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Natural withanolide withaferin A induces apoptosis
in uveal melanoma cells by suppression of Akt and c-MET
activation
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Abstract Uveal melanoma (UM) is the most common pri-
mary intraocular malignancy in adults. While effective thera-
py exists for the primary tumor, there is a lack of effective
treatment for metastatic disease currently. Natural withanolide
withaferin A (WA) has shown efficacy in cancers demonstrat-
ing upregulation of pro-survival pathways. The purpose of the
present study is to investigate the effect of WA as a potential
therapeutic agent for UM in vitro as well as in vivo. UM cells
were treated with WA and several cell-based assays, such as
MTS, trypan blue exclusion assay, clonogenic, wound heal-
ing, cell cycle shift, annexin V/propidium iodide, andWestern
blot, were performed. In vivo experiments utilized the 92.1
cells in a xenograft murine model. WA inhibits cell prolifera-
tion of uveal melanoma cells with an IC50 of 0.90, 1.66, and
2.42 μM for OMM2.3, 92.1, and MEL290 cells, respectively.
Flow cytometry analysis demonstrates G2/M cell cycle arrest
and apoptosis at 1 μM WA in treated cells. WA induced
apoptosis partly through the suppression of c-Met, Akt, and
Raf-1 signaling activation. In vivo studies using WA reduced

tumor growth in 100% of animals (p00.015). Our observation
indicates that WA is a potent drug that inhibits cell prolifera-
tion, shifts cell cycle arrest, and induces apoptosis in multiple
UM cell lines in vitro. WA-mediated apoptosis in UM cells is
partly mediated though the suppression of c-Met and Akt
activation. WA significantly decreases UM tumor growth in
vivo and justifies further evaluation of this drug for the treat-
ment of metastatic uveal melanoma.
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Introduction

Uveal melanoma (UM) is the most common primary intra-
ocular malignancy in adults with an annual incidence of
8.4–11.7 cases per million population. It arises from mela-
nocytes of the choroid, ciliary body, or iris of the eye and
has a high propensity to metastasize to the liver [1, 2]. UM is
a devastating and fatal disease once metastasis occurs.
While multiple therapies have been evaluated to treat this
metastatic disease, none have achieved satisfactory results to
date justifying the need for novel therapies.

Withaferin A (Fig. 1a) is a novel steroidal lactone present in
Withania somnifera, a plant described in Ayurvedic medicine
in India for centuries and used to enhance health and treat a
variety of gastrointestinal and arthritic ailments [3, 4]. In the
past decade, WA has been shown to have anti-cancer activity
against several cancer types including leukemia, colon, pan-
creas, breast, thyroid, oral squamous cell cancer, glioblastoma,
and cutaneous melanoma [5–10]. WA has the ability to inhibit
multiple targets important for UM tumor survival, including c-
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MET, the phosphatidylinositol 3-kinase (PI3K)/Akt pathway,
and the MAP kinase pathway. Similar to cutaneous melano-
ma, constitutive ERK1/2 activation has been documented in
primary UM tumors and cell lines even though, unlike cuta-
neous melanoma, they express both WTRas and WTB-Raf
[11–13]. B-Raf silencing or small molecular inhibitors of B-
Raf reduced ERK1/2 activation and reduced cell proliferation
and transformation in both WTB-Raf and V600EB-Raf UM cell
lines [14]. These findings underline the importance of the
MAP kinase signaling pathway in UM. Other activated pro-
survival signaling pathway(s) cooperate with B-Raf to induce
the cancerous state [15]. The proliferative effects of the B-Raf
activation may be complemented by the antiapoptotic signals
of the PI3K/Akt pathway. It has been observed that the auto-
crine stem cell factor-dependent activation of c-Kit induces
ERK1/2 as well as PI3K/AKTactivation in UM cell lines [16].
Furthermore, activated RAS also triggers the activation of
PI3K/AKT pathway, which complements the proliferative
effects of the ERK pathway [17].

