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Abstract

Herbacetin is a flavonol compound that is found in plants such as flaxseed and ramose scouring rush herb, it possesses a
strong antioxidant capacity, and exerts anticancer effects on colon and breast cancer. However, the effect of herbacetin on
skin cancer has not been investigated. Herein, we identified herbacetin as a dual V-akt murine thymoma viral oncogene
homolog (AKT) and ornithine decarboxylase (ODC) inhibitor, and illustrated its anticancer effects in vitro and in vivo against
cutaneous squamous cell carcinoma (SCC) and melanoma cell growth. To identify the direct target(s) of herbacetin, we
screened several skin cancer-related protein kinases, and results indicated that herbacetin strongly suppresses both AKT
and ODC activity. Results of cell-based assays showed that herbacetin binds to both AKT and ODC, inhibits TPA-induced
neoplastic transformation of JB6 mouse epidermal cells, and suppresses anchorage-independent growth of cutaneous
SCC and melanoma cells. The inhibitory activity of herbacetin was associated with markedly reduced NF-xB and AP1
reporter activity. Interestingly, herbacetin effectively attenuated TPA-induced skin cancer development and also exhibited
therapeutic effects against solar-UV-induced skin cancer and melanoma growth in vivo. Our findings indicate that
herbacetin is a potent AKT and ODC inhibitor that should be useful for preventing skin cancers.

Introduction

Skin cancer is the most common type of cancer and the inci-
dence continues to increase by 1.3 million new cases each year
in the United States (1). The non-melanoma skin cancers, includ-
ing basal cell carcinomas (BCCs) and squamous cell carcinomas
(SCCs), account for 80 and 16% of all skin cancers, respectively
(2). The two-stage skin carcinogenesis mouse model initiated by
chemical agents such as 7,12-dimethylbenzanthracene (DMBA)

and promoted by 12-O-tetradecanoylphorbol 13-acetate (TPA)
is used to study the initiation, promotion and progression of
mouse skin tumors (3-5). Additionally, the solar ultraviolet (UV)
irradiation-induced skin cancer mouse model is well-estab-
lished. Although many environmental and genetic factors con-
tribute to the development of skin cancer, the most important
factor is chronic exposure of the skin to solar UV irradiation. TPA

Received: January 11, 2017; Revised: June 26, 2017; Accepted: August 3, 2017

© The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com.

1136


mailto:djkim@hci-cn.org?subject=
mailto:zgdong@hi.umn.edu?subject=

Abbreviations

AKT V-akt murine thymoma viral oncogene homolog
AP1 activator protein-1

DMBA 7,12-dimethylbenz[a]-anthracene

ERKs extracellular signal-regulated kinases

NF-«B nuclear factor-kappaB

RSK ribosomal S6 kinase;

TPA 12-O-tetradecanoylphorbol-13-acetate

or solar UV induces high levels of polyamines, which correlate
with skin cancer development (6). Increased polyamine levels
are associated with increased cell growth, cell motility, metas-
tasis and decreased apoptosis (6). Additionally, polyamines acti-
vate the phosphorylation of ERKs and induce the expression of
oncogenes such as myc, jun and fos (7). Ornithine decarboxylase
(ODCQ) is the first enzyme in the polyamine synthesis pathway,
and elevated ODC activity has been observed in mouse skin
papillomas, as compared to normal skin (8). Previous reports
suggested highly correlative effects of ODC activities and poly-
amines in their ability to induce skin cancer caused by DMBA/
TPA or solar UV irradiation (9,10). Additionally, fibroblast trans-
formation induced by activated RAS induces ODC expression,
and ODC promotes RAS-mediated skin carcinogenesis in mice
(11,12). However, evidence has not been provided that impli-
cates HRAS in the regulation of polyamine metabolic enzymes
in epithelial cancers (12). DMBA treatment alone can induce
skin tumor development in K6.0DC and K5.0DC mice (13).
Furthermore, reduced ODC expression in heterozygous ODC-
null mice strongly suppresses DMBA/TPA-induced skin tumori-
genesis (14), indicating that overexpression of ODC is enough to
cause tumorigenesis. Additionally, the V-akt murine thymoma
viral oncogene homolog (AKT)-dependent signaling pathway is
important in the early step of the two-stage skin carcinogen-
esis and MAPK signaling is most heavily involved in the later
stages of malignant conversion (15). Therefore, these pathways
represent key mechanisms in skin carcinogenesis. Furthermore,
these pathways provide compensatory mechanisms because
they cross-talk extensively to both positively and negatively
regulate each other (16). Therefore, co-inhibition of both path-
ways has been successful in reducing tumor growth in in vivo
models (17,18).

