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Abstract

Phosphatase and tensin homolog (PTEN) loss or mutation consistently activates the
phosphatidylinositol 3-kinase (P13-K)/Akt signaling pathway, which contributes to the progression
and invasiveness of prostate cancer. Furthermore, the PTEN/PI3-K/Akt and Ras/MAPK pathways
cooperate to promote the epithelial-mesenchymal transition (EMT) and metastasis initiated from
prostate stem/progenitor cells. For these reasons, the PTEN/P13-K/Akt pathway is considered as
an attractive target for both chemoprevention and chemotherapy. Herein we report that eupafolin,
a natural compound found in common sage, inhibited proliferation of prostate cancer cells. Protein
content analysis indicated that phosphorylation of Akt and its downstream kinases was inhibited
by eupafolin treatment. Pull-down assay and in vitro kinase assay results indicated that eupafolin
could bind with P13-K and attenuate its kinase activity. Eupafolin also exhibited tumor
suppressive effects in vivo in an athymic nude mouse model. Overall, these results suggested that
eupafolin exerts antitumor effects by targeting P13-K.
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Introduction

Phosphatase and tensin homolog (PTEN), a lipid phosphatase that negatively regulates the
P13-K/Akt pathway, is frequently inactivated in prostate cancer. The loss of PTEN or its
mutation activates the P13-K/Akt signaling pathway, which contributes to the tumorigenesis,
progression and invasiveness of prostate cancer [1-3]. The PTEN/PI3-K/Akt pathway is also
critical for prostate cancer stem-like cell maintenance, and PTEN knockdown, accompanied
by p53 loss, led to an increase in sphere formation as well as increased clonogenic and
tumorigenic potential [4]. Recent research results also indicated that PTEN loss and Ras/
MAPK activation can cooperate to promote epithelial mesenchymal transition (EMT) and
metastasis initiated from prostate stem/progenitor cells [5,6]. Furthermore, the PI13-K/Akt
pathway and the androgen receptor (AR) exhibit cross talk in prostate cancer [7,8]. The
synergy between Akt and AR signaling is sufficient to initiate and progress naive adult
murine prostatic epithelium to frank carcinoma and override the effect of androgen ablation
[9]. Interestingly, another gene alteration associated with prostate cancer tumorigenesis,
TMPRSS2-ERG rearrangement, is significantly enriched in PTEN-depleted prostate cancer
specimens, and transgenic overexpression of ERG in mouse prostate tissues promotes
marked acceleration and progression of high-grade prostatic intraepithelial neoplasia
(HGPIN) to prostatic adenocarcinoma in a PTEN heterozygous background [10-12]. In
addition, PTEN loss will evoke Akt and PI3-K expression in prostate cancer [13-15]. Both
P13-K amplification and PTEN deletion consistently activate Akt, which plays a central role
in a number of cell signaling pathways that are important in cancer cell survival [16].

The activation of Akt requires phosphorylation at Thr308 by 3-phosphoinositide- dependent
kinase 1 (PDK1) and at Ser473 by mammalian target of rapamycin complex 2 (mTORC?2).
Akt activation can sequentially activate the downstream mTOR complex1 (mTORC1) and
GSK3p, both of which play important roles in cancer development. mTORL1 is pivotal in
prostate cancer nutrition metabolism [17]. Knockout of tuberous sclerosis complex 1 (Tscl),
a potent negative regulator of mMTORC1, will activate a molecular signaling cascade
producing prostatic neoplasia and focal carcinogenesis [18]. Besides a role in tumorigenesis,
the Akt pathway also modulates hypoxia-inducible factor-1 alpha (HIF-1a) expression and
contributes to tumor angiogenesis in human prostate cancer cells [19]. All this evidence
indicates that targeting PI3-K signaling might be beneficial in prostate cancer treatment and
even eliminate prostate cancer stem-like cells.

