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Oxidative stress is known to cause tumorigenesis through induc-
tion of DNA and lipid damage. It also promotes cancer progres-
sion through a largely unknown mechanism. Sulfiredoxin (Srx) is
a novel oxidative stress-induced antioxidant protein whose func-
tion in tumorigenesis and cancer progression has not been well
studied. We report that Srx is highly expressed in human lung
cancer. Knockdown of Srx reduces anchorage-independent colony
formation, cell migration, and invasion of human lung cancer cells.
Srx preferentially interacts with Peroxiredoxin (Prx) IV relative to
other Prxs due to its intrinsic higher binding affinity. Knockdown
of Prx IV recapitulates the phenotypic changes of depleting Srx.
Disruption or enhancement of the Srx-Prx IV axis leads respec-
tively to reduction or acceleration of tumor growth and metastasis
formation in vivo. Through identification and validation of the
downstream mediators we unraveled the Srx-mediated signaling
network that traverses AP-1-activating and other phosphokinase
signaling cascades. Our work reveals that the Srx—Prx IV axis is
critical for lung cancer maintenance and metastasis, suggesting
that targeting the Srx-Prx IV axis may provide unique effective
strategies for cancer prevention and treatment.

oncogene | signal transduction

Lung cancer is the most common form of human cancer and
is the leading cause of cancer mortality worldwide. Despite
recent progress in early detection and combined therapeutic
strategies, the overall survival rate of patients has not been sig-
nificantly improved (1). Many risk factors, including the exposure
to tobacco smoke, have been identified as causally related to lung
carcinogenesis in patients. Tobacco smoke contains a number
of carcinogens, and metabolism of these carcinogens generates
active metabolites directly leading to formation of DNA adducts
and the accumulation of oxygen-free radicals that induce oxi-
dative stress that contributes significantly to tumorigenesis and
cancer progression (2).

Oxygen-free radicals, including reactive oxygen species (ROS)
and reactive nitrogen species, have been shown to be causally
related to cancer progression and metastasis. However, the
molecular mechanisms of oxidative stress in cancer maintenance
and metastases formation are still not well understood, due in
part to the dual roles of ROS as both deleterious and beneficial
species in cancer cells. Under physiological conditions ROS-
induced oxidative stress response causes cellular senescence
and apoptosis. Cancer cells have an enhanced defense system
characterized by intrinsically higher expression of antioxidant
proteins, and ROS are more likely to function as mediators of
intracellular signaling cascades that are critical for maintenance
of tumor phenotypes (3). Sulfiredoxin (Srx), or neoplastic pro-
gression 3, was previously identified as a differentially expressed
gene with unknown function that distinguished transformed and
transformation-sensitive from transformation-resistant mouse
epidermal cells (4). More recent studies substantiate that Srx is
an oxidation-induced antioxidant protein that catalyzes the re-
duction of hyperoxidized Peroxiredoxins (Prxs) to the reduced
form to restore their peroxidase activity (5, 6). In addition, Srx
may also contribute to protein deglutathionylation (7, 8).
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Our previous study demonstrates that Srx is a unique target of
activator protein-1 (AP-1) activation and TAM67 (a dominant-
negative form of c-Jun) inhibition that is functionally significant
in skin carcinogenesis (9). Transcriptional activation of Srx by
AP-1 and nuclear factor erythroid 2-related factor (Nrf2) sig-
naling has also been demonstrated in other cell types including
neurons and pancreatic cells, and Srx expression can be induced
by tobacco smoke in lung epithelial cells (10). Our current work
elucidates the essential function of Srx and the Srx-Prx IV axis in
human lung cancer cell migration, invasion, and metastasis and
reveals an important oncogenic role of Srx in cancer mainte-
nance and progression through modulation of specific phos-
phokinase signaling cascades. Our findings also suggest that
targeting the Srx—Prx IV axis may provide unique strategies for
cancer prevention and treatment.

