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Antroquinonol is the smallest anticancer molecule isolated from Antrodia camphorata thus far. The
ubiquinone-like structure of Antroquinonol exhibits a broad spectrum of activity against malignancies in
vivo and in vitro. However, the mechanism of action of Antroquinonol remains unclear. Here, we provide
evidence that Antroquinonol plays a role in the inhibition of Ras and Ras-related small GTP-binding

Keyword_Sf protein functions through the inhibition of protein isoprenyl transferase activity in cancer cells. Using
Antroquinonol cell line-based assays, we found that the inactive forms of Ras and Rho proteins were significantly
Ejrsnesyltransferase elevated after treatment with Antroquinonol. We also den}onstrated that Antrc?quinono! bind§ di'rectly
Prenylation to farnesyltransferase and geranylgeranyltransferase-I, which are key enzymes involved in activation of
Autophagy Ras-related proteins, and inhibits enzymes activities in vitro. Furthermore, a molecular docking analysis

illustrated that the isoprenoid moiety of Antroquinonol binds along the hydrophobic cavity of
farnesyltransferase similar to its natural substrate, farnesyl pyrophosphate. In contrast, the ring
structure of Antroquinonol lies adjacent to the Ras-CAAX motif-binding site on farnesyltransferase. The
molecular docking study also showed a reasonable correlation with the ICsqy values of Antroquinonol
analogues. We also found that the levels of LC3B-II and the autophagosome-associated LC3 form were
also significantly increased in H838 after Antroquinonol administration. In conclusion, Antroquinonol
inhibited Ras and Ras-related GTP-binding protein activation through inhibition of protein isoprenyl
transferase activity, leading to activation of autophagy and associated mode of cell death in cancer cells.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Natural products have traditionally been an important source of
organic chemicals and pharmaceuticals. More than 20 new drugs
derived from natural sources have been launched on the market
during the past 10 years [1]. We adopted an anticancer drug screen
model to test the anticancer effects of crude extracts of Chinese
herbs, plants, and fungi collected in Taiwan. Anticancer activities
were identified in Antrodia camphorata, a species of fungus
endemic to Taiwan [2]. Antroquinonol is a new chemical entity
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isolated from the mycelium of A. camphorata that showed
interesting anticancer and anti-inflammatory activities [3-5]. Pre-
vious studies have indicated that signaling molecules, such as PI3K,
AMPK, and mTOR, participated in Antroquinonol-induced cancer
cell death, whereas Nrf2 and NF-kB were involved in the anti-
inflammatory effects of Antroquinonol [3,4,6]. However, the
precise mechanism of action remains unknown.

Yu et al. reported that Antroquinonol caused a mobility shift of
the Ras protein on immunoblots [7], suggesting that Antroquino-
nol-mediated Ras expression and activation in cancer cells. Ras
proteins have been considered drug targets due to gain-of-function
mutations in approximately 30% of all human cancers [8]. Ras
undergoes posttranslational processing to become a biologically
active protein that is embedded in the plasma membrane.
Prenylation is mediated by isoprenyltransferase such as farnesyl-
transferase (FTase) and geranylgeranyltransferase-1 (GGTase-1),
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and is the first committed step for Ras processing [9]. FTase, for
example, covalently transfers a 15-carbon isoprenyl group from
farnesyl pyrophosphate (FPP) to the cysteine residue of the
conserved CAAX motif in the C-terminus of Ras [10].

