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Abstract

exo-Methylene lactone group-containing compounds, such as (-)-xanthatin, are present in a large
variety of biologically active natural products, including extracts of Xanthium strumarium
(Cocklebur). These substances are reported to possess diverse functional activities, exhibiting anti-
inflammatory, antimalarial, and anticancer potential. In this study, we synthesized six structurally
related xanthanolides containing exo-methylene lactone moieties, including (-)-xanthatin and
(+)-8-epi-xanthatin, and examined the effects of these chemically defined substances on the highly
aggressive and farnesyltransferase inhibitor (FTI)-resistant MDA-MB-231 cancer cell line. The
results obtained demonstrate that (—)-xanthatin was a highly effective inhibitor of MDA-MB-231
cell growth, inducing caspase-independent cell death, and that these effects were independent of
FTase inhibition. Further, our results show that among the GADDA45 isoforms, GADD45y was
selectively induced by (-)-xanthatin and that GADD45y-primed JNK and p38 signaling pathways
are, at least in part, involved in mediating the growth inhibition and potential anticancer activities
of this agent. Given that GADDA45y is becoming increasingly recognized for its tumor suppressor
function, the results presented here suggest the novel possibility that (-)-xanthatin may have
therapeutic value as a selective inducer of GADD45y in human cancer cells, in particular in FTI-
resistant aggressive breast cancers.

© 2011 American Chemical Society
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INTRODUCTION

exo-Methylene lactone group-containing compounds are present ubiquitously in a large
variety of biologically active natural products,! including extracts of Xanthium strumarium
(Cocklebur), and possess diverse activities, including anti-inflammatory, antimalarial, and
cytotoxic activities for cancer cells.! Although the xanthanolides are potentially attractive
anticancer candidates, X. strumarium contains only trace amounts of the xanthanolide
sesquiterpene lactones. It has been reported that natural product extracts that contain
principally (+)-8-epi-xanthatin and (—)-xanthatin (see Figure 1) are effective growth
inhibitors of several human tumor cell lines, with 1Csg values ranging from 0.8 to 6.1 uM,
and that farnesyltransferase (FTase) is a potential target of (+)-8-epi-xanthatin, exhibiting an
ICs value of 64 uM.2 FTase catalyzes post-translational prenylation reactions that are
required for the oncogenic properties of certain GDP/GTP-binding GTPases, including Ras
and Rho. 34 Although there is an apparent inconsistency in the reported ICsq values for
(+)-8-epi-xanthatin-mediated inhibition of FTase activity versus its effect on cancer cell
growth rates, FTase inhibition may be a mechanistic target of this agent’s growth
suppression. It is noteworthy that (+)-8-epi-xanthatin has never been evaluated for its effects
in human breast cancer-derived cells. Nor is there detailed experimental information
investigating the effects of pure, chemically synthesized derivatives of (+)-8-epi-xanthatin or
(-)-xanthatin on any human cancer cell lines, as previous studies have relied upon the use of
cruder biological extracts.

The molecular mechanisms of breast cancer progression and metastasis are not fully
understood.>~13 Among experimental human breast cancer cell lines, MDA-MB-231 cells
have been established as a valuable model for preclinical studies as they are highly
aggressive, both in vitro and in vivo. /14 Further, MDA-MB-231 cells have been
characterized as farnesyltransferase-inhibitor (FT1) “resistant” cells.1>16 However, there is
no information regarding the sensitivity of these cells to xanthanolide sesquiterpene lactone-
mediated growth inhibition, such as for (+)-8-epi-xanthatin and (—)-xanthatin.
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Another increasingly recognized target in cancer biology is the growth arrest and DNA
damage-inducible gene 45 (GADDA45) pathway, inducible by a variety of DNA damaging
agents, such as UV irradiation and methylmethane sulfonate.1” While GADD45 was initially
identified as a gene rapidly induced by stimuli and assigned a role as a stress sensor,}” more
recent attention has focused on GADDA45 as a likely tumor suppressor gene that is
inactivated in multiple tumor types.1® GADDA45 stimulation results in the activation of
mitogen-activated protein kinase (MAPK) signaling, including the p38 MAPK and c-Jun N-
terminal kinase (JNK) pathways.19-21 In these respects, it is note-worthy that compounds
containing a sesquiterpene lactone moiety can modulate MAPK pathways through the
induction of cellular stress,! although the details of this mechanism are not well established.
To date, at least three major MAPK pathways, extracellular signal-regulated kinase 1 and 2
(ERK1/2), INK, and p38, are recognized as physiologically important,1%-21 undergoing
activation by various stimuli, including UV irradiation, oxidation, and treatments with
anticancer chemicals.?122 The JNK and p38 signaling pathways appear particularly
responsive to stress stimuli.1%:20 Although an interplay in the apoptotic process has been
established between the induction of GADDA45 and the activation of stress stimuli-mediated
p38/INK signaling pathways,1® GADDA45 pathways themselves have not been investigated
as potential mediators of the cancer cell growth inhibitory effects exhibited by the
xanthanolide sesquiterpene lactones.

In the current study, we chemically synthesized six structurally related xanthanolides-
containing exo-methylene lactones, including (-)-xanthatin and (+)-8-epi-xanthatin, and
examined their activities on MDA-MB-231 cancer cells. The results revealed that (i) (-)-
xanthatin possesses the most efficacious antiproliferation potential, demonstrated by the
induction of caspase-independent death in MDA-MB-231 cells, and that (ii) the effect of (-)
-xanthatin appears independent of FTase inhibition. Further, our results show that among the
GADDA45 isoforms, GADD45y is selectively induced by (=) -xanthatin through cellular
stress pathways including oxidative stress and that GADD45y-primed JNK and p38
signaling pathways are, at least in part, involved in mediating (-)-xanthatin’s growth
inhibition and potential anticancer activities.