Results

Srx Is Highly Expressed in Human Lung Cancer and Is Required for
Anchorage-Independent Colony Formation, Cell Migration, and Invasion
of Lung Cancer Cells. To study the function of Srx in lung cancer,
tissue microarray analysis using samples from human normal lung
as well as lung diseases was performed. A total of 463 tissue cores
representing 271 individuals were stained for Srx expression (Table
S1). As shown in Fig. 1, Srx-positive staining is rarely found in
human normal or inflammatory lung tissues; in contrast, strong
staining of Srx is found in tumor samples from patients with squa-
mous cell carcinoma or adenocarcinoma. In particular, Srx staining
intensity is strong in tumor tissues of advanced or metastatic squa-
mous cell carcinoma, possibly indicating a positive correlation of Srx
expression with human lung cancer progression (Fig. 1B).

The A549 cell line was originally derived from a patient with
lung nonsmall cell adenocarcinoma and Srx is moderately ex-
pressed in these cells. A lentiviral-mediated ShRNA knockdown
strategy was used to deplete the endogenous expression of Srx in
these cells. Infection of cells with lentiviral particles expressing
the ShRNA targeting the protein-encoding region of the human
Srx gene (ShSrx) effectively depleted the endogenous expression
of Srx at both transcript and protein levels. In contrast, Srx expres-
sion was not affected by infection of viral particles expressing the
vector (ShV) or the nontarget control ShRNA (ShNT) (Fig. 1C).
Knockdown of Srx slightly delays cell-cycle progression at the early
phase of serum induction but is unable to produce a cumulative
effect on cell growth and proliferation under adherent conditions
(Fig. S1 A and B). However, compared with parental cells or
control cells, Srx knockdown cells formed fewer anchorage-
independent colonies when cultured in soft agar (Fig. 1 D and E),
migrated more slowly in the chamber wound-healing assay (Fig. 1
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Fig. 1. Srx is highly expressed in patients with lung cancer and is required
for anchorage-independent colony formation, migration, and invasion of
cancer cells. (A) Screenshots of representative tissue microarray images (Left)
and microscopic images of Srx expression in normal, squamous cell carci-
noma (SCC) and adenocarcinoma (AQ) (Right). (Scale bar, 10 pm.) (B) Quanti-
tative results of A. NTD, nontumor diseases; mSCC, metastatic SCC. Data are
presented as means + SD. Compared with normal, #P > 0.05, *P < 0.05, **P <
0.01 (t test). See also Table S1 for detailed tissue information. (C) Knockdown
of endogenous Srx indicated at the transcript level by RT-PCR and at the
protein level by Western blot. (D-/) Srx knockdown cells form fewer colonies in
anchorage-independent growth in soft agar (D and E), migrate slower in the
wound-healing assay (F and G), and are less invasive in the matrigel invasion
assay (H and /). Representative images from sextuplicates are shown. (D, F, and
H) Colonies with diameter >100 pm (scale bar in D) were counted. All data are
presented as means + SD (n = 6). (E, G, and /) Compared with the control
parental cells, #P > 0.05 and **P < 0.01 (t test in E and /, paired t test in G).

F and G), and were significantly less invasive in the transwell
matrigel invasion assay (Fig. 1 H and I). These observations sug-
gest that Srx is required for the maintenance of the tumor phe-
notype of human lung cancer cells.

Identification of Prx IV as the Major Protein That Interacts with Srx.
Immunoprecipitation (IP) and reverse-phase liquid chromatog-
raphy-mass spectrometry (RPLC-MS) methods were applied to
identify proteins that may interact with Srx, using a combination
of different cell lines and strategies (SI Materials and Methods).
Numerous proteins were identified to interact with Srx (see
Dataset S1 for a sample list). A summary of all MS identi-
fications reveals that Prx I, II, III, or IV may interact with Srx or
be the component of the complex (Fig. 24). To our surprise,
Prx IV was the most abundant protein that was identified in all
assays, indicated by the highest numbers of total and unique
peptides in MS (Fig. 24 and Table S2). For example, in
HEK293T cells, a total of 70 peptides representing nine unique
fragments of Prx IV were identified by RPLC-MS (Table S2).
Other members, such as Prxs I, II, and III, were also identified,
but at lower abundance and with cell type specificity. In partic-
ular, Prxs I and II were found by IP using mouse epidermal JB6
cells and HEK293T cells, and Prx III was found by IP using A549
cells. Therefore, Srx may differentially interact with members of
the Prx family and the interactions may be cell-context de-
pendent. This prediction is further confirmed by a traditional TP/
Western blotting procedure using HEK293T and A549 cells
expressing Srx and Prxs (Fig. 2B). In both cell types, Srx—Prx IV
interaction is confirmed and there may be cell type-specific dif-
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Fig. 2. Prx IV is the major protein that interacts with Srx. (4) Silver staining
of proteins that pull down with Flag-Srx in HEK293T cells. Arrows indicate
major proteins of interest identified. (B) Differential interaction of Srx to
Prxs by IP in HEK293T and A549 cells. (C) (Upper) Endogenous expression of
Prxs in HEK293T and A549 cells at the mRNA level; (Lower) Prx protein ex-
pression obtained from the same membrane. (D) Binding kinetics of Srx to
different Prxs in vitro as measured by SPR. Under the conditions used, the
binding Ky of Srx to Prx IV is ~4.0-7.0 pM.

