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Abstract

Cumulative exposure to solar ultraviolet (SUV) irradiation is regarded as the major etiologic factor
in the development of skin cancer. The activation of the mitogen-activated protein kinase (MAPK)
cascades occurs rapidly and is vital in the regulation of SUV-induced cellular responses. The T-
LAK cell-originated protein kinase (TOPK), an upstream activator of MAPKS, is heavily involved
in inflammation, DNA damage, and tumor development. However, the chemopreventive and
therapeutic effects of specific TOPK inhibitors in SUV-induced skin cancer have not yet been
elucidated. In the current study, ADA-07, a novel TOPK inhibitor, was synthesized and
characterized. Pull-down assay results, ATP competition and /77 vitro kinase assay data revealed
that ADA-07 interacted with TOPK at the ATP-binding pocket and inhibited its kinase activity.
Western blot analysis showed that ADA-07 suppressed SUV-induced phosphorylation of ERK1/2,
p38, and JNKSs, and subsequently inhibited AP-1 activity. Importantly, topical treatment with
ADA-07 dramatically attenuated tumor incidence, multiplicity, and volume in SKH-1 hairless
mice exposed to chronic SUV. Our findings suggest that ADA-Q07 is a promising chemopreventive
or potential therapeutic agent against SUV-induced skin carcinogenesis that acts by specifically
targeting TOPK.
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Introduction

Skin cancer is one of the most frequently diagnosed malignancies in the United States, and
its incidence has been increasing at an astonishing rate over the past few decades, exceeding
the number of all other human cancers combined (1). Non-melanoma skin cancer (NMSC)
includes basal cell carcinomas (BCC) and squamous cell carcinomas (SCC) and is the most
common type of skin cancer with substantial associated morbidity and mortality (2). BCCs
comprise approximately 80% of skin cancers with SCC as the second most common skin
cancer. SCCs are more aggressive and have a higher potential for metastasis compared to
BCCs (3). Solar ultraviolet (SUV) irradiation is well documented as a prominent
environmental carcinogen responsible for various physiological and biological effects,
including immune suppression, cellular aging, and DNA damage (4, 5). Furthermore, strong
epidemiological and molecular evidence indicates that cumulative exposure to SUV
irradiation is the major etiologic factor in the development of NMSC (6-8). The SUV
spectrum can be divided into 3 subtypes according to wavelength and include UVA (320-400
nm), UVB (280-320 nm) and UVC (200-280 nm) (9). Previous studies indicated that
although UVC is filtered out by stratospheric ozone, UVA and UVB each has strong
carcinogenic effects on the skin, which can lead to DNA damage, erythema, sunburn,
immunosuppression, and, eventually, skin cancer (5, 10, 11). Therefore, targeting SUV-
induced signaling could be an effective strategy for developing agents for effective
chemoprevention and chemotherapy against skin carcinogenesis.

Activation of intracellular signaling pathways in response to SUV irradiation plays a crucial
role in SUV-induced skin cancer. The mitogen-activated protein kinases (MAPKS) are
serine/threonine protein kinases that are strongly activated by SUV irradiation, and are
essential in the regulation of fundamental cellular processes, such as proliferation,
differentiation, and apoptosis (12). The MAPK cascades comprise the extracellular signal-
regulated kinases (ERKSs), p38 MAPKS, and c-Jun NH,-terminal kinases (JNKSs). The
activation of these pathways occurs rapidly and is vital in the regulation of SUV-induced
cellular responses that can lead to skin carcinogenesis (12). T-LAK cell-originated protein
kinase (TOPK) is a member of the MEK3/6-related MAPKK family and is highly expressed
in many cancers (13). TOPK is an upstream activator of ERKs, p38 MAPKSs and JNKs and
has been identified as an oncogenic protein that is involved in various cellular functions,
such as DNA damage, neoplastic transformation and inflammation (14-16). Moreover, an
accumulation of data provides evidence that the inhibition of TOPK might be useful in
cancer chemoprevention and treatment (17, 18). However, very few effective TOPK
inhibitors have been discovered. Here, we report that a novel compound, ADA-07 (5-((1s,
3s)-adamantan-1-yl)-3-(hydroxyimino) indolin-2-one), is a potent TOPK inhibitor that
effectively suppresses SUV-induced activation of MAPKSs signal transduction resulting in
reduced SUV-induced skin carcinogenesis. These results suggest that ADA-07 might have
beneficial effects in the prevention and treatment of SUV-induced skin carcinogenesis by
directly targeting TOPK.
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Materials and Methods

Chemicals and reagents

Cell culture

MTS assay

ADA-07 was synthesized in-house and MS analysis was performed (Supplementary Figure
1A and B). Cell culture media were all obtained from Invitrogen (Grand Island, NY). Fetal
bovine serum (FBS) was from Gemini Bio-Products (West Sacramento, CA). Tris, NaCl,
and SDS for molecular biology and buffer preparation were purchased from Sigma-Aldrich
(St. Louis, MO). The active TOPK and MEK1 human recombinant proteins for the kinase
assays were from SignalChem (Richmond, BC, Canada) and Millipore (Billerica, MA),
respectively. The antibodies against phosphorylated TOPK (Thr9), ERK1/2 (Thr202/204),
p38, JNKs, c-Jun and total TOPK, ERK1/2, p38, JNKSs, p-c-Jun and PCNA were from Cell
Signaling Biotechnology (Danvers, MA). Antibodies to detect f-actin was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The CellTiter 96 Aqueous One Solution Cell
Proliferation Assay Kit and the luciferase assay substrate were purchased from Promega
(Madison, WI). CNBr-activated Sepharose™ 4B beads were purchased from GE Healthcare
Bio-Sciences (Uppsala, Sweden).

