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Loss of presenilin 2 is associated with increased iPLA2
activity and lung tumor development
H-M Yun1,6, MH Park1,6, DH Kim1, YJ Ahn1, K-R Park1, TM Kim2, NY Yun1, YS Jung3, DY Hwang4, DY Yoon5, SB Han1 and JT Hong1

Presenilins are the enzymatic components of γ-secretase complex that cleaves amyloid precursor protein, Notch and β-catenin,
which has critical roles in the development of Alzheimer’s disease and cancer cell growth. Therefore, in the present study, we
studied the effects and mechanisms of PS2 knockout on lung cancer development and possible mechanisms as a key regulator of
lung tumor development. We compared carcinogen-induced tumor growth between PS2 knockout mice and wild-type mice. PS2
knockout mice showed increased urethane (1 mg/g)-induced lung tumor incidence when compared with that of wild-type mice
with decreased activity of γ-secretase in the lung tumor tissues. Consequently, iPLA2 activities in lung tumor tissues of PS2
knockout mice were much higher than in tumor tissues of wild-type mice. Furthermore, knockdown of PS2 using PS2 siRNA
decreased γ-secretase activity with increased iPLA2 activity in the lung cancer cells (A549 and NCI-H460), leading to increased lung
cancer cell growth. PS2 knockout mice and PS2 knockdown lung cancer cells showed increased DNA-binding activities of nuclear
factor kappa-beta, signal transducer and activator of transcription 3 (STAT3) and AP-1 which are critical transcriptional factors of
iPLA2 than those of PS2 wild-type mice and control lung cancer cells. Taken together, these results suggest that the loss of PS2
could have a critical role in lung tumor development through the upregulation of iPLA2 activity by reducing γ-secretase.
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INTRODUCTION
Presenilins (PSs) have two homologs, PS1 and PS2, and function as
the catalytic subunits of γ-secretase.1,2 γ-secretase, an aspartyl
protease complex in cell membrane, contains a key subunit, PS.
They are the enzymic components that cleave more than 30
substrates, and produce as well as translocate intracellular
domains of those substrates in nucleus.3–5 Most cleavages are
transmembrane signals or proteins such as β-amyloid precursor
protein (APP), Notch, cadherins, CD44 and so on,5,6 which contain
the GxxxG pentapeptide in their transmembrane domain.7

PS/γ-secretase-dependent cleavages and translocation into
nucleus of oncoproteins such as notch, amyloid precursor protein
intracellular domain, vascular endothelial growth factor receptor,
E-cadherin, CD44 and ErbB are involved in the growth of leukemia
cancer, glioma, colon cancer and breast cancer.8–12 Presenilins
have important roles in cell survival and tumorigenesis.13–15 It was
reported that skin tumorigenesis was higher in PS1 knockout
mice,16 and carcinogen-induced brain tumor incidence was also
higher in PS1-mutant mice.17 Germline mutations of PS2 (R62H
and R71W) induced breast cancer growth,18 and also reported that
PS 1 is frequently overexpressed and positively associated with
epidermal growth factor receptor expression in head and neck
squamous cell carcinoma.19 However, other studies have shown
opposite results. Presenilin-1 mutation induced the activation of
caspase-3 in human neuroglioma cells.20 Presenilin-1 exon 9
deletion and L250S mutations sensitize SH-SY5Y neuroblastoma
cells to hyperosmotic stress-induced apoptosis.21 Glioma cell

growth and invasion were prevented by the inhibition of PS2.10

A recent epidemiological study demonstrated that older adults
with prevalent clinical Alzheimer’s disease developed cancer at a
slower rate compared with older adults without Alzheimer’s
disease.22 In addition, we observed that spontaneous lung tumor
incidence was much lower in the PS2 (N141I)-mutant mice
(unpublished data). Thus, critical relevance between PS and tumor
development are controversial and possible mechanisms are not
yet clarified.
Lung cancer is a lethal disease and continues to be the leading

