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ABSTRACT
Previous studies have indicated that inflammatory stimulation represses protein phosphatase 2A (PP2A), a
well-known tumor suppressor. However, whether PP2A repression participates in pancreatic cancer
progression has not been verified. We used lipopolysaccharide (LPS) and macrophage-conditioned
medium (MCM) to establish in vitro inflammation models, and investigated whether inflammatory stimuli
affect pancreatic cancer cell growth and invasion PP2A catalytic subunit (PP2Ac)-dependently. Via nude
mouse models of orthotopic tumor xenografts and dibutyltin dichloride (DBTC)-induced chronic
pancreatitis, we evaluated the effect of an inflammatory microenvironment on PP2Ac expression in vivo.
We cloned the PP2Aca and PP2Acb isoform promoters to investigate the PP2Ac transcriptional regulation
mechanisms. MCM accelerated pancreatic cancer cell growth; MCM and LPS promoted cell invasion. DBTC
promoted xenograft growth and metastasis, induced tumor-associated macrophage infiltration, promoted
angiogenesis, activated the nuclear factor-kB (NF-kB) pathway, and repressed PP2Ac expression. In vitro,
LPS and MCM downregulated PP2Ac mRNA and protein. PP2Aca overexpression attenuated JNK, ERK,
PKC, and IKK phosphorylation, and impaired LPS/MCM-stimulated cell invasion and MCM-promoted cell
growth. LPS and MCM activated the NF-kB pathway in vitro. LPS and MCM induced IKK and IkB
phosphorylation, leading to p65/RelA nuclear translocation and transcriptional activation. Overexpression
of the dominant negative forms of IKKa attenuated LPS and MCM downregulation of PP2Ac, suggesting
inflammatory stimuli repress PP2Ac expression NF-kB pathway–dependently. Luciferase reporter gene
assay verified that LPS and MCM downregulated PP2Ac transcription through an NF-kB–dependent
pathway. Our study presents a new mechanism in inflammation-driven cancer progression through NF-kB
pathway–dependent PP2Ac repression.
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Introduction

Pancreatic cancer is one of the most fatal solid malignancies,
with a 5-year survival rate of only~5%.1 Recently, epidemiologi-
cal and experimental data have demonstrated a close connec-
tion between chronic pancreatitis and pancreatic cancer.2,3

However, the mechanisms involved are still far from defined.
Protein phosphatase 2A (PP2A) is a major serine threonine

(Ser/Thr) phosphatase that is involved in the control of many
cellular functions including protein synthesis, cell cycle deter-
mination, apoptosis, and metabolism.4,5 PP2A modulates sev-
eral signaling cascades, including that of c-Jun N-terminal
kinase (JNK), extracellular signal-related kinase (ERK), p38,
Akt and protein kinase C (PKC) among others, most of which

can accelerate growth.6 The core PP2A enzyme consists of a
catalytic subunit (PP2Ac) and a regulatory subunit termed the
A subunit. A third regulatory B subunit is associated with this
core structure.6 PP2Ac has a and b isoforms, whose primary
sequences share 97% identity.7 Defects in the expression of
PP2A components have been linked to cancer.8 PP2A is down-
regulated in various malignancies, such as lung, breast, colon,
and gastric cancer.9,10 Previously, we reported that PP2Ac
expression was significantly lower in pancreatic cancer tissues
than in adjacent noncancerous tissues. Furthermore, PP2Ac
overexpression induced apoptosis and repressed pancreatic
cancer cell growth.6,11 These results suggested that PP2A plays

CONTACT Meng-Yao Wu, MD, PhD mywu@suda.edu.cn Department of Oncology, the First Affiliated Hospital of Soochow University, Suzhou, China;
Liu-Mei Shou, MD, PhD shouliumei@163.com Department of Oncology, the first Affiliated Hospital of Zhejiang Chinese Medicine University, Hangzhou, China;
Wei Li, MD, PhD liwei10@suda.edu.cn, dr_weili@163.com Department of Oncology, the First Affiliated Hospital of Soochow University, Suzhou, China
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kccy
yThese authors contributed equally to this work.
© 2016 Taylor & Francis

CELL CYCLE
2016, VOL. 15, NO. 3, 381–393
http://dx.doi.org/10.1080/15384101.2015.1127468

http://dx.doi.org/10.1080/15384101.2015.1127468


a tumor suppressor role and could be a potential target for can-
cer treatment.