The human skin keratinocytes (HaCaT cells, obtained in 2011), normal human dermal
fibroblasts (NHDF, obtained in 2009), JB6 P+ mouse epidermal cells (obtained in 1999),
human epidermoid carcinoma A431 cells (obtained in 2000) and the HEK293T cell line
(obtained in 2013) were purchased from American Type Culture Collection (ATCC;
Manassas, VA). The human squamous cell carcinoma SCC12 cell line (obtained in 2008)
was purchased from Thermo Fisher Scientific (Waltham, MA). All the cell lines were
cytogenetically tested and authenticated before freezing. Each vial was thawed and
maintained for a maximum of 10 passages. JB6 P+ mouse epidermal skin cells were cultured
in Eagle's Minimum Essential Medium (MEM) with 5% FBS and 1% antibiotics. The
HaCaT, NHDF, HEK293T and A431 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) containing 10% FBS and 1% antibiotics. The SCC12 cell line was
cultured in Dulbecco's modified Eagle's medium/Ham's F-12 50/50 Mix (DMEM: F-12K
50/50) medium supplemented with 10% FBS and 1% antibiotics. All cell culture conditions
were performed following ATCC's instructions.

Cells (1 x 10* cells/well) were seeded into 96-well plates for determining cytotoxicity. After
an overnight incubation, cells were treated with different concentrations of ADA-07 and
incubated for 24 or 48 h. Then 20 pL of the CellTiter 96 Aqueous One Solution (Promega
Corporation, Madison, WI) were added to each well and cells were incubated for an
additional 1 h at 37°C. Absorbance was measured at an optical density of 492 and 690 nm
using the Thermo Multiskan plate-reader (Thermo Fisher Scientific, Waltham, MA).

Anchorage-independent cell growth assay

Cells (8 x 103/well) were seeded into 6-well plates with 0.3% Basal Medium Eagle agar
containing 10% FBS with epidermal growth factor (EGF, 10 ng/ml) and different
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concentrations of ADA-07 and then cultured for 1 to 2 weeks. Colonies were scored under a
microscope using the Image-Pro PLUS (v6.) computer software program (Media
Cybernetics. Rockville, MD).

Crystal violet staining assay

Cell proliferation was determined by a crystal violet staining assay. Cells (3 x 10%/well)
were seeded into 24-well plates. After an overnight incubation, cells were treated with
different concentrations of ADA-07 and incubated for several days. Then, each well was
washed 3 times with phosphate buffered saline (PBS) and stained with 0.2% (w/v) crystal
violet in 2% (v/v) ethanol. After 10 min, cells were washed 3 times with distilled water, and
the remaining dye was dissolved in 0.5% (w/v) sodium dodecyl sulfate in 50% (v/v) ethanol.
Absorbance was measured at an optical density of 540 nm using the Thermo Multiskan
plate-reader (Thermo Fisher Scientific).

SUV irradiation system

The SUV irradiation system (UVA-340 lamps) was purchased from Q-Lab Corporation
(Cleveland, OH) and used to stimulate cells in this study. The UVA-340 lamps provide the
best possible simulation of sunlight in the critical short wavelength region from 365 nm
down to the solar cutoff of 295 nm with a peak emission of 340 nm (19). Using this system,
cells were exposed once at a dose of 60 kJ UVA/m?2 and 2.9 k] UVB/mZ.

Western blot analysis

HaCaT or JB6 P+ cells (1 x 108) were cultured in 10-cm dishes for 24 h and then the
medium was replaced with 0.1% FBS medium for 24 h. Cells were then treated with
different concentrations of ADA-07 for 4 h followed by exposure to SUV (60 kJ UVA/m?
and 2.9kJ UVB/m?). After SUV, cells were incubated for 15 min at 37°C in a 5% CO,
humidified incubator. SCC12 and A431 cells (1.5 x 106) were cultured in 10-cm dishes
overnight and then starved for 24 h. Cells were then treated with different concentrations of
ADA-07 for an additional 24 h. Protein concentration in cell lysates was determined using a
protein assay kit (Bio-Rad Laboratories, Hercules, CA). Equal amounts of proteins were
resolved by SDS-PAGE and then transferred onto polyvinylidene difluoride (PVDF)
membranes (EMD Millipore Corp., Billerica, MA) and membranes were blocked with 5%
nonfat milk for 1 h at room temperature. Blots were probed with appropriate primary
antibodies (1:1000) overnight at 4°C followed by incubation with a horseradish peroxidase
(HRP)-conjugated secondary antibody (1:5000) for hybridization. Protein bands were
visualized with a chemiluminescent reagent (GE Healthcare Biosciences).

Lentiviral Infection

Lentivirus plasmids shTOPK (#1, TRCN0000001807; 5’-
CCGGGAATATGGCAAGAGGGTTAAACTCGAGTTTAACCCTCTTGCCATATTCTTTT
T -3’, #2 TRCN0000001806; 5'-
CCGGCACCAAGCAAATTATCAGAAACTCGAGTTTCTGATAATTTGCTTGGTGTTTT
T -3”) were purchased from GE Healthcare Dharmacon (OpenBioSystem). pLKO.1-puro
Non-Target shRNA Control Plasmid DNA was purchased from Sigma-Aldrich Co. LLC (St.
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Louis, MO). To generate knockdown TOPK cells, the lentiviral expression vector of TOPK
or shRNA control plasmid DNA was transfected into HEK293T cells together with
pMD2.0G and psPAX, which were purchased from Thermo Scientific (Huntsville, AL).
Cells were transfected using iMFectin poly DNA transfection reagent (GenDEPOT)
according to the manufacturer's instructions. Viral supernatant fractions were collected at 48
h after transfection and filtered through a 0.45 pm syringe filter followed by infection into
the appropriate cells together with 10 ug/mL polybrene (Millipore). At 16 h after infection,
the medium was replaced with fresh complete growth medium containing the appropriate
concentration of puromycin. At 3 to 4 days after infection, the selected cells were used for
experiments.

