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ABSTRACT

Because the transcription factor activator protein-1
(AP-1) regulates a variety of protein-encoding genes,
it is a participant in many cellular functions, in-
cluding proliferation, transformation, epithelial mes-
enchymal transition (EMT), and apoptosis. Inhibitors
targeting AP-1 have potential use in the treatment of
cancer and other inflammatory diseases. Here, we
identify veratramine as a potent natural modulator of
AP-1, which selectively binds to a specific site (TRE
5'-TGACTCA-3’) of the AP-1 target DNA sequence and
regulates AP-1-dependent gene transcription with-
out interfering with cystosolic signaling cascades
that might lead to AP-1 activation. Moreover, RNA-
seq experiments demonstrate that veratramine does
not act on the Hedgehog signaling pathway in con-
trast to its analogue, cyclopamine, and likely does
not harbor the same teratogenicity and toxicity. Ad-
ditionally, veratramine effectively suppresses EGF-
induced AP-1 transactivation and transformation of
JB6 P+ cells. Finally, we demonstrate that vera-
tramine inhibits solar-ultraviolet-induced AP-1 acti-
vation in mice. The identification of veratramine and

new findings in its specific regulation of AP-1 down
stream genes pave ways to discovering and design-
ing regulators to regulate transcription factor.

INTRODUCTION

Natural products have historically been invaluable as a
source for the discovery and development of a variety of
drugs (1). Veratramine, a known natural steroidal alkaloid
isolated from plants of the lily family, such as the Veratrum
species (2), has been shown to be effective in lowering blood
pressure, antagonizing Na+ channel activity, and acting on
serotonin (5-HT) with agonist activity (2-4). Importantly,
veratramine is structurally similar to the Hedgehog (Hh)
pathway modulator, cyclopamine, which prompted our in-
terest in studying whether veratramine has similar pharma-
cological effects on the Hh pathway.

In this study, veratramine was identified as a downstream
modulator of the activation of activator protein-1 (AP-1)
by directly binding to the target DNA sequence of AP-1 in-
stead of acting on the Hh signaling pathway. It could in-
hibit EGF-induced JB6 P+ cell transformation and EGF-
induced AP-1 activation in a dose-dependent manner by
specifically blocking the binding of AP-1 to its cognate
DNA sequence. Furthermore, in an AP-1 transgenic mouse
model, veratramine also blocked solar ultraviolet (UV)-
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induced AP-1 activation. These results suggest that vera-
tramine might be a potential anticancer candidate acting
through different pharmacological mechanisms.

The transcription factor AP-1 is a menagerie of dimeric
basic region-leucine zipper (bZIP) proteins that belong
to the Jun, Fos, Maf and ATF sub-families. AP-1 recog-
nizes either 12-O-tetradecanoylphorbol-13-acetate (TPA)
response elements (5-TGAG/CTCA-3") or cAMP response
elements (CRE,5-TGACGTCA-3") (5) and regulates ex-
pression within the regulatory regions of various genes,
thereby controlling cellular proliferation, transformation,
differentiation, and apoptosis (6-8). Much evidence indi-
cates that aberrant AP-1 activity is implicated in the patho-
genesis of a number of diseases, including tumorigenesis (9—
11), inflammation (12-15) and infection (16). Consequently,
AP-1 is considered one of the most promising targets for
therapeutic cancer intervention along with other transcrip-
tion factors, such as c-Myc (17), HIF-1 (18), STAT3 (19)
and NF-kB (20). Beyond that, the remarkable progress of
the development of biomarkers which are used to diag-
nose and treat cancers (21,22), even provide information re-
garding the pathways or simulation responses that are in-
volved in the activation of transcription factors, such as
NF-«kB (23), further pave the way for developing the AP-1
signalling pathway modulators. However, AP-1 is a double-
edged sword in tumorigenesis. It can display anti-oncogenic
characteristics by inducing apoptosis or it can exert onco-
genic activity by signaling and promoting cell survival (24).
The final outcome of AP-1 activity in cancer appears to de-
pend on AP-1 dimer composition and on the cellular and
genetic context in which it is studied (24). To achieve the aim
of therapeutic intervention, many approaches have been ex-
plored for modulating various components of the transcrip-
tion machinery using small molecules (25). Strategies are
divided into two principle types: (i) directly targeting the
DNA-binding domain or the cognate DNA sequence of a
specific transcription factor (11) and (ii) indirectly target-
ing the co-activators or mediators of transcription (26). Of
these two approaches, targeting specific transcription fac-
tors by blocking their binding to cognate DNA sequences
seems to be more effective and offers several advantages.
Specific DNA-binding agents could principally inhibit or
affect the function of whole families of transcription factors
that share highly conserved DNA sequence domains. This
would allow the regulation of only a subset of genes con-
trolled by the given transcription factor without affecting
the expression of the entire set of genes. However, the advan-
tages could also be considered drawbacks for DNA-binding
drugs, due to the challenges in achieving selectivity for short
nucleic acid sequences in the human genome (26). Syn-
thetic polyamide-based inhibitors that selectively disrupt
NF-kB binding by directly binding the DNA sequences, 5'-
WGGWWW-3" and 5-GGGWWW-3', have been recently
reported (27). However, potent small molecules, especially
potentially druggable natural products that can specifically
and directly bind the AP-1 target DNA sequence, have
not been reported. Consequently, to identify natural active
DNA minor groove binders, we performed a virtual screen
against a natural product database by specifically targeting
the AP-1 target DNA sequence (TRE 5-TGACTCA-3).
Results identified veratramine and several other active natu-
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ral products, including compounds 1125 and 1126. Thus, to
further understand the effect of veratramine and its active
analogues, compounds 1125 and 1126, on AP-1-dependent
transcription, RNA-seq was performed on JB6 P+ cells
treated with these compounds to measure changes in gene
expression. Furthermore, the in vivo and in vitro effects of
these compounds on AP-1 activity were also demonstrated.

