
Original Articles

Dehydroleucodine inhibits tumor growth in a preclinical melanoma
model by inducing cell cycle arrest, senescence and apoptosis
Valeria V. Costantino a, Lorena Lobos-Gonzalez b, Jorge Ibañez a, Dario Fernandez a,
F. Darío Cuello-Carrión c, Manuel A. Valenzuela b, Manuel A. Barbieri d,
Silvana N. Semino a, Graciela A. Jahn c, Andrew F.G. Quest b,*, Luis A. Lopez a,**
a Laboratory of Cell Cycle and Cytoskeleton, Instituto de Histología y Embriología Dr. M. H. Burgos (IHEM-CONICET, Mendoza, Argentina
b Cellular Communication Laboratory, Center for Molecular Studies of the Cell (CEMC), Advanced Center for Chronic Diseases (ACCDiS), Program of Cell and
Molecular Biology, Institute of Biomedical Sciences (ICBM), School of Medicine, Universidad de Chile, Santiago 8380453, Chile
c Instituto de Medicina y Biología Experimental de Cuyo IMBECU-CONICET, Mendoza, Argentina
d Department of Biological Sciences, Florida International University, Miami, FL 33199, USA

A R T I C L E I N F O

Article history:
Received 2 October 2015
Received in revised form 3 December 2015
Accepted 4 December 2015

Keywords:
Sesquiterpene lactones
Dehydroleucodine
Melanoma
Mathematical model
Apoptosis
Premature senescence

A B S T R A C T

Malignant melanoma represents the fastest growing public health risk of all cancer types worldwide.
Several strategies and anti-cancer drugs have been used in an effort to improve treatments, but the de-
velopment of resistance to anti-neoplastic drugs remains the major cause of chemotherapy failure in
melanomas. Previously, we showed that the sesquiterpene lactone, dehydroleucodine (DhL), promotes
the accumulation of DNA damage markers, such as H2AX and 53BP1, in human tumor cells. Also DhL
was shown to trigger either cell senescence or apoptosis in a concentration-dependent manner in HeLa
and MCF7 cells. Here, we evaluated the effects of DhL on B16F0 mouse melanoma cells in vitro and in a
pre-clinical melanoma model. DhL inhibited the proliferation of B16F0 cells by inducing senescence or
apoptosis in a concentration-dependent manner. Also, DhL reduced the expression of the cell cycle pro-
teins cyclin D1 and B1 and the inhibitor of apoptosis protein, survivin. In melanomas generated by
subcutaneous injection of B16F0 cells into C57/BL6 mice, the treatment with 20 mg DhL /Kg/day in pre-
ventive, simultaneous and therapeutic protocols reduced tumor volumes by 70%, 60% and 50%, respectively.
DhL treatments reduced the number of proliferating, while increasing the number of senescent and apoptotic
tumor cells. To estimate the long-term effects of DhL, a mathematical model was applied to fit experi-
mental data. Extrapolation beyond experimental time points revealed that DhL administration following
preventive and therapeutic protocols is predicted to be more effective than simultaneous treatments with
DhL in restricting tumor growth.

© 2015 Elsevier Ireland Ltd. All rights reserved.

Introduction

Sesquiterpene lactones (SLs) are a large and structurally diverse
group of plant metabolites, which includes many members with anti-
tumor effects, and one of these has been shown to reduce rat
melanoma growth [1]. SLs of the guaianolide group are of partic-
ular interest as anti-tumor agents because each chemical substitution
to the guaianolide skeleton confers a distinct biological activity to
the resulting compound [2].Our group is particularly interested in
the lactone, dehydroleucodine (DhL), a SL of the guaianolide group

with an alpha-methylene butyrogamma-ring connected to a seven-
atom ring that is fused to another exocyclic alpha, beta-unsaturated
cyclopentenone ring (for structure see [3] and Fig. 1).

DhL can be isolated and purified to concentrations over 1%, start-
ing from the above-ground parts of Artemisia douglasiana (Besser),
a widespread and readily available medicinal herb that is common-
ly used in Argentina [4]. In a recent study [5], we demonstrated the
anti-proliferative effects in vitro of DhL in human cancer cells. Our
analysis of the accumulation of DNA damage response (DDR) markers
revealed a striking correlation between the extent of DNA damage
and the activation of senescence and apoptosis programs, which were
selectively stimulated by lower and higher DhL concentrations, re-
spectively. Clonogenic assays in the presence of DhL revealed that
proliferating cells were very effectively eliminated by DhL due to
the induction of apoptotic and senescence programs. Further anal-
ysis of the novel role of DhL in cellular senescence showed that the
anti-proliferative effect was associated with a delay in progres-
sion through the G2 phase that preceded cell cycle arrest in the
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following G1 phase. This phenomenon was accompanied by reduced
cyclin B1 and higher p53 levels, suggesting that p53 might be re-
sponsible for promoting cell cycle withdrawal.

Cyclin B1 is the regulatory subunit of CDK1, which plays a pivotal
role in the transition of the cell cycle from the G2 phase to mitosis
[6]. The inhibitor of apoptosis protein (IAP) survivin, implicated in
the inhibition of apoptosis, also promotes transition through the
G2/M checkpoint of the cell cycle. Expression of this protein is con-
trolled by a variety of mechanisms, including transcriptional
mechanisms via β-catenin/Tcf-Lef, known to be highly relevant in
many cancer types [7]. In melanomas, the loss or inactivation of cell
death control contributes to resistance to chemotherapeutic drugs.
This desensitization process involves a combination of strategies,
including activation or upregulation of anti-apoptotic survival pro-
teins (e.g. survivin) and inactivation of pro-apoptotic effectors. In
many tumor cells, aberrant expression of cell cycle regulatory pro-
teins (cyclins, CDKs, p21) also contributes to uncontrolled cell cycle
progression [8].

In this study, we sought to obtain in vivo evidence for the effi-
cacy of DhL in the treatment specifically of melanomas. To that end,
we evaluated in a pre-clinical murine melanoma model whether
DhL reduced the proliferation and growth of B16F0-derived mela-
nomas in syngenic C57/BL6 mice. Our results confirmed that DhL
was also anti-proliferative in vitro in B16F0 mouse melanoma cells.
This phenomenon was accompanied by upregulation of p21, reduced
cyclin D1, cyclin B1 and survivin levels, as well as reduced β-catenin/
Tcf-Lef dependent transcription. Also, DhL induced either premature
senescence or apoptosis in these cells depending on the concen-
tration used.