FTase inhibitors (FTIs) represent a new class of anticancer
agents that inhibit Ras prenylation. Several FTIs that mimic the
structures of the FTase substrates, farnesyl pyrophosphate (FPP)
and CAAX tetrapeptides, have been developed and are currently
being evaluated in clinical trials [11]. However, the results are not
entirely promising. Two main questions driving preclinical and
clinical studies of FTIs are whether Ras can be alternatively
prenylated by GGTase-1 and whether inhibition of FTase can affect
proteins other than Ras. Evidence indicates that most FTIs
specifically inhibit FTase but not GGTase-1 in vitro and in vivo
[12-14]. As a result, alternative prenylation of K-Ras and N-Ras by
the attachment of a 20-carbon geranylgeranyl chain by GGTase-I
has been reported in FTI-treated cells [15,16]. Furthermore, cells
with wild-type or mutant Ras were sensitive to FTIs in vitro and in
vivo [13,17]. Collectively, these observations indicate that pre-
nylated proteins other than Ras might also contribute to the
anticancer activities of FTIs. Thus, further investigation of an active
prenyltransferase inhibitor that blocks the growth of Ras-
dependent and Ras-independent cancer cells is warranted.

In this study, we used molecular docking techniques combined
with biochemistry, molecular biology, and medicinal chemistry
approaches to elucidate the mechanism of action of Antroquinonol.
Our results suggest that Antroquinonol prevents posttranslational
prenylation of the Ras and Ras-related proteins through inhibition
of the enzyme isoprenyltransferase, ultimately causing cancer cell
death.

2. Materials and methods
2.1. Cell lines and cell culture

Human lung cancer (A549 and H838), liver cancer (HepG2 and
Hep3B), and leukemia (K562 and THP-1) cell lines were obtained
from American Type Culture Collection (Rockville, MD, USA). A549
was cultured in Dulbecco’s modified Eagle’s medium. H838, K562
and THP-1 were cultured in RPMI-1640 medium. HepG2 and
Hep3B were cultured in MEM. All cells were cultured at 37 °Cin 5%
CO; in culture media supplemented with 10% fetal bovine serum
(FBS) and 100 U/mL streptomycin and penicillin. For treatment,
cells were seeded in six-well plates at 6.25 x 10° cells/well. On the
following day, the media was changed to serum-free media, and
cells were serum-starved for 24 h. Antroquinonol [4] was dissolved
in DMSO and diluted to the required concentration in serum-free
medium. Cultures were then treated with diluted Antroquinonol as
indicated. After treatment, cells were washed with cold phos-
phate-buffered saline (PBS) and lysed using RIPA buffer containing
phosphatase and protease inhibitors. Cell culture media and
related reagents were purchased from Invitrogen (Rockville, MD).

2.2. Immunoblot analysis

Proteins were resolved on 12.5% SDS-polyacrylamide gels. Blots
were blocked with 3% bovine serum albumin (BSA) and probed
with a 1:1000 dilution of antibodies LC3B (Novus Biologicals,
Cambridge, UK), Ras, GAPDH, or Rho (Millipore, Temecula, CA).
Secondary antibodies were conjugated to horseradish peroxidase,
which was detected using a 3,3’-diaminobenzidine substrate kit
(Vector Laboratories, Burlingame, CA). The immunoreactive bands
were quantified by densitometry using Image-Pro Plus software
(Media Cybernetics, Silver Spring, MD).

2.3. CCK-8 cell viability assay

Cell viability was measured using Cell Counting Kit-8 (CCK-8,
Enzo Life Sciences, Farmingdale, NY). After treatment, CCK-8
solution was added to each well and incubated for 4 h. The
concentration of formazan was measured with a spectrophot-
ometer at an absorbance wavelength of 450 nm. Cell viability was
expressed as a percentage of the corresponding control.

2.4. SDS-PAGE-based prenyltransferase assay

In vitro prenylation reactions were performed in 20 L reaction
buffer (50 mM HEPES, pH 7.2, 50 mM NacCl, 5 mM MgCl,, 5 mM
DTT, and 20 M GDP) mixed with 3 g FTase (Jena, Germany),
25 WM NBD-FPP, and 2 g H-Ras®®" in the presence or absence of
various concentrations of Antroquinonol. Reactions were incu-
bated for 2 h at 37 °C and quenched by SDS-PAGE sample buffer.
The mixtures were resolved by 15% SDS-PAGE. The gel was scanned
using a Typhoon 9400 scanner (GE Healthcare, UK) (excitation
laser, 473 nm; emission cutoff filter, 510 nm) followed by staining
with Coomassie blue. The fluorescent bands were quantified using
Image-Pro Plus software.