Luciferase reporter assay

Confluent monolayers of JB6 P+ cells stably transfected with an AP-1 luciferase reporter
plasmid were trypsinized and viable cells (4 x 10%) suspended in 1 ml of 5% FBS-MEM
were added to each well of a 24-well plate. After a 24 h incubation at 37°C in a 5% CO,
humidified incubator, cells were starved in 0.1% serum medium for another 24 h and then
treated with different concentrations of ADA-07 for 1 h. Cells were then exposed to SUV
(60 kJ UVA/m? and 2.9kJ UVB/m?2) and harvested after a 3 h incubation. Finally, the cells
were disrupted with 100 pl of lysis buffer (0.1 M potassium phosphate pH 7.8, 1% Triton
X-100, 1 mM dithiothreitol (DTT), and 2 mM EDTA) and luciferase activity was measured
using a luminometer (Luminoskan Ascent, Thermo Electro, Waltham, MA).

Stable control or TOPK knockdown cells were co-transfected with 100 ng of the AP-1
luciferase reporter plasmid and 50 ng of an internal control B-galactosidase plasmid. Cells
were transfected using iMFectin poly DNA transfection reagent (GenDEPQOT) according to
the manufacturer's instructions. After 12 h of transfection, cells were incubated with
different concentrations of ADA-07 for another 24 h. Luciferase and B-galactosidase
activities were measured using the Luminoskan Ascent and Multiskan MCC (Labsystems),
respectively. The luciferase activity was normalized to p-galactosidase activity.

Pull-down assays

ADA-07 (2.5 mg) was coupled to CNBr-activated Sepharose 4B (GE Healthcare
Biosciences, Pittsburgh, PA) matrix-beads (0.5 g) in 0.5 M NaCl and 40% DMSO (pH 8.3)
overnight at 4°C, according to the manufacturer's instructions. Active TOPK, MEK or
HaCaT cell lysates (500 ug) were mixed with ADA-07-conjugated Sepharose 4B beads or
with Sepharose 4B beads alone as a control in reaction buffer (50 mM Tris-HCI pH 7.5, 5
mM EDTA, 150 mM NaCl, 1 mM dithiothreitol [DTT], 0.01% NP-40, 2 pg/mL bovine
serum albumin, 0.02 mM phenylmethylsulfonyl fluoride [PMSF], and 1 x protease inhibitor
cocktail). After gentle rocking at 4°C overnight, the beads were washed 5 times with buffer
(50 mM Tris-HCI pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP-40, and 0.02
mM PMSF). Binding was examined by Western blotting. For the ATP competition assay,
active TOPK (200 ng) was incubated with different concentrations of ATP (0, 10, or 100
UM) in reaction buffer at 4°C overnight. ADA-07-conjugated Sepharose 4B beads or
Sepharose 4B beads alone were added and incubated at 4°C overnight, followed by 5 washes
with buffer. Then, binding was examined by Western blotting.
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In vitro kinase assay

The in vitro kinase assay was conducted according to the instructions provided by Millipore
(Billerica, MA\). Briefly, reactions were performed in the presence of 10 pCi [y—32P] ATP
with active TOPK (200 ng) or MEK1 (200 ng), ADA-07 (0.5, 1, 3, or 5 uM) or HI-032 (10
UM, in-house synthesis) or PD098059 (10 uM, Sigma) in 40 pL of reaction buffer (40 mM
MOPS/NaOH pH 7.0, 1 mM EDTA, 10 mM MnCls, and 0.8 M ammonium sulphate) at
30°C for 30 min. HI-032 or PD098059, a well-known TOPK or MEK?1 inhibitor, was used
as a positive control. Reactions were stopped by adding 10 pl protein loading buffer and the
mixture was separated by SDS-PAGE. The relative amounts of incorporated radioactivity
were assessed by autoradiography.

Molecular modeling

The computer modeling of ADA-07 with TOPK was performed using the Schrodinger Suite
2015 software programs (20). The TOPK crystal structures were prepared under the standard
procedure of the Protein Preparation Wizard in Schrédinger Suite 2015. Hydrogen atoms
were added consistent with a pH of 7 and all water molecules were removed. The ATP
binding site-based receptor grid was generated for docking. ADA-07 was prepared using the
LigPrep program (Schrddinger) and the lowest energy conformations for docking were
determined by using default parameters under the extra precision (XP) mode and the
program Glide. The protein-ligand docking analysis was conducted using the induced fit
docking program of Schrédinger, which can provide the ligand binding flexibility with
binding pocket residues.

Mouse skin tumorigenesis study

Female SKH-1 hairless mice were purchased from Charles River and were acclimated for 2
weeks before the study and had free access to food and water. All animals were maintained
according to the guidelines approved by the University of Minnesota Institutional Animal
Care and Use Committee (IACUC). The animals were housed in climate-controlled quarters
with a 12-h light/dark cycle. The skin carcinogenesis experiments were conducted using 6-8
wk old mice with a mean body weight of 25 g. Skin carcinogenesis was induced by a solar
simulated ultraviolet irradiation system. The SUV irradiation source (Q-Lab Corporation,
Westlake, OH) emitted at wavelengths of 295 to 365 nm and the peak emission was 340 nm.

