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a b s t r a c t

We have previously shown that the natural diterpenoid derivative S3 induced Bim upregulation and
apoptosis in a Bax/Bak-independent manner. However, the exact molecular target(s) of S3 and the
mechanism controlling Bim upregulation are still not clear. Here, we identify that S3 targets the
selenoproteins TrxR1 and TrxR2 at the selenocysteine residue of the reactive center of the enzymes and
inhibits their antioxidant activities. Consequently, cellular ROS is elevated, leading to the activation of
FOXO3a, which contributes to Bim upregulation in Bax/Bak-deficient cells. Moreover, S3 retards tumor
growth in subcutaneous xenograft tumors by inhibiting TrxR activity in vivo. Our studies delineate the
signaling pathway controlling Bim upregulation, which results in Bax/Bak-independent apoptosis and
provide evidence that the compounds can act as anticancer agents based on mammalian TrxRs inhibition.

Crown Copyright & 2013 Published by Elsevier Inc. All rights reserved.
Introduction

Redox homeostasis is crucial for cellular viability and function
[1–4], the balance of which is maintained by two major cellular
antioxidant systems, the glutathione system and the thioredoxin
(Trx) system [5]. The Trx system, which consists of thioredoxin,
thioredoxin reductase (TrxR), and nicotinamide adenine dinucleo-
tide phosphate (NADPH), plays important roles in antioxidant
defense and redox-regulated signal transduction for cell growth
and apoptosis [6–9]. Three TrxRs, cytosolic TrxR1, mitochondrial
TrxR2, and testis-specific TrxR3, have been identified in mamma-
lian cells [10–13]. TrxRs are essential mammalian selenoproteins
that act as homodimers to catalyze NADPH-dependent reduction
of Trx and other small molecular oxidants [14,15]. The fully
oxidized enzyme accepts electrons from NADPH by reducing the
13 Published by Elsevier Inc. All r

ptosis signal-regulating Ćki-
o's modified Eagle's medium;
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lium bromide; NAC, N-
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bound flavin adenine dinucleotide (FAD) to flavin adenine dinu-
cleotide reduced (FADH2), which passes the reducing equivalents
to the N-terminal redox-active center in one subunit. This reduced
N-terminal redox center transfers two electrons to the C-terminal
redox-active selenocysteine (Sec) site in another subunit to gen-
erate the active enzyme [16–18]. The conserved Sec is essentially
involved in the catalytic cycle of TrxR and is able to easily interact
with its substrates and inhibitors according to the low pKa (5.3)
value of Selenol [16,17,19].

Both Trx and TrxR have important functions in the neoplastic
growth of cancer cells and are key components of the resistant
phenotype [20]. TrxR and components of Trx systems function as
signaling factors that use critical cysteine motif(s) to act as redox-
sensitive “sulfhydryl switches.” These switches reversibly modu-
late specific signal transduction cascades, which regulate down-
stream proteins with similar redox-sensitive sites [21,22], and they
are able to maintain critical cysteine residues present in transcrip-
tion factors in a reduced state, which allows DNA binding. These
transcription factors include nuclear transcription factor κ (NF-κB),
the tumor suppressor p53 [23], the glucocorticoid receptor [24],
hypoxia-inducible factor 1α (HIF-1α) [25,26], and the activator
protein-1 (AP1) protein complex [21]. Both cytosolic and mito-
chondrial TrxR genes are essential for embryonic development,
and knocked out these genes result in embryonic lethality [27–29].
Trx and TrxR have also been reported to be highly expressed in a
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variety of cancers, including lung, colorectal, and pancreatic cancer
[30–32], and increased expression of TrxR has been correlated
with aggressive tumor growth, multiple drug resistance, poorer
prognosis, and decreased patient survival [30,33]. Therefore,
inhibition of TrxRs has been regarded as an important strategy
for anticancer therapy [34,35]. This inhibition leads to p53-
dependent cell cycle arrest or apoptosis [36] or Trx-dependent
activation of apoptosis signal-regulating kinase 1 (ASK1) [37].
Alternatively, inhibition of TrxR hinders electron flux through
the Trx system to change the redox conditions of cells, leading to
the alteration of cellular signaling systems, and triggers apoptosis
and necrosis due to reactive oxygen species (ROS) accumulation
[38,39].

