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Aims: Thioredoxin-1 (Trx) is an important protein involved in the regulation of apoptosis and in enhancing drug
resistance in cancer cells. Threonine100 (T100) of Trx was reported to be phosphorylated; however, the role of
this phosphorylation in regulating activity remains unresolved. We explored whether and how the
phosphorylation of Trx is involved in drug resistance in cancer cells.

Main methods: The levels of phosphorylated Trx were detected by sandwich ELISA. Cell viability was investigated
using Alamar Blue assay, and apoptosis was evaluated with Hoechst33258 staining. Western blotting was used to
examine the changes in the expression levels of Trx, NF-kB p65 subunit, ASK-1 and 6His tag. Additionally, we took
advantage of phorbol-12-myristate-13-acetate (PMA)to activate protein kinase C (PKC) and staurosporine to
inhibit PKC.

Key findings: Trx mutated at T100 causes lower survival rate induced by H,0,, and higher apoptosis rate induced
by cis-platinum and adriamycin in HepG2 cells. T100 of Trx can be phosphorylated through the PKC-dependent
pathway. Furthermore, the resistance of anticancer drugs can be decreased when the phosphorylation of T100 in

Trx was blocked by staurosporine. Though the Trx-ASK1 complex is not affected, the phosphorylation contributes :

to the nuclear location of Trx, and then up-regulates the activity of NF-kB.

Significance: It was firstly found that the phosphorylation of Trx at T100 plays an important role in its
cytoprotective activity in cancer cells. Thus, besides blocking the active site of Trx, inhibiting the phosphorylation
of Trx at T100 may be a new potential cancer therapy target.

© 2010 Published by Elsevier Inc.

Introduction

Thioredoxin (Trx), a 12 kDa protein, can protect organisms against
various forms of cellular stress that lead to cell death (Li et al. 2009; Lu
and Cederbaum 2007). Trx plays an important role in cell proliferation
and cancer (Arner and Holmgren 2000). Furthermore, it functions as an
anti-apoptotic factor because Trx inhibits apoptosis signal-regulating
kinase 1 (ASK1), a critical factor involved in stress-induced cell death
(Saitoh et al. 1998). Therefore, Trx is responsible for a line of drug
resistances in cancer cells and is considered as a target for cancer
therapy (Powis and Kirkpatrick 2007). However, disagreeing view-
points indicate that over-expression of Trx could promote apoptosis via
activation of caspase-8 (Ma et al. 2001; Dashnamoorthy et al. 2005).
Consequently, detailed understanding of the functions of Trx is required
before this protein can be used as a molecular target against cancer.

Modifications are found to regulate Trx activity. Besides the two
cysteine residues located in the catalytic site, Trx harbors three other
cysteines, C62, C69 and C73, which can be modified by ROS and nitric
oxide (NO). For example, C73 reacts with glutathione and Y49

* Corresponding author. Tel./fax: +86 27 87792027.
E-mail address: zwchen@mail.hust.edu.cn (Z. Chen).

0024-3205/$ - see front matter © 2010 Published by Elsevier Inc.
doi:10.1016/j.1fs.2010.06.018

nitrosative modification resulting in the inhibition of Trx activity
(Casagrande et al. 2002; Tao et al. 2006), while C69 nitrosylated by
NO will enhance its redox regulatory activity (Haendeler et al. 2002). As
such, the modifications induced by the balance of ROS and NO in cells
may determine the activity of Trx.

Gevaert et al. identified 190 phosphorylated peptides from 152
different proteins, including Trx, in human HepG2 hepatocytes using
reversed-phase diagonal LC (Gevaert et al. 2005). However, the role of
phosphorylation in regulating Trx activity is unknown at present. In this
study, the activity of the phosphorylated Trx at T100 as well as its
possible mechanism was analyzed.

Materials and methods
Plasmid

The pGEM-Trx plasmid was constructed and conserved in our
laboratory. It was used as the template to amplify a DNA sequence
named 6His-Trx. The two primers are:

Forward, 5’-tcttgatcatatggtgaagcagatcgagag-3’,
Reverse, 5'-gtagtcgacttagtggtggtggtggtggtggactaattcat
taatggtggcttc-3'.
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The 6His-Trx DNA fragment is cloned to the plasmid pcDNA3.1 and
the recombined plasmid is named pcDNA-Trx. The QuikChange® site-
directed mutagenesis kit (Merck) was used to obtain the plasmid
pcDNA-mTrx which encoded the T100A mutant Trx using the
following two primers (mutation bases are shown in capital letters):

Forward, 5’-cattaatgTtggcttcaagc-3’,
Reverse, 5'-gcttgaagccaAcattaatg-3'.