The two mouse models included an early-stage prevention model and a late-stage prevention
model. These models were designed for detecting either the respective chemopreventive
effect or the potential therapeutic value of ADA-07 against SUV-induced skin damage and
carcinogenesis. For the early-stage prevention study, SKH-1 mice were divided into 7 groups
and an oil-in-water emulsion cream was applied topically as the vehicle with or without
ADA-07. The three control groups included 1) mice (n = 3) not treated with vehicle or SUV,;
2) mice (n = 3) treated with vehicle but no SUV; and 3) mice (n = 3) treated with 1 mg
ADA-07 in vehicle but not exposed to SUV. Experimental groups included 1) mice (n = 12)
treated with SUV only; 2) mice (n = 12) treated with vehicle followed by SUV 1 h later; 3)
mice (n = 12 each group) treated with topical application of 0.1 or 1 mg of ADA-07 in
vehicle 1 h before SUV irradiation. The topical applications and SUV treatment were
applied 3 times a week for a total of 15 weeks. At 15 weeks, SUV irradiation was
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discontinued and topical applications continued with tumor growth monitoring for an
additional 13 weeks until week 28 at which time mice were euthanized and tissues
harvested.

For the late-stage prevention model, the control and experimental groups were identical to
those for the early prevention model. However, the experimental groups of mice were
exposed to SUV irradiation 3 times a week for 15 weeks without application of vehicle or
ADA-07 in vehicle. At the end of 15 weeks, SUV exposure was stopped and application of
vehicle with or without ADA-07 was begun and continued for 13 weeks until week 28 at
which time the study was discontinued and mice euthanized and tissues harvested.

For both studies, the SUV irradiation was progressively increased by 10% each week. At
week 1, mice were irradiated with SUV at a dose of 36 kJ/m2 UVA and 1.8 kJ/m? UVB. At
week 6, the dose of SUV reached 60 kJ/m2 UVA and 2.9 kJ/m2 UVB and this dose was
maintained from week 6 to week 15. The respective doses of vehicle or ADA-07 were
applied topically to the dorsal area. Mice were weighed and tumors were measured once a
week until week 28 or when tumor load reached 1 cm? total volume. At that time mice were
euthanized and one-half of each sample was immediately fixed in 10% formalin and
processed for hematoxylin and eosin (H&E) staining and immunohistochemistry. The other
one-half of the sample was frozen and used for Western blot analysis.

Immunohistochemistry staining

Skin tissues were embedded in paraffin and subjected to immunohistochemistry. Tissues
were de-paraffinized and hydrated and then permeabilized with 0.5% Triton X-100/1 x PBS
for 10 min. Tissues were hybridized with PCNA (1:4000) as the primary antibody and
biotinylated anti-mouse 1gG as the secondary antibody. Slides were stained using the
Vectastain Elite ABC Kit (Vector Laboratories, Inc., Burlingame, CA) to detect protein
targets according to the manufacturer's instructions. After developing with 3, 3'-
diaminobenzidine, the sections were counterstained with hematoxylin.

Statistical analysis

Results

All quantitative data are expressed as mean values + standard deviation (S.D.) of at least 3
independent experiments. Significant differences were determined by a Student ftest or one-
way ANOVA. A probability value of p < 0.05 was used as the criterion for statistical
significance.

ADA-07 inhibits proliferation of NMSC cells

Because of the steady increase in skin cancer incidence, chemoprevention is a practical

approach to the control of SUV-induced skin cancer that has received much public attention
(21). An accumulation of evidence has indicated that TOPK might be an attractive target for
chemopreventive and therapeutic agents and it might contribute to p38 activation and JNKs
phosphorylation during the SUV-induced DNA damage response (22, 23). Thus, identifying
a novel compound that can prevent SUV-induced skin cancer by directly targeting TOPK is
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important. ADA-07 was synthesized as a potential TOPK inhibitor (Figure 1A). To
determine whether ADA-07 exerted any cytotoxic effects against normal skin cells, JB6 P+
mouse epidermal skin cells and normal human dermal fibroblasts (NHDF) were treated with
different concentrations of ADA-07 for 24 or 48 h. The results showed that ADA-07 had no
cytotoxicity at concentrations less than 10 uM (Supplementary Figure 1C, D). We examined
TOPK expression in JB6, NHDF, A431 and SCC12 cells (Supplementary Figure 2). The
results showed that TOPK is expressed at higher levels in skin carcinoma cells (A431 and
SCC12) compared to normal skin cell lines (JB6 and NHDF). This suggests that ADA-07
might specifically target skin carcinoma cells based on the higher expression of TOPK.

In order to confirm whether ADA-07 absorbs at UVA or UVB wavelengths, we examined its
ability to absorb SUV light between 250 and 320 nm. The result indicated that ADA-07
mainly absorbs light in the wavelength range of 250-275 nm and the peak absorption of
ADA-07 is 259 nm, which indicated that ADA-07 did not show significant absorbance of
UVA or UVB (Supplementary Figure 3). In addition, an anchorage-independent growth
assay was performed to assess the effect of ADA-07 on cell transformation. Data indicated
that EGF-induced colony formation of JB6 P+ cells was attenuated after treatment with
different concentrations of ADA-07 (Figure 1B). Similarly, cell proliferation was determined
by a crystal violet staining assay. Results showed that ADA-07 strongly decreased SCC12
and A431 cell proliferation in a dose-dependent manner (Figure 1 C, D). Overall, these
results indicated that ADA-07 exhibited strong anti-tumor efficacy against NMSC cell
growth and deserves further investigation.

ADA-07 directly suppresses TOPK kinase activity

To better understand the function of ADA-07 in skin carcinogenesis, homology modeling
and subsequent molecular docking were conducted to determine whether ADA-07 binds to
TOPK. The binding model indicated that ADA-07 formed interactions within the ATP-
binding pocket of TOPK and two potential hydrogen bonds were formed with the hinge
residues Gly118 and Gly119 of TOPK and ADA-07 (Figure 2A, Supplementary Figure 4).
In addition, an ATP competition assay showed that the binding ability of ADA-07 with
TOPK was altered in the presence of ATP (Figure 2B). Further, an /n vitro binding assay was
performed using ADA-07-conjugated beads and HaCaT cell lysates. Results showed that
both TOPK and MEK1/2 were detected in the ADA-07-conjugated beads group but not in
the beads only group (Figure 2C, D). Next, we conducted an /n vitro TOPK or MEK1 kinase
activity assay with increasing concentrations of ADA-07. The results indicated that ADA-07
effectively inhibited TOPK kinase activity but not MEK1 activity (Figure 2E, F). Overall,
the data suggested that ADA-Q7 directly binds to TOPK and suppresses TOPK kinase
activity.