MATERIALS AND METHODS
Identification of veratramine by virtual screening

Structure-based virtual screening was conducted using our
DNA specific molecular docking method, iDNAbinder, to
examine an in-house natural product database of ~2000
compounds. The compounds were first ionized and then
their most probable tautomeric states were determined with
Epik (version 2.0) (28) pH 7.0 4 2.0. The prepared com-
pounds were geometrically optimized using the OPLS2005
force field implemented in Maestro (29). The X-ray crys-
tal structure of a heterodimer of the bZIP region of c-Fos
and c-Jun bound to DNA (PDB code: 1FOS (30)) was used
as the virtual-screening-based receptor structure. The c-Fos
and c-Jun transcription factors were removed to expose the
AP-1 target site on the DNA sequence. The DNA sequence
was then prepared with Sybyl (31) to add hydrogens and
partial charges. The related parameters were set as default,
and only the best-scored binding pose for each compound
was retained. The top ranked 500 compounds were kept
for visual inspection analysis. Finally, 75 of the 500 com-
pounds were selected as candidate compounds and 35 of
the 75 compounds were eventually obtained to perform the
bioassay experiments.

Isothermal titration calorimetry (ITC)

Three sequences of oligonucleotides (the cognate DNA of
AP-1 and the random designed decoys DNA) were syn-
thesized and annealed to form double-stranded DNA. The
study about the interactions of compound-DNA was per-
formed using Isothermal titration calorimetry (MicroCal
1TC200). For the titration of 1125 to DNA, the prepared
double-stranded DNA and the compound 1125 were di-
luted using the buffer (10 mM HEPES, 100 mM NacCl,
pH 7.2 and 7.1% DMSO). The concentration of DNA in
the cell was 100 wM, and the concentration of 1125 in the
syring was 3.57 mM. Similarly, for the interaction study
about 1529-DNA, each sequence of DNA was diluted to
10 wM and the compound 1529 was diluted to 1 mM us-
ing the buffer (10 mM HEPES, 100 mM NacCl, pH 7.2 and
10% DMSO). All titration experiments were performed by
adding the compound in steps of 2 wl at 25°C. The data
were analyzed using Microcal origin software by fitting to a
one-site binding model.

Electrophoretic mobility shift assay (EMSA)

EMSA assays were conducted using the Lightshift chemi-
luminescent EMSA kit (Pierce, Shanghai, China). The spe-
cific DNAs corresponding to the cognate DNA of AP-
1 were synthesized with 5'-biotin labels and annealed to
form double-stranded DNA. Reaction solutions contained
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2 pl of 10x binding buffer (100 mM Tris—-HCI pH 7.5,
500 mM KCl, 10 mM MgCl,, 50 mM DTT, 5 mM EDTA,
50% glycerol), 2.5 pg poly(dI-dC), 100 fmol biotin-labeled
probes, different concentrations of the specific compound
and ultra-pure water to a total volume of 20 pl. These
solutions were incubated at room temperature for 10 min
and then 2 pl of 5 mg/ml HeLa nuclear extract (Promega,
Beijing, China) were added. The mixtures were then incu-
bated for another 20 min at room temperature. Samples
were electrophoresed on a 6% non-denaturing polyacry-
lamide gel and then transferred to nylon membranes, UV
cross-linked, probed with streptavidin-HRP conjugate and
incubated with the respective substrate. The results were de-
tected by a chemiluminescence imaging system.

