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Abstract:

Background: Peroxiredoxin 4 (PRDX4), initially reported as an antioxidant, is
overexpressed in lung cancer and participates in its progression. However, its role in
urethane-induced lung tumor models is undetermined. We investigated the effect of
the overexpression of PRDX4 on carcinogen-induced lung tumor development.
Materials and methods:

Human PRDX4 overexpression transgenic (Tg) mice (A#PRDX4"*) and non-Tg mice
were intraperitoneally injected with urethane to induce lung tumor development. After
six months, their tumor formation was compared and possible mechanisms of the
difference in tumor development were investigated.

Results:

The serum and lung PRDX4 expression were enhanced after urethane stimulation in
Tg mice. Both the average number of tumors (>0.5 mm) and tumor diameter per
mouse in the Tg group were significantly larger than in non-Tg controls, while body
weight was lower in the Tg group. The Tg group showed enhanced tumor cell
proliferation and suppressed tumor cell apoptosis; systemic oxidative stress and
oxidative stress in the lung tumors were inhibited by the overexpression of PRDX4. In
lung tumor tissue, the density of microvessel penetration into the tumor was higher in
the Tg group; macrophage infiltration was enhanced in Tg tumors, while there was no
difference in T lymphocyte infiltration; the expression of cytokines, including
interleukin 1 beta (IL-1p) and matrix metallopeptidase 9 (MMP9) were elevated in Tg

tumors, which resulted from enhanced phosphorylation of nuclear factor-kB p65



(NF-xB p65) and c-jun respectively.
Conclusions:
The overexpression of PRDX4 modulated the tumor microenvironment and promoted

tumor development in the mouse urethane-induced lung cancer model.
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Background

Peroxiredoxin 4 (PRDX4) is ubiquitously expressed in mammalian cells (1) and is the
only secretary member of the anti-oxidant peroxiredoxin family (2, 3). With typical
2-cysterine residuals, the most profound function of PRDX4 in cells is to suppress
oxidative stress by eliminating H»O,. Given that oxidative stress can activate
inflammation, lead to tumor transformation, and modulate tumor progression (4), the
involvement of PRDX4 in tumors has been extensively studied. The increased
expression of PRDX4 has been observed in many cancers, including prostate cancer
(5), glioblastoma (6), oral cavity squamous cell carcinoma (7), and ovarian cancer (8),
whereas the decreased expression of PRDX4 in tumors was only reported in very few
cancers, for example, in acute promyelocytic leukemia (9) and gastric
adenocarcinoma (10). Although many studies have shown that PRDX4 promotes
tumor progression, such as the enhancement of invasion or metastasis (7, 11-15) and
the augmentation of proliferation (5, 6, 15, 16), the role of PRDX4 in tumors is
complicated and specific in certain tumor types. In our previous study in
hepatocellular carcinoma (HCC), we found that PRDX4 inhibits the initiation of HCC
but plays a complex role in tumor progression (17).The latest study in hepatoblastoma
(HB) indicated that PRDX4 promoted embryonal hepatoblastoma cell migration but
induced fetal hepatoblastoma cell differentiation (18). As different levels of reactive
oxygen species (ROS), including H>O», in the tumor microenvironment exert specific
effects on the tumor (19), the tumor microenvironment may also affect the role of

PRDX4 in the tumor via crosstalk between PRDX4 and oxidative stress. In summary,



PRDX4 plays different roles in different tumor contexts, including the tumor
histological type, tumor stage, and even the tumor microenvironment, such as the
oxidative stress balance.

Lung cancer ranks is the leading cause of cancer-related deaths worldwide (20). The
majority of lung cancer patients are pathologically diagnosed with non-small-cell lung
cancer (NSCLC) (21), which is associated with a poor prognosis. An early diagnosis
is crucial for improving the prognosis. The identification of new diagnostic markers
and novel therapeutic targets can help to restrain this malignant tumor. As a protein
closely related to cancer, PRDX4 has been found to be overexpressed in lung cancer,
especially adenocarcinoma (22-24). In vitro, the knockdown of PRDX4 in the A549
lung cancer cell line results in the formation of fewer colonies and reduced Matrigel
invasion  (25), whereas the overexpression of PRDX4  enhances
anchorage-independent colony formation and Matrigel invasion (26). In vivo,
PRDX4-positive staining was correlated with increased rates of recurrence and
reduced disease-free survival (DFS) in squamous cell carcinoma patients (23), while
our recent studies in stage I lung adenocarcinoma found that the weak expression of
PRDX4 combined with a high MIB-1 labelling index predicts shortened DFS (27) and
the high expression of PRDX4 combined with EGFR mutation was positively
correlated with a better prognosis (28). In comparison to massive studies on lung
cancer progression, the role of PRDX4in lung cancer development is still
undetermined. Theoretically, PRDX4 can reduce oxidative stress and prevent lung