ADA-07 attenuates SUV-induced TOPK downstream signaling

MAPK signaling cascades are well-known targets in SUV exposure and are involved in the
regulation of SUV-induced cellular responses (12, 16, 24). Particularly, the activation of the
ERKs pathway is relevant to UVA, whereas activation of INKs and p38 MAPKSs is directly
triggered by UVB or UVC irradiation (25, 26). Additionally, evidence indicated that
hyperactivation of TOPK results in uncontrolled cell proliferation in many human cancers
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including skin cancer (13, 16, 27). Therefore we examined the effect of ADA-07 on the
SUV-induced TOPK signaling pathway in HaCaT and JB6 P+ cells. At the same time we
also examined the TOPK signaling pathway in SCC12 and A431 skin cancer cells after
treatment with ADA-07. Results showed that the level of phosphorylation of ERK1/2, p38,
and JNKs in HaCaT and JB6 P+ cells exposed to SUV (60 ki UVA/m?2 and 2.9 k] UVB/m?)
was markedly suppressed after treatment with different concentrations of ADA-07 (Figure
3A). Similarly, the level of phosphorylation of ERK1/2, p38, and JNKs was blocked by
ADA-07 in SCC12 and A431 cells dose-dependently (Figure 3B). Although no significant
changes were observed in the phosphorylated and total TOPK protein levels, our results
showed that ADA-07 directly binds to TOPK and suppresses TOPK kinase activity, and then
blocks the phosphorylation of ERK1/2, p38, and JNKSs, which are the downstream of TOPK.
Previous reports revealed that AP-1 could be activated by SUV irradiation through the
MAPK cascades (28, 29); and TOPK was involved in the UVB-induced JNK1-c-Jun-
dependent signaling pathway leading to AP-1 activation (22). Therefore, we examined the
protein levels of phosphorylation and total c-Jun by Western blot analysis. The results
indicated that the phosphorylated c-Jun protein levels in HaCaT and JB6 P+ cells exposed to
SUV were significantly suppressed after treatment with different concentrations of ADA-07
(Figure 3C). Similarly, the protein levels of phosphorylated c-Jun were blocked dose-
dependently by ADA-07 in SCC12 and A431 cells (Figure 3D). To examine the effect of
ADA-07 on SUV-induced transactivation of AP-1, we exposed JB6 P+ cells stably
transfected with an AP-1 luciferase reporter plasmid to ADA-07 and SUV. The data showed
that ADA-07 inhibited SUV-induced transactivation of AP-1 (Figure 3E) dose-dependently.
Moreover, we also measured AP-1 activity using a combination of ADA-07 and knockdown
of TOPK. The data indicated that AP-1 activity was suppressed after knockdown of TOPK
in A431 cell line. More specifically, in the control group, the AP-1 activity was inhibited by
ADA-07 in a dose-dependent manner. However, in the TOPK knockdown group, the AP-1
activity was only slightly affected by ADA-07 at the highest concentration (5 pM), which
confirmed that ADA-07 suppresses AP-1 activity by directly targeting TOPK (Figure 3F).
These results provide evidence showing that ADA-07 treatment suppresses SUV-induced
TOPK downstream signaling and AP-1 activity in NMSC cells. Based on these results, we
hypothesized that ADA-07 might decrease SUV-induced carcinogenesis /n vivo.

ADA-07 suppresses SUV-induced skin carcinogenesis in SKH-1 hairless mice

SUV irradiation, comprising both UVA and UVB, more closely resembles the natural
environment and exerts a variety of effects on cells and tissues. To study the
chemopreventive effect and potential therapeutic value of ADA-07 in vivo, we used two
different SUV-induced mouse skin tumorigenesis models. Specifically, we set up animal
studies that included an early-stage prevention model (Figure 4 and Supplementary Figure 5)
and a late-stage prevention model (Figure 5 and Supplementary Figure 6). Topical
application of ADA-07 on mouse dorsal skin had no effect on body weight (Supplementary
Figure 5A and 6A) but resulted in a total inhibition of SUV-induced papilloma formation in
the early-stage prevention group (Figure 4A, B, C, and Supplementary Figure 5B), and a
substantial suppression of SUV-induced tumor incidence in the late-stage prevention group
(Figure 5A and Supplementary Figure 6B). Compared with the vehicle-treated group,
although some papillomas were observed in the late-stage prevention study at 28 weeks after
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SUV exposure, results indicated that topical treatment with 0.1 or 1 mg ADA-07
significantly reduced tumor volume and multiplicity (Figure 5B, C). Skin cancer
development is well-known to be a multistep process, and SCCs frequently progress from
actinic keratosis (AK), a sun-induced keratinocyte intraepithelial neoplasia (KIN or in situ
cSCC) (30). Thus, in order to evaluate the histopathological differences between each group,
skin and tumor samples were processed for H&E staining at the end of the study (28 weeks).
In the early-stage prevention study, results revealed that chronic SUV irradiation induced
malignant SCCs in SUV-treated and vehicle and SUV-treated groups, respectively. However,
treatment with 0.1 or 1 mg ADA-07 decreased SUV-induced epidermal thickness, which
represents typical changes in skin histological inflammation (Figure 4D, left panels).
Similarly, both AKs and SCCs were induced by SUV exposure in the late-stage prevention
model. Notably, ADA-07 dramatically decreased epidermal thickness and inhibited the
formation of SCCs (Figure 5D, left panels). Additionally, immunohistochemical data
showed that PCNA, which is a well-known marker for evaluating cell proliferation, was
significantly increased in the SUV- or vehicle and SUV-treated groups. In contrast, the
expression of PCNA was decreased in the ADA-07-treated groups, compared with the SUV-
or vehicle and SUV-treated groups in both prevention models (Figure 4D, 5D, right panels).
Moreover, Western blot analysis of mouse skin showed that phosphorylation of ERK1/2,
p38, and JNKs induced by SUV was dramatically suppressed in the ADA-07-treated groups
(Figure 4E, 5E). Overall, these results clearly indicated that ADA-07 exerts a strong
preventive effect and also has potential therapeutic value against SUV-induced mouse skin
carcinogenesis through its inhibition of TOPK activation.