After exposing to apoptosis stress, the Bcl-2 family protein Bax
and Bak induce the mitochondrial outer membrane permeabiliza-
tion (MOMP) for the release of cytochrome c and lead the cells to
undergo programmed cell death. Bax and Bak share a redundant
function to initiate apoptosis in response to damaged cells or
disorganized proliferation, especially in tumorigenesis [40,41].
However, in many kinds of tumors, the functions of Bax and Bak
are downregulated through different ways. For example, Bax
mutation has been identified in human leukemia, colorectal
cancer, and gastrointestinal cancer [42,43]. Bak expression has
also been abolished in skin cancer and gastric and colorectal
cancers [44]. Therefore, innovative and specific approaches to
overcome survival of the tumor cells in the absence of Bax and
Bak function are urgently required. We previously found that
natural diterpenoid derivative, 15-oxospiramilactone (hereafter
named S3), induces Bax/Bak-independent apoptosis through the
upregulation of a Bcl-2-interacting mediator of cell death (Bim),
which interacts with Bcl-2 to permeabilize the mitochondrial
outer membrane for cytochrome c release and apoptosis [45]. In
an effort to understand the molecular targets of the compounds
involved in the upregulation of Bim, we took a chemical biology
approach and identified that S3 could target TrxR1 and TrxR2 and
inhibited their antioxidant activities. Elucidation of the molecular
signaling pathway controlling Bim upregulation by a small natural
compound may hold promise for therapeutic applications of
anticancer agents.
Materials and methods

Cell lines and reagents

SV40 T antigen-immortalized bax-/-/bak-/- mouse embryonic
fibroblast (MEF) cells and HCT116 bax-/- cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) medium supple-
mented with 10% fetal bovine serum (FBS) (Hyclone) and 1%
penicillin–streptomycin at 371C and 5% CO2. Antibodies against
the following proteins were used: β-actin (A5441, Sigma), TrxR1
(ab16840, abcam), c-Myc and TrxR2 (Sc-40, Sc-46279, Santa Cruz),
Bim (C3405, CST), FOXO3a (2497, CST), p-FOXO3a (9465, CST), and
Biotin (D5A7, CST). Commercial rat liver TrxR was purchased from
Sigma (T9698). Other chemicals were purchased from Sigma
unless otherwise specified.

TrxR1 and TrxR2 plasmid construction and protein purification

Full-length human TrxR1 (NM_001093771.2) and TrxR2
(NM_006440.3) and mouse TrxR1 (NM_001042513.1) and TrxR2
(NM_013711.3) cDNAs were amplified by PCR and cloned into the
pcDNA4TO-myc vector. Mouse TrxR1 (Sec498A) and TrxR2
(Sec498A) site-directed mutant constructs were made using the
site-directed mutagenesis kit. TrxR1 (Sec498C; Sec498A) and
TrxR2 (Sec498C; Sec498A) were digested from the pcDNA4TO
vector with EcoRI and XhoI, and the fragments were then ligated
into pGEX-4 T-1 vectors and expressed in E. coli BL21 cells. Protein
expression was induced by adding 0.3 mM isopropyl β-D-1-thio-
galactopyranoside (IPTG) and purified by glutathione-Sepharose
columns (Roche). The purity of the proteins was assessed by SDS-
PAGE followed by Coomassie brilliant blue (CBB) staining [46].

Detection of apoptotic activities

Cells were treated with 10 μM S3 or S1 (Fig. S1A and B) for the
indicated time periods, and apoptosis was measured using the
Annexin V detection kit according to the manufacturer's instruc-
tions. Flow cytometric analysis was performed to monitor the
green fluorescence of FITC-conjugated Annexin V and the red
fluorescence of DNA-bound propidium iodide (PI). All data were
analyzed with Cell Quest software (BD).

