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Abstract

Constitutive activation of the transcription factor nuclear factor-kB (NF-xB) is involved in tumorigenesis and chemo-
resistance. As the key regulator of NF-xB, IKKpB is a major therapeutic target for various cancers. Trichothecin (TCN) is a
metabolite isolated from an endophytic fungus of the herbal plant Maytenus hookeri Loes. In this study, we evaluated the
anti-tumor activity of TCN and found that TCN markedly inhibits the growth of cancer cells with constitutively activated NF-
kB. TCN induces GO/G1 cell cycle arrest and apoptosis in cancer cells, activating pro-apoptotic proteins, including caspase-3,
-8 and PARP-1, and decreasing the expression of anti-apoptotic proteins Bcl-2, Bcl-xL, and survivin. Reporter activity assay
and target genes expression analysis illustrated that TCN works as a potent inhibitor of the NF-kB signaling pathway. TCN
inhibits the phosphorylation and degradation of IkBa and blocks the nuclear translocation of p65, and thus inhibits the
expression of NF-kB target genes XIAP, cyclin D1, and Bcl-xL. Though TCN does not directly interfere with IKKB kinase, it
suppresses the phosphorylation of IKKB. Overexpression of constitutively activated IKKB aborted TCN induced cancer cell
apoptosis, whereas knockdown of endogenous IKKf3 with siRNA sensitized cancer cells toward apoptosis induced by TCN.
Moreover, TCN showed a markedly weaker effect on normal cells. These findings suggest that TCN may be a potential
therapeutic candidate for cancer treatment, targeting NF-kB signaling.
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Introduction

NF-kB transcription factors consist of five homologous subunits:
RelA (p65), RelB, cRel (Rel), NF-kB1 (p50 and its precursor p105)
and NF-xB2 (p52 and its precursor pl100), which function as
various homodimers and heterodimers [1,2]. In the canonical NF-
KB pathway, cells can be stimulated by different stimuli, including
reactive oxygen species, tumor necrosis factor alpha, interleukin 1-
beta, bacterial lipopolysaccharides, etc. Upon activation, the
inhibitory subunit IxBo is phosphorylated by the IkB kinase
(IKK) complex, which is then ubiquitinated and degraded through
the proteasome pathway, promoting translocation of the p65/p50
complex into the nucleus and activating the expression of
downstream genes [3,4].

NF-xB signaling plays an important role in regulating inflam-
mation, tumorigenesis and cancer development [5-7]. In a wide
variety of cancers—including hematogenous malignancies (such as
leukemia, lymphoma, and multiple myeloma), and solid tumors
(such as lung, breast and pancreas)-NF-kB is persistently activated
[8,9]. Activation of NF-kB up-regulates the expression of anti-
apoptotic genes encoding Bcl-xL, XIAP, cIAP1 and cIAP2, as well
as proliferative genes such as cyclin D1 and IL-6 [10-13]. NF-xB
activity is also closely connected to tumor metastasis and cancer
chemo-resistance. NF-kB activation induces the transcription of
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genes involved in angiogenesis, a critical process in tumor
formation and metastasis [14]. Moreover, NI-kB inhibitors
enhance sensitivity of cancers to chemotherapeutic agents, such
as paclitaxol, TNF-o0 and TRIAL [15-17]. Given the connection
between NF-kB and cancer, the development of NF-kB inhibitor
holds great potential in suppressing certain types of cancer
proliferation as well as improving existing cancer therapies
[18,19].

Maytenus hookeri Loes. has been used as a folk remedy for a long
time in southwest China because of its anticancer and anti-
inflammatory activities. Previously, maytansine was identified for
its anticancer effect by interfering microtubules [20,21]. The
derivative of maytansine, DM1, has been used in trastuzumab
emtansine (T-DMI1), a novel drug developed for treatment of
HER2-positive breast cancer [22]. However, the chemical
constituents responsible for the anticancer activities of this plant
deserve further exploration.

Trichothecin (TCN) is isolated from the endophytic fungus of
Maytenus  hookeri  Loes. Previous reports of ours and others
demonstrated that TCN is involved with some anti-tumor
activities, but the anti-tumor profiling or underlying mechanisms
of these actions are lacking [23-25]. In the present study, we found
that TCN inhibits the growth of human cancer cells by inhibiting
NF-xB signaling. Our data showed that TCN suppresses the
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Figure 1. TCN induces apoptosis of NF-kB constitutively activated cancer cells. (A) Chemical structure of trichothecin. (B) Cell cytotoxic
effects of trichothecin at successive concentrations. After 48 h treatment, cell viability was determined using MTT assays. (C) Annexin V-FITC/PI
analysis of apoptosis in cells treated with TCN for 24 h. (D) HL-60, HepG2, A549 and PANC-1 cells were treated with TCN for 24 h and cell lysates were
subjected to western blot analysis with antibodies indicated. B-actin were used as loading controls. Each column represents the mean = SD of

triplicates in three independent experiments.
doi:10.1371/journal.pone.0071333.g001

activation of IKK by suppressing its phosphorylation, inhibits the
expression of NF-kB target genes, and induces cell cycle arrest and
cancer cell apoptosis. As a novel inhibitor of the NF-xB pathway,
TCN may prove to be a potentially promising drug candidate in
developing novel cancer therapeutics.