Tumor-associated macrophages (TAMs) are a prominent
inflammatory cell population in many tumor types residing in
both the perivascular and avascular, hypoxic regions of these
tissues. Analysis of TAMs inof human tumor biopsies has
shown that they TAMs express a variety of tumor-promoting
factors, and evidence the findings from transgenic murine
tumor models has have provided unequivocal evidence for the
importance of these cells in driving angiogenesis, lymphangio-
genesis, immunosuppression, and metastasis.12 We previously
demonstrated that macrophage-conditioned medium (MCM)
treated breast cancer cells became detached and acquired an
epithelial-mesenchymal transition (EMT)-like morphology,
which occurs during metastasis.13 However, whether PP2A par-
ticipates in the TAM- and other inflammatory stimuli-driven
pancreatic cancer progression has not been well explored.

Lipopolysaccharide (LPS) is a potent activator of inflamma-
tion14 and is widely used as an inflammatory stimulator to
establish inflammation models in vitro.14 Previous study proved
that LPS treatment represses PP2Ac expression and activity in
myocardial cells.15 Considering the tumor suppressive role of
PP2A, we speculated that the inflammation-triggered PP2A
inhibition participates in the inflammation-driven cancer
progression.

Mechanically, LPS is a strong activator of the nuclear factor-
kB (NF-kB) pathway, which plays a key role in the inflamma-
tion response.16 Moreover, the carcinogenesis effect of TAM
has been proved to be related to activation of NF-kB pathway.17

According to the canonical NF-kB pathway cascade,11 the
phosphorylated IkB kinase (IKK) can further phosphorylate
IkB, which is the cytoplasmic inhibitor of the NF-kB complex.
When phosphorylated, IkB undergoes ubiquitination and pro-
teasome-mediated degradation rapidly, resulting in the release
and nuclear translocation of the NF-kB complex. The prototyp-
ical NF-kB complex is a heterodimer composed of p50 and
RelA/p65. Once inside the nucleus, p65 engages the cognate kB
enhancers, which contain one or more kB-enhancer consensus
sequences (50-GGGRNYYYCC-30, where R is a purine, Y is a
pyrimidine, and N is any nucleic acid), and regulates the
expression of downstream genes.11,18,19 Whether LPS-induced
PP2A repression can be mediated in a NF-kB pathway–depen-
dent manner has not been explored.

Therefore, in the present study, we used LPS- and MCM-
induced inflammation models, a dibutyltin dichloride (DBTC)-
induced mouse chronic pancreatitis model, and a pancreatic
orthotopic xenograft mouse model to investigate the relation-
ship between inflammation and PP2Ac expression, both in
vitro and in vivo. The involvement of the NF-kB pathway was
also investigated.

Results

Inflammatory stimuli promotedpancreatic cancer cell
growth and invasion in vitro

To investigate the effects of inflammatory stimuli on the biolog-
ical behaviors of the pancreatic cancer cells, methyl thiazolyl
tetrazolium (MTT) and invasion assays were performed to

evaluate cell growth and metastasis in vitro. Although LPS had
no effect on pancreatic cancer cell growth (Figure 1A), it pro-
moted invasion significantly (Figure 1B). Quality control of
MCM was performed by evaluating secretion of the cytokines
interleukin-8 (IL-8) and tumor necrosis factor-a (TNF-a)
(Figure 1C).20,21,22 MCM promoted pancreatic cancer cell
growth slightly (Figure 1D) and stimulated invasion remark-
ably (Figure 1E). These in vitro data suggest that inflammation
could be a favorable factor for pancreatic cancer progression by
accelerating cell growth and invasion.

Inflammatory stimuli promoted pancreatic cancer cell
growth and invasion in vivo

To confirm the effects of inflammation on pancreatic cancer
progression in vivo, we established an in vivo model using a
combination of orthotopic xenograft and DBTC-induced
pancreatitis models. The inflammation induction effect of
DBTC was first confirmed (Figure 2A)., The segmental
glands in DBTC-treated mice were atrophic and associated
with chronic inflammatory infiltration of leukocytes, fibro-
blast proliferation and fibrosis, and large regions of acinar
loss (Figure 2A). Using immunohistochemistry and the
macrophage marker CD68, we proved that treatment of
DBTC induced macrophage infiltration, indicating the suc-
cessful establishment of the chronic pancreatitis model by
DBTC injection. Then, we applied the DBTC treatment to
the orthotopic xenograft model. As shown in Figure 2B–D,
mice in the DBTC group developed larger tumors than
those in the control group. Moreover, mouse No. Four and
5 in the DBTC group developed visible metastatic cancerous
nodes (Figure 2E). Although no visible metastasis was found
in other mice, pathological examination identified celiac
lymph node metastasis in mouse No. Three and mouse No.
Six of the control and DBTC group, respectively. Therefore,
consistent with the in vitro data, the in vivo investigation
verified that the inflammatory stimuli accelerated growth
and metastasis.