2.5. Immunofluorescent and DAPI staining

Cells were seeded onto glass coverslips. After an overnight
incubation, cells were treated with Antroquinonol for 24 h. After
treatment, cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. Cells were blocked in 3%
BSA and then incubated with a LC3B antibody at room
temperature. After washing, cells were incubated with a fluor-
escein isothiocyanate-conjugated secondary antibody (Life Tech-
nologies, Scotland, UK) at room temperature for 60 min. Cells were
mounted with Dapi-Fluoromount-G™ (SouthernBiotech, Birming-
ham, USA) and visualized by confocal fluorescence microscopy
using a Zeiss LSM 780 plus ELYRA S.1.

2.6. Molecular docking

The amino acid sequence for FTase (Accession no.: 1JCQ_A) was
downloaded from the National Center for Biotechnology Informa-
tion protein database. A CDOCKER-A CHARMm-based molecular
docking algorithm was applied to predict and assess the
interaction between Antroquinonol and the FTase CAAX box
[18]. In order to limit bias, all user-adjustable parameters were
kept at their default settings.

2.7. Kinetics and affinity detection by BIAcore

The kinetics and affinity of protein FTase and GGTase-I against
Antroquinonol respectively were measured using BlAcore T200
(Uppsala, Sweden, GE). Recombinant FTase and GGTase-I proteins
were expressed using Baculovirus expression system and purified
by Ni column. Proteins FTase and GGTase-I were immobilized on
the Series S Sensor Chip CM5 using a standard amine coupling
method. A scouting procedure was performed to establish an
appropriate concentration range of analyte and monitor associa-
tion/dissociation time for affinity measurement. The experiment
was performed at 25 °C. Different concentrations of Antroquinonol
were finally injected to the reference, FTase and GGTase surfaces at
a flow rate of 30 wL/min. In each injection, association and
dissociation phases were monitored for 240 s and 120 s respec-
tively. One buffer-only injection was included for double reference.
The carry-over injections refer to buffer injections that follow the
sample injections during each cycle were set as control. All
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Table 1
ICs50 values of compounds used in this study.
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ICs50 values (M) were determined by CCK-8 cell viability assay. Values were presented as means + S.E.M.

concentrations of Antroquinonol were repeated. All data were
analyzed by BlAcore T200 evaluation software version 1.0.

2.8. Statistical Analysis

Results were expressed as the mean + standard error of the
mean (SEM) of three independent experiments. A single factor pair-
wise ANOVA statistical analysis was conducted to determine the
significance in differences. A two-tailed P-value of less than 0.05 was
considered significant.

3. Results

3.1. Determining the cytotoxic effects of Antroquinonol and its
derivatives, analogues, and a metabolite

To determine whether the cytotoxic effects of Antroquinonol
correlate with the presence of Ras mutations, cell lines derived

from human lung cancer (A549 and H838), liver cancer (HepG2 and
Hep3B), and leukemia (K562 and THP-1) with wild-type Ras (H838,
Hep3B, and K562) or mutant Ras (A549, HepG2, and THP-1) were
used. Cell viability was measured after 48 h of Antroquinonol
treatment. The cell lines and their ICsq in increasing order were
THP-1 (2.22 uM) < A549 (3.24 M) < H838 (3.32 wM) < Hep3B
(3.74 M) < K562 (5.12 M) < HepG2 (6.42 M) (Table 1). Thus,
sensitivity to Antroquinonol did not correlate with Ras gene status,
as Antroquinonol exhibited excellent cytotoxic activity in all cell
lines.