Eupafolin is a flavonoid found in the common sage herb or Eupatorium perfoliatum L. Both
of these plants have been used by Chinese or native Indians as traditional medicine [20,21].
Eupafolin exhibits anti-inflammatory, antioxidant and antitumor cell proliferation effects
[22,23]. Here, we found that eupafolin inhibits prostate cancer cell proliferation and
anchorage-independent growth. Pull-down and in vitro kinase assay results indicated that
eupafolin could bind with P13-K in vitro and inhibit PI3-K activation in a dose-dependent
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manner both in vitro and in vivo. Eupafolin attenuates tumor growth and the phosphorylation
of Akt in a PC3 xenograft mouse model. Overall, eupafolin inhibits prostate cancer by
suppressing PI3-K- mediated Akt signaling.

Materials and Methods

Materials

Cell culture

MTS assay

Eupafolin (> 95% purity) was purchased from Indofine (Hillsborough, NJ). Chemical
reagents for molecular biology and buffer preparation, including Tris, NaCl, and SDS were
obtained from Sigma-Aldrich (St. Louis, MO). Eagle’s MEM was from Invitrogen
(Carlsbad, CA). Glutathione-Sepharose 4B and CNBr-Sepharose 4B were purchased from
Amersham Pharmacia Biotech (Piscataway, NJ). The luciferase assay substrate was obtained
from Promega (Madison, WI). Antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA), Cell Signaling Technology (Beverly, MA), or Upstate Biotechnology, Inc.
(Charlottesville, VA).

PC3, DU 145, and LNCaP prostate cancer cells and normal RWPE-1 prostate cells were
purchased from American Type Culture Collection (ATCC, Manassas, VA). PC3, DU 145
and LNCaP Cells were propagated in F-12K, F-12 or RPMI-1640 medium (Cellgro,
Manassas, VA) containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY) and 100
IU penicillin/ml and 100 pg/ml streptomycin (Cellgro) at 37 °C in a humidified incubator
with 5% CO,. RWPE-1 cells were cultured in keratinocyte serum free medium (Gibco, NY).
Cells were cytogenetically tested and authenticated before the cells were frozen. Each vial of
frozen cells was thawed and maintained in culture for a maximum of 8 weeks.

PC3, DU 145, LNCaP and RWPE-1 cells were seeded at a density of 3 x 103 cells per well
in 96-well plates in 100 pL medium. After 12 h (PC3, DU 145) or 48 h (LNCaP, RWPE-1)
of culture, the appropriate concentrations of eupafolin were added to each well. After
incubation for another 24, 48, 72 or 96 h, 20 pl of the CellTiter 96 Aqueous One Solution
(Promega) were added to each well and cells were incubated for another 2 h at 37 °C.
Absorbance was measured at 490 and 690 nm using the Thermo Multiskan plate-reader
(Thermo Fisher scientific, Waltham, MA).

Western blotting

For Western blot analysis, cells (2 x 108) were seeded in a 10-cm dish and incubated for 24
h. The cells were then treated with eupafolin (0, 5, 10, 15, or 20 uM) for 24 h. The cells
were harvested and protein concentration was determined. Proteins (30 pg) were subjected
to 6 or 10% SDS-PAGE. After transferring the proteins, the PVDF membranes were
incubated with a specific primary antibody at 4 °C overnight. Protein bands were visualized
by a chemiluminescence detection kit (Amersham Pharmacia Biotech) after hybridization
with a horseradish peroxidase-conjugated secondary antibody.
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In vitro PI3-K kinase assay

The kinase assay was performed as described [24]. Briefly, active P13-K (100 ng, EMD
Millipore, Billerica, MA) was incubated with DMSO or various concentrations of eupafolin
(0, 5, 10, 15, or 20 pM) for 15 min and then mixed with phosphatidylinositol sodium salt (20
ul of 0.5 mg/ml MP Biomedical, Solon, OH) at 30 °C for 20 min. Reactions were performed
in a kinase buffer containing 50 pM unlabeled ATP with or without 10 pCi of [y-32P] ATP.
Reactions were terminated and resolved by thin layer chromatography (Merck, Whitehouse
Station, NJ) and visualized by autoradiography.

In vitro mTORC2 kinase assay

Purified Aktl fusion proteins (1 pg) were used for an in vitro kinase assay. mTORC2 was
pulled down with a Rictor antibody as described by Sarbassov, et al. [25]. Reactions were
performed in a kinase buffer containing 100 mM potassium acetate, 25 mM HEPES, 1 mM
MgCl, and 50 uM ATP at 30 °C for 30 min. Reactions were terminated and proteins were
analyzed by Western blotting using a specific primary antibody.