To explore the mechanisms involved, we performed immu-
nohistochemistry examination to evaluate several markers in
the orthotopic xenografts. The development of chronic pancre-
atitis was confirmed by hematoxylin–eosin (H&E) staining
(Figure 2F). CD68 is the most widely used macrophage marker,
encompassing both the M1 and M2 phenotypes. By using
CD68, we confirmed macrophage infiltration in the DBTC-
treated group (Figure 2F). To evaluate TAM infiltration, we
used an antibody targeting CD163, a more specific marker for
identifying M2 macrophages. Similar to CD68-positive cells,
there were more CD163-positive cells in the DBTC-treated
group (Figure 2F). Therefore, there were more infiltrated mac-
rophages in the DBTC-treated group, consistent with the estab-
lished inflammatory microenvironment.

Mice in the DBTC-treated group had higher levels of Ki67
(Figure 2F), the well-known proliferation index. Moreover,
higher blood vessel density was detected in the DBTC-treated
group via the use of an antibody targeting CD34, a vascular
endothelial cell marker (Figure 2F), suggesting neoangiogenesis
could also be involved in the growth-promoting effect of inflam-
mation through modification of the tumor microenvironment.
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As inflammatory stimuli promoted pancreatic cancer growth
remarkably in vivo, but not in vitro, the involvement of inflam-
mation remodeling of the tumor microenvironment in vivo
might be an explanation.

The NF-kB pathway plays a pivotal role in the inflammatory
and immune responses and participates in carcinogenesis,
including in pancreatic cancer.11 Higher phosphorylation levels
of IKK were found in the DBTC-treated group (Figure 2F), sug-
gesting NF-kB pathway activation. As expected, PP2Ac expres-
sion was repressed in the DBTC-treated group (Figure 2F),
suggesting PP2Ac regulation could be involved in inflamma-
tion-driven pancreatic cancer progression.

Inflammatory stimuli promoted in vitro growth and
metastasis by repressing PP2Ac expression in pancreatic
cancer cells

We performed in vitro studies to investigate the mechanisms
involved in PP2Ac repression. The effects of LPS and MCM on
PP2Ac expression in pancreatic cancer cells was firstly investi-
gated by real-time PCR. As shown in Figure 3A-D, the mRNA
levels of both PP2Aca and PP2Acb were markedly decreased
after treatment with LPS or MCM treatment, resulting in the
down-regulation of total PP2Ac levels. As shown in Figure. 3E
and F, the total PP2Ac protein was dramatically decreased after
exposure to LPS or MCM exposure.

Previous studies have reported JNK, ERK, and PKC activa-
tion by LPS.23-26 As all these oncogenic kinases, and IKK, are
substrates of PP2Ac, we speculated that PP2Ac repression

could result in the comprehensive activation of these kinase
pathways. As shown in Figure 3G, JNK, ERK, PKC, and IKK
were phosphorylated upon LPS treatment, and PP2Aca overex-
pression attenuated it, indicating that PP2Ac repression by LPS
results in the activation of several oncogenic kinases.27 PP2Aca
overexpression also attenuated MCM-induced growth progres-
sion (Figure 3H), and impaired LPS or MCM stimulation of
invasion (Figure 3I and J), indicating inflammatory stimuli pro-
moted in vitro pancreatic cancer cell growth and metastasis in a
PP2Ac inhibition-dependent manner.

Inflammatory stimuli induced NF-kB pathway activation in
pancreatic cancer cells in vitro

As the NF-kB pathway plays a pivotal role in inflammation,11

and as we observed NF-kB pathway activation in vivo, we eval-
uated the activation of several critical steps in this cascade to
confirm LPS and MCM activation of the NF-kB pathway in
vitro,. As shown in Figure 4A and B, LPS and MCM induced
IKK phosphorylation, which was blocked by DN-IKKa (S176/
180A) overexpression (Figure 4C and D). LPS and MCM fur-
ther caused IkBa phosphorylation (Figure 4E and F), which
was attenuated by DN-IKKa (S176/180A) or DN-IkBa (S32/
36A) overexpression (Figure 4G and H).