Materials and Methods

Cell Lines

Human cancer cell lines, HepG2, A549, PANC-1 and HL-60,
human embryonic kidney cell line HEK 293T, human bronchial
epithelial cell line BEAS-2B and human kidney proximal tubule
epithelial cell line HK-2 were purchased from ATCC. Human
colonic epithelial cell line (CCD-841-CoN) was kindly gifted by Dr
Lin, Li of the Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China) [26]. Cells were cultured
in 5% COy at 37°C in RPMI-1640, MEM or DMEM media
containing 10% (v/v) fetal bovine serum (HyClone, Logan, UT).

Reagents

Monoclonal antibodies to NF-kB P65, PARP-1, caspase-8, Bcl-
xL,, caspase-3, cyclin D1, Bcl-2, survivin, phospho-IKK (Ser177),
and P-actin as well as polyclonal antibodies to IxBa, phospho-
IxkBa (pS32/pS36) were purchased from Santa-Cruz Biotechnol-
ogy (Santa Cruz, CA). The XIAP polyclonal antibody was
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obtained from Proteintech (Chicago, IL). Monoclonal antibody
to phospho-NF-kB p65 and polyclonal antibody to total IKKf
were purchased from Cell Signaling Technologies (Boston, MA).
NF-kB p65 luciferase reporter plasmid (pNF-kB-Luc) was
purchased from Beyotime Institute for Biotechnology (China).
Plasmid pCMV-SPORT6 inserted with human RelA sequence
driving the expression of p65 was obtained from Thermo Scientific
(Rockford, IL). Alexa Fluor 546 conjugated secondary antibody,
Lipofectamine 2000, Z-LYTE™ kinasc assay kit and IKKf
recombinant human protein were obtained from Invitrogen-Life
Technologies (Carlsbad, CA). Dual-Luciferase Reporter assay kit
was obtained from Promega (Madison, WI). Duplex siRNAs with
two thymidine residues (dTdT) at the 3'-end of the sequence were
synthesized at GenePharma (Shanghai, China). Recombinant
human TNF-a was purchased from PeproTech (Rocky Hill, NJ).
Unless otherwise stated, all other reagents were obtained from
Sigma-Aldrich (St. Louis, MO).

Compounds

TCN and other tested compounds were extracted from
Trichothecium roseun 1.Z93, an endophytic fungus isolated from
Maytenus hookert Loes., as previously described [24] (structures
designated in Figure 1A and the Figure SIA).
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Figure 2. TCN inhibits NF-kB signaling and induces cell cycle arrest. (A) HEK 293T cells were transiently transfected with pNF-kB-Luc
plasmids followed by treatment with TCN for 1 h before being stimulated with 25 ng/mL TNF-o for 18 h. (B) Lysates fromcells treated with TCN for
24 h were subjected to western blot analysis with p65, XIAP, cyclin D1 and Bcl-xL antibodies. (C) HepG2 cells were treated with 2.5 uM TCN for 8, 16
and 24 h. Cells were harvested and subjected to cell cycle analysis. The percentage of cells of different phases of cell cycle was analyzed by FlowJo.
Experiments were done independently in triplicate, results are reported as means and standard deviations. Statistical significance was analyzed by

One-way ANOVA, **p<<0.01.
doi:10.1371/journal.pone.0071333.g002

Cytotoxicity Assay and ICso Determination

Cell viability was evaluated by MTT assay. Cells were treated
with the indicated compounds at concentrations of 0.064, 0.32,
1.6, 8 and 40 pM in 96-well plates. After 48 h, 0.1 mg MTT was
added to each well, for a final concentration of 20%. Cells were
then incubated at 37°C for 4 h and the absorbance was measured
at 595 nm by spectrophotometry. The IC5, values were deter-
mined by non-linear regression analysis using GraphPad Prism
software (GraphPad, Inc., San Diego, CA).

