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Abstract

Uveal melanoma (UM) is a highly invasive intraocular malignancy with high mortality.
Presently, there is no FDA-approved standard for the treatment of metastatic UM.
Pristimerin is a natural quinine methide triterpenoid compound with anti-angiogenic,
anti-cancer and anti-inflammatory activities. However, Pristimerin potential cytotoxic
effect on UM was poorly investigated. In the present study, we found the migration
and invasion of UM-1 cells were inhibited by Pristimerin which also caused a rapid
increase of ROS, decreased mitochondrial membrane potential, induced the accumu-
lation of cells in GO/G1 phase, ending with apoptotic cell death. Pristimerin inhibited
Akt and FoxO3a phosphorylation and induced nuclear accumulation of FoxO3a in
UM-1 cells, increased the expression of pro-apoptotic proteins Bim ~ p27<"?%, cleaved
caspase-3, PARP and Bax, and decreased the expression of Cyclin D1 and Bcl-2.
LY294002 or Akt-siRNA inhibited the PI3K/Akt/FoxO3a pathway and promoted
the Pristimerin-induced apoptosis, while Pristimerin effects were partially abolished
in FoxO3a knockdown UM-1 cell cultures. Taken together, present results showed
that Pristimerin induced apoptotic cell death through inhibition of PI3K/Akt/FoxO3a
pathway in UM-1 cells. These findings indicate that Pristimerin may be considered as

a potential chemotherapeutic agent for patients with UM.
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1 | INTRODUCTION

Uveal melanoma (UM) is a common primary intraocular malignancy
with an annual incidence of about 7 per million.! However, the mech-
anism underlying UM pathology is unclear. At present, there is no
definite treatment for UM. Therefore, it is an important clinical need
to study its underlying pathological mechanisms and formulate cor-
responding chemotherapeutic strategies.

Pristimerin (Figure 1A) is a natural triterpenoid quinine com-
pound, which is a traditional Chinese medicine isolated from the
Celastraceae and Hippocrateacea plants. It has long been used as
an anti-malarial, anti-inflammatory, anti-oxidant and insecticide.?®
Recent studies have shown that Pristimerin potently induced an-
ti-proliferative and apoptosis activities in several human cancer
cell lines, which originated from lung, breast, prostate, glioma,
cervical, leukaemia and multiple myeloma tumours.>*® Induction
of apoptotic cell death by Pristimerin involved with different
mechanisms, including caspase activation, proteasomes inhibition,
mitochondrial dysfunction and different molecular mechanisms
involved in the suppression of anti-apoptotic NF-kB, Akt and MAP
kinases.” ™ In addition, Pristimerin has been reported to activate
the stress kinase, c-Jun N-terminal kinase(JNK) and the DNA dam-
age sensor, poly (ADP-ribose) polymerase-1 (PARP-1) through the

(9]
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generation of reactive oxygen species (ROS).'2 Moreover, other
studies indicated that Pristimerin inhibited cell cycle progres-
sion, tumour cell migration and angiogenesis.”***> Unfortunately,
the cytotoxic effects and the molecular mechanism by which
Pristimerin affects UM-1 were poorly investigated and only one
study reported that Pristimerin inhibited the malignant pheno-
types of UM cells through inactivation of NF-xB pathway.!® Here,
we focus on the effect of Pristimerin on the PI3SK/Akt signalling
pathway in UM-1 cells.

The PI3K/Akt pathway is a highly conserved central regulator
of growth, proliferation, motility and metabolism. The genes and
proteins of this pathway have been extensively studied and found
to be widely activated in human cancers. Inhibition of this pathway
has been shown to cause better regression of human tumours and
has been evaluated in preclinical research and clinical trials.}”:*8
Moreover, the activation PI3K/Akt pathway represents one of the
most frequent genetic alterations found in human disease.'? PI3K/
Akt pathway dysregulation has also been associated with resistance
to conventional chemotherapy‘zo’21

The FoxO transcription factors are the direct downstream tar-
get of the PISBK/AKT pathway, comprising four highly related mem-
bers—FoxO1, FoxO3a, FoxO4 and Fox06.%? The FoxO transcription

factors are key regulators of diverse cell activities including cellular
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FIGURE 1 Pristimerin induced cytotoxicity in UM-1 compared to RGC-5 and D-407 cells. (A) The chemical structure of Pristimerin; (B,
C) UM-1, RGC-5 and D-407 cells were treated for 24 h with different concentrations. Cell viability was determined by MTT (B) or CCK-8 (C)
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FITC/PI (H, apoptosis), JC-1 (I, mitochondrial membrane potential) or DCFH-DA (J, K—ROS) followed by high-content screening or flow
cytometry. The data were analysed by Flowjo 7.6. The results represent mean + SD of three separate experiments (P<.05, P < .01 versus
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proliferation, differentiation, DNA repair, defence against oxidative
stress, apoptosis and autophagy.?>?> They are also associated with
multiple diseases, including cancer.?%?” The activity of FoxO can be
regulated post-translational by various signalling pathways in which
the Akt serves as an important regulator.?® Akt can directly phos-
phorylate FoxO transcription factors, promote their translocation
into the cytoplasm from the nucleus and cause its functional inhi-
bition.?? In the absence of active Akt, FoxO proteins are localized in
the nucleus, where they regulate the transcription of genes related
to cell cycle arrest, reactive oxygen species (ROS) detoxification and
regulate expression levels of apoptotic proteins such as Bim, p27 %,
p21 and PUMA 3032

In the present study, we investigated Pristimerin-induced
pro-apoptotic effects in the UM-1 cells cultures in relation to PI3K/
Akt/FOXO3a signalling pathway and found that Pristimerin induced
apoptosis by inhibiting the PI3K/Akt/FoxO3a pathway. These re-
sults suggest that Pristimerin may be considered as a lead cytotoxic

compound in the chemotherapy of uveal melanoma.

