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Abstract

Aims: Coupled responses of mutated K-ras and oxidative stress are often an important etiological factor in non-
small-cell lung cancer (NSCLC). However, relatively few studies have examined the control mechanism of oxi-
dative stress in oncogenic K-ras-driven NSCLC progression. Here, we studied whether the redox signaling
pathway governed by peroxiredoxin I (Prx I) is involved in K-ras“'*P-mediated lung adenocarcinogenesis. Results:
Using human-lung adenocarcinoma tissues and lung-specific K-ras“'?"-transgenic mice, we found that Prx I was
significantly up-regulated in the tumor regions via activation of nuclear erythroid 2-related factor 2 (Nrf2) tran-
scription. Interestingly, the increased reactive oxygen species (ROS) by null mutation of Prx I greatly promoted
K-ras“'?P-driven lung tumorigenesis in number and size, which appeared to require the activation of the ROS-
dependent extracellular signal-regulated kinase (ERK)/cyclin D1 pathway. Innovation: Taken together, these
results suggest that Prx I functions as an Nrf2-dependently inducible tumor suppressant in K-ras-driven lung
adenocarcinogenesis by opposing ROS/ERK/cyclin D1 pathway activation. Conclusion: These findings provide a

better understanding of oxidative stress-mediated lung tumorigenesis. Antioxid. Redox Signal. 19, 482—496.

Introduction

LUNG CANCER Is the leading cause of cancer-related deaths
worldwide. Only 10%-15% of patients survive 5 years or
longer (24). Lung cancer is classified into two major subtypes:
small-cell and three types of non-small-cell lung cancer
(NSCLC), including adenocarcinoma, squamous-cell carci-
noma, and large-cell carcinoma (13). Among these four types,
adenocarcinoma is the most common form of lung cancer, and
~30% of lung adenocarcinoma contains oncogenic single-
point mutation at codons 12 or 13 of a K-ras (39). These K-ras

mutations lead to uncontrolled cell division in human-lung
adenocarcinoma (46, 51, 54). Thus, many studies have tried to
treat lung tumorigenesis via modulation of oncogenic K-ras
signaling pathways.

Ras-dependent downstream pathways include the Raf,
mitogen-activated protein kinase kinase (MEK) and extra-
cellular signal-regulated kinase (ERK), the aberrant activation
of which ultimately leads to oncogenic transformation in
numerous cancers by disrupting the control mechanism
governing the cell cycle (8, 26). Thus, oncogenic K-ras muta-
tion is closely associated with dysregulation of the cell-cycle
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Innovation

In this article, we present the data showing a critical role
of reactive oxygen species (ROS) up-regulation in K-ras-
induced lung tumorigenesis. Interestingly, K-ras mutation
leads to up-regulation of peroxiredoxin I (Prx I) through
activation of nuclear erythroid 2-related factor 2 (Nrf2),
and we analyzed the cross-talk between Prx I and Nrf2,
suggesting a novel feedback mechanism by ROS in lung
cancer. Moreover, our findings illustrate an underlying
mechanism by which Prx I suppresses lung tumorigenesis
through the formation of a novel ROS/extracellular signal-
regulated kinase (ERK)/cyclin D1 signaling pathway;
therefore, Prx I has become an important target molecule
for managing lung cancers, offering a new direction for
therapeutic approaches.

machinery in a variety of tumors (16). Specifically, over-
expression of cyclin D1, a representative K-ras target gene, is
often linked to mutant K-ras-mediated oncogenic activity,
tumor survival, and malignant progression (3, 37). Thus, it is
important to define the signaling pathways from oncogenic
K-ras to cyclin D1 to improve the therapeutic modality of
NSCLC patients.

Peroxiredoxin I (Prx I) belongs to a special antioxidant
family that regulates the responses to reactive oxygen
species (ROS)-associated action, including cellular prolif-
eration and differentiation (6, 17, 21). Recent evidence has
shown that Prx I is closely related to tumor physiology,
such as tumorigenesis (15, 41) and protection against
therapeutic challenges (30, 59). In addition, Prx I is fre-
quently up-regulated in a variety of cancer cells and tu-
mors, appearing to be closely associated with the activation
of nuclear erythroid 2-related factor 2 (Nrf2)/kelch-like
ECH-associated protein 1 (Keapl) pathway in NSCLC.
While evidence for an essential role of ROS in oncogenic K-
ras-mediated tumorigenicity (2, 50, 57) is increasing, a few
studies have examined the role of Prx I and its possible role
in oncogenic K-ras-driven lung tumorigenesis.

In the current study, we have demonstrated that Prx Iis up-
regulated by oncogenic K-ras in a Nrf2/Keapl-dependent
manner and that null mutation of Prx I promotes oncogenic
K-ras-driven lung tumorigenesis via hyperactivation of the
ROS/ERK/cyclin D1 pathway. These findings provide a
better understanding of tumor-associated oxidative stress and
may identify new therapeutic targets to treat K-ras-driven
NSCLC patients.