In melanoma, both the RAS/RAF/MEK/ERKs and PI3K/AKT
signaling pathways are constitutively activated through multi-
ple mechanisms (19). Over 50% of melanomas harbor activat-
ing mutations in the BRAF gene at V600E, which is known to
play a key role in proliferation and survival of melanoma cells
through the activation of the MAPK pathway (20,21). The PI3K/
AKT (phosphatidylinositol 3-kinase/v-akt murine thymoma
viral oncogene homologue) is one of the most frequently acti-
vated proliferation and survival pathways and is an important
intracellular signaling pathway downstream of many growth
factor receptors (22,23). The most frequent causes of changes in
this pathway include mutation or increased gene copy numbers
of PIK3CA or other PI3K isoforms, loss of expression of the path-
way suppressors or hyperactivation of receptor tyrosine kinases
through receptor overexpression or activating mutations (24—
26). Although mutations in AKT genes are rarely found in skin
cancers, aberrant AKT activation can occur through numer-
ous mechanisms that affect elements upstream of AKT (27,28).
Additionally, increased phosphorylation of AKT in melanoma is
associated with tumor progression and shorter survival (29-31).

The transcription factor, nuclear factor-kappaB (NF-kB) is
heavily involved in oncogenesis through its ability to control cell
proliferation and survival in various cancers (32). This signaling
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cascade interacts with several parallel pathways, including the
signaling cascades initiated by the PI3K/AKT signaling pathway
(33). Previous findings suggested that the AKT-dependent inter-
action between IKK and mTOR positively regulates NF-«B activ-
ity (34,35). The NF-kB family of proteins is overexpressed in the
nuclei of dysplastic nevi and melanoma cells compared to nor-
mal nevi and healthy melanocytes (36). Therefore, targeting AKT
and ODC are a potential strategy for cancer chemoprevention
and chemotherapy against skin cancer.

Herbacetin is a flavonol compound that is found in plants
such as flaxseed and ramose scouring rush herb (37) and it
possesses a strong antioxidant capacity and exerts anticancer
effects against breast cancer and colon cancer (38,39). Previous
findings indicated that herbacetin increased cellular apoptosis
by inducing reactive oxygen species (ROS) and reducing PI3K/
AKT signaling in hepatocellular carcinoma hepG2 cells (40). It
also suppressed hepatocyte growth factor-induced cell motil-
ity by inhibiting c-Met and AKT signaling in breast cancer cells
(38). Recently, herbacetin was identified as an allosteric ornith-
ine decarboxylase (ODC) inhibitor that effectively suppressed
colon tumor growth (39). However, its biological functions and
activities are still not completely elucidated in other cancers.
In the present study, we investigated the anticancer effects of
herbacetin against DMBA/TPA-solar UV-induced skin carcino-
genesis and melanoma xenograft growth in vivo and found that
herbacetin is a novel AKT and ODC inhibitor that can attenuate
skin carcinogenesis.

Materials and methods

Cell lines

Cell lines were purchased from American Type Culture Collection (ATCC)
and were cytogenetically tested and authenticated before being frozen.
Each vial of frozen cells was thawed and maintained in culture for a maxi-
mum of 8 weeks. Enough frozen vials were available for each cell line to
ensure that all cell-based experiments were conducted on cells that had
been tested and in culture for 8 weeks or less. JB6 mouse epidermal cells
were cultured in minimal Eagle’s medium (MEM) supplemented with 5%
fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA) and 1%
antibiotic-antimycotic. N/TERT-1 human skin cells were purchased from
the Harvard Skin Disease Research Center and cultured in bronchial epi-
thelial cell basal medium (BEBM; Lonza, Portsmouth, NH) supplemented
with gentamicin, bovine pituitary extract (BPE), transferrin, insulin,
human recombinant epidermal growth factor (hrEGF), hydrocortisone and
epinephrine. A431 human cutaneous SCC cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% FBS (Biological
Industries, Cromwell, CT) and 1% antibiotic-antimycotic. SK-MEL-5 or -28
human melanoma cells were cultured in Minimal Essential Medium with
Earle’s Balanced Salts (MEM/EBSS) supplemented with 10% FBS (Biological
Industries) and 1% antibiotic-antimycotic.