2 | MATERIALS AND METHODS
2.1 | Materials

Pristimerin, Annexin V-FITC/PI, JC-1 were purchased from Sigma-
Aldrich. Akt-siRNA was obtained from Ribobio. Plasmid for FoxO3a,
FoxO3a siRNA and Empty plasmid vectors N1 were kindly provided
by Marten P. Smidt (Rudolf Magnus Institute of Neuroscience).

2.2 | Cell cultures and transfection

The human uveal melanoma cell line UM-1, the neuronal precursor
cell line RGC-5 and the D407 cells were obtained from Shanghai
Bioleaf Biotech Co., Ltd. UM-1 cell line clone was originally isolated
from the uveal melanin tumour tissue. RGC-5 cell line that displays
mouse retinal ganglion progenitor cell characteristics correspond
to mouse photoreceptor cell line 661W, providing a valuable tool to
study pathogenesis of retinal neurodegenerative diseases. The cell
lines were maintained in DMEM supplemented with 10% foetal bo-
vine serum (FBS). UM-1 cells were transfected with FoxO3a, FoxO3a
siRNA or N1 (empty plasmid) plasmid using Lipofectamine 2000 ac-
cording to the manufacturer's protocol.25 At 36 hours after transfec-
tion, cells were treated as indicated.

2.3 | Cell viability assay

UM-1 cells were plated at a density of 1 x 10* per well in 96-well
plates, and the cells were treated with various concentrations of
Pristimerin for 24h. Then, cell viability was assessed using MTT and
CCK-8 assays. All experiments were performed in 5 replicates and

repeated for 3 times.

2.4 | Clonogenic assay

UM-1 cells were plated at a density of 200 cells/well in the 6-well
plates and then treated with various concentrations of Pristimerin.
After 14 days, colonies were fixed with 4% paraformaldehyde,
washed twice and stained with crystal violet (0.01% w/v). The colo-

nies containing more than 50 cells were counted.

2.5 | Hoechst 33342 staining for apoptosis

After treatment with Pristimerin, UM-1 cells were fixed with 4%
paraformaldehyde for 10 minutes. Then, the cells were washed
twice with PBS and exposed to Hoechst 33342 (10 pug/mL) in PBS
for10 minutes at room temperature. Chromatin staining pattern was
analysed for individual cells by high content screening system (Array
Scan VTI, Thermo Fisher Scientific, USA).

2.6 | Annexin V-FITC/PI assay

Apoptotic cells were detected using Annexin V-FITC/PI double-
staining. Briefly, after treatment with Pristimerin with/without Akt
siRNA or LY294002 (30 uM) for 24 hours, cells were harvested and
stained with Annexin V-FITC/PI according to the manufacturer's
protocol. The apoptotic cells were analysed by fluorescence-ac-
tivated cell sorter (FACS), and the data were evaluated using the

Flowjo 7.6.1 software.

2.7 | Mitochondrial membrane potential assay

Mitochondrial membrane potential (Ay) was measured by the flow
cytometer with JC-1dye. The cells were analysed by flow cytometry,

and the data were evaluated using the Flowjo 7.6.1 software.

2.8 | Measurement of reactive oxygen species (ROS)

The production of ROS was evaluated using the fluorescent dye,
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-Aldrich).
For this assay, UM-1 cells were treated with Pristimerin and then in-
cubated with 50 uM DCFH-DA for 30 minutes at 37°C. Subsequently,
the fluorescence was then detected using a high content screening
system (ArrayScanVTI, Thermo Fisher Scientific) using an excitation
wavelength of 480 nm. The experiments were performed at least

three times.

2.9 | Cell cycle assay

We determined phases of cell cycle using flow cytometry. In brief,

UM-1 cells were seeded on 6-well plates and treated with various
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concentrations of Pristimerin with/without LY294002 (30 uM) or
Akt siRNA for 24 hours, and then, cells were collected after gentle
trypsin treatment and fixed overnight in ice-cold 70% ethanol, after
which cells were treated with RNase A and stained with propidium
iodide (PI1). Finally, the cell cycle distribution was analysed by a flow
cytometer and the date were calculated using the Flowjo 7.6.1 soft-

ware. All experiments were performed in triplicate.

2.10 | Transwell assay

For cell migration/ invasion assay, UM-1 cells (1-5 x 10°) were plated
in serum-free DMEM in the upper chamber on 8 pm pores filters
coated with collagen (for cell migration) or Matrigel (for cell invasion)
(BD Biosciences) and 500 pL DMEM with 10% FBS as chemoattract-
ant was added to the bottom chamber. After 24 hours incubation,
the migrated/invasive cells in the membrane were fixed in 4% for-
maldehyde and stained using 0.1% crystal violet for 30 minutes at
room temperature. Finally, the number of migrated and invasive cells
was counted in 8 randomly selected fields under inverted fluores-
cence microscope (x100 magnification). The mean number of cells
per field was calculated as cell counts. All experiments were per-

formed in triplicate.

2.11 | Real-time PCR

Accordingtothemanufacturer'sinstructions, total RNAwasextracted
with Trizol reagent (In Vitrogen). Reverse transcription was performed
using Roche First Stand cDNA Synthesis Kit. PCRs were performed
with the LightCycIer® 480 SYBR Green | using the following primers:
FoxO3a (forward: 5- CTCCCTACGCCAGTCTCCCAT -3'; reverse:
5'- TGAGTCCGAAGTGAGCAGGTCC -3'), Bim (forward: 5-ATAA
GCTAAAGAGGCTGAAAGAG-3'; reverse: 5'-GAATGAAATGAGTCC
CCAAAAC-3'), p27X"*! (forward: 5’ ~AAAAGCAACAGAAACCTATC
CTCAC-3';reverse:5-ATTCAAAACTCCCAAGCACCTC-3'),cyclinD1
(forward: 5'- CCCTCGGTGTCCTACTTCAAATGT-3'; reverse: 5'- GGA
AGCGGTCCAGGTAGTTCAT- 3') and PRL-19 (forward: 5'-GAGACAA
AGTGGGAGCCAGCGA-3'; reverse: 5-ACCCTCCAGGAAGCGAGA
ATGC-3').

