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Abstract

Purpose—Sensitize melanomas to apoptosis and inhibit their growth and metastatic potential by
compounds that mimic the activities of activating transcription factor 2 (ATF2)-driven peptides.

Experimental Desigh—Small-molecule chemical library consisting of 3,280 compounds was
screened to identify compounds that elicit properties identified for ATF2 peptide, including (a)
sensitization of melanoma cells to apoptosis, (b) inhibition of ATF2 transcriptional activity, (c)
activation of c-Jun NH,-terminal kinase (JNK) and c-Jun transcriptional activity, and (d) inhibition
of melanoma growth and metastasis in mouse models.

Results—Two compounds, celastrol (CSL) and acetyl isogambogic acid, could, within a low
micromolar range, efficiently elicit cell death inmelanoma cells. Both compounds efficiently inhibit
ATF2 transcriptional activities, activate JNK, and increase c-Jun transcriptional activities. Similar
to the ATF2 peptide, both compounds require JNK activity for their ability to inhibit melanoma cell
viability. Derivatives of CSL were identified as potent inducers of cell death in mouse and human
melanomas. CSL and a derivative (CA19) could also efficiently inhibit growth of human and mouse
melanoma tumors and reduce the number of lung metastases in syngeneic and xenograft mouse
models.

Conclusions—These studies show for the first time the effect of CSL and acetyl isogambogic acid
on melanoma. These compounds elicit activities that resemble the well-characterized ATF2 peptide
and may therefore offer new approaches for the treatment of this tumor type.

The growth and metastasis of melanoma as well as its notorious resistance to therapy present
major obstacles to its treatment (1,2). A growing number of genetic and epigenetic changes in
melanomas affect genes associated with melanocyte development and maintenance, cell cycle
control, resistance to apoptosis, and angiogenic and metastatic capacity. Among the genetic
changes commonly found in human melanomas are mutations in protein kinases of the
mitogen-activated protein kinase (MAPK) family, indicating that signal transduction pathways
have been largely modified in this tumor type (3,4). Specifically, the prevalence of activating
mutations in B-RAF and N-RAS has been largely associated with the activation of downstream
targets—MAPK/extracellular signal-regulated kinase (ERK) kinase and in many cases ERK-
MAPK (5-7). Constitutive activation of these kinases results in corresponding up-regulation
of their targets, including genes implicated in the development and maintenance of melanoma,
such as MITF, iNOS, and cyclin D1 (8-11).
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In addition to changes in the MAPK signaling pathway, other pathways are deregulated in
melanoma for reasons as yet unknown. For example, a growing fraction of melanomas is
recognized as carrying an inactive form of PTEN, a protein phosphatase implicated in the
regulation of AKT signaling pathways and their downstream mammalian target of rapamycin
and p70S6 effectors (12,13). Up-regulation of protein kinase C and c-Jun NH,-terminal kinase
(JNK) has also been observed in melanoma (14-16). Other regulatory components that are
modified in melanoma include cell cycle regulatory proteins, such as cyclin-dependent kinases
(CDKN2A) CDK2, p16/CDK/pRb, and cyclin D1 (17-19).

Modifications were also recorded in matrix metalloproteinase, proteases associated with tumor
cell metastatic capacity (20-22), and chaperones such as HSP90 (23). The antiapoptotic
proteins, such as Bcl2 and the transcription factors activating transcription factor (ATF) 1,
AP1, and ATF2, also cooperate in conferring resistance to apoptosis and metastatic capacity
on melanoma (24-26). The complexity of changes that take place in melanoma are further
illustrated in the rewiring of key signal transduction pathways; for example, ERK causes up-
regulation of c-Jun and JNK activity (27).

In earlier studies, we showed that the transcription factor ATF2 serves as a good marker and
possible target for this tumor type (28-32). Analysis of 544 human melanomas using tissue
arrays revealed that nuclear localization of ATF2 is associated with poor prognosis (28),
thereby pointing to the possibility that constitutively active ATF2 may contribute to the
development and progression of human melanomas. Consistent with this possibility, inhibition
of ATF2 function by means of a 50-amino acid peptide derived from ATF2 sensitized
melanoma to apoptosis (29) and inhibited growth and metastasis in mouse models (30,31).
ATF2 peptides elicit such effects by virtue of their ability to inhibit ATF2 concomitant with
an increase in JINK and consequently c-Jun activities (32). Given our understanding of the
activities of the ATF2 peptide, we did a high-throughput screen to identify compounds that
may mimic such activities. Characterization of two such compounds and newly generated
derivatives in both in vitro and in vivo models suggests that they may have potential in the
treatment of melanoma.