Results

Prx | is up-regulated in human lung adenocarcinoma
via activation of Nrf2

To investigate the role of Prx I in lung tumorigenesis, we
examined Prx I expression using human-lung adenocarci-
noma samples. As with PCNA, Prx I mRNA and protein was
increased approximately threefold in lung tumors compared
with nontumor tissues (Fig. 1A, B). Immunohistochemical
data also showed that immunoreactivity to Prx I was greatly
increased in the tumor regions of human patients with lung
adenocarcinoma (Fig. 1C). These results are suggestive of a
possible role of Prx I during lung-tumor progression.
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To define the mechanism of Prx I up-regulation, we ex-
amined the expression of Nrf2, which is known as a key
transcription factor for Prx I up-regulation (1, 5, 29). Com-
pared with nontumor tissues, Nrf2 was significantly in-
creased in lung adenocarcinoma samples; whereas Keap1, an
inhibitor of Nrf2, was greatly reduced (Fig. 1D). To confirm
the Nrf2 dependency of Prx I up-regulation, siRNA for Nrf2
(siNrf2) was transfected into A549 lung cancer cells and
subjected to Western blotting analysis. Approximately 73% of
Nrf2 expression was knocked down by transfection of siNrf2,
which resulted in a decrease of Prx I as well as heme oxyge-
nase-1 (HO-1), a representative Nrf2 target gene (Fig. 1E).
These results suggest that Prx I is up-regulated during lung-
tumor progression in an Nrf2-dependent manner.

K-ras mutation leads to up-regulation of Prx |
through activation of Nrf2 in lung adenocarcinoma

K-ras mutation is known as an etiological factor causing
lung adenocarcinoma. To investigate the relationship be-
tween K-ras oncogenic mutation and Prx I up-regulation,
immunohistochemistry was carried out using transgenic
mice with lung-specific expression of K-ras“'?" (K-ras“!*P-Tg
mice) (34). Interestingly, Prx I expression was significantly
increased in the lung tumor regions of K—rasGlzD—Tg mice (Fig.
2A) and human adenocarcinoma tissues with mutant K-ras
(Supplementary Fig. S1; Supplementary Data are available
online at www. liebertpub.com/ars). Consistent with this,
overexpression of K-ras®'?° greatly increased the transcript
levels of Prx I and Nrf2 in HBEC3 cells, normal bronchial
epithelial cell line (Supplementary Fig. S6D). In contrast,
transfection of siK-ras greatly decreased Prx I expression in
human NSCLC cell lines, such as A549 and NCI-H358 cells,
with spontaneous K-ras mutation (Fig. 2B, C). Furthermore,
Nrf2 and its target gene were decreased in expression on siK-
ras transfection compared with cells transfected with control
siRNA in A549 and NCI-H358 cells (Fig. 2D). These results
indicate that the K-ras mutation induces the up-regulation of
Prx I via activation of the Nrf2 pathway in NSCLC.

Null mutation of Prx | accelerates lung tumorigenesis
in K-ras®"?°-Tg mice

To investigate whether activation of Prx I influences
K-ras®'?P-driven lung tumorigenesis, we generated mutant
mice carrying a null mutated Prx I gene and/or a K-ras®'*"
transgene by breeding Prx I/~ mice and K-ras“'?P-Tg mice
(Fig. 3A, B). Although these four genotypes of mice were
similar in body and lung weights at 9 weeks of age (Supple-
mentary Fig. S2A), histological analysis revealed that
K-ras“**P-mediated tumorigenesis was significantly increased
by knockout of Prx I (Fig. 3C-E). Consistently, the tumors were
significantly increased in both number and size in 7-month-old
Prx 17/~ /K-ras“"*P-Tg mice compared with wild-type (WT)/
K-ras“'*P-Tg animals (Supplementary Fig. S2B, C).

To further define the roles of Prx I in K-ras“'*P-driven lung
tumorigenesis, we established 3T3-like mouse embryonic fi-
broblasts (3T3-MEFs) from WT and Prx 17/~ fetuses and
stably transfected them with the K-ras“?? expression vector
(Fig. 4A). Overexpression of K-ras“'?" enhanced anchorage-
dependent or -independent growth in both genotype
cells, which was most notable in Prx 1"/~ 3T3-MEFs com-
pared with other genotypes (Fig. 4B-D). In addition, siPrx
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FIG. 1. Elevated expression of Prx I and Nrf2 in human-lung adenocarcinoma tissues. (A) Relative expression levels of
Prx I and PCNA in paired nontumor (N) and tumor (T) tissue samples from seven patients with adenocarcinoma were
determined by Western blotting analysis. GAPDH was used as a loading control. The data are presented as the mean+SEM
(n=7). "p<0.01, "p<0.001 compared with paired nontumor tissue samples. (B) Prx I mRNA level in lung cancer tissues was
measured by semi-quantitative PCR. The data are representative of at least three different experiments and presented as
mean+SEM (n=4). p<0.001 compared with paired nontumor tissue samples. (C) Human lung adenocarcinoma tissue
sections were prepared and stained with anti-Prx I antibody. Asterisks indicate tumor regions. (D) Relative expression levels
of Nrf2 and Keapl in five patients with adenocarcinoma were determined by Western blotting analysis. The data are
representative of at least three different experiments and presented as mean+SEM (n=14). "p<0.01, “'p<0.001 compared
with paired nontumor tissue samples. (E) Nrf2 and Prx I expression in siNrf2-transfected A549 cells. The data are representative
of at least three different experiments. Nrf2, nuclear erythroid 2-related factor 2; Prx I, peroxiredoxin I; siNrf2, siRNA for Nrf2.
To see this illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars

I-transfected A549 and NCI-H358 cells, a human NSCLC cell
line, displayed a significant increase in anchorage-dependent
or -independent growth (Supplementary Fig. S3A, B, respec-
tively). These results strongly suggest that Prx I functions as a
tumor suppressant in K-ras“'*P-driven lung tumorigenesis.