Quantitative analysis of cDNA amplification was assessed by
incorporation of SYBR Green into the double-stranded DNA. The
expression of relative genes was examined by using the LightCycler
480 Instrument (Roche) and analysed with Relative Quantification
LightCycler 480 SW 1.5.1 analysis software.

2.12 | Western blotting

Western blotting was performed according to protocols routinely

|33

used in our laboratory, as described by Zheng et al.” The protein

bands were detected by ECL Blotting Detection Reagents. Blots

were quantified using ImageJ analysis software. All experiments
were performed in triplicate.

2.13 | Reporter gene assay

UM-1 cells were co-transfected with FoxO3a-pGL3 plasmid for fire-
fly luciferase or the pGL2-basic empty vector and pRL-TK-luc plas-
mid encoding for Renilla luciferase. Cells were incubated for 36h and
treated with Pristimerin for additional 6, 12 or 24 hours, after which
the activity of firefly, and Renilla luciferase was measured using the
Dual Luciferase reporter assay system (Promega). Values for firefly
luciferase activity were normalized to Renilla luciferase activity in

the corresponding well. The experiments were repeated three times.

2.14 | Small interfering RNAs

Akt siRNA (forward: 5-CCAUGAACGAGUUUGAGUA-3', re-
verse: 3-GGUACUUGCUCAAACUCAU-5') and negative control
siRNA (forward: 5-UUCUCCGAACGUGUCACGUTT-3', reverse:
3'-ACGUGACACGUUCGGAGAATT-5') were chemically synthe-
sized by Ribio. Cells cultured in six-well plates were transfected with
100 pM siRNA by Lipofectamine® 3000 according to the manufac-
turer's instructions. Cells were then subjected to further treatment
as requested by the protocol.

2.15 | Immunofluorescence

After various treatments, UM-1 cells were washed three times with
PBS, fixed with 4% paraformaldehyde at room temperature for
30 minutes, permeabilized by 0.2% Triton X-100 solution for 10 min-
utes, and then cells were blocked with 2% BSA for 30 minutes at
room temperature. Subsequently, cells were incubated with primary
polyclonal anti-FOXO3a antibodies overnight at 4°C. Thereafter,
cells were incubated with FITC -labelled secondary antibodies for
1 hour at room temperature, followed by staining with Hoechst
33342 to visualize the nucleus. The subcellular localization of
FoxO3a was visualized under an inverted fluorescence microscope
(Olympus).

2.16 | Statistical analysis

The data are presented as the mean + SEM of 3-5 cultures, and ex-
periments were performed at least three times. Statistical comparison
between groups was performed by ANOVA, followed two-sided t-test
using SPSS 13.0 program. Differences were considered significant
when P < .05.
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3 RESULTS

3.1 | Pristimerin induced UM-1 cells apoptotic death

To determine the sensitivity of the cytotoxic effect of Pristimerin in
UM-1 cells, by comparison to a retinal ganglion derived neuronal cell
line (RGC-5) and a human retinal pigment epithelial cell line (D407),
the cells were treated with Pristimerin for 24h and the viability was
estimated using MTT and CCK-8 assays (Figure 1B,C). We found that
Pristimerin inhibited UM-1 cell viability in a dose-dependent manner,
reaching 80% cell death at 30 uM. However, the neuronal and epi-
thelial cell cultures RGC-5 and D407 were more resistant than UM-1
cells towards the cytotoxic effect of Pristimerin, indicating only mar-
ginal, 20% cytotoxicity, upon treatment with 30 uM Pristimerin.

To investigate the effect of Pristimerin on colony formation,
UM-1 cells were incubated with various doses of Pristimerin for
10-14 days and colonies containing more than 50 cells were counted.
The results showed the Pristimerin inhibited colony formation by
UM-1 cells in a concentration-dependent manner, with an effective
concentration 50% (EC) of 2 uM (Figure 1D,E). To observe the mor-
phological characteristics of Pristimerin-induced cell death, UM-1
cells were exposed to different concentrations of Pristimerin for
24 hours and the apoptotic cells were stained with Hoechst 33342
followed by high content screening system analysis. Pristimerin in
a dose-dependent manner induced cell apoptosis, indicated by re-
duction of cell volume, bright staining and condensed or fragmented
nuclei (Figure 1F,G).

In another approach, to confirm that Pristimerin induced apop-
tosis, UM-1 cells were stained with FITC/PI and apoptosis was eval-
uated by FACS. The results showed that Pristimerin induced cell
apoptosis in a concentration-dependent manner (Figure 1H), these
findings consistent with Hoechst 33342 staining experiments.

The decline of mitochondrial transmembrane potential is another
important indicator in early apoptosis. To assess a potential effect of
Pristimerin on mitochondrial transmembrane potential, UM-1 cells
were incubated with JC-1 and the change of fluorescence from red to
green, reflecting the decline of the membrane potential, was measured.
As shown in Figure 1l, Pristimerin induced a decline of mitochondrial
membrane potential in a dose-dependent fashion. Moreover, to assess
whether the mitochondrial dysfunction was correlated to increased

ROS level, the intracellular ROS level was evaluated using high content

Pristimerin (umol/L)

screening system. UM-1 cells were treated with different concentrations
of Pristimerin, stained with DCFH-DA and the percentage of stained cells
was measured compared with control. The results indicated that intra-
cellular ROS level was increased in a concentration-dependent manner
in UM-1 cells (Figure 1J,K), providing an explanation to the findings of
Pristimerin-induced mitochondrial dysfunction. Cumulatively, the find-
ings described in Figure 1 indicated that the UM-1 cells are more sen-
sitive than neuronal and epithelial cells towards the cytotoxic-apoptotic
cell death effect of Pristimerin.