Next, the ICsq values for Antroquinonol derivatives (Antroqui-
nonol-OAC and RB-/LB-Antroquinonol), a metabolite (meta2), and
analogues isolated from filamentous A. camphorata (quinone Q3,
demethoxy-Antroquinonol, and 4-acetyl-Antroquinonol) were
determined in H838 cells. The results indicated that the '~-hydroxy
group and the farnesyl group of Antroquinonol were important for
its cytotoxic effects. Further, RB-Antroquinonol was even more
cytotoxic than the prototype, Antroquinonol.
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Fig. 1. Antroquinonol inhibits Ras and Rho processing in cancer cell lines. (A) A549
and H838 cells were treated with different concentrations of Antroquinonol and
grown under serum-free (no FBS) conditions for 24 h. The fold of unprocessed to
processed Ras was indicated below the blots. (B) H838 cells were treated with
different concentrations of Antroquinonol and grown under serum-free (no FBS)
conditions for 24 h. Whole cell lysates and cytoplasmic extracts were then
immunoblotted with Ras or Rho antibodies as indicated respectively. A duplicate
membrane was probed with a GAPDH antibody. The relative expression level of
unprocessed to processed Ras or unprocessed form of Rho was quantified by
densitometry and normalized with GAPDH. The experiments were conducted three
times. Bars represent the mean + SEM. *P < 0.05; ** P < 0.01.

3.2. Antroquinonol-inhibited Ras and Rho processing in cancer cells

To better understand the cellular signaling pathways that lead
to Antroquinonol-mediated cancer cell death and to more precisely
identify the cytosolic target of Antroquinonol, we investigated the
contribution of Ras and Rho proteins. Experiments were conducted
using A549 and H838 cells, which were treated with different
concentrations of Antroquinonol for 24 h. Antroquinonol caused an
accumulation of unprocessed Ras in both cell lines (Fig. 1A and B).
Furthermore, an abnormal accumulation of cytosolic inactive Rho
protein was also detected (Fig. 1B).

3.3. Antroquinonol inhibited protein FTase activity in vitro and was
competitive with FPP in cell culture

Posttranslational modification of Ras is essential for its
activation. The first step committing Ras to become active is
prenylation by the enzyme FTase [19,20]. Comparison of the
chemical structures of Antroquinonol and FPP, which is a prenyl
group donor for Ras, showed that both compounds have the same
C15 lipid chain. Thus, we evaluated the effects of Antroquinonol on
in vitro protein FTase activity and FPP-dependent Ras prenylation
in cell culture. Results indicated that Antroquinonol alone
significantly enhanced accumulation of unprocessed Ras. Further,
FPP alone potentiated Ras processing in H838 cells. Competition
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Fig. 2. Antroquinonol inhibits the prenylation activity of FTase and GGTase-I in vitro
and competes with FPP within cells. (A) H838 cells stimulated with either
Antroquinonol or FPP as indicated for 24 h. Whole cell lysates were then
immunoblotted with a Ras antibody. A duplicate membrane was probed with a
GAPDH antibody. The relative expression level of unprocessed to processed Ras was
quantified by densitometry. The experiments were conducted three times. (B) SDS-
PAGE of fluorescently labeled H-Ras-GST after prenylation with NBD-FPP mediated
by FTase. The lower panel shows the same gel stained with Coomassie blue. The fold
of unprocessed to processed Ras was indicated below the blots. (C) Direct binding of
Antroquinonol to FTase and GGTase-I individually by BIAcore analysis. The binding
affinity of Antroquinonol with FTase (left panel) and GGTase-I (right panel)
respectively were reflected by response unit (RU) values. The kinetic measurements
wwere performed using a set of serial dilutions as indicated.

assays showed that FPP neutralized the effect of Antroquinonol on
Ras processing at concentrations as low as 10 uM (Fig. 2A). In
addition, an in vitro enzymatic activity assay demonstrated that
Antroquinonol achieved dose-dependent inhibition of FTase
activity (Fig. 2B). The binding affinities between Antroquinonol
and FTase and another important prenyltransferase, GGTase-I,
were measured using surface Plasmon resonance (BlAcore). The KD
value for FTase and GGTase-I were determined to be 2.986 x 10~°
M and 5.014 x 10~7 M respectively, suggesting that Antroquinonol
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have the strongest binding capacity to GGTase-I. Taken together,
our data provided evidence for the direct binding of Antroquinonol
to prenyltransferase such as FTase and GGTase-I in this study.