Determination of TrxR activity in vivo and in vitro

For in vivo TrxR activity, bax-/-/bak-/- MEFs were incubated with
different concentrations (5, 10, and 20 μM) of S3 or S1 for 12 and
24 h. The control group contained the same amount of DMSO (1%,
v/v). Next, the cells were washed with phosphate-buffered saline
once and lysed with cell lysis buffer (0.5% NP-40, 150 mM NaCl,
and 1 mM EDTA in TE buffer) with a protease inhibitor cocktail
(Roche). The activity of TrxR in the cell extracts was determined as
previously described [22].

For in vitro TrxR activity, commercial purified rat liver TrxR
(Sigma) was first reduced by incubation with excess NADPH at
room temperature for 5 min in buffer containing 50 mM Tris-Cl
and 1 mM EDTA (pH 7.5). Next, appropriate amounts of S3 were
added, followed by incubation at room temperature for the
appropriate time. The control group contained the same amount
of DMSO, and equal amounts of TrxR were subjected to the
dithiobisnitrobenzoic acid (DTNB) assay as described above.

Binding kinetics of TrxR and Biotin–S3

Commercial rat liver TrxR1 (Sigma) was incubated with 40 μM
Biotin–S3 for different time periods, and the covalently linked
TrxR–Biotin–S3 complexes [TrxR–S3] were analyzed by SDS gel and
subsequent Western blotting with anti-Biotin antibody. The pro-
tein bands on the gels were quantified by densitometry. Gel
photographic images were processed using Image-J software.

The reaction rate constant of kobs follows as the equations
according to reference [47,48]:

TrxR þ S3-TrxR–S3

½TrxR�t ¼ ½TrxR�0nE–kobsnt ð1Þ

½TrxR–S3� ¼ ½TrxR�0–½TrxR�t ¼ ½TrxR�0nð1–E−kobsntÞ; ð2Þ
where [TrxR–S3] is the complex of TrxR with S3, [TrxR]0 is the total
concentration, and [TrxR]t is TrxR concentration at time t.

Subcutaneous tumor implantation model

E1A/K-Ras-transformed bax-/-/bak-/-MEFs and HCT116 bax-/-

cells were harvested by centrifugation and suspended in PBS. A
tumor cell suspension (5�105 bax-/-/bak-/-MEFs or 3�106 HCT116
bax-/- cells in 100 μl PBS, respectively) was injected into the
underarm of 4- to 5-week-old nude BALB/c mice, and then the
mice were separated into three groups (6 mouse/group). Seven
days after implantation, animals were intraperitoneally treated
with S3 (30 mg/kg/day) or S1 (30 mg/kg/day) or vehicle control
(50% (v/v) propylene glycol in 1.8% NaCl) every 3 days for 3 weeks.
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All three groups of mice were sacrificed at the end of treatment
and tumors were excised. The length (a) and width (b) of the
tumor were measured using a slide gauge. Tumor sizes (V) were
calculated according to the formula: V¼anb2/2. Mice were main-
tained under specific pathogen-free (SPF) conditions, and all
studies were approved by Animal Care and conformed to legal
mandates and national guidelines.
ROS production determination