3.2 | Inhibitory effect of Pristimerin on cell cycle of
UM-1

To estimate the effects of Pristimerin on the cell cycle of UM-1 cells,
the cultures UM-1 cells were treated with various concentrations of
Pristimerin for 24 hours, and the cell cycle distribution was deter-
mined by flow cytometry. As shown in Figure 2, Pristimerin induced
in a dose-dependent manner a significant accumulation of a cell
population in GO/G1phase, in parallel to a reduction of the distri-
bution of other cell population in S-G2/M phase of the cell cycle.
These findings suggested that Pristimerin inhibited the GO/G1 to S
cell cycle phase transition, in direct correlation with the significant
apoptotic cell death of UM-1 cells (Figure 1). These findings high-
light a rational for further development of Pristimerin to treat human
uveal melanoma tumours.

3.3 | Pristimerin inhibited migration and invasion of
UM-1 cells

UM-1 cells were treated with different concentrations of Pristimerin,
and the transwell assay was used to determine their migration and
invasion properties. In the cell migration assay (Figure 3A,C), we
found that Pristimerin, in a dose-dependent way, significantly inhib-
ited that cells' ability to migrate through a collagen matrix with an
estimate EC,, of 25 pM. In Matrigel invasion assay, Pristimerin treat-
ment also markedly reduced the percentage of invading cells with an
estimated EC,, of 10 uM (Figure 3A,D). These results suggested that
Pristimerin might be effective in the treatment of uveal melanoma

through inhibition of tumour cells migration and invasion.
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3.4 | The effect of Pristimerin on the Akt/FoxO3a
pathway and cleaved caspase-3, PARP, Bax and Bcl-2
expression in UM-1 cells

To determine whether Pristimerin could influence Akt/FoxO3a

signalling pathway in UM-1 cells, UM-1 cells were treated with

Pristimerin at different concentrations (Figure 4A-D) or different
periods of time (Figure 4E-H) and Western blotting was performed
to measure phosphorylations of Akt and FoxO3a. We have noted
a significant reduction of phosphorylated-AKT at Ser473 upon
treatment with concentrations of Pristimerin higher than 3 uM
and after 6 hours of treatment, while the level of its total pro-

tein remained stable throughout all the time points of treatment
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with the different Pristimerin concentrations (Figure 4A,B,E,F).
Consequently, the phosphorylation level of transcriptional factor
FoxO3a at Ser253 was also found to be significantly inhibited at
3-36 h from the start of treatment with different Pristimerin con-
centrations (Figure 4A,C,E,G). Interestingly, the level of total FoxO3a
significantly increased from 12-36 h upon treatment with Pristimerin
concentrations from 1 to 30 uM (Figure 4A,E,D,H). Meanwhile, we
also found that Pristimerin in a dose-dependent fashion increased
cleaved caspase-3, PARP and Bax levels of expression, but reduced
the level of expression of Bcl-2 and as a consequence the ratio of
Bcl-2/Bax was also decreased (Figure 5). These results indicate an
apparent direct correlation among Pristimerin-induced cytotoxic ef-
fects and inhibition of Akt/FoxO3a phosphorylation activities and
cleaved caspase-3, PARP, Bax and Bcl-2 expression.

3.5 | PI3K/Akt inhibitors and Akt siRNA additively
potentiated the cytotoxic effects of Pristimerin in
UM-1 cells

To explore the contribution of PI3K/Akt inhibition to the cyto-
toxic effects of Pristimerin, UM-1 cells were either pretreated with
LY294002, a potent, reversible, morpholine-containing inhibitor
of phosphoinositide 3-kinases (PI3K) which phosphorylates and
activates Akt, or transfected with Akt siRNA, before exposure to
Pristimerin. The apoptotic cell death (Figure 6A-D), the mitochon-
drial membrane potential (Figure 6E,F) and cell cycle distribution
(Figure 6G,H) of the UM-1 cells following the different treatments
was measured by FACS. When used in combination with Pristimerin,
the PISK/Akt inhibitors potentiated by 30% the percentage of ap-
optotic cells, with similar efficacy of LY294002 and Akt siRNA
(Figure 6A-D). This conclusion was further confirmed by measuring
the Pristimerin-induced reduction of the mitochondrial membrane
potential (Figure 6E,F) and the percentage of cells accumulat-
ing in the GO/G1phase of the cell cycle (Figure 6G,H). Moreover,
Pristimerin induced inhibition of UM-1 cells’ migration and invasion
also indicates that PI3K/Akt inhibition contributed about 20% addi-
tive potentiation to Pristimerin-induced effects (Figure 3B,E,F), as

previously reported with MET tyrosine kinase receptor inhibitor.3*

3.6 | PI3K/Akt/FoxO3a inhibitors differentially
modulated protein expression of cell cycle and
apoptosis-associated proteins in UM-1 cells induced
by Pristimerin

In the next step, we investigated the effects of PI3K/Akt and FoxO3a
inhibitors on Pristimerin effects on phosphorylation and expression
protein level of FoxO3a, a transcriptional factor that regulates gene
expression, essential for cell cycle arrest and apoptosis in its dephos-
phorylated form in a nuclear location.3>3 Figure 7A-D indicated that
both LY294002 and Akt siRNA treatments strongly potentiated the
inhibitory effect of 3 pM Pristimerin on Akt (Ser473) and FoxO3a
(Ser253) phosphorylations, when compared to the respective control
groups. These effects were correlated with a significant, Pristimerin
induced decrease of FoxO3a (Ser253) phosphorylation but increase
of total FoxO3a protein expression level. Likewise, inhibition of
FoxO3a phosphorylation was followed by up-regulation of mRNA
and protein level of the pro-apoptotic molecules BIM and p27KP?
and down-regulation of anti-apoptotic protein cyclin D1, effects po-
tentiated by LY294002 and Akt siRNA pretreatment (Figure 7E-J).
When cultures were treated with Pristimerin, the mRNA levels of
FOXO3a significantly changed (Figure 7M). Complementary to these
results, FoxO3a knockdown experiments, using a selective siRNA
approach, indicated that Pristimerin effect was partially abolished
in FoxO3a knockdown UM-1 cell, which indicated that knockdown
of FOXO3a partially attenuated the Pristimerin-induced apopto-
sis (Figure 7 K-M). Cumulatively, these experiments indicate that
Primisterin induced differential expression of various PI3K/Akt/
FoxO3a downstream cell cycle and apoptosis associated protein
substrates, an effect which was concentration and time dependent
correlated to Pristimerin-induced apoptotic cell death of UM-1 cell
cultures.