MATERIALS AND METHODS

Reagents

Of the six xanthanolides used in this study, (-)-xanthatin, (+)-8-epi-xanthatin, and (-)-
dihydroxanthatin were chemically synthesized according to a published protocol.23 The
remaining compounds including xanthocidin derivatives were synthesized according to our
previously established methods.24~26 These synthesized compounds were purified by HPLC
or column chromatography, and their purity (>95%) was confirmed by 1H- and 13C NMR
spectroscopy. No ring-opened derivatives of the xanthanolides’ lactones were detected in
our analyses. B-Caryophyllene/SP600125/d-limonene and FT1-277/U0126 were purchased
from Sigma Co. (St. Louis, MO) and Calbiochem (San Diego, CA), respectively. SB202190
and Z-VAD-FMK were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan) and Enzo Life Sciences International, Inc. (Farmingdale, NY), respectively. (-)-
Perillic acid was purchased from Axxora LLC (San Diego, CA). N-Acetyl-L-cysteine and L-
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ascorbic acid (vitamin C) were purchased from Nacalai Tesque Inc. (Kyoto, Japan). All
other reagents were of the highest grade commercially available.

Cell Cultures and Proliferation Assays

Cell culture conditions and methods were based on procedures described previously.12:13
Briefly, the human breast cancer cell lines, MDA-MB-231 and MCF-7 (obtained from the
American Type Culture Collection, Rockville, MD), were routinely grown in phenol red-
containing minimum essential medium alpha (Invitrogen, Carlsbad, CA), supplemented with
10 mM HEPES, 5% fetal bovine serum, 100 U/mL of penicillin, and 100 pg/mL of
streptomycin in a humidified incubator, in an atmosphere of 5% CO,, at 37 °C. Before
chemical treatments, the medium was changed to phenol red-free minimum essential
medium alpha (Invitrogen, Carlsbad, CA) supplemented with 10 mM HEPES, 5% dextran-
coated charcoal-treated serum, 100 U/mL of penicillin, and 100 ug/mL of streptomycin.
Cultures of approximately 60% confluence in a 100-mm Petri dish were used to seed the
proliferation experiments. In the proliferation studies, the cells were seeded into 96-well
plates at a density of approximately 5,000 cells/well, and test substances were introduced 4 h
after cell seeding. After 24 or 48 h of incubation, cell proliferation was analyzed using a
reagent of CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS reagent;
Promega, Madison, WI) according to the manufacturer’s instructions. All test chemicals
were prepared in ethanol. Control incubations contained equivalent additions of ethanol. No
adverse influence of ethanol was detectable on cell viability at the final concentrations used.

Assay of Lactate Dehydrogenase (LDH) Secretion

The CytoTox96 non-Radioactive Cytotoxicity Assay kit (Promega, Madison, WI) was used
to quantitatively measure LDH, a stable cytosolic enzyme that is released in necrosis. MDA.-
MB-231 cells were treated with (-)-xanthatin and (-)-dihydroxanthatin at 0.5-25 uM for 24
or 48 h, and then released LDH levels were determined.

Cell Morphology Studies

For morphological examination of MDA-MB-231 cells after treatments, images were
obtained using an inverted microscope Leica DMIL (Leica Microsystems, Wetzlar) and
captured using a Pixera Penguin 600CL Cooled CCD digital camera (Pixera Co., Los Gatos,
CA). For dual treatments with (=)-xanthatin and inhibitor, each inhibitor (U0126, SP600125,
SB202190, or Z-VAD-FMK) was pretreated for 2 h, and then (-)-xanthatin was introduced
into the culture. Exposure to the inhibitors did not result in any remarkable effects in cell
morphology. The concentrations of inhibitors used in the experiments were determined
empirically following dose-response measures of their relative effectiveness. Data were
processed using Pixera Viewfinder 3.0 software (Pixera Co., Los Gatos, CA). The breast
cancer cells were plated in 6-well plates. Three areas with approximately equal cell densities
were identified in each well, and images of each of these areas were captured.
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Analysis of p21WAFL/CIP1 (n21) |L-1, HO-1,GADD45a/Bly, Cdc2, and Cyclin B1 mRNA by
Semiquantitative Reverse Transcription—Polymerase Chain Reaction (RT-PCR)

Total RNA was prepared from MDA-MB-231 cells using RNeasy kit (Qiagen, Inc. Hilden,
Germany) and was purified using RNeasy/QlAamp columns (Qiagen, Inc. Hilden,
Germany), and the following cDNA (cDNA) synthesis, RT and PCR were performed using
SuperScript One-Step RT-PCR System with Platinum Taq polymerase (Invitrogen,
Carlsbad, CA). The primers used were p21 (sense) 5’-GTG AGC GAT GGA ACT TCG
ACT T-3 and p21 (antisense) 5-GGC GTT TGG AGT GGT AGA AAT C-3'. The primers
used were IL-1f (sense) 5’-CAG CTA CGA ATC TCC GAC CA-3" and IL-1p (antisense)
5-ACT TGT TGC TCC ATA TCC TGT-3'. The primers used were HO-1 (sense) 5’-CGC
CTA CAC CCG CTA CCT G-3 and HO-1 (antisense) 5’-TTG GCC TCT TCT ATC ACC
CTC-3'. The primers used were GADD45q, (sense) 5-AAC ATC CTG CGC GTC AGC
AA-3" and GADD45q (antisense) 5'-CCC ATT GAT CCA TGT AGC GAC T-3'. The
primers used were GADD45p (sense) 5-CAA GTT GAT GAA TGT GGA CCC-3’ and
GADDA458 (antisense) 5’-CTT TCT TCG CAG TAG CTG G-3, and GADD45y (sense) 5’-
CAA AGT CTT GAA CGT GGA CCC-3’ and GADD45y (antisense) 5’-GAT CCT TCC
AGG CGT CCT C-3'. The primers used were Cdc2 (sense) 5-TCA GTC TTC AGG ATG
TGC TT-3 and Cdc2 (antisense) 5-GCAAAT ATG GTG CCT ATACTC C-3'. The primers
used were cyclin B1 (sense) 5-CCA TTA TTG ATC GGT TCA TGC3 and cyclin B1
(antisense) 5’-GCC AAA GTA TGT TGC TCG AC-3'. Primers for PCR of B-actin were
taken from previously published work.2’ PCR of p21, IL-18, HO-1, GADD45a/B/y, Cdc2,
cyclin B1, and B-actin was performed under conditions producing template quantity-
dependent amplification over 33 cycles. Details of the PCR conditions are indicated in the
Figure legends. PCR products were separated by 1.5% agarose gel electrophoresis in Tris-
acetate EDTA buffer and stained with ethidium bromide. When the RT reaction was
omitted, no signal was detected in any of the samples. 3-Actin was used as an internal
control for RT-PCR.