ferences in regard to Srx interaction with other Prxs. The in-
ability of anti-Myc antibody to pull down Srx may result from the
spatial inaccessibility of the antibody to the Myc epitope due to
the structural or stoichiometric feature of the complex.

The formation of the Srx protein complex may also be affected
by the availability/expression level of the partner protein. To
clarify whether the abundance of Prx IV identified in MS
resulted from its high expression level, we examined the en-
dogenous expression of different Prxs in HEK293T and A549
cells. As shown in Fig. 2C, there were no obvious differences at
the transcript levels of Prxs I-IV in these two cell lines. At the
protein level, Prxs (I-IV) were relatively abundant and corre-
lated well with their transcript levels in HEK293T cells. In A549
cells, Prxs I and IIl were expressed similarly to those in
HEK?293T cells. However, Prx II was not detected in A549 cells
and the Prx IV level was significantly less than that in HEK293T
cells, which may indicate a posttranscriptional or post-
translational regulation of Prx II and Prx IV expression in A549
cells. The finding of Prx IV as the most abundant Srx-interacting
protein in both cell lines, despite the lower expression of Prx IV
in A549 cells, suggests that Srx may bind preferentially to Prx I'V.

Srx Has a Higher Binding Affinity to Prx IV. To test the hypothesis that
Srx binds preferentially to Prx IV relative to other Prxs, we inves-
tigated the Srx—Prx interactions using the surface plasmon reso-
nance (SPR) technique with purified recombinant proteins.
The expression and solubility of recombinant Srx and Prxs in
Escherichia coli were evaluated (Fig. S24) and a tandem affinity
purification method was used to generate large amounts of purified
recombinant Srx and Prxs (Fig. S2B). The final purified proteins
were >95% pure, indicated by a single band in Coomassie staining
(Fig. S2C). The interaction of Srx with individual Prxs was analyzed
on a Biacore Chip by SPR and the binding kinetics were modeled
and calculated (11). As a control, Srx did not interact with purified
maltose binding protein (MBP) even at the high concentration
(Fig. 2D). Under the same conditions, complex formation was not
detected between Srx and Prx I or II. A temporary weak formation
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of complexes was noted between Srx and Prx III. In contrast, a ro-
bust and strong association of Srx to Prx IV was detected by SPR
and the formation of the complex was concentration dependent
(Fig. 2D). The association constant that measures the binding affinity
(K,) of Srx to Prx IV from two independent experiments (on in-
dependent chips) was 4 pm and 7 pm, respectively. Therefore, Srx has
an intrinsically higher binding affinity to Prx IV than to the other
members of the Prx family. These data suggest that there is a hier-
archy of Srx-Prx interactions and Srx may exist mainly in the form of
Srx—Prx IV complex in human lung cancer cells.