To detect ROS, growing (5�105 cells/ml) bax-/-/bak-/- MEFs
were incubated with S3 and S1 for the indicated times. Next, the
cells were harvested, washed with PBS, and incubated with
carboxy-2-7-dichlorodihydrofluorescein diacetate (H2DCFDA) at
37 1C for 5 min. Green fluorescence intensity in the cells
was examined by FACS (BD, USA) with excitation at 488 nm. PI
(10 mg/ml) was added 1 min before flow cytometry. To validate
the data, 0.1 mM H2O2 was added 0.5 h before staining (not
shown). The data were analyzed with Cell Quest software (BD)
using the cell population from which apoptotic cells were gated
out against PI positivity.
Fig. 1. S3 directly targets TrxR1 and TrxR2. (A) Biotin or Biotinylated-S3 was incubated w
was added into the lysates to isolate Biotinylated-S3 binding proteins. The eluted protei
spectrometry analysis was performed, and TrxR proteins were detected by Western blott
or Biotin in the absence or presence of a 1- or 5-fold excess of unlabeled S3, followed by
and detected by Western blotting for TrxR1 or TrxR2 antibody as indicated. (D) Recom
presence of a 10-fold excess of unlabeled S3 or S1 for 30 min, and SDS-PAGE analyzed by
of TrxR with Biotin–S3 at different times as described under Materials and methods. (F)
Biotin–S3 for 2 h and stained with anti-Biotin, anti-myc primary antibody, and Cy3-
independent experiments.
Pull-down and mass spectrometric analysis of S3-bound proteins

bax-/-/bak-/- MEFs were harvested and lysed in NP-40 lysis buffer,
and then the cell lysates were incubated with Biotin or Biotin–S3
overnight at 4 1C. Proteins were bound to streptavidin agarose beads
(Thermo) following the manufacturer's instructions. The beads were
boiled with SDS loading buffer and subjected to SDS-PAGE and
visualized by Coomassie brilliant blue (G250). The protein-containing
bands in the gel were excised, followed by in-gel digestion and
analysis by LC-MS/MS. Also, the proteins pulled downwere confirmed
by Western blotting with TrxR1 or TrxR2 antibody, respectively.
RNA interference

Pairs of complementary oligonucleotides against TrxR1 and
TrxR2 were synthesized by Invitrogen (Shanghai), annealed, and
inserted between the BamHI and HindIII sites of the pSilence2.1
hygro vector. The DNA sequence for mouse TrxR1shRNA was
5′-gatccgtcactttcaagctgtctaattcaagagattagacagcttgaaagtgagattttttg-
gaaa-3′ and was 5′-gatccagcagagctttgatctcttctcaagagaaagagat-
caaagctctgctgcttttttggaaa-3′ for TrxR2 shRNA. The resulting
ith bax-/-/bak-/- MEF cell lysates overnight at 4 1C, and then the streptavidin agarose
ns were analyzed by SDS-PAGE and CBB staining. Bands of interest were cut, mass
ing as indicated in B. (C) bax-/-/bak-/- MEF cell lysates were incubated with Biotin–S3
pull-down with streptavidin-agarose. The precipitates were resolved by SDS-PAGE
binant mouse liver TrxR protein was incubated with Biotin–S3 in the absence or
anti-TrxR1 or anti-Biotin antibody, respectively. (E) The determination of interaction
Confocal microscopy images of the bax-/-/bak-/- MEFs that were treated with 10 μM
or FITC-conjugated secondary antibodies. The data are representative of three
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plasmids (1.5 μg) were individually transfected into bax-/-/bak-/-

MEFs using polyethyleneimine (PEI). Transfectants were selected
in culture medium containing 100 μg/ml hygromycin.

Double TrxR1/TrxR2 knocked down cells were acquired by
transfection of the TrxR2 siRNA into the stable knocked down
TrxR1 by shRNA.

Immunofluorescence assay

Bax-/-/bak-/-MEFs transfected with myc-TrxR1 or myc-TrxR2
grown on coverslips were treated with 10 μM Biotin–S3 for 2 h
and washed with phosphate-buffered saline (PBS) and fixed in 4%
formaldehyde in DMEM for 30 min at 37 1C. Fixed cells were
permeabilized with 0.2% Triton X-100 in PBS for 5 min on ice
and blocked with 3% BSA in PBS for 1 h. Next, the cells were
stained with primary antibodies (anti-Myc, anti-Biotin) overnight
at 4 1C followed by incubation with fluorescent conjugated sec-
ondary antibodies. Unbound antibody was removed with PBS, and
the cells were imaged using a Zeiss fluorescence microscope.