Cells

HepG2 cells were cultured in Dulbecco's modified Eagle's medium
(Gibco) supplemented with 10% fetal bovine serum (Hyclone). The
plasmids were extracted using an endo-free plasmid mini kit (Omega)
according to the protocol provided by the manufacturer and were
then stably transfected into the HepG2 cells using the Lipofectamine™
2000 transfection reagent (Invitrogen) according to the manufac-
turer's instructions. After 48 h, the transfection medium was changed
to DMEM containing 10% FBS and 0.7 mg/ml G418 (Invitrogen).
Individual colonies were obtained with G418 selection for 2 weeks.
The colonies were grown and expanded in DMEM with G418 (0.4 mg/
ml) for further assays.

6His pull-down assay to purify Trx-6His and mTrx-GHis

About 107 HepG2 cells transfected with Trx-6His or mTrx-6His
were collected and lysed with 1 ml Cell lysis buffer for Western and IP
(Beyotime, China). The supernatant was incubated with 0.5 ml
nickel-nitrilotriacetic acid Ni-NTA agarose (Pharmacia) at room
temperature for 20 min, then washed 3 times with 1 ml phosphate
buffer solution (PBS, 137 mM NacCl; 2.7 mM KCl; 100 mM Na,HPOy;
2 mM KH,PO,4) for and twice with 1 ml Imidazole buffer (10 mM
imidazole; 20 mM Tris pH7.9; 50 mM KCl; 10% glycerol; 1 mM PMSF).
The Trx-6His or mTrx-6His proteins were eluted down with 0.5 ml
Imidazole (100 mM imidazole; 20 mM Tris pH7.9; 50 mM KCl; 10%
glycerol; 1mM PMSF). This elution buffer was lyophilized into
powder in a freeze dryer (Thermo). The powder was dissolved in
50l PBS and was used for Western blotting test. 10 mM NaVOs;
(Guoyao, China) was added to all of the buffers to inhibit the activity
of phosphatase.

ELISA test

A sandwich enzyme-linked immunosorbent assay (ELISA) was
used for phosphorylated Trx determination. The per well of ELISA
plates (Costar) was coated with Trx monoclonal antibody (1.0 pg/ml)
diluted in carbonate buffer, pH9.6, in a 200 pl volume and incubated
for 1 hat 37 °C. After four washes with PBS containing 0.05% Tween20
(PBST), the plates were sealed with 250 ul BSA (10 mg/ml), and
incubated for 1 h at 37 °C. After four washes with PBST, 20 pg total
proteins extracted from HepG2 cells which were diluted in 200 pl
PBST were added to the wells and incubated for 1 h. After four washes
with PBST, 200 pl Phospho-Threonine Polyclonal Antibodies (0.5 pg/
ml, New England Biolabs) were added to the wells and incubated for
1 h. After four washes with PBST, 200 pl Goat anti-rabbit secondary
antibodies (1:20,000) were added to the wells and incubated for 1 h.
After five washes, color was developed using 100 pl o-phenylenedia-
mine dihydrochloride buffer (0.04% o-phenylenediamine dihy-
drochloride; 1.84% Na,HPO,4-12H,0; 0.51% Sodium Citrate; 0.03%
hydrogen peroxide). After 20 min, the reaction was stopped by the
addition of 100 pl H,SO4 (2.0 M). The optical density (OD) of each well
was read at 495 nm using a microplate reader (Sun-Rise).

Survival rate test

Approximately 3x 103 HepG2 cells were treated with hydrogen
peroxide (H,0,) in various concentrations in 96-well flasks. The
medium was discarded and 100 pl of fresh medium and 10 pl Alamar
Blue (SunBio, China) was added to each well. The cells were cultured
in the dark for 4 h and the OD values at 570 nm were measured using
a microplate reader (Sun-Rise).