Reagents and antibodies

Herbacetin (purity: > 90% by HPLC) was purchased from Indofine Chemical
Company (Hillsborough, NJ). CNBr-Sepharose 4B beads were from GE
Healthcare (Piscataway, NJ). Antibodies to detect total ERKs, phosphoryl-
ated ERKs (T202/Y204), total RSK, phosphorylated RSK (S380), total AKT,
phosphorylated AKT (S473), total p65 and phosphorylated p65 (S536) were
purchased from Cell Signaling Technology (Beverly, MA). The antibody to
detect 3-actin was from Santa Cruz Biotechnology (Santa Cruz, CA).

Anchorage-independent cell growth

Cells (8 x 10° per well) suspended in complete growth medium (Basal
Medium Eagle; BME) supplemented with FBS (5% FBS for JB6 cells, 10% FBS
for cutaneous SCC and melanoma cells) were added to 0.3% agar with or
without TPA, and different concentrations of herbacetin in a top layer over
a base layer of 0.6% agar with or without TPA and different concentrations
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of herbacetin. The cultures were maintained at 37°C in a 5% CO, incubator
for 2 weeks and then colonies were counted under a microscope using the
Image-Pro Plus software (v.6) program (Media Cybernetics).

Luciferase assay for reporter activity

The reporter activity assay was conducted according to the manufactur-
er’'s manual (Promega, Madison, WI). AP1- or NF-xB-stably transfected JB6
cells (1 x 10* per well) were seeded on 12-well culture plates and incubated
for 24 h. Cells were cultured in 0.1% FBS/MEM for 24 h and then treated
with herbacetin for 2 h before treatment with TPA for 48 h. Cutaneous SCC
or melanoma cells were seeded on 12-well culture plates and incubated
for 24 h. Cells were transfected with the AP1 or NF-xB reporter plasmid for
24 h and treated with herbacetin for 48 h. Cells were harvested in Promega
Lysis Buffer. The luciferase and Renilla activities were measured using sub-
strates in the reporter assay system (Promega). The luciferase activity was
normalized to Renilla activity.

ODC enzyme assay

ODC activity was measured as the release of CO, from L-[1-**C] ornithine
as previously described (39).

Cell viability assay

To estimate viability, cells were seeded (6 x 10° cells/well) in 96-well plates
with BEBM at 37°C in a 5% CO, incubator. The cells were treated with her-
bacetin at various concentrations for 24 or 48 h. After incubation, 20 pl of
MTT solution (Solarbio, Beijing, China) were added to each well, and the
cells were then incubated for 1 h at 37°C in a 5% CO, incubator. Absorbance
was measured at 570 nm.

Cell proliferation assay

Cells were seeded (1 x 10° cells per well) in 96-well plates and incubated
for 24 h. JB6 cells were cultured in 0.1% FBS/MEM for 24 h and then treated
with TPA and different concentrations of herbacetin. N/TERT-1, A431,
SK-MEL-5 or -28 cells were seeded (2 x 10° cells per well) in 96-well plates
and incubated for 24 h. Cells were treated with different concentrations
of herbacetin. After incubation for 48 h, 20 pl of CellTiter96 Aqueous One
Solution (Promega) were added and then cells were incubated for 1 h at
37°Cin a 5% CO, incubator. Absorbance was measured at 492 nm.

Pull-down assay using
CNBr-herbacetin-conjugated beads

Total cell lysates (500 ug) were incubated with herbacetin-Sepharose 4B
(or Sepharose 4B only as a control) beads (50 ul, 50% slurry). The pull-down
assay was described previously (39).

Computational modeling of AKT1, AKT2 and ODC
with herbacetin

For in silico docking with herbacetin and AKTs, we used the Schrodinger
Suite 2015 software programs. AKT1 and AKT2 crystal structures were
first derived from the PDB Bank (41) and then they were prepared under
the standard procedures of the Protein Preparation Wizard (Schrédinger
Suite 2015). Hydrogen atoms were added consistent with a pH of 7 and
all water molecules removed. The AKT1 and AKT2 ATP-binding site-based
receptor grid was generated for docking, and also ODC-allosteric binding
site was generated as previously described (39). Herbacetin was prepared
for docking by default parameters using the LigPrep program. Then, the
docking of herbacetin with ODC, AKT1 and AKT2 was accomplished with
default parameters under the extra precision (XP) mode using the pro-
gram Glide, respectively. Herein, we could get the best-docked representa-
tive structures.