Statistical analysis

Data are expressed as mean7standard error of the mean
(SEM). Significant differences between values under different
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experimental conditions were determined using the paired or
unpaired Student t test with repeated measurements, and Po0.05
was considered statistically significant.
Results

S3 directly targets TrxR1 and TrxR2

In our previous study, we found that the natural diterpenoid
derivative S3 could induce apoptosis in Bax/Bak double knockout
MEFs (bax-/-/bak-/-) and upregulated Bim expression [45]. All of
these observations prompted us to identify the potential targets of
S3 that are responsible for its apoptosis inducing action. For this
purpose, synthetic derivatives of natural products have been
shown to be useful chemical probes. Thus, Biotin-tagged S3
(hereafter named Biotin–S3) was synthesized on the basis of a
structure–activity relationship. Next, Biotin–S3 and free Biotin
were incubated with bax-/-/bak-/- MEFs cell lysates, and the bound
proteins were precipitated with streptavidin-coated agarose
beads, followed by gel electrophoresis and mass spectrometric
analysis. The results identify that one of the bands at 55 kDa
contains TrxR1 (Fig. 1A), which is selenoprotein that localizes in
cytoplasm and has high homology with mitochondrial TrxR2.
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mean value of at least three separate experiments, and statistical significance was
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Thus, we further blotted the precipitates with antibodies
against TrxR1, TrxR2. As shown in Fig. 1B, bax-/-/bak-/- MEF cells
expressed two TrxR isoforms (TrxR1, TrxR2), and Biotin–S3
effectively pulled down these proteins (Fig. 1B). The binding
was competed away by high concentrations of unlabeled S3,
indicating that the protein that bound Biotin–S3 also bound S3
(Fig. 1C). Biotin–S3 also effectively bound commercial rat liver
TrxR1 in vitro, and this binding was competitively inhibited by
higher concentrations of unlabeled S3 (Fig. 1D). S1, an analogue
(supplementary Fig. 1) that fails to induce Bim upregulation and
apoptosis, does not block Biotin–S3 binding to TrxR1 (Fig. 1D).
Next, we detected the binding kinetic characteristics between
TrxR1 and Biotin–S3 at indicated times, and the results showed
a time-dependent manner that is consistent with an irrever-
sible mechanism of binding [49]. Furthermore, the rate con-
stant for binding (Kobs) was calculated to be approximately
0.0302 according to the formula used, indicating a high affinity
for their interaction (Fig. 1E). Immunofluorescence staining
results also demonstrated that Biotin–S3 is cell permeable and
is present in the cytoplasm with TrxR1, and it was slightly
enriched in mitochondria where TrxR2 is expressed in bax-/-/
bak-/- MEFs (Fig. 1F, supplementary Fig. 2). Collectively, these
results revealed that TrxR1 and TrxR2 are potential targets
of S3.
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S3 targets the selenocysteine of TrxR and inhibits its catalytic activity

To understand the biological significance of the interaction
between S3 and TrxR1/2, we examined whether S3 inhibits TrxR
activity in bax-/-/bak-/- MEFs. After treatment of bax-/-/bak-/- MEFs
with S3 at the indicated concentration for 12 and 24 h, TrxR
activity was significantly reduced, while S1 had no such effect
(Fig. 2A). The IC50 value of S3 was approximately 6.0 μM for 24 h
(Fig. 2A). We also examined whether S3 also inhibited the activity
of glutathione reductases (GRs), which are structurally and
mechanistically related to TrxR but do not have Sec in the
reactive center. We found that TrxR, but not GR, was efficiently
inhibited by S3 (Fig. 2B). To further confirm the specific inhibitory
effects of S3 on TrxR, we next examined the inhibitory effect of S3
on commercial TrxR1 from rat liver in vitro and found that S3 but
not S1 inhibited TrxR activity in a time- and dose-dependent
manner (Fig. 2C, supplementary Fig. 3). These results demon-
strated that S3 could specifically inhibit TrxR activity in vivo and
in vitro.