Discussion

Solar ultraviolet (SUV) irradiation represents the most important environmental risk factor
that is involved in the development of skin cancer (31, 32). Studies demonstrated that
accumulated SUV irradiation exposure leads to an increased risk of both BCC and SCC and
nearly 90% of NMSC is estimated to be caused by chronic exposure to SUV (33, 34).
Particularly, an early sign of SUV-induced skin cancer is the development of AKs, which
have been identified as precursors to SCC. Epidemiological evidence demonstrated that
approximately 0.025-16% of AKSs progress into invasive SCCs within one year, whereas
approximately 26% of AKs spontaneously regress within one year (30, 35). Thus, SCC is
preventable and often curable if detected early. An accumulation of evidence indicated that
specific proteins are involved in SUV-induced skin carcinogenesis. Specifically,
approximately 88% of human skin cancers contain p53 mutations (36) and activating RAS
mutations have been found in UV-induced mouse skin cancers (37). The importance of
EGFR, RSK2, ERKs and COX-2 in UV-induced skin carcinogenesis has also been reported
in the past few years (38-41). Interestingly, TOPK, a newly identified oncogene, has been
studied in a wide range of human cancers (13, 15). Although previous studies indicated that
TOPK is highly expressed in melanoma and clinical samples of solar dermatitis (16, 42),
only one potential TOPK inhibitor against SUV-induced skin inflammation has been
discovered. In the current study, we identified a novel TOPK inhibitor referred to as ADA-07
(Figure 1A) and showed its potential chemopreventive or therapeutic effects against SUV-
induced skin carcinogenesis.
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As indicated earlier, MAPK signaling pathways are activated during UV-induced
carcinogenesis. Disturbance of the MAPK cascades by UV occurs rapidly and can lead to
cellular malfunction, altered gene expression or loss of cell cycle control, which further
contributes to the formation of cancer cells (4). The p38 and JNKSs proteins, which are
subgroups of the MAPK family, are highly expressed in solar dermatitis (42), and both play
significant roles in SUV-induced inflammation and apoptosis (43-47). ERK1/2 are well-
characterized MAP kinases. They are activated in keratinocytes following SUV irradiation
and are involved in regulating cell proliferation, differentiation, apoptosis and tumorigenesis
(48-50). TOPK is an upstream kinase of p38 and JNKSs and can phosphorylate ERK1/2 (13).
Abnormal levels of TOPK can signal downstream, triggering the activation of the ERK1/2,
p38 or JNKs pathways. In the present study, we demonstrated that ERKSs signaling, as well
as p38 MAPKSs and JNKSs signaling, was strongly enhanced by SUV irradiation (Figure 3A).
However, our findings indicated that ADA-07 not only dramatically suppressed SUV-
induced activation of ERK1/2, p38 or JNKs in HaCaT and JB6 P+ cells, but also decreased
MAPK signaling in skin cancer cells (Figure 3A, B). Evidently, the activator protein-1
(AP-1) transcription factor is crucial for skin cancer development (51) and the activity of
AP-1 is increased by SUV exposure through the activation of the MAPK signaling pathways
(12). Moreover, TOPK was involved in the UVB-induced JNK1-c-Jun-dependent signaling
pathway leading to AP-1 activation (22). Our data clearly showed that SUV-induced
transactivation of AP-1 was inhibited by ADA-07 dose-dependently (Figure 3E). Similarly,
the AP-1 activity was significantly suppressed by ADA-07 in a dose-dependent manner in
A431 cells, whereas after knockdown of TOPK only showed a slight decrease of AP-1
activity at the highest concentration of ADA-07 (Figure 3F). More directly, results of an /n
vitrokinase assay showed that ADA-07 effectively inhibited TOPK kinase activity, but not
MEK?1 activity (Figure 2E, F). Collectively, our findings further suggested that the
chemopreventive or therapeutic effects of ADA-07 against SUV-induced skin carcinogenesis
might be due to the specific inhibition of TOPK.

Evidence indicated that only 3 TOPK inhibitors, HI-TOPK-032, OTS514 and Cefradine
have been discovered (17, 18, 42). However, the chemopreventive or therapeutic effects of
these compounds against SUV-induced skin carcinogenesis have not yet been studied.
Importantly, our /n vivo results showed that ADA-07 was an effective chemopreventive
agent and a potential therapeutic agent against SUV-induced skin tumorigenesis. The SKH-1
hairless mouse is widely considered to be the most suitable model for studies of SUV-
induced carcinogenesis, and also is very useful for the study of topical compounds that alter
SUV-induced skin cancer development (38, 52). Generally, skin tumors are induced in mice
by chronic exposure to SUV, and tumors progress from foci of epithelial hyperplasia to
premalignant papillomas and ultimately into a malignant SCC (52). In this study, our system
of SUV irradiation mimics natural sunlight that includes both UVA and UVB spectrums.
Results indicated that SCCs were successfully induced by 15 weeks of SUV exposure (3
times a week) in our SKH-1 hairless mouse models. Importantly, the topical application of
ADA-07 completely suppressed the incidence of SUV-induced skin cancer development in
an early-stage prevention study (Figure 4, Supplementary Figure 5). In addition, we showed
that SKH-1 mice exposed to SUV and treated with topical ADA-07 displayed a significantly
decreased tumor incidence, multiplicity, volume and malignancy rate compared to vehicle-
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treated mice in the late-stage prevention study (Figure 5, Supplementary Figure 6). These
data support the idea that cumulative length of SUV exposure is a risk factor for SUV-
induced NMSC and highlights the fact that ADA-07 might ultimately decrease skin
carcinogenesis through its direct inhibition of TOPK.