cause of cancer-related mortality worldwide.23 Although smoking
is the primary cause of most lung cancer cases, approximately
10–15% are caused by genetics.24 In the non-small cell lung
cancers, the proliferation and apoptosis of cancer cells are
regulated by several signal transduction pathways. Proteomics
analysis suggests that the expression of peroxiredoxins (PRDXs),
proliferating cell nuclear antigen (PCNA), interleukin-6 (IL-6) and
activator protein-1 (AP-1) were increased, while that of tumor
necrosis factor receptor was decreased in lung cancer cell lines
and human lung tumor tissues.25–27 PRDXs, thiol-specific antiox-
idant proteins having six isoforms (PRDX1~ PRDX6) are expressed
in mammals, yeast and bacteria. PRDXs are classified based on
having either one (1-Cys) or two (2-Cys) conserved cysteine
residues,28 and they may have important roles in both lung tumor
progression and resistance.29,30 Among the six members, PRDX6 is
the only peroxiredoxin having both phospholipase A2 (PLA2)
and glutathione peroxidase activities.31 PRDX6 is elevated in
several lung diseases including lung cancer, mesothelioma and
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sarcoidosis.32 We previously found that iPLA2 activity is critical for
lung tumor development in in vivo allograft.33 Moreover, it was
observed that lung tumor growth was significantly lowered in the
PS- mutant mice compared with non-transgenic mice through a
decrease of iPLA2 activity with increased γ-secretase activity (data
not shown). It was found that tumor progression of glioblastoma
and lewis lung carcinoma were more regressed in PLA2− /− mice
than PLA2+/+ mice. Interestingly, the active site of the PLA2 is
GXSXG at positions 30–34, which has been termed a phospho-
lipase motif.34,35 This phospholipase motif could be cleaved by γ-
secretase, leading to the inhibition of phospholipase activity.
Therefore, we hypothesized that the ablation of PS2 could have a
critical role in lung cancer development via an increase of iPLA2
activity of PRDX6 via the reduction of γ-secretase activity.

RESULTS
Promotion of lung tumor growth in PS2 knockout mice
Previously, we found that lung tumor growth was lower in PS2
(N141I)-mutant transgenic mice than that of PS2 wild-type mice or
non-transgenic mice (unpublished data). Therefore, we were
interested in studying the effect of PS2 knockout on lung cancer
development. To determine whether PS2 knockout contributes
to lung tumorigenesis, lung tumorigenesis was induced using
urethane injections. Thirty weeks after the initial urethane
injections, a significantly increased number of lung tumors in
knockout mice was found. The number of lung tumors in PS2
knockout mice were significantly increased (Figure 1a). Tumor
multiplicity was 40.3 ± 7.5 tumors per PS2 knockout mice, but
15.9 ± 5.7 per PS2 wild-type mice. The histological findings after
haematoxylin and eosin staining indicated that the tumors in PS2
knockout mice were well-differentiated lung adenomas; however,
tumors from PS2 wild-type mice were significantly smaller than
those from PS2 knockout mice, and showed a few

adenocarcinoma (Figure 1b, upper panel). The percentage of
PCNA-positive cells was higher in PS2 knockout mice (61.2 ± 2.3%,
**Po0.01) than PS2 wild-type mice (Figure 1b, lower panel). As
shown in Supplementary Figure 1, we exhibited the pictures of
normal lung tissues and the lung tissues were stained with
haematoxylin and eosin. We also detected the PCNA to evaluate
proliferative activity in the normal lung tissues. As a result, there is
no difference between the normal lung tissues of PS2 knockout
mice and PS2 wild-type mice. Western blotting data also showed
that the protein levels of PCNA, Ki67, MMP2, MMP9, cyclin B, cyclin
D1, cyclin E, cyclin-dependent kinase 1 (Cdk1), Cdk2, Cdk4 and
Cdk6 were significantly increased in the tumor tissues of the PS2
knockout mice than in the wild-type mice, and also we observed
that p-pRb was increased in the PS2 knockout mice, leading to a
malignant phenotype by functional loss of pRb (Figure 1c and
Supplementary Figure 2).