(Fig. 5A). Among the genotypes analyzed, the highest ROS
level was detected in K-ras“'*" /Prx 1~/ ~ 3T3-MEFs (Fig. 5A).
In contrast, overexpression of human Prx I using an adenoviral
vector reduced the ROS level in K-ras®'?”/Prx 1~/ ~ 3T3-MEFs
(Fig. 5B, C) and significantly ameliorated the anchorage-
independent growth of K-ras“?®/Prx 17/~ 3T3-MEFs
(Fig. 5D). Consistent with this, N-acetyl L-cysteine (NAC), a
chemical antioxidant, greatly inhibited anchorage-independent
growth of K-ras®'?°/Prx 1"/~ 3T3-MEFs (Fig. 5E). These re-
sults imply that Prx I participates in inhibition of oncogenic
K-ras-driven tumorigenesis through its peroxidase activity.

Prx | inhibits K-ras®"?P-driven tumorigenesis
by neutralization of ROS

ROS generation is essential for oncogene-mediated tumori-
genicity to activate critical signaling pathways that promote
cellular proliferation (38, 57). Therefore, we investigated the

potential contribution of Prx I-dependent signaling to inhibit Prx | inhibits oncogenic K-ras-mediated cell growth

ROS in oncogenic K-ras-driven tumorigenesis. WT and Prx
17/~ 3T3-MEFs were stably transfected with the K-ras“'?"
transgene, incubated with CM-H,DCFDA, and subjected to
flow cytometry. ROS level was greatly increased in Prx I/~
3T3-MEFs compared with WTs, which was further elevated by
the stable transfection of K-ras“'*" vector in both genotypes

by suppressing the ROS/ERK/cyclin D1 pathway

Recent evidence has shown that oncogenic K-ras is known
to control ERK activation and cyclin D1 expression (12, 19).
Consistent with this, we found that K-ras knockdown in both
A549 and NCI-H358 cells decreased the levels of both ERK
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Prx I is up-regulated by an oncogenic K-ras via the Nrf2 transcription factor. (A) H&E and anti-Prx I were stained

in lung tissues of non-Tg (NTg) and K-ras®'*P-driven lung cancer model mice (K-rasGuD—Tg) at 3 months. Tumors are
indicated by black arrows on the lung surface (Scale bars, 50 um). (B, C) Expression levels of K-ras and Prx I in siK-ras-
transfected A549 and NCI-H358 cells were analyzed by Western blotting and quantitative PCR (qPCR) analyses. GAPDH
was used as a loading control. The data are representative of at least three different experiments and presented as mean+
SEM. p<0.05, p<0.01, and p<0.001 compared with the cells transfected with scrambled siRNA. (D) Western blots were
performed for Nrf2, Keapl, and HO-1 in siK-ras-transfected A549 and NCI-H358 cells. The data are representative of at least
three different experiments. HO-1, heme oxygenase-1; Tg, transgenic. To see this illustration in color, the reader is referred to

the web version of this article at www liebertpub.com/ars

phosphorylation and cyclin D1 expression compared with
control groups (Supplementary Fig. S4A). This result is sug-
gestive of the ERK/cyclin D1 pathway as a downstream sig-
nal pathway of oncogenic K-ras in NSCLC. Interestingly,
phosphorylation of ERK, but not JNK and p38 (Supplemen-
tary Fig. S4B, C), was markedly increased along with the
increment of cyclin D1 protein and mRNA in Prx I7/~ 3T3-
MEFs and siPrx I-transfected A549 and NCI-H358 cells com-
pared with the respective control cells (Fig. 6A-C and
Supplementary Fig. S4D). Conversely, overexpression of PrxI
in A549 cells inhibited ERK phosphorylation and cyclin D1
levels (Fig. 6D). This suggests the involvement of Prx I in
oncogenic K-ras-mediated ERK/cyclin D1 cascade activation.

To test whether ROS participate in the modulation of ERK/
cyclin D1 pathway in NSCLC cells with oncogenic K-ras ex-
pression, A549 cells were exposed to NAC or ERK signaling
inhibitors, including PD98059 and U0126, and subjected to
Western blotting analysis. Interestingly, ERK phosphoryla-
tion and cyclin D1 expression were significantly decreased by
the addition of either NAC or ERK signaling inhibitors in
A549 cells (Fig. 6E-G), suggesting the involvement of an ROS
in K-ras®'*P /ERK/cyclin D1 signaling pathway. In addition,
cell proliferation rate was greatly decreased by inhibition of
the ERK signaling pathway in NCI-H358 cells and K-ras“*"/
Prx 17/~ 3T3-MEFs (Fig. 7A, B). Moreover, overexpression of
Prx I greatly reduced ROS in A549 cells (Fig. 7C), which ul-
timately resulted in reduction of the cell proliferation rate
(data not shown) and anchorage-independent growth (Fig.
7D). Consistent with these results, tumor growth in nude mice
was significantly suppressed by overexpression of Prx I in

A549 cells (Supplementary Fig. S5). Together with ERK acti-
vation by the absence of Prx Iin 3T3-MEFs, as shown in Figure
6A, these results strongly suggest that Prx I involves sup-
pression of oncogenic K-ras-driven tumor growth by oppos-
ing ROS-dependent ERK/cyclin D1 cascade activation.

