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Previous studies have shown that a dominant negative form of
c-Jun (TAM67) suppresses mouse skin carcinogenesis both in vitro
and in vivo. The current study identifies Sulfiredoxin (Srx) as a
unique target of activator protein-1 (AP-1) activation and TAM67
inhibition. Manipulation of Srx levels by ShRNA or over-expression
demonstrates that Srx is critical for redox homeostasis through
reducing hyperoxidized peroxiredoxins. In JB6 cells, knockdown of
Srx abolishes tumor promoter-induced transformation and en-
hances cell sensitivity to oxidative stress. Knockdown of Srx also
impairs c-Jun phosphorylation, implicating a role for Srx in the
feedback regulation of AP-1 activity. Screening of patient tissues
by tissue microarray reveals elevated Srx expression in several
types of human skin cancers. Our study indicates that Srx is a
functionally significant target of AP-1 blockade that may have
value in cancer prevention or treatment.

skin tumor � tumor promotion � peroxiredoxin

Tumorigenesis is a multistage process that includes initiation,
promotion, and progression. Initiation involves mutagenesis

while promotion occurs, following chronic exposure to growth
factors or environmental agents that alter gene expression. Some of
these alterations in gene expression drive the development of
benign tumors and their progression to malignancy. Identification
of critical gene-expression changes can elucidate mechanisms of
carcinogenesis as well as implicate molecular targets for cancer
prevention or intervention.

Activator protein 1 (AP-1) activation is required for tumor
promoter-induced transformation in cell culture as well as carci-
nogenesis in mouse models. Upon tumor promoter 12-O-
tetradecanoylphorbol-13-acetate (TPA) treatment, AP-1-mediated
gene transcription is rapidly stimulated and this effect is augmented
through a positive-feedback loop (1). Inhibition of AP-1 activity,
either by genetic inactivation or chemical inhibitors, significantly
represses skin tumor development and malignant progression in
mice (2, 3). TAM67 is an N-terminal deletion mutant of c-Jun,
which lacks the transactivation domain but retains the DNA-
binding and leucine zipper domains (4). Inhibition of AP-1 activa-
tion by TAM67 blocks tumor promoter-induced transformation in
vitro (4, 5), skin papilloma formation and progression to carcinoma
in vivo (6), and mammary gland tumorigenesis in tumor-prone
transgenic mice (7). In mouse JB6 cells, lack of TPA-induced
AP-1 activation contributes to the transformation resistant
phenotype (8).

Blockade of tumorigenesis and subsequent malignant progres-
sion by TAM67 cannot be attributed to inhibition of cell prolifer-
ation or cell survival (6). Therefore, we hypothesize that TAM67
targets only a handful of AP-1-dependent genes that are critical for
transformation and tumorigenesis. We previously identified a
subset of genes whose expression was induced by TPA and
inhibited by TAM67 using DNA microarray profiling of K14-
TAM67 and wild-type mouse epidermis exposed to tumor
promoter (9). Among these target genes are cyclooxygenase-2
(Cox-2), matrix metalloproteinase-10 (MMP-10), urokinase plas-
minogen activator (Plaur/uPAR), osteopontin (Spp1/Opn) and

CD44 (9), which are known to play significant roles in driving
tumor promotion and progression. Unique target genes have
also been identified. Among them, Sulfiredoxin (Srx) emerges as
a gene whose expression is activated by a tumor promoter and
downregulated by TAM67.

Srx was first discovered as an enzyme that regulates reactive
oxygen species (ROS) signaling by reducing the hyperoxidized
peroxiredoxins (Prxs) (10, 11). However, the role of Srx in tumor-
igenesis is not clear. In this study, we demonstrate that Srx is a
transcriptional target of tumor promoter-induced AP-1 activation
and is required for tumor promoter-induced transformation in JB6
cells. Srx appears to contribute to a positive feedback regulation of
c-Jun activity. Tissue microarray by immunohistochemistry staining
reveals elevated Srx expression in several human tumors compared
with normal adjacent tissues. Therefore, Srx emerges as a func-
tionally significant target of AP-1 blockade that might be targeted
for cancer prevention or treatment.