3.7 | Pristimerin inhibited cytoplasmic-nuclear
shuttling and phosphorylation activity of FoxO3a

We used immunofluorescence microscopy to observe the shuttling
of FoxO3a in the control compared with the Primistirin-treated in
UM-1 cells (Figure 8A,G). Akt phosphorylates FoxO3a and promoted
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its retention in the cytoplasm, thus prevented cell regulatory ac-
tions which took place in the nucleus. In contrast, Akt inhibition
induced FoxO3a dephosphorylation and promoted its translocation
from the cytoplasm into the nucleus.>>%” To explore the effect of
Pristimerin on cellular shuttling of FoxO3a, UM-1 cells were trans-
fected with GFP-FoxO3a. After 6h, UM-1 cells were treated with
3 UM Pristimerin for 12 and 24 hours, respectively (Figure 8A),
with or without treatment with PI3K inhibitor LY294002 (30 uM)
(Figure 8G). Thereafter, the subcellular localization of FoxO3a was
determined by immunofluorescence microscopy. The expression of
FoxO3a in nuclear and cytoplasmic extracts of different treatment
groups was also assessed by Western blotting (Figure 8B-E,H-K).
The immunofluorescence micrographs unambiguously indicated

that Pristimerin significantly and progressively enhanced, with a time

course of 12-24 hours and by 3.4-fold, nuclear level of FoxO3a pro-
tein in UM-1 cells, an effect potentiated by LY294002 (Figure 8A,G).
To further corroborate these findings, we extracted cytoplasmic
and nuclear proteins and the level of non-phosphorylated and phos-
phorylated FoxO3a was measured in both control and Pristimerin-
treated group by Western blotting using respective antibodies and
considering Lamin B1 and f-actin as markers of nucleus and cyto-
plasm, respectively. We found that Pristimerin increased the nuclear
levels of FoxO3a protein but decreased its levels of phosphorylation
in a time-dependent manner (Figure 8B,D), an effect potentiated
by LY294002 (Figure 8H-K). Furthermore, the reporter gene assay
indicated that Pristimerin promoted FoxO3a transactivation activ-
ity (Figure 8F). Taken together, these results indicate an apparent
correlation between Pristimerin-induced apoptotic cell death and
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inhibition of PI3K/Akt phosphorylation and FoxO3a nuclear-cyto-
plasm shuttling inhibition and transactivation.

4 | DISCUSSION

Uveal melanoma (UM) is considered a rare disease, but in fact, it is
the most common primary intraocular malignant tumour in adults.%®
Paradoxically, even combined with surgery, chemotherapy and ra-
diotherapy, the median survival time of patients is did not improve
significantly.®” Natural products derived from medicinal plants have
been used since ancient times for the treatment of many diseases
and have an important contribution to the discovery and develop-
ment of new drugs with therapeutic potential against tumours.*®4!
Pristimerin, a triterpenoid quinone methide molecule, is character-
ized by beneficial pharmacological properties such as anti-inflam-
matory, anti-oxidant, anti-tumour, anti-malaria and anti-microbial
activities. However, Pristimerin-induced cell death in UM-1 cells was
poorly investigated. In the present study, we found that Pristimerin
induced a pro-apoptotic effect in the UM-1 cells through modula-
tion of the PI3K/Akt/FoxO3a signalling pathway. We found that
Pristimerin increased ROS, decreased the mitochondrial membrane
potential, promoted accumulation of cells in GO/G1 phase of the cell

cycle and induced apoptotic cell death.

In recent years, it has reported that Pristimerin could affect
many tumour-related processes, such as autophagy, apoptosis, vas-
culogenesis, migration and invasion, and drug resistance.*? In human
breast cancer cells, Pristimerin-triggered apoptosis through caspase
activation, which could be completely prevented by benzyloxycar-
bonyl Val-Ala-Asp-fluoromethyl ketone, a pan-caspase inhibitor.'® In
pancreatic cancer, Pristimerin induced cell apoptosis by inhibition of
NF-kB.*® In prostate cancer cells, Pristimerin induced cell death by
effective proteasome inhibition.”> However, the molecular mecha-
nisms involved in the cytotoxic effects of Pristimerin in tumour cells
in general and uveal melanoma tumour cells in particular, have not
been fully explored.

In the present study, we found that Pristimerin inhibited of UM-1
cells proliferation, accumulation of cells in the GO/G1 phase of the
cell cycle and decreased survival. Moreover, Pristimerin stimulated
UM-1 apoptotic cell death expressed by nuclear condensation and
fragmentation and increased Annexin V staining, representing bind-
ing to phosphatidylserine, which is increased in the plasma mem-
brane of apoptotic cells. Therefore, Pristimerin induction of UM-1
cell-cycle arrest and apoptosis resemble some of the anti-tumour
effects of conventional chemotherapeutic agents. We also found
that UM-1 cells are more sensitive towards the apoptotic cell death
effects of Pristimerin than retinal RGC-5 ganglion and retinal D407

pigment epithelial cell models commonly evaluated in cytotoxic
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studies of chemotherapy.** These findings suggested that upon sys-
temic or intravitreal delivery of cytotoxic doses of Pristimerin, less
retinal toxicity is expected.