Apoptosis detection

About 5x10° HepG2 cells in culture flasks were treated with
10 uM cis-platinum (CDDP, Sigma) or 100 ng/ml adriamycin (Adr,
Sigma) for 20 h. The mediums were added with or without 10 nM
staurosporine (Beyotime). Cells were washed twice with PBS, then
incubated with 1 ml Hoechst33258 (Beyotime, China) at room
temperature for 30 min. The medium was removed and the cells
were washed twice with PBS. The presence of cells that had
undergone apoptosis was observed under an inverted fluorescent
microscope (Olympus).

Western blotting

About 1x10° cells were collected and resuspended in 50 pl PBS,
then lysed by three freeze-thawing steps. The solution was
centrifuged at 12,000g for 10 min to yield the soluble protein
fraction. The nuclear proteins were prepared using the Nuclear
Fraction Kit (DBI) according to the manufacturer's instructions.
About 20 pg proteins were separated using a 15% SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE). All proteins were subse-
quently blotted onto polyvinylidene fluoride (PVDF) membranes
(Minipore) and immunoblotted with a monoclonal anti-ASK1
antibody (1 pg/ml, Ptglab), the Phospho-Threonine Polyclonal
Antibody (2 pg/ml, New England Biolabs) or a 6His-tag antibody
(1 pg/ml, Ptglab, China). A SuperSignal West Pico trial kit (Pierce)
was used for chemiluminescence-based detection of the appropriate
secondary antibodies.

Results

Trx mutated at T100 partly lost the ability to eliminate ROS induced by
H>0,

Trx is well known to function as a scavenger of ROS which can be
induced by H,0,. Therefore, we studied whether the mutation of Trx
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Fig. 1. HepG2 cell viability. The HepG2 cells transfected with pcDNA, pcDNA-Trx and
pcDNA-mTrx were treated with H,0, at various concentrations for 24 h. The survival
rates were detected with Alamar Blue. Data shown are mean values+SD (n=4).
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Fig. 2. The apoptosis detection of the HepG2 cells. HepG2 cells in culture flasks were treated with CDDP (10 uM) and Adr (100 ng/ml) for 20 h. The cells treated with PBS were used as
controls. Cells were then stained with Hoechst33258 and observed under an inverted fluorescent microscope (A). The apoptosis rates were calculated based on A. Four different but
equal visual areas were analyzed. Data shown are mean values + SD (n=4). The asterisk indicates statistical difference (*P<0.05) (B).

the HepG2 cells transfected with pcDNA-Trx was markedly higher mTrx offered less protection against CDDP or Adr-mediated apoptosis
than the cells transfected with pcDNA-mTrx when they were treated than Trx

with H,0, in gradient of concentrations (Fig. 1). The data indicate that

the T100 mutation of Trx reduces the ability of Trx to eliminate the It is well known that Trx contributes to the drug resistance in
damage of ROS induced by H,0,. cancer therapy. To further explore the importance of T100 residue in
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Fig. 3. The levels of phosphorylated Trx in HepG2 cells. Cells were starved overnight and
treated with or without 10% fetal bovine serum for 1 h. Cells were then lysed and the
total proteins (20 pg) were used to analyze the phosphorylation state of Trx by ELISA.
The means+SD (n=3) are shown. The asterisk indicates statistical difference
(*P<0.05, **P<0.01) (A). The proteins were prepared with the 6His pull-down method
used for Western blot experiments. The primary antibodies were the phospho-
Threonine antibody and 6His-tag antibody (B).

Trx, we also detected the rate of apoptosis in the HepG2 cells after
they were treated with CDDP or Adr for 24 h. It was found that,
compared with the cells transfected with Trx, the cells transfected
with mTrx showed higher rate of apoptosis when they were treated
with the two drugs (Fig. 2). This result suggests that the T100 residue
mediates the protective effect against cancer drugs.

Trx can be phosphorylated at T100

Trx has previously been suggested to be phosphorylated at T100
(Gevaert et al. 2005) and the evidence in our study supports this.
When the HepG2 cells transfected with pcDNA, pcDNA-Trx or pcDNA-
mTrx were treated with or without FBS, their total proteins were used
to detect the levels of phosphorylated-Threonine by ELISA. It was
found that more Trx was recognized by the anti-phosphorylated-T
antibody in the cells treated with FBS, compared with that without
FBS. Thus, it is clear that T(s) of Trx can be phosphorylated. However,

the levels of phosphorylation on Trx in the pcDNA-mTrx or pcDNA
transfected cells rose about 2-fold, and that in the pcDNA-Trx
transfected cells rose more than 3-fold (Fig. 3A). When the exogenous
Trx, which expressed by pcDNA-Trx or pcDNA-mTrx in the cells
treated with FBS, were purified by Ni-NTA and detected by Western
blot, less phosphorylated Trx can be detected in the pcDNA-mTrx
transfected cells than that in the pcDNA-Trx transfected cells (Fig. 3B).
These data showed clearly that the T100 of Trx can be phosphorylated
in HepG2 cells.