Collectively, our findings indicate that DhL treatments lead to
a significant reduction in the volume of tumors formed by B16F0
melanoma cells and do so by promoting senescence and apopto-
sis. Moreover, we determined using mathematical modeling that
treatments with DhL for extended periods of time following pre-
ventive and therapeutic protocols were more effective than
simultaneous treatments in reducing tumor volume.

Material and methods

Reagents

Dehydroleucodine (DhL) (structure: Fig. 1) at 93% purity, obtained as de-
scribed in our previous study [5], was used from a stock solution of 0.4 M in DMSO.
Peroxidase-labeled streptavidin was from Dako Denmark S/A (Glostrup, Denmark).
Antibodies against cyclin B1, p21, p53 and survivin were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Antibodies against beta-actin were from Sigma-
Aldrich (St. Louis, MO, USA).

Animals

The animals used were 8–12-week-old C57BL/6 mice, born and housed in our
animal facility, with a 12L:12D cycle and food and water ad libitum until they were
sacrificed following CO2 intoxication. Animals were maintained in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
In each experiment, 8 male and 8 female mice from different cages were combined
respectively. All procedures were approved by the Animal Research Committee of
the Universidad Nacional de Cuyo (CICUAL). Authorization # 0028741/2010.

Cell lines and treatments

Murine melanoma B16F0 cells provided by Drs I. Hart, G. Moore and P. Parsons,
were grown in RPMI1640 medium with 10% fetal bovine serum (FBS), 50 U/ml pen-
icillin, and 50 μg/ml streptomycin in a humidified incubator with 5% CO2 at 37 °C.
The cells were harvested after reaching 70–80% confluence and were plated either
for subsequent passages or treatments with DhL. 2 × 105 cells were seeded in 6-well
plates in RPMI1640 medium with 10% FBS for 12 h. Then the existing medium was
replaced by fresh medium (RPMI1640, 10% FBS) containing DMSO or DhL (defined
as time 0) and cultured for the specified periods of time. DMSO was used as a vehicle
control in all experiments.

Cell proliferation assays

2 × 105 cells were treated with 0–25 μM of DhL for 72 h. To determine cell
numbers, cells were trypsinized, suspended in regular medium, and counted with
a Neubauer chamber.

Tumor growth assays

3 × 105 B16F0 cells in 200 μl PBS were injected subcutaneously into the right
flank of C57BL/6 mice. After the indicated periods, 20 mg DhL in 20 μl DMSO/Kg/day
or an equivalent volume of DMSO were injected daily into the right flank follow-
ing three different protocols (preventive, simultaneous and therapeutic). In the
preventive protocol, DhL or DMSO was injected 15 days prior to injection of B16
F0 cells. Alternatively, in the simultaneous protocol, DhL or DMSO was injected the
same day as B16F0 cells, while in the therapeutic protocol DhL or DMSO was in-
jected 8 days after the B16F0 cells. In each experiment, groups of 8 animals were
used per treatment. The appearance of tumors was monitored by palpation. The tumor
length and width were measured with a caliper and tumor volume was calculated
using the following equation: volume = width2 × length × π/6 [9]. According to es-
tablished bioethical regulations, tumors were measured until they reached a maximum
of 2500 mm3, at which point the animals were euthanized.

Towards the end of treatments, animals were sacrificed, and tumors were excised
and prepared for histological analysis. For paraffin sections, tumors were fixed in
0.1 M phosphate buffer (pH 7.3)/formaldehyde 10% v/v for 48 h, dehydrated in alcohol,
clarified in xylene, embedded in paraffin, and microtome sectioned at 5 μm. Paraffin-
embedded histological slices were stained with hematoxylin-eosin (HE) for histological
analysis.

Apoptosis assays

In vitro experiments: To determine early stage apoptosis, cells were stained with
Annexin V using the Annexin V-FITC fluorescence detection kit (BD Biosciences San
Jose, CA, USA) according to the manufacturer’s instructions as described [5]. Briefly,

Fig. 1. DhL treatment inhibits cell proliferation in a dose-dependent manner.
The chemical structure of dehydroleucodine (left). B16F0 cells were treated with 0, 10, 20, or 25 μM DhL for 72 h and counted every 24 h (right). Data are expressed as the
mean ± SEM of three independent experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. control group (0 μM DhL).
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cells cultured on coverslips were treated with various concentrations (0–25 μM) of
DhL for 24 h or 48 h, washed twice with PBS and then once with Annexin V Binding
Buffer. The cells were stained with Annexin V-FITC diluted 1:10 in Annexin V Binding
Buffer for 15 min at RT and fixed with 2% paraformaldehyde. The slides were ex-
amined and photographed with a Nikon Eclipse TE 2000 U motorized inverted
microscope (Nikon Corp., Tokyo, Japan). The apoptotic index was calculated as the
percentage of cells stained positive for Annexin V. Groups of 100 cells were counted
in each experiment. Results from three independent experiments were averaged and
values for apoptotic cells were expressed as the mean (%) ± SEM. In tumors: Apop-
tosis was assayed by the TUNEL assay in histological slices using the ApopTag Plus
in situ detection kit (Oncor, Gaithersburg, MD, USA). Endogenous peroxidase activ-
ity was quenched by treatment with 3% H2O2 in PBS for 5 min. The coverslips were
treated with 0.01 M citrate buffer (pH 3) heated to boiling temperature in a micro-
wave oven for 30 min. Nucleotides were labeled according to the manufacturer’s
instructions. The coverslips were blocked with 10% bovine serum albumin (30 min
at 20 °C), incubated overnight with biotin-conjugated mouse monoclonal anti-
digoxigenin antibody at 4 °C, washed, incubated with biotinylated anti-mouse antibody
for 45 min at room temperature, washed again, incubated with peroxidase-labeled
streptavidin for 45 min at room temperature, washed briefly with PBS, and incu-
bated with 0.5 mg/ml 3,3′ diaminobenzidine tetrahydrochloride/H2O2 for 10 min. The
slides were counterstained with hematoxylin to reveal nuclei, then examined and
photographed with a Nikon Eclipse E200 microscope (Nikon Corp., Tokyo, Japan).
The apoptotic index was calculated as the percentage of positive nuclei based on
an average of 400 cells in viable areas of 60 tumor histological slices in each ex-
perimental condition. Values for apoptotic cells from three independent experiments
were averaged and expressed as the mean (%) ± SEM.