Materials and Methods

Cells

Mouse melanoma (SW1) and human melanoma (LU1205) cells were maintained in DMEM
supplemented with 10% fetal bovine serum, .-glutamine, and antibiotics. The human melanoma
cell lines MEWO and WM115 were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum and antibiotics. Primary mouse melanocytes were cultured in F-12 medium
supplemented with 10% fetal bovine serum, antibiotics, isobutylmethylxanthine, bovine
pituitary extract, and 12-O-tetradecanoylphorbol-13-acetate.

Constructs and inhibitors

An ATF2 peptide (amino acids 51-100) was cloned into HA-tagged pcDNA3 vector as
described previously (30). 5xJun2tk-Luc (marker for ATF2 transcriptional activities),
5XTREtk-Luc (marker for AP1/c-Jun transcriptional activities), and 2xNF-xB-Luc were
described previously (31). Pharmacologic inhibitor of JINK (SP600125) was purchased (EMD
Biosciences) and added (5 umol/L) to cultured cells as indicated in Results.

Transcriptional analysis

Transient transfection of different reporter constructs into melanoma cells was done using
Lipofectamine Plus (Invitrogen). Luciferase activity was determined as described previously
(32).
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Mitochondrial activity and apoptosis

Cells were exposed to the chemicals for 12 to 48 has indicated in Results. To measure changes
in mitochondrial activity reflective of general cell viability, the ATPLite assay was used
according to the manufacturer’s recommendations (Perkin-Elmer). Apoptosis analysis was
done by flow cytometry of propidium iodide—stained cells. The percentage of cells to the left
of the diploid Go-G1 peak, characteristic of hypodiploid cells that have partially lost DNA, was
calculated as percentage of apoptotic cells (32). Analysis of changes in caspase-8 expression
pattern was done using immunoblot analysis.

Chemical library screen

Cells (4,000) were seeded in a volume of 45 pL of medium per well using a Matrix WellMate
bulk reagent dispenser. The cells were incubated for 24 h at 37°C in a humidified atmosphere
containing 5% CO,. Subsequently, 5 pL of 0.1 mmol/L compounds in 10% DMSO were added
to each well (final compound concentration was 0.01 mmol/L in 1% DMSO) using a Beckman
Coulter Biomek FX automated liquid handler. Two small-molecule chemical libraries were
used in the study. These libraries were the Library of Pharmacologically Active Compounds
(LOPAC1280 from Sigma-Aldrich) as well as the 2,000 compounds that comprise the Spectrum
Collection from MicroSource Discovery Systems, Inc. Both of these libraries are composed
of small molecules that are pharmacologically active. The spectrum collection contains not
only 1,000 small-molecule compounds but also 1,000 pharmacologically active purified
natural products. These libraries have previously been used for screening campaigns (33,34).

The treated cells were incubated for 24 h. After incubation, 25pL of ATPLite 1step (Perkin-
Elmer) were added to each well. ATPL.ite uses a luciferase-based system to measure the relative
quantity of ATP in a sample. It has been shown that ATP quantification can be used to measure
cell proliferation and cytotoxicity (35). After the addition of ATPLite, the plates were read
using the luminescence readout of a Molecular Devices Analyst HT multimode plate reader.

Compound synthesis

The celastrol (CSL) used for biological studies and to prepare amide and ester derivatives was
obtained from Pay Pay Technologies as a dark red crystalline solid. The purity of this material
was assessed by H nuclear magnetic resonance and liquid chromatography-mass spectrometry
and found to be >98%. For the synthesis of esters and amides, all reactions were conducted in
standard glassware without special regard to atmosphere or moisture. Reagents and anhydrous
solvents were commercially purchased and used without purification. The purification of target
compounds was done with a Shimadzu Discovery preparative high-performance liquid
chromatography system or an ISCO Companion 4x flash chromatography system. Product
analysis and identity confirmation was done using a Shimadzu liquid chromatography-mass
spectrometer and a Varian 300 MHz nuclear magnetic resonance spectometer.

General procedure for the synthesis of amide derivatives of CSL

CSL (22 mg, 0.048 mmol) in dimethylformamide (2 mL) was treated with Hunig’s base (20
pL, 0.12 mmol), PyBOP (50 mg, 0.096 mmol), and the appropriate amine (0.05 mmol). After
stirring for 20 h at room temperature, deionized water (15 mL) was added and the mixture was
extracted by ethyl acetate twice. The combined organic layers were washed with brine, dried
over MgSOy, and evaporated via rotary evaporator to yield a dark oil. The crude product was
purified by flash chromatography (ethyl acetate/hexanes) and lyophilized (Labconco
lyophilizer) to give a dark orange to red solid with yields ranging from 57% to 82%.
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General procedure for the synthesis of ester derivatives of CSL

CSL (22 mg, 0.048 mmol) in dimethylformamide (2 mL) was treated with NaHCO3 (20 mg,
0.24 mmol) and the appropriate alkyl halide (0.05 mmol). After stirring for 36 h at room
temperature, deionized water (15 mL) was added and the mixture was extracted by ethyl acetate
twice. The combined organic layers were washed with brine, dried over MgSQOg,, and
evaporated via rotary evaporator to yield a dark red oil. The crude product was purified by
flash chromatography (ethyl acetate/hexanes) and lyophilized (Labconco lyophilizer) to give
a dark red solid with yields ranging from 72% to 95%.