DNA Microarray Analysis

Total RNA was collected from 10 pM (-)-xanthatin or vehicle-treated MDA-MB-231 cells
48 h after exposure by using the RNeasy kit (Qiagen, Inc. Hilden, Germany) and was
purified using RNeasy/QlAamp columns (Qiagen, Inc. Hilden, Germany). The specific gene
expression pattern in the MDA-MB-231 cells was examined by DNA microarray analysis in
comparison with vehicle-controls. From both cells, total RNA was extracted, and cDNA
synthesizing and cRNA labeling were conducted using a Low RNA Fluorescent Linear
Amplification kit (Agilent, Palo Alto, CA). Labeled cRNA (Cy3 to controls, Cy5 to (-)-
xanthatins) was hybridized to human oligo DNA microarray slides (Agilent, Palo Alto, CA)
that carry spots for human genes. Specific hybridization was analyzed using a Microarray
scanner (Agilent, Palo Alto, CA) and evaluated as a scatter-plot graph for gene expression.
Hokkaido System Science (Sapporo, Japan) provided assistance with experiments.
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DNA Fragmentation Analysis

DNA fragmentation analysis, an indicator of apoptosis, was performed using the commercial
Suicide Track DNA ladder isolation kit (Calbiochem, Darmstadt, Germany), according to
the manufacturing procedure provided.

Relaxation Assay of DNA Topoisomerase | (Topo 1)

Topo | and pBR322 DNA (supercoiled DNA) were purchased from TaKaRa Bio Inc.
(Kyoto, Japan) and New England Biolabs Inc. (Ipswich, MA). The enzyme reaction was
performed according to the manufacturer’s protocol (TaKaRa Bio Inc.).

Data Analysis

ICsq values were determined using SigmaPlot 11 software (Systat Software, Inc., San Jose,
CA), according to analyses described previously.28-31 Differences were considered
significant when the p value was calculated as less than 0.05. Statistical differences between
two groups were calculated by the Student’s t test. Other statistical analyses were performed
by Scheffe’s F test, a post-hoc test for analyzing results of ANOVA testing. These
calculations were performed using Statview 5.0J software (SAS Institute Inc., Cary, NC).

RESULTS

Effects of Xanthanolides on the Proliferation of MDA-MB-231 Cells

We investigated the effects of six chemically synthesized xanthanolides (Figure 1) on the
proliferation of MDA-MB-231 cells in culture. (-)-Xanthatin and (+)-8-epi-xanthatin were
revealed as effective inhibitors of MDA-MB-231 cell proliferation. The 1Cgq values after 48
h of exposure to (-)-xanthatin and (+)-8-epi-xanthatin were 5.28 uM and 10.57 uM,
respectively (Figure 1, inset). Complete inhibition of cell growth was observed at 25 pM
with (=)-xanthatin and (+)-8-epi-xanthatin following treatment for 48 h (Figure 2A, right
panel). In comparison, the other synthesized xanthanolides exhibited no observable effects
on the growth of MDA-MB-231 cells, even at 25 UM (Figures 1 and 2A). In particular, (-)-
dihydroxanthatin, a reduced form of (-)-xanthatin (see Figure 1), did not exert inhibitory
effects on cellular proliferation (Figures 1 and 2A). In addition to an exo-methylene lactone
moiety, (-)-xanthatin contains a dienone group (see Figure 1), a potentially reactive/
electrophilic functional group, capable of Michael-type adduct formation with DNA bases
and other molecules.32 However, due to its lack of antiproliferative activity, it appears that
this moiety does not contribute to essential antiproliferative properties of the xanthanolides.
Further, the exo-methylene-containing -caryophyllene was largely inactive with respect to
exerting antiproliferative activity on MDA-MB-231 cells (Figures 1, inset, and 2A).
Together, these results suggest that the exo-methylene structure containing a lactone moiety
is the key determinant for the (—)-xanthatin-mediated effects (see Figure 1, indicated with
gray inclusion in the structures). Interestingly, both (-)-xanthatin and (+)-8-epi-xanthatin
abrogated MDA-MB-231 cell viability in a time- and dose-dependent manner (Figure 2A);
however, (-)-xanthatin inhibited cell proliferation with a 2-fold stronger efficacy than that of
(+)-8-epi-xanthatin (Figures 1 and 2A). These results directed our further focus on the (-)-
xanthatin-mediated antiproliferative effects on MDA-MB-231 cells.
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Morphological Alterations and Cell Membrane Integrities in MDA-MB-231 Cells after (-)-
Xanthatin Treatment

MDA-MB-231 cells displayed typical mesenchymal morphology at 48 h (Figure 2B, control
panel a). However, treatments with (—)-xanthatin resulted in a striking and dose-dependent
morphological change in MDA-MB-231 cells (Figure 2B, panel a vs ¢ and d). Specifically,
increasing concentrations of (—=)-xanthatin resulted in a progressively more rounded cellular
appearance (Figure 2B;0.05-5 UM, data not shown). In contrast, treatment with 25 pM (-)-
dihydroxanthatin was devoid of noticeable effects on cellular morphology (Figure 2B, panel
b).

To investigate the loss of plasma membrane integrity, a property associated with necrosis,
the LDH release assay was used as a measure of cell lysis after (-)-xanthatin treatment
(Figure 2C). Although high concentrations of (=)-xanthatin (25 uM) induced significant
release of LDH in a time-dependent manner, untreated cells (i.e., spontaneous LDH release),
cells treated with 0.5-5 puM (-)-xanthatin or 0.5-25 pM (-)-dihydroxanthatin, exhibited little
detectable LDH release, even after 48 h of exposure. For further confirmation of these
results, high resolution microscopic analysis was performed (Figure 2D). When compared to
the vehicle-treated control (Figure 2D, panel a), plasma membrane blebbing was observed 2
h after treatment with (-)-xanthatin (panel c). In good agreement with the LDH release
assays, cell membrane rupture was not detected 48 h after 10 uM (-)-xanthatin exposure
(panel d), although the agent-treated cells showed a quite different morphology compared to
that of the cells treated by vehicle alone (panel b). Also, subsequent to (—)-xanthatin removal
(i.e., 25 uM for 48 h treatment), cell viability was not restored following incubation (data not
shown), suggesting that (—)-xanthatin can suppress the proliferation of MDA-MB-231 cells,
followed by necrotic cell death, or cytotoxic cell death at higher concentrations of (-)-
xanthatin (>25 pM). On the basis of these lines of evidence, 10 uM (-)-xanthatin levels were
chosen for further mechanistic experiments.