Knockdown of Prx IV Recapitulates the Phenotypic Changes of
Knockdown of Srx in A549 Cells. In A549 cells, endogenous Prx II
protein was undetectable by Western blot (Fig. 2C), and Srx was
not found to interact with Prx II by mass spectrometry (Table S2).
Therefore, we asked whether Prx I, III, or IV is required for the
Srx-mediated function in A549 cells. Using the lentiviral-based
ShRNA knockdown strategy, the endogenous expression of in-
dividual Prxs in A549 cells was efficiently depleted, and knock-
down of one Prx did not interfere with the expression of other Prxs
(Fig. 34). In the transwell matrigel invasion assay knockdown of
Prx IV significantly reduced the number of cells invading through
matrigel to a similar extent to that observed in Srx knockdown
cells. Knockdown of Prx III did not cause changes in cell invasion
and knockdown of Prx I led to a lesser reduction than that of Srx or
Prx IV knockdown (Fig. 3 B and C). When cultured in soft agar,
Prx IV knockdown cells formed significantly fewer anchorage-
independent colonies, similar to Srx knockdown cells (Fig. S3).
Knockdown of Prx III did not cause changes in colony formation
and knockdown of Prx I led to a lesser reduction than that seen
with Srx or Prx IV knockdown (Fig. S3). Taken together, these
findings suggest that knockdown of Prx IV recapitulates the phe-
notypic changes of Srx knockdown in A549 cells.

Disruption or Enhancement of the Srx-Prx IV Axis Leads to
Corresponding Reduction or Acceleration of Tumor Growth in Mouse
Xenograft and Metastasis. As knockdown of Srx or Prx IV signifi-
cantly reduces colony formation, we predicted that knockdown of
Srx may also affect tumor growth in vivo. To test this hypothesis,
cells expressing ShNT (control), ShSrx (knockdown), Srx
(overexpression), or Srx/Prx IV (overexpression of Srx plus PrxIV)
were injected s.c. into SCID mice. As shown in Fig. 44, tumor
xenografts originating from cells expressing Srx (or Srx plus Prx
IV) grew faster than those from control cells. In contrast, tumors
originating from the Srx knockdown cells grew slower than those
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Fig. 3. Knockdown of Prx IV recapitulates the phenotypic changes of Srx
knockdown in A549 cells. (A) Efficient and specific knockdown of individual
Prx in A549 cells occurred at the transcript and protein levels. (B and C) Prx IV
knockdown cells were less invasive. Compared with the parental control, *P >
0.05; **P < 0.01; ShPrx IV compared with ShPrx I, P < 0.01 (n = 6, t test).
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from control cells. To exclude the variations in the measurement of
tumor volume, all tumors were extracted and the average tumor
weight of the Srx/Prx IV group was found to be significantly heavier
than that of the control group, whereas the average tumor weight
of the knockdown group was less than that of the control group
(Fig. 4B). Therefore, loss of Srx or enhancement of the Srx-Prx
axis in A549 cells causes a moderate reduction or acceleration of
tumor growth in mouse xenograft in vivo.

The significant reduction of transwell invasion in Srx (or Prx
IV) knockdown cells suggests that the Srx—Prx IV axis may also
play a positive role in the metastasis of A549 cells in vivo. To test
this hypothesis, cells described above were injected into SCID
mice through the tail vein. Ten weeks later, the group injected
with cells expressing Srx/Prx IV showed symptoms of developing
tumors, such as loss of body weight, difficulty in breathing, and
lack of activity. In fact, the unexpected death of one mouse in the
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Fig. 4. Disruption (or enhancement) of the Srx-Prx IV axis reduces (or
accelerates) tumor growth in mouse xenografts and lung metastasis forma-
tion. (A) SCID mice were s.c. injected with A549 cells stably expressing ShNT,
ShSrx (knockdown), Srx (overexpression), or Srx/Prx IV (coexpression of Srx and
Prx IV). Compared with ShNT, **P < 0.05 (n = 10, paired t test). (B) The final
average tumor weights from different groups were compared. Compared
with ShNT, #P > 0.05, **P < 0.01 (n = 10, t test). (C) Lung metastasis formation
at 13 wk after the injection of A549 cells into the tail veins of SCID mice.
Arrows indicate the position of macroscopic tumor nodules. (Scale bar, 1 mm.)
Tumor nodules with a diameter >1 mm were counted and tumor numbers
from different groups were compared. Compared with ShNT, **P < 0.01 (n =
10, t test). (D) H&E staining of lung tissues from C; arrows indicate the position
of microscopic tumor nodules with diameter <1 mm. (Scale bar in D, 1 mm.)
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Srx/Prx IV group led to the euthanizing of all mice at 13 wk (3
mo) after tail vein injection, despite the fact that mice in other
groups were still symptom-free. Examination of mouse lungs
revealed that overexpression of Srx alone or in combination with
Prx IV in A549 cells dramatically increased the numbers of vis-
ible tumor nodules. In contrast, knockdown of Srx significantly
reduced the formation of metastatic tumor nodules (Fig. 4C).
Microscopically, the reduction of tumor size/numbers in mice
injected with Srx knockdown cells, or the exacerbation of tumors
(with loss of normal lung structure) in mice injected with Srx or
Srx/Prx IV cells, was even more evident (Fig. 4D). Therefore,
these observations suggest that the disruption/enhancement of
the Srx-Prx IV axis reduces/accelerates the formation of tumor
metastases in a mouse model of lung tumor metastasis.