Luciferase Reporter Assay

HEK 293T cells were transiently transfected with pNF-kB-Luc
and pRL-TK (Promega, Madison, WI) plasmids using Lipofecta-
mine 2000 for 4 h in a 96-well plate. Cells were then pre-
incubated with different concentrations of compounds for 1 h, and
subsequently activated with 25 ng/mL TNF-a for 18 h. Luciferase
activities were measured using the Dual-Luciferase Reporter Assay
kit.
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Western Blotting

Total cell lysates were prepared by direct lysis in 2 xLaemmli
buffer (0.125 M Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 10%
B-mercaptoethanol, and 0.004% bromophenol blue). Samples
were then fractionated in 12% acrylamide gel, transferred to a
PVDF membrane (Bio-Rad), and incubated with specific primary
antibodies followed by the corresponding peroxidase-conjugated
secondary antibodies. Proteins of interest were visualized by
chemiluminescent detection on an ImageQuant LAS mini4000
(GE Healthcare).

Immunofluorescence Staining

For p65 translocation experiment, HepG2 cells were grown on
chamber slides for 24 h and pre-incubated with TCN at 37°C for
1 h, followed by TNF-o stimulation for 20 min. For IKKp
phosphorylation detection, cells were pre-incubated with TCN at
37°C for 1 h followed by TNF-a stimulation for 10 min. Cells
were then fixed in phosphate buffered saline with 4% parafor-
maldehyde for 20 min, and subsequently permeabilized in
phosphate buffered saline with 0.1% Triton X-100. To observe
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Figure 3. TCN blocks TNF-a induced p65 nuclear translocation and the phosphorylation of IkBa. (A) HepG2 cells pretreated with 2.5 uM
TCN were stimulated with 25 ng/mL TNF-o for 20 min and processed for immunostaining with anti-p65 antibody. Nuclei of cells were stained with
DAPI (blue) and p65 was visualized by green fluorescence. (B) HEK293T cells were transiently transfected with pNF-kB-Luc and p65 expression
plasmids followed by pretreatment of 0.3 pM TCN and stimulation with 25 ng/mL TNF-o.. Reporter activity was then measured. (C) HepG2 cells
pretreated with TCN were collected after stimulation with 25 ng/mL TNF-o for 10 min. Cell lysates were then analyzed by western blot using
antibodies against phospho-lkBa, phospho-p65 and lkBa. Experiments were done independently in triplicate and the results are reported as means

and standard deviations. Statistical analysis was perform with Student’s t-test, *p<<0.05.

doi:10.1371/journal.pone.0071333.g003

the localization of p65 subunit, cells were incubated with anti-p65
antibody and corresponding FITC conjugated secondary antibody
before staining the nuclei with DAPIL For the IKKB phosphor-
ylation detection, cells were incubated with anti-phospho-IKKf
antibody and corresponding Alexa Fluor 546 secondary antibody.
Images were later observed using a fluorescence microscope
(Eclipse Ti, Nikon).

Cell Apoptosis Assay

Cell apoptosis was analyzed using the Annexin V-FITC/PI
Apoptosis kit (BD Biosciences, Franklin Lakes, NJ) according to
the manufacturer’s protocols. Cells were seeded in 6-well plates at
a density of 1.2x10° cells/well. After 24h of compound treatment
at the indicated concentrations, cells were collected and then
washed twice with cold PBS, and then resuspended in a binding
buffer containing Annexin V-FITC and propidium iodine (PI).
After incubation for 15 min at room temperature in the dark, the
fluorescent intensity was measured using a FACSCalibur flow
cytometer (BD Biosciences, Franklin Lakes, NJ).
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Cell Cycle Analysis

HepG2 cells (5x10°cells/well in 12-well plates) were incubated
with TCN for indicated time points (8, 16 and 24 h) and
concentrations (1.25, 2.5 and 5 pM). Cells were collected and
washed twice with PBS and were fixed with 70% ethanol
overnight. Fixed cells were washed with PBS, and then incubated
with 20 p. RNase A (1 mg/mL) for 30 min and stained with
propidium iodide (PI) solution (50 pg/mL final concentration) in
the dark for 1 h. Fluorescence intensity was analyzed by
FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes,
NJ). The percentages of the cells distributed in different phases of
the cell cycle were determined using Flow]Jo 7.6.1.

Overexpression of IKK CA

The construct driving the expression of a constitutively active
IKKp (S177E, S181E) (IKKB CA) was obtained from Addgene
(Catalog No.11105) [27]. HepG2 cells were transfected with the
plasmids using Lipofectamine 2000. Some 12 h after transfection,
cells were treated with TCN for additional 24 h.