To investigate the nuclear entry of the NF-kB complex,
nuclear extracts were prepared and the p65 content was mea-
sured by western blotting. LPS induced p65 entry into the
nucleus, while DN-IKKa (S176/180A) or DN-IkBa (S32/36A)
(Figure 4I), respectively, repressed it.

Figure 1. Inflammatory stimuli promoted growth and invasion of pancreatic cancer cells in vitro. (A) MTT assay of viability of cells incubated with LPS (0, 10, 100, 1000 ng/
ml) for 24, 48, and 72 h. (B) Cell invasion assay following 24-h exposure to 10 ng/ml LPS. Cells that had migrated to the lower membranes were photographed under
£400 magnification. ��P < 0.01 as compared to control. (C) Quality control of MCM. After 7-day MCSF treatment, IL-8 and TNF-a levels at 24, 48, 72, 96, and 120 h were
measured using Milliplex assay. (D) MTT assay of viability of cells incubated with MCM for 24, 48, 72, 96, and 120 h. �P < 0.05 as compared with control. (E) Cell invasion
assay following 24-h exposure to MCM. Cells that had migrated to the lower membranes were photographed under £400 magnification. ��P < 0.01 as compared to
control.
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To investigate the transcriptional regulation of LPS- or
MCM-activated p65, cells were transiently transfected with a
pNF-kB-luc reporter construct. As shown in Figure 4J and K,
LPS- and MCM-treated cells exhibited increased luciferase
activity. Using a Milliplex assay, we further confirmed that the
expression of c-Myc, a classic target gene downstream of the
NF-kB pathway, was elevated upon LPS or MCM treatment
(Figure 4L and M).

Inflammatory stimuli repressed PP2Ac expression in an
NF-kB pathway-dependent manner

As shown in Figure 5A, DN-IKKa (S176/180A) or DN-IkBa
(S32/36A) overexpression attenuated the LPS-induced

downregulation of PP2Ac in pancreatic cancer cells. LPS
repression of PP2Ac was also impaired by pretreatment
with the IKK inhibitor EF-24 or the IkB phosphorylation
inhibitor BAY 11-7082 (Figure 5B). DN-IKKa (S176/180A)
or DN-IkBa (S32/36A) overexpression and EF-24 or BAY
11-7082 pretreatment also attenuated the MCM downregu-
lation of PP2Ac (Figure 5C and D), suggesting inflamma-
tory stimuli repressed PP2Ac expression in an NF-kB
pathway-dependent manner.

To further investigate whether PP2Ac down-regulation
occurred through transcriptional repression, we cloned the 50
upstream regions of PP2Aca and PP2Acb respectively. Using
the luciferase reporter gene assay, we found that LPS or MCM
treatment induced transcriptional repression of PP2Aca and

Figure 2. Inflammatory stimuli promoted pancreatic cancer cell growth and invasion in vivo. (A) Chronic inflammatory infiltration of leukocytes, fibroblast proliferation
and fibrosis, large regions of acinar loss, and infiltration of CD68C cells in the pancreas of DBTC-treated mice. (B) The effect of DBTC on pancreatic cancer in representative
in vivo bioluminescent images and photographs of cancer xenografts. (C) Bioluminescence of pancreatic orthotopic xenografts. ��P < 0.01 as compared to control. (D)
Tumor weight of pancreatic orthotopic xenografts. ��P < 0.01 as compared to control. (E) Pathological examination of metastatic cancerous nodes and celiac lymph
nodes. Green arrow: metastatic cancerous node. (F) Pathological and immunohistochemical examination of pancreatic orthotopic xenografts. Immunohistochemistry was
performed using antibodies targeting CD68, CD163, Ki67, CD34, p-IKK (phosphorylated IKK), and PP2Ac.
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PP2Acb, which EF-24 or BAY 11-7082 attenuated (Figure 5E
and F), suggesting LPS repressed PP2Ac transcription in an
NF-kB pathway-dependent manner.