Senescence-associated β-galactosidase assays

In vitro experiments: In situ senescence-associated β-galactosidase (SA-β-Gal)
staining was performed as described by Dimri et al. [10]. Briefly, cells were fixed
with 2% formaldehyde and 0.2% glutaraldehyde for 5 min and incubated overnight
at 37 °C with 1 mg/ml X-gal staining solution (5-bromo-4-chloro-3-indolyl β-D-
galactoside, 5 mM K3Fe[CN]6, 5 mM K4Fe[CN]6, and 2 mM MgCl2 in PBS, pH 6.0).
The cells were rinsed twice with PBS, washed with methanol and examined using
a Nikon Eclipse E200 microscope (Nikon Corp., Tokyo, Japan).

In tumors: SA-β-Gal activity was monitored both in tumor cell extracts and in
situ in cells of dissected tumors. Soluble SA-β-Gal levels in tumors cell extracts were
determined as described by Lee et al. [11]. Briefly, tumor cell extracts were collect-
ed from tumors of DMSO or DhL mice, resuspended in extraction buffer and lysed
by sonication. The samples were centrifuged at 13,000 × g for 1 h, and the result-
ing supernatants were mixed with 2.2 μg/μl 1,4-methyl-umbelliferon-β-D
galactopyranoside (Sigma-Aldrich) in 1 mM MgCl2 phosphate buffer, pH 6 and in-
cubated at 37 °C for 2 h. The reaction was terminated by adding two volumes of 1 M
sodium carbonate. SA-β-Gal activity was monitored by measuring fluorescence emis-
sion at 360-448 nm with an Aminco Bowmen II Spectrophotofluorometer (American
Instrument Co., Silver Spring, MD, USA). For this determination, equal amounts of
tumor extracts prepared from DMSO or DhL treated mice were used. The activity
of SA-β-Gal was expressed as picoM/weight of tumor.

Cells from dissected tumors were attached to coverslips, fixed in 2% formalde-
hyde and 0.2% glutaraldehyde for 5 min and incubated overnight at 37 °C with 1 mg/ml
X-gal staining solution in PBS, pH 6.0. The coverslips were rinsed twice with PBS,
washed with methanol and examined using a Nikon Eclipse E200 microscope. The
number of cells positive for SA-β-Gal activity was assessed in a total of 300 cells
on 5 coverslips from three experiments.

Gel electrophoresis and western blot analysis

Treated cells were washed twice with ice-cold PBS, pelleted and lysed by freeze/
thawing in extraction buffer (50 mM HEPES, pH 7.5, 1 mM EDTA, 150 mM NaCl, 10 mM
β-glycerophosphate, 1 mM NaF, 0.1% Triton X-100, 10% glycerol, with protease in-
hibitors) for 30 min on ice. The samples were centrifuged at 12,000 × g for 20 min
at 4 °C and supernatants were collected. Protein concentrations were determined
by the Bradford method [12]. Cell extracts were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes (BioRad Laboratories, Hercules, CA, USA). The
membranes were incubated with antibodies against cyclin B1, p21, p53, survivin and
β-actin for 2 h at room temperature and subsequently with the appropriate horse-
radish peroxidase-conjugated secondary antibodies. A SuperSignal West Pico
chemiluminescent substrate kit (Pierce/ThermoFisher Scientific Inc., Rockford, IL, USA)
was used to visualize protein bands that were quantified by scanning densitom-
etry using the Image J program.

Plasmids

The luciferase reporter plasmids pTOP-FLASH (containing a promoter with three
wild-type Tcf/Lef-binding elements/TBEs) and pFOP-FLASH (containing mutated TBEs)
were provided by Dr. Hans Clevers (Hubrecht Laboratory, Uppsala, The Nether-
lands). The survivin reporter plasmids pLuc-1710 (containing a promoter with three
TBEs) and pLuc420-M (containing a mutation of the crucial TBE) were kindly pro-
vided by Dr. DC Altieri [13].

Luciferase reporter assays

Tcf/Lef and 1710/3M reporter assays were performed as described [14]. Briefly,
B16F0 cells were transfected with 2 μg of each plasmid: pTOP-FLASH (Tcf/Lef re-
porter), pFOP-FLASH (mutated Tcf/Lef binding site), pLuc-1710 (survivin promoter),
pLuc420-3M (mutated promoter). After transfection (24 h) with individual plas-
mids, cells were lysed in a buffer containing 0.1 M KH2PO4 (pH 7.9), 1 mM DTT, 0.5%
Triton X-100, centrifuged at 13,000 × g and supernatants (50 μl) were used to measure
luciferase activity (serial dilutions in a 96-well plates). Luciferase activity was de-
tected using a luminescence counter (Topcount, Perkin Elmer-Cetus, Boston, MA)
after addition of KTME buffer containing 100 mM Tris-HCl, 10 mM MgSO4, 2 mM EDTA,
5 mM Na2ATP, and 0.1 mM luciferin. Luciferin activity data were standardized for
each condition by calculating the TOP/FOP, pLuc-1710/pLuc420-3M activity ratios,
respectively. Values shown are the mean ± SEM of activity measurements aver-
aged from a least three independent experiments, where 100% was assigned to values
obtained in control cells.

Mathematical model of implanted melanoma growth

To evaluate melanoma growth, a mathematical model based on the Gompertz
law [15] was employed to fit experimental tumor volume registered in preventive,
simultaneous and therapeutic protocols. The equation developed by Cabrales et al.
[16], used with some modifications in equation (1), simulates tumor volume (V(t))
at variable time points (t) of treatment. The equation (1) considers the tumor volume
at time 0 of treatment (V0) and two real and positive parameters, β and α that can
be derived from the experimental data obtained using each protocol.
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V0 was obtained from the average of initial tumor volumes of three experi-
ments for each treatment; β represents the initial intrinsic growth rate of the tumor
and α is the initial intrinsic growth of the tumor plus the modified tumor growth
rate due to treatment. Both β and α were obtained using the method of least squares
of experimental data. Data obtained for 7–11 days of treatment were fit to the equa-
tion (1) using the Wolfram Alpha Computational knowledge engine (Wolfram Research
Company, Champaign, IL, USA).

Statistical analysis

The data shown are mean ± SEM from 3 independent experiments.
Statistical analysis was performed using one-way ANOVA or paired two-tailed.
Student’s t-test (Prism 5 program, GraphPad Software Inc., La Jolla, CA, USA).