carcinogenesis, but PRDX4 can be secreted into extracellular space and extracellular



PRDXs have been demonstrated to be capable of activating the expression of
inflammatory cytokines and initiating post-ischemic inflammation in the brain (29).
Secreted or extracellular PRDX4 may activate inflammation, which can lead to
oncogenesis, like its family member PRDX1 (30). It has been proven that PRDXG6,
another PRDX family member, promotes the development of urethane-induced lung
adenocarcinoma in mice (31).

As a carcinogen, urethane has been widely used to induce pulmonary adenoma in
mice, which mimics human lung adenocarcinoma and offers important insights in
tumor development (32). In the present study, we examined the effect of the
overexpression of PRDX4 on the development of lung adenoma induced by urethane
by comparing tumor formation between PRDX4 transgenic (Tg) mice and non-Tg

mice.

Materials and methods

Ethics statement

All animal experiments were approved by the Ethics Committee of Animal Care and
Experimentation, Kanazawa Medical University, Japan, and were carried out
according to institutional guidelines for animal experiments and the law (no. 105) and
notification (no. 6) of the Japanese government. Isoflurane was used as a euthanasia
agent in the animal experiments.

Animal experiments

The construction of hPRDX4 Tg mice on the C57BL/6 background was detailed in



our previous study (33). C57BL/6 mice were purchased from Charles River
Laboratories (Yokohama, Japan) as a non-Tg control. All mice were housed and bred
under specific-pathogen-free conditions at the Animal Research Center of Kanazawa
Medical University. All mice were kept in a room with relatively constant temperature
(21-23°C), humidity (50-60%), and 12-hour light/dark circle. They were fed with
standard chow with ad libitum access to purified tap water. PRDX4 Tg and non-Tg
male mice (8 weeks old, n=15 for each group) were subjected to intraperitoneal
injection of urethane (1g/kg in 100 ul saline) once per week for 16 consecutive weeks.
Body weights were recorded weekly. Mice were sacrificed at 6 months after the initial
injection. The lungs were harvested and the number of lung tumors and their diameter
on the lung surface were measured. Serum was also collected after centrifugation.
Another group of mice (8 weeks old, n=3 for each group) received one urethane
injection every other day and were sacrificed after one week (short-term urethane
stimulation trial).

Histology and immunohistochemistry

Harvested lungs were immersed in 4% paraformaldehyde for over 24 hours and then
embedded in paraffin. Sections (thickness: 3-5 um) were subjected to hematoxylin
and eosin (H&E) and immunohistochemical (IHC) staining. For IHC staining, the
procedure was as follows: 1) deparaftinization and rehydration; 2) 0.5% hydrogen
peroxide blocking for 15 minutes at room temperature; 3) antigen retrieval: heat
—mediated antigen retrieval (trypsin-mediated antigen retrieval was exclusively

applied for PRDX4); 4) 3% bovine serum albumin blocking for 30 minutes at room



temperature; 5) primary antibody incubation overnight at 4°C; 6) Secondary antibody
(Histofine Simple Stain MAX-PO424152) staining for 30 minutes at room
temperature; and 7) 3, 3’ diaminobenzidine (DAB) imaging and hematoxylin
counterstaining. H&E and IHC staining images were captured and quantitatively
analyzed using the NanoZoomer Digital Pathology Virtual SlideViewer software
program (Hamamatsu Photonics Corp., Hamamatsu, Japan).