Mitochondria have been shown to play a key role in the apop-
totic process due to the release of the pro-apoptotic proteins.*®
Pristimerin was found to induce mitochondria depolarization46
and in breast tumour cells caused a rapid release of cytochrome
¢, triggering caspase activation and decrease of the mitochondrial
membrane potential.!® Here, we confirmed these findings since
treatment of UM-1 cells with Pristimerin indicated decrease of
mitochondrial membrane potential in correlation to the cytotoxic
effect. Mitochondrial reactive oxygen species (ROS) production
play a crucial role in induction of both intrinsic and extrinsic apop-
totic cell death.*” Many studies have showed that some anticancer
agents, such as Epirubicin and Daunomycin, induced apoptosis in
part with the generation of ROS and the disruption of redox homeo-
stasis.*® The increase production of ROS may lead directly to the
mitochondrial permeability transition activation and induce the loss
of mitochondrial membrane potential.*’ In line with this concept,
Pristimerin induced mitochondrial cell death through ROS genera-
tion in cervical tumour cells.”'? However, the generation of ROS in

10,12

breast cancer cells was not affected by Pristimerin, indicating

differences between tumour types. Here, we found that Pristimerin

stimulated production of ROS in UM-1 cells, in correlation with the
decrease in the mitochondrial membrane potential, emphasizing the
role of ROS-mediated mitochondrial dysfunction in its cytotoxic ef-
fect. These data are reminiscent of previous reports indicating that
Pristimerin anticancer effects involve ROS-mediated mitochondrial
dysfunctionAg*H'sO

The PI3K/Akt signalling pathway is necessary for cell growth
and survival in many human cancers and is also activated in uveal
melanoma.’>>? Akt promotes cell survival by phosphorylating
and inhibiting Forkhead transcription factor (FoxQO), an important
downstream substrate, known as important gene regulator and
tumour suppressor.53'55 Our study indicated that Pristimerin in-
hibited Akt, and Akt inhibition resulted with FoxO3a dephosphor-
ylation which led to FoxO3a accumulation in the nucleus of the
UM-1 cells. This is a key causal and temporal event responsible
for Pristimerin-induced inhibition of proliferation, cell-cycle arrest
and apoptosis in the UM-1 cells. By virtue of inhibiting PI3K/Akt/
FoxO3a pathway, Pristimerin could be a promising therapeutic op-
tion for UM.

Taken together, the following findings indicated that Pristimerin-
induced apoptosis in UM-1 cells is in a direct correlation with inhibi-
tion of PI3K/Akt/FoxO3a pathway in UM-1 cells: (a) The Pristimerin
in a dose-and time-dependent manner inhibited PI3K/Akt signalling,
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changed the mRNA levels of FOXO3a and activated FoxO3a pro-
tein; (b) Inhibition of Akt strongly potentiated the inhibitory effect of
Pristimerin on Akt (Ser473) and FoxO3a (Ser253) phosphorylation;
(c) Pristimerin-induced inhibition of UM-1 cells’ migration and inva-
sion was potentiated by PI3K/Akt inhibition; (d) Pristimerin induced
up-regulation of the pro-apoptotic molecules BIM, p27Ki"1, cleaved
caspase-3, PARP and Bax and down-regulation of anti-apoptotic
protein cyclin D1 and Bcl-2, effects potentiated by Akt inhibition;
(e) Pristimerin-induced FoxO3a translocation into the nucleus by
inhibition of its cytoplasmic-nuclear shuttling and phosphorylation
activity.

In conclusion, we propose that Pristimerin induced apoptosis by
inhibiting the PI3K/Akt/FoxO3a signalling pathway in UM-1 cells.
These in vitro findings propose considerations of Pristimerin as a
lead cytotoxic compound in the chemotherapy of uveal melanoma.
Further studies in animal models as well as clinical studies are re-
quired to characterize the therapeutic potential of Pristimerin to-

wards UM tumours.

ACKNOWLEDGEMENTS

This work was supported by the grants from National Natural
Science Fund of China (31371088 and 31771128), Guangdong
Natural Science Foundation(2018A0303130249,2018A030313435,
2018A32218013, 2019A1515011429 and 2020A151501073),
Traditional Chinese Medicine Bureau of Guangdong Provincial
(20191086), The FHS Internal Collaboration Proposals 2017,
MYRG2016-00052-FHS and MYRG2018-00134-FHS from the
University of Macau, and The Science and Technology Development
Fund, Macau SAR (File no. 016/2016/A1 and 0113/2018/A3). The
Traditional Chinese Medicine Bureau Of Guangdong Provincial
(20191086, 20181067 and 20181060). Philip Lazarovici holds the
Jacob Gitlin Chair in Physiology and is affiliated and supported by
the David R Bloom Center for Pharmacy and the Adolph and Klara
Brettler Medical Research Center at the Hebrew University of

Jerusalem, Israel.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Fenxia Yan and Rifang Liao performed the experiments and drafted
the manuscript. Marta Silva and Shuai Li performed part of experi-
ments. Tangming Peng and Philip Lazarovici revised the manuscript.
Wenhua Zheng conceived the hypothesis, designed the experiments
and revised the manuscript. All authors read and approved the final

manuscript.

DATA AVAILABILITY STATEMENT
The data are available from the corresponding author on reasonable
request.

ORCID

Fengxia Yan https://orcid.org/0000-0002-8091-4384

Rifang Liao
Wenhua Zheng

https://orcid.org/0000-0001-6454-7716
https://orcid.org/0000-0001-9014-0055

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hu DN, Yu GP, McCormick SA, Schneider S, Finger PT. Population-
based incidence of uveal melanoma in various races and ethnic
groups. Am J Ophthalmol. 2005;140:612-617.

Brinker AM, Ma J, Lipsky PE, Raskin |. Medicinal chemistry and phar-
macology of genus Tripterygium (Celastraceae). Phytochemistry.
2007;68:732-766.

Gao JM, Wu WJ, Zhang JW, Konishi Y. The dihydro-beta-agarofuran
sesquiterpenoids. Nat Product Rep. 2007;24:1153-1189.

Costa PM, Ferreira PM, Bolzani Vda S, et al. Antiproliferative activ-
ity of Pristimerin isolated from Maytenus ilicifolia (Celastraceae) in
human HL-60 cells. Toxicol In Vitro. 2008;22:854-863.