Inactivation of γ-secreatase increases activities of iPLA2 and GPx,
and protein levels of iPLA2 cleavage and PRDX6 in tumor tissue
PRDX6 is known to be critical for lung tumor growth, and its
expression is elevated in the lung tumor patients.33 Therefore,
we determined whether the expression of PRDX6 is increased in
the lung tumor tissue of PS2 knockout mice. To quantify the
expression of PRDX6 in a variety of tissues of PS2 knockout mice
and wild-type mice, PRDX6 expression was investigated by
western blots. Higher expression of PRDX6 was found in the
tumor tissues of PS2 knockout mice compared with that of the
tumor tissues of wild-type mice (Figure 2a). PRDX6 has glutathione
peroxidase and iPLA2 activities which are important in lung tumor
growth. To confirm the relative glutathione peroxidase and iPLA2
activities in the tumor tissue of PS2 knockout mice and wild-type
mice, we investigated glutathione peroxidase and iPLA2 activities
assay. Associated with the increase of tumor growth, glutathione
peroxidase and iPLA2 activities in lung tumor tissues of PS2
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Figure 1. Effect of PS2 knockout on the development of lung tumor. (a) Tumors were induced by a single intraperitoneal injection of 1 mg/g
urethane once a week for 10 weeks. Mice were euthanized at time points up to 6 months after injection of carcinogen. At the time of killing,
lungs were lavaged, perfused and fixed in ice-cold Bouin’s fixative solution for 24 h. After fixation, lungs were used for surface tumor number
and diameter measurements. The results are expressed as mean± s.d. (b) Lung tissues were processed and stained with haematoxylin and
eosin or analyzed by immunohistochemistry for detection of positive cells for PCNA. (c) Tumor extracts were analyzed by western blotting.
Samples (20 μg) were resolved on SDS–PAGE, and detected with antibodies against PCNA, MMP2, MMP9, Cyclin (B, D1 and E), Cdk (1, 2, 4 and
6), Ki67, p-pRb and β-actin. The experiments shown in Figure 1 were repeated in triplicate with similar results. *Po0.05 compared with the
wild-type mice.
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knockout mice were much higher than in the tumor of wild-type
mice (Figures 2b and c). The phospholipase motif (GXSXG) is
the catalytic site of PLA2, which is significantly affected by the
γ-secretase.36 Thus, we determined γ-secreatase activity in the
lung tumor tissues. We found that γ-secretase activity was
statistically lowered in lung tumor tissues of PS2 knockout mice
(Figure 2d). This result indicated that loss of PS2 could affect
γ-secretase in tumor tissues, causing enhancing or keeping of
iPLA2 activity. The PS/γ-secretase complex cleaves several other
substrates such as APP, notch, CD44 and N-cadherin which have
GXXXG pentapeptide domain. Since iPLA2 has GXGXG motif site in
phospholipase active site, it could be cleaved by γ-secretase. Thus,
we determined the cleavage of iPLA2 in the lung tumor tissues of
PS2 knockout mice. Compared with the lung tumor tissues of wild-
type mice, the cleavage form of iPLA2 (35 KDa cleaved form) was
significantly lowered in lung tumor tissues of PS2 knockout mice.
However, there was little difference (even slightly higher in
Notch-1 and 4, and CD44) in the cleavage of other substrates such
as Notch-1–4, APP, N-cadherin and CD44 between the lung tumor
tissues of PS2 knockout mice and wild-type mice (Figure 2a and
Supplementary Figures 3 and 4). We also detected the expression
levels of different components of the γ-Secretase complex in lung
tumor tissues of PS2 knockout mice, and we found that the
γ-secretase complex was decreased in PS2 knockout mice but
not PS1 (Figure 2a and Supplementary Figure 4). As shown in
Supplementary Figure 5, we additionally detected the Notch-1–4,
APP, PRDX6, p-pRb, MMP2 and components of the γ-secretase
complex in the normal lung tissues. As a result, there are no

differences between the normal lung tissues of PS2 knockout mice
and PS2 wild-type mice, except for PRDX6.

