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ARTICLE INFO ABSTRACT

Background: The semi-synthetic ent-kaurane 15-ketoatractyligenin methyl ester (SC2017) has been previously
reported to possess high antiproliferative activity against several solid tumor-derived cell lines. Our study was
aimed at investigating SC2017 tumor growth-inhibiting activity and the underlying mechanisms in Jurkat cells
(T-cell leukemia) and xenograft tumor models.

Methods: Cell viability was evaluated by MTT assay. Cell cycle progression, reactive oxygen species (ROS) eleva-
tion and apoptotic hallmarks were monitored by flow cytometry. Inhibition of thioredoxin reductase (TrxR) by

Article history:

Received 1 August 2013

Received in revised form 31 October 2013
Accepted 27 November 2013

Available online 7 December 2013

IE(l?t,—Wk::?Z.n e biochemical assays. Levels and/or activation status of signaling proteins were assessed by western blotting. Xe-
Apoptosis nograft tumors were generated with HCT 116 colon carcinoma cells.
Cell cycle Results: SC2017 displayed cell growth-inhibiting activity against Jurkat cells (half maximal inhibitory concentra-
PI3K/Akt tion values (IC50) < 2 puM), but low cell-killing potential in human peripheral blood mononuclear cells (PBMC).
Thioredoxin system The primary response of Jurkat cells to SC2017 was an arrest in G, phase followed by caspase-dependent apopto-
HCT 116 xenograft sis. Inhibition of PI3K/Akt pathway and TrxR activity by SC2017 was demonstrated by biochemical and pharma-
cological approaches. At least, SC2017 was found to inhibit xenograft tumor growth.
Conclusions: Our results demonstrate that SC2017 inhibits tumor cell growth in in vitro and in vivo models, but
displays moderate toxicity against PBMC. We also demonstrate that SC2017 promotes caspase-dependent
apoptosis in Jurkat cells by affecting Akt activation status and TrxR functionality.
General significance: Our observations suggest the semi-synthetic ent-kaurane SC2017 as a promising chemother-
apeutic compound. SC2017 has, indeed, shown to possess tumor growth inhibiting activity and be able to coun-
teract PI3K/Akt and Trx system survival signaling.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction The main structural determinant for cytotoxicity of ent-kaurane com-

Ent-kauranes are an important class of tetracyclic diterpenoids con-
stituted by a perhydrophenantrene unit fused with a cyclopentane
unit forming a bridge between carbons C-8 and C-13 [1]. Ent-kaurane
diterpenes are present in different plant species belonging to several
families such as Asteraceae, Euphorbiaceae, Apiaceae, Lamiaceae and
other families [1] and have been shown to possess several biological
activities [2-4], including pro-apoptotic [5] anti-inflammatory [6],
antibacterial [7] and anti-HIV [8].
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pounds has been shown to be the o,3-unsaturated group [9,10], even if
the selectivity and the potency of different compounds depend on the
other functional groups present into the ent-kaurane skeleton. One of
the more interesting ent-kauranes containing an o,3-unsaturated group
is oridonin isolated from Isodon rubescens. The antitumor potential of
oridonin has been, indeed, highlighted in a huge number of studies in
in vitro as well in vivo experimental models [11,12].

In view of the potential use of this class of diterpenes as drug or lead
compounds, synthetic derivatives of atractyligenin, the nor-ent-kaurane
diterpene aglycon of the glycoside atractyloside (atractyligenin), which
occurs in Atractylis gummifera L. (Asteraceae), were obtained by
including o,p-unsaturated ketone moiety [13]. Among these, the 15-
ketoatractyligenin methyl ester, here named SC2017, showed high anti-
proliferative activity in several solid-tumor cell lines [13].

Here we demonstrate that SC2017 possesses powerful cell growth-
inhibiting activity, even higher than that of oridonin, in leukemia-
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derived cell lines, but low cytotoxicity in peripheral blood mononuclear
cells (PBMC) from healthy donors. SC2017 antiproliferative potential
was analyzed in detail in Jurkat cells, showing involvement of cell
cycle progression impairment and induction of caspase-dependent
apoptosis. The purpose of the present study was also to explore the
mechanism(s) underlying the cell growth-inhibiting activity of
SC2017. By biochemical and pharmacological approaches, we demon-
strated the ability of SC2017 to affect PI3K/Akt pathway and the
thioredoxin (Trx) system, two key players of tumor cell survival ma-
chinery [14,15]. Inappropriate activation of PI3K/Akt pathway and
higher expression of Trx and its reductase (TrxR) in cancers are well
documented [16,17]. The SC2017 anti-tumor potential was also evaluat-
ed in HCT 116 xenograft tumors.