PRDX4 (Human) ELISA assay

Blood was drained from the mouse axillary vein and then centrifuged. Serum was
obtained and diluted 20-fold for the detection of hPRDX4. A PRDX4 (Human)
ELISA kit (Abnova, KA2121) was used for this analysis. The absorbance at 450 nm
was detected and the final serum hPRDX4 concentration was calculated.

Mouse whole-transcript array

A GeneChip® Mouse Gene 2.0 ST Array (Affymetrix, Inc.) was used for the mouse
transcription analysis. Tumors were first resected from lung tissue, then RNA was
extracted. After examination of the RNA quality, the whole-transcript array analysis
was performed in a step-by-step manner according to the manufacturer’s instructions.
Three mice per group were included in this analysis. Data were analyzed by an
Ingenuity® pathway analysis.

Real-time reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted from lung tumor tissue using a ReliaPrep™ RNA
TissueMiniprep System (Promega Corporation, USA) and was stored at -80°C.

Conversion to cDNA was conducted by a High Capacity RNA-to-cDNA kit (Life



Technologies). cDNA  was amplified (40 cycles) in Applied
Biosystems™QuantStudio™12K FlexReal-Time PCR System, with the help of
TagMan gene expression assays (Life Technologies). Each sample was tested in
triplicate for the target gene. /8S was used as the reference gene. The comparative Ct
method was used for the data analysis. Custom-produced primers and TagMan probes
for amplification of the target genes were purchased from Life Technologies (Assay
ID: Hs01056076_m1).

Western-blotting (WB)

Lung tumor tissue was homogenized in RIPA Lysis and Extraction Buffer (Thermo
Fisher Scientific) to which protease inhibitor had been added. 10-50 ug protein extract
was loaded onto 5-12.5% SDS-PAGE gels (Bio-Rad) and transferred to nitrocellulose
membranes (Bio-Rad) after electrophoresis. Membranes were blocked in 3% bovine
serum albumin (BSA) and then probed with corresponding antibodies. The Imagel
software program was used for band quantification.

Thiobarbituric Acid Reactive Substances (TBARS) assay

A TBARS Assay Kit (Cayman Chemical, USA) was used for the quantification of
malondialdehyde (MDA) in mouse serum. The detailed protocol is listed in the
product datasheet.

Antibodies used in IHC and WB

PRDX4 (PA3-753, Thermo Fisher, 1:1000 in IHC and WB), PCNA (sc56, Santa
Cruze Biotechnology, 1:200 in IHC and 1:1000 in WB), 8-OHdG (N45.1, Japan

Institute for the Control of Aging; 1:200 in THC), Mac-2 (CL8942LE, Cedarlane



Laboratories, 1:1000 in IHC), CD3 (ab5690, Abcam, 1:100 in IHC), CD31 (DIA-310,
Dianova, 1:20 in IHC), Cleaved Caspase-3 (# 9661S, Cell Signaling Technology,
1:200 in IHC and 1:1000 in WB), IL-1pB(# 122428, Cell Signaling Technology, 1:1000
in WB), NF-«xBp65 (# 8242S, Cell Signaling Technology, 1:1000 in WB),
Phospho-NF-kB p65 (#3033S, Cell Signaling Technology, 1:1000 in WB), TNF-o(#
3707S, Cell Signaling Technology, 1:1000 in WB), Phospho-c-Jun (Ser73)(#3270,
Cell Signaling Technology, 1:1000 in WB), c-Jun (#9165, Cell Signaling Technology,
1:1000 in WB), MMP3 (ab52915, 1;1000 in WB), MMP9 (ab38898, Abcam, 1:1000
in WB).

Statistical analysis

Variables were expressed as the mean+SD. The two-tailed independent student’s t-test
was used for comparisons. All statistical analyses were performed using the SPSS
statistical software package, version 16.0. Two-sided P values of <0.05 were

considered to indicate statistical significance.