In vivo studies using the DMBA/TPA two-stage skin
carcinogenesis mouse model

Hairless SKH:HR-1-hrBr (SKH-1) mice were obtained from Charles River
and maintained following the guidelines established by the University of
Minnesota Institutional Animal Care and Use Committee. Mice (8-9 weeks
old) were divided into five groups: (1) DMBA + vehicle group (n = 20); (2)
DMBA-initiated (200 nmol) and TPA-promoted group (17 nmol; n = 20);

(3) DMBA/TPA + 100 nmol of herbacetin (n = 20) group; (4) DMBA/TPA +
500 nmol of herbacetin group (n = 20); (5) DMBA + 500 nmol of herbacetin
group (n = 20). One week after initiation with DMBA, 17 nmol of TPA in
acetone was topically applied twice weekly until the termination of the
experiment at 20 weeks. When used, each dose of herbacetin was dis-
solved in 0.2 ml of 10% H,0 in acetone and then topically applied to dorsal
mouse skin at 30 min before TPA treatment. The number and volume of
tumors per mouse was recorded weekly. The results are expressed as the
percent of mice with tumors (incidence), average tumor volume (size) and
average number of tumors per mouse (multiplicity).

In vivo studies using the solar-UV induced-skin
tumor mouse model

Mice were exposed to solar-UV (48 kJ/UVA/2.9 kJ/UVB) three times weekly
for 12 weeks. The solar UV treatment was discontinued and 20 weeks
later, mice were topically treated with 100 or 500 nmol of herbacetin (in
acetone) for an additional 7 weeks. Mice were treated with herbacetin or
vehicle, five times per week. Mice (8~9 weeks old) were divided into three
groups: (1) solar UV + vehicle group (n = 4); (2) solar UV + 100 nmol of
herbacetin (n = 4) group; (3) solar UV + 500 nmol of herbacetin (n = 4). The
weight and tumor volume per mouse were recorded weekly.

Xenograft mouse model

Athymic mice [Cr:NIH(S), NIH Swiss nude, 6-9-wk-old] were obtained from
Charles River and maintained under ‘specific pathogen-free’ conditions
based on the guidelines established by Zhengzhou University Institutional
Animal Care and Use Committee. Mice were divided into three groups
of eight animals each as follows: (1) untreated vehicle group; (2) 0.2 mg
herbacetin/kg of body weight and (3) 1 mg herbacetin/kg body weight.
SK-MEL-5 cells (3 x 10° cells/100 ul) were suspended in serum free MEM/
EBSS medium including 50% Matrigel, and inoculated subcutaneously into
the right flank of each mouse. Herbacetin or vehicle (5% DMSO in 10%
tween 80) was injected three times per week for 15 days. Tumor volume
was calculated from measurements of 2 diameters of the individual tumor
base using the following formula: tumor volume (mm?) = (length x width
x height x 0.52). Mice were monitored until tumors reached 1 cm?® total
volume, at which time mice were euthanized and tumors extracted.

Hematoxylin-eosin staining and
immunohistochemistry

Tumor tissues from mice were embedded in paraffin blocks and subjected
to hematoxylin and eosin (H&E) staining and immunohistochemistry
(IHC). Tissue sections were deparaffinized and hydrated, and then per-
meabilized with 0.5% Triton X-100/1 wiPBS for 10 min. After developing
with 3, 3’-diaminobenzidine, the sections were counterstained with H&E.
For IHC, sections were hybridized with the primary antibody (1:500) and a
horse-radish peroxidase (HRP)-conjugated goat anti-rabbit or mouse IgG
antibody was used as the secondary antibody. All sections were observed
by microscope and the Image-Pro Plus software (v. 6) program (Media
Cybernetics).

Statistical analysis

All quantitative results are expressed as mean values + SD or + SE.
Significant differences were compared using the Student’s t test or one-
way analysis of variance (ANOVA). A P value of < 0.05 was considered to
be statistically significant. The statistical software package used was the
‘Statistical Package for the Social Sciences (SPSS Inc.)’.