Oncogenic K-ras-dependent signaling pathways were
highly activated in Prx I/~ /K-ras®?P-Tg mice

Similar to the data from NSCLC cell lines and MEFs, im-
munoreactivities against anti-Prx I, pERK, cyclin D1, and
PCNA antibodies were mainly detected in the tumor regions
of K—rasGlzD—Tg mice (Fig. 8A), and null mutation of Prx I
dramatically increased the number of cells with high immu-
noreactivity to pERK, cyclin D1, and PCNA compared with
WT/ K—rasGlzD—Tg animals (Fig. 8A, B). Consistent with the
results, Western blotting analysis also showed that ERK
phosphorylation was dramatically increased in Prx I~/ ~ lung
tissues compared with WT, which was more increased in
K-ras“'?P-Tg lung tissues than in NTg. Ultimately, ERK
phosphorylation and cyclin D1/PCNA up-regulation were
most notably found in the lung tissues of Prx 1™/~ /K-ras®'?"-
Tg mice compared with the other genotype animals (Fig. 8C).
In particular, lung adenocarcinoma, a high-grade lung tumor,
was predominantly found in Prx | K-ras®'*P-Tg mice
(Fig. 9A and Supplementary Table S1). Thus, the size and
weight of lung tissues were markedly increased in Prx I/~ /
C12D_To mice compared with WT /K-ras®'?P-Tg animals
(Fig. 9B). Importantly, the median survival was more rap-
idly decreased in Prx I/~ /K-ras“'?"-Tg mice than in
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WT/K-ras“'?P-Tg animals (Fig. 9C). From the data produced
in vitro and in vivo, we conclude that Prx I acts as an inducible
tumor suppressant in NSCLC tumorigenesis through im-
pediment of oncogenic K-ras-dependent redox signaling
pathways.

Discussion

Numerous pathological conditions, including inflamma-
tion, aging, and cancer, involve an ROS shift, which is closely
associated with progression of diseases (48). To find the
mechanism governing the modulation of enhanced oxidative
stress, a variety of antioxidant defense systems, including
Prxs, have been studied using numerous cancer cells and
tissues (4, 36). From the protective role of Prxs against cancer

therapeutic challenges, such as cancer drugs, ionizing radia-
tion, and pro-oxidants (30, 60), many researchers have sug-
gested that Prx can serve as a target molecule for improvement
of anticancer activity (25). However, a better understanding of
the role of Prx I and its underlying mechanism(s) in cancer is in
need of additional detailed experiments.

The most remarkable biochemical function of Prxs is to
scavenge ROS or peroxides (18, 23). Recent evidences have
revealed that ROS function as second messengers in a variety
of biological events, including tumorigenesis (33, 49). Indeed,
numerous Prx isotypes, including Prx IV, involve the signal-
ing pathways triggered by growth factors, such as granulo-
cyte colony-stimulating factor and platelet-derived growth
factor, via interaction with their receptors (11, 42). In
these cascades, Prxs actively participates in the scavenging of
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ROS-produced nearby growth factor receptors, leading to
modulation of protein tyrosine phosphatase (PTP) activity
(42). Conversely, PTPs also regulate Prx activity by reducing
its phosphorylation. It is suggestive of the precise role of ROS
as second-messenger-governing Prx-PTP network. Im-
portantly, PTPs are generally known to be involved in a va-
riety of pathological conditions, including diabetes mellitus,
neural diseases, allergy, and inflammation (20). Moreover,
PTPs are considered promising cancer therapeutic targets
(20). Based on the close relationship between Prxs and PTPs,
therefore, many researchers have attempted to profile Prx
isotypes using a variety of human cancer tissues to define
major regulators of tumorigenesis as well as potential prog-
nostic biomarkers. Although aberrant expression of Prx
members is frequently found in lung tumor regions, the ex-
pression profiles are quite different between studies (31, 44,
52, 60). In particular, however, Prx I appears to be constantly
up-regulated in lung tumors compared with the other mem-
bers (9, 27, 28). In the current study, we have also investigated
the expression levels of Prx isotypes using human adenocar-
cinoma samples and numerous lung cell lines, including ad-
enocarcinoma and nontransformed cells. Prxs III, V, and VI
were unaltered in protein levels between normal and tumor
regions; whereas Prx II was greatly decreased in tumor re-
gions compared with normal tissues (Supplementary Fig.
S6A, B). In contrast, Prx I and Prx IV were significantly up-
regulated in the tumor region (Supplementary Fig. S6A, B).
Similarly, Prx I and Prx IV were also increased in adenocar-

cinoma cell lines compared with nontransformed Beas2B cells
(Supplementary Fig. S6C). To define the intracellular redox
signaling pathways governed by Prx during lung tumori-
genesis, we excluded secretory antioxidant Prx IV because of
its extracellular residence and studies concerning Prx I. In
addition, other antioxidants such as glutathione peroxidases
(GPx) 1 and catalase were significantly decreased in tumor
regions compared with nontumor tissues (data not shown).
Thus, we propose that Prx I may be a major player in ROS-
mediated lung tumorigenesis as well as a potential prognostic
marker for lung adenocarcinoma.