S3 has a α,β-unsaturated ketone at C15 position which was
called “Michael reaction acceptor,” while there is a hydroxyl group
at the same position for S1, thus S3 has far more reactivity
with selenyl than S1. This prompted us to investigate whether S3
may directly interact with the Sec site of TrxR. Mammalian TrxR1
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has two redox-active sites; one is located at the N-terminus
(Cys59/Cys64) and the other at the C-terminus (Cys497/Sec498)
[16,19]. Therefore, in principle, blocking either the N-terminal or
the C-terminal active site could lead to inactivation of the enzyme.
We studied the inhibitory properties of S3 on two mouse TrxR1
(mTrxR1) mutants in comparison to wild-type TrxR1 to character-
ize the inhibitory specificity of S3 and to determine its target site.
We designed two mTrxR1 mutant recombinant enzymes -TrxR1
(Sec498Cys) and TrxR1 (Sec498A). In the case of the mTrxR1
Sec498 Cys mutant, only very high concentrations of S3 (about
100 μM incubated for 30 min) inhibited the DTNB reduction
activity of this protein. This indicated that the mTrxR1 (Sec498Cys)
mutant was much less sensitive to S3 compared to the wild-type
mTrxR1 (Fig. 2D) and implied that the Sec residue is important for
the inhibitory mechanism of S3 on mammalian wild-type TrxR1.
The TrxR1 (Sec498A) mutant lacks C-terminal catalytic activity
but can reduce DTNB via the intact N-terminal active site [50],
proving that the N-terminal active site is not involved in the
inhibitory mechanism of S3 on TrxR1 (Fig. 2D). Pull-down assay
further revealed that only wild-type TrxR has the strongest
interaction with Biotin–S3 compared to the TrxR1 (Sec498Cys)
mutant; however, TrxR1 (Sec498A) failed to interact with S3
(Fig. 2E). Similar results were found with TrxR2 (Fig. 2E). To
exclude the possibility that S3 may downregulate the expression
level of TrxR, we also checked the expression level of TrxR and
Trx in bax-/-/bak-/- MEFs. Western blot results showed that the
protein levels of TrxR1, TrxR2, and Trx had no apparent change
before and after S3 treatment (Fig. 2F). Taken together, these
results suggest that S3 specifically targets the C-terminal redox-
active site of mammalian TrxR1 and TrxR2 at 498 s residues to
inhibit their activities.
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S3 induces oxidative stress-dependent cell death

The TrxR/Trx system plays a critical role in the defense against
oxidative stress [19,30,51]. Since S3 inhibits the activity of TrxRs, it
is therefore of interest to study whether S3 increases the level of
ROS in bax-/-/bak-/- MEFs. As shown in Fig. 3A and B, ROS levels
significantly increased at 6 h after S3 treatment compared with
untreated cells. Pretreatment with N-acetyl-L-cysteine (NAC) effec-
tively blocked S3-induced ROS accumulation. Also, S3-induced
apoptosis was significantly blocked by NAC (Fig. 3D and E),
suggesting that the induction of ROS is linked to apoptosis. Similar
apoptosis results were obtained when HCT116 Bax-/- were used
(Supplementary Fig. 6). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay also showed that S3
inhibited the cell proliferation of bax-/-/bak-/- MEFs in a dose- and
time-dependent manner (supplementary Fig. 4).

To further elucidate the role of TrxR in S3-induced ROS
production and apoptosis, we used shRNA to specifically knock
down TrxR1 and TrxR2 expression simultaneously or indepen-
dently by 60–80% in bax-/-/bak-/- MEFs (Fig. S5). We found that cell
death and ROS production both increased when TrxR1 or TrxR2
were knocked down compared with the scramble cells. Knock-
down of both TrxR1 and TrxR2 further increased the sensitivity to
S3 treatments (Fig. 3C and F). Taken together, these results showed
that S3 attenuates TrxR activity and increases ROS production to
promote apoptosis.