Results

Herbacetin is a potent dual inhibitor of AKT1/2 and
oDC

To identify potential molecular targets of herbacetin, we
screened the effect of herbacetin against several PI3K-AKT sign-
aling kinases using an in vitro kinase assay. The results indicated
that AKT1 or AKT?2 activity is inhibited by herbacetin (Figure 1A).
Furthermore, quercetin and kaempferol have a similar structure
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surface transparency. Hydrogen bonds are shown as red lines.

to herbacetin, and have been reported to be a potent MEKs or
RSK2 inhibitor, respectively. Therefore, to determine whether
herbacetin has an effect on MAPK signaling, we performed an
in vitro kinase assay using herbacetin. Results showed that her-
bacetin had little effect against these kinases (Figure 1B). Next,
to examine the interaction between herbacetin and AKT1 or 2,
we performed in vitro pull-down assays using herbacetin-conju-
gated Sepharose 4B beads (or Sepharose 4B as a negative con-
trol) and A431 (cutaneous SCC) and SK-MEL-5 (melanoma) cell
lysates. Results showed that herbacetin directly binds to AKT1
or 2, but not RSKs in cells (Figure 1C). To better understand how
herbacetin interacts with AKT1 or AKT2, we docked it into the

ATP binding pocket of AKT1 or AKT2 using several protocols in
the Schrédinger Suite 2015. From the docking model, we found
that herbacetin formed hydrogen bonds with AKT1 or AKT2
(Figure 1D). These results indicated that herbacetin is a poten-
tial inhibitor of AKT1 or AKT2. Images were generated with the
UCSF Chimera program (42). The inhibition of ODC activity, and
its binding with herbacetin, and the computer modeling were
described previously (39).

Anticancer activity of herbacetin

To evaluate the effect of herbacetin on cell viability, we treated
N/TERT normal skin cells with herbacetin. Results showed that
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herbacetin (50 uM concentration) had little effect on N/TERT cell
viability (Figure 2A). To examine the effect of herbacetin on TPA-
induced cell growth, JB6 cells were co-treated with herbacetin
and TPA for 48 h. Results indicated that herbacetin significantly
suppressed TPA-induced cell growth (Figure 2B) as well as cuta-
neous SCC and melanoma cell growth (Figure 2C). Additionally,
to determine the effect of herbacetin on TPA-induced neoplastic
cell transformation, cells were co-treated with TPA and herbace-
tin and results indicated that herbacetin markedly suppressed
TPA-induced neoplastic transformation of JB6 epidermal cells
(Figure 2D). Additionally, herbacetin strongly inhibited anchor-
age-independent cell growth in cutaneous SCC or melanoma
cells (Figure 2E).

Herbacetin inhibits TPA-induced AP1 and NF-«B
activity by suppressing AKT and ODC signaling in
JB6 cells

We investigated whether herbacetin could directly affect the
phosphorylation of GSK3p, which is a downstream signal for the
AKT proteins. JB6 cells were treated with TPA for 15 min after
pre-treatment with herbacetin for 2 h, and protein expression
was analyzed by Western blotting. Results indicated that her-
bacetin strongly inhibits TPA-induced phosphorylation of GSK3,
but had no effect on ERKs, RSK or ODC (Figure 3A). Next, we
determined whether TPA-induced ODC activity is regulated by
herbacetin in JB6 mouse epidermal cells. Cells were treated with
TPA for 24 h after pre-treatment with herbacetin for 2 h and ODC
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Figure 2. Anti-cancer effects are exerted by herbacetin. (A) Effect of herbacetin on viability of normal skin cells. Cells were treated with herbacetin for 24 or 48 h. Cell
viability was measured at an absorbance of 570 nm. (B) Effect of herbacetin on TPA-induced growth of JB6 cells. TPA-induced cells were treated with herbacetin at vari-
ous doses and then incubated for 48 h. (C) Effect of herbacetin on cutaneous SCC cell or melanoma cell growth. Cells were treated with herbacetin at various concentra-
tions and then incubated for 48 h. For B and C, cell growth was estimated at 570 nm. (D) Effect of herbacetin on TPA-induced JB6 cell transformation. Cells treated with
TPA and herbacetin were incubated for 2 weeks. (E) Effect of herbacetin on anchorage-independent growth of cutaneous SCC cells or melanoma cells. Cells were treated

with herbacetin and incubated for 2 weeks. For D and E, colonies were counted using a microscope and the Image-Pro PLUS (v.6) computer software program. All data

are shown as means + SD. of triplicate values from three independent experiments and the asterisk (*) indicates a significant (P < 0.05) inhibitory effect of herbacetin
on TPA-treated or untreated control cells compared to herbacetin-treated samples.
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Figure 3. Herbacetin inhibits TPA-induced AP1 or NF-kB promoter activity. (A) The effect of herbacetin on TPA-induced AKT and ERKs signaling. Serum-starved (0.1%
FBS; 24 h) JB6 cells were treated with various doses of herbacetin for 1 h followed by treatment with TPA for 15 min. (B) Effect of herbacetin on TPA-induced ODC activ-
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followed by treatment with TPA for 24 h. For, A and E, cell lysates were analyzed by Western blotting. Similar results were obtained from three independent experiments.