Luciferase assay to determine AP-1 or NF-kB transactiva-
tion

Confluent monolayers of JB6 P+ cells stably transfected
with an AP-1 or NF-kB plasmid were trypsinized and 8 x
103 viable cells suspended in 100 wl of 5% FBS-MEM were
added to each well of a 96-well plate. Plates were incubated
at 37°C in a humidified atmosphere of 5% CO,. When cells
reached 80 to 90% confluence, they were cultured in 0.1%
FBS-MEM for another 24 h. The cells were treated with the
respective compound for 60 min before they were exposed
to 10 ng/ml EGF for 18 h. After treatment, cells were dis-
rupted with 100 wl lysis buffer (0.1 M potassium phosphate
pH 7.8, 1% Triton X-100, | mM DTT and 2 mM EDTA),
and the luciferase activity was measured using a luminome-
ter (Luinoskan Ascent, Labsystems, MD, USA).

Anchorage-independent cell transformation assay

The effects of compounds 586, 1134, 1451, 1460, 1512,
1474 and 1529 on EGF-induced transformation were inves-
tigated in JB6 C141 cells as described by Colburn et al. (32).
Colonies were counted under a microscope using the Image-
Pro Plus software program (Version 6, Media Cybernetics,
Silver Spring, MD, USA). Data are shown as means + S.D.
of values obtained from triplicate experiments. The asterisk
(*) indicates a significant (P < 0.05) change in the number
of colonies as indicated.

Cell lines and culture

JB6 P+ cells alone and JB6 P+ cells stably transfected
with an AP-1 or NF-kB plasmid were maintained in 5%
FBS/MEM at 37°C in a humidified atmosphere of 5% CO,.
Cells were passaged when they reached 80-90% confluence.

Transcription microarray experiments

Total RNA was isolated using the TR1zol Reagent (Invitro-
gen, Shanghai, China) following the manufacturer’s instruc-
tions. Synthesis of the cDNA target, its hybridization to mi-
croarrays and scanning of those arrays was performed us-
ing [llumina Whole-Genome Gene Expression Bead Chips
(MouseWG-6) and reagents according to the product rec-
ommendations (Genergy Biotechnology (Shanghai) Co.,
Ltd., Shanghai, China). Each treatment was repeated in
triplicate.

Solar-ultraviolet-induced AP-1 luciferase activity in vivo

AP-1 luciferase transgenic mice were identified, grouped,
and housed as described previously (33). The mice were de-
veloped, propagated and maintained at The Hormel Insti-
tute. Mice were maintained under conditions according to
guidelines established by Research Animal Resources and
the Institutional Care and Use Committee, University of
Minnesota. Two weeks after grouping, the basal level of
AP-1 luciferase activity was measured by punch skin biopsy.
AP-1 luciferase reporter-bearing male and female mice were
randomly divided into groups (12 mice/group). Two weeks
after the punch biopsy, the mice were treated with vera-
tramine by painting on the back of each mouse (10 pg of
veratramine in 200 pl of acetone/mouse). The mice were
treated with solar UV (60 kJ/m? UVA/3.6 kJ/m? UVB) us-
ing a UVA-340 sunlamp (Q-Lab Corporation, Cleveland,
OH, USA) 3 h after veratramine treatment. Skin biopsies of
equal weight were harvested in 100 .l of lysis buffer (0.1 M
potassium phosphate buffer at pH 7.8, 1% Triton X-100, 1
mM DTT and 2 mM EDTA) for measurement of luciferase
activity at the times indicated. AP-1-dependent luciferase
activity in the tissue extract was determined using the lu-
ciferase assay reagent from Promega and a luminometer
(Luinoskan Ascent, Labsystems).

Kinase phosphorylation assay

JBG6 cells were cultured with 0.1% FBS-MEM and starved
for 24 h. The cells were treated with 20 wM veratramine for
2 h and then stimulated with 10 ng/ml EGF for 30 min. At
30 min after treatment, protein extracts (500 mg) were used
for phospho-MAPK array analysis. Array spots were visu-
alized using an ECL kit (Shanghai ChemPartner Co., Ltd.,
Shanghai, China). The density of each duplicated array spot
was measured using the ImageJ software program (NIH).
The normalized changes in EGF-induced phosphorylation
of MAPKs were compared with the untreated control (i.e. a
value of 1). Data are shown as an average of duplicate sam-
ples.