2. Materials and methods
2.1. Reagents and antibodies

Fetal bovine serum (FBS) was from GIBCO (Life Technologies, Grand
Island, NY, USA). Hoechst 33342 and LY294002 were from Invitrogen
(Life Technologies, Grand Island, NY, USA), Z-VAD-fmk (ZVAD) was
from BD Pharmigen (Franklin Lakes, NJ, USA), MK-2206 (S1078) from
Selleckchem (Houston, TX, USA), and thioredoxin reductase (TrxR)
from rat liver and all the other reagents, unless otherwise specified,
were from Sigma-Aldrich (St. Louis, MO, USA). The antibodies anti-
Hsp60 (mouse monoclonal, sc-13115), anti-GAPDH (mouse monoclo-
nal, sc-32233), anti-Cdc2 (mouse monoclonal, sc-8395), anti-phospho
(Thr161)-Cdc2 p34 (rabbit polyclonal, sc-101654), anti-a tubulin
(mouse monoclonal, sc-32293), anti-cytochrome c (rabbit polyclonal,
sc-7159), anti-PARP-1 (mouse monoclonal, sc-8007), and anti-Bcl-2
(C-2, mouse monoclonal, sc-7382) were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-pAkt (Ser 473, mouse mADb,
9271), anti-Akt (rabbit polyclonal, 9272), anti-cleaved caspase 3 (Asp
175, rabbit polyclonal, 9661), and anti-cyclin B1 (mouse monoclonal,
4135) were from Cell Signaling Technology (Danvers, MA, USA); appro-
priate peroxidase-conjugated secondary antibodies were from Jackson
ImmunoResearch (Baltimore, PA, USA).

SC2017 (Fig. 1) was synthesized and identified as previously report-
ed [13]. SC2017 stock solutions (181 mM) in DMSO were aliquoted and
stored in the dark at 4 °C.

2.2. Cells and treatments

Jurkat and U937 cells, obtained from Cell Bank in GMP-IST (Genova,
Italy), were maintained in RPMI 1640 medium, 2 mM L-glutamine and
antibiotics at 37 °C in humidified atmosphere with 5% CO,. HCT 116
and MCF7 cells were obtained from American Type Culture Collection
(ATCC) (Manassas, VA, USA). HCT 116 were maintained in McCoy's 5a
medium supplemented with 4 pg/ml of transferrin, 5 pg/ml of insulin,
and 10 ng/ml of EGF. MCF7 was maintained in Dulbecco's modified
eagle's medium (DMEM). All media were supplemented with 10% (v/v)
FBS. To ensure logarithmic growth, cells were sub-cultured every two
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Atractyligenin 15-ketoatractyligenin methyl ester

(5C2017)

Fig. 1. Structure of atractyligenin and its derivative 15-ketoatractyligenin methyl ester
(5€2017).

days. Under given experimental conditions, control cells were able to
double their number within 24 h.

Human peripheral blood mononuclear cells (PBMC) were isolated
from buffy coats of healthy donors (kindly provided by the Blood Center
of the Hospital of Battipaglia, Salerno, Italy) by using a standard Ficoll-
Hypaque gradient. Freshly isolated PBMC contained 90.6 + 1.2% live
cells as assessed by the manual Trypan blue exclusion method. Resting
PBMC and PBMC induced to proliferate by phytohemagglutinin (PHA)
(10 pg/ml) were used to evaluate SC2017 cytotoxic and cytostatic ef-
fects, respectively.

SC2017 working solutions were prepared in culture medium imme-
diately prior to use; the final concentration of DMSO, never exceeding
0.15% (v/v), was equal in samples and controls.

2.3. Analysis of cell proliferation and viability

Cells were seeded in 96-well plates and incubated for the established
times in the absence and in the presence of different concentrations of
SC2017. Jurkat and U937 cells were seeded at a cell density of
2 x 10%well; HCT 116 and MCF7 were seeded at a density of
1.5 x 10%/well the day before treatment. The number of viable cells
was quantified by MTT (|3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide]) assay. Absorption at 550 nm for each well was
assessed using a microplate reader (LabSystems, Vienna, VA, USA). To
exclude any interference of SC2017 with the tetrazolium salt-based
assay, cell growth inhibition was randomly verified also by cytometric
count (Trypan blue exclusion test). IC50 values were calculated from
cell viability dose-response curves and defined as the concentration
resulting in 50% inhibition in cell survival as compared to controls.

2.4. Flow cytometry analysis

Flow cytometry analysis was performed using a BD FACSCalibur™
instrument (Becton Dickinson, San Jose, CA, USA). Cellular DNA content
was evaluated by propidium iodide (PI) staining of permeabilized cells
according to the available protocol [18]. Data from 10,000 events per
sample were collected. The percentages of the elements in the hypodip-
loid region and in Go/G1, S, and G,/M phases of the cell cycle were calcu-
lated using the CellQuest or MODFIT software, respectively. The
percentages of cells actively undergoing apoptosis was determined by
a Human Annexin V/FITC kit (Bender MedSystems, Vienna, Austria) ac-
cording to the manufacturer's instructions. Green (Annexin V-FITC) and
red (PI) fluorescence of individual cells were measured. Electronic
compensation was required to exclude overlapping of the two emission
spectra. Changes of mitochondrial membrane potential were monitored
(FL-2 channel) using the mitochondrial membrane potential-driven up-
take of fluorescent tetramethylrhodamine ethyl ester (TMRE) (5 nM,
final concentration). The intracellular levels of reactive oxygen species
(ROS) were measured by 2’,7’-dichlorodihydrofluorescein diacetate
(DCFHDA) as previously described [19]. t-Butylhydroperoxide (t-BOOH,
300 pM) was included as a positive control.