Results
Induction of Srx Expression by Tumor-Promoter TPA in Mouse Epider-
mis and JB6 Cells. In an effort to identify genes that are stimulated
by tumor promoter-induced AP-1 activation and inhibited by
TAM67, comparative gene expression profiling of mouse epidermis
from 12-dimethylbenz(a)anthracene (DMBA)-initiated wild-type
or K14-TAM67 transgenic mice with or without exposure to TPA
for 6 h was performed. As expected, only a small set of genes was
shown to be significantly induced by a tumor promoter and blocked
by TAM67 (9). Among them, Srx emerges as a unique target gene
whose induction by TPA was blocked by TAM67. As shown in the
heat map in Fig. 1A, TPA stimulated Srx expression in wild-type
mice (WT TPA vs. WT no TPA), and this effect was blocked by the
expression of TAM67 (TAM TPA vs. WT TPA) in transgenic mice.

To extend our findings from the mouse epidermal DNA mi-
croarrays, we examined the effect of TPA on Srx expression in
transformation sensitive (P�) mouse JB6 cells. JB6 cells were
originally derived from mouse epidermis and have been widely used
in the study of tumor promotion and progression (12). After
treatment with TPA for 6 h, a significant increase of Srx transcripts
was demonstrated by RT-PCR (Fig. 1B). This stimulatory effect
was also reflected at the endogenous protein level, as indicated by
Western blotting (Fig. 1C). Interestingly, in transformation resistant
(P�) cells, the amount of Srx at either the transcript or the protein
level was lower than in transformation sensitive (P�) or trans-
formed (RT101) cells. In contrast to P� and RT101 cells, TPA
produced no detectable effect on the expression of Srx in P� cells.
These data suggest that Srx may play a role in TPA-induced
transformation in JB6 cells.
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A similar preferred expression of Srx in more transformed JB6
cell variants than in transformation-resistant cells was also noted by
mRNA differential display in a previous study (13). To further
characterize the induction of Srx in P� cells by tumor promoter,
cells were treated with TPA for an extended period. Srx-expression
level was consistently induced by TPA treatment for as long as 72 h
(Fig. 1D). Induction of Srx by TPA was also relatively specific, as the
expression of other closely related proteins, such as Prxs, was not
increased by TPA (Fig. 1E). Expression of Prxs in JB6 cells was also
consistent with previous findings of Prx I to III expression in rat skin
epidermis (14). Taken together, these observations suggest that Srx
expression is activated by TPA in the mouse epidermis as well as in
JB6 cells.

TPA-Induced Srx Expression Is AP-1-Dependent. Previous study has
found that AP-1 activity is strongly induced in response to TPA in
P� and transformed cells but not in P� cells (8). We then asked
whether preferential activation of AP-1 by TPA contributed to the
expression of Srx in P� cells. Through computational analysis of
transcription factor binding sites in the Srx promoter (TF-
SEARCH), we identified consensus NF�B, AP-1, and CREB
binding sites in the proximal region of a mouse Srx promoter (Fig.
2A). These sites are also highly conserved in the same regions of rat
and human Srx promoters. A series of promoter luciferase-reporter
gene constructs was generated and transient transfection assays
were performed. As shown in Fig. 2B, TPA strongly stimulated
Srx-promoter activity. Deletion of the distal NF�B binding site had
no significant effect on the promoter activity. Mutation of either
AP-1 binding site decreased TPA-induced promoter activity, and
mutation of both AP-1 sites led to a further decrease of both basal
and TPA-induced Srx promoter activity (see Fig. 2B). The induc-
tion of promoter activity by TPA was also blocked by co-expression
of TAM67 (Fig. 2C). Mutation of either binding site significantly
compromised TAM67 inhibition, which indicates that both AP-1
binding sites are important for Srx promoter activity. This was also
demonstrated by a further loss of TAM67 inhibition in the Srx
promoter-reporter in which both AP-1 sites were mutated (Fig. 2C).