Increase of NF-κB, AP-1 and STAT3 activities in tumor tissue of
PS2 knockout mice
The activation of nuclear factor kappa-beta (NF-κB), AP-1 and
STAT3 has a critical role in tumor growth. Moreover, NF-κB and
AP-1 are located in the promoter region of iPLA2 and PRDX6
genes. To evaluate whether the promotion of lung tumor
development was related with the activation of these transcrip-
tional factors in the urethane-treated mice, the DNA-binding
activity of NF-κB, STAT3 and AP-1 was determined by an
electromobility shift assay in the lung tissue. The higher DNA-
binding activity of NF-κB, STAT3 and AP-1 was found in the lung
tissues of PS2 knockout mice compared with that of wild-type
mice (Figures 3a and c). We also performed antibody supershift
studies and validated the band of NF-κB, STAT3 and AP-1 in
electromobility shift assay data (data not shown). Since NF-κB is
translocated from cytosol into nucleus to play a role as a
transcriptional regulator, which is induced by the phosphorylation
of IκB, we investigated the translocation p50 and p65 of NF-κB
using immunohistochemistry analysis. As shown in Figure 3d, the
intensity of nuclear staining for p65 and p50 was increased in the
lung tissues of PS2 knockout mice. Moreover, we confirmed that
the increase of the translocation of p50 and p65 into the nucleus
through an increase of the phosphorylation of IκB was also
observed in PS2 knockout mice lung tissues (Figure 3e). The
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Figure 2. Effect of PS2 knockout on the cleavage of iPLA2, the expression of PRDX6, and activates. (a) Tumor extracts were analyzed by
western blotting. Samples (20 μg) were resolved on SDS–PAGE and detected with antibodies against Notch (1, 2, 3 and 4), APP, N-cadherin,
CD44, iPLA2, PRDX6, PS2, PS1, PEN2, Nicastrin and β-actin. (b, c) The levels of iPLA2 (b) and glutathione peroxidase (c) activities were measured
in lung tumor tissues using assay kits, as described in Materials and methods. (d) The level of γ-secretase activity was measured in lung tumor
tissues of urethane-induced wild-type mice and PS2 knockout mice as described in Materials and methods. *Po0.05 and **Po0.01,
significant difference from the wild-type mice. The experiments shown in Figure 2 were repeated in triplicate with similar results.

PS2 mutation inhibits lung tumor development
H-M Yun et al

5195

© 2014 Macmillan Publishers Limited Oncogene (2014) 5193 – 5200



higher c-Fos, c-Jun and p-STAT3 expression in nucleus was also
found in PS2 knockout mice lung tissues (Figure 3f). We also found
that tumor expression levels of IL-6 were increased in the lung
tumors of PS2 Knoctout mice compared with wild-type mice
(Supplementary Figure 6).

Promoting function of loss of PS2 in γ-secretase and lung cancer
cell growth
To further investigate whether the loss of PS2 inhibits γ-secretase
activity and has an enhancing effect on lung cancer cell growth
through increasing iPLA2 activity, we knockdowned PS2 using PS2
siRNA in lung cancer cells (A549 and NCI-H460). We found that
γ-secretase activity was significantly decreased in the lung cancer
cells transfected with siRNA of PS2 (Figures 4a and b). However,
lung cancer cell growth was increased by the knockdown of PS2
(Figures 4c and d). With the increase of lung cancer cell growth,
iPLA2 activity was elevated by knockdown of PS2 (Figures 4e
and f). We also found the expression of full length of iPLA2 and
the expression of PRDX6 in the lung cancer cells transfected with
siRNA of PS2 were significantly higher than those of the lung
cancer cells transfected with control siRNA (Figures 4g and h).
Similar to tumor tissues, NF-κB (Figures 5a and b), STAT3
(Figures 5c and d) and AP-1 (Figures 5e and f) DNA-binding activity
were also increased by knockdown of PS2 in lung cancer cells.