August 2013 | Volume 8 | Issue 8 | e71333
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Figure 4. TCN inhibits the phosphorylation of IKKf. (A) IKKB phosphorylation was detected by phospho-IKKB antibody in HepG2 cells
stimulated with 25 ng/mL TNF-a for 10 min. Cells were fixed, permeabilized, and examined by fluorescence microscope. (B) Western blot analysis
showing the inhibition of IKKB phosphorylation in cells treated with 2.5 uM TCN. Cells were collected after stimulated with 25 ng/mL TNF-o for
10 min. (C) IKKB kinase activity was analyzed with recombinant IKKB using the Z'-LYTE™ kinase assay kit. Fluorescence was detected at 400 nm for
the excitation wavelengths and 445 nm and 520 nm for the emission wavelengths. Experiments were done independently in triplicate and the results

are reported as means and standard deviations.
doi:10.1371/journal.pone.0071333.9g004

RNA Interference

HepG2 cells were transiently transfected with a scrambled
control siRNA (5'-UUCUCCGAACGUGUCACGUTT -3') and
IKKB-siRNA (5'-GGUGGAAGAGGUGGUGAGCTT -3') [28],
respectively, at a concentration of 150 pmol/60 mm dish using
Lipofectamine 2000. The resulting tested compound was later
added to the transfected cells 48 h post-transfection.

IKKB Kinase Activity Assay

The IKKP kinase assay was performed with Z-LYTE™
Kinase Assay kit following the manufacturer’s protocols. In brief,
recombinant human IKKp proteins were incubated with the
kinase reaction mixture with increasing amounts of TCN or
staurosporine, a kinase inhibitor, for 1h. The reaction was then
stopped with the stop reagent and the fluorescence was detected
with excitation at 400 nm and emissions at 445 nm and 520 nm
using the EnVision Multimode Plate Reader.

Results

TCN Inhibits Cell Growth and Induces Apoptosis in NF-kB
Constitutively Activated Cancer Cells

We investigated the anticancer activity of TCN by MTT cell
viability assay in four cancer cell lines harboring constitutively
activated NF-xkB [29-32]. In all tested cell lines, TCN exhibited
obvious growth inhibition (Figure 1B). The ICs( values in HL-60,
HepG2, A549 and PANC-1 cells were 0.18, 0.82, 0.39, and
0.28 uM, respectively. Annexin V-FITC/PI staining was further
analyzed for cell apoptosis with flow cytometry. After treatment
with 5 uM TCN for 24 h, cell apoptosis in HL-60, HepG2, A549
and PANC-1 cells remarkably elevated to 61.13%, 44.03%,
34.93%, and 24.47%, respectively. Meanwhile, apoptosis in
human normal cell lines BEAS-2B, HK-2 and CCD-841-CoN
were not affected by TCN treatment, even at the highest
concentration 5 uM, suggesting TCN possesses selectivity against
cancer cells (Figure 1C). Western blot analysis also demonstrated
that TCN significantly induced the activation of caspase-8 and
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caspase-3, as well as the cleavage of PARP-1 in the four cancer cell
lines. The protein level of Bcl-2, a key regulator of the intrinsic
apoptotic pathway, was also down-regulated by TCN treatment.
Moreover, the level of survivin, an anti-apoptotic protein,
dramatically decreased in TCN treated cells, especially in HL-60
and HepG2 cells (Figure 1D).

TCN Inhibits NF-kxB Signaling and Induces Cell Cycle

Arrest at GO/G1

The effect of TCN on NF-xB signaling was tested in HEK 293T
cells transiently transfected with an NF-xB reporter (pNF-kB-
Luc).The reporter gene expression was clearly activated by TNF-
o,, which was efficiently inhibited by TCN (Figure 2A). To check
whether TCN inhibits the intrinsic NF-xB in cancer cells, we
studied the expression of NI-kB target genes in the four NI-xB
activated cancer cell lines treated with TCN. The protein levels of
p65, XIAP, cyclin D1, and Bcl-xLL were clearly down-regulated in
TCN treated cells (Figure 2B). Since Cyclin D1 is required for G1/
S cell cycle progression, we investigated the effect of TCN on the
cell cycle arrest. HepG2 cells were treated with 2.5 uM TCN.
Obvious GO/G1 cell cycle arrest was detected as early as 8h.
However, with prolong of the treatment, increase of cells of Sub-
G1 phase were observed, indicating cell apoptosis induced by
TCN (Figure 2C).