2.5. Microscopic analysis

Hoechst 33342 (10 pg/ml) staining was used for apoptotic nuclei de-
termination. Cells were analyzed by the Zeiss Axiovert 200 microscope
with a 40 x objective (Nexc, 351 NM; Nery, 380 nm) and images were ac-
quired from randomly selected fields.

2.6. Western blot analysis

Whole lysates for immunoblot analysis were prepared according
to standard protocols. Cytosolic protein extracts for determining
cytochrome ¢ were prepared as described previously [18]. Clarified
whole lysate and cytosolic proteins were fractionated on SDS-PAGE
(20-50 pg/lane) under reducing conditions. Protein concentration in
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samples was determined by DC Protein Assay (Bio-Rad, Berkeley, CA,
USA). The percentage of polyacrylamide was chosen on the basis of
the MW of the protein to detect. Proteins were transferred onto
nitrocellulose membranes and immunoblotted with the appropriate
primary antibodies. Signals were visualized with the appropriate horse-
radish peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence (Amersham Biosciences-GE Healthcare, NY, USA).
Densitometry of bands was performed with NIH Image] software.

2.7. Thioredoxin reductase activity

2.7.1. Cell-free system

TrxR (1 uM) was pre-reduced by incubation for 5 min at room tem-
perature (r.t.) with 0.1 mM NADPH in 100 mM Hepes buffer (pH 7.2),
containing 5 mM EDTA. Different doses of SC2017 or vehicle were
then added to the mixture. After 30 min at r.t,, pre-incubation mixtures
were added to Hepes buffer containing 0.1 mM NADPH and 2 mM 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB). The increase in absorbance at
412 nm was recorded against a blank containing all the reagents except
TrxR. In preliminary experiments, possible artifacts due to the formation
of a colorless SC2017-TNB complex were excluded by adding SC2017
6 min after starting TrxR-mediated TNB formation and reading the ab-
sorbance at 412 nm.

2.7.2. Cell lysate

Control cells or cells exposed to 20 uM SC2017 were incubated for
90 min and then lysed by sonication in PBS containing the protease
inhibitor cocktail (Sigma, P2714). The activity of TrxR was measured
in 96-well plates. Cell extracts (50 nug) were incubated with 100 mM
Hepes buffer (pH 7.2), containing 1 mM EDTA, 1 mM NADPH and
2 mM DTNB. After 10 min at r.t., the reactions were stopped by the
addition of 6 M guanidine-HCl and the absorbance at 412 nm was re-
corded by using a microplate reader (LabSystems, Vienna, VA, USA).
Values were subtracted for the absorbance of a blank containing all
the reagents except NADPH. In addition, blanks containing DTNB
alone or plus NADPH were included in the experiments.

2.8. Xenograft tumor

For xenograft tumor experiments, 5 x 10® HCT 116 human colon
carcinoma cells were injected subcutaneously in 20 8-week-old CD1
nude athymic mice. After 7 days, when tumors reached a volume be-
tween 50 and 100 mm°, animals were divided into two groups
(n = 8) and treated with SC2017 at 10 mg/kg or vehicle. SC2017 was
dissolved in the adjuvant composed by PEG400/sterile water 1:1 at
the concentration of 2.5 mg/ml, and 100 pl were delivered daily by in-
traperitoneal injection. Tumor growth was followed by three weekly
measurements of tumor diameters with a caliper. Tumor volume (TV)
was calculated according to the formula: TV (mm?) = d®> x D/ 2,
where d and D are the shortest and the longest diameters, respectively.
For ethical reasons, mice were sacrificed when control tumors reached
in average a volume of 1500 mm?, that occurred after 14 days of treat-
ment. For animal experiments, the care and husbandry of mice and
tumor experimental procedures were in accordance with European Di-
rective 86/609 and with Italian Decreto Legge (D.L.) 116. All experi-
ments were approved by the Institute of Genetics and Biophysics
veterinarian.

2.9. Statistical analysis

2.9.1. In vitro assay

Unless otherwise specified data reported in each figure are the mean
value + SEM of at least three experiments performed in duplicate. Dif-
ferences between treatment groups were analyzed by the student ¢ test
and were considered significant when p < 0.05.

2.9.2. In vivo assay

Data are expressed as mean + SEM, with p < 0.05 considered
statistically significant. Differences among groups were tested by
one-way ANOVA. Tukey HD test was used as post hoc test to identify
which group differences account for the significant overall ANOVA.
All calculations were carried out using SPSS statistical package
(vers12.1, Chicago, IL).