Prx I has two conflicting roles regarding tumorigenesis.
Knockout-mouse studies have shown that Prx I is a tumor
suppressant (7, 15, 41), whereas many other studies have
also revealed that the presence of Prx Iin a tumor contributes
to tumor protection or maintenance (10, 45). These demon-
strations indicate that Prx I plays different roles depending
on tumor stages. However, Prx I functions as a tumor sup-
pressant in lung adenocarcinogenesis of K-ras“!*°-Tg mice
as well as in A549 cells overexpressed with human Prx L.
Consistent with other studies using Prx I-null mice (41), the
present study also showed that tumor formation was de-
tected only in Prx I~ /= mice, mainly in lung tissue, and that
~25% of Prx 1"/~ mice developed lung cancer from 12
months of age (Supplementary Table S1). Although exten-
sive tumor formation and metastasis were not found in the
lungs of Prx I~/ mice, as shown in the study by Neumann
and colleagues (40, 41), the current data suggest that the
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FIG. 5. Prx I regulates K-ras®**P-induced intracellular ROS production. (A) WT and Prx I/~ 3T3-MEFs were stably
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The data are representative of at least three different experiments. (B) Western blot for Prx I protein levels in K-ras“'?”/Prx
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I. The diameters of the colonies were <125 yum and >125 ym. The number of colonies was determined by counting duplicated
plates. (E) Microscopic appearance and quantification of anchorage-independent growth in the MEFs with N-acetyl L-
cysteine (NAC) treatment compared with the vehicle-treated MEFs. The diameters of the colonies were 50-100 um, 100-
200 pm, and >200 ym. The number of colonies was determined by counting duplicated plates. ROS, reactive oxygen species.
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primary role of Prx I is closely associated with tumor sup-
pression.

Augmented Prx I content is frequently found in a variety of
malignant tumors. Nevertheless, increased intracellular ROS
levels are also found in tumor cells, indicating that basal redox
level is maintained at a higher level in cancer cells compared
with normal cells. Thus, many redox-sensitive pathways may
be activated during tumorigenesis (58). In the current study,
Nrf2 was increased in human lung adenocarcinoma and
K-ras®'?P-transformed tissues; whereas Keapl content was
greatly reduced, resulting in augmented expression of the
target genes, such as Prx I and HO-1. In agreement with other
reports (14, 43), the Nrf2 expression level was highly depen-
dent on ROS level, which was indicative of a high Nrf2/
Keap1 ratio as a redox-sensitive pathway or a possible prog-

nostic marker in NSCLC. Interestingly, we further found that
the Nrf2/keapl ratio was inversely associated with Prx I
content, which is highly dependent on redox status (Fig. 10),
suggesting a cooperative connection between Prx I/ROS and
Nrf2 pathways. Consistent with data from mouse-lung tissue,
high Nrf2 /Keap1 ratio and HO-1 up-regulation were found in
Prx I/~ 3T3-MEFs, siPrx I-transfected A549 cells, and NCI-
H358 cells compared with the corresponding control cells
(Fig. 10A-C). Conversely, overexpression of Prx Iin A549 cells
suppressed the expression of Nrf2 and HO-1 compared with
control cells (Fig. 10D). These results suggest that a novel
feedback mechanism in expression between Nrf2 and Prx I
may be present in lung tissues.

The role of Nrf2 in lung cancer is directly correlated with
cell proliferation (22). Consistent with this, our data also
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FIG. 6. Prx I regulates ERK/cyclin D1 pathway in cell proliferation. (A) Cell extracts from 3T3-MEFs were measured with
antibodies that were specific for Prx I, K-ras, pERK, and cychn D1. ERK and GAPDH were used as loading controls. Expression
levels of Prx [, cyclin D1, and K-ras mRNA in WT and Prx I"/~ 3T3-MEFs were analyzed by qPCR. The data are representative
of at least three different experiments and presented as mean +SEM. "p<0.01 compared with WT 3T3-MEFs. (B) Western blots
and gPCR for Prx I, pERK, and cyclin D1 in siPrx I-transfected A549 cells. The data are representative of at least three different
experiments and presented as mean+SEM. “p<0.01, " p<0.001 compared with the cells transfected with scrambled siRNA. (C)
Western blots and qPCR for Prx I, pERK, and cyclin D1 in siPrx I-transfected NCI-H358 cells. The data are representative of at
least three different experiments and presented as mean+SEM. “p<0.01, " p<0.001 compared with the cells transfected with
scrambled siRNA. (D) Western blot and qPCR analysis for pERK and cyclin D1 in A549 cells stably transfected with mock or
HA-Prx I expression vectors. The data are representative of at least three different experiments and presented as mean+SEM.
p<0.05, “p<0.01 compared with A549 Mock cells. (E) Western blot analysis against pERK and cyclin D1 in A549 cells were
treated with ERK inhibitors (PD98059; 20 uM or U0126; 10 uM) for 24 h. DMSO only was admmlstered as the control treatment.
The data are representative of at least three different experlments and presented as mean+SEM. “p<0.01, "p<0.001 Compared
with untreated cells. (F) Western blots for ERK and pERK in A549 cells treated with 10-mM NAC for 0, 10, 30, and 60 min. The
data are representative of at least three different experiments and presented as mean+SEM. ‘p<0.05, "'p<0.001 compared with
untreated cells. (G) Cyclin D1 protein and mRNA levels in A549 cells treated with 0, 5, 10, and 20 mM NAC for 24 h. or 20 mM
NAC for 0, 6, 12, and 24 h. The data are representative of at least three different experiments and presented as mean+SEM.
p<0.01, p<0.001 compared with untreated cells. DMSO, dimethyl sulfoxide; ERK, extracellular signal-regulated kinase.

include both activation of the Nrf2 pathway and enhancement
of cell proliferation in K-ras®'*? cells and mice. Most of all,
Nrf2 pathway and cyclin D1 expression were notably in-
creased in Prx 17/~ /K-ras“'?P-Tg lung tissue compared with
any other genotypes (Figs. 3F and 8A-C), which is in good
accord with the degree of tumor progression. In addition,
recent studies have revealed that oncogenic transformation

requires the activation of an ROS-dependent signal pathway
to enhance proliferation and subsequent tumor progression
(57). Moreover, siNrf2 transfection led to activation of the
ERK/cyclin D1 pathway in A549 cells, which seemed to be
related to the increase in ROS by reduction of the Prx I level
(Fig. 10F). Based on these findings, we propose that K-ras-
mediated tumor growth may be dependent on cooperative
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redox regulation among ROS, Nrf2, and Prx I, and that the
chain reaction among them may ultimately contribute to ac-
cumulation of high levels of ROS in cancer.