Screening of potential oncogenes that may activate the
MAP kinase pathway has led to the discovery of mutations
in GNAQ, a stimulatory αq subunit of heterotrimeric G

proteins (alpha Q/11) found in UM primary cells [18, 19].
Constitutive activation of GNAQ promotes activation of
calcium-dependent protein kinase C, which in turn, stim-
ulates the RAF/MEK/ERK pathway. The activated G-
protein also stimulates the PI3K/Akt pathway, which
converges with the MAP kinase pathway to activate
cyclin D and perpetuate the cell cycle [20]. Furthermore,
recent reports indicate that the expression of c-Met and
its ligand hepatocyte growth factor (HGF) are associated
with tumor growth in the liver and liver metastasis of
UM [21–24]. c-Met is a receptor tyrosine kinase for
HGF and leads to activation of multiple downstream
signaling pathways including the Ras protein kinase
and PI3Kinase/Akt pathway [25, 26]. Additionally,
PTEN, a dual-specificity phosphatase that blocks activa-
tion of the Akt pathway, is frequently downregulated in
UM leading to the activation of PI3kinase/Akt pro-
survival pathway [27]. Since phosphorylated Akt blocks
apoptosis and is associated with negative prognostic
indicators in patients with UM, targeting PI3kinase/Akt
signaling pathway may be a viable option for inhibition
of growth and metastasis of UM [20, 28].

Fig. 1 Growth inhibition of uveal melanoma cells by WA. a Chemical
structure of withaferin A is presented. b Cells were incubated with or
without WA at various concentrations for 72 h, and viability was
determined by MTS assay. Viability was calculated relative to time-

matched untreated controls. c Trypan blue exclusion assay was per-
formed with increasing concentrations of WA in 92.1 and MEL290
cells for 24, 48, and 72 h. Experiments carried out in triplicate were
averaged with mean±SD
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Targeted inhibition of the components of the MAP kinase
pathway has produced disappointing results in UM cells. B-
Raf mutant UM cells undergo cell cycle arrest but not
apoptosis upon treatment with the specific B-Raf inhibitor
AZD6244 or the MEK inhibitor PLX4720 [29]. Additionally,
UM cells bearing Gα-protein mutation (GNAQ or GN11)
were mildly sensitive to AZD6244 but completely resistant
to PLX4720. Paradoxically, ERK1/2 is activated upon treat-
ment with PLX4720 in Gα-mutant UM cells. The combina-
tion treatment with AZD6244 and PLX4720 synergistically
inhibited growth of B-Raf mutant UM cells, while this com-
bination had little effect on Gα-mutant UM cells [29]. PI3K
inhibition by LY294002 in B-Raf mutant UM cells signifi-
cantly reduced cell proliferation [30]. Furthermore the Akt
inhibitor MK2206 sensitized B-Raf-mutant cells to both
PLX4720 and AZD6244 and sensitized Gα-mutant cells to
AZD6244, but it could not overcome the resistance of the Gα-
mutant cells to PLX4720 [29]. These studies thus suggest that
the response of UM cells to inhibition of B-Raf, MEK, and
Akt depends somewhat on their genotype. Additionally, tar-
geted B-Raf orMEK inhibition alone may not be sufficient for
the treatment of UM, and inhibition of other activated pro-
survival targets including PI3K/Akt may be required for the
effective treatment of UM either as a single agent or in
combination therapy.

The objective of the current study, therefore, is to explore
the activity of WA on uveal melanomas in vitro related to its
effects on cell proliferation and viability, cell cycle modula-
tion, induction of apoptosis, and modulation of the c-Met
and PI3Kinase/Akt, as well as in vivo effects on UM tumor
growth in a murine xenograft model of UM.

Material and methods

Cell culture growth

Three human uveal melanoma cell lines including OMM2.3
and MEL290 cells (kindly provided by Dr. JW Harbour,
Washington University, St. Louis, MO), 92.1 cells (obtained
with permission fromMartine J. Jager, Leiden University, The
Netherlands; and kindly provided by Dr. Jerry Neiderkorn),
and normal human fetal fibroblast MRC-5 cells (obtained
from American Type Culture Collection, Manassas, VA) were
used for in vitro experiments. UM cells were propagated in
RPMI supplemented with 10% heat inactivated fetal bovine
serum (FBS) and 1% penicillin–streptomycin at 37°C in a
humidified 5% CO2-enriched atmosphere. MRC-5 cells were
propagated in DMEM supplemented with 10% FBS and 1%
penicillin–streptomycin. WAwas purchased from Chromadex
(Irvine, CA) and was dissolved in DMSO at 20 mM stock
concentration. Cells were treated with WA at indicated
concentrations.