To investigate the detailed mechanism involved in the
repression of PP2Aca and PP2Acb transcription, we ana-
lyzed the potential binding sites of NF-kB or NF-kB down-
stream genes28-30 in the 50 upstream regions of PP2Aca and
PP2Acb by using Genomatix software.31 In addition to NF-
kB itself, the potential binding sites of several transcription
factors, which have been proven to be the target genes of
the NF-kB pathway, were identified (Figure 5G). For

example, the binding sites of c-Myc, which is overexpressed
as reported above, were located at the upstream regions of
both PP2Aca and PP2Acb.

Discussion

Inflammation is a vital defensive response that plays critical
roles in a variety of physiological situations, and when dysregu-
lated, can contribute to the pathogenesis of many diseases,
including cancer. The possible mechanism is that the normal
inflammatory response is activated on an acute basis and is

Figure 3. Inflammatory stimuli promoted in vitro growth and metastasis by repressing PP2Ac expression in pancreatic cancer cells. (A, B) Real-time PCR determination of
mRNA levels of PP2Aca, PP2Acb, and total PP2Ac in SW1990 (A) and CFPAC-1 (B) cells incubated with LPS (0, 10, 100 ng/ml) for 24 h. ��P< 0.01 as compared with control.
(C, D) Real-time PCR determination of mRNA levels of PP2Aca, PP2Acb, and total PP2Ac in SW1990 (C) and CFPAC-1 (D) cells incubated with MCM for 24 h. ��P < 0.01 as
compared with control. (E, F) Western blotting assessment of PP2Ac expression levels of PP2Ac after treatment with LPS (E) or MCM (F). (G) Western blot evaluation of
JNK, ERK, PKC and IKK phosphorylation levels in cells transfected with pcDNA3.1(C)-PP2Aca plasmid for 24 h, and then treated with 10 ng/ml LPS for another 12 h. (H)
MTT assay of cells transfected with pcDNA3.1(C)-PP2Aca plasmid for 24 h, and then incubated with MCM for an additional 120 h. ��P < 0.01 as compared to control.
and&P < 0.01 indicates significant differences between fold induction. (I, J) Invasion assay of SW1990 (I) and CFPAC-1 (J) cells transfected with pcDNA3.1(C)-PP2Aca plas-
mid for 24 h, and then treated with 10 ng/ml LPS or MCM for an additional 24 h. Cells that had migrated to the lower membranes were photographed under £400 mag-
nification. �P < 0.05, ��P < 0.01 as compared to control. @P < 0.05, @@P < 0.01 indicate significant differences between groups. &P < 0.05 indicates significant
differences between fold induction.
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auto-regulated, whereas, chronic inflammation leads to failure
in the regulatory mechanism. Chronic inflammation is a well-
documented risk for carcinogenesis, particularly in the pan-
creas and gastrointestinal tract. Chronic pancreatitis involves

long-standing inflammation of the pancreas associated with an
increased risk (~20 folds) for pancreatic cancer.32

PP2A is a key Ser/Thr phosphatase responsible for dephos-
phorylating of a wide array of signaling molecules and it

Figure 4. Inflammatory stimuli induced NF-kB pathway activation in pancreatic cancer cells. (A, B) Milliplex assay evaluation of IKK phosphorylation at Ser176/Ser180 in
SW1990 and CFPAC-1 cells treated with 10 ng/ml LPS (A) or MCM (B) for 12 h. (C) DN-IKKa (S176/180A) overexpression repressed LPS-induced IKK phosphorylation in
SW1990 (top) and CFPAC-1 (bottom) cells. �P < 0.05, ��P < 0.01 as compared with control. &P < 0.05 indicates significant differences between fold induction. (D) DN-
IKKa (S176/180A) overexpression repressed MCM-induced IKK phosphorylation in SW1990 cells. �P < 0.05, ��P < 0.01 as compared with control. &P < 0.05 indicates sig-
nificant differences between fold induction. (E, F) Milliplex assay evaluation of IkBa phosphorylation at Ser32 after 12-h treatment with 10 ng/ml LPS (E) or MCM (F). (G)
DN-IKKa (S176/180A) or DN-IkBa (S32/36A) overexpression repressed LPS-induced IkBa phosphorylation in SW1990 (top) and CFPAC-1 (bottom) cells. �P < 0.05, ��P <
0.01 as compared with control. &P < 0.05, and&P < 0.01 indicate significant differences between fold induction. (H) DN-IKKa (S176/180A) or DN-IkBa (S32/36A) overex-
pression repressed MCM-induced IkBa phosphorylation in SW1990 cells. �P < 0.05, ��P < 0.01 as compared with control. &P < 0.05, and&P < 0.01 indicate significant dif-
ferences between fold induction. (I) Western blot of p65 expression in cells treated with 10 ng/ml LPS for 12 h, followed by total and nuclear protein extraction. b-actin
and histone H1 were the internal controls for the total and nuclear extracts, respectively. (J, K) Luciferase reporter gene assays of cells transiently transfected with pNF-
kB-luc before 36-h treatment with 10 ng/ml LPS (J) or MCM (K). ��P < 0.01 as compared with control. (L, M) Milliplex assay of c-Myc expression in cells treated with LPS
(L) or MCM (M) for 12 h. ��P < 0.01 as compared with control.
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responds to inflammatory stimulation. Transforming growth
factor-b (TGF-b), a major profibrotic cytokine implicated in
scleroderma fibrosis, down-regulates PP2Ac expression in
fibroblasts, resulting in ERK phosphorylation.33 In addition to
reducing its expression levels, prostaglandin E2 (PGE2), TGF-
b,34 and H2O2