Immunoblot analysis

Proteins prepared from cells at the indicated time points using radioimmunoprecipitation assay
buffer and 75 pg were separated on SDS-PAGE followed by immunoblot analysis using the
antibodies indicated. Antibodies used were as follows: anti-JNK (Santa Cruz Biotechnology),
phosphorylated JNK (Promega), phoshorylated c-Jun (Cell Signaling), c-Jun (Santa Cruz
Biotechnology), caspase-8 (BD Biosciences), AKT and phosphorylated AKT (BD
Biosciences), and ERK and phosphorylated ERK (Cell Signaling).

Tumor growth and metastasis in vivo

SW1 melanoma cells are metastatic derivative of 1735p cells originally developed by Dr. M.
Kripke (M. D. Anderson Cancer Center, Houston, TX; ref. 31). Green fluorescent protein
(GFP)-expressing SW1 cells were established and used as a means to follow melanoma
progression in real time (30). SW1-GFP cells were trypsinized, resuspended in PBS, and
injected s.c. (1 x 10) into the lower flank of 6-to 7-week-old mice. When tumors reached a
size of ~50 mm3, the indicated compounds [100 pL of the vehicle—10% DMSO, 70%
cremophor/ethanol (3:1), and 20% PBS and 1.0 mg/kg CSL or 0.5 mg/kg of the derivatives
CA16 and CA19] were injected by i.p every alternate day. Body weight and tumor growth were
monitored every 2 days. GFP-expressing SW1 tumors were monitored in vivo on shaved mice
with a light box illuminated by blue light fiber optics (Lightools Research), and imaging was
carried out with a digital camera (Nikon D100). Tumors were measured for up to 3 weeks. For
metastases studies, LU1205 cells (1 x 106) were injected i.v. into the lateral tail vein of nude
mice. At the end of the experiment, the lungs and tumors were excised and weighted. To detect
metastatic lesions, lungs were fixed in formalin, embedded in paraffin, and subjected to H&E
staining.

Immunohistochemistry

Results

Tumor sections (5 um in thickness) were prepared and deparaffinized using xylene. Tumor
sections were incubated in DAKO antigen retrieval solution for 20 min in a boiling bath
followed by treatment with 3% hydrogen peroxide for 20 min. Antibodies against
phosphorylated JNK (1:400) was allowed to react with tumor sections at 4°C overnight.
Biotinylated anti-rabbit 1gG was allowed to react for 30 min at room temperature and
diaminobenzidine was used for the color reaction. Hematoxylin was used for counter-staining.
The control sections were treated with normal rabbit serum.

screening for compounds that mimic the ATF2 peptide effect on melanoma cells

We screened a chemical library of 3,280 pharmacologically active small molecules (33,34) to
identify compounds that elicit the same major effects as the ATF2 peptide. The criteria for
selection included the following: (a) the ability to elicit apoptosis of melanoma cells, (b)
inhibition of ATF2 transcriptional activity, (c) increase in c-Jun transcriptional activity, and
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(d) dependency on JNK activity. Compounds that met all four criteria were further assessed
against a panel of melanoma cultures and in syngeneic and xenograft mouse models.

The screening was stepwise; thus, only compounds that met the first criterion were taken
forward for further analyses to determine their effects on ATF2 and c-Jun transcriptional
activities. Using this approach, 26 of the 3,280 compounds (0.8%) elicited efficient apoptosis
of melanoma cells, which was monitored using the ATPL.ite assay. Of the 26 compounds, only
3 (0.1%) affected transcriptional activities of ATF2 and c-Jun. Because one of the three
compounds was an organomercurial derivative (thimerasol), it was omitted from further
analysis. Instead, more extensive studies were focused on CSL and acetyl isogambogic acid
(AIGA), the two compounds that met the initial criteria.