3. Results
3.1. SC2017 strongly reduces human cancer cell growth

Exponentially growing cultures of Jurkat (T-cell leukemia), U937
(monocytic leukemia), MCF7 (breast carcinoma) and HCT 116 (colon
carcinoma) cells were exposed to increasing concentrations of
SC2017 and cell viability was evaluated at 24 h by MTT assay. For
comparison, half maximal inhibitory concentration (IC50) values
were calculated on dose-response curves (Table 1). SC2017
displayed the strongest cell growth-inhibiting activity in both
leukemia-derived cell lines as indicated by the lower than 4 M
IC50 values. Jurkat cells were about two fold more susceptible than
U937 cells. MCF7 cells were included in the experimentation for
comparison with data previously reported by Rosselli et al. [13] on
the antiproliferative potential of SC2017. The differences between
our and their IC50 values (about 7.5 uM and 2 pM, respectively) are
presumably because they measured the antiproliferative potential
of SC2017 at 72 h instead of 24 h. Indeed, the antiproliferative effect
of SC2017 increased in function of incubation time, resulting in the
IC50 values being more than halved at 48 h in all cell types (data
not shown). HCT 116 cells were included because these were subse-
quently used for an in vivo xenograft study (Section 2.8). Remark-
ably, under our experimental conditions and in agreement with
previous reports [12], we found that oridonin, a natural diterpene
lactone widely known for its antitumor potential [11,12], exhibited
lower antiproliferative activity against all tested cell lines than
SC2017 (Table 1).

We chose to further characterize the mechanism(s) underlying the
SC2017 antiproliferative effect in Jurkat cells, due to the high suscepti-
bility to the chemical of this cell line.

3.2. SC2017 inhibits cell proliferation by inducing apoptosis and
cell cycle arrest

We investigated whether SC2017 reduced Jurkat cell number by
affecting cell cycle progression and/or by inducing cell death. Cells
were exposed for 24 h to 1.5 uM and 2.5 uM, two doses close to
SC2017 IC50 value in this cell line and DNA content was evaluated by
flow cytometry analysis of propidium iodide (PI) stained nuclei. Data
in Fig. 2A show that SC2017 caused cells to accumulate in G,/M and,
less markedly, in S. A shift of cell cycle profile towards the left can be ob-
served at 2.5 pM SC2017. This shift can be ascribed to a concomitant in-
crease of cells with a DNA content lower than Go/G; (subGy/Gq), a
hallmark of apoptotic death. In fact, apoptotic DNA fragmentation
occurring in G/M (4n) arrested cells may lead to a “subG,/M” cell

Table 1

Comparison of tumor cell growth inhibition activity of SC2017 and oridonin.
Cell lines 1C50 (uM)?

SC2017 Oridonin

Jurkat 1.68 + 0.11° 54 + 048
U937 324028 112 £ 0.81
HCT 116 5.8 + 049 16.8 + 1.62
MCF7 74 £+ 0.82 29.1 4+ 231

2 The concentration resulting in 50% inhibition in cell survival as compared to controls.
b Mean values + SEM from three experiments done in quadruplicate.
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Fig. 2. Effect of SC2017 on cell cycle progression and DNA fragmentation. (A) Flow cytometric evaluation of DNA content in Jurkat cells exposed for 24 h to SC2017 or vehicle alone (con-
trol). Data are presented as the increase/decrease of the percentages of treated cells with a specific DNA content with respect to the corresponding percentages in control cells (values in
control cells: subGo/G1 < 2%; Go/G1, 5543 + 2.2%; S, 36.58 + 2.3%; Go/M, 7.99 + 1.2%). Representative histograms are shown on the right. Data reported are mean values 4+ SEM from
three experiments done in duplicate (*p < 0.05, **p < 0.001, raw data of samples vs control cells). (B) Cyclin B1, Cdc2 and pCdc2 (Thr161) levels in control and SC2017-treated cell lysates.
GAPDH was included as a loading control. Densitometry of bands is shown on the right. Blots are representative of at least two separate experiments with similar results.

population, which is artefactually integrated as “S phase” and so on [20].
Cells exposed to 2.5 uM SC2017 for 16-18 h displayed, indeed, lower
percentages of hypodiploid cells, but a more marked G,/M arrest than
at 24 h (data not shown).

Since flow cytometric analysis of DNA content does not allow to dis-
criminate between G, (4n) and M (4n) arrest, we evaluated the levels of
cyclin B1 and pCdc2 (Thr161), key regulators of M phase entry, in cells
exposed to SC2017. Blots in Fig. 2B show that 1.5 pM SC2017-treated
cells displayed reduced levels of both cyclin B1 and pCdc2, thus indicat-
ing that cells were arrested in G, phase.