TrxRs mediate Bim upregulation via the accumulation of ROS

Next, we addressed the issue of whether ROS generation
caused by TrxR inhibition results in the upregulation of Bim
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expression in bax-/-/bak-/- MEFs following S3 treatment. First, we
showed that pretreatment with NAC blocked the upregulation of
Bim (Fig. 4A). Also, knocked down the expression of TrxR1 or
TrxR2 resulted in the upregulation of Bim, which was further
enhanced by S3 treatment (Fig. 4B) and was blocked by NAC
(Fig. 4C). A rescue experiment involving the reintroduction of
wild-type TrxR1 or TrxR2 into TrxR knockdown cells further
demonstrated that TrxRs were responsible for Bim upregulation
(Fig. 4D). To determine if the increased expression of Bim by S3 is
common to TrxR inhibitors, we investigated the effect of a well
known TrxR inhibitor dinitrochlorobenzene (DNCB) [52]. bax-/-/
bak-/- MEFs exposed to DNCB displayed a dose-dependent inhibi-
tion of TrxR and a concomitant increase in Bim expression (Fig. 4E
and F). Therefore, we concluded that inhibition of TrxR resulted in
ROS production and Bim upregulation.

S3 induces the activation of FOXO3a and its nuclear translocation

Previous studies have shown that FOXO3 translocates from the
cytosol to the nucleus and acts as a transcription factor that
regulates Bim expression in response to oxidative stress [53–55].
We also found that FOXO3a is located in both the cytoplasm and
the nucleus in untreated bax-/-/bak-/- MEFs, but it was detected
predominantly in the nucleus following S3 treatment (Fig. 5A).
Western blotting analysis showed that S3 but not S1 caused
activation of FOXO3a, as indicated by the dephosphorylation of
Thr32 and Ser 318/321, while the protein levels of FOXO3 have no
apparent change (Fig. 5B and C). The activation of FOXO3 can be
prevented by pretreatment with NAC (Fig. 5B and C). Furthermore,
we found that dephosphorylation of FOXO3a on Thr-32 was
enhanced after S3 treatment in TrxR1 or TrxR2 knockdown
bax-/-/bak-/- MEFs compared to scramble cells (Fig. 5D). To ascer-
tain that FOXO3a is responsible for Bim upregulation in bax-/-/
bak-/- MEFs following S3 treatment, we knocked down FOXO3a
and found that Bim expression is markedly reduced in the
presence of S3 (Fig. 5E). Taken together, our results suggest that
the inhibition of TrxR1 and TrxR2 by S3 is responsible for ROS
production, which activates FOXO3a leading to the upregulation of
Bim expression.

S3 retards tumor growth through the inhibition of TrxR

We next determined if the inhibition of TrxR activity by S3 is
correlated with tumor growth retardation of bax-/-/bak-/- MEFs
using a xenograft model. Immortalized bax-/-/bak-/- MEFs [45,56]
were injected into nude mice and then treated with S3, S1, or
vehicle control. S3 but not S1 or vehicle alone significantly
reduced the size and weight of the tumors compared to the
controls (Fig. 6A–C). No weight loss was observed when treated
with S3 compared with the vehicle group (Fig. 6F). Similar results
were obtained for the implanted HCT116 bax-/- colon cancer cells
(supplementary Fig. 7). TUNEL assay showed an increase of
apoptotic cells in tumors from the group treated with S3 compared
with those from the control group (just as we previously
reported). TrxR activity was significantly reduced in these tumors
by S3 treatment compared with the control (Fig. 6D). However,
liver TrxR activity did not change (Fig. 6E), which may be due to
the higher absorption of the compound in tumors and differing
metabolic activities between the tumors and the liver. Further-
more, Western blotting analysis found the upregulation of Bim
expression in tumors (Fig. 6G) but not liver tissues (data not
shown) with treatment with S3. These results indicate that S3
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retarded tumor growth via inhibition of TrxR to overcome drug
resistance in the absence of Bax and Bak.
Discussion