Results

DhL Inhibits proliferation of B16F0 mouse melanoma cells

Initially, B16F0 cells were treated with various concentrations
of DhL for 72 h and the effects on cell growth were evaluated by
counting cells. Cell number decreased by 40% with 10 μM DhL, 70%
with 15 μM DhL, and almost by 100% with 20 μM DhL. Also, 25 μM
DhL induced cell detachment after 24 h of treatment. The half
maximal inhibitory concentration (IC50) for DhL after 72 h in culture
was 12.5 μM (Fig. 1). These findings indicate that DhL reduces, in
a dose dependent manner, B16F0 cell proliferation.

DhL upregulates p21 and dowregulates the cyclins B1 and D1, as well
as survivin

The permanent cell cycle arrest of B16F0 cells observed follow-
ing treatment with 20 μM DhL suggested that cell cycle regulators
were likely to be altered by DhL. Accordingly, we observed in-
creased p21 levels after 24 and 48 h of treatment (Fig. 2), although
the levels of p53 were not altered. Alternatively, cyclin D1, cyclin
B1 and survivin levels decreased significantly after 24 and 48 h of
treatment.

The β-catenin-TCF/LEF pathway is involved in transcription of
many genes implicated in tumor development and progression, in-
cluding survivin and cyclin D1. Based on this and given that DhL
reduced cyclin D1 and survivin protein levels, we asked whether
these effects of DhL may be attributed to changes in transcrip-
tional activity of the β-catenin-Tcf/Lef. As anticipated, the treatment
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with 20 μM DhL for 24 h decreased the activity both of a generic
TCF/LEF (40%) and the survivin-specific (50%) reporters (Fig. 3). These
results suggest that DhL probably reduced the expression of cyclin
D1 and survivin by inhibiting the β-catenin/TCF-Lef pathway (Fig. 3
left) and, importantly, DhL also reduced the activity of the survivin
specific reporter (Fig. 3 right).

DhL triggered premature B16F0 senescence and apoptosis in a
concentration-dependent manner

The reduction in cell number and the alterations in cell cycle pro-
teins upon DhL addition (Figs. 1–3) may reflect the consequences
of cell cycle arrest, cell death or both.

Fig. 2. DhL alters the expression of cell cycle proteins.
B16F0 cells treated with 0 (0 μM) or 20 μM (20 μM) of DhL were lysed at the indicated time points. (A) Immunoblot analysis of the proteins p21, p53, Cyclin D1, Cyclin B1
and survivin. The immunoblots shown are representative of three independent experiments with similar results. (B) Densitometric analysis of p21, p53, Cyclin D1, Cyclin
B1 and Survivin normalized to β-actin. Band intensities are expressed as percentiles relative to the control (defined as 100%). Data shown are the mean ± SEM of values
averaged from three independent experiments, * p ≤ 0.05, ** p ≤ 0.01 *** p ≤ 0.001 for the treated group (20 μM) vs. control group (0 μM).

Fig. 3. DhL decreases the transcriptional activity of both β-catenin/Tcf-Lef and survivin promoter reporters. B16F0 cells were transfected with TOP/FOP flash or 1710/3M
reporter constructs using lipofectamine. After 6 h of transfection, cells were treated with 0 (0 μM) or 20 μM (20 μM) DhL for 24 h. The cells were collected and centrifuged.
Cell pellets were lysed and supernants were assayed for luciferase activity. Data shown are the mean ± SEM of values averaged from three independent experiments for
TOP/FOP (left) and 1710/3M (right) reporters, respectively. * p ≤ 0.05, ** p ≤ 0.01 for the treated group (20 μM) vs. control group (0 μM).
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Permanent arrest mediated by p21 has been linked in most cases
to premature senescence [17], while reduced levels of survivin are
associated with apoptosis [18]. Based on our previous observa-
tions in HeLa and MCF-7 cancer cells, we hypothesized that DhL may
also promote senescence in B16F0 cells. We observed that cells
treated with 20 μM DhL for 48 h were larger and flatter than control

cells, and a striking increase in the number of cells that stained pos-
itive for SA-β-Gal activity in situ (nearly 60%) was observed (Fig. 4A).

Because 25 μM DhL reduced cell proliferation, the number of cells
attached to the well (Fig. 1) and the expression of survivin (Fig. 2,
3), we analyzed whether DhL also induced cell death by apopto-
sis. The Annexin V assay for apoptosis showed that the treatment

Fig. 4. DhL induces premature senescence and apoptosis in vitro.
B16F0 cells were treated with 0 (0 μM) or 20 μM DhL (20 μM) for 24 or 48 h. (A) Cellular senescence were assessed by evaluating SA-β-Gal activity at pH 6 in situ. Repre-
sentative panels are shown for control and treated cells stained in situ for SA-β-Gal and examined by bright field microscopy (left). Bar: 50 μm. Percentages of SA-β-Gal-
positive cells (Right).
(B) Apoptotic cells assessed by the Annexin V assay. Representative panels are shown with apoptotic cells indicated by arrowheads. Bar: 50 μm (left). Percentages of apoptotic
cells after 24 and 48 h (right). Data shown are the mean ± SEM of values averaged from three independent experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. control group
(0 μM DhL).
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with 20 μM DhL for 24 and 48 h did not increase the number of
apoptotic cells, while following treatment with 25 μM DhL for 24 h,
80% of the cells were apoptotic (Fig. 4 B). Using Annexin V/Propidium
Iodide double staining assay, we observed that 25 μM DhL gener-
ated substantial apoptosis without inducing a significant number
of necrotic cells (Fig. S1). Notably, 25 μM DhL increased signifi-
cantly caspase-3 activity (Fig. S2), confirming that treatment with
25 μM DhL triggered apoptosis.

DhL decreases the growth of melanomas implanted in C57/BL6 mice

Based on the previous findings, we evaluated the effect of DhL
on the growth of experimental B16F0 melanomas in C57/BL6 mice.
The dosage of DhL for in vivo treatments determined by toxicity anal-
ysis showed that doses up to 100 mg DhL/Kg/day/kg administered
orally to mice did not have toxic effects (Guardia T, Universidad
Nacional de San Luis, Argentina, personal communication). More-
over, doses up 20 mg DhL/Kg/day/kg injected subcutaneously into
the right flank of mice did not produce skin lesions and thus this
dose was used for the in vivo experiments. Effects of DhL were evalu-
ated following three different protocols, referred to as preventive,
simultaneous and therapeutic. To simplify nomenclature, mice
treated with vehicle are referred to as control mice, while mice
treated with DhL are DhL mice. In preventive protocols, at day 7 post-
implantation, tumor volumes of control mice were about 370 mm3

and reached volumes of 1000 mm3 after 11 days. For DhL mice,
tumor volumes were slightly smaller than in control mice (160 mm3)
at day 7 of treatment and significantly smaller at day 8 of treat-
ment, reaching volumes of 170 mm3 at day 11, indicating that DhL
reduced the tumor volumes by 70% (Fig. 5A).