Stress-Responsible Genes IL-1B and HO-1, but Not the FTI-Sensitive p21 Gene, Are
Induced by (-)-Xanthatin

It has been suggested that (+)-8-epi-xanthatin, an analogue of (-)-xanthatin, may suppress
the proliferation of some tumor cells via FTase inhibition.2 We therefore hypothesized that
if (-)-xanthatin exerts its antiproliferative action on the malignant cells through FTase
inhibition, FTI-resistant MDA-MB-231 cells should not be influenced by this agent. To test
this hypothesis, we first examined whether FTI1-277, a highly potent and selective inhibitor
of FTase,33 can affect MDA-MB-231 cell growth. Although MDA-MB-231 cells express
functional FTase,34 the cells were markedly resistant to FT1-277, even at 25 uM
concentrations (Figure 3A), a concentration much higher than the reported I1Csq value of 100
nM.33 Therefore, if (-)-xanthatin and (+)-8-epi-xanthatin specifically target FTase activity,
MDA-MB-231 cells should be resistant to these agents as well. However, the proliferative
activity of the FTI-resistant breast cancer cells was inhibited potently by (-)-xanthatin in a
dose-dependent manner (Figure 3A,; also see Figure 2A). MDA-MB-231 cell resistance to
FTI-277 treatment has also been reported by others.1516 |n addition, other known FTase
inhibitory compounds explored for use as anticancer agents, d-limonene and perillic
acid,3:36 did not abolish the proliferation of MDA-MB-231 cells (i.e., ICsg values >25 puM,
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respectively) (data not shown). Further, it was reported that FTIs can induce the expression
of the p21 gene, an important cell-cycle suppressor.37-38 If this mechanistic target was
conserved for (=) -xanthatin, then the respective expression level of this suppressor would
be expected to be positively stimulated by (-)-xanthatin treatment. However, no
enhancement of p21 gene transcript level was detected following (-)-xanthatin treatment
(Figure 3B, inset). Therefore, the data presented here strongly support the idea that the
mechanism of the (-)-xanthatin-mediated antiproliferative effects on MDA-MB-231 cells is
distinct from that of FTase inhibition.

Therefore, the question remains as to how (=)-xanthatin exerts its antiproliferative actions on
the breast cancer cells. It is accepted that sesquiterpene compounds containing the exo-
methylene lactone can interact with cysteine residue(s) in proteins involved in maintaining
the redox balance in cells, via a Michael-type addition.! These interactions in turn disrupt
intracellular redox balance, leading to concomitant induction of interleukin-1f (IL-1), heme
oxygenase-1 (HO-1) expression, and activation of reactive oxygen species. 1:3940 |f the
lactone moiety of (-)-xanthatin is responsible for the bioactivity, it would be expected that
the expression of 1L-18 and HO-1 would be up-regulated by the respective treatment. Thus,
we investigated the mRNA expression status of IL-1f and HO-1 after the chemical
treatment. IL-1f expression was increased 3.0-fold (Figure 3C, left panel), and HO-1 was
similarly up-regulated 5.3-fold (Figure 3C, right panel). Further, the (-)-xanthatin-mediated
antiproliferative effects on MDA-MB-231 cells were suppressed by treatments with two
types of antioxidants: N-acetyl-.-cysteine (NAC) and vitamin C (Vit.C), with NAC more
effective than Vit.C at either 5 or 10 UM (-)-xanthatin treatments (Figure 3D). These data
suggest that (=)-xanthatin may suppress MDA-MB-231 cell growth through the modulation
of intracellular oxidative stress pathways.

GADD45y mRNA Overexpression Selectively Induced by (-)-Xanthatin

To indentify the pathways responsible for the (—)-xanthatin-induced breast cancer-
suppressive effects, we performed gene expression/microarray experiments. Among the
various genes that were up-regulated by 10 pM (-)-xanthatin treatments, the GADD45a//Ay
gene family was noteworthy. Of these transcripts, GADD45y expression exhibited the most
marked up-regulation (22.2-fold), followed by GADD45f (13-fold) (Figure 4A-a). As
shown in the Figure 4A-b, we verified the results of the DNA microarray using RT-PCR
methodology. GADD45Ca and GADD450 transcript levels were modestly increased,
whereas levels of GADDA45y were clearly up-regulated in the (—)-xanthatin-treated group. It
should be noted that although p21, IL-14, and HO-1 genes were basally expressed in the
MDA-MB-231 cells (Figure 3, panels B and C), the GADD45y gene was largely suppressed
in the absence of treatment (Figure 4A-b). Again, no up-regulation of p21 expression was
detected by the DNA microarray analysis (Figure 4A-a, see also Figure 3B), although up-
regulation of the IL-15and HO-1 genes was observed (4.9- and 3.9-fold, respectively).
Collectively these results indicate that (—)-xanthatin modulates GADD45 gene levels in FTI-
resistant MDA-MB-231 tumor cells. Of interest, treatment of the cell cultures with the
inactive congener, (-)-dihydroxanthatin (see Figures 1 and 2), resulted in apparent up-
regulation of GADD45Ca and GADD45f as well; however, GADDA45y expression was
specifically enhanced only in the 10 pM (-)-xanthatin-treated samples (Figure 4A—c).
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Although GADDA45p expression was only modestly more sensitive to (—)-xanthatin
treatment than (=)-dihydroxanthatin (Figure 4A, panel b and c), perhaps GADD45p up-
regulation also positively enhances the functional activities of (=) -xanthatin in MDA-
MB-231 cells. The marked induction response of GADDA45y to (-)-xanthatin treatments
correlated well with the degree of cell death induced by this agent (Figure 2A, right panel),
implicating GADDA45y as a selective target of (—)-xanthatin’s functional effects in MDA.-
MB-231 cells.