We further investigated the effects of trichothecolone, a
derivative of TCN, on cell growth and NF-xB activity.
Trichothecolone is another metabolite isolated from endophytic
tungus of Maytenus hookeri Loes., which shares the same parent
nucleus with TCN, with the notable exception of a different
substituent at 4-OH [24]. Like TCN, trichothecolone also
inhibited cell growth and NF-kB reporter activity (Figure S1),
but both activities are much weaker, suggesting that the substituent
at 4-OH of this class of compounds is critical for their biological
activities.
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Figure 5. TCN induced cancer cell apoptosis is mediated by inhibition of IKK phosphorylation. (A) HEK 293T cells were transiently
transfected with IKKB CA or empty vector for 12 h, then pretreated with 2.5 pM TCN and stimulated with 25 ng/mL TNF-o for 18 h. Cells subjected to
analysis of luciferase activity. (B) HepG2 cells were transiently transfected with IKKB CA or empty vector for 12 h, and then treated with 2.5 uM TCN
for 24 h. Cells subjected to apoptosis analysis. (C) HepG2 cells were transfected with IKK3 CA or empty vector for 12 h, and then treated with 2.5 uM
TCN for 24 h. Cells subjected to western blot analysis for the expression of indicated proteins. (D) HepG2 cells were transiently transfected with a
scrambled siRNA or IKKB-siRNA for 48 h, treated with 2.5 uM TCN for 24 h and subjected to apoptosis analysis. (E) HepG2 cells transiently transfected
with scrambled siRNA or IKKB-siRNA were treated with 2.5 uM TCN for 24 h. Cell lysates were collected and subjected to western blot analysis with
the specified antibodies. Experiments were done independently in triplicate and the results are reported as means and standard deviations. Statistical
analysis was perform with Student’s t-test, *p<<0.05.

doi:10.1371/journal.pone.0071333.g005

phosphorylation of IKKP in TNF-o treated HepG2 cells by
immunofluorescence and western blot analysis. We found that the
level of phosphorylated IKKp dramatically decreased following
TCN treatment, with the total IKKP protein level unaltered
(Figure 4A and B). To determine whether TCN interferes with the
IKKSP kinase activity directly, a kinase activity assay was carried
out using purified human IKKP recombinant protein using
staurosporine, a potent kinase inhibitor, as the positive control.
The result showed that TCN did not affect the kinase activity of
recombinant IKKf (Figure 4C). These data demonstrated that
TCN inhibits NF-kB signaling by suppressing the activation of
IKKSR via blocking its phosphorylation.

TCN Inhibits the Phosphorylation and Degradation of

IkBa and Blocks p65 Nuclear Translocation

We checked the effect of TCN on the nuclear translocation of
p65, one hallmark of the activation of NF-kB signaling. TNF-o
treatment induced the translocation of NF-kB from the cytoplasm
to the nucleus, and TCN significantly blocked the translocation
process in HepG2 cells (Figure 3A). Overexpression of p65
markedly reversed the inhibitory effect of TCN on the transcrip-
tion of the NF-kB reporter (Figure 3B). We then tested the effect of
TCN on IxBa phosphorylation and degradation. TCN inhibited
TNF-o induced IxBa phosphorylation in a dose-dependent
manner and markedly blocked the degradation of IxBa. More
poignantly, we found that TCN inhibited p65 phosphorylation at

Ser536 (Figure 3C), which contributes to the degradation of IkBae ~ TCN Induced Cancer Cell Apoptosis is Mediated by

and the activation of NF-kB signaling [33,34].

TCN Inhibits the Phosphorylation of IKK( Induced by
TNF-a

As IkBo and p65 are both substrates of IKKp kinase, which is
activated by undergoing phosphorylation (Ser 177 and Ser 181)
and subsequently phosphorylates IxkBow [35,36], we checked the
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Inhibition of IKKB Phosphorylation

TCN induced cell death was investigated in cells overexpressing
constitutively active (CA) form of IKKB [27,28]. As shown in
Figure 5A, overexpression of IKKB CA in HepG2 cells sufficiently
activated NF-kB signaling in luciferase activity assay. TCN
treatment antagonized with TNF-o in activation of NF-xB
signaling, whereas IKKB CA transfection efficiently reversed the
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inhibitory effect of TCN. Consistently, overexpression of IKKf
CA aborted the TCN induced cell apoptosis in HepG2 cells
(Figure 5B). Meanwhile, western blot analysis showed the
deactivation of caspase-3, PARP-1 and upregulation of survivin
by IKKB CA (Figure 5C).

Next, we checked the effect of IKKB knockdown on the
apoptotic activity of TCN. Compared with treatment with TCN
alone, knockdown of IKKf with siRNA sensitized HepG2 cells to
TCN-induced apoptosis, with the apoptotic ratio increasing to
43.11% (18.17% in TCN treatment alone) (Figure 5D). As shown
in Figure 5E, the expression of IKKf in HepG2 was partly
decreased by the treatment of IKK siRNA. Consistent with the
increased cell apoptosis induction, down-regulation of the anti-
apoptotic proteins (survivin, XIAP and Bcl-2) by TCN was
enhanced in IKK knockdown cells, and the cleavage of caspase-3
was increased as well (Figure 5E). Meanwhile, transfection with a
control scrambled siRNA had no effect on the response of HepG2
cells to TCN treatment (Figure 5D, 5E).