The ERK pathway is reported to be a critical signaling
cascade in oncogenic mutation-associated tumorigenesis (35,
55). Actually, aberrant activation of K-ras ultimately leads to
oncogenic transformation in numerous cancers by enhancing
the ERK pathway (47). Notably, ERK is well known for gov-
erning oncogenic K-ras-driven lung tumor physiology, such
as cell proliferation and survival (56). Thus, it is important to
find a key modulator of the oncogenic K-ras/ERK pathway
for the improvement of therapeutic modality in NSCLC.
Consistent with these demonstrations, our data also showed
that K-ras-driven lung tumorigenesis is dependent on the
activation of the ERK pathway. ERK-dependent tumor
growth appeared to be closely associated with cyclin D1 ex-
pression (3, 37). In 2009, Cao and colleagues have revealed
that Prx I deficiency accelerates Ras-induced tumorigenesis in
mammary glands through modulation of PTEN/AKT sig-
naling pathway (7). They also demonstrated that Prx I phys-
iologically interacts with PTEN to protect oxidative
inactivation, providing a mechanism of Prx I-mediated tumor
suppression. Similar to ERK, NF-«B, JAK/STAT, and Wnt/ -
catenin (32), PTEN/AKT pathway is also known as an in-
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FIG. 7. ROS/ERK pathway in-

volves oncogenic K-ras-driven tu-
mor growth. (A) NCI-H358 cells were
transfected with siPrx I and cultured
in the presence or absence of U0126
(10 uM) and subjected to CCK-8 cell
proliferation assay at the indicated
time. The data are representative of at
least three different experiments and
presented as mean+SEM.  p<0.001
compared with the cells transfected

with siPrx I cultured in U0126,
“p<0.001 compared with the cells
transfected with scrambled siRNA
cultured in U0126. (B) CCK-8 cell
proliferation assay was carried out
using K-ras“'*° /Prx 1"/~ 3T3-MEFs
cells cultured in the presence or ab-
sence of U0126 (10 uM) or PD98059
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(20 uM) for 72h. The data are repre-
sentative of at least three different
experiments and presented as
mean+SEM. p<0.01, p<0.001
compared with the cells cultured in
DMSO. (C) A549 cells were stably
transfected with human Prx I ex-
pression vector, and ROS levels were
measured by flow cytometry. The
data are representative of at least
three different experiments and pre-
sented as mean*SEM. p<0.01,
"p<0.001 compared with A549
Mock cells. (D) Anchorage-indepen-
dent growth assay was performed
using stably expressed Prx I in A549
cells. The data are representative of at
least three different experiments. To
see this illustration in color, the reader
is referred to the web version of this
article at www.liebertpub.com/ars

ducer of cyclin D1 gene transcription, but the involvement of
cyclin D1 in the acceleration of Ras-induced tumorigenesis by
Prx I deficiency is not addressed (7). In contrast, we first
assessed the participation of ERK/cyclin D1 axis in Prx I-
deficiency-mediated lung tumorigenesis. Taken together, we
have demonstrated that the up-regulation of Prx I actively
participates in the suppression of the K-ras/ERK/cyclin D1
cascade during lung tumorigenesis and that the antitumor
activity of Prx I requires redox-sensitive Nrf2 pathway acti-
vation. Collectively, these observations led us to suggest the
role of Prx I and its underlying mechanism in oncogenic K-ras-
driven tumorigenesis (Fig. 8D) and to conclude that Prx I acts
as an Nrf2-dependent, inducible tumor suppressant by op-
posing the K-ras/ERK/cyclin D1 pathway in NSCLC. Cur-
rently, we are trying to define the precise role of Prx I in
regulation of the ERK pathway in NSCLC by screening
physically interacting molecules.

In summary, the current study suggested that an enhanced
Prx I level contributes to the inhibition of K-ras-driven lung
tumorigenesis. Prx I was significantly up-regulated in the
tumor regions via activation of the Nrf2 transcription factor,
and an increase in the ROS level by null mutation of Prx I
severely aggravated K-ras-driven lung tumorigenesis via the
activation of the redox-sensitive ERK/cyclin D1 pathway.
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matic illustration of the expression and function of Prx I in K-ras“'*"-driven lung adenocarcinoma. To see this illustration in
color, the reader is referred to the web version of this article at www .liebertpub.com/ars

Collectively, these results suggest that Prx I functions as an
Nrf2-dependent, inducible tumor suppressant in K-ras“'?"-
driven lung adenocarcinogenesis by opposing ROS/ERK/
cyclin D1 pathway activation. These findings provide a better
understanding of oxidative stress-mediated lung tumorigen-
esis and therapeutic modality for oncogenic K-ras-associated
NSCLC patients. Prx I has become an important target mol-
ecule for managing lung cancers, offering a new direction for
therapeutic approaches.