Cell proliferation assay

The cell proliferation assay was performed in triplicate on 96-
well plates (2×103 cells/well). Cells were plated overnight and
WA was added with ten serial dilutions, ranging from 20 to
0.075 μM and incubated at 37°C for 72 h. Cell viability was
then assessed using CellTiter 96 AQueous One assay (Promega,
Madison, WI) according to the manufacturer’s protocol. The
absorbance was obtained at 490 nm by spectrophotometry
(BioTek Synergy 2, Winooski, VT). DMSO at 0.01% was
used as control in all in vitro experiments. A non-malignant
control cell line evaluation was performed using MRC-5 cells
at 2×103 cells/well over the same range of WA concentra-
tions. IC50s were calculated and plotted using GraphPad
Prism 5 software (GraphPad Software, La Jolla, CA). To
confirm the MTS cell viability assay, a trypan blue exclusion
assay was performed. After 24 h of treatment, the cells were
stained with trypan blue dye and counted to determine the
total number of viable cells. The percent of cell survival was
calculated by comparison of stained and unstained cells.

Colony formation assay

UM cells were seeded into 60 mm plates (500 cells/plate)
and allowed to grow overnight. The cells were then incu-
bated in the presence or absence of multiple concentrations
of WA for 24 h. The WA-containing medium was then
removed, and the cells were washed with 1× phosphate-
buffered saline (PBS) and incubated for an additional
10 days in complete medium without WA. Media was
removed and fresh media was added every 3 days. The
colonies obtained were washed with 1×PBS and fixed in
coomassie blue–methanol solution for 20 min at room tem-
perature. The colonies were washed and photo-documented.
Each treatment was performed in triplicate.

Cell migration assay

UM cells were initially grown to confluence on 60 mm
tissue culture plates, then a central linear area was cleared
using a sterile micropipette tip. Floating cells were removed
by washing with 1× PBS. Cell migration back into the
cleared area was observed after incubation with multiple
concentrations of WA for over a 48-h period. Cells were
photographed using a phase-contrast microscope.

Cell cycle analysis

To perform cell cycle analysis on flow cytometry, UM cells
were treated with 0, 1.0, 2.5, and 5.0 μM for 24 h. Cells
were trypsinized and washed with 1× PBS and suspended in
1× PBS. Ethanol was added to a final concentration of 70%
and stored at −20°C overnight. Cells were then washed with
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1× PBS to remove ethanol and suspended in PBS containing
0.25 mg/mL DNase free RNase (Sigma-Aldrich, St. Louis,
MO). After nuclei stainingwith propidium iodide (PI, 50μg/mL;
Sigma-Aldrich, St. Louis, MO) in the dark at room tempera-
ture, flow cytometry was performed using FACS/Calibur an-
alyzer (BD LSRII; Becton Dickinson, San Diego, CA)
capturing 10,000 events for each sample. Data from three
identical analyses were used to confirm the results.

Assessment of apoptosis by annexin V/propidium iodide

Apoptotic analysis of UM cells treated with WA was ac-
complished by annexin V/PI staining and flow cytometry
analysis. After treatment, cells (1×106 cells/mL) were
washed with 1× PBS, and trypsinized. Cells were then
stained with annexin V/PI according to the manufacturer’s
instruction (BD Bioscience; San Diego, CA) and were ana-
lyzed by flow cytometry. Apoptosis was then confirmed on
Western blot analysis.