Characterization of CSL and AIGA effects on mouse melanoma cells

The structures of AIGA and CSL are depicted inFig. 1A and B. AIGA was tested for
cytotoxicity at concentrations ranging between 0.1 and 2 umol/L, whereas CSL was used at a
concentration of 0.01 to 0.3 umol/L. Treatment of SW1 melanoma cells with 1 umol/L AIGA
reduced the viability of melanoma cells to 10% (Fig. 1C). Treatment of the SW1 cells with
0.05 pmol/L CSL reduced the viability of melanoma cells to 50%, and 0.1 pmol/L reduced it
to 10% (Fig. 1C). These data suggest that both compounds elicit efficient cytotoxicity at a low
micromolar concentration. Normal melanocytes and fibroblasts were used as a control. At the
concentrations that efficiently induced cell death in melanoma cells, CSL caused minimal
toxicity (10% at 0.1 umol/L), whereas AIGA was more toxic (40% toxicity at the dose of 0.1
pmol/L) on normal mouse melanocytes (Fig. 1D). Neither CSL nor AIGA elicited toxic effect
on human diploid fibroblasts (IMR90) or on the normal human breast cultures MCF10 (data
not shown). These data suggest that CSL exhibits potent toxicity toward melanoma cultures
but not toward nontransformed cells.

We next assessed the effects of the two compounds on c¢-Jun transcriptional activity in the
mouse melanoma SW1 cells. Compared with the ATF2 peptide, which elicits an increase in
TRE-luciferase, reflective of AP1/c-Jun transcriptional activity, AIGA and CSL elicited
stronger activation of c-Jun transcription (Fig. 2A; Supplementary Fig. S1). AIGA induced c-
Jun transcriptional activity at doses starting from 0.1 umol/L (Supplementary Fig. S1).
Compared with AIGA, CSL was more potent in the activation of AP1/c-Jun transcription, and
as such, activation was seen in response to treatment at doses as low as 0.05 umol/L (Fig. 2A).
These compounds were next assessed for their effect on ATF2 transcriptional activity. About
0.5 umol/L AIGA or 0.05 umol/L CSL was required to cause ~ 50% inhibition of ATF2
transcriptional activity, monitored using a Jun2-luciferase construct (Fig. 2B; Supplementary
Fig. S2). These data reveal that, similar to the changes seen after treatment with the ATF2
peptide, both compounds effectively alter the transcriptional activities of ATF2 and c-Jun,
although CSL seems to be more potent compared with AIGA.

To assess whether CSL may affect the transcriptional activities of genes other than ATF2 and
c-Jun, we monitored possible changes in transcriptional activities of nuclear factor-kB (NF-
kB). Addition of either AIGA or CSL causes dose-dependent inhibition of NF-kB
transcriptional activity, measured by the corresponding luciferase reporter construct
(Supplementary Figs. S3 and S4). These findings are consistent with earlier reports about the
effect of CSL on the transcriptional activities of NF-kB in HeLa cells (36).

To assess the possible effect of these compounds on other signaling pathways, we have
monitored changes in the phosphorylation of AKT and ERK. CSL treatment of melanoma cells
caused activation of AKT and ERK phosphorylation, suggesting a more global effect on stress-
induced signaling (Supplementary Fig. S5).

Clin Cancer Res. Author manuscript; available in PMC 2010 May 20.
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Our earlier studies have revealed that INK activity is central to the ability of the ATF2 peptide
to elicit its effect on melanoma cells in culture and in vivo (inhibition of tumorigenicity). We
therefore assessed whether the two compounds identified in the present study require JINK
activity for their effects on melanoma cells. To this end, we first tested the ability of AIGA or
CSL to affect the viability of melanoma cells in the presence of a JNK inhibitor. Inhibition of
JNK activity by the pharmacologic inhibitor SP600125 attenuated the ability of AIGA or CSL
to elicit the cell death of melanoma cells (Fig. 2C; Supplementary Fig. S6). Of note, inhibition
of JNK activity was more pronounced at lower concentrations of CSL compared with AIGA.
These findings suggest that AIGA and CSL require JNK activity to reduce the survival of
melanoma cells.

To assess whether these compounds affect INK activity, we monitored changes in INK
phosphorylation on residues 183/185, which are required for its kinase activity. Both AIGA
and CSL induced phosphorylation of JNK on these residues, which was reduced on addition
of the INK inhibitor (Fig. 2D; Supplementary Fig. S7). The activation of JINK by both
compounds was confirmed on analysis of its substrate c-Jun. Both compounds efficiently
induced c-Jun phosphorylation, with CSL being more potent (Fig. 2D). These data indicate
that CSL and AIGA induce JNK activity, which in turn results in the activation of its substrate
c-Jun while attenuating the degree of ATF2 transcriptional activity.