Discussion

Given the connection between NF-kB and cancer, the
development of NF-kB inhibitor holds great potential in
suppressing certain types of cancer proliferation as well as
improving existing cancer therapies. Over the past few decades,
a diverse variety of natural and synthetic compounds have been
found capable of suppressing NF-kB signaling, but through a
variety of different mechanisms. PS-341, a proteasome inhibitor,
has been a first-line drug used in treating multiple myeloma for
over a decade, which works by inhibiting intrinsic NF-kB activity
by blocking IkBa degradation [37]. Meanwhile, Eriocalyxin B, an
ent-Kauranoid isolated from Isodon eriocalyx, inhibits NF-xB
activation by interfering with the binding of both p65 and p50
to the response element [38].

IKKSp plays central role in the activation of both canonical and
non-canonical NF-xB signaling pathway. Upon activation, NF-xB
signaling leads to auto-polyubiquitination of tumor necrosis factor
receptor associated factor 6 (TRAF6). The ubiquitinated TRAF6
then recruits the transforming growth factor-B-activated kinase 1
(TAK1) and the IxB kinase IKK) complex, which consists of two
catalytic subunits, IKK1 (IKKeo) and IKK2 (IKKP), and a
regulatory subunit, NEMO (NF-xB essential modulator, IKKY), so
that TAK1 can phosphorylate and activate IKKf. The auto-
phosphorylation also was reported to be involved in the activation
of IKKpB [39,40]. Due to frequently observed role that the
activation of IKKP plays in cancer generation, proliferation and
metastasis, IKKp has been considered a promising drug target for
cancer treatments [41,42]. An FDA approved orphan drug to treat
pancreatic cancer, CDDO-Me, also known as RTA 402, blocks
the NF-kB pathway through direct inhibition of IKKf on Cys-179
[43].

In the current study, we described TCN, a potent NF-xB
inhibitor, blocked IKK activation by suppressing its phosphor-
ylation and subsequently inhibited the expression of the target
genes of NF-kB signaling pathway, including XIAP, cyclin D1 and
Bel-xL,, which regulate cell survival and cell proliferation. As a
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Figure S1 Bio-activities of compounds isolated from
endophytic fungus LZ93 of Maytenus hookeri Loes. (A)
Chemical structures of 6B-hydroxyrosenonolactone (6p-HRL),
trichothecolone, roseocardin and roseotoxin B. (B) Cytotoxic
effects induced by trichothecin, trichothecolone, 6B-hydroxyrose-
nonolactone, roseocardin and roseotoxin B at 40 uM in HL-60,
HepG2, A549 and PANC-1 cells after 48 h treatment. (C) Effect of
trichothecin, trichothecolone, 6B-hydroxyrosenonolactone, roseo-
cardin and roseotoxin B on TNF-a-induced NF-xB activation.
HEK 29371 cells were transiently transfected with pNF-xkB-Luc
and pRL-TK plasmids followed by pretreatment with DMSO, or
0.3, 0.6, 1.25 uM TCN, or successive concentrations of 2.5, 5,
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din or roseotoxin B for 1 h before 25 ng/mL TNF-a stimulation
for 18 h. Progressively darker shading of each bar indicates higher
concentrations.
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Figure S2 Schematic diagram of TCN inhibition of IKKf
and the NF-kB pathway. Upon stimulated by TNI-a, a panel
of kinases will undergo ubiquitination and phosphorylation, which
results in activation of NF-«xB via IKK medicated degradation of
IkBa and translocation of p65. TCN inhibits the phosphorylation
of IKKP, which in turn results in apoptosis and growth inhibition
in cancer cells.

(TTF)

Author Contributions

Conceived and designed the experiments: YL. Performed the experiments:
JS LK. Analyzed the data: JS PZ YL. Contributed reagents/materials/
analysis tools: XL JY YZ. Wrote the paper: JS YL.

4. Naugler WE, Karin M (2008) NF-kappaB and cancer-identifying targets and
mechanisms. Curr Opin Genet Dev 18: 19-26.

5. Annunziata CM, Davis RE, Demchenko Y, Bellamy W, Gabrea A, et al. (2007)
Frequent engagement of the classical and alternative NF-kappaB pathways by
diverse genetic abnormalities in multiple myeloma. Cancer Cell 12: 115-130.

August 2013 | Volume 8 | Issue 8 | e71333



22.

23.

24.

26.

Bollrath J, Greten FR (2009) IKK/NF-kappaB and STAT3 pathways: central
signalling hubs in inflammation-mediated tumour promotion and metastasis.
EMBO Rep 10: 1314-1319.

Keats JJ, Fonseca R, Chesi M, Schop R, Baker A, et al. (2007) Promiscuous
mutations activate the noncanonical NF-kappaB pathway in multiple myeloma.
Cancer Cell 12: 131-144.