C-jun is often a major component of the AP-1 transactivation
complex and it’s phosphorylation serves as an indicator of AP-1
activation (15). To test the role of c-Jun in the regulation of
endogenous Srx expression, an HA-tagged c-jun was transiently
expressed in P� cells and chromatin immunoprecipitation (ChIP)

assay was performed. In the presence of TPA, HA-c-Jun was
rapidly recruited to the endogenous Srx-gene promoter (Fig. 2D),
consistent with increased levels of Srx transcript (see Fig. 1B). These
observations indicate that c-Jun/AP-1 activation is important for
endogenous TPA-induced Srx transcription in P� cells.

Srx Reduces Hyperoxidized 2-Cys Prxs. Srx functions as a peroxidase
repair protein in yeast and mammalian cells, and plays a critical role
in maintaining redox homeostasis through reducing hyperoxidized
Prxs (10, 11). As shown in Fig. 1E, Prx I, II, and III were expressed
in JB6 cells. However, the levels of Prxs in P� cells remained
unchanged in response to TPA treatment. We transfected an
ShRNA construct containing a hairpin structure specific to Srx
coding region (ShSrx) or a nontarget control RNA (ShNT) into P�
cells. Expression of ShSrx substantially knocked down basal and
TPA-induced Srx expression in these cells (Fig. 3A). Using a specific
antibody to recognize the hyperoxidized cysteine residue, we found
that the endogenous hyperoxidized forms of Prxs in control cells
decreased significantly upon TPA treatment, in accordance with
the increase in Srx expression (see Fig. 3A), and this is not because
of a change in Prx protein level (see Fig. 1E). In contrast, in Srx
knockdown cells, the level of hyperoxidized Prxs did not change in
response to TPA treatment (see Fig. 3A).

The reduction of hyperoxidized Prxs by Srx is limited to 2-Cys
Prxs, including I, II, III and IV, and involves Srx-Prx protein-protein
interaction (16). Srx was found to interact with Prxs by co-
immunoprecipitation in both HEK293T and JB6 cells. However,
because of a similar molecular weight, PrxI, II, and III most likely
comigrate on the gel. To clarify whether the Prx-SO3 signal arose
from a particular isoform of Prxs, we transfected P� cells with
myc-tagged single isoforms of Prx and immunoprecipitated with
myc antibody. In these cells, all three isoforms were recognized by
anti-Prx-SO3 antibody. There were slight differences in the hyper-
oxidized protein levels in that the Prx III showed a lower level of
oxidation than the others (Fig. 3B).

To investigate the biochemical function of Srx expression in P�
cells, we treated these cells with oxidative stress inducer H2O2. Cells
stably expressing ShSrx showed a higher level of hyperoxidized Prxs
and a slower rate of reduction of hyperoxidized Prxs than control

Fig. 1. Induction of Srx expression by TPA in mouse epidermis and JB6 cells. (A)
DNA microarray expression profiling of mouse skin epidermis. (B) RT-PCR of Srx
mRNA in JB6 cells. (C and D) Western blotting of Srx protein in JB6 cells. LE, longer
exposure. (E) Western blotting of Prxs in JB6 cells.

Fig. 2. Srx promoter activity is stimulated by TPA-induced AP-1 activation and
blocked by co-expression of TAM67. (A) Srx promoter-luciferase reporter con-
structs. The mutated AP-1-binding site is indicated by a star (*). (B) Luciferase
reporter assay. Relative luciferase unit (RLU) is determined as the ratio of firefly
luciferase value versus renila luciferase value. Assays were performed in triplicate
and data are presented as x � SD. *, P � 0.05; **, P � 0.05 (t test). (C) As in (B), but
with cotransfection of a TAM67-expression plasmid. RLU is determined as the
percentageof luciferase ratio tovector control. **,P�0.05 (t test). (D)Chromatin
immunoprecipitation assays were performed in HA-c-Jun transfected P� cells
using anti-HA antibody.
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cells expressing ShNT (Fig. 3C). Inversely, cells stably expressing
Flag-Srx showed a lower level of hyperoxidized Prxs and a faster
rate of reduction of hyperoxidized Prxs than cells stably expressing
a vector control (Fig. 3D). Therefore, through loss-of-function and
gain-of-function studies, our data suggest that Srx reduces hyper-
oxidized Prxs in JB6 cells.