activity was analyzed. Results showed that TPA-induced ODC
activity was significantly suppressed by herbacetin (Figure 3B).
Next, we determined whether herbacetin had an effect on acti-
vator protein-1 (AP1) and nuclear factor kappa B (NF-kB) reporter
activity in JB6 cells stimulated with TPA. Cells were pre-treated
with herbacetin for 2 h before stimulation with TPA for 48 h. AP1
or NF-xB reporter activity was strongly suppressed by herbace-
tin through its inhibition of the phosphorylation of ERK1/2, p65
or ODC protein expression in TPA-treated JB6 cells (Figure 3C-E).

These data suggested that herbacetin directly inhibited AKT and
ODC activity resulting in attenuated AP1 and NF-«B activation.

Herbacetin inhibits AP1 or NF-kB activity by
suppressing AKT and ODC signaling in cutaneous

SCC and melanoma cells

We also determined whether herbacetin affects phosphoryla-
tion of GSK3f in cutaneous SCC and melanoma cells. Cells were
treated with herbacetin for 3 h and protein expression was
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analyzed by Western blotting. Results showed that herbace-
tin suppresses phosphorylation of GSK3p, but does not affect
ERKs phosphorylation and ODC protein expression (Figure 4A).
Additionally, we determined whether ODC activity is regulated by
herbacetin in cutaneous SCC or melanoma cells. Results indicated

that herbacetin significantly inhibited ODC activity (Figure 4B).
Furthermore, the cells were treated with herbacetin for 48 h
to determine its effect on AP1 or NF-xB reporter activity. Both
reporter activities were significantly inhibited by herbacetin treat-
ment in cutaneous SCC and melanoma cells. (Figure 4C and D).
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Figure 4. Herbacetin inhibits AP1 or NF-xB activity in cutaneous SCC or melanoma cells. (A) The effect of herbacetin on AKT and ERKs signaling. Cells were treated
with various concentrations of herbacetin for 3 h. (B) Effect of herbacetin on ODC activity in cutaneous SCC or melanoma cells. Cells were treated with various doses
of herbacetin for 24 h and ODC activity was measured as the release of CO, from L-[1-**C] ornithine. The effect of herbacetin on (C) AP1 and (D) NF-xB reporter activity.

Cells were treated with herbacetin and then incubated for 48 h. Reporter activity

was measured using substrates included in the reporter assay system. Data are shown

as means =+ SD of triplicate values from three independent experiments and the asterisk (*) indicates a significant (P < 0.05) inhibitory effect of herbacetin on AP1 or

NF-kB reporter activity. (E) The effect of herbacetin on phosphorylated ERKs, p65

and ODC expression. Cells were treated with various concentrations of herbacetin for

24 h. For A and D, cell lysates were analyzed by Western blotting and similar results were obtained from three independent experiments.



Furthermore, phosphorylation of ERK1/2, p65 and ODC expres-
sion were also decreased in a dose-dependent manner (Figure 4E).

