using the Induced Fit Docking module of the
Schrodinger Suite 2010 in extra precision. Taxifolin formed
interactions within the ATP-binding pocket of EGFR (Fig.
2C) or PI3K (Fig. 2D). The important hydrogen bonds with
taxifolin were formed with Lys721, Met769, and Asp831 of
EGFR and Lys779, Val828, and Asp911 of PI3K, respective-
ly. These results suggest that taxifolin is an ATP-competitive
inhibitor of EGFR and PI3K.

Taxifolin suppresses UVB-induced EGFR and PI3K/Akt
signaling pathways in JB6 P+ cells

To show the effect of taxifolin on UV-induced skin
carcinogenesis, we first determined the cytotoxicity of taxi-
folin in the JB6 P+ mouse epidermal cell line. Taxifolin up
to 80 umol/L had no cytotoxicity in JB6 P+ cells (Fig. 3A).
Gefitinib, a well-known selective EGFR inhibitor, is
reported to interact with EGFR at the ATP-binding pocket
and suppresses EGFR kinase activity by attenuation of its

autophosphorylation (35). According to our results show-
ing that taxifolin binds to EGFR at the ATP-binding site
(Fig. 2A, C), taxifolin might also suppress autophosohor-
ylation of EGFR. In fact, UVB-induced phosphorylation of
EGFR at Tyr1068, which is an important autophosphoryla-
tion site of EGFR, is suppressed by taxifolin (Fig. 3B).
Phosphorylation of Akt and p70S6K, PI3K/Akt signaling
proteins, was also suppressed by taxifolin (Fig. 3C). We then
determined whether taxifolin could inhibit UVB-induced
phosphorylation of ERKs, p38, and JNKs, well-known sig-
naling kinases phosphorylated by EGFR in response to UV
irradiation (14-16). Taxifolin suppressed UVB-induced
phosphorylation of ERKs, p38, and JNKs (Fig. 3D) and
also reduced phosphorylation of their downstream target
proteins, p90RSK, MSK, and c¢-Jun (Fig. 3E). To confirm
that the effects of taxifolin on these signaling proteins are
related to the inhibition of EGFR and PI3K, we used
gefitinib or LY294002 as positive controls (Fig. 3C-E).
Gefitinib suppressed phosphorylation of all the kinases
induced by UVB including those in the PI3K/Akt signaling
pathway because EGFR also activates PI3K/Akt signaling
in response to UV irradiation (11, 24). LY294002 only
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or 72 hours. Data are represented
as mean =+ SD from 3 independent
experiments conducted with
triplicate samples and significance
was determined by the Student t
test. No significant difference was
observed between any groups. B,
taxifolin inhibits UVB-induced
phosphorylation of EGFR. C,
taxifolin inhibits UVB-induced
phosphorylation of PI3K/Akt
signaling proteins. D, taxifolin
inhibits UVB-induced
phosphorylation of ERKs, p38, and
JNKs. E, taxifolin inhibits UVB-
induced phosphorylation of
p90RSK, MSK, and c-Jun. B-E,
JB6 P+ cells were starved in
serum-free MEM and treated with
taxifolin (0, 20, 40, or 80 umol/L),
gefitinib (2 umol/L), or LY294002 (2
umol/L) for 24 hours before being
exposed to UVB (4 kJ/m?). After
incubation for 5 minutes (B), 15
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(E), cells were harvested and the
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proteins were determined by
Western blot analysis. Data are
representative of 3 independent
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suppressed phosphorylation of the PI3K/Akt signaling
pathway. These data suggest that taxifolin suppresses
UVB-induced activation of the EGFR and PI3K/Akt sig-
naling pathways through inhibition of EGFR and PI3K.