Cell population integrated as subGy/G; may include also necrotic
cells, thus we took advantage of Annexin V/PI test to conclusively assess
whether SC2017 induced cell death by apoptosis. This test allowed us to
simultaneously monitor PS exposure, a hallmark of apoptosis (cells pos-
itive for Annexin V staining, A™), and plasma membrane damage occur-
ring in “late” apoptosis or necrosis (cells positive for PI staining, PIT). As
summarized in Fig. 3A, SC2017 caused a dose-dependent increase of
early and late apoptotic cells, without activating, at least up to 2.5 pM,
necrotic processes. Microscopic analysis of DAPI-stained nuclei showed
an increase of cells displaying typical features of apoptosis, such as con-
densed chromatin and nuclear fragmentation (Fig. 3B), thus confirming
SC2017-induced apoptotic mode of cell death.

3.3. 5C2017 induces mitochondrial dysfunction and cytochrome c release

Involvement of mitochondria in SC2017-induced apoptosis was
evaluated by monitoring changes of the electrochemical gradient

(A¥m) by flow cytometry. Cytograms in Fig. 4A (left panel) show that
SC2017 induced a marked and dose-dependent reduction of mitochon-
drial membrane potential. Moreover, by monitoring the kinetics of
SC2017-promoted mitochondrial depolarization and PS exposure, we
found that AWm dissipation occurred earlier than Annexin V positivity
(A* cells = A*/PI™ plus A*/PI™ cells) (Fig. 4A, right panel).

The cytosolic release of pro-apoptotic proteins, such as cytochrome
¢, is a key event in the mitochondrial-dependent apoptotic death pro-
cess [21]. Accordingly, to a primary role of mitochondria in SC2017-
triggered apoptosis, leakage of cytochrome ¢ was detectable as early
as 14 h following Jurkat cell exposure to SC2017 (Fig. 4B).

Bcl-2 is known to be a potent inhibitor of mitochondrial-
dependent apoptosis in response to a variety of cytotoxic agents by
preventing disruption of the outer mitochondrial membrane [22].
However, we found that the levels of Bcl-2 protein remained un-
changed following Jurkat cell incubation for 12 h and 18 h with
SC2017 (Fig. 4B).

Next we evaluated whether reactive oxygen species (ROS) genera-
tion was rather the primary cause of SC2017-induced A¥m loss. The
levels of ROS were monitored at 1 h, 2 h, 5 h, and 10 h following
SC2017 cell treatment, that is before the onset of extensive mitochon-
drial membrane depolarization. In fact, intracellular ROS elevation
may be a cause and/or a consequence of mitochondrial dysfunction
[23]. Flow cytometry analysis of DCFHDA-loaded cells showed that
SC2017 at all tested concentrations, except 5 1M, failed to increase the
basal ROS levels in Jurkat cells (Supplementary Fig. 1). However, also
at 5 uMVj, a strongly cytotoxic dose, SC2017 treatment caused only a 3-
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Fig. 3.5C2017 induces apoptosis in Jurkat cells. (A) Jurkat cells, exposed for 24 h to increasing doses of SC2017 or vehicle alone (control), were double stained with Annexin V-FITC and PI
and analyzed by flow cytometry. A~/PI~, viable cells; A*/PI~, early apoptotic cells; A™/PI™, late apoptotic cells; A~/PI*, necrotic cells. On the Y axis, the percentages of SC2017-treated
Jurkat cells in each quadrant subtracted for the percentage of control cells in the same quadrant (vehicle only: <2.0% in all quadrants); *p < 0.05, **p < 0.001, raw data of samples vs con-
trols. Representative cytograms are on the right. (B) Quantitative evaluation of cells displaying apoptotic features after exposure to increasing SC2017 doses for 24 h (percentages of 100
nuclei examined). Data are mean values + SEM from at least two experiments done in duplicate (*p < 0.05, **p < 0.001 vs controls). On the right, fluorescence microscopy images of

Hoechst-stained nuclei of control and 2.5 uM SC2017-treated cells.

fold increase of control cell DCF mean fluorescence versus an increase of
more than 10-fold induced by t-BOOH, used as a positive control.

3.4. SC2017 induces caspase-dependent apoptosis

Caspase 3 activation was evaluated in Jurkat cells exposed to 2.5 pM
SC2017 by western blotting. The blots in Fig. 5A clearly show the pres-
ence of caspase 3 proteolytic fragments and cleaved poly ADP-ribose
polymerase (PARP-1), one of the caspase 3 substrates. Cell pretreatment
with ZVAD, a pan-caspase inhibitor, prevented both caspase 3 proteo-
lytic activation and PARP-1 digestion.

The contribution of caspase pathways to SC2017-mediated apopto-
tic cell death was assessed also by monitoring the effect of ZVAD on
the extent of SC2017-induced A¥m loss and PS exposure. Caspase path-
way inhibition by ZVAD caused a more than 3-fold reduction of both
early and late apoptotic cell populations in SC2017-treated Jurkat cells
(Fig. 5B); however a concomitant switch versus necrotic mode of cell
death was observed. Pre-treatment of cells with ZVAD also reduced
the extent of mitochondrial potential dissipation, but less efficiently
than PS exposure. The lower efficiency of ZVAD in preventing mitochon-
drial damage was still more marked at incubation times shorter than
24 h (data not shown).