Yang H, Landis-Piwowar KR, Lu D, et al. Pristimerin induces apop-
tosis by targeting the proteasome in prostate cancer cells. J Cell
Biochem. 2008;103:234-244.

Yan YY, Bai JP, Xie Y, Yu JZ, Ma CG. The triterpenoid Pristimerin
induces U87 glioma cell apoptosis through reactive oxy-
gen species-mediated mitochondrial dysfunction. Oncol Lett.
2013;5:242-248.

Eum DY, Byun JY, Yoon CH, et al. Triterpenoid Pristimerin synergizes
with taxol to induce cervical cancer cell death through reactive oxy-
gen species-mediated mitochondrial dysfunction. Anticancer Drugs.
2011;22:763-773.

Zhao H, Wang C, Lu B, et al. Pristimerin triggers AlF-dependent
programmed necrosis in glioma cells via activation of JNK. Cancer
Lett. 2016;374:136-148.

Lee JS, Yoon IS, Lee MS, et al. Anticancer activity of Pristimerin in
epidermal growth factor receptor 2-positive SKBR3 human breast
cancer cells. Biol Pharm Bull. 2013;36:316-325.

Wu CC, Chan ML, Chen WY, Tsai CY, Chang FR, Wu YC. Pristimerin
induces caspase-dependent apoptosis in  MDA-MB-231
cells via direct effects on mitochondria. Mol Cancer Ther.
2005;4:1277-1285.

LuZ, JinY, Chen C, Li J, Cao Q, Pan J. Pristimerin induces apoptosis
in imatinib-resistant chronic myelogenous leukemia cells harboring
T315I mutation by blocking NF-kappaB signaling and depleting Ber-
Abl. Mol Cancer. 2010;9:112.

Byun JY, Kim MJ, Eum DY, et al. Reactive oxygen species-dependent
activation of Bax and poly(ADP-ribose) polymerase-1 is required
for mitochondrial cell death induced by triterpenoid Pristimerin in
human cervical cancer cells. Mol Pharmacol. 2009;76:734-744.
WangY, Zhou Y, Zhou H, et al. Pristimerin causes G1 arrest, induces
apoptosis, and enhances the chemosensitivity to gemcitabine in
pancreatic cancer cells. PLoS ONE. 2012;7:e43826.

Mu XM, Shi W, Sun LX, et al. Pristimerin inhibits breast cancer cell
migration by up- regulating regulator of G protein signaling 4 ex-
pression. Asian Pac J Cancer Prev. 2012;13:1097-1104.

Mu X, Shi W, Sun L, Li H, Jiang Z, Zhang L. Pristimerin, a triter-
penoid, inhibits tumor angiogenesis by targeting VEGFR2 activa-
tion. Molecules. 2012;17:6854-6868.

Zhang B, Zhang J, Pan J. Pristimerin effectively inhibits the malig-
nant phenotypes of uveal melanoma cells by targeting NFkappaB
pathway. Int J Oncol. 2017;51:887-898.

Brazil DP, Yang ZZ, Hemmings BA. Advances in protein kinase
B signalling: AKTion on multiple fronts. Trends Biochem Sci.
2004;29:233-242.

Hanada M, Feng J, Hemmings BA. Structure, regulation and func-
tion of PKB/AKT-a major therapeutic target. Biochim Biophys Acta.
2004;1697:3-16.


https://orcid.org/0000-0002-8091-4384
https://orcid.org/0000-0002-8091-4384
https://orcid.org/0000-0001-6454-7716
https://orcid.org/0000-0001-6454-7716
https://orcid.org/0000-0001-9014-0055
https://orcid.org/0000-0001-9014-0055