Taxifolin suppresses UVB-induced COX-2 through
EGFR and PI3K/Akt signaling in JB6 P+ cells

The EGFR, as well as the PI3K/Akt signaling pathways, are
reported to enhance expression levels of COX-2 in response
to UV irradiation (36-37). We therefore examined whether
taxifolin could suppress UV-induced COX-2 expression and
found that taxifolin suppressed UVB-induced COX-2
expression in a dose-dependent manner (Fig. 4A). Gefitinib
and LY294002 suppressed COX-2 expression and cotreat-
ment with gefitinib, and LY294002 showed a stronger effect
than treatment individually (Fig. 4A). Taxifolin also sup-
pressed UVB-induced promoter activity of COX-2 (Fig. 4B)
and generation of PGE, (Fig. 4C), the enzyme product of
COX-2, in JB6 P+ cells. To verify that taxifolin does not
inhibit COX-2 directly, in vitro COX-2 activity was deter-
mined and results indicated that taxifolin had no effect on

COX-2 activity in vitro (Fig. 4D). These results suggest that
taxifolin regulates COX-2 through inhibition of EGFR and
PI3K.

The effect of taxifolin is reduced in EGFR/KO MEFs
compared with EGFR/WT MEFs

Our in vitro kinase assay data showed that the 1Cs,
values of taxifolin are 29.0 pumol/L for EGFR and
78.4 pmol/L for PI3K, respectively (Fig. 1D and E),
suggesting that EGFR is the major target of taxifolin. We
therefore compared the effects of taxifolin in EGFR/WT
and KO MEFs. Western blotting data verified that EGFR
was only detected in EGFR/WT MEFs (Fig. 5A). Taxifolin
suppressed UVB-induced phosphorylation of ERKs, p38,
JNKs, and Akt in EGFR/WT MEFs, whereas the effects of
taxifolin on phosphorylation of ERKs, p38, and JNKs
were not apparent in EGFR/KO MEFs (Fig. 5B). Phos-
phorylation of Akt was completely blocked in EGFR/KO
MEFs and UVB-induced PGE, generation was strongly
downregulated by knocking down EGFR expression
(Fig. 5C). The effect of taxifolin on UVB-induced PGE,
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Figure 4. Taxifolin suppresses UVB-induced expression and promoter activity of COX-2 and PGE2 generation. A, taxifolin, as well as inhibitors of EGFR or PI3K,
suppress UVB-induced COX-2 expression. Cells were starved in serum-free MEM and then treated with taxifolin (0, 20, 40, or 80 umol/L), gefitinib

(2 umol/L), and/or LY294002 (2 umol/L) for 24 hours before being exposed to UVB (4 kJ/m?). After incubation for 4 hours, the cells were harvested and the levels
of COX-2 and B-actin were determined. Data are representative of 3 independent experiments that gave similar results. B, taxifolin suppresses the promoter
activity of COX-2 induced by UVB. JB6 P+ cells stably transfected with a COX-2 luciferase reporter plasmid were starved in serum-free medium

and then treated with taxifolin (0, 20, 40, or 80 umol/L) for 1 hour before exposure to UVB (4 kJ/m?). After incubation for 12 hours, luciferase activity was
measured. C, taxifolin suppresses PGE, generation induced by UVB. Cells were starved in serum-free MEM and then treated with taxifolin (0, 20, 40,

or 80 umol/L) or celecoxib (COX-2 inhibitor, 10 umol/L) for 1 hour before being exposed to UVB (4 kJ/m?). After incubation for 6 hours, PGE, generation
in the medium was determined using a PGE; EIA kit. D, taxifolin has no effect on COX-2 activity in vitro. In vitro COX-2 activity was determined using the COX
Inhibitor Screening Assay kit. B-D, data are represented as mean + SD from 3 independent experiments carried out with triplicate samples and significance
was determined by the Student t test. The asterisk (*) indicates a significant decrease versus UVB (B and C) or COX-2 (D) alone (P < 0.05).
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Figure 5. The effect of taxifolin was reduced in EGFR/KO MEFs compared with EGFR/WT MEFs. A, EGFR expression is only detectable in EGFR/WT MEFs. B,
the effect of taxifolin on UVB-induced phosphorylation of signaling proteins is reduced in EGFR/KO MEFs compared with EGFR/WT MEFs. EGFR/WT
or KO MEFs were starved in serum-free DMEM and then treated with taxifolin (0, 40, or 80 umol/L) for 24 hours before being exposed to UVB (4 kd/m?). After
incubation for 15 minutes, the cells were harvested and the levels of phosphorylated and total proteins were determined by Western blot analysis.