Kinase activity profiling

The kinase profiling study was conducted using the Caliper
assay screening platform (Shanghai ChemPartner Co., Ltd.,
Shanghai, China). All kinases and other materials were
purchased from commercial sources. The compounds were
screened in vitro against the different kinases, and stau-
rosporine and PI103 were used as reference compounds.
Two concentrations (3 and 10 pM) of the compounds were
tested in duplicate on each kinase.

Statistical analysis

All quantitative data are expressed as mean values =+ S.E. or
S.D. as indicated. One-way ANOVA was used for statistical
analysis. A probability of P < 0.05 was used as the criterion
for statistical significance.



RESULTS

Identification of veratramine from a natural compound
database

To identify specific molecules that bind to the AP-1 tar-
get DNA sequence (TRE 5-TGACTCA-3'), virtual screen-
ing analysis was performed by searching an in-house nat-
ural product database of approximately 2,000 compounds.
The virtual screening protocol was assembled based on
iDNAbinder (http://lilab.ecust.edu.cn/), which is specifi-
cally designed to recognize distinct target DNA sequences
and identify potential small molecules that bind to this se-
quence built on a base-sequence-sensitive scoring function
(details in Supplemental Information). The top 500 com-
pounds identified by our specific scoring function from the
screening solution were inspected visually by considering
the following criteria: (i) the binding pose of the candidate
compound has to be positioned well into the site of inter-
est (5-TGACTCA-3') and (ii) the predicted binding pose
of the compound has to form favorable molecular interac-
tions, including hydrogen bonds, hydrophobic interactions,
and ionic bonds, with site bases. As a result of the screen-
ing, 75 compounds were selected as ‘hits’ and 35 of those
compounds were prepared for in vitro testing.

These compounds were evaluated for their effect on AP-1
activity in JB6 P+ cells transfected with an AP-1 reporter
plasmid and 18 of the 35 compounds inhibited AP-1 ac-
tivity (Supplementary Table S1). Additionally, these com-
pounds were evaluated for their effect against NF-kB, the
most thoroughly studied transcription factor, to study their
binding specificity. The assays were performed with JB6 P+
cells transfected with an NF-kB reporter plasmid. Notably,
the compounds had almost no effect on NF-kB activity in
vitro (Supplementary Table S1). This result suggests that the
18 active compounds are potentially selective inhibitors of
transcription factor AP-1 with little effect on NF-kB.

Specific recognition of AP-1 target DNA sequence

To further investigate the binding specificity and the inter-
actions of compounds with the cognate AP-1 DNA (top
panel in Figure 2A), isothermal titration calorimetry (ITC)
experiments were performed and two decoy sequences
were designed as controls. The first decoy sequence (TRE
5-CGCTTGATGACTTGGCCGGAA-3, 21 bp; middle
panel in Figure 2A) is a reported mutant target DNA se-
quence of AP-1, whose promoter activity was reduced to
a small fraction compared with the wildtype (34). The sec-
ond decoy sequence (5-GCGGATCCCATAACAATGAC
AGACT-3', 25 bp; bottom panel in Figure 2A), relative to
the cognate DNA, was a random sequence generated by
our group. The mutant AP-1 DNA and the random de-
signed DNA were used to illustrate the binding specificity
of the compounds with the DNA. The ITC results indi-
cated that veratramine (1529) clearly showed binding speci-
ficity with the cognate DNA sequence of AP-1 over the two
decoy DNA sequences (Figure 1). Compound 1125 inter-
acted with the cognate DNA sequence of AP-1, but showed
no binding with the mutant AP-1 DNA or the random de-
signed DNA.
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Insilico and EMSA characterization of the veratramine bind-
ing mode

To characterize the site-specific mode of veratramine bind-
ing to the AP-1 target DNA sequence, virtual screening
was used to predict the binding mode of veratramine. Re-
sults indicated that veratramine could fit well into the minor
groove of the AP-1 DNA sequence with a well-shaped com-
plementary conformation (Figure 2B). Veratramine formed
hydrophobic contacts with bases A35 and C34 and hydro-
gen bonds between its hydroxyl groups and bases A35, T7
and C34. Thus, veratramine binds to the AP-1 DNA cog-
nate sequence by specifically recognizing the -AC- subse-
quence.