Srx—Prx IV Axis Is Required for the Activation of Specific Intracellular
Phosphokinase Signaling Including the AP-1/MMP9 Axis and MAPK
Signaling. In mouse epidermal JB6 cells, Srx is required for the
positive feedback regulation of AP-1 activity (9). This is also true
in A549 cells because knockdown of Srx significantly reduced
serum-induced c-Jun phosphorylation (Fig. 54). Members of the
matrix metalloproteinase (MMP) protein family are known to be
transcriptional targets of oncogenic AP-1 activation and are re-
quired for cancer invasion and metastasis (12). Therefore, we
asked whether Srx is required for MMP activity in A549 cells.
Gelatin zymography was used to examine the enzyme activities of
MMPs in the cell culture medium. Compared with control,
a significant loss of MMP9 but not MMP2 activity was found in
the culture medium of the Srx knockdown cells (Fig. 5B). The
loss of activity was likely due to the absence of MMP9 protein,
indicated by a significant down-regulation of MMP9 protein
expression in Srx knockdown cells (Fig. 5C). Taken together,
these observations demonstrate that the oncogenic or tumor-
promoting function of Srx is mediated at least in part through the
regulation of the AP-1/MMP9 axis.

To further explore the molecular mechanisms of Srx in human
lung cancer cell invasion and metastasis, we examined the global
phosphokinase signaling changes mediated by Srx in A549 cells.
Proteome profiler human phosphokinase arrays were performed
using cells expressing ShNT, ShSrx, or Srx. Each phosphokinase
assay detects the levels of multiple phosphorylated proteins in
duplicate, along with several spots of predesigned negative and
positive controls (Fig. S4 A and B). Of all of the phosphorylated
proteins examined, ERK1/2, CREB, and c-Jun showed signifi-
cantly attenuated serum-induced phosphorylation levels upon
knockdown of Srx (Fig. 5 D and E). The antibody to p-ERK used
in this assay recognizes both p-ERK1 and p-ERK2. Therefore,
to clarify which of the p-ERKs was affected by the knockdown
of Srx, further proteome profiler human phospho-MAPK arrays
were performed. In this assay, specific antibodies recognizing
either p-ERK1 or p-ERK2 were used (Fig. S4 C and D). Com-
pared with the control, the induction of both p-ERK1 and p-
ERK?2 levels was significantly reduced in Srx knockdown cells
(Fig. S5 4 and B).

The signaling changes identified from the phosphokinase array
were also validated by Western blotting. As shown in Fig. 64, Srx
knockdown cells showed significant reduction in the phosphory-
lation levels of ERK1/2 and CREB at multiple time points in re-
sponse to stimulation, and Srx-overexpressing cells showed slightly
enhanced phosphorylation of these proteins. The regulation of
these phosphorylation events did not occur at the EGF receptor or
downstream Ras/Raf activation, because only the phosphorylation
of MEK1/2 was significantly reduced in Srx knockdown cells and
enhanced in Srx-overexpressing cells (Fig. 64). Therefore, the
reduced activation of MEK1/2 may contribute to the attenuation
of ERK1/2 activation by Srx knockdown.