Anchorage-independent cell growth

PC3 cells (8x103/ml) were exposed to eupafolin (0-20 uM) in 1 ml of 0.33% basal medium
Eagle agar supplemented with 10% FBS. The cultures were maintained in an incubator for
14 days, and the cell colonies were counted by a microscope with the Image-Pro Plus
software (v.6) program (Media Cybernetics, Silver Spring, MD) as described by Colburn, et
al. [26].

Pulldown assays

For pulldown assays, eupafolin-Sepharose 4B beads (100 ul, 50% slurry) were mixed with
commercial PI3-K or a cellular supernatant fraction of PC3 cells (500 pg) overnight in a
reaction buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01%
Nonidet P-40, 2 ug/ml bovine serum albumin, 0.02 mM phenylmethylsulfonyl fluoride
(PMSF), and 1ug protease inhibitor mixture). The beads were washed 5 times with washing
buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet P-40,
and 0.02 mM PMSF) and proteins bound to the beads were analyzed by Western blotting.

ATP and eupafolin competition assay

P13-K (100 ng) was incubated with 100 pl eupafolin-Sepharose 4B or Sepharose 4B beads in
a reaction buffer (same as the pulldown assay reaction buffer) for 12 h at 4 °C, and ATP was
added at either 0.01 or 0.1 mM to a final volume of 500 pl, followed by incubation for 30
min. The samples were washed and proteins were detected by Western blotting.

Molecular modeling

Computer modeling of eupafolin with PI13-K beta was performed using the Schrédinger
Suite 2011 software program [27]. First, an X-ray diffraction structure of PI13-K beta with a
resolution of 3.3 A (PDB ID 2Y3A, chain A) [28] was obtained from the RCSB Protein
Data Bank [29]. P13-K beta was prepared under the standard procedure of the Protein
Preparation Wizard in Schrddinger Suite 2011 and hydrogen atoms were added at pH 7 and
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all water molecules were removed. Finally, the ATP binding site-based receptor grid was
generated for docking. Eupafolin and LY294002 were prepared under the program of
LigPrep of Schrodinger for docking by default parameters. Then eupafolin- and LY 294002-
protein docking was accomplished using the program Glide and default parameters under
the extra precision (XP) mode. Herein we obtained the best-docking representative structure.

Cyclin D1 transcription activity assay

The pA3 luc-cyclin D1 plasmid was generously provided by Dr. Chris Albanese (Albert
Einstein Cancer Center, Department of Developmental and Molecular Biology, Albert
Einstein College of Medicine, Bronx, New York). This reporter gene was constructed from
the —1715 to +134 region of the human cyclin D1 promoter region [30]. PC3 cells (5 x 10%)
were seeded into 12-well plates for 24 h before transfection. The pA3 luc-cyclin D1 plasmid
(400 ng) was transfected into each well. The cells were cultured for another 48 h and then
disrupted for firefly luciferase analysis. In addition, the reporter gene vector pRL-SV40
(Promega) was co-transfected into each cell line, with the transfection efficiencies
normalized to the Renilla luciferase activity generated by this vector.

Cell cycle analysis

Subconfluent cultures of PC3 cells were serum-starved for 16 h to synchronize at GO, and
then pretreated with eupafolin for 2 h followed by stimulating with medium containing 10%
FBS and 20 puM eupafolin for 16 h. The cells were trypsinized, washed with ice-cold DPBS,
and fixed with ice-cold 70% ethanol at =20 °C overnight. Cells were then washed twice with
DPBS, incubated for 30 min in the dark at room temperature with 0.5 mg/ml RNase A and
200 pg/ml propidium iodide in DPBS, and finally subjected to flow cytometry analysis using
the FACS Calibur flow cytometer. Data were analyzed using ModFit LT (Verity Software
House, Inc., Topsham, ME).