PKC is involved in regulating the phosphorylation of Trx

It has been shown that protein kinase C (PKC) phosphorylates and
modify the actions of its downstream targets. Next, we explored
whether the T100 of Trx is a target of PKC. When the HepG2 cells were
treated with or without phorbol-12-myristate-13-acetate (PMA), a
activator of PKC, the levels of phosphorylated Trx were sharply
increased compared to the levels of phosphorylation of the T100A
mutant Trx (Fig. 4A). Furthermore, when phosphorylation was
induced by CDDP or Adr in the presence of staurosporine, an inhibitor
of PKC, the pcDNA-Trx transfected cells that were apoptotic were as
many as those that were apoptotic in the pcDNA-mTrx transfected
cells line (Fig. 4B and C). Therefore, it can be concluded that the T100
of Trx is a downstream target in the PKC pathway. These data also
directly proved that phosphorylation on Trx at T100 can markedly
enhance its anti-apoptotic function.

Phosphorylated Trx enhances the activity of NF-xB, but does not
influence Trx-ASK1 complex levels

Next, we studied how the phosphorylated Trx takes part in the
apoptosis pathway. ASK1 is preferentially activated by ROS and is
required for apoptosis (Tobiume et al. 2001). Trx is known to inhibit
the kinase activity of ASK1 by directly interacting with the N-terminal
region of ASK1 (Saitoh et al. 1998). The total Trx-6His or mTrx-6His
proteins in the HepG2 cells transfected with pcDNA, pcDNA-Trx or
pcDNA-mTrx could be purified by Ni-NTA. SDS-PAGE electrophoresis
and Western blotting analysis was then performed for detecting Trx-
6His and ASK1. As shown in Fig. 5A, the complex level of mTrx-ASK1
was same as that of Trx-ASK1. Therefore, it can be concluded that the
phosphorylation at residue T100 of Trx does not regulate the
formation of the Trx-ASK1 complex. It also well known that the
nuclear Trx can enhance the activity of NF-xB (Hirota et al. 1999).
When the nuclear proteins were extracted, the proteins 6His-Trx and
6His-mTrx were purified through 6His-pull-down and they were
detected by Western blotting. It was found that with the absence of
PMA, there was no difference in the levels of nuclear Trx between the
pcDNA-mTrx and pcDNA-Trx transfected cells; in the presence of
PMA, more nuclear Trx were detected in the cells transfected with
either pcDNA-mTrx or pcDNA-Trx. However, smaller rate of increase
in nuclear Trx was found in the cells transfected with pcDNA-mTrx
than that of pcDNA-Trx. Meanwhile, greater rate of increase in nuclear
p65 was found in the cells transfected with pcDNA-Trx than that of
pcDNA-mTrx when the cells were treated with PMA, though PMA
stimulation resulted in more p65 locating into the nucleus of the cells
transfected with either pcDNA-mTrx or pcDNA-Trx (Fig. 5B). These
data indicated that the phosphorylation contributes to the Trx
translocation into the nucleus and subsequent enhancing the activity
of NF-KB.

Fig. 4. Effects of PKC activator or inhibitor. The HepG2 cells transfected with pcDNA-Trx or pcDNA-mTrx, with or without PMA (1 uM) stimulation for 20 h, were used for ELISA to test the
levels of phosphorylated Trx. The means + SD (n= 3) are shown. The asterisk indicates statistical difference (*P<0.05) (A). HepG2 cells transfected with pcDNA-Trx or pcDNA-mTrx were
treated with CDDP (10 uM) and Adr (100 ng/ml) for 20 h. The mediums were added with or without staurosporine (10 nM). Cells were then stained with Hoechst33258 and observed
under an inverted fluorescent microscope (B). The apoptosis rates were calculated based on B. Four different but equal visual areas were analyzed. Data shown are mean values 4 SD