Following the simultaneous protocol, control mice had tumor
volumes of 250 mm3 at day 7 and 2500 mm3 at day 14 of treat-
ment (Fig. 5B). Alternatively, tumor volumes of DhL mice were
100 mm3 at the day 7 and 1000 mm3 at day 14 of treatment, indi-
cating that DhL reduced tumor volumes by 60% following this
protocol.

In therapeutic protocols, tumor volumes following treatment with
vehicle in control mice were 250 mm3 at day 7 and 2000 mm3 at
day 14 (Fig. 5C). In DhL mice, tumor volumes were 250 mm3 at day
7 and 1000 mm3 at day 14 of treatment, indicating that DhL treat-
ment reduced tumor volume by 50% following this protocol.

After sacrificing the animals at the last day of the respective
assays, the weights of tumors from DhL mice were reduced by 60%
following the preventive protocol, by 80% following the simulta-
neous protocol and 40% following the therapeutic protocol (Fig. 5A,
5B, 5C, right). Note that the reductions in tumor mass recorded at
the end of experiment day 14 following DhL treatment were similar
for the different protocols (Fig. 5 A–C, left). Of note, the treat-
ments with DhL neither affected the weight or overall survival of
mice (data not shown).

DhL treatment alters the cell characteristics of implanted melanomas

In histological slices of melanomas, areas with viable cells growing
in layers around blood vessels were observed. Beneath several layers
of viable cells, a zone with necrotic cells was detected (Fig. 6A). On
the last day of treatment with DhL, the necrotic area of tumors did
not change significantly following preventive, simultaneous or ther-
apeutic protocols (Fig. 6B). Nevertheless, for viable cells in tumors,
nuclei were smaller and the cytoplasm was reduced (Fig. 7A). In si-
multaneous protocols, 40% of tumor cells in control mice displayed
altered morphology, while in DhL mice this was the case for 80%
of the tumor cells (Fig. 7A and B). Also, a higher percentile of altered
cells was detected in areas of tumors with viable cells in DhL mice
treated following simultaneous and therapeutic protocols (Fig. 7B).

In the tumors, areas with viable cells were detected in control mice
(60 mitotic cells/mm2) following the preventive protocol, while for
tumors of DhL mice this number was reduced to 12 mitotic cells/mm2

(Fig. 7C). Following the simultaneous and therapeutic protocols, DhL
also generated a significant decrease in mitotic cells (Fig. 7C). Thus,
DhL reduced the number of mitotic cells in tumors following all three
protocols.

DhL induces premature senescence and apoptosis in B16F0
melanomas

Based on the aforementioned results (Figs. 1–4), we asked
whether DhL induced premature senescence and apoptosis in mela-
nomas in vivo. The presence of premature senescence was analyzed
in tumors by the detection of SA-β-Gal both in tumor superna-
tants and in situ in melanoma cells. For the simultaneous and
therapeutic protocols, SA-β-Gal was of 40 picoM/g × 105 and 60
picoM/g × 105, respectively, in tumor supernatants of control mice,
and for DhL mice SA-β-Gal activity was 80 picoM/g × 105 and 100
picoM/g × 105, respectively (Fig. 8A), indicating that DhL increased
by 65% SA-β-Gal activity following both protocols. Also, the number
of cells from dissected tumors that were positive for SA-β-Gal ac-
tivity in situ increased (Fig. 8B). Following the simultaneous and
therapeutic protocols, 5% and 8% of cells, respectively, were senes-
cent in tumors of control mice, while in tumors of DhL mice, these
values increased to 25 and 30%, respectively (Fig. 8C).

The presence of apoptotic cells was detected in the viable area
of histological slices of tumors using the TUNEL assay (Fig. 9A). Fol-
lowing the preventive protocol, 5% of apoptotic cells were detected
in tumors of control mice, while this value increased to 30% in tumors
of DhL mice (Fig. 9B). In tumors of mice treated following the si-
multaneous and therapeutic protocols, 5 and 7% of apoptotic cells
were detected in tumors of control mice respectively, while these
values increased to 20 and 30% of apoptotic cells, respectively, in
tumors of DhL mice (Fig. 9B).

Taken together, these results indicate that DhL increased both
the number of apoptotic and senescent cells in tumors of mice
treated following all three protocols.

Early and late effects of DhL on the growth kinetics of melanomas

Model equations: The comparison of DhL effects on tumor growth
kinetics following the three protocols used in this study is con-
strained by ethical considerations regarding animal well-being. We
therefore simulated prolonged treatments using an equation that
permitted mathematical modeling of melanoma growth (see equa-
tion 1 in Materials and Methods), to fit our experimental tumor
volume data recorded up to the eleventh day after implantation.
The following pairs of fitted equations were generated by least square
regression analysis for control (1.1, 1.3, 1.5) and DhL treatment fol-
lowing preventive (1.2), simultaneous (1.4) and therapeutic (1.6)
protocols.

V et
e t

( )
−( )=

−( )
366 57 2 454 1 1 0 146

. . .

(1.1)

V et
e t

( )
−( )=

−( )
173 04 2 126 1 1 0 139

. . .

(1.2)

V et
e t

( )
−( )=

−( )
281 8 3 222 1 1 0 156

. . .

(1.3)

V et
e t

( )
−( )=

−( )
173 0 3 482 1 1 0 120

. . .

(1.4)

V et
e t

( )
−( )=

−( )
228 7 3 817 1 1 0 131

. . .

(1.5)
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Fig. 5. DhL slows the growth of murine melanomas. Time-course of tumor growth showing volume (left), tumor size (right upper) and tumor weight (right lower) on the
last day of treatment for control (control) or DhL (DhL) mice, following preventive (A), simultaneous (B) and therapeutic (C) protocols. Data shown are the mean ± S.E.M. of
values averaged from three independent experiments * p ≤ 0.05.
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V et
e t

( )
−( )=

−( )
201 7 3 012 1 1 0 127

. . .