In vivo tumor growth assay

All animal studies were conducted in accordance with guidelines approved by the KRIBB-
IACUC (Korea Research Institute of Bioscience & Biotechnology - Institutional Animal
Care and Use Committee). Athymic nude mice (BALB/c nude mice, 6 wk old) were
purchased from Orient Bio Inc (Jungwon-gu, Gyeonggi-Do, Republic of Korea). The
animals were housed in climate-controlled quarters with a 12-h light/12-h dark cycle.
Animals were randomly assigned to the following groups: vehicle group (n = 15); 10 mg/kg
eupafolin-treated group (n = 15); 50 mg/kg eupafolin-treated group (n = 15); and 50 mg/kg
eupafolin control group (no cells injected; n = 15). Each mouse was administered eupafolin
(10 or 50 mg/kg body weight in 100 pl of 10% PEG400 in autoclaved PBS as vehicle) or
only vehicle 3 times per week by intraperitoneal injection. After 3 days of treatment, PC3
cells (1 x 106) were injected subcutaneously into the right flank of mice in each group
(except control group). Following injection, mice were continuously administered with
eupafolin or vehicle. Mice in the 50 mg/kg eupafolin control group were not injected with
cells but maintained for comparison of body weight and tumor development. Mice were
weighed and tumors measured by caliper three times per week. Tumor volume was
calculated from measurements of 2 diameters of the individual tumor according to the
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following formula: tumor volume (mm?3) = (length x width x width/2). Mice were monitored

until day 28 and at that time mice were euthanized and tumors extracted.

Statistical analysis

Results

All quantitative data are expressed as means + S.E. or S.D. as indicated. A one-way
ANOVA was used for statistical analysis. A probability of p < 0.05 was used as the criterion

for statistical significance.

Eupafolin inhibits prostate cancer cell proliferation and anchorage-independent cell

growth

Eupafolin (Figure 1) is a flavonoid found in Eupatorium perfoliatum L and is known for its
anti-inflammatory activity [22,23]. To examine whether eupafolin can affect prostate cancer
cell proliferation, we first determined the cytotoxicity of eupafolin on PC3 cells. Results
indicated that 55% of cells survived after treatment with 100 uM eupafolin for 48 h
(Supplementary Fig. 1). Based on these results, we selected 0, 5, 10, 15 and 20 uM
concentrations of eupafolin to determine its effect on PC3 cells. Our results indicated that
eupafolin could inhibit PC3 cell proliferation (Figure 1A, right panel) and anchorage
independent cell growth (Figure 1B) in a dose-dependent manner. To investigate whether
eupafolin can inhibit the proliferation of other prostate cancer cell lines, DU 145 (Figure 1C,
left panel) and LNCaP cells (Figure 1C, right panel) were chosen and treated with eupafolin.
The results indicated eupafolin could also suppress proliferation these cell types in a dose-
dependent manner (Figure 1C). However, PC-3 cells were most sensitive to eupafolin at low
dose (5 uM) compared to the other cell lines. Therefore we chose PC-3 cells to perform
further mechanistic studies. The effect of eupafolin on normal RWPE-1 prostate cells was
also determined and we found that eupafolin also slightly inhibited RWPE-1 at 20uM but
had almost no effect at 5-10uM (Supplementary Fig. 2).

Eupafolin inhibits Akt and activation of its downstream targets

To further investigate the mechanism of the anti-proliferation effect of eupafolin, PC3 cells
were chosen and treated with different concentrations of eupafolin for 24 h. Determination
of the signal transduction pathway closely related with cell survival showed that
phosphorylation of Akt at Ser473 and Thr308 was strongly inhibited by eupafolin in a dose-
dependent manner. The phosphorylation of GSK3p (Ser9) and p70S6K (Thr398),
downstream kinases of Akt, was also inhibited by eupafolin treatment (Figure 2A).
However, PDK1, mTOR, MEK/ERKSs and downstream kinases, RSK2 and CREB, were not
affected (Figure 2B).

Eupafolin causes cell cycle arrest at G1

Cell proliferation is closely associated with cell cycle progression. To determine the effect
of eupafolin on PC3 cell cycle progression, cells were serum-starved for 16 h to synchronize
at GO and pretreated with eupafolin for 2 h followed by stimulation with medium containing
10% FBS and eupafolin. The results indicated that compared with control, eupafolin caused
PC3 cell cycle arrest at G1 (Figure 3A). Cycle cell progression is regulated by cyclins and
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Akt and its downstream kinase GSK3p regulate transcription of cyclin D1 [31]. Results of a
cyclin D1 reporter gene assay showed that eupafolin inhibited cyclin D1 transcription
activity in a dose-dependent manner (Figure 3B upper panel). The protein level of cyclin D1
was also decreased after eupafolin treatment (Figure 3B lower panel).