Orlowski RZ, Baldwin AS, Jr. (2002) NF-kappaB as a therapeutic target in
cancer. Trends Mol Med 8: 385-389.

Richmond A (2002) Nf-kappa B, chemokine gene transcription and tumour
growth. Nat Rev Immunol 2: 664-674.

Bharti AC, Donato N, Singh S, Aggarwal BB (2003) Curcumin (diferuloyl-
methane) down-regulates the constitutive activation of nuclear factor-kappa B
and IkappaBalpha kinase in human multiple myeloma cells, leading to
suppression of proliferation and induction of apoptosis. Blood 101: 1053-1062.

. DaiY, Pei XY, Rahmani M, Conrad DH, Dent P, et al. (2004) Interruption of

the NF-kappaB pathway by Bay 11-7082 promotes UCN-01-mediated
mitochondrial dysfunction and apoptosis in human multiple myeloma cells.

Blood 103: 2761-2770.

. Mitsiades N, Mitsiades CS, Poulaki V, Chauhan D, Richardson PG, et al. (2002)

Biologic sequelae of nuclear factor-kappaB blockade in multiple myeloma:
therapeutic applications. Blood 99: 4079-4086.

Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, et al. (2004) IKKbeta
links inflammation and tumorigenesis in a mouse model of colitis-associated
cancer. Cell 118: 285-296.

Garkavtsev I, Kozin SV, Chernova O, Xu L, Winkler F, et al. (2004) The
candidate tumour suppressor protein ING4 regulates brain tumour growth and
angiogenesis. Nature 428: 328-332.

. Chawla-Sarkar M, Bauer JA, Lupica JA, Morrison BH, Tang Z, et al. (2003)

Suppression of NF-kappa B survival signaling by nitrosylcobalamin sensitizes
neoplasms to the anti-tumor effects of Apo2L./ TRAIL. J Biol Chem 278: 39461~
39469.

Mabuchi S, Ohmichi M, Nishio Y, Hayasaka T, Kimura A, et al. (2004)
Inhibition of inhibitor of nuclear factor-kappaB phosphorylation increases the
efficacy of paclitaxel in in vitro and in vivo ovarian cancer models. Clin Cancer

Res 10: 7645-7654.

. Bernal-Mizrachi L, Lovly CM, Ratner L (2006) The role of NF-{kappa}B-1 and

NF-{kappa} B-2-mediated resistance to apoptosis in lymphomas. Proc Natl Acad
Sci U S A 103: 9220-9225.

Gilroy DW, Lawrence T, Perretti M, Rossi AG (2004) Inflammatory resolution:
new opportunities for drug discovery. Nat Rev Drug Discov 3: 401-416.
DiDonato JA, Mercurio F, Karin M (2012) NF-kappaB and the link between

inflammation and cancer. Immunol Rev 246: 379-400.

. Kupchan SM, Komoda Y, Court WA, Thomas GJ, Smith RM, et al. (1972)

Maytansine, a novel antileukemic ansa macrolide from Maytenus ovatus. J] Am
Chem Soc 94: 1354-1356.

. Remillard S, Rebhun LI, Howie GA, Kupchan SM (1975) Antimitotic activity of

the potent tumor inhibitor maytansine. Science 189: 1002-1005.

Boyraz B, Sendur MA, Aksoy S, Babacan T, Roach EC, et al. (2013)
Trastuzumab emtansine (T-DMI) for HER2-positive breast cancer. Curr Med
Res Opin.

Konishi K, Tida A, Kaneko M, Tomioka K, Tokuda H, et al. (2003) Cancer
preventive potential of trichothecenes from Trichothecium roseum. Bioorg Med
Chem 11: 2511-2518.

Zhang X, Li G, Ma J, Zeng Y, Ma W, et al. (2010) Endophytic fungus
Trichothecium roseum LZ93 antagonizing pathogenic fungi in vitro and its
secondary metabolites. ] Microbiol 48: 784-790.

. Du RH, Cui JT, Wang T, Zhang AH, Tan RX (2012) Trichothecin induces

apoptosis of HepG2 cells via caspase-9 mediated activation of the mitochondrial
death pathway. Toxicon 59: 143-150.
Wang W, Liu H, Wang S, Hao X, Li L (2011) A diterpenoid derivative 15-
oxospiramilactone inhibits Wnt/beta-catenin signaling and colon cancer cell
tumorigenesis. Cell Res 21: 730-740.

PLOS ONE | www.plosone.org

27.

29.

30.

31.

32.

36.

37.

38.

40.

41.

42,

43.

44,

46.

Trichothecin Is a Novel Inhibitor of IKKB

Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, et al. (1997) IKK-
1 and IKK-2: cytokine-activated lkappaB kinases essential for NF-kappaB
activation. Science 278: 860-866.