GADDA45y-Related Signaling Pathways Are Involved in (-)-Xanthatin-Mediated Cell Death

We next assessed the downstream pathways of GADDA45 activation. Since GADD45y is
capable of modulating each of the stress-responsive JNK and p38 signaling pathways in the
cell death pathway, 19721 we tested established inhibitors of JINK (SP600125), p38
(SB202190) and ERK (U0126) for their respective effects on (-)-xanthatin-mediated
morphological change as well as on cell death. (-)-Xanthatin treatment resulted in the loss
of the characteristic spindle-shape in MDA-MB-231 cells and adoption of a rounded cellular
morphology, followed by cell death (see Figure 2B, panels a vs ¢/d and Figure 2D). When
comparing (-)-xanthatin-induced cell death [i.e., (%) inhibition of cell viability, 85.43 +
6.52%] and the accompanying morphological changes induced (data not shown), both
parameters were effectively blocked by pretreatments of either 10 uM SP600125 or 10 uM
SB202190 for 2 h [i.e., (%) inhibition of cell viabilities, SP600125 = 40.95 + 7.69% and
SB202190 = 48.32 £ 6.22%, respectively]. However, as expected, 10 uM U0126 was not
effective in blocking (-)-xanthatin’s actions [i.e., (%) inhibition of cell viability, 89.21 +
8.31%], data that further support the mechanistic involvement of the stress-responsive JNK
and p38 MAP kinase-mediated signaling pathways as effectors of (=)-xanthatin’s activities.
To further investigate the mode of cell death activated by the 10 uM (-)-xanthatin-
treatments, DNA fragmentation patterns were analyzed by gel electrophoresis. The results
demonstrated no detectable DNA fragmentation in the (-)-xanthatin-treated cells (Figure
4B, indicated by Xa), whereas actinomycin D (Act D)-treatments, serving as a positive
control for apoptosis, produced readily apparent DNA fragmentation patterns (Figure 4B,
indicated by Act D). When comparing the control and 10 uM (-)-dihydroxanthatin-treated
lanes, (-)-xanthatin treatment for 48 h generated considerably large amounts of high
molecular weight (HMW) DNA fragments (>2 kbp) but no short oligonucleo-somes
typically characteristic of apoptotic cell death (Figure 4B, indicated by Act D). Further,
when 50 uM Z-VAD-FMK, a pan-caspase inhibitor, was added in combination with (-)-
xanthatin, no detectable changes resulted in either (-)-xanthatin-induced cell death indices
or cellular morphology of the MDA-MB-231 cells (data not shown). In addition, it was
demonstrated that (-)-xanthatin markedly evoked the death response of MCF-7 breast
cancer cells, with an 1Csq value of 5.05 uM (Figure 4C), comparable to the effects noted
with MDA-MB-231 cells following treatment with the compound (Figure 1, inset). It should
also be noted that (-)-xanthatin was approximately 3-fold more potent than (+)-8-epi-
xanthatin in lowering MCF-7 cell viability (1Cs5q values of 5.05 pM vs 16.13 pM). Since
MCF-7 cells are caspase-3-deficient,#! these data strongly suggest that (-)-xanthatin-
induced cell death is not mediated through caspase activation of apoptotic pathways.
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(-)-Xanthatin Represses Genes Involved in the Cell Cycle Go/M Checkpoints

In addition to being rapidly induced by DNA-damaging agents, accumulating evidence
suggests that the GADDA45 family belongs to a subset of genes that are coordi-nately
activated in growth-arrested cells. 1742 Using DNA micro-array and RT-PCR analyses, we
evaluated GADDA45 responses in (-)-xanthatin treated MDA-MB-231 cells since all three
GADDA45 isoforms are suggested to cause cell cycle arrest at the G,/M transition via the
inhibition of Cdc2/cyclin B11743 (Figure 5A). Among the GADDA45-interactive molecules
in cell cycle regulation, Cdc2 and cyclin B1 were selectively down-regulated (3.0- and 3.3-
fold, respectively) by (-)-xanthatin (Figure 5B-a), indicating that this agent’s
antiproliferative activities are likely mediated, at least in part, through GADD45-mediated
inhibition of Cdc2/cyclin B1 and subsequent reduction of G,/M checkpoint control (Figure
5B-a and -b).

(-)-Xanthatin Does Not Affect Topoisomerase | (Topo I)-Mediated DNA Relaxation

It is well-established that GADD45 genes are induced by stimuli leading to DNA
damage.17:1920 On the basis of these considerations, we asked whether (-)-xanthatin may
affect Topo I-catalyzed DNA relaxation, as Topo | plays a major role in regulating genomic
DNA topology, modulating supercoiled to relaxed DNA transitions.*4 Following the
incubation of supercoiled DNA and Topo I, reaction products were analyzed by agarose gel
electrophoresis. The supercoiled DNA was almost completely converted into relaxed DNA
in the presence of 1 or 2 U Topo | (Figure 6). Under these conditions, no inhibitory effect of
10 uM (-)-xanthatin on Topo | was detected (up to 25 pM; data not shown). Similar results
were obtained with 10 uM (-)-dihydroxanthatin (Figure 6), suggesting that (-)-xanthatin
induces GADDA45y through the induction of cellular stress and not through the inhibition of
a Topo I-catalyzed reaction (see also Figure 3C and 3D). These results are in contrast to the
anticancer drug, camptothecin, which causes DNA damage by affecting Topo I-catalyzed
reactions** and subsequent induction of GADD45 genes.*®

(-)-Xanthatin-Mediated Antiproliferative Effects on MDA-MB-231 Cells Minimally Require
Its Exomethylene-Coupled Carbonyl Moiety in the Structure