(1.6)

For tumors obtained following the preventive protocol, the
equation-derived values of V0, α and β were 366.57 mm3, 0.146 and
0.358 for tumors from control mice (equation 1.1), and 173.04 mm3,
0.139 and 0.296 for tumors from DhL mice (equation 1.2), respec-
tively. Similarly the values for V0, α and β were derived from the
fitted equations for tumors obtained using the simultaneous (equa-
tions 1.3 and 1.4 for control and DhL mice, respectively) and the
therapeutic protocols (equations 1.5 and 1.6 for control and DhL mice,
respectively).

Curves generated by the model equations: Fig. 10A shows the data
obtained in experiments after 0–11 days and the best-fit curves gen-
erated by least square regression for tumor volumes in control and
DhL mice following the three protocols. In all cases, there was a close
fit between the experimental data and model curve, with only a couple
of outlying points in the simultaneous and therapeutic protocols. In
Fig. 10B the derived equations were used to simulate longer DhL treat-
ments. The resulting curves are all sigmoidal in shape with three
sequential characteristics: an initial exponential growth phase is fol-
lowed by an inflection point and then a phase of asymptotically
decreasing growth. The 60 day projection following the preventive
protocol (equation 1.1, 1.2) for control mouse data predicted a maximum
tumor volume at day 40 of 4320 mm3, with the inflection point at
day 13 when the tumor volume was expected to be 1560 mm3 and
growth velocity (gv) was estimated at 228 mm3 /day. Nevertheless,
the predicted tumor volume of DhL mice at day 40 reached values of
only 1400 mm3, and importantly no further increase in volume up

to day 60 was expected. The inflection point was reached at day 12
with a tumor volume of 520 mm3 and an estimated gv of 73 mm3/day.
In the simultaneous protocol (equation 1.3, 1.4), control mouse data
predicted a maximum tumor volume at day 40 of 7000 mm3, with
the inflection point at day 13, a tumor volume of 2600 mm3 and gv
of 407 mm3/day. On the other hand, the tumor volume of DhL mice
reached the maximum value of 5100 mm3 at day 50 with the
inflection point at day 16, a tumor volume of 2070 mm3 and gv of
249 mm3/day. Following the therapeutic protocol (equation 1.5, 1.6),
the tumor volume of control mice was predicted to reach 10,500 mm3

after 60 days and continue growing. The inflection point increased
to day 18 at which point the tumor volume was expected to be
3800 mm3 and gv 503 mm3/day. On the other hand, the tumor volume
in DhL mice reached a predicted maximum value of only 4000 mm3

at day 50, with the inflection point at day 16, a tumor volume of
1500 mm3 and gv of 192 mm3/day.

Considering the projected maximum tumor volume the last day
of DhL treatment together with the tumor volume and gv reached
at the inflection point, it becomes apparent that both the preven-
tive and therapeutic protocols are more efficient than the
simultaneous protocol in reducing predicted growth up to day 60
(Fig. 10B).

In order to evaluate the comparative efficacy of the DhL treat-
ment protocols, we estimated the relative difference in tumor volume
of DhL mice compared to the control mice. In the early part of the
treatment (0–11 days), the simultaneous and preventive proto-
cols were more efficient in reducing tumor volume than the
therapeutic protocol (Fig. 10C, left panel). Nevertheless, after day

Fig. 6. DhL did not increase the necrotic area of murine melanomas. (A) Paraffin-embedded histological sections of tumors obtained day 11 of treatment following the pre-
ventive protocol were stained with EH: control mice (left) and DhL mice (right). Bar: 50 μm. (B) Percent of necrotic tumor areas in paraffin-embedded histological sections
of tumors from mice following the preventive (left), simultaneous (center) and therapeutic protocols after 11 days of treatment: results for control mice (control) and DhL
mice (right) are shown. Data shown are the mean ± S.E.M. of values averaged from three independent experiments, p > 0.05.
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20 of treatment the relative differences between the projected curves
for DhL mice (Fig. 10B) suggested that the preventive and thera-
peutic protocols were likely to be more efficient in reducing tumor
volume than the simultaneous protocol (Fig. 10C, right panel).

Discussion

Malignant melanoma represents one of the most lethal cancer
types often attributable to early metastasis and failure of

chemotherapy due to the development of resistance to anti-
neoplastic drugs. To improve outcome, new drugs are required that
target a variety of mechanisms in these cancer cell cells. Mouse mela-
noma cell lines are useful models for identifying key molecular events
involved in disease progression, and providing potential preclini-
cal models to evaluate the therapeutic potential of compounds [19].
Specifically, the availability of a pre-clinical tumorigenesis model
involving subcutaneous growth of B16F0 melanoma cells in syngenic
C57/BL6 mice allowed us to determine the efficiency of DhL in

Fig. 7. DhL increased the number of altered cells and decreased the number of mitotic murine melanoma cells. (A) Paraffin-embedded histological sections stained with
EH of tumors after 11 days following the preventive protocol: control mice (left) or DhL mice (right). Bar: 50 μm. (B) Percent of altered cells in paraffin-embedded histo-
logical sections in tumors from mice after either 11 days of treatment following the preventive protocol (left); 14 days following the simultaneous protocol (center) or 14
days following the therapeutic protocol (right): results for control mice (control) and DhL mice (DhL) are shown, *p ≤ 0.05 and **p ≤ 0.01. (C) Number of mitotic cells per
square mm in paraffin-embedded histological tumor sections from mice after 11 days following the preventive protocol (left); 14 days following the simultaneous protocol
(center) or 14 days following the therapeutic protocol (right): results for control mice (control) and DhL mice (DhL) are shown. Mitotic cells (metaphase, anaphase and
telophase) were counted in 70 fields of 40 X (0.07 mm2) of 5 histological sections for each experiment. Data shown are the mean ± S.E.M. of values averaged from three
independent experiments, **p ≤ 0.01.