Western blot analysis

After treatment with WA at concentrations ranging from 0 to
5.0 μM, cells were lysed on ice with lysis buffer: 20 mM Tris;
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
SDS, 0.25% sodium deoxycholate, 1 mM PMSF, 1 mM NaF,
1 mM dithiothreitol, 1 mM sodium orthovanadate, 1× protease
inhibitor (Sigma-Aldrich, St. Louis, MO). Cell lysates were
incubated on ice for 30 min and centrifuged at 14,000 rpm for
15 min at 4°C. Protein concentration was determined by BCA
protein assay kit (Pierce Chemical Co., Rockford, IL). Equal
amount of proteins (15–50 μg) were applied to 8–12% gels
and subjected to SDS-PAGE. The samples were then trans-
ferred to a nitrocellulose membrane (Hybond; Amersham Bio-
sciences Inc., Arlington Heights, IL) for 1 h. Membranes were
blocked for 1 h at room temperature with 5% dry milk in PBS
and incubated overnight at 4°Cwith primary antibodies against
phospho-Akt, Ser473 (1:1,000), Akt (1:1,000), phospho-c-
MET (1:2,000), c-MET (1:1,000), anti-RAF-1 (1:1,000),
caspase-3 (1:1,000), and anti-PARP (1:1,000), (Cell Signaling,
Beverly, MA), and anti-actin (1:50,000) (Millipore, Billerica,
MA). All secondary antibodies were purchased from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA). Membranes were
washed and incubated with 1:5,000 anti-mouse or anti-rabbit
IgG conjugated to horseradish peroxidase for 1 h at room
temperature and washed again. Signals were visualized using
chemiluminesence reagents (Pierce Chemical Co., Rockford,
IL). Beta-actin served as a loading control.

Murine in vivo model

Five-week-old female SCID mice weighing approximately
20–25 g (Charles River Laboratories, Wilmington, MA)

were used for the in vivo experiment. Twenty-four mice
were injected in the right flank with 92.1 cells (3.5×106

cells/animal) suspended in 1× PBS. Tumors were monitored
for growth over a 2-week period and measured three times
weekly for growth using a digital caliper. When tumors
reached a minimum diameter of 3 mm in one dimension,
the mice were randomized into one of three treatment
groups: control (saline, no drug), 8 mg/kg/day WA, or
12 mg/kg/day WA (N08 per group). Animals were injected
intraperitoneally with WA or control daily for 21 days and
then observed for an additional 4 weeks. One mouse from
each group was sacrificed at the end of the 21-day treatment
period for organ and tumor mass analysis. Final N07 for
statistical analysis. Tumor measurements and monitoring for
overall health (weight loss or body score) was performed
three times weekly during this period in accordance with our
approved animal care and use protocol and the ARVO use of
animals in Ophthalmic and Visual Research. Mice were
sacrificed if criteria for morbidity were met or at the end
of the study period. Primary tumors along with major organs
(kidney, liver, spleen, bone marrow, injection site, brain,
lungs, and heart) were harvested for additional testing and
histologic evaluation.

Statistical analysis

All in vitro experiments were repeated in triplicate, and all
in vivo data and assays were analyzed using GraphPad
Prism 5.0 software (GraphPad Software, Inc., La Jolla,
CA) and SPSS Statistics 17.0 (SPSS, Inc., Chicago IL).
Differences between two or more means were determined
by Student’s unpaired t test (2 means) or one-way ANOVA
followed by Duncan’s multiple range test (2+ means). The
level of significance was set at p<0.05.

Results

Effect of WA on proliferation of uveal melanoma cells

Using the MTS assay, WA reduced cell viability in multiple
UM cell lines with an IC50 of 0.90, 1.66, and 2.42 μM in
OMM2.3, 92.1, and MEL290 cells, respectively. MRC-5
fibroblast cells were used as a non-malignant control and
exhibited an IC50 level with WA treatment of 3.81 μM
(Fig. 1b). Cytologic features of cell injury in the form of
cytoplasmic vacuoles were seen in WA-treated UM cell
lines starting from 1.0 μM WA and were most prominent
in the 92.1 and MEL290 cell lines. Cytologic features of cell
death including cellular shrinkage, pyknosis, karyor-
rhexis, and karyolysis were observed in all cell lines
at concentrations above 3.0 μM (data not shown). Sub-
sequent studies were carried out using 92.1 and
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MEL290 cells to determine the differential sensitivity of
these cells to WA treatment. Trypan blue exclusion analy-
sis showed that WA reduced cell proliferation of 92.1 and
MEL290 cells in both concentration- and time-dependent
manner (Fig. 1c). Cell survival decreased from 48.6±0.7%
to 19.2±5.8% to 6.7±3.1% for MEL290 cells at 1.0 μM WA
for 24, 48, and 72 h time points, respectively. Similarly, 92.1
cell survival decreased from 67.8±8.2% to 40.9±0.9% to 3.4
±2.4% at 1 μM WA for 24, 48, and 72 h time interval,
respectively (p<0.05 for all time points compared to the
control for MEL290 and 92.1 cells). When the concentration
of WAwas increased to 3.0 μM, a substantial decrease in cell
viability was noted in both MEL290 and 92.1 cells as early as
24 h. WhenMEL290 cells were treated with 3.0 μMWA, cell
survival decreased to 4.0±1.4% to 1.1±0.8% to 2.0±1.2% for
24, 48, and 72 h time points, respectively. Similarly,
treatment of 92.1 cells with 3.0 μM WA reduced cell
survival to 24.1±14.3% to 2.0±1.3%, and to 3.1±2.5%
for 24-, 48-, and 72-h time intervals respectively (p<
0.001 for all time points compared to the control for
MEL290 and 92.1 cells).