Our prior data (Figures 1 and 2) suggested that the exo-methylene lactone moiety is a
possible active center mediating both (—)-xanthatin’s antiproliferative and cell death effects
on MDA-MB-231 cells. To test this concept in some detail, we synthesized two additional
xanthocidin derivatives, containing an exo-methylene-coupled carbonyl moiety, in the
cyclopentane or cyclopentene ring, respectively (Figure 7A, right panel; structures #1 and
#2). As shown in Figure 7A (right panel), #2 contains two potential Michael acceptor
centers. One is the exo-methylene-coupled carbonyl moiety, and the other is an enone
moiety, as compared with structure #1. When tested experimentally at 10 uM
concentrations, the derivatives #1 and #2 exhibited comparatively similar inhibitory effects
on the breast cancer line’s viability (Figure 7B), even though derivative #2 contains the
additional enone moiety. When compared with (=)-xanthatin’s suppressive effects, both of
the xanthocidin derivatives exhibited much weaker growth suppression in the MDA-
MB-231 cells. It is possible that the results may be influenced by differences in the
compounds’ inherent lipophilicity, although it is notable that both of the xanthocidin
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derivatives did produce statistically significant inhibitory effects on cell viability at 10 uM.
Therefore, these data strongly suggest that the exo-methylene-coupled carbonyl moiety
(Figure 7A, left panel; indicated by a gray circle) in the structure of (-)-xathatin is critically
important for its inhibitory activity on cell viability, whereas the entire structure of (-)-
xanthatin, except for a dienone moiety, contributes importantly to the cancer cell
antiproliferative function.

DISCUSSION

Among established human breast cancer cell lines, MDA-MB-231 cells are well recognized
as a highly aggressive breast cancer model. If breast cancer cells express estrogen receptors
(ERs) and their proliferation is estrogen dependent, ER antagonists and aromatase inhibitors
are typically chosen as potentially effective treatment regimens.813 However, for ER-
negative breast tumors, as modeled by the MDA-MB-231 cells in vitro, other strategies are
usually more effective, such as the transformation of ER-negative into ER-positive breast
cancer cells using ER cDNA transfection or re-expression of the ERgene by demethylating
its promoter. 46 However, these modalities are only employed in vitro, severely limiting the
gamut of effective alternative strategies in vivo. The study presented here focuses on the
investigation and promise of developing new chemical agents exhibiting anticancer potential
for aggressive ER-negative breast cancers.

In this regard, various sesquiterpene lactones have been recognized previously as toxic to
both humans and animals, with a view that these substances are nonselectively reactive with
cellular macromolecules.*” However, among the discovered sesquiterpene lactones, (-)-
xanthatin, derived from extracts of X. strumarium (Cocklebur) has been reported as
exhibiting little or no toxicity to animals, exhibiting an LDsg value of ~800 mg/kg.*8
However, previous studies on (—)-xanthatin have relied on preparations derived from crude
extracts of plant materials. In the current study, we performed chemical syntheses to derive
pure preparations of (=)-xanthatin and other xanthanolide sesquiterpene lactone derivatives,
and studied these agents as potential anticancer modalities in an MDA-MB-231 cell model.
The results demonstrated strikingly that among these chemically related substances, (-)-
xanthatin was a highly effective inhibitor of cancer cell proliferation, as well as an inducer
of cancer cell death.

Mechanistically, we attempted to define the mode of action of (-)-xanthatin’s
antiproliferative effects. Initial results indicated that the mechanism of the (-)-xanthatin-
mediated effects on MDA-MB-231 cells was distinct from that of FTase inhibition and/or
the associated up-regulation of the p21 gene, an important cell-cycle suppressor (Figure 3A
and B). We also evaluated whether (=)-xanthatin may interfere with Topo I-catalyzed DNA
relaxation, as Topo | is known to play a major role in regulating DNA topology by
modulating its transition from supercoiled DNA into relaxed DNA.#4 The anticancer drug,
camptothecin, causes DNA damage by modulating the Topo I-catalyzed reaction,*® resulting
in cell death accompanied by DNA fragmentation.*4 However, at 10 uM (-)-xanthatin, the
concentration that effectively compromises MDA-MB-231 cell viability (Figure 2A, right
panel), no Topo | inhibition or characteristic DNA fragmentation patterns could be detected
(Figures 4B and 6). Rather, (=)-xanthatin treatment resulted in the production of HMW
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DNA fragments in the absence of oligonucleosomal DNA fragmentation, suggesting a
caspase-independent apoptotic mechanism.4® The anticancer agent, irofulven (6-
hydroxymethylacylfulvene), is an analogue of illudin S that possesses sesquiterpene and
methylene-coupled carbonyl moieties and also appears to evoke a caspase-independent
apoptosis with concomitant appearance of HMW DNA fragments in MDA-MB-231 cells.50
We further investigated the effect of the pan-caspase inhibitor Z-VAD-FMK on (-)-
xanthatin’s activity. However, Z-VAD-FMK additions resulted in no observable
morphological change or cell death when combined with (=)-xanthatin treatments, further
supporting a caspase-independent mode of cell death. Others have also reported that cellular
apoptosis induced by arucanolide, a sesquiterpene lactone, is similarly insensitive to Z-
VAD-FMK:_>! To obtain more evidence supporting a caspase-independent cell death primed
by (-)-xanthatin, we further investigated the effect of (-)-xanthatin on MCF-7 cells, a breast
cancer cell line having a caspase-3 deficient background.#t MCF-7 cell proliferation and
viability were also remarkably suppressed by (=)-xanthatin (Figure 4C). Therefore, these
results support the concept that the potent suppressive effects of (—)-xanthatin on breast
cancer lines involve a mode of action involving one or more caspase-independent pathways.