DISCUSSION
In this study, we have shown that the knockout of PS2 significantly
elevated the development of carcinogen-induced lung tumor.
Consistent with the increase of lung tumor development, the
expression of PRDX6 and iPLA2 activity were significantly
increased, but γ-secretase activity was significantly decreased in
the lung tumor tissues of PS2 knockout mice compared with the
PS2 wild-type mice. Much higher activity of iPLA2, higher DNA-

binding activities, and expression of subunits of NF-κB, STAT3 and
AP-1, as well as PCNA, MMPs, Cyclins and CDKs were found in the
lung tumor tissue of PS2 knockout mice. We also found that PS2
siRNA transfection significantly decreased γ-secretase activity, but
significantly elevated cancer cell growth in accordance with the
increase of iPLA2 in culture lung cancer cells. The present data
suggest that PS2 is essential in carcinogen-induced lung tumor
growth via decreased γ-secretase in PS2 knockout mice.
In lung cancer cells and lung tumor patients, the expression of

PRDX6 is elevated and the expression of PRDX6 in lung tumor is
critical for tumor progression, and resistance for apoptotic cell
death.32 PRDX6 has two enzyme activities such as glutathione
peroxidase and iPLA2 activities.31 The elevation of these two
enzyme activities are related with the enhancement of cholangio-
carcinoma growth and human lung cancer cells, and the
probability of relapse including lung metastases and local
recurrences.37–39 The activation of iPLA2 also contributes to lung
metastasis and stimulates the invasion of A549 and H460 human
lung cancer cells.40,41 Lewis lung carcinoma grows much faster in
iPLA2–/– mice than in IPLA2+/+ mice. We recently found that
PRDX6 overexpressed Tg mice also promoted lung tumor
development through upregulation of iPLA2.33 In the present
study, we found that PS2 knockout increased PRDX6 expression
and iPLA2 activities accompanied with increased lung tumor and
lung cancer cell growth. Thus, the elevation of iPLA2 activity could
be significant in promoting the effect of lung tumor development
in PS2 knockout mice. The increased activity of iPLA2 in lung
tumor tissues of carcinogen-inducted PS2 knockout mice corre-
lated significantly with the overexpression of PCNA, MMP2 and
MMP9. Therefore, the higher activity of iPLA2 by PS2 knockout
may be significant in the regulation of genes involved in cell
proliferation, metastasis and angiogenesis, leading to an increase
in lung tumor development in PS2 knockout mice. However, the
exact mechanism(s) of how the loss of PS2 could influence iPLA2
activity is (are) not clear.
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Figure 3. Effect of PS2 knockout on the activation of NF-κB, STAT3 and AP-1, and their DNA-binding activities in urethane-induced lung
tumors. (a–c) DNA-binding activity of NF-κB (a), STAT3 (b) and AP-1 (c) in the lung tumor tissues was determined by electromobility shift assay
in nuclear extracts as described in Materials and methods. (d) Lung tissues were processed and analyzed by immunohistochemistry for
detection of positive cells for p50 and p65. (e, f) Tumor extracts were analyzed by western blotting. Samples (20 μg) were resolved on
SDS–PAGE and detected with antibodies against p50, p65, IkB and p-IkB (e), and p-STAT3, STAT3, c-Jun and c-Fos (f). β-actin and Histione H1
were used as cytosol marker and nucleus marker, respectively. The experiments shown in Figure 3 were repeated in triplicate with
similar results.
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PS is the essential core component of γ-secretase, an enzymatic
complex composed of PS, nicastin, anterior pharynx-defective
phenotype-1 and PS enhancer-2.3 It is known that the mutation of
PSs could enhance γ-secretase activity causing an increase of
amyloid beta peptide production by cleavage from APP.2,5

γ-secretase cleavages notably membrane proteins such as APP
but also other proteins such as N- and E-cadherin, Notchs and
CD44 which have GxxxG, conserved motif.7 It is noteworthy that
PRDX6 could be a substrate of γ-secretase. Since phospholipase
motif (GXSXG) is in the catalytic site of iPLA2 in PRDX6, and this
GXXXG site is the helix-dimerization motif significantly affected by
the property of the γ-secretase substrate. The iPLA2 activity was
decreased by cleavage with γ-secretase in the wild-type PS2 mice,
but PS2 knockout mice maintained iPLA2 activity since γ-secretase
activity was lowered by the deletion of PS2. Our data also showed
that the higher γ-secretase activity was found in lung cancer cells,
and the cleavage of iPLA2 was increased. However, the γ-secretase
activity was lowered by knockdown of PS2 and the lower
γ-secretase activity maintained iPLA2 activity. It was also found
that higher iPLA2 activity was associated with the growth of lung
cancer cells in PS2 siRNA-transfected lung cancer cells. Thus, it can
be speculated that an increase of the cleavage of iPLA2 by
γ-secretase at the phospholipase motif site of iPLA2 in PRDX6
causes a decrease in iPLA2 activity in wild-type PS2 mice lung, but
not in PS2 knockout mice lung. We previously found that iPLA2
activity is critical for lung tumor development in in vivo allograft
and xenograft mice model.33,42 Moreover, it was observed that
lung tumor growth was significantly lowered in the PS2-mutant
mice compared with non-transgenic mice through the decrease of
iPLA2 activity with increased γ-secretase activity (data not shown).
These data thus suggest that the maintenance of iPLA2 activity in
PS2 knockout mice by loss of γ-secretase activity could promote
carcinogen-induced tumor growth.
Other mechanisms could be possible. PS/γ-secretase-generated