3.4. Molecular docking of Antroquinonol on protein FTase

Using the crystal structure of FTase (PDB ID 1JCQ) as a template,
we built a docking model to characterize the interaction between
Antroquinonol and the CAAX motif in FTase. Docking studies
showed that Antroquinonol and FPP bind in a similar orientation to
the FTase active site (Fig. 3A and B). The farnesyl group of
Antroquinonol lies in the hydrophobic cavity and interacts with a
number of conserved aromatic residues. The ring structure with
the functional groups of Antroquinonol and the diphosphate
moiety of FPP are located near the «/f-subunit interface. The
docking model can also be used to explain differences in the
cytotoxic profiles of Antroquinonol analogues. It has been shown
that the number of isoprene units influences the binding affinity of
isoprenoids for FTase [21]. The '-hydroxy group of Antroquinonol
may form intermolecular hydrogen bonds with the tyrosine
residue, Y300b (Fig. 3C). In addition, the spatial arrangement of
the ring structure of Antroquinonol indicated that the 3-methoxy
group is located in an unoccupied space near the interface of the
FTase subunits. Thus, it was likely that demethoxy-Antroquinonol
would show an ICso only slightly less than the prototype,

Antroquinonol. These results provide important structural insights
into the specific architecture of Antroquinonol and the CAAX motif
in FTase, which will help with the rational design of active
Antroquinonol analogues (Fig. 3D).

3.5. Antroquinonol enhanced autophagic activity in cancer cells

Our previous investigations indicated that Antroquinonol
induces apoptosis and/or autophagic cell death in human cancer
cell lines via the PI3K/mTOR pathway [3]. Ras lies upstream of PI3K
and has been demonstrated to negatively regulate autophagic
activity in RasVal12-transformed NIH3T3 cells [22]. Here, the level
of Antroquinonol-induced autophagic conversion of LC3B-1 to
LC3B-II in a lung cancer cell line was measured by immunoblot
analysis of LC3B. Further, LC3B-Il-associated autophagosomes
were observed by confocal microscopy (Fig. 4).

4. Discussion

Antroquinonol exhibits various anticancer, antioxidant, anti-
inflammatory, and autoimmune activities. However, the actual
mechanism of action of Antroquinonol remains unknown. In this
study, we investigated the possible mechanism of action of
Antroquinonol in cancer cell lines. We provide evidence that:

Fig. 3. The model structure of human FTase in complex with Antroquinonol, CIFM-derived L739,750 peptidomimetic, and FPP substrate. (A) Ribbon cartoons of FTase
complexed with Antroquinonol. (B) Simultaneous binding of Antroquinonol (green) and FPP (purple) to FTase. (C) Ribbon cartoons of FTase complexed with Antroquinonol.
Putative hydrogen bonds are represented by dashed lines. (D) Ribbon cartoons of FTase complexed with Antroquinonol and CIFM-derived L739,750.
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Fig. 4. Antroquinonol induces autophagic activity in H838 cells. H838 cells were treated with different concentrations of Antroquinonol and grown under serum-free
conditions. (A) Cells were harvested at 0, 24 and 48 h following treatments and subjected to immunoblotted with Beclin-1 antibody. (B) Whole-cell lysates were prepared at
24 h following treatments and subjected to immunoblotted with an LC3B antibody. A duplicate membrane was probed with a GAPDH antibody. The relative expression level
of LC3B-I to LC3B-II was quantified by densitometry. (C) The distribution of endogenous LC3B in autophagosomes was detected by confocal microscopy. The experiments

were conducted three times. Bars represent the mean + SEM. *P < 0.05, ** P < 0.01.

e Antroquinonol inhibited isoprenyltransferase activity in vitro;

e posttranslational processing of Ras and Rho was inhibited by
Antroquinonol in a dose-dependent manner;

e increased LC3B-II was coordinated with an increase in autopha-
gosome formation after Antroquinonol treatment of cancer cells

Thus, we propose that Antroquinonol interferes with prenyla-
tion of Ras and Rho proteins through inhibition of isoprenyl-
transferase, such as FTase or GGTase-I, in cancer cells.