35 repress PP2A activity. More than an inflam-
matory responder, PP2A is widely accepted as a cancer repres-
sor. It remains unclear whether inflammatory stimulation
represses PP2A expression and/or activity in cancer cells. The
response of PP2A to inflammation and PP2A participation in
cancer evolution inspired our investigation of whether PP2A
could mediate inflammation-driven cancer progression.

In recent years, many efforts have been made to identify the
underlying mechanisms that contribute to inflammation-
driven tumor progress. IL-1 (interleukin-1) and TGF-b1 are
elevated in the serum of patients with pancreatic cancer.36,37

IL-1a promotes proliferation, adhesion, and migration in pan-
creatic cancer cell lines, associating with the activation of Ras
and the downstream ERK signaling pathway.38 Another study
demonstrated that IL-1a activates the NF-kB signaling pathway
and up-regulates several anti-apoptotic genes, that for Bcl-xL
and BfL-139. TGF-b upregulates matrix metalloproteinase 2
(MMP-2) and the urokinase-type plasminogen activator (uPA)

system and consequently mediates invasive behavior.40 IL-8
and IL-6 activate the mitogen-activated protein kinase (MAPK)
pathway, leading to the production of vascular endothelial
growth factor ( VEGF ) and neuropilin-2,41,42 both of which
correlate with angiogenesis and the metastatic behavior of can-
cer cells.41-43 These investigations suggest that multiple cyto-
kines and mechanisms could be involved in inflammation-
driven cancer progression.

As a single cytokine can not mimic the inflammatory envi-
ronment, we used LPS and MCM to establish non-specific
inflammation models in vitro. LPS itself is not intrinsically
harmful. Instead, it induces myeloid and/or non-myeloid cells
to produce proinflammatory cytokines, such as tumor necrosis
factor (TNF), interleukins, inducible nitric oxide synthase, and
cyclooxygenase-2.14 Macrophages are classified into 2 catego-
ries: type 1 or classically activated (M1), and type 2 or alterna-
tively activated (M2). M1 macrophages are characterized by a
proinflammatory phenotype and display microbicidal activity
that results in tumor suppression, whereas M2 macrophages
promote tissue repair, matrix remodeling, and angiogenesis
supporting tumorigenesis. M2 macrophages, also termed
TAMs, produce cytokines, chemokines, and growth factors
involved in tumor invasion, metastasis, angiogenesis, and