The finding that CSL and AIGA reduced cell viability in melanoma was made using the
ATPLite assay, which monitors the degree of mitochondrial ATP release, a marker for
mitochondrial activity. To directly assess possible changes in the apoptosis of melanoma cells
following their exposure to CSL or AIGA, we have done fluorescence-activated cell sorting
analysis of the melanoma cells 48 h after treatment. Addition of AIGA or CSL to SW1
melanoma cells induced programmed cell death, with CSL exhibiting a more efficient effect.
Treatment with 1 Amol/L AIGA caused 15% apoptosis in these melanoma cultures (Fig. 3A).
Treatment with CSL caused 13% apoptosis at a dose of 0.5 umol/L and 35% apoptosis at a
dose of 1 umol/L (Fig. 3A). Consistent with these finding is the activation of caspase-8, which
was observed on addition of these compounds (Fig. 3B).

Effects of CSL and AIGA on human melanoma cells

Given the effects of CSL and AIGA on mouse melanoma cells, we next assessed their effects
on the human melanoma cell lines WM115 and MEWO. AIGA reduced the viability of the
human melanoma cultures when added at a concentration of 0.5 to 2 umol/L, whereas CSL
reduced their viability at a concentration of 1 umol/L (Fig. 3C and D). These data reveal that,
similar to their effect on the mouse melanoma cells, AIGA and CSL efficiently reduced
viability of human melanoma cells.

Generation and characterization of CSL derivatives that affect melanoma cells

Given the greater potency of CSL, compared with AIGA, on transcription and cell death, we
have devoted efforts to further optimize the ability of CSL to elicit melanoma cell death. To
this end, medicinal chemistry was initiated with the dual goals of (a) understanding the key
structural features in CSL that affect its apoptotic activity and (b) identifying analogues of CSL
that possess an improved pharmacologic profile compared with the parent compound. To this
end, we first tested two commercially available analogues of CSL, the CSL methy! ester
(pristimerin) and dihydrocelastrol, a reduced variant of CSL that lacks the quinone methide
moiety in the parent compound. Pristimerin was equipotent or even slightly more potent than
CSL (see Table 1) against SW1 cells. This finding suggests that the acidic proton present in
CSL is not required for its ability to induce apoptosis in these cells. Dihydrocelastrol, however,
was inactive in the assay, suggesting that the quinone methide moiety in CSL is crucial for
apoptotic activity (see Discussion). With this information in hand, we focused on modification
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of the carboxylic acid moiety in CSL. We first synthesized a series of amide derivatives (CA01-
CAO08, CA13, and CA14) and these were tested in the cellular assays as shown in Table 1. This
set of amides was designed to interrogate both the steric and electronic requirements of the
carboxylate substitute needed for optimal cellular activity. The derivatives revealed some
intriguing preliminary structure-activity relationship data (Table 1). The 4-methoxybenzyl
amide (CAO01) and the pyridin-3-ylmethanamine amide (CAOQ3) were active in SW1 cells,
whereas the unsubstituted benzyl amide (CA02) was inactive. Among the aliphatic amides, the
isopropyl amide (CA04), the dimethyl amide (CAO5), the pyrrolidine amide (CA06), and the
methoxyethyl-amine (CAO07) were all active in SW1 cells. However, the morpholine amide
(CAO08) and the N-methylpiperazine amide (CA14) were both inactive. Surprisingly,
considering the dimethyl amide (CAO05) result, the monomethyl amide (CA13) was also
inactive (Table 1). This suggested that the presence of an amide N-H reduces cellular activity
in this series.

These observations prompted us to synthesize and test some ester derivatives based on the
rationale that, unlike primary amides, esters lack a heteroatom proton. Thus, the methyl 2-
hydroxyacetate ester (CA15), the benzyl ester (CA16), the ethyl ester (CA18), and the isopropyl
ester (CA19) were prepared and the cellular assay data are shown in Table 1. Among these
four derivatives, two (CA16 and CA19) potently exhibited the ability to induce melanoma cell
death. CA18 was not that efficient in the SW1 melanoma cells compared with CA19.
Remarkably, the benzyl ester (CA16) was quite potent compared with the corresponding amide
derivative (CA02), which was inactive. Taken together, these results suggest that the ester
derivatives are more potent than the corresponding amide derivatives. Based on these data, the
CAL16 and CA19 derivatives were selected as representatives for further assessment in the
syngeneic and xenograft mouse models.