Our previously study found that S3 induces Bax/Bak-indepen-
dent apoptosis through the upregulation of Bim, which interacts
with Bcl-2 to permeabilize the mitochondrial outer membrane for
cytochrome c release and apoptosis [45]. To detect the mechanism
of Bim upregulation, we used a chemical biology approach to
identify possible targets of S3 and our results showed that S3
forms a covalent complex with TrxR in the selenocysteine residue
to inhibit activity (Fig. 1D and E; Fig. 2A and C), resulting in
perturbing the redox system in the cytoplasm and within mito-
chondria. This change leads to the ample production of ROS for the
activation of FOXO3, which transcriptionally upregulates Bim to
promote apoptosis (Fig. 3A, Figs. 5A–C, E, 6H). However, S1, the
“loss of function” precursor of S3, neither inhibits TrxR activity nor
attenuates apoptosis (Figs. 2A and 3D). These results directly link
the inactivation of TrxR activity to the cell death.

We found that inhibition of mammalian TrxR by S3 is
achieved through specific targeting of the C-terminal active-site
residues (Sec) (Fig. 2D and E). S3 shows a strong inhibitory effect
on isolated wild-type mammalian TrxR with lower IC50 values
(Fig. 2C). TrxR mutants lacking the selenocysteine, as well as GR
(lacks selenocysteine in the reactive center), are comparatively
insensitive to S3 treatment (Fig. 2B and D). Based on our results,
we proposed that S3 directly attacks the selenolate moiety of
NADPH-reduced TrxR. As a result, the reactive Sec498 of TrxR is
chemically modified by S3 to lose catalytic activity. The inhibi-
tory properties of S3 on mammalian TrxR are comparable with
those of some metal-based compounds and alkylating agents
that have been reported as TrxR inhibitors [22]. It is a common
feature that inhibition of TrxR by these agents causes ROS
production and oxidative stress [9,57]. As S3, but not S1, has a
carbonyl group that is reactive to redox-sensitive cysteine, it is
possible that there might be other molecular targets participat-
ing in the induction of apoptosis by S3. Indeed, previous study
showed that S3 targets the Wnt pathway to inhibit anchorage-
independent growth and xenograft tumorigenesis of SW480 cells
in vivo [58].

The TrxR system is an essential redox regulator in many cell
physiology functions. Recently, augmentation of the expression
and transcription level of TrxRs, leading to increased TrxR protein
and activity levels, is found in different kinds of human tumor cells
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[33,59]. All these results indicated that TrxR is extremely impor-
tant for cancer cell survival and propagation. Considering the
important functions of TrxRs in cancer development and progres-
sion, TrxRs are now major targets for anticancer drugs. Previous
reports have shown that the targeting of TrxR with electrophiles
leads to Bax/Bak-dependent apoptosis [60]. It has been suggested
that this occurrence may result in oxidative stress and p53
activation, which transcriptionally increases Bax or puma expres-
sion responsible for apoptosis [61,62]. ROS may directly react with
the conserved cysteine residues and activate Bax for apoptosis, as
we showed previously [63]. The current study specifically
addresses how TrxR inhibition leads to Bax- and Bak-
independent apoptosis. Our results showed that inhibition
resulted in pronounced ROS production for subsequent FoxO3
activation, which is responsible for Bim induction [55,64,65].
Inhibition of TrxR also modulates redox-sensitive signaling mole-
cules such as JNK and ERK that lead to the activation of FoxO3
(unpublished observation). Both TrxR and Trx are involved in
many apoptosis modulation pathways, such as P53 [23,36], ASK1
activation [37], and NF-κB activation [8], further experiments are
also needed to clarify the other mechanism of S3-induced apop-
tosis. It is conceivable that the dysregulation of Bcl-2 family
proteins and an increase in TrxR expression were found in many
types of cancers [32,59,66], so both inhibition of TrxR and activa-
tion of Bcl-2 family protein-dependent apoptosis by a single agent
provide a powerful strategy for therapeutic application in fighting
cancers [67].
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