A and B, data are representative of 3 independent experiments that gave similar results. C, the effect of taxifolin on PGE, generation is reduced in EGFR/KO
MEFs compared with EGFR/WT MEFs. EGFR/WT or KO MEFs were starved in serum-free DMEM and then treated with taxifolin (0, 20, 40, or 80 umol/L)
for 1 hour before being exposed to UVB (4 kJ/m?). After incubation for 6 hours, PGE, generation in the medium was determined using a PGE; EIA kit.
Data are represented as mean + SD from 3 independent experiments carried out with triplicate samples and significance was determined by the Student ¢ test.
The asterisk (*) or (#) indicates a significant decrease versus UVB alone in EGFR/WT or KO MEFs, respectively (P < 0.05). D, taxifolin, as well as inhibitors of
EGFR, PI3K, or COX-2 suppresses EGF-induced cell transformation. JB6 P+ cells were treated with taxifolin (0, 20, 40, or 80 umol/L), gefitinib

(0.1 umol/L), LY294002 (1 umol/L), or celecoxib (10 umol/L) together with 1 ng/mL EGF on solidified BME supplemented with 10% FBS and 0.5% agar.
After incubation for 7 days, colonies were counted. Data are represented as mean + SD from 3 independent experiments carried out with triplicate samples

and significance was determined by the Student t test. The asterisk () indicates a significant decrease versus EGF alone (P < 0.05).

generation was also not obvious in EGFR/KO MEFs com-
pared with EGFR/WT MEFs (Fig. 5C). These results sug-
gest that EGFR is a major target of taxifolin in UVB-
induced skin carcinogenesis. The UV spectrum can be
divided into UVA (320-400 nm), UVB (280-320 nm),
and UVC (200-280 nm; refs. 3, 4). Because the UV
spectrum (Amay) of taxifolin is 289 + 2 nm, at least a
portion of the effect of taxifolin could be due to UV
absorption. To address this issue, we determined whether
taxifolin could inhibit EGF-induced cell transformation,
and results indicated that taxifolin suppressed EGF-
induced cell transformation (Fig. 5D). Gefitinib and
LY294002, as well as celecoxib, also suppressed EGF-
induced cell transformation and cotreatment with
gefitinib and LY294002 showed a stronger effect than
individual drug treatment. These results indicate that
taxifolin also suppresses cell transformation induced by

EGFR stimulation and not only affects the UV-induced
signaling pathways.

Taxifolin suppresses SUV-induced skin carcinogenesis
in SKH-1 hairless mice in vivo

To investigate the chemopreventive effect of taxifolin in
vivo, we used the SUV-induced skin carcinogenesis mouse
model. Although UVB is a major etiologic factor for the
development of skin cancer, UVA is the most abundant
component of UV irradiation (4). SUV irradiation con-
sists of UVA and UVB and more closely resembles the
natural environment than UVB only. At first, we con-
firmed that taxifolin indeed suppressed SUV-induced
COX-2 expression (Supplementary Fig. S2A) and PGE,
generation (Supplementary Fig. S2B). We then investi-
gated the chemopreventive effect of taxifolin in the SUV-
induced skin carcinogenesis mouse model. Topical
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Figure 6. Taxifolin suppresses SUV-induced skin carcinogenesis in vivo. SKH-1 hairless mice were treated as described in Materials and Methods. The mice in
the vehicle group (n = 10) received topical treatment with acetone only. The mice in the 1.0 mg taxifolin group (n = 10) were treated with 1.0 mg taxifolin only. In
the Veh/SUV group (n = 20), the mice were treated with acetone before SUV exposure. The mice in the 0.5 mg/SUV or 1.0 mg/SUV groups (n = 20 each)
received treatment with taxifolin (0.5 or 1.0 mg, respectively) before SUV exposure. The frequency of irradiation was set at 3 times a week for 15 weeks. The
respective doses of acetone or taxifolin were applied topically to the dorsal area. Tumor incidence and multiplicity were recorded weekly until the end
of the experiment at week 30. A, external appearance of tumors. B, taxifolin suppresses SUV-induced tumor volume. Tumor volume was calculated according
to the following formula: tumor volume (mms) =length x width x height x 0.52. C, taxifolin suppresses SUV-induced tumor number per mouse at the end of
experiment (week 30). B and C, data are represented as mean + SE and differences were determined by one-way ANOVA. The asterisk (*) indicates a
significant decrease versus the Veh/SUV group (P < 0.01). D, taxifolin inhibits SUV-induced phosphorylation of EGFR and Akt and COX-2 expression in mouse
skin. The expression levels of phosphorylated and total proteins were analyzed by Western blot analysis. E, taxifolin suppresses SUV-induced PGE,
production in mouse skin. PGE, production was determined using a PGE; EIA kit, and the amount of PGE, is expressed as ng/mg protein. D and E, data are
represented as mean + SD and significance was determined by the Student t test. The asterisk (*) indicates a significant decrease versus SUV alone (P < 0.05).