To further examine the binding of AP-1 to its consen-
sus recognition site, we conducted electrophoretic mobil-
ity shift assays using HeLa cell nuclear extracts. Two bands
were detected by chemiluminescence (Figure 2C). The up-
permost band was the AP-1/specific DNA complex and the
lower band corresponded to the free biotin-labeled specific
DNA probe. A 100-fold concentration of specific or nonspe-
cific (NS) unlabeled probe was used to illustrate the binding
specificity of AP-1 with its cognate DNA sequence. The for-
mation of the AP-1/DNA complex was effectively inhibited
by increasing the concentration of veratramine (compound
1529; left panel) or compound 1125 (right panel).

Veratramine suppresses EGF induced AP-1 transactivation
and EGF-induced JB6 P+ cell transformation

To investigate the effect of veratramine on AP-1 in cells,
we performed an AP-1 transactivation assay using JB6 P+
cells stably transfected with a luciferase reporter gene or
cells stably transfected with the NF-kB luciferase reporter
gene as a control. Approximately 70% of the EGF-induced
AP-1 transactivation activity was inhibited by 2.5 uM ver-
atramine in a dose-dependent manner (Figure 3A). NF-xB
transactivation was not significantly affected by any con-
centration of veratramine. These results indicated that ver-
atramine might exert its anticancer effects by selectively in-
hibiting AP-1. Blocking tumor promoter-induced AP-1 ac-
tivation can inhibit neoplastic transformation in JB6 cells.
(35) We therefore investigated whether inhibiting AP-1 with
veratramine could affect EGF-induced cell transformation.
Results indicated that veratramine inhibited EGF-induced
JBG6 cell transformation in a dose-dependent manner (Fig-
ure 3B).

Genome-wide effects of veratramine on EGF-induced gene
expression

Because veratramine effectively inhibited EGF-induced
AP-1 transactivation and JB6 P+ cell transformation,
RNA-seq experiments were conducted to establish the
global modulating effects of veratramine (1529) or its ana-
logues (compounds 1125 or 1126) on the EGF-inducible
JB6 P+ cell transcriptome. Genes with a log2 normalized
change of >2-fold and adjusted P-values of 0.05 or less were
considered to be significantly and differentially expressed.
Results revealed a total of 529 out of 22,310 genes with a
significant change in expression after treatment with 10 puM
veratramine or 20 wM compound 1125 or 1126 compared
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Figure 1. Binding isotherm obtained from ITC show the specific binding interactions of AP-1 cognate DNA with veratramine (compound 1529, upper
three subfigures) and compound 1125 (lower three subfigures). (A) The chemical structures of veratramine and compound 1125. (B) ITC data for the
titration of veratramine (upper panels) and compound 1125 (lower panels) into three types of DNA sequences (from left to right, AP-1 cognate DNA;
AP-1 mutant DNA; and randomly-designed DNA). The upper portion in each panel shows the change in enthalpy per injection of veratramine (compound
1529) or 1125 into a corresponding DNA sequence. The lower portions indicate the concentration normalized heat form titration at the molar ratio of
compounds.
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reported mutant target DNA sequence of AP-1(middle panel, mutation is highlighted in italic and AP-1 binding site is in red), and randomly designed
decoy sequence (bottom panel); (B) computational analysis shows that veratramine inserts into the minor groove of the AP-1 DNA sequence. (C) EMSA
results show the inhibition of the transcription factor/DNA complex formation by veratramine or compound 1125. A 100-fold concentration of specific or
nonspecific (NS) non-labeled probe (relative to the biotin-labeled specific DNA probe) was used to illustrate the specificity of the protein/DNA complexes.
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program (Version 6, Media Cybernetics, Silver Spring, MD) software program.
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with the control (DMSO). These genes represent ~2.4% of
the entire JB6 P+ genome. Hierarchical clustering analysis
(i.e. Euclidian distance and average linkage) was performed
on all genes (Figure 4A), including the 529 genes with sig-
nificant changes in expression (Figure 4B). Consistent with
the results of the binding validation experiments, changes
induced by compound 1125 and veratramine (1529), which
directly target the AP-1 DNA sequence, are clustered into
the same sub-group. From the 529 significantly expressed
genes, 39 are commonly up-regulated and 10 are commonly
down-regulated by all 3 compounds (Figure 4A, lower pan-
els). Genes that overlapped between compound 1125 and
veratramine (1529) included 20 that were up-regulated and
15 that were down-regulated and were unaffected by com-
pound 1126. Additionally, a subset of 75 genes was up-
regulated and 66 genes were down-regulated only by ver-
atramine.