One potential mechanistic pathway accounting for (-)-xanthatin’s antiproliferative effects is
that of oxidative stress, as the (-)-xanthatin-induced effects on cell viability were abrogated
by pretreatment of the MDA-MB-231 cell cultures with antioxidants such as NAC and Vit.C
(Figure 3D). Of note, NAC, a thiol (-SH)-containing compound, was more effective than
Vit.C, suggesting that oxidative stress pathways potentially involving interaction between
(-)-xanthatin and cysteine residue (s) in protein targets are involved in the (-)-xanthatin’s
antiproliferative effects. It was reported previously that chemicals containing a sesquiterpene
lactone moiety are effective activators of oxidative stress pathways.! In this respect,
GADDA45 genes, including GADDA45y, are recognized as early response genes that are
induced following DNA damage produced by stress stimuli.1”19:20 Using DNA microarray
and corroborative gene expression analyses, we identified several modulated genes in
response to (—)-xanthatin treatment. The GADD45y gene in particular was remarkably
elevated in MDA-MB-231 cells, along with gene expression changes involved in the
GADDA45-related signaling pathways (both up-and down-regulation). In addition, the HO-1
and IL-1/ gene transcripts were identified as up-regulated by (-)-xanthatin-mediated
treatments and stress response genes that may in turn lead to the induction of the GADD45
gene responses noted. We also observed up-regulation of other oxidative stress-responsive
genes such as HSPALA/HSP70 and HSPAG/HSP70B”>2 If one of the triggers primed by (-)-
xanthatin is oxidative stress, it appears to follow that expression of stress-responsive genes,
such as HO-1 and IL-1, would exhibit up-regulation and that antioxidants would function to
effectively block the cell death responses produced by (-)-xanthatin.

Although all three GADDA45 isoforms are implicated in cell cycle arrest at the Go/M
transition, through inhibition of Cdc2/cyclin B1,1743 among the GADD45-interactive
molecules in cell cycle regulation, we identified that Cdc2 and cyclin B1 were selectively
down-regulated (3.0 and 3.3-fold, respectively) by (-)-xanthatin. These results indicate that
this agent’s antiproliferative activities are likely mediated, at least in part, through
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GADDA45-mediated inhibition of Cdc2/cyclin B1 and subsequent reduction of Go/M
checkpoint control.

Accumulating experimental evidence indicates that GADD45y, but not GADD45Ca or
GADDA458, functions as a tumor suppressor gene in cancers, leading to G,/M arrest,
followed by apoptosis.18:52 In addition, the GADDA45y gene is rarely mutated in tumors.18:53
Thus, ectopic expression of GADDA45y is being explored as a novel strategy to inhibit tumor
growth. Although GADDA45y appears as an attractive target for cancer treatment, to our
knowledge no selective inducer of the GADDA45y isoform has been identified previously.
The results presented here suggest the novel possibility that (=)-xanthatin may have
therapeutic value as a selective inducer of GADD45y in human cancer cells, in particular
FTI-resistant aggressive breast cancers. Further studies are required to ascertain exact
mechanistic targets of (—)-xanthatin’s antiproliferative and cell killing effects in breast
cancer models (Figure 8).
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Figure 1.
Chemical structures of six synthesized xanthanolide sesquiterpene lactones and p-

caryophyllene and ICgq values for MDA-MB-231 cell growth inhibition. The exo-methylene
lactone moiety, indicated with a gray inclusion, but not the dienone moiety (with a dotted
line enclosure) is suggested as important for (—=)-xanthatin- and (+)-8-epi-xanthatin-mediated
inhibitory effects on MDA-MB-231 cell growth. Inset: MDA-MB-231 cells were exposed to
increasing concentrations of compounds listed in the figure. The I1Csq values (uUM), obtained
at 48 h in culture, were determined as described in Materials and Methods. The values
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indicate the means of three independent experiments performed with five technical
replicates. Except for (—)-xanthatin and (+)-8-epi-xanthatin, I1Cgq values could not be
determined due to weak inhibitory activities. The figures in parentheses indicate the percent
of cell viability when compared with that of the vehicle-treated group (control as 100%).
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Figure 2.
(-)-Xanthatin inhibits the growth of MDA-MB-231 cells in a dose- and time-dependent

manner. (A) MDA-MB-231 cells were exposed for 24 h (left panel) or 48 h (right panel) to
increasing concentrations of the compounds indicated in Figure 1. Data are expressed as the
percent of the vehicle-treated group (control) and represent the mean + SD (n = 5).
*Significantly different (p < 0.05) from control. Cont, control; Dihy, (-)-dihydroxanthatin;
and BCP, p-caryophyllene. N.D., not detectable (because of complete cell death). (B) MDA-
MB-231 cells were treated with vehicle (a; control), 25 pM (-)-dihydroxanthatin (b), and 10
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and 25 uM (-)-xanthatin (c and d, respectively) for 48 h prior to the examination of cellular
morphology. Representative data images are shown. Images were taken with x 100
magnification (a, b, ¢, and d). (C) LDH released into the culture medium was measured at 24
or 48 h after the indicated concentrations of (=)-xanthatin/(-) -dihydroxanthatin treatments.
Data are expressed as the percent of vehicle-treated group (control) and represent the mean
+ SD (n=5). *Significantly different (p < 0.05) from the control. **Significantly different
(p < 0.05) from 10 uM (-)-xanthatin-treated groups at 24 or 48 h. (D) Cells were exposed to
10 uM (-)-xanthatin for 2 or 48 h, and the morphology of cells was assessed at high
resolution (a, control for 2 h; b, control for 48 h; ¢, xanthatin for 2 h; d, xanthatin for 48 h).
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Figure 3.
(-)-Xanthatin-mediated growth suppression of MDA-MB-231 cells is accompanied by

elevations in stress-responsive gene expression but not p21. (A) MDA-MB-231 cells were
exposed for 48 h to increasing concentrations of FT1-277 (0.05-25 uM) and (-)-xanthatin (5
and 10 uM). Data are expressed as the percent of vehicle-treated group (control), as mean £
SD (n =5). *Significantly different (p < 0.05) from the control. **Significantly different (p
< 0.05) from the 10 uM FTI1-277-treated group. N.S., not significant. (B) RT-PCR analysis
of p21 mRNA levels after treatment with (—)-xanthatin at 10 uM. B-Actin was used as an
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RNA normalization control. Lane 1, 100-bp DNA ladder marker; lanes 2 and 4, mRNA
levels in the absence of (-)-xanthatin; and lanes 3 and 5, mMRNA levels in the presence of
(-)-xanthatin. p21 mRNA level was not influenced by (-)-xanthatin (see inset; see also
Figure 4A-a). A representative data image is shown. (C) RT-PCR analysis of IL-1f and
HO-1 mRNAlevels after treatment with 10 uM (=)-xanthatin. f-Actin was used as an RNA
normalization control. Lanes 1 and 6,100-bp DNA ladder marker; lanes 2,4, 7, and 9,
mRNAlevels in the absence of (-)-xanthatin; and lanes 3, 5, 8, and 10, mRNAlevels in the
presence of (=)-xanthatin up-regulated transcript levels for the stress responsive genes, IL-1p
and HO-1. A representative data image is shown. (D) MDA-MB-231 cells were treated for
48 h with 5 uM or 10 pM(-)-xanthatin in the presence (+) or absence (=) of two
antioxidants, vitamin C (Vit.C) and N-acetyl-L-cysteine (NAC), respectively. Each inhibitor
was added (Vit.C, 25 uM; NAC, 1 mM, respectively) as a pretreatment, 2 h in advance to
(-)-xanthatin additions. Data are expressed as the percent of vehicle-treated group (—/—/-
group), as the mean + SD (n = 5). *Significantly different (p < 0.05) from the control.
**Significantly different (p < 0.05) from the 5 pM (-)-xanthatin alone-treated group.
***Significantly different (p < 0.05) from the 10 uM (-)-xanthatin alone-treated group.
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Figure 4.