Srx Is Required for Tumor Promoter-Induced Neoplastic Transforma-
tion. The above experiments indicate that Srx is an AP-1 target gene
that is critical for maintaining cellular redox homeostasis through
reducing hyperoxidized Prxs. We then asked whether Srx was
required for TPA-induced transformation in JB6 cells. Anchorage-
independent colony formation is a hallmark of transformation and
an in vitro correlate of tumorigenicity in vivo (12, 17). Therefore,
cells stably expressing control vectors or ShSrx were cultured in soft
agar in the presence or absence of TPA, and colony induction was
evaluated. TPA strongly induced anchorage-independent colony
formation in control P� cells. Under the same conditions, deple-
tion of Srx by ShSrx completely abolished the transformation
response, as shown by lack of colony formation (Fig. 4 A–C).

Knockdown of Srx Does Not Inhibit Cell Proliferation Under Adherent
Conditions. The incapability of Srx knockdown cells to form colonies
in soft agar might result from inhibition of cell proliferation. To test
whether knockdown of Srx affects cell proliferation, wild-type cells
and cells stably expressing vector (ShV), ShNT, or ShSrx were
cultured at low density and cell proliferation until confluence was
measured by a modified XTT assay. The doubling rate of parental
P� cells was similar to previous findings and did not change with
the expression of an empty vector or nontarget shRNA. Compared
with control cells, knockdown of Srx did not inhibit cell proliferation
under adherent conditions (Fig. 4D).

Knockdown of Srx Impairs c-Jun Activation and Increases Cell Death
Under Oxidative Stress Conditions. We hypothesized that the trans-
formation resistant phenotype of Srx knockdown cells might result
from a change in kinase signaling. Therefore, we treated these cells
with EGF to investigate the MAPK signaling. Upon EGF treat-
ment, Srx expression in control cells was increased but not in
knockdown cells [supporting information (SI) Fig. S1]. Srx knock-
down cells also showed slightly increased MAPK signaling, as
indicated by increases in EGF receptor phosphorylation and acti-
vation of downstream kinases (Fig. 5A). Surprisingly, C-Jun was less
activated in Srx knockdown cells than in control cells, as indicated
by the levels of Ser-73 phosphorylation upon EGF treatment (see
Fig. 5A). JNK 1 and 2, the major upstream kinases that activate
c-Jun (18), showed impaired activation in Srx knockdown cells in
response to EGF treatment (see Fig. 5A). It is noteworthy that the
total protein levels of JNK1/2 in Srx knockdown cells were lower
than in control cells (see Fig. 5A).

To ask whether the impairment of EGF-induced c-Jun activation
in Srx deficient cells extends to other inducers, we investigated c-Jun
activation by serum addition after starvation. Serum addition
increased Srx expression in control cells but not in Srx knockdown
cells (see Fig. S1A). As shown in Fig. 5B, addition of serum rapidly
induced Ser-73 phosphorylation of C-Jun. However, in Srx knock-
down cells, addition of serum showed a much weaker induction of
Ser-73 phosphorylation within the time frame examined. The c-Jun
phosphorylation correlated with the time course of JNK1/2 acti-
vation in these cells, and the lack of activation in Srx knockdown
cells (Fig. 5B). The basal protein levels of JNK1/2 were also lower
in Srx knockdown cells, contributing to the lack of activated JNK1/2
(see Fig. 5 A and B). TPA is known to activate c-Jun by inducing
phosphorylation (8). Knockdown of Srx also impaired TPA-
induced Ser-73 phosphorylation (see Fig. S1B). Again, this appears
to be because of reduced basal JNK1/2 protein levels and impaired
JNK1/2 activation in these cells.