Because knockdown of Prx IV recapitulates the phenotypic
changes of Srx knockdown cells (Fig. 3), we asked whether
knockdown of Prx IV would have a similar effect in intracellular
cell signaling. Proteome profiler human phosphokinase arrays
were analyzed using ShNT-, ShPrxIV-, and Prx IV-overexpress-
ing cells. As shown in Fig. S5 C and D, knockdown of Prx IV led
to a kinase profiling change similar to those observed in Srx
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Fig. 5. The Srx-Prx IV axis is required for sufficient activation and/or am-
plification of specific phosphokinase signaling including the AP-1/MMP9 and
MAPK cascades. (A) Reduction of the serum-induced JNK and c-Jun activa-
tion in Srx knockdown cells. (B) Reduction of MMP9 activity in the culture
medium of the Srx knockdown cells measured by gelatin zymography. (C)
Down-regulation of MMP9 protein expression in Srx knockdown cells, in-
dicated by Western blot. LE, longer exposure. (D and E) Proteome profiler
human phosphokinase array. —, no stimulation; +, serum stimulation.

knockdown cells, such as the insufficient phosphorylation of
ERK1/2, AKT, CREB, and c-Jun (Fig. S5 C and D). Addition-
ally, knockdown of Prx IV has a broader effect. For example, the
phosphorylation levels of p38a, JNK1/2, GSK3o/p, MEK1/2,
MSK1/2, AMPKa, HSP27, Src, and Fyn were somewhat reduced
compared with those in ShNT cells. Taken together, these
observations further demonstrate that the integrity of the Srx—
Prx IV axis is required for the sufficient activation and/or am-
plification of specific kinase signaling pathways. The compro-
mised signaling pathways in Srx knockdown cells may collectively
contribute to the reduced rate of tumor growth in mouse xeno-
grafts and their inability to form lung metastases in vivo.

Systematic Evaluation of Srx and Prx Expression in Multiple Cell Lines
and a Model of the Srx-Prx IV Axis in Human Cancer. To generalize
our findings in human lung cancer, we examined the expression of
Srx, Prxs, and MMPs in multiple cell lines derived from human
normal lung epithelium (BEAS-2B, NL20, and Nuli-1), small cell
carcinoma (H69 and H82), squamous cell carcinoma (H520, H226,
and SK-Mes-1), and adenocarcinoma (A549, H2030, and H2122).
As shown in Fig. 6B, Srx is not expressed in cells from human
normal lung epithelium and small cell carcinoma, but is highly
expressed in cells from squamous cell carcinoma or adenocarci-
noma. In particular, strong expression is found in cells derived
from metastasis of squamous cell carcinoma or adenocarcinoma
(H226, H2030, and H2122 cells). Moreover, cell lines from lung
squamous cell carcinoma or adenocarcinoma express a much
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Fig. 6. Examination of the Srx—Prx axis in human lung normal and tumor
cell lines. (A) Validation of Srx-related cell signaling changes in A549 cells. (B)
Expression of Srx, Prxs, and MMPs in lung normal and tumor cells. *, cell line
derived from cancer metastasis. (C) Knockdown of Srx or Prx IV reduces
colony formation and cell invasion in H226 cells. Compared with control, *P >
0.05, **P < 0.01 (n = 6, t test). (D) A schematic model of the Srx-Prx axis in
tumorigenesis and cancer progression.

higher level of Prx IV, which is not detected in two of three lung
normal epithelial cell lines. The expression of Prx 1 is also higher in
lung cancer cells but the levels of Prx II and Prx III are variable
compared with lung normal epithelial cells. These data further
demonstrate the importance of the Srx—Prx IV axis in human lung
squamous cell carcinoma and adenocarcinoma. Furthermore,
knockdown of Srx or Prx IV in the H226 cell line, which is derived
from the pleural effusion of lung squamous cell carcinoma, sig-
nificantly reduces colony formation in soft agar and cell invasion in
matrigel transwell assay (Fig. 6C). The importance of the Srx—Prx
IV axis is also demonstrated from the Oncomine database (Fig.
S6). On the basis of all of these findings, a model is proposed for the
function of the Srx-Prx IV axis in human cancer (Fig. 6D).