WILEY--2

YAN ET AL.
19. Taylor BS, Schultz N, Hieronymus H, et al. Integrative genomic pro- 40. Mukherjee AK, Basu S, Sarkar N, Ghosh AC. Advances in can-
filing of human prostate cancer. Cancer Cell. 2010;18:11-22. cer therapy with plant based natural products. Curr Med Chem.
20. Bitting RL, Armstrong AJ. Potential predictive biomarkers for in- 2001;8:1467-1486.
dividualizing treatment for men with castration-resistant prostate 41. Newman DJ, Cragg GM. Natural products as sources of new
cancer. Cancer J. 2013;19:25-33. drugs over the 30 years from 1981 to 2010. J Nat Products.
21. Ham WS, Cho NH, Kim WT, Ju HJ, Lee JS, Choi YD. Pathological ef- 2012;75:311-335.
fects of prostate cancer correlate with neuroendocrine differenti- 42. LiJJ,YanYY,SunHM,etal. Anti-cancer effects of pristimerinand the
ation and PTEN expression after bicalutamide monotherapy. J Urol. mechanisms: a critical review. Front Pharmacol. 2019;10:746-782.
2009;182:1378-1384. 43. Deeb D, Gao X, Liu YB, Pindolia K, Gautam SC. Pristimerin, a qui-
22. Arden KC. Multiple roles of FOXO transcription factors in mam- nonemethide triterpenoid, induces apoptosis in pancreatic can-
malian cells point to multiple roles in cancer. Exp Gerontol. cer cells through the inhibition of pro-survival Akt/NF-kappaB/
2006;41:709-717. mTOR signaling proteins and anti-apoptotic Bcl-2. Int J Oncol.
23. Lam EW, Francis RE, Petkovic M. FOXO transcription factors: key 2014;44:1707-1715.
regulators of cell fate. Biochem Soc Trans. 2006;34:722-726. 44, Mannerstrom M, Zorn-Kruppa M, Diehl H, et al. Evaluation of
24. van der Vos KE, Gomez-Puerto C, Coffer PJ. Regulation of autoph- the cytotoxicity of selected systemic and intravitreally dosed
agy by Forkhead box (FOX) O transcription factors. Adv Biol Regul. drugs in the cultures of human retinal pigment epithelial cell line
2012;52:122-136. and of pig primary retinal pigment epithelial cells. Toxicol In Vitro.
25. Wang H, Duan X, Ren Y, et al. FoxO3a negatively regulates nerve 2002;16:193-200.
growth factor-induced neuronal differentiation through inhibit- 45, LiSS, Tang QL, Wang SH, Chen YH, Liu JJ, Yang XM. Simultaneously
ing the expression of neurochondrin in PC12 cells. Mol Neurobiol. targeting Bcl-2 and Akt pathways reverses resistance of nasopharyn-
2013;47:24-36. geal carcinoma to TRAIL synergistically. Tumori. 2011;97:762-770.
26. Fu Z, Tindall DJ. FOXOs, cancer and regulation of apoptosis. 46. Gao X, Liu Y, Deeb D, Arbab AS, Gautam SC. Anticancer activity of
Oncogene. 2008;27:2312-2319. Pristimerin in ovarian carcinoma cells is mediated through the in-
27. Zhang Y, Gan B, Liu D, Paik JH. FoxO family members in cancer. hibition of prosurvival Akt/NF-kappaB/mTOR signaling. J Exp Ther
Cancer Biol Ther. 2011;12:253-259. Oncol. 2014;10:275-283.
28. CalnanDR,BrunetA.TheFoxOcode.Oncogene.2008;27:2276-2288. 47. Franklin JL. Redox regulation of the intrinsic pathway in neuronal
29. Vogt PK, Jiang H, Aoki M. Triple layer control: phosphoryla- apoptosis. Antioxid Redox Signal. 2011;14:1437-1448.
tion, acetylation and ubiquitination of FOXO proteins. Cell Cycle. 48. Xia Z, Lundgren B, Bergstrand A, DePierre JW, Nassberger L.
2005;4:908-913. Changes in the generation of reactive oxygen species and in mi-
30. Tran H, Brunet A, Griffith EC, Greenberg ME. The many forks in tochondrial membrane potential during apoptosis induced by the
FOXQO's road. Sci Signal. 2003;2003:RE5. antidepressants imipramine, clomipramine, and citalopram and the
31. Dudgeon C, Wang P, Sun X, et al. PUMA induction by FoxO3a me- effects on these changes by Bcl-2 and Bcl-X(L). Biochem Pharmacol.
diates the anticancer activities of the broad-range kinase inhibitor 1999;57:1199-1208.
UCN-01. Mol Cancer Ther. 2010;9:2893-2902. 49. Chan WH, Wu CC, Yu JS. Curcumin inhibits UV irradiation-induced
32. Stahl M, Dijkers PF, Kops GJ, et al. The forkhead transcription factor oxidative stress and apoptotic biochemical changes in human epi-
FoxO regulates transcription of p27Kip1 and Bim in response to IL- dermoid carcinoma A431 cells. J Cell Biochem. 2003;90:327-338.
2.J Immunol. 2002;168:5024-5031. 50. Guo Y, Zhang W, Yan YY, et al. Triterpenoid Pristimerin induced
33. Zheng WH, Kar S, Quirion R. Insulin-like growth factor-1-induced HepG2 cells apoptosis through ROS-mediated mitochondrial dys-
phosphorylation of transcription factor FKHRL1 is mediated by function. J Buon. 2013;18:477-485.
phosphatidylinositol 3-kinase/Akt kinase and role of this pathway 51. Carnero A. The PKB/AKT pathway in cancer. Curr Pharm Des.
in insulin-like growth factor-1-induced survival of cultured hippo- 2010;16:34-44.
campal neurons. Mol Pharmacol. 2002;62:225-233. 52. Patel M, Smyth E, Chapman PB, et al. Therapeutic implications of
34. WangZ, HeC, Liu L, et al. PHA665752 inhibits the HGF-stimulated the emerging molecular biology of uveal melanoma. Clin Cancer Res.
migration and invasion of cells by blocking PISK/AKT pathway in 2011;17:2087-2100.
uveal melanoma. Neoplasma. 2017;64:377-388. 53. Yang JY, Hung MC. A new fork for clinical application: target-
35. Yan FX, Liao RF, Farhan M, et al. Elucidating the role of the ing forkhead transcription factors in cancer. Clin Cancer Res.
FoxO3a transcription factor in the IGF-1-induced migration and 2009;15:752-757.
invasion of uveal melanoma cancer cells. Biomed Pharmacother. 54. Brunet A, Bonni A, Zigmond MJ, et al. Akt promotes cell survival by
2016;84:1538-1550. phosphorylating and inhibiting a Forkhead transcription factor. Cell.
36. Yan FX, Liao RF, Lin SF, Deng XG, Little PJ, Zheng WH. Forkhead 1999;96:857-868.
box protein O3 suppresses uveal melanoma development by in- 55. Farhan M, Wang HT, Gaur U, Little PJ, Xu JP, Zheng WH. FOXO
creasing the expression of Bcl-2-like protein 11 and cyclin-depen- signaling pathways as therapeutic targets in cancer. Int J Biol Sci.
dent kinase inhibitor 1B. Mol Med Rep. 2018;17:3109-3114. 2017;13:815-827.
37. Tang ED, Nunez G, Barr FG, Guan KL. Negative regulation of
the forkhead transcription factor FKHR by Akt. J Biol Chem.
1999;274:16741-16746. How to cite this article: Yan F, Liao R, Silva M, et al.
38. Al-Jamal RT, Kujala E, Kivela T. Uveal melanoma as one of three pri- L L o
mary malignancies. Acta Ophthalmol Scand. 2005:83:622-624. Pristimerin-induced uveal melanoma cell death via inhibiting
39. Al-Jamal RT, Cassoux N, Desjardins L, et al. The pediatric choroi- PI3K/Akt/FoxO3a signalling pathway. J Cell Mol Med.

dal and ciliary body melanoma study: a survey by the European
Ophthalmic Oncology Group. Ophthalmology. 2016;123:898-907.

2020;24:6208-6219. https://doi.org/10.1111/jcmm.15249



https://doi.org/10.1111/jcmm.15249