3.5. Role of PI3K/Akt pathways in SC2017-induced apoptosis in Jurkat cells

Akt, the major downstream effectors of PI3K survival signals, is
known to inhibit the release of cytochrome ¢ induced by pro-
apoptotic agents [24,25]. Thus we examined the effect of SC2017 on
Akt constitutive phosphorylation at Ser473 (pAkt) in Jurkat cells [26].
Blots in Fig. 6A show that SC2017 prevented Akt phosphorylation in a
time- and dose-dependent manner. At 14 h incubation with 2.5 uM
and 1.5 uM Akt constitutive phosphorylation was reduced by about

66% and 42%, respectively. No changes of Akt protein levels were instead
observed.

Next, we evaluated the effect of PI3K pharmacological inhibition on
the extent of SC2017-triggered apoptosis. Jurkat cells were exposed for
2 h to 15 pM LY294002, an inhibitor of PI3K, or to 1 pM MK-2206, an
Akt allosteric inhibitor. The concentration of the two inhibitors was cho-
sen on grounds of earlier publications [19,27] to obtain Akt phosphory-
lation inhibition without extensive toxicity. Cells were then incubated
for further 24 h with 1.5 uM SC2017, a dose at which the drug elicited
mainly a cytostatic response and low apoptosis (see Fig. 3A). Data in
Fig. 6B show that both the inhibitors potentiate the apoptotic response
of Jurkat cells to SC2017. However, while MK-2206 causes a substantial-
ly additive effect, LY294002 strongly enhances the pro-apoptotic poten-
tial of SC2017 causing a more than 3-fold increase of the percentage of
apoptotic Annexin V-positive cells. Similarly, the combined treatment
with LY294002 caused a more marked increase of cells with depolarized
mitochondria compared to MK-2206 (data not shown).

3.6. SC2017 inhibits the thioredoxin system

The presence of functional thiols in Trx and TrxR makes these pro-
teins suitable targets for SC2017 o, 3-unsaturated carbonyl. Here, we fo-
cused on SC2017 ability to inhibit TrxR activity, because the mammalian
reductase contains, in addition to the catalytic cysteine (Cys) in the ac-
tive site, also a high reactive and easily accessible selenocysteine (Sec),
essential for its redox activity [28,29]. Firstly, we demonstrated the abil-
ity of SC2017 to inhibit TrxR activity in a cell-free system using DTNB as
synthetic substrate and NADPH as an electron donor (Fig. 7A). Next, the
effect of SC2017 on cellular TrxR was evaluated by incubating Jurkat
cells with 20-75 pM SC2017 for 90 min. Such experimental conditions
were chosen because preliminary wash-out experiments indicated
that the use of high doses of the drug, but at a short incubation time,
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Fig. 4. Effect of SC2017 on mitochondrial membrane potential, cytochrome c release and Bcl-2 protein levels. (A) Left panel: mitochondrial potential dissipation in Jurkat cells exposed to
SC2017 for 24 h. Control cells treated with the vehicle only were incubated for the same time. Cytograms are representative of at least three separate experiments with comparable results.
Right panel: comparison of phosphatidylserine exposure (A" cells) and AWm loss kinetics in Jurkat cells exposed to 2.5 uM SC2017; on the Y axis, the percentages of cells in a gated region
subtracted for the percentage of control cells in that region; data are mean values + SEM from at least two experiments done in duplicate (*p < 0.05, **p < 0.001, n.s. not significant, raw
data of samples vs controls). (B) Upper blots: cytosolic fractions (40 ug) and whole lysates (20 pg) from Jurkat cells exposed for the indicated times to 2.5 uM SC2017, were probed with
anti-cytochrome ¢ antibody and reprobed with anti-Hsp60 to check the purity of the cytosolic fractions. GAPDH was included as loading control. Lower blots: total Bcl-2 levels in Jurkat
cells following exposure to SC2017. GAPDH was included as a loading control. Densitometry of bands is indicated: Bcl-2/GAPDH is the ratio of Bcl-2 to GAPDH normalized to the control

(time 0). Blots are representative of at least two experiments with similar results.

allowed the chemical to enter without causing extensive cell death
(data not shown). At the end of incubation, TrxR activity was measured
by following DTNB reduction. Data summarized in Fig. 7B clearly show
that SC2017 inhibited TrxR activity in a dose-dependent fashion.

3.7. Cytotoxic/cytostatic SC2017 potential in PBMC

The cytotoxic potential of SC2017 was evaluated in PBMC from
healthy donors, chosen as the normal counterpart of leukemia-
derived Jurkat cell line. SC2017 did not cause any significant reduc-
tion of the number of freshly isolated non-proliferating PBMC, at
least in the range of doses cytotoxic in leukemia cells (Fig. 8A). We

monitored also the effect of SC2017 on cell cycle progression of
PHA-stimulated PBMC. Mitogen-treated PBMC were exposed to
5 uM SC2017 (a dose highly cytotoxic in Jurkat cells, but not in
PBMC) or vehicle only, and the distribution of cells in the different
phases of a cell cycle after 72 h incubation was monitored by flow
cytometry. Data summarized in Fig. 8B show that while cell cycle
progression of control PBMC was clearly apparent, most, if not all,
of the SC2017-treated PBMC remained accumulated in Go/Gq
phase. It should be underlined that in both control and SC2017-
treated PBMC about 20% of the cell population underwent necrosis
during the experimentation, as inferred by PI staining under non-
permeabilizing conditions (data not shown).
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are expressed as percentage of control samples and are the mean values 4+ SEM from at
least two experiments done in duplicate (**p < 0.001).