. Monks NR, Pardee AB (2006) Targeting the NF-kappa B pathway in estrogen

receptor negative MDA-MB-231 breast cancer cells using small inhibitory
RNAs. J Cell Biochem 98: 221-233.

Bracuer SJ, Buneker C, Mohr A, Zwacka RM (2006) Constitutively activated
nuclear factor-kappaB, but not induced NF-kappaB, leads to TRAIL resistance
by up-regulation of X-linked inhibitor of apoptosis protein in human cancer
cells. Mol Cancer Res 4: 715-728.

Han SS, Kim K, Hahm ER, Park CH, Kimler BF, et al. (2005) Arsenic trioxide
represses constitutive activation of NF-kappaB and COX-2 expression in human
acute myeloid leukemia, HL-60. J Cell Biochem 94: 695-707.

Wu JM, Sheng H, Saxena R, Skill NJ, Bhat-Nakshatri P, et al. (2009) NF-
kappaB inhibition in human hepatocellular carcinoma and its potential as
adjunct to sorafenib based therapy. Cancer Lett 278: 145-155.

Mijatovic T, Op De Beeck A, Van Quaquebeke E, Dewelle J, Darro F, et al.
(2006) The cardenolide UNBS1450 is able to deactivate nuclear factor kappaB-
mediated cytoprotective effects in human non-small cell lung cancer cells. Mol
Cancer Ther 5: 391-399.

Hu J, Haseebuddin M, Young M, Colburn NH (2005) Suppression of p65
phosphorylation coincides with inhibition of IkappaBalpha polyubiquitination
and degradation. Mol Carcinog 44: 274-284.

. Mandrekar P, Jeliazkova V, Catalano D, Szabo G (2007) Acute alcohol exposure

exerts anti-inflammatory effects by inhibiting IkappaB kinase activity and p65
phosphorylation in human monocytes. J Immunol 178: 7686-7693.

Sakurai H, Suzuki S, Kawasaki N, Nakano H, Okazaki T, et al. (2003) Tumor
necrosis factor-alpha-induced IKK phosphorylation of NF-kappaB p65 on serine
536 is mediated through the TRAF2, TRAF5, and TAKI signaling pathway.
J Biol Chem 278: 36916-36923.

Hayden MS, Ghosh S (2012) NF-kappaB, the first quarter-century: remarkable
progress and outstanding questions. Genes Dev 26: 203-234.

Twombly R (2003) First proteasome inhibitor approved for multiple myeloma.
J Natl Cancer Inst 95: 845.

Leung CH, Grill SP, Lam W, Gao W, Sun HD, et al. (2006) Eriocalyxin B
inhibits nuclear factor-kappaB activation by interfering with the binding of both
p65 and p50 to the response element in a noncompetitive manner. Mol
Pharmacol 70: 1946-1955.

. Delhase M, Hayakawa M, Chen Y, Karin M (1999) Positive and negative

regulation of IkappaB kinase activity through IKKbeta subunit phosphorylation.
Science 284: 309-313.

Park B, Sung B, Yadav VR, Chaturvedi MM, Aggarwal BB (2011) Triptolide,
histone acetyltransferase inhibitor, suppresses growth and chemosensitizes
leukemic cells through inhibition of gene expression regulated by TNF-
TNFR1-TRADD-TRAF2-NIK-TAKI-IKK pathway. Biochem Pharmacol 82:
1134-1144.

Grivennikov S, Karin E, Terzic J, Mucida D, Yu GY, et al. (2009) IL-6 and
Stat3 are required for survival of intestinal epithelial cells and development of
colitis-associated cancer. Cancer Cell 15: 103-113.

Maeda S, Kamata H, Luo JL, Leffert H, Karin M (2005) IKKbeta couples
hepatocyte death to cytokine-driven compensatory proliferation that promotes
chemical hepatocarcinogenesis. Cell 121: 977-990.

Ahmad R, Raina D, Meyer C, Kharbanda S, Kufe D (2006) Triterpenoid
CDDO-Me blocks the NF-kappaB pathway by direct inhibition of IKKbeta on
Clys-179. ] Biol Chem 281: 35764-35769.

Kharwar RN, Mishra A, Gond SK, Stierle A, Stierle D (2011) Anticancer
compounds derived from fungal endophytes: their importance and future
challenges. Nat Prod Rep 28: 1208-1228.

. Verma VC, Kharwar RN, Strobel GA (2009) Chemical and functional diversity

of natural products from plant associated endophytic fungi. Nat Prod Commun
4:1511-1532.

Stierle A, Strobel G, Stierle D (1993) Taxol and taxane production by
Taxomyces andreanae, an endophytic fungus of Pacific yew. Science 260: 214—

216.

August 2013 | Volume 8 | Issue 8 | e71333