Results

The elevated expression of PRDX4 in Tg mice after urethane stimulation

Before urethane injection, no significant the expression of PRDX4 difference was
found in lungs between Tg mice and non-Tg mice. We also found no difference in the
expression of PRDX4 between lung tumors from these two groups. However, lung the
expression of PRDX4 was significantly higher in Tg mice than in non-Tg controls

after short-term urethane stimulation (one injection every other day for one week)



(Figure 1A). An intermediate level of serum hPRDX4 was found in Tg mice before
urethane injection (29.93+2.50 ng/ml). The level was increased after short-term
urethane stimulation (44.82+10.22 ng/ml) and decreased after tumor formation
(11.51£2.62 ng/ml), which may be explained by senescence and cancer-associated
cachexia. No or very weak serum hPRDX4 was detected in non-Tg mice (Figure 1B).
Promotion of tumor development in PRDX4 Tg mice

The number of tumors (>0.5mm) and their diameter on the lung surface were
measured after mice were sacrificed. The average number of tumors per mouse in
PRDX4 Tg mice was significantly greater in comparison to non-Tg controls (Tg
11.00£3.06 vs. non-Tg 6.73+£1.85, p<0.001). Moreover, the average tumor diameter
(mm) in the Tg group was also larger than in non-Tg controls (Tg 1.30+0.17 vs.
non-Tg 0.96+0.14, p<0.01) (Figure 2A). H&E staining further confirmed this finding,
with increased tumor formation in Tg mice (Figure 2B). In accordance with increased
tumor formation, the average body weight (g) of Tg mice was significantly smaller
than in non-Tg controls at the time of sacrifice (Tg 26.88+2.23 vs. non-Tg 29.64+2.22,
p<0.05) (Figure 2C).

Tumor apoptosis and enhanced tumor proliferation were suppressed in Tg mice.
Immunohistochemical staining of cleaved caspase-3 revealed that fewer cells
underwent apoptosis in Tg tumors (Tg 11.40£2.70 vs. non-Tg 23.80+3.03, p<0.001).
Western blotting also demonstrated that the expression of cleaved caspase-3 was
significantly weaker in Tg tumors than in non-Tg control tumors, while the PCNA

expression in Tg tumors was stronger than non-Tg control tumors (Figure 3).



Increased microvascular permeability and macrophage infiltration in lung tumors of
PRDX4 Tg mice

In THC staining, the number of microvessels (per one high power field), as
demonstrated by CD31-positive cells in the lung tumors of Tg mice, was significantly
greater in comparison to non-Tg mice (Tg 12.50+2.08 vs. non-Tg 2.00+0.82,
p<0.001), indicating increased microvascular permeability. CD3 lymphocytes were
mainly found in the marginal area of the tumor and there was no significant difference
between two groups. Macrophage (Mac-2-positive cells) infiltrated into the tumor and
were more frequently detected in Tg tumors than in non-Tg controls (Tg 3.83%=+0.40%
vs. non-Tg 1.76%+0.07%, p<0.001) (Figure 4).

The elevated expression of MMP9 and IL-1p in Tg tumors

A mouse whole-transcript array revealed that there were significant differences in 17
transcripts between groups when a 1.5-fold change was used as the threshold. Only 4
transcripts (Hspalb|Hspala, Igkvi2-44, Igkv3-5, and Igkv4-91) showed 2-fold change
(Supplementary Table 1). RT-PCR revealed a >3-fold increase in the expression of
MMP9 and an over 2-fold increase in the expression of MMPI3 in Tg tumors in
comparison to non-Tg controls. A cytokine expression analysis, including /L-15, IL-6,
T'NF-a, and iNOS also showed a tendency toward increased expression in Tg tumors;
however, the difference was not statistically significant (Figure SA). WB showed the
obvious elevation of the MMP9 and IL-1B expression in Tg mice, whereas no
difference was found in TNF-a or MMP3. The phosphorylation of NF-xB p65 and

c-jun were significantly enhanced in Tg tumor tissue, indicating activation of NF-xB



and activator protein 1 (AP-1) pathway (Figure 5B).

Inhibition of oxidative stress in Tg mice

IHC staining of 8-OHdG in tumors revealed that there were fewer positively stained
cells in Tg tumors in comparison to non-Tg tumors (positively stained proportion: Tg
88.75%+x3.00% vs. non-Tg 11.25%+1.50%, p<0.001), indicating obvious inhibition of
local oxidative stress in Tg tumors (Figure 6A). A TBARS assay showed that the
MDA concentration (uM) in Tg serum was significantly lower than in non-Tg controls
after tumor formation (Tg 32.10£13.39 vs. non-Tg 42.60+11.58, p<0.05), indicating a

decrease in systemic oxidative stress (Figure 6B).