The above observations raise the possibility that Srx functions as
a positive regulator of c-Jun activation in addition to being a target
of AP-1 activation. Indeed, knockdown of Srx significantly re-
pressed AP-1-mediated luciferase activity (Fig. 5C). This inhibitory
effect was relatively specific, as other signaling pathways, such as
NF�B signaling, were not affected (Fig. S2A). In contrast, when Srx

Fig. 3. Srx reduces hyperoxidized 2-Cys Prxs in P� cells. (A) P� cells were stably
transfected with a nontarget ShRNA (ShNT) or an ShRNA construct containing a
hairpin structure specific to Srx coding region (ShSrx). Cells were treated with
DMSO (�) or TPA (�) for 6 h and Western blotting was performed using whole-
cell lysates. (B) Plasmid-expressing Myc-tagged Prx was transfected into P� cells
and immunoprecipitation (IP) was performed with anti-Myc antibody. Western
blottingwasperformedusinganti-Mycandanti-Prx-SO3antibody. (C)Cells stably
expressing ShNT or ShSrx were treated with H2O2 and then blotted for hyperoxi-
dized Prxs. (D) As in (C), but cells stably expressing empty vector or Flag-tagged
Srx.

Fig. 4. Knockdown of Srx abolishes TPA-induced transformation in P� cells. (A
and B) Microscopic images (�4) of anchorage independent growth of P� cells
stably expressing ShNT (A) or a ShSrx (B) in the presence of TPA. (C) Colonies from
random fields under the microscope were counted and number of colonies per
field was presented as x � SD. *, P � 0.05; **, P � 0.05 (t test). (D) Cell proliferation
under adherent conditions measured by XTT assay. Data at each time point are
from six replicates and are presented as x � SD.
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was over-expressed in P� cells, it strongly stimulated basal as well
as TPA-induced AP-1 activity (Fig. 5D). Under the same condi-
tions, over-expression of Srx in these cells did not affect NF�B
signaling (Fig. S2B). Therefore, Srx appears to be required for
sustained c-Jun/AP-1 activation through a positive feedback loop.

As c-Jun activity is important for cell growth and survival (19, 20),
we further examined the tolerance threshold of Srx to oxidative
stress by XTT assay. As shown in Fig. S3, Srx knockdown cells were
much more sensitive than control cells to hydrogen peroxide-
induced cell death. The IC50 of Srx knockdown cells was around 20
�M, while the control cells had an IC50 of around 100 �M (see Fig.
S3B). This effect was most likely a result of the knockdown of Srx
in these cells, because expression of ShV or a ShNT did not have
a similar effect (see Fig. S3A). Therefore, the impaired AP-1
activation and increased susceptibility of Srx knockdown cells to
oxidative stress may contribute to the lack of transformation
response in these cells, consistent with an earlier observation of

decreased antioxidant response and excessive toxicity by oxidant
promoters in transformation resistant JB6 cells (21).

Srx Is Highly Expressed in Certain Types of Human Tumors. To
evaluate the expression of Srx in human skin tissues, tissue mi-
croarrays were analyzed by anti-Srx immunohistochemistry. Strong
punctuate staining of Srx was found to be limited to the basal cell
layer of the epidermis in normal skin (Fig. 6 A and B). Positive
staining (brown) was mainly found in tumor tissues from patients
with squamous cell carcinoma (SCC, 88.1%), sweat gland carci-
noma (SGC, 81.8%), basal cell carcinoma (BCC, 74.4%) and
melanoma (65.2%) (Fig. 6 C–F and Table S1). A significant portion
of tissues from BCC or melanoma patients were very strongly
positive (���), with a percentage of 27.9% and 34.8%, respec-
tively. In contrast, with the exception of the basal cell layer, an
overall negative staining was found in skin tissues from patients with
hyperplasia or chronic inflammation (see Table S1). Tissues from

Fig. 5. Knockdown of Srx impairs AP-1 activation. (A
and B). Cells after serum starvation were treated with
DMEM containing 50 ng/ml EGF (A) or 5% FBS (B) for
indicatedtimeandWesternblottingwasperformed. (C
and D). Assay of 4XAP-1 luciferase reporter activity in
Srx knockdown cells (C) or in cells co-expressed with Srx
(D). Assays were performed in triplicate and data are
presented as x � SD. **, P � 0.05 (t test).