Eupafolin binds with PI3-K in vitro and ex vivo

P13-K plays an important role in Akt activation. We speculated that P13-K might be a
molecular target of eupafolin. To test this idea, we performed an ex vivo pulldown assay
using eupafolin-conjugated Sepharose 4B beads and active PI13-K. Results revealed that
eupafolin-conjugated beads, but not Sepharose 4B beads alone, could bind with PI13-K
(Figure 4A). In addition, eupafolin could bind with endogenous PI3-K when eupafolin-
conjugated beads were mixed with a PC3 cell lysate (Figure 4B). Further examination
demonstrated that eupafolin competed with ATP for binding with P13-K (Figure 4C). To
better understand how eupafolin interacts with PI13-K beta, we performed a computer
modeling study using the Glide docking program of Schrédinger Suite 2011. In the
computer-docking model, eupafolin was shown to bind well at the ATP binding pocket of
P13-K beta (Figure 4D, upper panel). Comparison of the binding modes of eupafolin and
LY294002, a well-known P13-K inhibitor, using the same Glide program showed that the
binding affinity was similar (—9.386 and —7.338 kcal/mol) for eupafolin and LY 294002,
respectively (Figure 4D, lower panel). This suggests that eupafolin might be a potential
inhibitor of P13-K beta. Note that some images were generated with the UCSF Chimera
program [32].

Eupafolin inhibits PI3-K activity in vitro

Based on the results showing that eupafolin could directly bind with PI13-K, we determined
whether eupafolin could inhibit PI13-K kinase activity in vitro using phosphatidylinositol
sodium salt as a substrate. We found that PI13-K activity was inhibited by eupafolin in vitro
(Figure 5A, B). Next, we evaluated the effect of eupafolin on mTORC2 kinase activity using
GST-Aktl as a substrate. mMTORC2 is a kinase complex that phosphorylates Akt at Ser473.
The results showed that the phosphorylation of Aktl at Ser473 was not affected by eupafolin
(Supplementary Figure 3).

Eupafolin suppresses xenograft tumor growth by inhibiting PI3-K/Akt activation

Based on our in vitro and ex vivo results, we next determined whether eupafolin could
suppress tumor growth in vivo. Results revealed that the mean tumor weight was decreased
in eupafolin-treated groups (Figure 6A; p < 0.05) and the mean tumor volume in the vehicle-
treated group increased faster than that in the eupafolin-treated groups (Figure 6B; p <
0.05). The body weights of the vehicle- and eupafolin-treated (50 mg/kg) mice were not
different (32.9 £ 0.65 g vs 32.5 + 0.48 g, p > 0.05). Tumor extracts from vehicle-treated and
eupafolin-treated mice (i.e., euthanized on the same day of the experiment) were prepared
and subjected to Western blot analysis to measure the phosphorylation of Akt. Results
indicated that the eupafolin-treated tumor extracts exhibited substantially decreased Akt
phosphorylation at Ser473 compared with vehicle-treated tumors (Figure 6C).
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Discussion

Accumulating evidence demonstrates that activation of signaling pathways by gene
alterations plays a vital role at the hormone-independent stage of prostate cancer and tumor
metastasis [1,33,34]. PTEN mutation or loss is frequently found in prostate cancer [35,36].
PTEN mutation/loss activates the P13-K/Akt signaling pathway, which contributes to the
tumorigenesis of prostate cells [37,38]. Emerging evidence indicates that the PTEN/PI3-
K/Akt signaling pathway is a promising target for cancer treatment and prevention [39,40].
Therefore, small molecules that can suppress the PI3K/Akt signaling pathway are potential
effective candidates for the prevention and/or treatment of prostate cancer. Eupafolin is a
flavonoid from Eupatorium perfoliatum L. Previous research studies indicated that eupafolin
affected mitochondrial energetic metabolism and caused cell apoptosis at high
concentrations (25-200 pM) [23,41]. Our studies demonstrated that eupafolin could inhibit
prostate cancer cell proliferation and anchorage-independent cell growth (Figure 1). Its
activity was associated with G1 cell cycle arrest and inhibition of cyclin D1 transcription
activity (Figure 3). These results indicated eupafolin has cellular targets other than
mitochondrial targets.