18 V.V. Costantino et al./Cancer Letters 372 (2016) 10–23



Fig. 8. DhL increased the number of senescent murine melanoma cells. (A) SA-β-Gal activity in cell extracts from tumors from mice following the simultaneous (left) and
therapeutic protocols (right), *p ≤ 0.05. (B) SA-β-Gal activity in tumor sections from mice following the simultaneous (left) and therapeutic protocols (right). Arrows indi-
cate SA-β-Gal positive cells. (C) Percent of senescent cells compared to the total number of cells (100%) in tumor sections from mice following the simultaneous (left) and
therapeutic protocols (right). Data are the mean ± S.E.M. of values averaged from three independent experiments. *p ≤ 0.05 and **p ≤ 0.01.
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suppressing tumor cell growth initially in vitro and then in vivo. In
this study, we show using in vitro assays that DhL arrested B16F0
cell proliferation in a dose-dependent manner by causing apopto-
sis and senescence. Also, cell cycle control was affected by DhL. In
vivo, our results show that DhL has potent anti-tumor effects in a
pre-clinical melanoma model. Moreover, we obtained evidence in-
dicating that tumor suppression is likely attributable to combined
modulation of all these mechanisms, although they are probably
induced at different in situ concentrations of the drug.

The mechanism of action of SLs remains poorly understood. The
biological activities of these compounds have been attributed to
various factors, including alkylating center reactivity, side chains,
lipophilicity, and molecular or electrical features [2,20]. Thapsigargin,
a SL compound that is currently being evaluated in phase I clinical
trials, induces apoptosis via signals that involve inhibition of the
sarco/endoplasmic reticulum calcium ATPase (SERCA) pump and the
release of cytochrome c from mitochondria [20,21]. DhL is an SL that
also belongs to the guaianolide group and has the same cyclic carbon
skeleton as does thapsigargin; however, we found that the molec-
ular pathways that are activated by DhL treatment are not restricted
to the ER/mitochondria and cytoplasm. The accumulation of DNA
damage response (DDR) markers in the nucleus may be a trigger
for apoptotic and senescence programs. Indeed, the latter repre-
sent important anti-cancer mechanisms that we previously reported
were associated with SL treatment of cancer cells [5]. The fact that
DhL limited melanoma growth by promoting both senescence and
apoptosis underscores the potency and selectivity of this SL as a
novel, promising pharmacological agent with antitumor activity.

Results implicating p21 in preventing tumor growth are some-
what controversial. Indeed, loss of p21 contributes to increased

tumorigenic potential in both melanoma cell lines and human mela-
nomas [8] and the introduction of p21 into mice expressing inactive
p53R172P generated tumor suppression by senescence [22,23]. Fur-
thermore, introduction of this p53R172P gen into p21 null mice results
in complete loss of the cell cycle arrest response and enhanced tu-
morigenicity [24]. Taken together, these results suggest that activation
of p21 is important for senescence-dependent tumor suppres-
sion. However, a recent study showed that although p21 plays an
important role in mediating the p53-dependent cellular response
to stress, lack of p21 does not necessarily promote tumor devel-
opment [25]. Also, induction of senescence as a tumor suppressor
mechanism is still controversial. Although a considerable body of
experimental evidence favors the interpretation that senescence
functions as a tumor suppressor mechanism [26], some studies
suggest that senescent cells in the tumor stroma could promote pro-
liferation and transformation of the underlying epithelium [27,28].
In any case, our results indicate that DhL induced senescence and
apoptosis, as well as reduced proliferation of melanoma cells, and
associated these observations with significant inhibition of tumor
growth in vivo. Thus, in the context of our model, DhL-enhanced
senescence (regulation of p21) is likely to be functioning as a tumor
suppressor mechanism.

Together with senescence and apoptosis, we found that the treat-
ment of B16F0 cells with DhL altered the expression of key proteins
participating in tumor cell cycle progression. DhL decreased the levels
of cyclin D1 and cyclin B1 (cell proliferation) but increased expres-
sion of the cell cycle arrest protein p21. Also, DhL decreased
expression of the IAP survivin and reduced β-catenin-Tcf/Lef-
dependent transcription. These observations provide strong
molecular evidence for an additional role of DhL as an inhibitor of

Fig. 9. DhL increased the number of apoptotic murine melanoma cells. (A) TUNEL assay in histological sections of tumors from mice treated 11 days following the preven-
tive protocol: results are shown for control (left) and DhL mice (Dh) (right). Note that sections were post-stained with EH. Bar: 50 μm. (B) Percent of apoptotic cells detected
by TUNEL assay. Apoptotic cells were counted in 70 fields at 40× magnification (0.07 mm2) for three histological sections in three independent experiments. Data are the
mean ± S.E.M. of values averaged from three independent experiments, *p ≤ 0.05 and **p ≤ 0.01.
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cell cycle progression in B16F0 cells. Signaling events that favor pro-
gression of the cell cycle have been implicated in the development
of tumors [29,30]. Several lines of evidence point to the over-
expression and participation of cyclin D1 protein in breast cancer
and melanoma formation and melanoma metastasis [31–33]. The
activating V600E mutation of the B-RAF oncogene, present in ap-
proximately 50% of cutaneous melanomas [34], is responsible for
the increased phosphorylation of extracellular receptor activated
protein kinases (ERKs) and increased expression of cyclin D1, which
is associated with progression through the G1/S phase of the cell
cycle [35]. In Sk-Mel-28 melanoma cells, synergism between B-RAF
mutation and the over-expression of cyclin D1 are held responsible

for the high growth rates of these cells and their refractoriness to
cell-cycle blocking drugs [36]. Also, the natural polyphenol Rottlerin
reportedly reduces Sk-Mel-28 melanoma growth by downregulating
Cyclin D1 [37], and altered expression of cyclin B1 has been
reported in numerous cancers, where it may contribute to chro-
mosomal instability [38]. Furthermore, several studies have
demonstrated the clinical significance of cyclin B1 over-expression
as a factor indicative of poor patient prognosis and radiotherapy re-
sistance in several cancer types, including melanoma [39,40]. Bearing
in mind these observations, it is likely that the effects of DhL on cell
cycle progression reported here for B16F0 cells are attributable in
part to changes in Cyclin D1 and Cyclin B1 expression.

Fig. 10. Mathematical modeling of the effect of DhL on melanoma growth. (A) Growth curves obtained both by in vivo measurement and mathematical modeling of tumors
in mice following preventive (left), simultaneous (center) or therapeutic (right) treatment protocols: results are shown for control (blue dots and blue line, respectively)
and DhL mice (red dots and red line, respectively). (B) Predicted growth curves for melanomas in mice after 60 days following the preventive (left), simultaneous (center)
or therapeutic (right) treatment protocols: results are shown for control (blue line) and DhL mice (red line). Inflection points are indicated with a black dot. (C). Efficiency
of DhL in reducing tumor volume in DhL mice following the preventive (red), simultaneous (green) and therapeutic (blue) treatment protocols up to 11 days (left panel) or
60 days (right panel), respectively. Treatment efficiency was calculated as the percentile of the relative difference in tumor volume between DhL and control mice divided
by tumor volume of control mice for each day of the experimental or simulated treatments.