Discussion

In the present study, we demonstrated the overexpression of PRDX4, the only
secreted member of the PRDX family, promotes tumor development in
urethane-induced lung adenoma. In our study, greater numbers of lung carcinoma
tumors and larger tumors were found in PRDX4 Tg mice, accompanied by enhanced
macrophage infiltration and the elevated expression of IL-1p and MMP9 in the tumor
microenvironment. The tumor microenvironment is the surrounding environment
where the tumor develops and survives. Its components include immune cells,
cytokines and even products of oxidative stress. Each component is critical for
tumorigenesis. It is widely accepted that macrophages participate in tumor initiation
and progression (34-38). In the phase of oncogenesis, inflammatory cells, including

macrophages, contribute to geneticmutations and instability (38). In the tumor



progression phase, tumor associated macrophages promote angiogenesis and remodel
extracellular matrix (39-42). Previous studies on the role of macrophages in a
urethane-induced mouse lung adenoma model verified that macrophages promote
both cancer carcinogenesis (43) and progression (44). In our present study, more
macrophages emerged in the tumor tissue, which may partly explain the effect of
PRDX4 overexpression in the promotion of tumor development. Although no key
players in lung cancer development were found to be significantly changed after the
overexpression of PRDX4 in a whole-transcript array, other analyses (RT-PCR and
WB) revealed some important positive findings. As a critical cytokine in
inflammation, IL-1PB has been demonstrated to efficiently promote chemical-induced
carcinogenesis (45, 46). In this study, the expression of was obviously increased in the
PRDX4 Tg tumor microenvironment. The elevation of IL-1B may also account for
enhanced lung tumor development in Tg mice. The relationship between the
overexpression of PRDX4 and AP-1 activation has been well elucidated in the A549
lung cancer cell line (25, 26). PRDX4 was critical for the activation of AP-1 signaling
and the depletion of PRDX4 leads to the reduced phosphorylation of c-Jun and the
decreased expression of MMP9, which contributes to the malignancy of human lung
cancer cells. The present study verified a similar relationship in an animal model of
carcinogen-induced lung cancer. With the overexpression of PRDX4 in mice, the
increased phosphorylation of c-Jun (Ser 73) was observed, and the expression of
MM9 was elevated in sequence. MMP9 was critical for tumor angiogenesis and

extracellular matrix remodeling. In accordance with the elevated MMP9 expression,



the expression of CD31 was observed to be increased in PRDX4 Tg tumor tissue,
indicating a higher density of microvessels, which benefits the development of lung
adenoma in mice. All of the above findings indicated that a changing
microenvironment, which favored tumor development, was created after the
overexpression of PRDX4. One seemingly contradictory phenomenon in our study is
that the 8-OHdG and MDA levels were decreased in Tg mice, which represents a
lower oxidative stress level and theoretically leads to prevention of tumor initiation.
However, the role of oxidative stress in cancer development are complicated and
elevated oxidative stress potentially plays a uniquely dual (double-faced) role in the
different (early to late) stages of lung tumorigenesis, including pro-tumorigenic and
tumor suppressing effects. It is still very difficult to accurately define which level of
oxidative stress is mild, moderate or severe, in these in vivo experiments and which
level is the most beneficial in a specified tumor development. In our study, the
relatively lower oxidative stress level in Tg mice may favor lung tumor development

via the promotion of tumor proliferation and the inhibition of tumor apoptosis.

The balance of oxidative stress and antioxidants is crucial to maintaining our body
health. An imbalance can lead to a pathological condition, including inflammation
and cancer (4). Although antioxidant therapy has been demonstrated to be beneficial
in inflammation and ischemia/reperfusion injury (47), certain antioxidants may exert a
totally reverse effect. A study on stroke revealed that PRDXs were key initiators of