Veratramine inhibits the downstream signalling pathway of
AP-1

To examine the mechanisms of veratramine’s effect on AP-
1, most genes from this signaling pathway were collected,
and the magnitude of their change in expression induced
by each inhibitor was examined by gene profiling (Fig-
ure 4B). Expression changes were substantially below 2-
fold in most cases for all three compounds, excluding a
significant induction of 1116 and some genes in the clus-
tered group 100 and the repression of Mettl7al and Il11ral
and Teskl in group 117 (Figure 4B). With the competi-
tive binding of veratramine on the AP-1 site, the expres-
sion of AP-1 family proteins, including Myc, Jun, FosB
and Fos clustered in groups 99 and 100, were significantly
(~3.0-fold) or relatively (~1.5-fold) increased, as expected
for positive feedback. These changes in expression led to
T cell activation by inducing the expression of its modula-
tor, 1116 (Figure 4B). Alternatively, the stimulation of 1116
can lead to the phosphorylation of c-Jun and p38 MAPK
(36). Thus, the increasing expression of 1116 is likely the
result of positive feedback of the AP-1 signaling pathway.
Additionally, another transcription factor, Egrl, was up-
regulated. Although the AP-1 proteins were activated, their
downstream target genes, including CDKs, Ils and AP-1 in-
ducible MMPs, such as Mmp3, whose overexpression cor-
relates with carcinogenesis, remain unaffected or even sup-
pressed (Figure 4C and D), indicating that the downstream
genes in the AP-1 signaling pathway were inhibited by ve-
ratramine. However, other MMPs genes, such as Mmp2,
Mmp24 and Mmp28, which do not contain TATA box, are
not affected by AP-1 and do not belong to the AP-1 down-
stream, therefore, their expression should not be affected
by the veratramine, but may be altered by their upstream
genes. We also performed significance-calculating analyses
by using gene set enrichment analysis (GSEA) (37,38) and
the results are shown in Supplementary Figure S1. The en-
richment plot (Supplementary Figure S1A) and the rela-
tive expression heat map (Supplementary Figure S1B) again
confirmed the repression of AP-1 downstream genes, such
as Cd14, Mmp9, 116, Nudtl, Etsl, Timpl (Metallopro-
teinasesl), Nr4a2, Mafl, etc., while the AP-1 genes, such

as, Fos, Jun and Myc etc. are activated by the modulation
of veratramine.

Veratramine may not affect the MAPK pathways or other
kinases

To determine whether AP-1 activity is involved in the regu-
lation of MAPKSs expression in response to various stimuli,
we analyzed the activity of MAPKs and expression of genes
in the MAPKSs signaling pathways (Figure 4E). Except for
the AP-1 family genes, only three genes (Seracl, Map4kl
and Pla2g5) in groups 175 and 179 were up-regulated >2.0-
fold after treatment with veratramine or compound 1125;
whereas the expression of the majority, including MPKs,
was not affected (Supplementary Table S2). The increased
expression level of Map4k1 is likely correlated with the ac-
tivation of c-Myc (39). In contrast to veratramine and com-
pound 1125, compound 1126 affected the expression of
genes in groups 169, 170 and 173 differently, resulting in
easily detectable up- or down-regulation. Overall, the EGF-
induced cytosolic MAPKs signal cascades are not affected
by veratramine or compound 1125. The activation of AP-1
by veratramine probably occurs through positive feedback
for the downstream regulation of the AP-1 signaling path-
way.

To further investigate the effect of veratramine on other
AP-1-activation-related upstream kinases, we performed ki-
nase assays either with EGF alone (10 ng/ml) or EGF plus
veratramine (1529, 20 wM) treatment. The results indicate
that the AP-1 related upstream kinases, including JNKs,
ERKSs, p38, Msk and Hsp27 (Figure SA and B), were not af-
fected by veratramine (1529) treatment. Furthermore, West-
ern blot analysis revealed that AP-1-activation- related ki-
nases, including ERKs, Msk, Rsk2, c-Fos, c-Jun and CREB,
were not affected by treatment with different concentra-
tions of veratramine (1529; Figure 5C). These results fur-
ther verify that blocking AP-1 activity by veratramine does
not occur through its upstream kinases. In addition, the in-
hibitory effects of veratramine against critical AP-1 related
up-stream kinases were investigated by kinase activity pro-
filing. Results indicated that these kinases may not be ob-
viously affected by veratramine (Figure 5D), which again
indicates that veratramine is a modulator that acts on the
downstream signaling of AP-1.