Overall, this study suggests that TOPK is an important mediator of SUV-induced skin
carcinogenesis. The novel compound, ADA-07, inhibited TOPK by blocking its kinase
activity thereby suppressing ERK1/2, p38, JNKs and AP-1 activation. The chemopreventive
effect and potential therapeutic value of ADA-07 was confirmed in the SKH-1 hairless
mouse models. Therefore, ADA-07 is a promising chemopreventive and potential
therapeutic agent that might be applied to human skin malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NHDF normal human dermal fibroblasts
NMSC Non-melanoma skin cancer

SCC squamous cell carcinomas

SUvV solar ultraviolet
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Figure 1. ADA-07 inhibits proliferation of NM SC cell lines
A, chemical structure of ADA-07. B, ADA-07 blocks EGF-induced neoplastic

transformation of JB6 P+ cells. Cells were exposed to EGF (10 ng/ml) and treated with
increasing concentrations of ADA-07. Representative photographs are shown and data are

presented as mean values £ S.D. from triplicate experiments. ADA-07 suppresses cell
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proliferation of SCC12 (C) or A431 (D) cell lines. Cells were treated with different
concentrations of ADA-07 for several days and cell proliferation was determined by a
crystal violet staining assay. The graph shows data from multiple experiments expressed as
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mean values * S.D. The asterisk (*) indicates a significant (*, p< 0.05; **, p< 0.001; ***, p
< 0.0001) decrease in cell proliferation with ADA-07 treatment.
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Figure 2. TOPK isa specific target of ADA-07
A, computational docking model of ADA-07 with TOPK. B, ADA-07 binds with TOPK in

an ATP-competitive manner. Active TOPK (200 ng) was incubated with different
concentrations of ATP (0, 10 or 100 uM) and then mixed with ADA-07-conjugated
Sepharose 4B beads or Sepharose 4B beads. Proteins were pulled down and analyzed by
Western blot. Data are representative of 3 independent experiments that gave similar results.
ADA-07 binds to either TOPK (C) or MEK1/2 (D) ex vivo. Lysates from HaCaT cells (500
ug) were incubated with ADA-07-conjugated Sepharose 4B beads or Sepharose 4B beads
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alone and the pulled-down proteins were analyzed by Western blot. Data are representative
of 3 independent experiments that gave similar results. ADA-07 inhibits TOPK kinase (E)
activity but not MEK1 kinase (F) activity /n vitro. Active TOPK (200 ng) was mixed with
ADA-07 (0, 0.5, 1, 3, or 5 uM) or HI-032 (TOPK inhibitor, 10 uM) and then incubated with
a ['y-32P] ATP mixture. Similarly, MEK1 (200 ng) was mixed with ADA-07 (0, 0.5, 1, 3, 5,
or 10 uM) or PD098059 (MEK1 inhibitor, 5 uM) and then incubated with a [y-32P] ATP
mixture. For E and F, the results are visualized by autoradiography and Coomassie blue
staining serves as a loading control. Data are representative of 3 independent experiments
that gave similar results.
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Figure 3. ADA-07 attenuates SUV-induced TOPK downstream signaling
A, ADA-07 inhibits SUV-induced phosphorylation of ERK1/2, p38, and JNKs in HaCaT

and JB6 P+ cell lines. The cells were cultured, treated for 4 h with different concentrations
of ADA-07 and then exposed to SUV (60 k] UVA/m?2 and 2.9 kJ UVB/m2), followed by an
additional 15-minute incubation. Cells were harvested and the levels of phosphorylated and
total proteins were determined by Western blot analysis with specific antibodies as indicated.
B, ADA-07 inhibits phosphorylation of ERK1/2, p38, and JNKs in SCC12 and A431 cell
lines. The cells were cultured and treated with different concentrations of ADA-07 for 24 h.
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Cells were harvested and the levels of phosphorylated and total proteins were determined by
Western blot analysis with specific antibodies as indicated. C, ADA-07 suppresses the
phosphorylation c-Jun protein levels in HaCaT and JB6 P+ cells exposed to SUV (60 kJ
UVA/m?2 and 2.9 kJ UVB/m?2). D, ADA-07 attenuates phosphorylation c-Jun protein levels
in SCC12 and A431 cells dose-dependently. E, ADA-07 inhibits SUV-induced AP-1 activity.
For the luciferase assay, JB6 P+ cells stably transfected with an AP-1 luciferase reporter
plasmid were cultured. After starvation for 24 h, cells were treated for 1 h with ADA-07 (0,
1.25, 2.5, or 5 pM). Cells were then exposed to SUV (60 kJ UVA/m? and 2.9 kJ UVB/m?)
and harvested 3 h later. Luciferase activity was measured and AP-1 activity is expressed
relative to control cells without SUV treatment. F, ADA-07 represses AP-1 activation in
A431 cells and knockdown of TOPK also suppresses AP-1 activation. Knockdown of TOPK
in A431 cell line (/ef?). Stable control or TOPK knockdown cells were co-transfected with
100 ng of the AP-1 luciferase reporter plasmid and 50 ng of internal control B-galactosidase
plasmid. Cells were transfected using iMFectin poly DNA transfection reagent
(GenDEPOT) according to the manufacturer's instructions. After 12 h of transfection, cells
were incubated with the different concentrations of ADA-07 for another 24 h. Luciferase
and p-galactosidase activities were measured using reagents included in the reporter assay
system (right). Data are shown as mean values + S.D obtained from triplicate experiments.
Significant differences were evaluated using one-way ANOVA and the asterisks (*) indicate
a significant effect (*, p< 0.05; **, p< 0.001; ***, p<0.0001).
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Figure 4. ADA-07 suppresses SUV-induced skin carcinogenesisin an SKH-1 hairless mouse
ear ly-stage prevention model
SKH-1 hairless mice were treated as described in Materials and Methods. The respective