Colony formation of UM cells treated with WA

To measure long-term effects of WA on permanent cell
growth arrest and cell death, we performed clonogenic
survival assays. Clonal growth of 92.1 and MEL290
cells were suppressed by WA treatment. WA at
400 nM significantly reduced colony formation in both
UM cell lines (Fig. 2a).

Cell migration of UM cells treated with WA

WA suppressed 92.1 UM cell migration for 24 and 48 h in a
concentration-dependent manner. Cell migration was inhibited
at 100 nM concentration of WA after 24 h and at 600 nM of
WA at 48 h of treatment. Similarly, WA reduced MEL290 cell
migration at 4.0 μM after a 12-h treatment (Fig. 2b). MEL290
cells were noted to migrate more rapidly compared to the 92.1
cells and required a greater concentration of WA to suppress
cell migration.

The effect of WA on the cell cycle in uveal melanoma cells

Treatment of UM with WA induced a shift of cell cycle arrest
with enhanced G2/M and S phase arrest following treatment in
a concentration-dependent manner in MEL290 and 92.1 cells.
Vehicle only treated with 92.1 cells show a typical
pattern of randomly cycling cells distributed across the
G1 (57.4%), S (20.5%), and G2/M (21.8%) phases.
Similarly normal cell cycle distribution was 57.1% for
G1, 17.7% for S, and 25.1% for G2/M for MEL290

cells. WA induced G2/M shift in UM cells. G2/M phase
shift was more pronounced in MEL290 cells compared
to 92.1 cells. A G2/M phase shift was observed at
lower concentrations (1.0 μM) of WA treatment but
was not present at higher drug concentrations where increas-
ing apoptosis/cell debris was counted in the sub G0 phase (2.5
and 5.0 μM WA) after 24-h treatment (Fig. 2c). This was
associated with a concentration-dependent increased hypodip-
loid (sub G1) population (Fig. 2d).

The effect of WA on induction of apoptosis in uveal
melanoma cells

Flow cytometry studies were performed to evaluate the
induction of apoptosis by WA using annexin V/PI co-
staining. These results were confirmed by caspase-3 and
PARP cleavage on Western blot analysis. An analysis of
phosphatidylserine on the outer leaflet of apoptotic cell
membranes was performed using annexin V–FITC and PI
to distinguish early and late apoptosis from necrosis. UM
cells were treated with DMSO, 2.5 μM WA, or 5.0 μM WA
for 24 h, and apoptosis was demonstrated in both cell lines
in a concentration-dependent manner with a minimal
amount of necrosis (less than 5%) (Fig. 3a). In the 92.1
cells, 1% of cells were noted to stain with annexin V
indicating early apoptosis, while 21% of cells were dually
stained with annexin V and PI indicating a shift toward late
apoptosis at 5.0 μM of WA. Conversely, in the
MEL290 cells treated with 5.0 μM of WA, early apo-
ptotic effects were observed in 41% of cells, while late
apoptosis was observed in 51% cells which was statis-
tically significant compared to controls (p<0.01 for both cell
lines) (Fig. 3b). Overall, these results exhibited higher
sensitivity of MEL290 compared to 92.1 cells to the
cytotoxic effect of WA, and confirm trypan blue dye-
exclusion assay findings.