Veratramine does not act on the Hh signaling pathway

The Hh pathway is an essential signaling pathway in em-
bryonic development and is critical for maintaining tissue
polarity and stem cell populations (40,41). Deregulated Hh
pathway activity can consequently result in the hereditary
developmental disorder, holoprosencephaly (42). In con-
trast, hyperactivation of this pathway is linked to many ex-
tracutaneous cancers (43). In the absence of Hh ligands, the
unbound Pathced 1 (Ptchl) protein acts catalytically to sup-
press the activity of Smoothened (Smo), a key player in Hh
signal transduction, by preventing its localization to the cell
surface. Once Ptchl is bound to active Hh ligands, the inhi-
bition of Smo by Ptchl is released, allowing Smo to signal
downstream, eventually leading to activation of Gli fam-
ily transcription factors (Gli2 and Gli3) to regulate target
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Figure 4. Profiling of the AP-1 pathway using the RNA-seq global transcriptome to assess changes in gene expression in JB6 P+ cells treated with vera-
tramine (1529) or the analogue compound 1125 or 1126. All ratios are normalized to the EGF-induced state. (A) Changes in the gene expression profile of
the whole genome set (top left). Significant differences in gene expression JB6 P+ cells treated with veratramine or its analogues exposed to veratramine or
its analogues (top right; log, expression change > 2.0 fold after treatment with any compound). Venn diagrams showing the overlap among the 529 genes
activated (bottom left) or repressed (bottom right) by treatment with compounds. (B) Profiling of the changes in gene expression in the AP-1 pathway. (C,
D) Individual normalized changes in MMP and CDK gene expression. (E) Profiling of changes in gene expression in the MAPK signaling pathway. Data
were analyzed by hierarchical clustering (Euclidian distance and average linkage).
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Figure 5. Veratramine (compound 1529) has no effect on EGF-induced MAPK pathways. (A) JB6 cells were cultured with 0.1% FBS/MEM and starved
for 24 h. The cells were treated or not treated with compound 1529 (20 wM) for 2 h and then cells were stimulated or not stimulated with 10 ng/ml of
EGF for 30 min. Protein extracts (500 pg) were prepared and used for phospho-MAPK array analysis. Array spots were visualized using an ECL detection
kit. (B) The density of each duplicated array spot in ‘a’ was measured as described in Materials and Methods. The graph shows the normalized change in
EGF-induced phosphorylation of JNKs, ERKs, p38, MSK and HSP27 compared with untreated control (i.e. a value of 1). Data are shown as an average
of duplicate samples. (C) The important protein components related to AP-1 were verified by Western blotting. The phosphorylation of ¢-Fos and c-Jun
and their upstream kinases were not affected by veratramine. Each experiment was repeated three times and representative blots are shown. (D) Percent of
inhibition by veratramine (10 or 3 wM) against 17 kinases.

gene expression (44,45). The first Hh pathway inhibitor to A B
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be identified was the plant-derived steroidal alkaloid, cy- 2 ,—’_l_‘
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lices of Smo and blocks cellular responses to Hh signaling -1 [C iggﬁy
(46,47). The discovery of cyclopamine has created exciting j% [E | BRRACB
new prospects for molecular targeted therapies and preven- Egﬁﬁﬁ
tion of human cancers associated with Hh signaling (48). M ’E/Eggez
However, cyclopamine has limited potential as an orally Gas!
bioactive therapeutic agent due to its instability and con- BTRC
centration sensitivity in modulating Hh signaling (41). A k HDACH
relatively low concentration of cyclopamine can specifically 1l §ﬁ1
inhibit Hh signaling, but a high dose can cause cell death gLiz
without affecting Hh target gene expression (5). Cyclopamine E AR

Cyclopamine is a known inhibitor of the Hh signaling GeNKiGt
pathway (49). To determine whether veratramine interacts §§Pkgjc
with Smo and affects the Hh signaling pathway in the same F(2 ca
manner as cyclopamine (Figure 6A), gene expression profil- ! chil
ing of the Hh signaling pathway after treatment with vera- o foe
tramine (1529) or its analogues was conducted (Figure 6B). 1126 1125 1529