The activation of Akt requires phosphorylation at both Thr308 by PDK1 and at Ser473 by
mTORC2 [25,39]. PI3-K inhibition suppresses Akt phosphorylation at both sites. Although
Akt phosphorylation at Thr308 downstream of P13-K is known to occur through PDK1, the
means by which P13-K affects Akt phosphorylation at Ser473 remains elusive. Our data
indicate that eupafolin inhibits Akt phosphorylation both at Ser473 and Thr308.
Accordingly, the phosphorylation of GSK3p and p70RSK, downstream kinases of Akt, was
decreased in a dose-dependent manner by eupafolin treatment. ERKs and its downstream
signaling were not affected by eupafolin treatment. These data suggested that eupafolin
could suppress cancer cell growth mediated through the P13-K/Akt pathway.

Compounds can inhibit kinase activities through different mechanisms. We found that
eupafolin could bind to P13-K ex vivo and in vitro. The ATP competition assay and
computational docking showed that eupafolin competes with ATP for binding to PI3-K,
suggesting that eupafolin might also bind to the ATP pocket of P13-K (Figure 4). Results of
an in vitro P13-K kinase assay using phosphatidylinositol sodium salt as a substrate indicated
that eupafolin could inhibit PI13-K activity in a dose-dependent manner (Figure 5). All these
data indicated that eupafolin inhibits PI13-K activity by competing with ATP.

In verifying that eupafolin has antitumor effects in vivo, we found that eupafolin inhibited
growth of prostate cancer xenografts in mice without any apparent signs of toxicity.
Consistent with the findings in cells, eupafolin treatment reduced the phosphorylation of Akt
at Ser473 and its downstream targets p70S6K (Thr398) and GSK3p (Ser9). Based on these
observations, eupafolin most probably exerts its potential cancer preventive/therapeutic
effects directly through the P1-3K/Akt signaling pathway. Our data demonstrating that
eupafolin down-regulates constitutive Akt kinase activity provide a rationale to develop
eupafolin as a chemotherapeutic agent or in combination therapy to overcome the
chemoresistance associated with prostate cancer (Figure 6A, B).
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In conclusion, eupafolin inhibits prostate cancer cell proliferation and anchorage-
independent cell growth. We also provide clear evidence showing that eupafolin can bind to
P13-K and inhibit its enzyme activity. Importantly, eupafolin effectively suppresses in vivo
tumor growth in nude mice bearing PC3 cancer cells by inhibiting Akt kinase activity. The
anticancer effect of eupafolin occurs through its direct targeting of P13-K, consequently
suppressing the activation of the P13-K/Akt downstream signaling pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Eupafolin inhibits proliferation and anchorage-independent growth of prostate cancer cells.
A, left panel, the chemical structure of eupafolin. Right panel, eupafolin suppresses PC3 cell
proliferation in a dose-dependent manner. PC3 cells (3 x 102 cells/well) were treated with
the indicated doses of eupafolin for the specified times. The absorbance was measured as
described in “Materials and Methods”. Data are shown as means + S.D. and the asterisk (*)
indicates a significant (p < 0.05) decrease in proliferation of cells treated with eupafolin
compared to untreated control cells. B, eupafolin suppresses anchorage-independent growth
of PC3 cells. Bar graphs depict the inhibitory effect of eupafolin on PC3 cells (left panel).
Colony numbers are shown as means + S.D. from 3 independent experiments. The asterisk
(*) indicates a significant (p < 0.05) decrease in colony numbers in cells treated with
eupafolin compared to the DMSO-treated group. Representative photographs of colony
formation are shown in the right panels. C, eupafolin suppresses DU 145 (left panel) and
LNCaP (right panel) prostate cancer cell proliferation. Cells (3 x 102 cells/well) were treated
with the indicated doses of eupafolin for the specified times. The absorbance was measured
as described in “Materials and Methods”. Data are shown as means + S.D. and the asterisk
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(*) indicates a significant (p < 0.05) decrease in proliferation in cells treated with eupafolin
compared to untreated control cells.
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Fig. 2.