To confirm annexin V/PI results, WA-treated cell
lysates were evaluated for caspase 3 activation. WA
induced caspase 3 activation and PARP cleavage in
92.1 and MEL290 cells in a concentration- and time-
dependent manner starting at 1.0 and 2.5 μM in MEL290 and
92.1 cells, respectively (Fig. 3c). We observed that WA in-
duced apoptosis at lower concentrations in MEL290 com-
pared to 92.1 cells after 24-h treatment. These results are
consistent with the flow cytometry annexin V/PI data. Overall,
these results demonstrated that WA induced apoptosis in 92.1
and MEL290 UM cells.

WA-mediated inhibition of proliferative signaling in uveal
melanoma cells

The effects of WA on suppression of c-Met, Akt, and Raf-1
were examined in UM cell lines. WA decreased
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phosphorylation of c-Met (Tyr1234) and total levels of c-
Met in both 92.1 and MEL290 cells in a concentration-
dependent manner. WA activated c-Met at lower concentra-
tions (0.1 and 0.5 μM) in 92.1 cells; however, phosphory-
lated levels of c-Met were reduced upon treatment with
increasing concentrations of WA, whereas total c-Met levels
were reduced at all WA-treated concentrations. In contrast,
WA decreased c-Met phosphorylation in MEL290 cells in
all concentrations of WA examined. Additionally, WA re-
duced total c-Met levels in both 92.1 and MEL290 cells.
WA suppressed Akt (Ser473) phosphorylation and expres-
sion of Akt in 92.1 and MEL290 cells (Fig. 4). Expression
of Raf-1 was evaluated since 92.1 and MEL290 cells are
known to express Raf-1 kinase. In both the 92.1 and

MEL290 cells, WA treatment decreased Raf-1 protein lev-
els. 92.1 UM cells' expression of Raf-1 was reduced upon
treatment with 0.5 μM of WAwhile higher concentration of
WA (2.5 μM) was required to reduce the expression of Raf-
1 in MEL290 cells. Taken together, these results suggest that
WA inhibits activation of c-Met and Akt and suppresses
expression of c-Met, Akt, and Raf-1 in UM cells.

The effect of WA on UM tumor growth in vivo

To investigate the efficacy of WA on UM in vivo, female
SCID mice with a right flank tumor of 92.1 cells were
treated with 8 or 12 mg/kg/day of WA or control for 21 days.
Representative mice from the control and 8 mg/kg/day

Fig. 2 Clonogenic assay, cell migration and cell cycle analysis. a
Clonogenic assay shows the long-term effects of WA treatment of
human uveal melanoma cells. UM cells treated with DMSO or WA
for 24 h as detailed in the Materials and methods; photographs of petri
dishes in a representative experiment are shown. b Wound healing
assay demonstrating inhibition of cell migration of 92.1 cells at 0–
0.6 μM after 24 h and Mel290 cells at 0–6.0 μM after 12 h. After cells
reach confluence overnight, clear regions were created using sterile

pipette tips. After washing, increasing concentrations of WA were
added for indicated time. Photographs were taken from representative
dishes using phase-contrast microscope. c UM cells were treated with
increasing concentration of WA for 24 h and stained with propidium
iodide and cell cycle analysis was done using flow cytometry. d Flow
cytometry results demonstrating a concentration-dependent increase in
the sub G1 apoptosis/cellular debris component
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treatment groups were photographed to document the re-
sponse to WA treatment (Fig. 5a).

In the control group, we observed exponential growth
pattern of the tumors in all animals, which reached protocol
maximum size (2,000 mm3) in as early as 30 days post-
inoculation. In both treatment groups, there was a decrease
in tumor size with treatment (Fig. 5b). For the 8 mg/kg/day
group, this inhibition of tumor was observed in 100% of
mice with two mice (29%) demonstrating a complete clini-
cal response (CR) to treatment. Another four mice (57%)
demonstrated a partial response (PR) to treatment with a
greater than 30% tumor reduction, and one animal (14%)
demonstrated stabilization of tumor growth (stable disease)
by modified RECIST criteria. In the 12 mg/kg/day group,
there were three mice (43%) with progressive disease after
discontinuation of WA, one CR, one PR, and two additional
mice with dose-related toxicity (one having a CR and one
with a PR) as noted by marked weight loss and diarrhea with
treatment.