Materials and Methods
Animal models

The K-ras“'*°-Tg mouse was generated in which the ex-
pression of the mutated mouse K-ras“'?" is targeted to lung
alveolar type II cells by human surfactant protein-c 3.7 kb
promoter. A 608 bp fragment of mouse K-ras“'?" was isolated

via PCR from mouse ¢cDNA, and site-directed mutagenesis

was done by overlapping extension. PCR using the sense
primer 1: 5-CGGAGAGAGGCCTGCTGA-3’ antisense 1: 5~
CTTGCCTACGCCATCAGCT-3, sense primer 2: 5-AG
CTGATGGCGTAGGCAAG-3’, antisense 2: 5-ATGGTCCG
GAAGCTTCATTATC-3’ primer pairs and PrimeSTAR™ HS
DNA polymerase with proofreading capability (Takara).
Bolded and underlined characters indicate a point mutation at
codon 12 of the K-ras gene. The PCR product was digested
with EcoRI and subcloned into the pBluescript2 SK(—) vector
(Supplementary Fig. S7). The constructs were verified by
DNA sequencing in both directions. The insert DNA was re-
leased from the pBluescript2 SK(—) vector by Sall/Notl di-
gestion, purified, and diluted to a final concentration of 4ng/
ul for the pronuclear injection. Prx 1™/~ /K-ras®*°-Tg (dou-
ble mutant) mice were produced by crossing K-rasGlZD—Tg
mice with Prx 17/~ mice. The genotyping primers for K-
ras”'*” were 5-CAGGAACAAACAGGCTTCAAA-3" and 5
TTATGGCAAATACACAAAG AAAGC-3'. The genotyping
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FIG. 9. Prx I deficiency accel-
erates K-ras®'*P-driven lung
adenocarcinoma in mice. (A)
Three independent mice with the
indicated genotype were sacri-

ficed at 12 months and subjected

to H&E staining (Scale bars,
4mm). Adenoma is mdlcated by
blue arrows in Prx 1™/~ mice,
adenocarcinomas are indicated
by black arrows, and high magni-
fication images are shown in the
bottom panel (Scale bars, 50 um).

(B) Measurement of lung weight
using 12-month-old mice with
the mdlcated ~genotypes (WT;
n= 11 Per ; n=11, WT/K—
ras®'*P-Tg; n=8, Prx I~ /= /K-

GuD -Tg; n=7). The data are
presented as the mean+SEM.
*p<0.01, “p<0.001. (C) Age-

dependent survival curves of the
mice with indicated genotype
(WT; n=20, Prx 1777, n=20,
WT /K- rasG12 -Tg: n=35, and
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primers for Prx I were 5-CTGGAAACCTGGCAGTGATA-3’
and 5-CTGTGACTGATAGAAGATTGGT-3'. All animal
procedures were conducted in accordance with the guidelines
of the Institutional Animal Care and Use Committee, Korea
Research Institute of Bioscience and Biotechnology.

Cell culture and treatments

WT and Prx 1"/~ mouse embryonic fibroblasts (MEFs)
were isolated from fetuses of 13.5 days postcoitum and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; In-
vitrogen) containing 10% fetal bovine serum (FBS; HyClone)
and antibiotics. To establish immortalized cell lines, WT and
Prx I7/~ MEFs were passaged 50 times every 3 to 5 days by
trypsinization with 0.25% trypsin/5.3 mM EDTA, which was
called MEF-derived NIH3T3-like cells (3T3-MEFs). Human
lung cancer cell lines A549 and NCI-H358 were propagated in
Ham’s F12K medium (Invitrogen) and RPMI 1640 medium
containing 10% FBS and antibiotics. The MEK1/2 inhibitors
PD98059 (Calbiochem; 18.7mM) and U0126 (Cell Signaling
Technology; 10mM) were dissolved in dimethyl sulfoxide.

Cells were stimulated and cultured in a medium that always
contained PD98059, U0126, or an equivalent volume of
DMSOQO carrier.

Plasmid construction and transfection

The pCAGGS-K-ras“'*P-puro and pCAGGS-hPrx I-HA-
neo vector was constructed as follows. The coding sequences
for mutated K-ras (K-ras©'?®) and human Prx I (hPrx I) were
inserted by PCR cloning into the EcoRI site of the pCAGGS-
puro and pCAGGS-HA-neo vector and confirmed by
restriction mapping and DNA sequencing. A549, WT 3T3-
MEFs, and Prx I~/ ~ 3T3-MEFs were plated in six-well culture
plates and transfected with 3 ug of pPCAGGS-hPrx I-HA-neo
and pCAGGS-K-ras“!*P-puro constructs using a Lipofecta-
mine 2000 reagent (Invitrogen) according to the manufactur-
er’s instructions. After 48 h, cells were trypsinized and plated
in a medium containing 1 pg/ml puromycin or 400 ug/ml
neomycin (Invitrogen). After selection for 2 weeks, the colo-
nies were isolated and propagated into 96-well plates with a
growth medium containing 1 ug/ml puromycin or 400 ug/ml
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FIG. 10. ROS-dependent reciprocal regulation between Prx I and Nrf2. (A) Prx I deficiency caused increased expression
levels of Nrf2 and HO-1 and a decrease in Keapl in 3T3-MEFs. The data are representative of at least three different
experiments and presented as mean+SEM. p<0.05, “p<0.01 compared with WT 3T3-MEFs. (B, C) Effect of Prx I knockdown
on Nrf2, keapl, and HO-1 protein levels in A549 (B) and NCI-H358 cells (C). (D) A549 cells were stably transfected with
human Prx I vectors and cell lysates derived from two established independent stable clones (#2 and #19); they were
subjected to immunoblotting with anti-Prx I, Nrf2, Keapl, and HO-1. Immunoblotting with an anti-HA antibody showed
exogenously overexpressed Prx L. (E) Effect of combined treatment with siPrx I and NAC on protein levels of Nrf2, Keapl,
and HO-1 in A549 cells. (F) A549 cells were transfected with siNrf2 and subjected to Western blotting analysis against Nrf2,
PERK, ERK, and cyclin D1. The data are representative of at least three different experiments.

neomycin. For determination of transformants, the cell clones
were subjected to both Western blot analysis using K-ras
(Santa Cruz Biotechnology) or HA (Roche) antibodies and RT-
PCR analysis using K-ras detection primers.