Evaluation of CSL and its derivatives in melanoma tumorigenicity

To assess the ability of CSL and its derivatives to affect the tumorigenicity and metastasis of
melanoma, we used the mouse SW1 cell lines in syngeneic models. Injection of SW1 melanoma
cells s.c. into C3H mice was followed by i.p. injections of CSL on alternate days. Importantly,
administration of CSL, CA16, or CA19 to mice at doses up to 1 mg/kg did not result in toxicity
or any noticeable discomfort, indicating that these compounds are well tolerated and not toxic
at these high doses. Significantly, CSL attenuated the growth of both mouse and human
melanoma cells in vivo using immunocompetent and immunodeficient mouse models (Figs. 4
and 5). Comparison of CSL, CA16, and CA19 for their effects on the viability of SW1 cells
in culture revealed that both derivatives were as potent as the parent CSL compound (Fig. 4A).
Administration of these compounds, compared with vehicle control, revealed that both CSL
and the derivatives attenuated growth of SW1 tumors in mice (Fig. 4B). Interestingly, CSL
and CA19 were equally potent and reduced tumor growth 5-fold, whereas CA16 was less
effective in inhibiting tumor size (~ 50% decrease; Fig. 4B). Representative figures of GFP-
labeled tumors in animals treated with control or CSL show the effect of these compounds after
3 weeks of treatment (Fig. 4C). The effect of CSL on tumors that were excised from these
animals is also shown (Fig. 4C). Consistent with our finding in cultured cells, CSL treatment
also induced JNK activity in the tumors; such activity was not observed in the vehicle-treated
tumors (Fig. 4D), thereby supporting the changes seen in the SW1 cultures. These data suggest
that CSL and its derivatives efficiently reduce melanoma tumor growth in a syngeneic mouse
model.

We next determined the possible effect of CSL and the selected derivatives on the metastatic
capacity of melanoma cells. To this end, human melanoma LU1205 cells were subjected to
tail vein injection followed by administration of the compounds every second day. This
approach allows monitoring of changes in the number of lesions formed on the lungs, a primary
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organ for tumor cell growth under this experimental approach. Analysis done 60 days following
injection determined changes in the number and size of metastatic lesions in each of the
experimental groups. Significantly, CSL and CA19 were efficient in inhibiting growth of
large-, medium-, and small-sized lesions in the lungs (Fig. 5A). CA16 had no effect on the
development of the large lesions, although some activity was observed for 1 to 2 mm and for
mediastinal lesions (Fig. 5A). These data suggest that the compounds are capable of inhibiting
metastasis of human melanoma cells in a nude mouse model and that at least one of the two
derivatives tested here, CA19, exhibits potent activity that is comparable with CSL.

To further assess the effect of these compounds on the development of metastatic lesions, we
turned to the SW1 mouse melanoma model using the syngeneic C3H strain. S.c. injection of
SW1 cells results in tumor formation at the site of injection followed by metastasis to different
sites within 6 to 8 weeks (31). Similar to what was observed with the human melanoma cells
in the nude mice model, CSL and CA19 potently exhibit the ability to inhibit large as well as
small metastatic lesions, with the exception of the 1-to 2-mm range (Fig. 5B), whereas CA16
was somewhat active it elicited an opposite effect on the development of small-sized lesions
(Fig. 5B). The fluctuations seen with CA16 imply that its activity may be limited due to stability
or permeability. These data provide important support for the ability to attenuate tumorigenicity
and metastatic lesion formation in melanoma xenograft and syngenic models using CSL and
its isopropyl ester derivative CA19.

Discussion

The present study extends earlier reports that documented the ability of the ATF2 peptide to
cause apoptosis in mouse and human melanoma cells in culture and in animal models (29—
32). To identify compounds that mimic the activity of the ATF2 peptide, we screened a small-
molecule chemical library consisting of 3,280 compounds. Two compounds, CSL and AIGA,
at low micromolar concentrations, were able to (a) induce melanoma cell death, (b) inhibit the
transcriptional activity of ATF2, and (c) induce the activity of INK and transcriptional activity
of ¢c-Jun and required active JNK for their ability to affect melanoma viability.

Gambogic acid was originally isolated from the resin of the Garcinia hanburyi tree, whose
cytotoxic properties are recognized (37). In recent studies, AIGA was shown to possess the
capacity to potently induce apoptosis in a breast cancer cell line T47D (38), in a human
hepatoma cell line SMMC-7721 (39), and in a gastric carcinoma cell line BGC-823, in part
through G»-M phase arrest (40). Consistent with these findings, we show herein that AIGA
elicits potent inhibition of melanoma cell growth in culture. We further show that AIGA elicits
these effects in part through activation of JNK and c-Jun and inhibition of ATF2.