doses of vehicle with or without ADA-07 were applied topically to the dorsal area 1 h before
SUV exposure. Mice were exposed to SUV 3 times a week for 15 weeks, and tumor
incidence and multiplicity were recorded weekly until the end of the experiment at week 28.
A, external appearance of tumors. B, ADA-07 suppresses SUV-induced tumor volume.
Tumor volume was calculated according to the following formula: tumor volume (mm3) =
length x width x height x 0.52. C, ADA-07 suppresses the average number of SUV-induced

Mol Cancer Ther. Author manuscript; available in PMC 2018 September 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Page 23

tumors at week 28. For B and C, data are represented as mean values + S.D. and significant
differences were determined by one-way ANOVA. The asterisk (*) indicates a significant
decrease compared to the SUV only or the vehicle and SUV-treated groups (***, p < 0.001).
D, ADA-07 inhibits SUV-induced skin carcinogenesis in mouse skin epidermal tissue.
Dorsal trunk skin samples were harvested and stained with H&E (left panels) or with an
antibody to detect PCNA (right panels). Representative staining shows the pathologic
changes in the epidermis from each of the groups (scale bar = 100 pm). Expression of PCNA
was quantified using Image-Pro Plus software and stained cells were counted from 5
separate areas on each slide (lower panel). An average of 3 samples was calculated per
group. Data are expressed as mean percent of control + S.D. and the asterisks indicate a
significant difference in PCNA expression (***, p< 0.001). E, ADA-07 inhibits SUV-
induced phosphorylation of ERK1/2, p38, and JNKs in mouse skin. The expression levels of
phosphorylated and total proteins were analyzed by Western blot.

Mol Cancer Ther. Author manuscript; available in PMC 2018 September 01.



1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Gao etal.

2004 No vehicle/no SUV
B —e— Vehicle/no SUV C
o -e- 1 mg ADA-07/no SUV £
E _150]—=Veniclesuv g2
$4 ——0.1 mg ADA-07/SUV R
£ £ ——1 mg ADA-07/SUV 5 E
€ 100 s &
e z
16 18 20 22 24 26 28 Vi & N N
‘Weeks SUV + i g
D I B ADA-07 (mg) - 0.1 1.0
No vehicle/no SUV i ; N
7 oy - @D é -
X 5 » & L2 5
Vehicle/no SUV o E ? 5 K ) N
§ 2 $ 2 = 2
2 s = B g 3
: §§ ¢ P
§ 3§ I F ¥
1 mg ADA-07/no SUV S 5 & F &
£ 5~ £ S ~
; p-ERK1/2 | = |
Vehicle/SUV S
ERKI. [EE S SEEEE S RN
0.1 mg ADA-07/SUV § p-p38 | - |
- - - -
5 p38 | - - |
1 mg ADA-07/SUV [C,( Sl p-INKs | -— |
A ; ¢
H&E PCNA N [ETSESSSSESEET
Bractin [ M i e e
30
e
— 20 —
A2 © No vehicle/no SUV
g8 @ Vehicle/no SUV
= 10 < 2 1 mg ADA-07/no SUV
5 v Vehicle/SUV
@ 3 + 0.1 mg ADA-07/SUV
N o QgL o 1mgADA0TISUV

Figure 5. ADA-07 suppresses SUV-induced skin carcinogenesisin an SKH-1 hairless mouse late-
stage prevention model
SKH-1 hairless mice were treated as described in Materials and Methods. Mice were

exposed to SUV for 15 weeks and then treatment with vehicle with or without ADA-07 was
applied topically to the dorsal area for an additional 13 weeks. Tumor incidence and
multiplicity were recorded weekly until the end of the experiment at week 28. A, external
appearance of tumors. B, ADA-07 suppresses SUV-induced tumor volume. Tumor volume
was calculated according to the following formula: tumor volume (mm?3) = length x width x
height x 0.52. C, ADA-07 decreases the average number of SUV-induced tumors at week
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28. For B and C, data are represented as mean values + S.D. and differences were
determined by one-way ANOVA. The asterisk (*) indicates a significant decrease compared
to the group exposed to SUV only or the group treated with vehicle followed by SUV (***,
p <0.001). D, ADA-07 inhibits SUV-induced skin carcinogenesis in mouse skin epidermal
tissue. Dorsal trunk skin samples were harvested and stained with H&E (left panels) or with
an antibody to detect PCNA (right panels). Representative staining shows the pathologic
changes in the epidermis from each of the groups (scale bar = 100 pm). Expression of PCNA
was quantified using Image-Pro Plus software and stained cells were counted from 5
separate areas on each slide (lower panel). An average of 3 samples was calculated per
group. Data are expressed as mean percent of control + S.D. and the asterisks indicate a
significant difference in PCNA expression (***, p< 0.001). E, ADA-07 inhibits SUV-
induced phosphorylation of ERK1/2, p38, and JNKs in mouse skin. The expression levels of
phosphorylated and total proteins were analyzed by Western blot.
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