3.8. SC2017 inhibits xenograft tumor growth

We evaluated the in vivo anti-tumor potential of SC2017 in mice bear-
ing HCT 116 xenografts. After seven days from subcutaneous injection of
HCT 116, treatments with daily delivery of SC2017 at 10 mg/kg, and as
control with the same volume (100 pl) of vehicle, were performed. An
evident inhibition of tumor growth was already detectable after seven
days of treatment compared to vehicle (expressed as mm> + SEM:
480.46 + 51.62 vs 748.83 £ 65.66, —35.8%, p = 0.0172). After addi-
tional seven days of treatment, the inhibition exerted by SC2017
remained constant (1026.80 + 81.69 vs 1526.62 + 105.48, —35.7%,
p = 0.0031) (Fig. 9). No evident sign of toxicity was revealed during
the treatment, as confirmed also by any difference between the average
of mice weight of the two experimental groups (SC2017: 27.13 g; vehi-
cle: 27.50 g).

4. Discussion

The cytotoxic potential of SC2017, a semi-synthetic compound de-
rived from the plant metabolite atractyligenin, has previously been
demonstrated in several solid-tumor cell lines [13]. In the present
study, we show that SC2017 possesses a still higher cell growth-
inhibiting potential in leukemia-derived cell lines. SC2017 revealed to
be a very interesting compound since its IC50 values at 24 h in Jurkat
and U937 cells (1.68 and 3.2 pM, respectively) were about 3-fold
lower than those of its parent compound oridonin. Notably, SC2017
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Fig. 8. Effect of SC2017 on resting and proliferating PBMC. (A) Freshly isolated non-
proliferating PBMC were incubated with increasing doses of SC2017 or vehicle only and
after 24 h incubation the number of viable cells was evaluated by MTT assay. Data are
the mean values 4+ SEM from three experiments done in duplicate. (B) Representative
histograms of DNA content in PHA-stimulated PBMC incubated with 5 pM SC2017 or ve-
hicle only up to 72 h. Experiments were conducted in duplicate on three different PBMC
preparations obtaining comparable results.

displayed low cell-killing potency against normal cells, with its IC50
value in PBMC being about 5 fold higher than in Jurkat cells.

The primary response of Jurkat cells to SC2017 treatment was
a delay of cell cycle progression mainly characterized by an arrest in
G,/M followed by cell death of blocked cells. Cyclin B1/Cdc2 complex
is essential to trigger G,/M phase transition [30] and cyclin B1 binding
to Cdc2 promotes the phosphorylation of the kinase on Thr161, the ac-
tivating site [31]. Both the levels of cyclin B1 and pCdc2 (Thr161) were
reduced in SC2017-treated Jurkat cells, thus indicating cells accumulat-
ed in G, before entering in M phase.


image of Fig.�7
image of Fig.�8

R. Cotugno et al. / Biochimica et Biophysica Acta 1840 (2014) 1135-1144 1143

1800 -
1600 - -+-vehicle {rSC2017
1400 -
1200 -
1000 -
800 -
600 -

400 -

Tumor volume (mm?3)

200 -

6 8 0 12 14 16 18 20 22
Days

Fig. 9. SR inhibits xenograft tumor growth. HCT 116 xenograft tumor volume was mea-
sured three times a week. Data represent the mean values 4+ SEM, *p = 0.0172,
**p = 0.0031 vs vehicle.

The presence, particularly marked at 2.5 uM SC2017, of apoptosis
hallmarks, such as hypodiploidia, PS exposure on plasma membrane,
and chromatin condensation indicated the chemical induced Jurkat
cell death by apoptosis. Mitochondria play a central role in the
SC2017-triggered apoptotic process as suggested by the early onset of
electrochemical gradient dissipation and cytochrome c release. When
released, cytochrome c act as cofactors for the apoptosome, thus pro-
moting the proteolytic activation of caspase 9 and of the executor cas-
pase 3 [21]. Accordingly, cleavage of caspase 3 and of its substrate
PARP-1 was observed in SC2017-treated cells. Notably, ZVAD, a pan cas-
pase inhibitor, prevented mitochondria depolarization less efficiently
than PS exposure, thus suggesting that caspase-pathway activation oc-
curs mainly downstream mitochondria.