(n=4). The asterisk indicates statistical difference (*P<0.05) (C).
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Fig. 5. The levels of the Trx-ASK1 complex and the detection of p65. The total Trx-6His or
mTrx-6His proteins in the transfected cells were purified with Ni-NTA agarose. The eluted
solution was separated with SDS-PAGE and the levels of Trx-6His and ASK1 were detected
by Western blotting (A). HepG2 cells were treated with (+) or without (—) PMA (1 uM)
for 20 h and the nuclear proteins were extracted and used for western blotting to detect
the levels of p65 and GAPDH. The nuclear Trx prepared with the 6His pull-down method
was used for Western blot to detect the levels of 6His-Trx or 6His-mTrx (B).

Discussion

This study presents evidence that the phosphorylation of Trx at
T100 is needed for its activity to reduce the efficacy of cancer drugs in
HepG2 cancer cells. Although the active site of Trx (C32 to C35) is
crucial to the function of this protein, the modification of other
residues can also profoundly enhance or suppress the activity of Trx
(Haendeler et al. 2002; Tao et al. 2006). In this study, phosphorylation
of residue T100 of Trx was again proved in HepG2 cancer cells. Trx
with mutated T100 decreases the ability of HepG2 cells to survive
against drug toxicity. Trx has been proposed to act as a factor that
protects cancer cells from apoptosis induced by several drugs
including CDDP (Arnold et al. 2004), but not Adr (Kawahara et al.
1996). Surprisingly, the mutant Trx appeared to furnish HepG2 cells
Trx with enhanced sensitivity to CDDP and Adr (Fig. 2). Thus, the
phosphorylated T100 of Trx protects cancer cells against cytotoxic
cancer drugs. It is interesting that other Threonine (s) of Trx also can
be phosphorylated (Fig. 3) and additional study is needed to explore
their functions.

Phosphorylation of proteins plays a significant role in a wide range
of cellular processes. Phosphorylation of proteins can introduce
conformational changes in the structure of proteins via interaction
with other hydrophobic and hydrophilic residues. In this study, the
mutant T100 of Trx was found not to influence the levels of the Trx-
ASK1 complex formed. Only the active site, Cys32 and Cys35, of
reduced Trx is known to interact with ASK1 (Powis and Kirkpatrick
2007). Probably, the phosphorylation of Trx at T100 is distal from the
active site and has no direct influence on the structure around the
active site. However, T100 is located between Cys62 and Cys69 in the
three-dimensional structure. ROS stress induces reduced Trx to
convert into an oxidized form with the formation of the disulfide
bonds. A second disulfide bond is formed between Cys62 and Cys69

when Trx is further oxidized (Watson et al. 2003). The phosphory-
lation of Trx at T100 may influence the disulfide bond formation
between C62 and C69, which is important for Trx to regulate the DNA
binding activity of NF-xB (Matthews et al. 1992). This supposition can
be partly supported by the data in this study (Fig 5B).

Trx functions both in cytoplasm and in nucleus, through inhibiting
IkB kinases and up-regulating NF-xB transcriptional activities,
respectively (Hirota et al. 1999). The nuclear location of Trx will be
more effective in reducing apoptosis than in cytoplasm, at least in
some special circumstances (Chen et al. 2007). Though thioredoxin-
interacting protein (TBP) was thought to mediate the nuclear
localization of Trx (Nishinaka et al. 2004; Yoneda 2000), the
mechanism of its nuclear transfer is still unknown. Phosphorylation
of proteins may play a key role for their translocation into the nucleus
(Xuan et al. 2006). Recently, we have reported that the levels of
nuclear Trx were not enhanced in the cells transfected with pcDNA-
Trx (Chen et al. 2007). In this study, though the enhanced nuclear Trx
can be detected both in the pcDNA-mTrx transfected cells and in the
pcDNA-Trx transfected cells when they are treated with PMA, a PKC
activator, smaller increase in nuclear Trx was found in the cells
transfected with pcDNA-mTrx than that of pcDNA-Trx. These data
indicated that the phosphorylation contributes to the nuclear
translocation of Trx. Therefore, additional study is needed to explore
whether the phosphorylation of T100 is required for Trx to bind with
TBP.