Discussion

Initially identified in transformation-sensitive mouse JB6 cells (4)
and subsequently found to be targeted by AP-1 blockade when it
inhibits carcinogenesis (9), Srx now emerges as required not only
for anchorage-independent colony formation, cell migration, and
invasion of lung cancer cells in vitro, but also as pivotal for these
cells to form metastases in vivo. Examination of the downstream
mediators of Srx function revealed that Srx preferentially binds to
Prx IV and that the Srx—Prx IV axis contributes significantly to the
maintenance of tumor cell phenotype in vitro and the formation of
metastases in vivo. Disruption or enhancement of this axis leads
to corresponding reduction or acceleration of tumor growth in
mouse models. From a systematic screening of Srx expression in
human primary cancer tissues, we discovered that Srx is expressed
in human tumors including cancers of the skin, lung, and rectum,
but not in normal tissue (9). In particular, increased Srx expression
was found in lung squamous cell carcinoma and adenocarcinoma.
Mechanistic studies further demonstrated that the integrity of the
Srx—Prx IV axis is required for sufficient activation and/or ampli-
fication of certain phosphokinase signaling cascades including
the AP-1/MMP9 axis, CREB, and MAPK pathways. This study
thereby reveals a unique oncogenic function of Srx in human
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cancer that appears to be mediated through the Srx—Prx IV axis
and its positive regulation of specific phosphokinase signal-
ing cascades.

Srx is an oxidative stress-induced protein and a master enzyme
to catalyze the reduction of hyperoxidized Prxs (5, 6). In addi-
tion, Srx may also contribute to protein deglutathionylation
(7, 8). Although Prxs bear the common function of H,O, scav-
enging, previous studies indicate that they are not simply re-
dundant proteins and they may not even share the same potential
in cancer development. In fact, different Prxs may have distinc-
tive signaling specificity that can also be cell context dependent.
For example, Prx I interacts with the oncoprotein c-Abl to inhibit
its tyrosine kinase activity (13) and regulates AKT activation
through preserving PTEN activity (14). In prostate cancer cells,
Prx I interacts with androgen receptor, enhances its transacti-
vation activity, and contributes to the aggressive cancer pheno-
type (15). Prx I is a negative regulator of platelet-derived growth
factor (PDGF) receptor-mediated cell signaling (16) and a neg-
ative regulator of nuclear factor-kappa B (NF-kB) activation in
mouse fibroblasts (17). Little is known about the function of Prx
IV in cell signaling except that it may act as a negative regulator
of NF-kB activation in HeLa cells (18). These studies clearly
show that members of the Prx family are actively involved in the
regulation of multiple signal cascades in addition to maintaining
cellular redox balance. By incorporating into specific intracel-
lular signaling pathways, individual Prxs may have distinctive
functions that are important for physiological as well as patho-
logical signaling activities.

The complexity of Prxs in cell signaling reflected in cancer
development is that they may function as double-edged swords,
i.e., being either tumor activators or suppressors. Several lines of
evidence indicate that members of the Prx family may function as
activators in cancer development. First, Prxs are often found
highly expressed in human tumors, in particular in cancers from
breast (Prx I, II, and III), lung (Prx L, III, and IV), bladder (Prx I
and VI), thyroid (Prx I), and tongue (Prx I) (19). Second, expres-
sion of Prxs promotes cell survival under oxidative stress con-
ditions, and depletion of Prxs sensitizes cancer cells to apoptosis.
For example, overexpression of Prx I facilitates cell growth and
proliferation by protecting them from oxidant-induced cell
death, and Prx III is required for Myc-mediated rat fibroblast
transformation and proliferation of breast cancer MCF7 cells
(20). On the other hand, Prxs, in particular Prx I, can also
function as tumor suppressors. In Myc-transformed mouse
fibroblasts, overexpression of Prx I reduces colony formation
in soft agar and tumorigenesis in mouse xenografts (21). Deple-
tion of Prx I also significantly enhances cell susceptibility to
Ras-induced neoplastic transformation (22). In mouse studies,
knockout of Prx I causes spontaneous tumor formation in aging
mice in one study (23), and the tumor suppressor function of Prx
I may result from the inhibition of AKT activity through main-
taining PTEN activity (14). The unique function of Prx I may be
partially due to the presence of the cysteine residue 83, which is
not present in other Prxs (24). It is noteworthy, though, that Prx I
knockout mice are normal in another study (25). Mice with a
single knockout of other Prxs, such as Prx I, III, IV, or VI, are
all viable and have a normal phenotype (23, 25-29), which may in
part reflect their redundant function in redox signaling. How-
ever, whether these mice are tumor prone or tumor resistant has
not been investigated.