Outer mitochondrial membrane permeabilization is controlled by
the Bcl-2 protein family, which includes either anti- or pro-apoptotic
members [22]. Since SC2017 was found not to affect the levels of the
anti-apoptotic Bcl-2 member of this family, we focused on other pro-
teins involved in the control of mitochondrial membrane permeability
and cytochrome c release, possibly targeted by SC2017.

PI3K/Akt pathway is one of the major cell survival pathways regulat-
ing cellular proliferation, transcription, and metabolism [ 14]. It is known
that PI3K promotes Akt activation through an initial phosphorylation at
Thr308 by phosphoinositide-dependent kinase 1 (PDK1) and an addi-
tional phosphorylation at Ser473 by the mammalian target of
rapamycin complex 2 (mTORC2) [32,33]. DNA-PK and several other ki-
nases have been also shown to phosphorylate Akt at Ser473 [34]. The
key role of Akt as component of the anti-apoptotic machinery is signi-
fied by its constitutive activation (phosphorylation at Ser473) in several
human cancers, including leukemia [16,35,36]. Activated Akt has been
shown to directly control the mitochondrial membrane and to prevent
cytochrome c release [24,25]. Akt-dependent phosphorylation of BAD,
a pro-apoptotic member of Bcl-2 family, creates binding sites for 14-3-
3 scaffold proteins, which sequestrates BAD in the cytoplasm [37,38].
Consequently, BAD translocation on mitochondrial membrane to form
an inactive complex with the anti-apoptotic members Bcl-xL and Bcl-2
is inhibited. Akt has been shown to prevent cells to undergo apoptotic
death also by inhibiting caspase 9 and caspase 3 [39]. We found that
SC2017 treatment caused a marked and dose-dependent decrease of
constitutive Akt phosphorylation at Ser473. The involvement of PI3K/
Akt in SC2017-induced apoptosis was further confirmed by the increase
of apoptotic death observed when a combined treatment of SC2017
with PI3K/Akt pathway inhibitors was used. Interestingly, the percent-
age of PS exposing cells and AWm loss was more markedly increased
in the presence of LY294002, an inhibitor of PI3K, than in the presence

of MK-2206, an allosteric inhibitor of Akt. The more than additive effect
of LY294002 is not completely surprising because LY294002 is known to
inhibit several other kinases and in particular casein kinase 2 (Ck2) [40].
Ck2, a pleiotropic member of the protein kinase superfamily [41], is
known to prevent apoptosis, promote cell proliferation, and be highly
expressed in cancers [42]. Notably, Di Maira et al. showed that CK2
phosphorylates and up-regulates Akt in Jurkat cells [43].

At least, we could speculate that the inhibition of Akt activation is
one of the mechanisms underlying SC2017 induced G2 arrest. PI3K
has, indeed, been shown to promote cell entering mitosis through
Akt-dependent regulation of CdK1 (Cdc2) inhibitors/activators and of
the level of the cyclin-dependent kinase inhibitor, p21P! [44].

The Trx system, comprising NADPH, Trx and TrxR, beyond its intrin-
sic antioxidant activity, has been shown to be a signaling intermediate
[15,17]. Trx controls nuclear translocation and/or activity of several
transcription factors and prevents apoptosis. Trx protects mitochondria
from permeability transition pore (PTP) opening and cytochrome c re-
lease and inhibits the activation of apoptosis signal-regulating kinase 1
(ASK1). TrxR catalytic thiols and/or the exposed selenocysteine
[28,29] are good Michael acceptors for the o,B-unsaturated carbonyl
group present in the SC2017 structure [10]. Accordingly, the ability of
SC2017 to inhibit TrxR activity was observed both in a cell-free system
and in Jurkat cells. The reactivity of the electrophilic group towards
TrxR Cys/Sec is supported by the recent findings on the Trx inhibitory
activity of oridonin [45]. However, differently from oridonin [46,47],
the inhibitory effect of SC2017 seemed more specific because it is not
dependent upon a generalized ROS elevation (redox catastrophe).

Finally, we conducted xenograft tumor experiments to assess
SC2017 anti-tumor potential also in vivo. SC2017 significantly decreased
tumor growth of HCT 116 xenografts. This result seems encouraging
both in terms of tumor growth inhibition and in terms of toxicity. By
considering the lower susceptibility of HCT 116 cells with respect to
Jurkat and U937 cells, we could speculate that the in vivo effectiveness
of SC2017 might be higher using human leukemia cells' xenograft
model in mice.

In conclusion, the present study highlights the tumor cell-specific
growth inhibition activity of the semi-synthetic ent-kaurane SC2017
in vitro and in vivo models. In addition, the inhibitory effect of SC2017
on PI3K/Akt pathway and the Trx system, two key components of
tumor cell survival machinery, has been demonstrated. Since constitu-
tive activation of Akt and the high levels of Trx and/or TrxR have been
reported in many different human malignancies [16,17], chemicals
targeting PI3K/Akt signaling pathway and the Trx system have been
proposed as chemotherapeutics [48,49]. On this basis, our data suggest
that SC2017 could be considered a promising candidate, alone or in
combination, for cancer therapy.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.11.023.
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