Fig. 6. Representative immunohistochemistry stain-
ing of Srx in normal human skin (A and B), squamous
cell carcinoma (C), sweat gland carcinoma (D), basal cell
carcinoma (E), and melanoma (F). Note the positive (�)
staining of basal cell layer in (A) and (B); (C) and (D),
strong positive (��); (E) and (F), very strong positive
(���). BCL, basal cell layer; D, dermis; E, epidermis;
GCL, granular cell layer; S, subcutis; SCL, squamous cell
layer.
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patients with condyloma, papilloma, or dermatofibrosarcoma were
negative or weakly positive. Therefore, Srx was found to be highly
expressed in certain human skin malignancies and might have
potential value in diagnosis, prevention, or treatment of these
tumors.

To extend our findings to other cancer sites, we examined Srx
expression in cancer tissues from a variety of organ and tissue
origins. A total number of 42 patient tissues (including tumors from
esophagus, stomach, colon, rectum, liver, lung, kidney, breast,
cervix, ovary, bladder, lymph node, brain, and prostate) and 42
paired, adjacent normal control tissues have been examined. Com-
pared with adjacent normal tissue, Srx expression was increased in
several cases. In particular, Srx was highly expressed in rectal
carcinoma and lung adenocarcinoma but not in paired normal
tissues (Fig. S4). Therefore, it is possible that Srx may also play a
more general role in other cancer sites.

Discussion
In this study we identified sulfiredoxin as a functionally significant
target of AP-1 blocker TAM67 when it specifically inhibited
tumorigenesis in mice. AP-1 activation was found to be required for
TPA-induced Srx gene expression. In JB6 cells, Srx interacts with
peroxiredoxins and regulates the levels of hyperoxidized peroxire-
doxins. Deficiency of Srx renders JB6 P� cells resistant to tumor
promoter-induced transformation. This loss of transformation re-
sponse is not attributable to a general inhibition of cell proliferation.
Srx is also found to be highly expressed in several human cancer
tissues, suggesting that Srx might be targeted for cancer prevention
or treatment.

The Prx/Srx Axis and Tumorigenesis. There are six isoforms of Prxs
in mammals, with distinct cellular locations, including the cytosol
(Prx I, II, and VI), nucleus (Prx I), mitochondria (Prx III, VI),
peroxisomes (Prx V), and endoplasmic reticulum (IV) (22). It is
possible that different subcellular distributions of Prx isoforms may
have distinct consequences for cellular function. The typical 2-Cys
Prxs, including I, II, III, and IV, are the best-characterized members
of the Prx family. In addition to scavenging free radicals and ROS
through the conserved cysteine residues, these Prxs also participate
in multiple cell-signaling pathways, such as PDGF receptor signal-
ing (23).

Considerable evidence implicates Prx I as a putative tumor
suppressor. Prx I was first identified as a gene activated during cell
proliferation in human mammary epithelial cells (24), and was later
found to interact with the oncoprotein c-Abl and to inhibit its
tyrosine kinase activity (25). Loss of Prx I in mice leads to
premature death from spontaneous cancer formation in multiple
organs (26), supporting the notion that Prx I functions as a tumor
suppressor. This activity is mediated, at least in part, through
interaction with c-Myc and selective alterations of its target gene
expression (27, 28). Prx I over-expression significantly reduces
colony formation in vitro and tumorigenicity of Myc-transformed
fibroblasts in vivo (28), whereas Prx I knockout cells are much more
susceptible to ras transformation alone (27). Prxs I and II also
function as molecular chaperones to enhance resistance to heat
shock and oxidative stress in yeast and mammals (29, 30)