CSL, a quinone methide triterpenoid isolated from the Chinese “thunder of god vine” plant,
was reported to exhibit immunosuppressive activities (41). CSL was also shown to induce the
heat shock response and to elicit cytoprotection (42). Consistent with these findings, gene
expression signature-based chemical genomic prediction identified CSL as a modulator of the
HSP90 pathway (43). At micromolar concentrations, CSL was shown capable of inhibiting
proteasome activity and the growth of prostate cancer cells in nude mice (44). At the
concentrations used in the present studies (0.3-1 pmol/L), CSL did not affect the stability of
short-lived proteins, including Mdm2 and p53 (data not shown). CSL was also shown to inhibit
NF-«kB activation through the inhibition of 1kB kinase (36) and TAK1 activities (45). Previous
studies showed that NF-xB inhibits JNK activities and that inhibition of NF-kB results in
elevated JNK activities (46—49). Thus, it is likely that the ability of CSL to attenuate NF-xB
activity would result in increased JNK activity, which is consistent with our findings. It is the
increase in JNK activity, and consequently of its substrate c-Jun, in concert with inhibition of
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ATF2 activities that brings about the potent cytotoxic effects of both CSL and AIGA on
melanoma cells, similar to what was previously shown for the ATF2 peptides (29-32,50).

The greater apoptotic effects seen with CSL compared with AIGA in cultured cells prompted
us to focus on CSL. Examination of the structure of CSL led us to postulate that the quinone
methide functional group was responsible for its cytotoxic activity. Along these lines, we
reasoned that the highly electrophilic nature of the quinone methide unit could potentially lead
to irreversible or pseudo-irreversible binding to proteins, possibly through interaction with
cysteinyl residues. Supporting this hypothesis is the fact that dihydrocelastrol, which lacks the
quinone methide moiety, is inactive in the cellular assays (Table 1). On the other hand, the
methyl ester derivative of CSL (pristimerin) is equally efficacious as CSL with respect to its
ability to induce apoptosis, suggesting that the presence of the acidic carboxylate functional
group in CSL is not required for apoptotic activity but that the quinone methide moiety is
responsible for the observed cellular activity in our experiments. Data recently reported by
Westerheide et al. (42) support this hypothesis and further suggest that the carboxylic acid
moiety in CSL is responsible for the chemical chaperone activity observed in their experiments.
Thus, in the study conducted by Westerheide et al. (42), three ester derivatives of CSL were
inactive as regulators of the heat shock response, whereas dihydrocelastrol was active as a heat
shock promoter. These results suggest that the quinone methide moiety is not responsible for
the observed chemical chaperone activity. We therefore synthesized a series of CSL derivatives
in which the carboxylic acid unit in CSL was converted to an amide or ester derivative with
the quinone methide functional group retained intact in the molecules (see Results). Consistent
with arole for the quinone methide unit in the cytotoxicity of CSL, some of the CSL derivatives
exhibited improved efficacy (Table 1). These results led to the identification of the benzyl ester
(CAL16) and isopropyl ester (CA19) derivatives as potent inducers of apoptosis, which were
profiled in detail in in vivo models of melanoma. The precise role for the carboxylic acid moiety
in this modality of CSL remains to be further elucidated, however.

Consistent with its ability to induce apoptosis of melanoma cells in culture is the ability of CSL
and its isopropy| ester derivative CA19 to attenuate the growth of melanoma in mouse models.
Our analysis, which was done in syngeneic mouse (SW1 cells in C3H mice) and human
xenograft (LU1205 in nude mice) models, shows the ability of these compounds to attenuate
growth of metastatic lesions, which are the major clinical burden in treatment of this tumor
type. The lower activity of CA16 compared with CA19 and CSL on tumor growth and
metastasis development may be attributed to stability or permeability of this compound in
vivo. Along these lines, in all cases, it was necessary to inject the compounds at high frequency;
it is expected that improved formulation will allow prolonged half-life and more efficient
delivery of these compounds. The low concentrations of the compounds used in our present
studies would be expected to minimize effect on other organs, consistent with our initial
maximum tolerated dose studies.

In conclusion, the effects of AIGA and CSL on melanoma cells in culture and in mouse models
point to possible new treatment modalities for melanoma. In light of the notion that MAPK
signaling is up-regulated in human melanoma, in many cases as a result of mutations in B-
RAF or N-RAS, our findings suggest that these compounds could be also considered as a means
of complementing the activities of pharmacologic inhibitors developed against MAPK/ERK
kinase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

AIGA and CSL reduces cell viability of SW1mouse melanoma cells. A, chemical structure of
AIGA. B, chemical structure of CSL. C, SW1 cells were seeded on 96-well plates, and 24 h
later, cells were treated with the indicated doses of AIGA or CSL for 20 h. ATF251-100 peptide
(cloned in mammalian expression vector in frame with penetratin was transfected with the aid
of Lipofectamine as described in ref. 31) was used as a positive control. ATP levels were used
as an indicator of cell viability using the ATPLite kit. The number of surviving cells on AIGA
or CSL treatment was normalized to the number of surviving cells under the control treatment,
and the normalized number was designated as the “CellViability (%)”,which is represented by
the Y axis. Results shown represent three experiments (P < 0.005 for AIGA and P < 0.0045
for CSL). D, experiment was done as indicated in C, except that normal melanocytes were used
for the analysis (P < 0.01 for AIGA and P < 0.05 for CSL).
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Fig. 2.