At the conclusion of the three-week treatment period and
one-month observation period, a significant difference in
tumor response to therapy was found between groups as
demonstrated by ANOVA (p00.015). Further analysis was
performed comparing the control group to each of the two
treatment groups with statistical significance of p00.004
and p00.0128 for the 8 mg/kg/day and 12 mg/kg/day

treatment groups, respectively. There was no difference in
efficacy between the two treatment groups (p00.173); how-
ever, the high-dose group (12 mg/kg/day) demonstrated
increased toxicity and mortality compared to the 8 mg/kg/
day-group (p00.03) which mainly consisted of gastrointesti-
nal toxicity. There was a slight decrease in body weight in the
animals treated with WA compare to the control group. The
high-dose group displayed slightly higher weight lose com-
pared to the low-dose group (Fig. 5c).

Discussion

Withaferin A is a natural withanolide steroidal lactone that
has a multi-faceted cytotoxic mechanism of action which is
only partially understood. Previous studies have shown its
efficacy against multiple tumor types including cutaneous
melanoma [5–10]. This is the first evaluation of WA against
uveal melanoma demonstrating multiple anti-tumor effects
in 92.1, MEL290, and OMM2.3 UM cell lines. These cells
carry a WTBRAF genotype while only the 92.1 cells harbor a
GNAQ mutation [31]. In vitro, WA inhibits cell growth with
IC50 levels from 1.0 μM to 2.42 μM in the three different
UM cell lines showing potency at relatively low concentra-
tions. Control fibroblasts, MRC-5, had an IC50 of 3.81 μM,
indicating selective anti-cancer activity of the drug with a

Fig. 2 (continued)
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reasonable therapeutic window. Overall, these results show
that WA reduced cell viability and cell proliferation in a
concentration- and time-dependent manner in UM cells. Ad-
ditionally, MEL290 cells are more sensitive to the cytotoxic
effect of WA compared to 92.1 cells upon short treatment
cycle (Fig. 1b). The results from the colony-forming assay
indicate that 24-h WA treatment irreversibly suppressed the
colony-forming capacity of UM cells for 10 days even in the
absence of the drug. Lack of colony growth with

treatment was not reversible after discontinuation of
WA treatment, indicating a sustained irreversible anti-
cancer effect of WA on these cells. Furthermore, the
cell migration assay demonstrated that nanomolar con-
centrations of WA inhibited cell migration. Interestingly,
while WA suppressed cell migration, a cornerstone ca-
pability necessary for tumor invasiveness, this suppression
was cell-type specific since 92.1 cells were more sensitive to
WA inhibition compared to MEL290 cells.

Fig. 3 Effect of WA on induction of apoptosis in UM cells. a 92.1 and
MEL290 cells were treated with 2.5 or 5.0 μMWA for 24 h. Cells were
stained with annexin V/PI and analyzed using flow cytometry. b
Graphic representation of flow cytometry results showing increased
apoptosis with increased concentration of WA. All experiments were
performed in triplicate. Results are mean±SD two independent

experiments. *p<0.05 compared to control cells. c WA-mediated in-
duction of apoptosis was determined by treating UM cells with in-
creasing concentration of WA for 24 h or with 5 μM WA for indicated
time intervals. In both MEL290 and 92.1 UM cells, WA induced
caspase-3 activation and PARP cleavage in a concentration- and
time-dependent manner
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Having demonstrated the effect of WA on reduction of cell
growth as evidenced by MTS, trypan blue cell exclusion
assay, and colony-forming assays, we next explored potential
mechanisms of its cytotoxic anti-cancer activity. To confirm
prior work, noting cell cycle arrest using WA, we performed
cell cycle analysis in 92.1 andMEL290 cells to investigate if a
similar effect is observed in UM [9]. Both UM cell lines
demonstrated a shift in the cell population from G1 to G2/M
arrest with WA treatment in a time-dependent manner. When
increasing concentrations of WAwere evaluated, there was a
corresponding increase in hypodiploid sub G1 population with
concurrent G2/M shift indicating an increase in cell death. To
determine if apoptosis contributed to the inhibition of cell
growth, we performed annexin V/PI analysis on WA-treated
cells. Both UM cell lines had a concentration-dependent in-
duction of apoptosis with increased co-staining of annexin V
and PI. These results were confirmed by Western blot analy-
sis, demonstrating cleavage of procaspase 3 and its endoge-
nous substrate PARP at concentrations near the IC50 level of
the drug.