Prxs are rapidly inactivated through hyperoxidation of the cata-
lytic cysteine residue during hydrogen peroxide-mediated cell sig-
naling. Hyperoxidation of Prxs results in inactivation of peroxidase
function and facilitates proteasome-mediated protein degradation
(31, 32). In the presence of ATP and magnesium, the hyperoxidized
form of Prxs can be reduced back to the active form through
interaction with Srx (10, 11, 32), and this function of Srx is specific
to 2-Cys Prxs including I, II, III, and IV. Expression of Srx increases
cells’ ability to scavenge hydrogen peroxide and protects them from
ROS-induced cell senescence and apoptosis (33, 34).

Given the importance of Prxs in tumorigenesis, it is noteworthy
that Srx is also required for tumor promoter-induced transforma-

tion in JB6 cells. Because several Prxs are expressed in these cells
and in mouse epidermis, a combinatorial effect, rather than a
particular Prx-Srx interaction, may contribute to this process. It is
of future interest to investigate if other functions of Srx may also be
required in addition to its peroxidase reductase activity.

In this study, Srx emerges as a target of AP-1 blockade in vivo
when it specifically inhibits tumorigenesis, and is functionally sig-
nificant in driving tumor promoter-induced transformation in the
mouse JB6 model, a model shown to be predictive for in vivo
outcomes (5, 6). However, whether Srx deficiency will render mice
resistant to carcinogenesis in vivo needs to be further investigated.

Srx Acts Upstream and Downstream of AP-1. Our study reveals that
loss of tumor promoter-sensitive phenotype in P� cells upon Srx
depletion involves an impaired AP-1 activation and increased cell
death under oxidative stress conditions. Therefore, Srx is not only
an AP-1 target gene but also contributes to the activation of c-Jun.
This suggests that Srx is a unique component of a positive feedback
loop regulating AP-1 activity. This is achieved at least in part
through the regulation of JNK1/2 kinase activity and protein levels.

The regulation of JNK by Srx may occur through a secondary
mechanism, as we were unable to detect direct association of Srx
with JNK1/2 or c-Jun by co-immunoprecipitation. Hyperoxidized
Prxs have been reported to inhibit JNK activities either by
removal of hydrogen peroxide (35), or by directly interacting
with GSTpi-JNK complex (36). Therefore, Srx may positively
regulate JNK activity by maintaining a constant level of reduced
Prxs, facilitating the release and activation of JNK from the
GSTpi-JNK complex (36).

The regulation of c-Jun activity by Srx appears to occur mainly
through JNK1/2-mediated phosphorylation. However, this does not
exclude the regulation of c-Jun activity through other mechanisms
involving antioxidant proteins. For example, a recent study dem-
onstrated that depletion of another redox protein, Ref-1, led to loss
of transformation and impaired AP-1 activation in JB6 cells (37).
In yeast, activation of Tpx1 (yeast homologue of Prx I) by Srx
facilitated reduction of oxidized cysteine in PAP1 (yeast homo-
logue of c-Jun) and activated PAP1-dependent gene transcription
(33, 38). Furthermore, Srx also plays a positive role in the deglu-
tathionylation of multiple proteins, including PTP 1B, and thus
promotes cell proliferation (39, 40), which may also contribute to
tumorigenesis.

Srx Expression in Human Tumors. Elevated expression of major
regulators of ROS signaling, such as Prxs and Trxs, has been
identified in a wide range of human cancers (41). Using a tissue
microarray, we showed that Srx was expressed in some basal cells
of normal skin epidermis. The identity of these Srx-expressing cells
is still unclear. Interestingly, we also showed that Srx was highly
expressed in skin tumors, including SCC, SGC, BCC, and mela-
noma, representing several histological origins. This finding also
extends to other human tumors, as elevated expression of Srx is
evident in rectal carcinoma and lung adenocarcinoma but not in
their paired normal tissues. Therefore, Srx may be a target gene of
potential value for cancer prevention or treatment. In the future, it
will be of interest to investigate whether Srx expression correlates
with the progression of malignancy in tumors with clinically defined
stages.