Quantitative real-time PCR analysis

Total RNA was prepared from cells or human tissues using
TRIzol (Molecular Research Center) according to the manu-
facturer’s protocol. cDNA synthesized with oligo (dT) prim-
ers with the first-strand cDNA Synthesis kit (Fermentas) was
mixed with the SYBR Premix Ex Taq (Takara) and sets of
gene-specific primers. Sequences for the primers used for this
study are provided in Supplementary Table S2.

Western blot analysis

We homogenized lung tissues and cell lysates in a lysis
buffer (20-mM HEPES, 150-mM NaCl, 2-mM EGTA, 1-mM
EDTA, 20-mM glycerol phosphate, 1% Triton X-100, and
10% glycerol) with protease (Sigma) and a phosphatase-

inhibitor cocktail (Roche). Proteins were separated by SDS-
PAGE, transferred to nitrocellulose membranes (Millipore),
and identified by immunoblotting. The membranes were
primarily blotted with primary antibodies against Prx I,
GAPDH (both from ABfrontier), ERK, cyclin D1, HO-1,
PERK (four from Cell Signaling Technology), Nrf2, Keap1,
K-ras (three from Santa Cruz Biotechnology), PCNA (Da-
koCytomation), and a-Tubulin (Sigma) at 4°C overnight. The
membranes were washed five times with 10-mM Tris-HCl
(pH 7.5) containing 150-mM NaCl and 0.2% Tween-20 (TBST)
and incubated with horseradish peroxidase-conjugated goat
anti-rabbit IgG or anti-mouse IgG (both from Sigma) for 1h at
25°C. After the removal of excess antibodies by washing with
TBST, specific binding was detected using a SuperSignal
chemiluminescent substrate (Pierce) according to the manu-
facturer’s instructions.

Measurement of intracellular ROS

Intracellular ROS generation was assessed with a 5,6-
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate
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(CM-H,DCFDA; Invitrogen), an ROS indicator. Ex-
ponentially growing MEFs were incubated with 5 M CM-
H2DCFDA at 37°C for 5min and washed twice with PBS by
centrifugation at 200 g for 5min. The cells were resuspended
with PBS and analyzed by flow cytometry on an FACSCalibur
instrument (BD Biosciences).

Colony-formation assay in soft agar

MEFs (0.4-1.6 x 10° cells) were suspended in 1 ml of DMEM
containing 0.3% agar in cell-growth medium and plated in
triplicates over a first layer of 0.6% agar in growth medium.
The cells were grown at 37°C and 5% CO,, and colonies were
counted at day 14 and day 21. Colonies of eight cells or more
were counted and photographed with 30 fields in each plate,
and results were graphed from two independent experiments.
Then, viable colonies were stained with 0.01% crystal violet
(Sigma) for 10min. We treated the cells requiring 10-mM
NAC (Sigma) treatment with NAC in the top agar on day 0.
The NAC-containing medium was replaced over agar every
day. Assays were done in triplicate and in all cases, inde-
pendently, at least twice.

Cell-proliferation assay

Cells were seeded at a density of 1000 cell/ well into 96-well
cell culture plates. Cells were grown for 72h. Cell counting
kit-8 (CCK-8; Dojindo) solution was added to each well. After
1h, the absorbance at 450 nm of each well was read on a mi-
croplate reader (VERSAmax™).

Immunohistochemistry

Lung tissues were fixed overnight with 10% neutral-buff-
ered formalin, embedded in paraffin, and processed for sec-
tions of 4 um thicknesses. Additional details were performed
as previously described (53).

Transfection of small interfering RNA

Approximately 3 x 10° cells were seeded on 60 mm culture
dishes and transfected with small interfering RNAs using
Lipofectamine RNAi Max (Invitrogen) according to the
manufacturer’s instructions. Target sequences for knockdown
of human Prx I were #1 5-AAACUCAACUGCCAAGUGA-
3, #2 5-CCACGGAGAUCAUUGCUUU-3, #3 5-GCAGA
AGAAUUUAAGA AAC-3’, Nrf2 and K-ras siRNA (Dhar-
macon), and Scramble siRNA 5-UUCUUCGAACGUGU
GUCACGUUU-3". Prx I, Nrf2, and K-ras mRNA and protein
levels were evaluated by both RT-PCR (48 h post-transfection)
and immunoblotting assays (72h posttransfection), corre-
spondingly.

Patient tissue samples

Pairs of primary lung adenocarcinoma and adjacent non-
tumourous lung parenchyma tissues were collected from
patients (n=21) undergoing lung cancer resection surgery at
the Korea University of Medicine in Seoul, Korea. All study
patients provided informed consent before surgery.

Statistical analysis

Data were analyzed using a Student’s t-test on SigmaPlot
12.3 software, and the p-value was derived to assess statistical
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significance. Error bars correspond to SEM. Survival data
were analyzed with the Gehan-Breslow-Wilcoxon test by
using Prism software. A p-value of less than 0.05 was con-
sidered significant.
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