21V.V. Costantino et al./Cancer Letters 372 (2016) 10–23



In tumors, the overexpression of survivin is known to be asso-
ciated with tumor progression, metastasis and angiogenesis [7]. Also,
survivin is over-expressed in essentially all human cancers and gen-
erally absent in normal adult tissues [7,41]. Given the relevance of
survivin in cancer, the fact that DhL reduced survivin protein levels
and inhibited directly the activity of a generic reporter construct
for β-catenin/Tcf-Lef-dependent transcription, as well as the activ-
ity of a construct containing the Tcf-Lef binding sites in the survivin
promoter region (Fig. 3), indicate that DhL suppresses a key pathway
implicated in tumor development [7], likely by downregulating
survivin expression, a protein known to strongly favor tumor sur-
vival and progression.

Bioethical considerations generally limit the possibilities of study-
ing long-term effects of drug administration. Indeed, evaluating
therapeutic efficacy is very much limited by the rapid tumor growth
observed in this pre-clinical melanoma model. Thus, melanoma
growth in mice could only be directly evaluated for a very limited
window of time. To gain insight as to how DhL may impact on tumor
development over extended periods of time, a mathematical model
was employed that simulates DhL effects beyond the experimen-
tal time frame and allows theoretical comparisons of the efficacy
of the protocols used. Following this procedure, we found that during
the first days of DhL treatment (days 0–11), preventive and simul-
taneous protocols were more effective in preventing growth tumor
than therapeutic protocols. However, for longer treatments (up to
60 days), DhL was predicted to be most effective following preven-
tive, followed by therapeutic and ultimately simultaneous protocols.
This may be interpreted as indicating that early administration of
DhL to mice stimulates intrinsic defense mechanisms that help
reduce tumor growth. An intriguing possibility in this context is that
preventive administration may lead to activation of the immune
system and hence more effective systemic control of tumor cell
growth.

In our studies, we observed that DhL downregulated β-catenin-
Tcf/lef-dependent transcription in B16F0 cells. In addition to
modulating the expression of survivin and many other cancer-
related targets, this pathway has been implicated in modulating the
host immune resistance to tumor growth. Specifically, it was re-
cently demonstrated that melanoma-intrinsic β-catenin signaling
reduces T-cell infiltration and prevents anti-tumor immunity in mela-
noma [42]. Analysis of the tumor microenvironment in patients with
melanoma has revealed evidence of T-cell infiltration phenotype in
many tumors [43,44] and the presence of activated CD8+T cells both
in tumors and the peri-tumoral stroma correlated favorably with
patient prognosis [45,46]. Alternatively, depletion of T-cell-mediated
immune responses results in rapid tumor growth in experimental
animal models [47]. CD8+T cells recognize the tumor-specific an-
tigens, produce interferon-G and induce cytostasis and cell death.
Also CD8+T cells promote cell cycle inhibition, apoptosis and
angiostasis, and induce tumoricidial activity of macrophages in the
tumor microenvironment [48,49]. Thus, in addition to the direct
effects of DhL in melanoma cells demonstrated here, it also possi-
ble that stimulation of T-cell infiltration of melanomas may
contribute to the effects observed in vivo [20,50]. Studies are cur-
rently in progress to evaluate this intriguing possibility in
experimental melanomas.

In a previous study by our group, senescence and apoptosis in
HeLa and other cell lines treated with DhL was associated with the
amount of DNA breaks that were generated [5]. DhL treatment ac-
tivated different DNA damage response pathways that, at low
concentrations, induced cell cycle arrest by regulating cyclin/Cdk
via checkpoint inhibitors and, at high concentrations, triggered cell
apoptosis by a p53-dependent pathway [51,52]. Although it is tempt-
ing to speculate that this sharp concentration-dependent distinction
between apoptosis and senescence observed in melanomas may be
ascribed to similar mechanisms, further studies are required to

resolve the underpinnings of this DhL-induced switch in melano-
mas. Nonetheless, bearing in mind that accessibility of drugs to
different tissues may vary tremendously, the relevance of our find-
ings at this point resides in revealing the capacity of DhL to prevent
the proliferation of melanomas by a variety of mechanisms oper-
ating at different concentrations of the drug. Importantly, DhL
decreased the number of cells in division, and increased signifi-
cantly the number of senescent and apoptotic cells in tumors. Thus,
DhL suppresses melanoma growth in vivo by a variety of tumor sup-
pressor pathways that require different concentrations of the drug
to be activated. In doing so, the window of therapeutic opportu-
nity for DhL in vivo is greatly expanded.

Importantly, although several SLs inhibit in vitro proliferation of
human melanoma cells: 1. Dehydrozaluzanin C and cynaropicrin [53],
2. Asteriscunolide A [54], 3. Parthenolide [55], 4. Several SL from
Gonospermum gomerae and G. fruticosum [56]; 5. SL from Alpha-
santonin [57] and B16 mouse melanoma cells: 1. SL from Largehead
Atractylodes Rhizome [58], 2. Vernolide-A [59]; only for two SLs have
in vivo effects in melanomas been reported to date, namely for
millerenolide and vernolide-A, which inhibit melanoma forma-
tion and metastasis, respectively [1,60,61]. However, neither of these
studies provided insight to the mechanisms involved nor com-
pared protocols evaluating how the drugs are most effectively
administered to arrest primary site melanoma growth. Also, in the
assays evaluating inhibition of metastasis by vernolide-A [61], it is
difficult to infer that vernolide-A inhibited tumor growth because
the size of lung tumor nodules was not reported. Assays are cur-
rently underway in our laboratory to determine whether DhL inhibits
both melanoma growth and metastasis.

In summary, our results indicate that DhL has potent anti-
tumor effects in a pre-clinical melanoma model that are attributable
to a variety of mechanisms, including the ability to induce cell cycle
arrest, as well as by triggering senescence and apoptosis. This broad
spectrum of effects, and particularly the fact that these activities
become apparent at different concentrations, makes DhL an ex-
tremely interesting target compound to consider for the future
development of effective drugs for the treatment of melanomas and
potentially other cancers.
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