Materials and Methods
DNA Microarray and Cell Culture. JB6 cells were cultured in standard conditions
with 4% FBS. DNA microarrays, transient transfections, and luciferase reporter
assays were performed as previously reported (9). For cell growth and prolifera-
tion assay, 103 cells were plated in each well of 96-well plate. For cell viability
assay, 2 � 104 cells were plated in each well of 96-well plate. Modified XTT assays
for cell proliferation and cell survival were performed following commercial kit
protocols (Roche).
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Cloning, RT-PCR and Chromatin Immunoprecipitation. Mouse Srx promoter was
amplified from genomic DNA and cloned into upstream of the luciferase coding
region in the pGL3 vector (Promega). Mutation of the AP-1 site in the Srx
promoter was achieved by site-directed mutagenesis (Stratagene) and the mu-
tation was confirmed by DNA sequencing. Total mRNA from JB6 cells was ex-
tracted and purified following commercial kit protocols (Qiagen). Reverse tran-
scriptase PCR (RT-PCR) was performed using a gene-specific primer and
SuperScript reverse transcriptase (Invitrogen). Chromatin immunoprecipitation
assay of P� cells transfected with HA-c-Jun was performed using anti-HA anti-
body (Roche) and commercial kit (Upstate). To construct C-terminal Myc-tagged
peroxiredoxin expression plasmids, human peroxiredoxins I, II, and III coding
regions were amplified from HEK293T total mRNA by RT-PCR and cloned into
BamH I/XhoI sites of pcDNA3.1-MycHis expression vector. The inserted sequences
were confirmed by DNA sequencing. Plasmid-expressing Flag-Srx and mouse
anti-Srx mAb were kindly provided by Dr. Kenneth Tew (Medical University of
South Carolina).

Western Blotting and Immunoprecipitation. Western blotting and immunopre-
cipitation were performed using standard procedures. Antibodies used were,
Sulfiredoxin, c-Jun, and c-Myc (Santa Cruz), �-actin, and Flag (Sigma-Aldrich), Prx
I, II, III, and PrxSO3 (Abcam). Other antibodies, including EGFR, phosphor-EGFR,
phosphor-c-Jun, phosphor-MEK1/2, phosphor-ERK1/2, phosphor-JNK1/2, and
JNK were from cell signaling.

Knockdown of Srx in JB6 Cells. JB6 cells were transfected with mission ShRNA
(Sigma-Aldrich) and selected in medium containing 1-�g/ml Puromycin. MISSION
shRNA lentiviral transduction particles were also used to infect JB6 cells to
produce pools of Srx knockdown cells. Control vectors and virus particles used
were MISSIONpLKO.1-puro control vector, MISSION Non-Target shRNA control

vector, MISSION pLKO.1-puro control transduction particles, and MISSION Non-
Target shRNA control transduction particles. Knockdown experiments were de-
signed according to previous suggestions (42).

Transformation in Soft Agar. Anchorage-independent transformation assays
were performed using a modified CytoSelect 96-well cell transformation assay kit
(Cell Biolabs). Briefly, cells were plated in soft agar in a 96-well plate at 2,000 cells
per well. Culture medium containing TPA or solvent was changed every 3 days
and cells were in culture for 2 weeks. Colonies were counted and images were
taken under microscope (�4) and analyzed using the Image-Pro software (Me-
diaCybernetics).

Tissue Microarray Immunohistochemistry. Tissue slides containing various hu-
man tumor samples, skin diseases, or paired adjacent normal skin tissues were
commercially obtained (Biomax). After deparaffinization and antigen retrieval
according to the manufacturer’s suggestions, anti-Srx immunohistochemistry
staining was performed using anti-Srx antibody with a commercial kit (R & D
Systems). Slides were counterstained with Hematoxylin (Sigma) and mounted
after dehydration. Staining images were taken under microscope (�100, or
otherwise specified) and were evaluated and scored by using the Image-Pro
software.
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