0
\‘ pM

Selective up-regulation of the GADDA45y gene and its downstream signaling pathways are
modulated by (=)-xanthatin. (A-a) Results of DNAmicroarray analysis. Data are expressed
as fold induction vs vehicle-treated groups. MDA-MB-231 cells were treated with the
vehicle or 10 pM (-)-xanthatin for 48 h, followed by mRNA isolation. Details of microarray
conditions are described under Materials and Methods. (A-b) RT-PCR analysis of GADD45
isoform a/B/y transcript levels after treatment with (+) or without (=) 10 M (-)-xanthatin.
B-Actin was used as an RNA normalization control. A 100-bp DNA ladder marker was also
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loaded. Xa, (-)-xanthatin. A representative data image is shown. Also see also the inset
(GADDA45). (A-c) RT-PCR analysis of GADD45 isoform a/p/y mMRNA levels after
treatment with varying concentrations of (—)-xanthatin, ranging from 2.5 to 10 pM, and 10
UM (-)-dihydroxanthatin. p-Actin was used as an RNA normalization control. A 100-bp
DNA ladder marker was also loaded. Xa, (-)-xanthatin; and Di, (-)-dihydroxanthatin. A
representative data image is shown. (B) DNA fragmentation analysis after 10 uM (-)-
xanthatin or 10 uM (-)-dihydroxanthatin treatments for 48 h. Actinomycin D (Act D) was
used as a positive control for DNA fragmentation. A DNA size marker was also loaded. Xa,
(-)-xanthatin; and Di, (-)-dihydrox-anthatin. A representative data image is shown. (C)
MCEF-7 cells were exposed for 48 h to increasing concentrations of (=)-xanthatin or (+)-8-
epi-xanthatin as indicated in the Figure. Data are expressed as the percent of the vehicle-
treated group (control) and represent the mean = SD (n = 5). *Significantly different (p <
0.05) from the control. Cont, control.
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Figureb5.

(-)-Xanthatin suppresses key genes involved in the G,/M checkpoint. (A) GADD45
molecules can inhibit Cdc2/cyclin B1 involved in the Go/M checkpoint. (B-a) Results of
DNA microarray analysis were presented. Data are expressed as the fold induction vs
vehicle-treated groups. MDA-MB-231 cells were treated with the vehicle or 10 uM (-)-
xanthatin for 48 h, followed by mRNA isolation. Details of microarray conditions are
described under Materials and Methods. (B-b) RT-PCR analysis of Cdc2 and cyclin B1
MRNA levels after treatment with (+) or without (=) 10 uM (=)-xanthatin. f-Actin was used
as an RNA normalization control. Also see the inset (Cdc2). A100-bp DNA ladder marker
was also loaded. Xa, (-)-xanthatin. A representative data image is shown.
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Figure®6.
(-)-Xanthatin does not affect topoisomerase | (Topo I)-mediated DNA relaxation. Effects of

(-)-xanthatin and (-)-dihydrox-anthatin on Topo I-catalyzed DNA relaxation are shown.
The filled vs unfilled arrowheads refer to the positions of supercoiled DNA and relaxed
DNA, respectively. After the incubation of Topo I alone or in combination with
xanthanolides, each sample was subjected to agarose gel electrophoresis, followed by
staining with ethidium bromide. A 1-kbp DNA ladder marker was also loaded. Xa, (-)-
xanthatin; and Di, (-)-dihydroxanthatin. A representative data image is shown.
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Figure?.
(-)-Xanthatin-mediated antitumor effects minimally require its exo-methylene-coupled

carbonyl moiety. (A) Chemical structures of (-)-xanthatin (left panel) and two xanthocidin
derivatives (right panel, #1 and #2). The exo-methylene-coupled carbonyl moiety in the
structures is indicated with a gray inclusion. Me, — CHs (methyl group). (B) MDA-MB-231
cells were exposed for 48 h to the indicated concentrations (10, 100 uM) of the compounds
listed in panel A. Data are expressed as the percent of the vehicle-treated group (control) and
represent the mean £ SD (n = 5). *Significantly different (p < 0.05) from the control.
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**Significantly different (p < 0.05) from the 10 uM (-)-xanthatin-treated group. N.D., not
detectable (because of complete cell death). N.S., not significant.
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Figure8.

Summary of the (-)-xanthatin-mediated antiproliferation effects on human breast cancer
MDA-MB-231 cells. In this study, it was revealed that (=)-xanthatin selectively induced the
GADDA45y gene, a tumor suppressor, in MDA-MB-231 breast caner cells. The GADD45y
gene is induced by certain stresses evoked by (=)-xanthatin, followed by the activation of
stress-responsive MAPK (JNK and p38)-mediated signaling pathways. These activities are
blocked by the specific inhibitors, SP600125 and SB202190, respectively. Conceivably,
GADDA45y-mediated G,/M arrest may be caused by the down-regulation of Cdc2/cyclin B1.
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Finally, damaged cells result in caspase-independent cell death but not in necrosis. Z-VAD-
FMK, a pan-caspase inhibitor, does not interfere with (-)-xanthatin-induced cell death. Solid
lines indicate interactions of the former and the later that were demonstrated directly by the
results of this study; hypothesized interactions are denoted with dotted lines.
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