AIGA and CSL increase JNK and c-Jun and reduce ATF2 activities. A, SW1 cells were
transfected with the TRE-luciferase plasmid, and 24 h later, cells were treated with the indicated
doses of CSL for 8 h before proteins were prepared and level of luciferase activity was
measured. ATF251-100 peptide was used as a positive control. Data represent results from three
experiments (P < 0.005). B, the effect of CSL on Jun2-luciferase activity was assessed, as
detailed in A. Data represent results from three experiments (P < 0.003). C, SW1 cells were
pretreated (for 30 min) with the JNK inhibitor SP600125 (10 pmol/L) followed by addition of
CSL for 20 h. ATP levels were used to measure the cell viability using the ATPL.te kit.
Calculation for altered viability was done as detailed in legend to Fig.1C. Representative results
from two experiments (P < 0.02). D, top, Western blot analysis for JINK phosphorylation
(pINK) on residues 183/185 was done on protein extracts that were prepared from cells treated
with CSL, as indicated in A; bottom, total level of INK. SW1 cells were pretreated with the
JNK inhibitor SP600125 followed by addition of AIGA or CSL for 20 h, as indicated in A and
B. Total protein extracts were used to determine the phosphorylation of c-Jun (pc-Jun).
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Fig. 3.

AIGA and CSL induce apoptosis in melanoma cells. A, SW1 cells were treated with CSL or
AIGA at the indicated concentrations, and the degree of apoptosis, measured by fluorescence-
activated cell sorting analysis, was determined 48 h later. Data represent three different
experiments. B, SW1 cells were treated with AIGA or CSL at the indicated doses for 24 h.
Staurosporine was used as a positive control. Immunoblot analysis using caspase-8 antibody
monitored full-length and cleaved forms (active) of caspase-8. p-Actin was used as a loading
control. The positions of the cleaved forms are indicated. C and D, human melanoma WM115
(C) or MEWO (D) cells were treated with the indicated doses of CSL or AIGA for 20 h. ATP
levels were used to measure the cell viability using the ATPL.ite kit. Calculation was done as
detailed in legend to Fig.1C. Representative results from three experiments.
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CSL and CSL derivatives, CA16 and CA19, reduce cell viability in vitro and attenuate tumor
growth in vivo. A, SW1 cells were seeded on 96-well plates, and after 24 h, cells were treated
with the indicated doses of CSL and the select derivatives CA16 and CA19 for 20 h. ATP
levels were used to measure the cell viability using the ATPL.ite kit. Calculation of viability
was done as detailed in Fig.1C. Representative results are from three independent experiments.
B, SW1 cells that stably express GFP were injected s.c into C3H mice. When the tumor reached
the size of 50 mm3, the vehicle, CSL (1mg/kg), CA16 (0.5 mg/kg), or CA19 (0.5 mg/kg) was
given i.p. every second day for a period of 24 d. Tumor was measured at the indicated times.
Data represent two experiments. Bars, SD. P < 0.005, t test. n = 7. C, representative figures of
mice with GFP tumors formed in C3H mice (left panel) or of the tumors excised from the
xenograft model in nude mice (right panel). D, tumors detailed in Fig. 5B were excised and
paraffin sections were prepared and stained with phosphorylated JNK antibody. Bar, 50 pum.
Arrows point to examples of phosphorylated JNK — positive cells.
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CSL and CSL derivatives, CA16 and CA19, attenuate tumor metastasis in vivo. A, CSL, CA16,
or CA19 inhibits lung lesions of human LU1205 cells. Tail vein injection of human melanoma
LU1205 cells was followed by analysis of lung lesions. The effect of these compounds on the
number and size of lesions obtained after H&E staining on serial sections of lungs was
calculated. Average number of lesions was calculated within serial sections of the lungs from
every mouse in two independent experiments. n = 10. B, CSL, CA16, or CA19 inhibits lung
metastasis of SW1 tumor. S.c. injection of SW1 cells resulted in tumors (Fig. 4B) that within
6 to 8 wk metastasize to the lungs (29). Average number of metastatic lesions in the lungs and
the mediastinal lesions was calculated based on analysis of several sections representing
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different longitudinal sections within the lungs. The change in metastatic lesions was divided

based on the size of the lesions, as indicated in A. Data represent average of two experiments.
n=7
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NOTE: Active: >50% inhibition of melanoma cell viability. SW1 is a mouse melanoma cell. WM115 and WM793 are human melanoma cells.

Abbreviation: ND, not determined.

*
Represent single analysis.
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