Eupafolin suppresses P13-K/Akt signaling. A, PC3 prostate cancer cells were treated with
eupafolin for 24 h at the indicated concentration. The protein content of phosphorylated and
total proteins associated with the PI13-K signaling pathway was visualized by Western
blotting with specific primary and HRP-conjugated secondary antibodies. B, PC3 cells were
treated as in A. The protein content of phosphorylated and total proteins associated with the
ERKSs signaling pathway was visualized by Western blotting with specific primary and
HRP-conjugated secondary antibodies.
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Fig. 3.

Equpafolin causes cell cycle arrest at G1. A, PC3 prostate cancer cells were serum-starved for
16 h to synchronize at GO phase and then pretreated with eupafolin for 2 h followed by
stimulation with 10% FBS including eupafolin for 16 h. The cell cycle distribution was
measured by flow cytometry with propidium iodide. Data are expressed as the percentage of
cells in G1/GOQ, S, or G2/M and are shown as means + S.D. of values from triplicate
experiments. B, eupafolin inhibits cyclin D1 transcriptional activity. The inhibitory effect of
eupafolin on cyclin D1 activity was measured by introducing cyclin D1 reporter plasmids

Mol Carcinog. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 16

into PC3 cells followed by treatment with various concentrations of eupafolin. Luciferase
activity was measured and data are shown as means + S.D. of values from triplicate
experiments (upper panel). The protein content of cyclin D1was determined by Western
blotting (lower panel). The asterisk (*) indicates a significant (p < 0.05) difference in cell
cycle distribution (A) or luciferase activity (B) in treated versus untreated cells.
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Fig. 4.

Eugpafolin binds to P13-K. A, eupafolin binds to PI3-K in vitro. Active P13-K (200 ng) was
subjected to a pulldown assay with eupafolin conjugated with CNBr-Sepharose 4B beads.
Eupafolin binding to PI3-K was visualized by Western blotting with a P13-K antibody. B,
eupafolin binds with PI13-K ex vivo. PC3 cell lysates (500 ug) were pulled down with CNBr
or CNBr-eupafolin-conjugated beads. The pulled down proteins were visualized using
antibodies to detect PI13-K. C, eupafolin binds with PI3-K in competition with ATP. Active
P13-K (200 ng) was subjected to a pulldown assay with eupafolin conjugated with CNBr-
Sepharose 4B beads. Then the beads were incubated with different concentrations of ATP
(0, 0.1, or 1 mM). Eupafolin binding to PI3-K was visualized by Western blotting with anti-
P13-K. D, upper panel, eupafolin (shown as surface representation with transparency of
50%) binds to the ATP binding pocket of PI13-K beta. Lower panel, LY294002 (shown as
surface representation with transparency of 50%) binds to the ATP binding pocket of PI3-K
beta.
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Fig. 5.
Eupafolin inhibits P13-K kinase activity in vitro. A, the effect of eupafolin on PI3-K activity

was measured by an in vitro kinase assay using PIP2 as the PI13-K substrate. 32P-labeled
PIP3 was visualized by autoradiography as described in “Materials and Methods”. B,
quantification of the effect of eupafolin on P13-K kinase activity (from A).
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Fig. 6.

Equpafolin suppresses tumor growth in vivo by inhibiting the P13-K-related signaling
pathway. A, the total average tumor weight in the eupafolin-treated groups is significantly
less (*, p < 0.05) than that of the vehicle-treated group. Tumors were extracted and weighed
after mice were sacrificed. Data are shown as means + S.D. and significant differences were
determined by one-way ANOVA. B, total average tumor volume in the eupafolin-treated
group was significantly (*, p < 0.05) less than that of the vehicle-treated group. Tumor
volume was measured and recorded 3 times a week throughout the study. Data are shown as
means + S.D. C, the protein levels of total and phosphorylated Akt, p70RSK, and GSK3
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were assessed by Western blot analysis in vehicle- and eupafolin-treated tumor tissues. The
relative density was compared with actin (lower panel). Data are shown as means + S.E.
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