In this study, we identified the Srx—Prx IV axis and its critical
role in human cancer maintenance and metastasis. The prefer-
ential interaction of Srx with Prx IV may be attributable to the
unique structural features of Prx IV, as even the minor differences
in Prx I and II are able to cause dramatic differences in protein—
protein interaction as well as cell signaling (30, 31). By the pro-
teome profiler kinase array, we found that the Srx—Prx IV axis is
critical for specific phosphokinase-mediated signaling in human
lung cancer cells. The activation of CREB and c-Jun can be in-
duced by growth factor-mediated MAPK signaling activation (32,
33). Therefore, the insufficient activation of MAPK signaling
cascade in Srx-deficient cells, together with the reduction of JNK
activity, may lead to the insufficient activation of CREB and AP-1
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activity. The MAPK cascade has been well established as a major
signaling pathway that drives tumor cell invasion and metastasis.
Our data suggest that one mechanism by which Srx promotes
tumor progression is through the regulation of the MAPK/AP-1/
MMP9 axis. Due to the broader inhibitory effect of Prx IV de-
pletion on phosphokinase signaling, we may expect a larger scale
of importance for the Srx-Prx IV axis in tumor invasion and
metastasis as shown from the results in vivo. However, whether
blockage of Prx IV alone is sufficient to inhibit lung tumori-
genesis or cancer invasion and metastasis remains to be an-
swered. Further mechanistic understanding of Srx and Prxs in
cell signaling may provide unique strategies for the design of
improved therapeutic approaches for human lung cancer.

Our research also sheds light on upstream aspects of Srx-
mediated cell signaling. The effects of Srx knockdown on mul-
tiple phosphokinases may result from inhibiting MAPK signal-
ing. The MAPK cascade is mainly composed of the receptor
tyrosine kinases (RTKs), Ras, Raf, MEK, ERK, and downstream
transcriptional targets. Other modulators, such as scaffolding
protein KSR, protein kinase C (PKC), and protein phosphatases,
have also been identified as playing critical roles in determining
the strength and duration of growth factor-mediated MAPK
signaling. A close examination of the MAPK signaling cascade
and various modulators in Srx knockdown cells revealed that the
regulation by Srx does not occur at the level of RTKSs (such as the
phosphorylation of EGF receptor) or the Ras/Raf activation, but
at the level of MEK activation. Moreover, recent findings suggest
that the sustained activation of MAPK signaling requires local-
ized accumulation of H,O; in the plasma microdomain (30) and
the formation of an active complex of KSR/Raf/MEK (34). In
fact, under physiological conditions in which Srx is not induced,
the local inactivation of Prx I at the plasma membrane by growth
factor-stimulated tyrosine phosphorylation is required for suffi-
cient activation of MAPK signaling cascades (30). In cancer cells
where Srx and most Prxs are highly expressed, how the cells
reconcile the need for sustained activation of RTK signaling and
simultaneous removing of the excessive H,O; still remains to be
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understood. In the future, it will be of interest to investigate
whether the Srx-Prx IV axis plays a significant role in normal
physiological signaling processes such as wound healing and
tissue regeneration.

Materials and Methods

Tissue Microarray, RT-PCR, Plasmids, and Lentivirus Production. Tissue micro-
array slides were commercially obtained (Biomax). Immunohistochemistry
staining was performed as previously reported (9). The relative stain in-
tensities were manually quantitated using the image-J software, according to
a combination of previously described methods (35). Detailed methods for
viral production are provided in SI Materials and Methods.

Cell Culture, Anchorage-Independent Growth, Wound Healing, Transwell
Matrigel Invasion Assay, Western Blotting, IP, Gelatin Zymography, and
Phosphokinase Profiling. All cells were cultured in standard conditions and
detailed methods are provided in S/ Materials and Methods.

RPLC-MS, Recombinant Protein Purification, and SPR. Detailed RPLC-MS and
SPR methods are provided in SI Materials and Methods.

Mouse Xenografts and Lung Metastasis. All mouse experiments were agreed
to and regulated by the Animal Care and Use Committee of the National
Cancer Institute (Frederick, MD) and detailed methods are provided in S/
Materials and Methods.
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