Ras proteins are small GTPases that appear to be engaged in
multiple signaling pathways, leading to complex and divergent
effects[23]. Prenylation is essential for the normal function
and transforming activity of the Ras superfamily proteins.
Thus, agents that block Ras prenylation have been developed to
interfere with cancer cell survival and proliferation [24]. Antro-
quinonol is a novel farnesylated quinone derivative isolated from
A. camphorata. Docking studies showed that the farnesyl iso-
prenoid tail of Antroquinonol inserts into the central cavity of the
FTase [-subunit similar to the farnesyl group of FPP. Here,
enzymatic assays revealed that Antroquinonol inhibited FTase in a
dose-dependent manner in vitro. The inactive form of Ras
increased in cancer cells after Antroquinonol administration.
Furthermore, the results of the BIAcore analysis also indicated that

Antroquinonol binds with different affinity to FTase and GGTase-I.
Taken together, our data provided evidence for the direct binding
of Antroquinonol to FTase and GGTase-I. It was inferred that
Antroquinonol interacts with isoprenyltransferase to prevent Ras-
related proteins processing inside cancer cells.

Interestingly, we have found the moderate positive correlation
between ICsq value of Antroquinonol in cancer cell lines and Ras,
Rho and epidermal growth factor receptor (EGFR) expression
(Fig. 5). The data suggested that the protein level of Ras, Rho and
EGFR, rather than the presence of mutations in the Ras and EGFR
genes, is the major determinant of Antroquinonol-induced
cytotoxicity in cancer cells.

Our previous studies revealed that Antroquinonol triggers
antitumor activity through the inhibition of PI3K-Akt-mTOR
pathway [6,7]. Here, we provide evidence that Antroquinonol
indirectly inhibits Ras and Rho processing through inhibition of
isoprenyltransferase activity. It has been observed that coopera-
tion between Ras and Rho families of small GTPases are required
for PI3K activation [25], which in accordance with our findings.
Thus, the possible signaling pathways that contribute to Antro-
quinonol-mediated antitumor activity are summarized in
Fig. 6. The Ras/Rho-PI3K-Akt-mTOR pathway, which is associated
with proliferation, motility, metabolism, and differentiation, is
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inhibited in response to Antroquinonol. We believed that multiple
signaling pathways are simultaneously involved in response to
Antroquinonol stimulation. Thus, Antroquinonol may promote its
anticancer effects by regulating cross talk in a complex signaling
network that results in apoptosis and autophagy.

In summary, this is the first report to elucidate a potential
mechanism for the anticancer activity of Antroquinonol. Inhibition
of isoprenyltransferase activity suppresses prenylation of multiple
signaling molecules, interfering with downstream signaling. Ras is
a pivotal signaling protein in a complex network that regulates
several aspects of normal cell growth and malignant transforma-
tion. Activating mutations in Ras, especially K-Ras, frequently

occur in human cancers. Thus, targeting Ras is a promising strategy
for treating cancer. Based on the biochemical characterization and
molecular docking analysis in this study, Antroquinonol inhibits
Ras and Rho processing via inhibition of the enzyme isoprenyl-
transferase activity, such as FTase and GGTase-I, ultimately
resulting in cell death. Antroquinonol is a new molecular entity
isolated from A. camphorata. The natural origin of Antroquinonol is
now undergoing Phase 2 clinical evaluation in patients with non-
small cell lung cancer. Understanding the mechanism of action of
Antroquinonol will facilitate the identification of predictive
biomarkers and will aid in the rational design of future clinical
trials.
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