Conclusion

In summary, we have found that the ability of Trx to protect HepG2
cells against anticancer drugs is mediated by phosphorylation at T100
site by a PKC-dependent pathway. Previously, drugs targeting the
active site (C32-C35) were designed to treat cancer (Mukherjee et al.
2005). Our observations in this study raise the interest on whether
inhibiting the phosphorylation of Trx represents a potential cancer
therapy target.

Conflict of interest statement

We declare that we have no financial and personal relationships with other people
or organizations that can inappropriately influence our work, there is no professional or
other personal interest of any nature or kind in any product, service and/or company
that could be construed as influencing the position presented in, or the review of, the
manuscript entitled “Thioredoxin-1 phosphorylated at T100 is needed for its anti-
apoptotic activity in HepG2 cancer cells”.

Acknowledgement

This work was supported by the China Postdoctoral Science
Foundation (No. 20080430954).

References

Arner ES, Holmgren A. Physiological functions of thioredoxin and thioredoxin
reductase. European Journal of Biochemistry 267 (20), 6102-6109, 2000.

Arnold NB, Ketterer K, Kleeff ], Friess H, Biichler MW, Korc M. Thioredoxin is
downstream of Smad7 in a pathway that promotes growth and suppresses
cisplatin-induced apoptosis in pancreatic cancer. Cancer Research 64 (10),
3599-3606, 2004.

Casagrande S, Bonetto V, Fratelli M, Gianazza E, Eberini I, Massignan T, Salmona MCG, ?

Holmgren A, Ghezzi P. Glutathionylation of human thioredoxin: a possible crosstalk

between the glutathione and thioredoxin systems. Proceedings of the National :

Academy of Sciences of the United States of America 99 (15), 9745-9749, 2002.

Chen XP, Liu S, Tang WX, Chen ZW. Nuclear thioredoxin-1 is required to suppress :

cisplatin-mediated apoptosis of MCF-7 cells. Biochemical and Biophysical Research
Communications 361 (2), 362-366, 2007.

Dashnamoorthy R, Harish M, Kumuda CD. Endogenous thioredoxin is required for :

redox cycling of anthracyclines and p53-dependent apoptosis in cancer cells.
Journal of Biological Chemistry 280 (48), 40084-40096, 2005.

Gevaert K, Staes A, Damme ]V, Groot SD, Hugelier K, Demol H, Martens L, Goethals M,
Vandekerckhove ]. Global phosphoproteome analysis on human HepG2 hepato-
cytes using reversed-phase diagonal LC. Proteomics 5 (14), 3589-3599, 2005.

Life Sciences (2010), doi:10.1016/j.1fs.2010.06.018

Please cite this article as: Chen, X,, et al., Thioredoxin-1 phosphorylated at T100 is needed for its anti-apoptotic activity in HepG2 cancer cells,

282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306

307

308
309
310
311
312
313
314

316
317
318
319
320
321

322

323
324


http://dx.doi.org/10.1016/j.lfs.2010.06.018

X. Chen et al. / Life Sciences xxx (2010) XxX-xXx 7

Haendeler ], Hoffmann J, Tischler V, Berk BC, Zeiher AM, Dimmeler S. Redox regulatory
and anti-apoptotic functions of thioredoxin depend on S-nitrosylation at cysteine
69. Nature Cell Biology 4 (10), 743-749, 2002.

Hirota K, Murata M, Sachi Y, Nakamura H, Takeuchi ], Mori K, Yodoi J. Distinct roles of
thioredoxin in the cytoplasm and in the nucleus. A two-step mechanism of redox
regulation of transcription factor NF-kappaB. Journal of Biological Chemistry 274
(39), 27891-27897, 1999.

Kawahara N, Tanaka T, Yokomizo A, Nanri H, Ono M, Wada M, Kohno K, Takenaka K,
Sugimachi K, Kuwano M. Enhanced coexpression of thioredoxin and high mobility
group protein 1 genes in human hepatocellular carcinoma and the possible
association with decreased sensitivity to cisplatin. Cancer Research. 56 (23),
5330-5333, 1996.

Li X, Rong Y, Zhang M, Wang XL, Lemaire SA, Coselli JS, Zhang Y, Shen YH. Up-regulation
of thioredoxin interacting protein (Txnip) by p38 MAPK and FOXO1 contributes to
the impaired thioredoxin activity and increased ROS in glucose-treated endothelial
cells. Biochemical and Biophysical Research Communications 381 (4), 660-665,
2009.