post-ischemic inflammation (29). Another study found that the PRDXs released by



cancer cells can mediate osteoclastogenesis (14), a process mainly performed by
macrophages. Our recent study demonstrated that the overexpression of PRDX4 was
associated with the aggravation of inflammation in idiopathic pulmonary fibrosis (48).
Briefly, antioxidant therapy should be approached with caution, even in inflammatory
disease, and the treatment should be based on the administration of certain
antioxidants for specified inflammation. Given the conflicting effect of antioxidant
therapy in inflammation and the close relationship between tumors and inflammation,
it is easy to understand the diverse roles of antioxidants in tumor development.
Antioxidants like PRDX4 may suppress liver inflammation and prevent hepatocellular
carcinoma, but may exacerbate pulmonary inflammation and promote the
development of lung adenocarcinoma. Even in a certain types of tumor, antioxidant
supplementation may have totally different effects according to different periods in
the tumor, such as the initiation phase or progression phase, the early stage or the late
stage. When performing antioxidant therapy, physicians should be especially cautious
when considering aspects of the tumor context, such as the tumor histological
classification as tumor stage, as well as aspects of the tumor microenvironment, such

as oxidative stress.

In conclusion, the overexpression of PRDX4 promotes urethane-induced lung
tumorigenesis, and the alteration of the microenvironment caused by the high
expression of this antioxidant enzyme may play important roles in this process. The

results of the present study could provide novel insights in relation to antioxidant



therapy for lung cancer.
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Figure legends

Figure 1. The expression of PRDX4 in Tg and non-Tg mice. A: No significant
difference in the expression of PRDX4 was found in the initial lung specimens or lung
tumors between Tg and non-Tg controls. After urethane stimulation, PRDX4 was
obviously elevated in Tg mice in comparison to non-Tg controls. B: For Tg mice,
serum hPRDX4 increased after urethane stimulation and decreased after tumor
formation. No or very weak hPRDX4 was detected in the serum of non-Tg mice.
Figure 2. The overexpression of PRDX4 promotes lung tumor development. A: A
gross view of a lung tumor. In comparison to non-Tg mice, increased numbers of
tumors and larger tumors were found on the lung surface of Tg mice. B: A
microscopic view of a lung tumor (hematoxylin and eosin staining). Tumor formation
in Tg mice was increased in comparison to non-Tg mice. C: The effect of tumor
development on mouse body weight. No significant difference was found between Tg
mice and non-Tg controls during the urethane injection period. The body weight of Tg
mice was significantly lower in comparison to non-Tg controls at the time of sacrifice
(12 weeks after the last urethane injection). Data indicate the meantSD. An
independent-samples t-test was used for the analysis. *p<0.05.

Figure 3. The suppression of tumor apoptosis and enhancement of tumor proliferation
in Tg mice. Immunohistochemical staining and Western blotting both showed that the
expression of cleaved caspase-3 was significantly weaker in Tg tumors than in non-Tg
controls. The expression of PCNA, analyzed by Western blotting, was stronger in Tg

tumors than non-Tg tumors. Data are shown as the meantSD. An



independent-samples t-test was used for the analysis.

Figure 4. Increased microvascular permeability and macrophage infiltration in Tg
tumor. More microvessels permeated into the Tg tumors in comparison to non-Tg
controls and more Mac-2 positive cells infiltrated the Tg tumors. There was no
significant difference in CD3 T lymphocytes. Data are shown as the mean+SD. An
independent-samples t-test was used for the analysis.

Figure 5. The elevated expression of MMP9 and IL-1B in Tg tumors. A: The
expression levels of MMP9 and MMPI13 mRNA in Tg tumors were significantly
higher than in non-Tg tumor. The expression levels of /L-1p, IL-6, TNF-a, and iNOS
in Tg tumors tended to be increased; however, the difference was not statistically
significant. B: The expression levels of IL-1B and MMP9 were increased in Tg tumors.
The phosphorylation of NF-kB p65 and c-jun in Tg tumors were enhanced in
comparison to non-Tg controls. No significant difference was found in the expression
of TNF-a or MMP3. Data are shown as the mean+SD. An independent-samples t-test
was used for the analysis.  *p<0.05, **p<0.01.

Figure 6. Inhibition of oxidative stress in Tg mice. A: The proportion of
8-OHdG-positive cells in Tg tumors was significantly lower than in non-Tg tumors. B:
Serum malondialdehyde (MDA) in Tg mice was significantly lower than in non-Tg
controls after tumor formation. Data are shown as the meantSD. An

independent-samples t-test was used for the analysis.