Results indicated no obvious perturbation in gene expres-

sion of this signaling pathway, except for the enhancement _Figure 6. Changes in gene expression _1nd}1c_ed by cyclopamlne. (A) Chem-

of the Myc and Boc transcription factors. This result sup- ical structure of the Hedgehog (Fh) inhibitor cyclopamine. (B) Changes
. . in the gene expression profile of the Hh signaling pathway after treatment

ports the hypothesw that veratramine acts as a downstream with veratramine (compound 1529) or its analogues, compound 1125 or

modulator of AP-1 and does not interfere with the cytosolic 1126.
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Figure 7. Veratramine suppresses solar UV-induced AP-1 activity in vivo.
AP-1 luciferase reporter-bearing male and female mice (12 mice/group)
were treated with veratramine solvent by painting on the back of each
mouse (10 pg of veratramine in 200 .l of acetone/mouse). The mice were
treated with solar UV 3 h after veratramine treatment. Skin biopsies of
equal weight were harvested in 100 pl of lysis buffer for measurement of
luciferase activity at the times indicated. AP-1-dependent luciferase activ-
ity in the tissue extract was determined using the luciferase assay reagent
(Promega) and a luminometer.

signaling cascade that can lead to the activation of the Hh
signaling pathway. Moreover, this result could indicate that
veratramine might not cause side effects, unlike the Smo in-
hibitor, cyclopamine which could lead to fetal deformities.

Veratramine suppresses solar UV-induced AP-1 activation in
vivo

Ultraviolet (UV) irradiation activates AP-1 through MAPK
signaling pathways, which play an important role in UV-
induced skin inflammation and carcinogenesis. Agents that
block AP-1 activation show promise for use in protect-
ing against UV-induced inflammation and skin carcinogen-
esis. To further examine the effect of veratramine (1529)
on AP-1 activity in vivo, AP-1 activities were measured in
solar UV-irradiated AP-1-luciferase transgenic mice. The
results indicate that pretreatment of mouse dorsal skin
with veratramine (1529) before UV exposure effectively and
markedly suppressed solar UV induced AP-1 activation at
36 h after solar UV exposure (Figure 7).

DISCUSSION

Because the gene promoters recognized by any particular
transcription factor could have different sequences, target-
ing a specific promoter sequence by a small molecule might

Nucleic Acids Research, 2018, Vol. 46, No. 2 555

allow the regulation of only a subset of genes controlled by
the given transcription factor and might at least partially
avoid any unexpected side effects. The current study intro-
duces a binding-site-specific downstream modulator of AP-
1, veratramine, which was identified in a virtual screening
of an in-house natural product database. Veratramine, long
considered a natural product of interest, has been reported
to have anti-thrombotic activity and serotonin-agonist ac-
tivity (3). Moreover, this compound has been reported to
be a potential signal transduction inhibitor for treating can-
cers4, but its direct binding target was not determined until
now. An important aspect of this work is the discovery of
veratramine as a specific natural small molecule inhibitor,
which selectively recognizes and binds the AP-1 DNA tar-
get sequence (5'-TGACTCA-3'). This discovery exemplifies
the efficiency of our iDNAbinder protocol in the design of
specific DNA-binding agents, which challenges the selectiv-
ity for short nucleic acid sequences that may be abundant in
the human genome. Furthermore, a series of in vitro exper-
iments indicates that veratramine acts on the downstream
signaling of AP-1, but does not interfere with the EGF-
induced cytosolic MAPK signaling cascades or other AP-1
activation-related kinases. This indicates that the gene mod-
ulation occurs only on a subset of genes controlled by AP-1.

To explore the anti-cancer effects of veratramine, its
ability to suppress EGF-induced AP-1 transactivation and
transformation was evaluated in JB6 P+ cells. As expected,
the AP-1 dependent transactivation could be effectively
suppressed by veratramine in a dose-dependent manner.
However, the NF-kB dependent transactivation was not
affected by treatment with veratramine. Moreover, cell
transformation also could be effectively inhibited by vera-
tramine. These findings demonstrate a selective inhibition
of the AP-1-dependent signaling pathway by veratramine.

Although veratramine has the same scaffold as the Smo
inhibitor cyclopamine, a completely different pharmacolog-
ical mechanism was confirmed in this study. Veratramine se-
lectively and directly binds with a specific site of the target
DNA sequence of AP-1 instead of acting on the Hh sig-
naling pathway; thus, it may not have the same teratogenic-
ity and toxicity as cyclopamine. Finally, our study clearly
demonstrated that veratramine effectively suppresses SUV-
induced AP-1 activation in vivo. All these findings indicate
that veratramine is a potentially valuable anticancer agent
that should be further explored and developed.
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