skin carcinogenesis through the inhibition of EGFR and
PI3K activation.

application of taxifolin on mouse skin resulted in a
substantial inhibition of SUV-induced tumor incidence
(Fig. 6A). Topical application of taxifolin decreased the

average tumor volume per mouse (Fig. 6B) and also Discussion

significantly reduced tumor multiplicity at week 30
(Fig. 6C). Western blot analysis of the mouse skin showed
that phosphorylation of EGFR and Akt and COX-2 expres-
sion induced by SUV were dramatically suppressed in the
taxifolin-treated group (Fig. 6D). Taxifolin also strongly
suppressed SUV-induced PGE, generation in mouse skin
(Fig. 6E). These results clearly showed that taxifolin exerts
a strong preventive effect against SUV-induced mouse

Taxifolin has been reported to exert chemopreventive
effects on several cancers. However, the mechanism and
direct targets of taxifolin have not been elucidated. In the
present study, we report that taxifolin directly inhibits the
kinase activities of EGFR and PI3K, and exerts strong che-
mopreventive effects against UV-induced skin carcinogen-
esis. Several studies have shown that the EGFR and PI3K/Akt
signaling pathways are critical for UV-induced skin
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carcinogenesis. EGFR is activated and/or overexpressed in a
variety of human cancers including UV-induced skin cancer
(9, 10) and AG1478, a specific inhibitor of EGFR, was
shown to prevent UV-induced skin carcinogenesis (14).
UV-irradiation was also reported to suppress mitochondria-
and caspase-dependent apoptosis through the PI3K/Akt
pathway and PI3K inhibitors, LY294002 and wartmannin,
which suppressed the rescue from apoptosis by UV irradi-
ation (38). Therefore, our finding suggests the usefulness of
taxifolin in UV-induced skin cancer prevention by direct
inhibition of EGFR and PI3K.

According to our in sillico computer screening and
kinase profiling data, we identified EGFR, PI3K, and Src
as potential targets of taxifolin (Supplementary Table S1).
In vitro pull-down data showed that taxifolin pulled down
EGFR, PI3K, and Src, whereas taxifolin only pulled down
EGFR and PI3K when taxifolin was incubated with cell
lysates ex vivo (Fig. 1B and C). These results suggest that
the binding affinity of taxifolin with Src is lower than with
EGFR and PI3K. Therefore, we conclude that EGFR and
PI3K are targets of taxifolin. The ICs, value of taxifolin
against those kinase activities in vitro was 29.0 umol/L for
EGFR and 78.4 umol/L for PI3K, respectively (Fig. 1D and
E). The effect of taxifolin on UV-induced phosphorylation
of ERKs, JNKs, and p38 completely disappeared in EGFR/
KO MEFs (Fig. 5B), and inhibition of UV-induced PGE,
generation by taxifolin were also not apparent in EGFR/
KO MEFs (Fig. 5C). These results suggest that EGFR is a
major effective target of taxifolin.