amyloid precursor protein intracellular domain mediates transcrip-
tional regulation of the epidermal growth factor receptor by
directly binding with epidermal growth factor receptor promoter,
which results in the skin and glioma tumor-promoting effect.43

PS/γ-secretase-dependent cleavages of oncoprotein Notch also
contributed to the development of tumor.12 Cleavages and
nuclear translocation of E-cadherin by PS/γ-secretase increased
metastasis of colorectal cancer.44 PS/γ-secretase-dependent clea-
vages and nuclear translocation of CD44 are also involved in
glioma growth.45 However, in the PS2 knockout and wild-type
lung tumor tissues treated with carcinogen, the cleavages of other
substrates such as APP, cadherin, Notch-1 and CD44 was not
significantly changed. This data, thus, demonstrate that iPLA2
rather than Notchs, APP, cadherin and CD44 could be significant in
the carcinogen-induced lung tumor development in PS2 knockout
mice. In addition, although two homologs, PS1 and PS2, have
some specific biological functions, we found that the PS2
knockout mice did not affect PS1 expression compared with
wild-type mice. Thus, in our experimental models, these findings
indicate that the tumor development increased in PS2 knockout
mice is specifically mediated by PS2. Taken together, our data
show that the loss of PS/γ-secretase-dependent cleavages of iPLA2
promotes lung tumor development via the maintenance of iPLA2
activity, and also we speculate that the specific regulation for
iPLA2 of PS2 in the carcinogen-induced lung tumor model may
give us a way to underline controversial roles of PS/γ-secretase
based on existing data in the literature.
NF-κB, STAT3 and AP-1 are also involved in the cell proliferation,

metastasis and angiogenesis through regulation of tumor-
promoting genes such as PCNA, MMP, Cyclins and Cdks.46 In the
present study, western blotting revealed that the expression of
PCNA, MMPs, Cyclins and Cdks was higher in the tumors of PS2
knockout mice lung tumor tissues compared with the tumor
tissues of wild-type PS2 mice lung. NF-κB, STAT3 and AP-1

activities were also much higher in the lung tumor tissues of PS2
knockout mice compared with those of the lung tumor of wild-
type PS2 mice. Moreover, consistent with the upregulation of
iPLA2 activities, PS2 siRNA increased NF-κB, STAT3 and AP-1
activates in lung cancer cells accompanied with increased cancer
cell growth. Therefore, a higher level of AP-1, NF-κB and STAT3
activates in tumor tissue of PS2 knockout mice may be also
significant in the carcinogen-induced lung tumor growth by
upregulation of genes involved in cell proliferation, metastasis and
angiogenesis. Even though these transcriptional factors are
significant in lung tumor development, it is not clear whether
the activation of these transcriptional factors could be caused by
increased tumor development, increased iPLA2 or increased
expression of PRDX6. On the contrary, the activation of these
transcriptional factors contributed to iPLA2 activity, and then
promoted tumor development, since these transcriptional factors
are located in the promoting regions of iPLA2 or PRDX6 genes.33,47

In conclusion, the present data conclusively indicate that
PS2 could be significant in the lung tumor development by
modulation of iPLA2 through change of γ-secretase.