Herbacetin attenuates TPA-induced skin

carcinogenesis and solar-UV-induced skin cancer in
vivo

We examined the antitumor activity of herbacetin against skin
carcinogenesis and its effectiveness in treating skin cancer using
in vivo mouse models. We examined the effect of herbacetin
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on skin carcinogenesis in the two-stage 7,12-dimethylbenz[o]-
anthracene (DMBA)/12-0O-tetradecanoylphorbol-13-acetate
(TPA)-induced skin cancer mouse model. Treatment of mice with
herbacetin decreased the number and volume of skin papillomas
relative to the TPA-only-treated group (Supplemental Figure 1A,
available at Carcinogenesis Online; Figure 5A and B; P < 0.05). The
compound also inhibited the phosphorylation of AKT and GSK3f3
as well as the expression of ODC downstream proteins, includ-
ing ERKs and RSK (Figure 5C) and significantly attenuated ODC
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Figure 5. Herbacetin is a preventive and therapeutic agent against skin cancer in vivo. The effect of herbacetin on the (A) number and (B) volume of TPA-induced skin
tumors was assessed weekly over 20 weeks. Data are shown as means =+ SE of values (n > 10) and the asterisk (*) indicates a significant difference (P < 0.05) between
herbacetin-treated groups compared to the TPA only-treated group. No tumors were observed in the vehicle-treated or the herbacetin only- (i.e. no TPA) treated groups.
(C) Effect of herbacetin on AKT, ODC and ERKs signaling. (D) Measurement of ODC activity. Skin tissue tumors induced by TPA were isolated from vehicle- and herbace-
tin-treated groups of mice for immunoblot analysis of AKT and ERKs signaling. (E) The therapeutic effect of herbacetin (100 or 500 nmol) on solar UV-induced-mouse
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groups compared to the vehicle-treated group.
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activity (Figure 5D) in vivo. Furthermore, we examined the pos-
sible therapeutic effect of herbacetin on solar-UV-induced skin
tumors in SKH-1 hairless mice. Tumors were induced by expo-
sure of mice to solar UV for 12 weeks. Solar UV was discontinued
to allow tumor development and 20 weeks later, tumors were
treated with herbacetin (100 or 500 nmol) for an additional 7
weeks (Supplementary Figure 1B and C, available at Carcinogenesis
Online). Results indicated that herbacetin significantly decreased
the size (i.e., volume) of skin tumors relative to the vehicle group
(Figure 5E; P < 0.05) as well as ODC activity (Figure 5F) in vivo.

Herbacetin suppresses melanoma tumor growth in

vivo

Furthermore, we also examined the effects of herbacetin in a
xenograft mouse model using SK-MEL-5 melanoma cells. These
results indicated that herbacetin significantly decreased the vol-
ume of melanoma growth relative to the vehicle-treated group
(Figure 6A; P < 0.05). Additionally, mice tolerated treatment with
herbacetin without significant loss of body weight similar to the
vehicle-treated group (Figure 6B). In addition, the effects of her-
bacetin on the Ki-67 tumor proliferation marker were evaluated
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Figure 6. Herbacetin attenuates xenograft tumor growth. (A) Herbacetin suppresses melanoma tumor growth. SK-MEL-5 melanoma cells were injected subcutaneously
into the dorsal right flank of mice. Mice were injected with herbacetin or vehicle three times a week for 15 days. Mice were monitored until tumors reached 1 cm? total
volume at which time mice were euthanized and tumor tissues harvested. Tumor volume was calculated from measurements of 2 diameters of the individual tumor
based on the following formula: tumor volume (mm?) = (length x width x height x 0.52). Data are shown as means + SE of values obtained from the experiments. The
asterisk () indicates a significant difference between tumors from untreated or treated mice as determined by t test (P < 0.05). (B) Herbacetin has no effect on mouse
body weight. Body weights from treated or untreated groups of mice were obtained once a week for 25 days. (C) Immunohistochemistry analysis of tumor tissues.
Treated or untreated groups of mice were euthanized and tumor tissues harvested. Tumor tissue slides were prepared from paraffin sections after fixation with forma-
lin and then stained with anti-Ki-67. Expression of Ki-67 was visualized by light microscope (x200). The number of Ki-67-stained cells (right panel) was counted from
immunohistochemistry results (N = 8; *P < 0.05). (D) Herbacetin inhibits AKT and ODC signaling protein expression in melanoma tissues. Tumor tissues from groups
treated with vehicle, 0.2 or 1 mg herbacetin per kg body weight were immunoblotted with antibodies to detect AKT, GSK3p, ERKs and f-actin.



in melanoma tissues by immunohistochemistry. The expression
of Ki-67 was significantly decreased by treatment with herbace-
tin (Figure 6C). We then examined the effect of herbacetin on
AKT1/2 phosphorylation, its downstream signaling and ODC
protein expression in melanoma tissues. Results indicated that
phosphorylation of GSK3f and ODC was suppressed by herbace-
tin treatment (Figure 6D). These findings indicated that mela-
noma growth was suppressed by herbacetin by targeting the
AKT1/2 and ODC signaling pathway.