Taxifolin is found in an aglycone or glycoside form at
different levels in various plants, including onions (18),
milk thistle (19), French maritime bark (20), and Douglas
firbark (21). For example, the aglycon form was extracted at
97.1 mg/kg and the taxifolin-7-gluoside form at 5.8 mg/kg
from the bulbs of red onion (18), and very high levels of the
aglycon form (620 mg/kg) are found in the seed of milk
thistle (19). Because taxifolin has 2 chiral carbon centers, 4
enantiomeric forms of taxifolin are possible, 2S3R-(+),
2838-(—), 2R3R-(+), and 2R3S-(—)-taxifolin (39). Many
studies that have considered enantioseparation of taxifolin
did not separate the 4 enantiomers, but only 2 enantiomers
(39-41). Vega-Villa and colleagues (39) successfully sepa-
rated 4 enantiomers of taxifolin and their glycosides using
reversed-phase high-performance liquid chromatography.
They indicated that 2R3R-(+)-taxifolin is a major taxifolin
enantiomer in tu fu ling (Rhizoma smilacis glabrae), which
has been used in traditional Chinese medicine to treat
patients with cancer and AIDS (42). Engelhardtia chryso-
lepis, which is also a traditional Chinese medicine, mainly
contains 2R3R-(+)-taxifolin as astilbin (2R3R-(+)-taxifolin
rhamnoside; ref. 22). In the present study, we used 2R3R-
(+)-taxifolin for in vitro and cell-based experiments, and
(+)-taxifolin (2R3R, 2S3R-(+)-taxifolin) for the in vivo
study. The purities of 2R3R-(+)-taxifolin and (+)-taxifolin
are 85% and 90%, respectively. These low purities are
because of the difficulty of separation of 4 taxifolin enan-
tiomers. We therefore compared the docking score of each
of the 4 taxifolin enantiomers against EGFR or PI3K by

computer modeling. All 4 taxifolin enantiomers interact
with EGFR and PI3K with a similar docking score (Supple-
mentary Table S2). We therefore conclude that even though
taxifolin enantiomers are probably contaminants, these
enantiomers likely also have the ability to inhibit the kinase
activity of EGFR or PI3K.

Our results showed that taxifolin suppressed UVB-
induced phosphorylation of EGFR signaling as well as the
PI3K/Akt signaling pathways (Fig 3B-E). Previous studies
indicate that UV-induced EGFR and PI3K/Akt signaling
pathways play important regulatory roles in COX-2 expres-
sion and PGE, generation (36-37). COX-2, a rate-limiting
enzyme for oxidative conversion of arachidonic acid to PGs,
is recognized as a critical enzyme for enhancing cell prolif-
eration, angiogenesis, and tumor promotion (2, 43). In
human and murine skin cells, COX-2 is upregulated in
response to acute and chronic UVB irradiation (37), and
aselective COX-2 inhibitor strongly suppresses UV-induced
skin carcinogenesis (44). Importantly, direct inhibitors of
EGFR or PI3K reduce UVB-induced skin carcinogenesis by
downregulation of COX-2 expression (36). We therefore
investigated whether the inhibition of EGFR and PI3K/Akt
pathways by taxifolin affects COX-2 expression. Our results
indicated that UVB-induced COX-2 expression and PGE,
generation were suppressed by taxifolin (Fig. 4A and B).
Consistent with previous reports, selective inhibitors of
EGFR or PI3K showed strong inhibition of UVB-induced
COX-2 expression. These results suggest that taxifolin sup-
presses UV-induced COX-2 expression by inhibition of
EGFR and PI3K. Wang and colleagues (24) reported that
taxifolin suppressed lipopolysaccharide (LPS)-induced
COX-2 expression. However, no information regarding the
direct target of taxifolin was included. LPS is reported to
mediate enhanced COX-2 expression through the activation
of EGFR (45). Sheu and colleagues also showed that the
PI3K/Akt signaling pathway is involved in COX-2 expres-
sion and cell proliferation induced by LPS (46). These
reports support our finding that taxifolin suppresses
COX-2 expression through inhibition of EGFR and PI3K.
Overall, our study showed that taxifolin exerted excellent
inhibitory effects against UV-induced skin by directly target-
ing EGFR and PI3K. Thus, taxifolin is expected to have
highly beneficial effects in the prevention of skin
carcinogenesis.
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