LuY, Cederbaum A. The mode of cisplatin-induced cell death in CYP2E1-overexpressing
HepG2 cells: modulation by ERK, ROS, glutathione, and thioredoxin. Free Radical
Biology & Medicine 43 (7), 1061-1075, 2007.

Ma X, Karra S, Lindner DJ, Hu ], Reddy SP, Kimchi A, Yodoi J, Kalvakolanu DV.
Thioredoxin participates in a cell death pathway induced by interferon and retinoid
combination. Oncogene 20 (28), 3703-3715, 2001.

Matthews JR, Wakasugi N, Virelizier JL, Yodoi ], Hay RT. Thioredoxin regulates the DNA
binding activity of NF-kappa B by reduction of a disulphide bond involving cysteine
62. Nucleic Acids Research 20 (15), 3821-3830, 1992.

Mukherjee A, Westwell AD, Bradshaw TD, Stevens MF, Carmichael ], Martin SG. 3

Cytotoxic and antiangiogenic activity of AW464 (NSC 706704), a novel thioredoxin
inhibitor: an in vitro study. British Journal of Cancer. 92 (2), 350-358, 2005.

Nishinaka Y, Masutani H, Oka S, Matsuo Y, Yamaguchi Y, Nishio K, Ishii Y, Yodoi ]. :
Importin alphal (Rch1) mediates nuclear translocation of thioredoxin-binding :
protein-2/vitamin D(3)-up-regulated protein 1. Journal of Biological Chemistry 279 :

(36), 37559-37565, 2004.

Powis G, Kirkpatrick DL. Thioredoxin signaling as a target for cancer therapy. Current
Opinion in Pharmacology 7 (4), 392-397, 2007.

Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada Y, Kawabata M, Miyazono K, Ichijo

H. Mammalian thioredoxin is a direct inhibitor of apoptosis signal-regulating kinase 3

(ASK) 1. European Molecular Biology Organization Journal 17 (9), 2596-2606, 1998.
Tao L, Jiao X, Gao E, Lau W, Yuan Y, Lopez B, Christopher T, RamachandraRao SP, Williams
W, Southan G, Sharma K, Koch W, Ma XL. Nitrative inactivation of thioredoxin-1 and

its role in post-ischemic myocardial apoptosis. Circulation 114 (13), 1395-1402, 2006. :
Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H, Morita K, Takeda K, Minowa O, :

Miyazono K, Noda T, Ichijo H. ASK1 is required for sustained activations of JNK/p38
MAP kinases and apoptosis. EMBO reports 2 (3), 222-228, 2001.

Watson WH, Pohl ], Montfort WR, Stuchlik O, Reed MS, Powis G, Jones DP. Redox :
potential of human thioredoxin 1 and identification of a second dithiol/disulfide :

motif. Journal of Biological Chemistry 278 (35), 33408-33415, 2003.

Xuan NTL, Choi JW, Lee SB, Ye K, Woo SD, Lee KH, Ahn JY. Akt phosphorylation is
essential for nuclear translocation and retention in NGF-stimulated PC12 cells.
Biochemical and Biophysical Research Communications 349 (2), 789-798, 2006.

Yoneda Y. Nucleocytoplasmic protein traffic and its significance to cell function. Genes
Cells 5 (10), 777-787, 2000.

Please cite this article as: Chen, X,, et al., Thioredoxin-1 phosphorylated at T100 is needed for its anti-apoptotic activity in HepG2 cancer cells,

Life Sciences (2010), doi:10.1016/j.1fs.2010.06.018



http://dx.doi.org/10.1016/j.lfs.2010.06.018

	Thioredoxin-1 phosphorylated at T100 is needed for its anti-apoptotic activity in HepG2 cancer cells
	Introduction
	Materials and methods
	Plasmid
	Cells
	6His pull-down assay to purify Trx-6His and mTrx-6His
	ELISA test
	Survival rate test
	Apoptosis detection
	Western blotting

	Results
	Trx mutated at T100 partly lost the ability to eliminate ROS induced by H2O2
	mTrx offered less protection against CDDP or Adr-mediated apoptosis than Trx
	Trx can be phosphorylated at T100
	PKC is involved in regulating the phosphorylation of Trx
	Phosphorylated Trx enhances the activity of NF-κB, but does not influence Trx-ASK1 complex levels

	Discussion
	Conclusion
	Conflict of interest statement
	Acknowledgement
	References