Discussion

Inhibitory effects of phytochemicals against carcinogenesis in
animal modelsindicate that numerous cancers can be suppressed
by the various functions, including antioxidant, anti-inflamma-
tory and anti-carcinogenic properties, of these compounds (43).
However, diet-based intervention and dietary prevention trials in
humans have been disappointing (44-46). Although prevention
of solar UV and carcinogen-induced skin carcinogenesis by vari-
ous phytochemicals has been examined, their mechanism and
direct targets have not been fully investigated.

In this study, we demonstrated in in vitro and cell-based
assays that herbacetin is a potent AKT inhibitor. The AKT path-
way is an important intracellular signaling pathway down-
stream of many growth factor receptors and its activation has
been reported both in non-melanoma and in melanoma (47).
In the DMBA/TPA two-stage skin carcinogenesis mouse model,
AKT activity is increased during the promotion (20 weeks)
and progression stages [30 weeks (15)]. Therefore, herbacetin
seems to be working well during the promotion and progres-
sion stages of the DMBA/TPA mouse model (Figure 5A and C).
Although many environmental and genetic factors contribute to
the development of skin cancer, the most important etiologic
factor is chronic exposure of the skin to solar UV irradiation.
Therefore, we determined whether herbacetin could prevent
solar UV-induced skin cancer. Our study showed that herbace-
tin strongly suppresses papilloma number and volume in solar
UV-induced skin cancer mouse model and also attenuated
SK-MEL-5 melanoma cell-induced tumor growth in a xenograft
mouse model (Figures S5E and 6A). These findings suggested that
herbacetin is a potent chemopreventive and chemotherapeutic
compound.

Previous reports suggested that TPA or solar UV induces
high level of polyamines, which correlate with skin cancer
development (7,48,49). Increased polyamine levels are associ-
ated with increased cell growth, cell motility, metastasis and
decreased apoptosis (7). ODC is the first enzyme in the poly-
amine synthesis pathway and elevated ODC activity has been
observed in mouse skin papillomas compared to normal skin
(8). Additionally, highly correlative effects of ODC activities
and polyamines in their ability to induce skin cancer caused
by DMBA/TPA or solar UV irradiation have been reported (9,10).
Recently, our group showed that herbacetin was a novel allos-
teric inhibitor of ODC, and suppressed colon tumor growth
(39). To determine the effects of herbacetin on ODC expres-
sion and activity, DMBA/TPA-induced skin tumor tissues were
analyzed by Western blot and ODC activity was assessed.
Results suggested that ODC protein expression and activity
were strongly decreased by herbacetin treatment (Figure 5C
and D). Furthermore, to identify more effective ODC inhibitor,
we performed an in vitro ODC enzyme assay with herbacetin
and 5 similar polyphenol compounds (quercetin, kaempferol,
resveratrol, taxifolin and 7,3,4’-trihydroxyisoflavone). Results
showed that herbacetin and 7,3’,4'-trihydroxy-isoflavone most
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strongly inhibited ODC activity compared to other compounds
(Supplementary Figures 2 and 3A, available at Carcinogenesis
Online). Next, to confirm the effect of herbacetin or 7,3’,4’-trihy-
droxyisoflavone on ODC activity, we performed an in vitro ODC
enzyme assay using these compounds in a dose-dependent
manner. Results indicated that herbacetin was the most effec-
tive ODC inhibitory compound (Supplementary Figure 3B, avail-
able at Carcinogenesis Online).

The transcription factor, activator protein 1 (AP1), and the
nuclear factor-kappaB (NF-«B) are heavily involved in oncogen-
esis through their ability to control cell proliferation and tumor
progression in various cancers (32,50). Polyamines activate the
phosphorylation of ERKs and induce the expression of AP1 com-
ponents such as jun, and fos (7). Additionally, AKT could induce
NF-«xB activation through the phosphorylation of the RelA/
p65 NF-kB subunit (34,51). Therefore, we investigated whether
herbacetin suppresses AP1 and NF-«kB activity. Our results sug-
gested that herbacetin inhibited skin tumor growth by blocking
the activation of AP1 and NF-«B through the suppression of ODC
and AKT activity (Figures 3C and D; 4C and D).

Our findings support the idea that herbacetin is a potent
AKT and ODC inhibitor that could be useful for preventing and
treating skin cancers. Additional studies are planned to further
characterize herbacetin, and perform pharmacokinetics and
pharmacodynamics studies as well as elucidating toxicological
responses.

Supplementary material

Supplementary material is available at Carcinogenesis online.
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