We next examined the effect of WA on activation of c-
Met as emerging evidence suggests that c-Met is activated in
UMs [21, 23, 32]. The c-Met proto-oncogene encodes for
the transmembrane receptor tyrosine kinase. Once stimulat-
ed, it activates diverse intracellular signaling pathways,
including PI3K/Akt, MAP kinase, p38, and signal transduc-
er and activation of transcription 3. It is reported that small
molecule inhibitors of c-Met selectively suppress cell pro-
liferation of UM cells [32]. The c-Met ligand, HGF, has also
been shown to activate Akt in a c-MET dependent pathway
[26]. In our experiments, WA treatment inhibited c-MET
phosphorylation and reduced total c-MET protein levels in a
concentration-dependent manner in 92.1 and MEL290 cells.
The downregulation of c-Met and subsequent loss of its
stimulation of downstream events had a significant effect

on the survival of UM cells in vitro. Since c-MET poten-
tially plays a role in the metastatic process of UM, targeting
this kinase could modulate the metastatic potential of this
disease. We demonstrated that WA suppressed the activation
of c-Met in 92.1 and MEL290 UM cells and downregulated
phospho-AKT protein levels which may contribute to apo-
ptosis in these UM cells. Recent studies have shown that
HGF-induced PI3kinase/Akt activation is involved in the
migration of UM cells [26]. It is possible that the WA-
mediated suppression of UM cell migration observed here
may be partly due to downregulation of c-Met and Akt
signaling. WA was found to reduce Raf-1 expression in a
concentration-dependent manner in both the 92.1 and
MEL290 cells. WA appears to affect both the PI3K/Akt
and MAP kinase pathways instead of targeting a single
protein or pathway.

To determine if these favorable in vitro effects of WA
would translate into an animal tumor model, an in vivo effi-
cacy experiment was performed in a UM xenograft model. A
flank tumor model was chosen over a liver model because
tumors could be directly monitored for growth or regression
using a digital caliper. Our xenograft tumors responded to
treatment with 100% of animals showing tumor regression
or inhibition of tumor growth at the 8 mg/kg/day dose, with
29% having a complete response, and an additional 57% of
animals having a partial response to treatment (ANOVA p0
0.015). Both the 8 mg/kg/day and 12 mg/kg/day groups had
regression of tumor; however, the 12 mg/kg/day group had
increased gastrointestinal toxicity observed during regular
monitoring. There was no statistically significant benefit to
the 12 mg/kg/day dosing. Although 12-mg/kg/dayWA dosing
was below the MTD dose for the present model, a lower WA
dose is recommended since it reduced tumor mass with no
toxicity. Overall, WA demonstrated significant in vivo effica-
cy against UM tumors. In vitro, WA shows decreased cell

Fig. 4 Effect of WA on pro-survival pathways in UM cells. 92.1 and
MEL290 cells were treated with indicated concentration of WA for
24 h. Cell lysates were subjected to Western blot analysis using
indicated primary antibodies. These results demonstrated suppression
of phosphorylated c-Met and phosphorylated Akt with increasing WA

concentration. Furthermore, c-Met and Akt protein levels were re-
duced. WA reduced c-Met and Akt activation as well as total protein
levels in 92.1 and MEL290 cells. Furthermore WA progressively
reduced Raf-1 levels in UM cells
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survival, proliferation, colony formation, and cell migration in
addition to induction of apoptosis and cell cycle arrest. In
vivo, WA demonstrates a substantial reduction of tumor vol-
ume and low side effects at the 8 mg/kg/day dose. These data
support further translational investigation of WA as a novel
therapeutic for this challenging malignancy.
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