MATERIALS AND METHODS
Animals
The PS2 knockout mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). The genetic background of wild type and PS2
knockout mice is C57BL/6. The mice were housed and bred under specific
pathogen-free conditions at the Laboratory Animal Research Center of
Chungbuk National University, Korea (CBNUA-436-12-02). The mice (n= 15)
were maintained in a room with a constant temperature of 22± 1 °C,
relative humidity of 55 ± 10% and 12-h light/dark cycle and fed standard
rodent chow (Samyang, Gapyeong, Korea) and purified tap water ad
libitum.

Carcinogenesis protocols
Eighteen to twenty-week-old mice were used. Tumors were induced by a
single intraperitoneal injection of 1 mg/g urethane (ethyl carbamate;
Sigma-Aldrich, St Louis, MO, USA) once a week for 10 weeks. Mice were
euthanized at time points up to 6 months after injection of carcinogen. At
the time of sacrifice, lungs were lavaged, perfused and fixed in ice-cold
Bouin’s fixative solution (Sigma-Aldrich) for 24 h. After fixation, lungs were
used for surface tumor number and diameter measurements, and
embedded in paraffin. Tumors on the lung surface were enumerated by
at least two experienced readers, blinded to sample identifiers under a
dissecting microscope; tumor counts were averaged and statistically
analyzed. Tumor diameters were measured using Fisherbrand Traceable
digital calipers (Fisher Scientific, Ashville, NC, USA).

Glutathione peroxidase activity and iPLA2 activity assay
Glutathione peroxidase assay and PLA2 assay kit were purchased from
Cayman Chemical (Biomol GmbH, Hamburg, Germany). iPLA2 activities
and glutathione peroxidase activities according to the manufacturer's
recommendations (Cayman Chemical). GPx co-substrate mixture including
nicotinamide adenine dinucleotide phosphate, glutathione and glu-
tathione reductase was used to measure glutathione peroxidase activity
in vitro. Arachidonoyl thio-PC was used as the substrate to measure total
PLA2 activity and PLA2 activity excluding other iPLA2 activities using the
iPLA2 inhibitor, bromoenol lactone because bromoenol lactone does not
inhibit iPLA2 activity of PRDX6,48 instead of MJ33 (a specific inhibitor for
iPLA2 activity of PRDX6) in vitro, and then iPLA2 activity was determined by
subtracting the rate PLA2 excluding iPLA2 from rate of total PLA2. Briefly,
after treatment of cells or perfusing tissue with a phosphate-buffered
saline (PBS) buffer, the cells or tissue were homogenized. Supernatants in a
total volume of 45 μl were added to microplate wells containing 5 μl of
assay buffer with or without 10 μM bromoenol lactone. The reaction was
initiated by addition of 200 μl of arachidonoyl thio-PC and was incubated
at room temperature for 60min. The reaction was terminated by addition
of 10 μl of 25 mM 5,5′-dithio-bis(2-nitrobenzoic acid), and the absorbance
was measured at 405 nm. The iPLA2 activity was calculated according to
the manufacturer’s instructions.

PS2 mutation inhibits lung tumor development
H-M Yun et al

5198

Oncogene (2014) 5193 – 5200 © 2014 Macmillan Publishers Limited



Immunohistochemistry
All specimens were fixed in formalin and paraffin-enclosed for examina-
tion. The sections were blocked for 30min with 3% normal horse serum
diluted in PBS. The sections were then blotted and incubated with specific
primary antibodies (1:200 dilution) at the appropriate dilution in blocking
serum for 4 h at room temperature at the appropriate dilution in blocking
serum for overnight at 4 °C. The next day, the slides were washed three
times for 5 min each in PBS and incubated in biotinylated anti-mouse and
rabbit antibody for 2 h. The slides were washed in PBS, followed by
formation of the avidinbiotin-peroxidase complex (ABC, Vector Labora-
tories, Burlingame, CA, USA). The slides were washed and the peroxidase
reaction developed with diaminobenzidine and peroxide, then counter-
stained with hematoxylin, mounted in aqua-mount, and evaluated using a
light microscope (×200, Olympus, Tokyo, Japan).

Western blot analysis
The membranes were immunoblotted with primary specific antibodies.
The blot was then incubated with corresponding conjugated anti-rabbit
and anti-mouse immunoglobulin G-horseradish peroxidase (1:2000
dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactive
proteins were detected with the enhanced chemiluminescence (ECL)
western blotting detection system. The intensity of the bands was
measured using the Fusion FX 7 image acquisition system (Vilber Lourmat,
Eberhardzell, Germany).

γ-secretase assay
Enzyme activity levels were quantified using an assay kit based on the
description by Farmery et al.49

Electromobility shift assay
Briefly, 1 × 106 cells/ml were washed twice with 1 × PBS, followed by the
addition of 1 ml of PBS and then cells were scraped into a cold Eppendorf
tube. Cells were spun down at 15 000 g for 1 min and the resulting
supernatant was removed. Solution A (50mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4, 10 mM KCl, 1 mM ethylenediamine-
tetraacetic acid, 1 mM ethylene glycol tetraacetic acid, 1 mM dithiothreitol,
0.1 μg/ml phenylmethylsulfonyl fluoride, 1 μg/ml pepstatin A, 1 μg/ml
leupeptin, 10 μg/ml soybean trypsin inhibitor, 10 μg/ml aprotinin and 0.5%
Nonidet P-40) was added to the pellet in a 2:1 ratio (v/v) and incubated on
ice for 10min. In total, 0.5 g of tumor tissue was chopped into 1.5 ml of
solution A. The tumor pieces were then homogenized and centrifuged at
12 000 g for 15 min at 4 °C. Solution C (solution A+10% glycerol and
400mM KCl) was added to the pellet in a 2:1 ratio (v/v) and vortexed on ice
for 20min. After centrifugation at 15 000 g for 7 min, the resulting nuclear
extract supernatant was collected in a chilled Eppendorf tube. Consensus
oligonucleotides, AP-1, NF-κB and STAT3 (Promega corporation, Madison,
WI, USA), were end-labeled using T4 polynucleotide kinase and (γ -32P)
ATP for 10min at 37 °C. Gel shift reactions were assembled and allowed to
incubate at room temperature for 10min followed by the addition of 1 μl
(50 000–200 000 c.p.m.) of 32P-labeled oligonucleotide and another 20min
of incubation at room temperature. Subsequently, 1 μl of gel-loading
buffer was added to each reaction and loaded onto a 4% nondenaturing
gel and electrophoresed until the dye was 75% of the way down the gel.
The gel was dried at 80 °C for 1 h and exposed to film overnight at 70 °C.
The intensity of the bands was measured using the Fusion FX 7 image
acquisition system (Vilber Lourmat, Eberhardzell, Germany).

Cell culture
NCI-H460 and A549 human lung cancer cells were obtained from the
American Type Culture Collection (Manassas, VA, USA). RPMI1640,
penicillin, streptomycin and fetal bovine serum were purchased from
Invitrogen (Carlsbad, CA, USA). Both cells were grown in RPMI1640 with
10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin at
37 °C in 5% CO2 humidified air.

Transfection
Lung cancer cells were transiently transfected with control and PS2
siRNA (Santa Cruz Biotechnology) using the WelFect-EX PLUS reagent in
OPTI-MEN, according to the manufacturer’s specification (WelGENE, Seoul,
Korea).

Cell viability assay
For 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
assay, 10% vol/vol of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT; Sigma, St Louis MO, USA) diluted in PBS was
added to A549 and NCI-H460 cell cultures. After 2 h of incubation, the
medium was aspirated and dimethlysulfoxide was added. Absorbance was
measured at 570 nm. The data were normalized to their respective controls
and are presented as a bar graph.

Enzyme-linked immunosorbent assay
For the detection of IL-6 level, lung tumor tissues were analyzed using
Mouse IL-6 ELISA Kit (Cusabio Biotech, China).

Data analysis
The data were analyzed using the GraphPad Prism 4 ver. 4.03 software
(GraphPad Software, La Jolla, CA, USA). Data are presented as mean± s.d.
The differences in all data were assessed by one-way analysis of variance.
When the P-value in the analysis of variance test indicated statistical
significance, the differences were assessed by the Dunnett’s test. A value of
Po0.05 was considered to be statistically significant.
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