Figure 5. Inflammatory stimuli repressed PP2Ac expression in a NF-kB pathway–dependent manner. (A, B) Determination of PP2Ac mRNA expression in SW1990 cells pre-
treated with 20 mM BAY 11-7082 or 5 mM EF-24 2 h before 24-h LPS treatment (A), or transfected with DN-IKKa (S176/180A) or DN-IkBa (S32/36A) 24 h before 24-h LPS
treatment (B). �P < 0.05, ��P < 0.01 indicate significant differences from the control. @P < 0.05 indicates significant differences between groups. &P < 0.05, and&P < 0.01
indicate significant differences between fold induction. (C, D) Determination of PP2Ac mRNA expression in SW1990 cells pretreated with 20 mM BAY 11-7082 or 5 mM EF-
24 2 h before 24-h MCM treatment (C), or transfected with DN-IKKa (S176/180A) or DN-IkBa (S32/36A) 24 h before 24-h MCM treatment (D). �P < 0.05, ��P < 0.01 indi-
cate significant differences from the control. @@P < 0.01 indicates significant differences between groups. &P < 0.05 indicates significant differences between fold induc-
tion. (E, F) Luciferase gene reporter assay of SW1990 cells transfected with pGL3-Basic-PP2Aca or pGL3-Basic-PP2Acb plasmids and treated with 20 mM BAY 11-7082 or
5 mM EF-24 for 2 h, followed by 36-h LPS (E) or MCM (F) treatment. �P < 0.05, ��P < 0.01 indicate significant differences from the control. @P < 0.05 indicates significant
differences between groups. &P < 0.05, and&P < 0.01 indicate significant differences between fold induction. (G) Illustration of NF-kB binding sites or NF-kB downstream
genes in the 50upstream regions of PP2Aca and PP2Acb.
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immunosuppression. These soluble stimuli include IL-8, IL-10,
adrenomedullin (ADM), TNF-a, TGF-b, VEGFs, uPA, colony
stimulating factor 1 (CSF-1), and chemokine (C-C motif)
ligand 2 (CCL2).21,22,44 In the present study, we proved that
LPS facilitates pancreatic cancer cell invasion, while MCM pro-
motes both pancreatic cancer cell growth and invasion. Both
LPS and MCM repressed PP2Ac expression in pancreatic can-
cer cells in vitro, suggesting PP2Ac regulation could be involved
in inflammation-driven pancreatic cancer progression.

To reveal the relationship between inflammation and PP2Ac
in vivo, we established a pancreatic orthotopic xenograft model
of inflammation using DBTC. DBTC-induced pancreatitis has a
complex pathogenesis, involving a biliary and a hematogenic
component. Merkord and colleagues reported that, in rats, this
model appeared suitable for investigations of the process leading
to pancreatic fibrosis.45 However, to the best of our knowledge,
the DBTC-induced pancreatitis model has not been well devel-
oped in mice. It was noteworthy that we successfully established
a pancreatitis model by DBTC injection in nude mice. Xeno-
grafts grown based on the inflammation were not only bigger,
but also tended to metastasize. Using this model, we confirmed
that inflammation induced TAM infiltration, upregulated the
proliferation index, and promoted angiogenesis. Moreover,
inflammation repressed PP2Ac expression in the pancreatic
orthotopic xenografts in vivo, consistent with the in vitro data.

Many studies have demonstrated that PP2A disruption and
dysfunction are requirements for malignant transformation.46

As the present study reveals the inflammation-triggered repres-
sion of PP2A in pancreatic cancer cells, we investigated
whether PP2A repression could promote cancer progression.
Using protein gel blotting, we confirmed that LPS induced
phosphorylation of the PP2A substrate kinases, including ERK,
JNK, PKC, and IKK, most of which accelerate cancer progres-
sion.27 PP2Ac overexpression attenuated the activation of these
oncogenic cascades. Furthermore, PP2Ac overexpression
impaired the inflammatory stimuli promotion of cell growth
and invasion. Therefore, our present study suggests a new the-
ory; that a PP2A-dependent mechanism might be involved in
the inflammation-promoted cancer elevation.

Our present study also reveals the cell signaling transduction
mechanisms involved in PP2Ac downregulation by inflamma-
tory stimuli. The role of the NF-kB pathway in inflammation
has been established. There are 2 distinct NF-kB signaling cas-
cades: canonical and non-canonical pathway. The canonical
pathway, involved in innate immunity, is activated by pro-
inflammatory stimuli, including TNF-a, various interleukins,
microbes, and virus-related ligands.47 Based on its close struc-
tural similarity with the viral oncoprotein v-Rel, the link
between the NF-kB pathway and cancer was first suspected in
1990.48 In the past decade, an increasing number of studies
have shown that many cancers have constitutively active NF-
kB, including lung, colon, pancreatic, and ovarian cancers.49-51

In addition, NF-kB down-regulation renders cancer cells more
sensitive to treatments, including chemo- and radiation thera-
pies.52 Therefore, the NF-kB pathway plays critical roles both
in the inflammatory response and in tumors, indicating NF-kB
pathway participation in inflammation-driven cancer progres-
sion. In the present study, we showed that LPS and MCM
markedly increased IKK and IkB phosphorylation of, and p65

nuclear translocation and transcriptional activation, followed
by up-regulation of the downstream oncogenic c-Myc. The
activation of the NF-kB pathway further repressed PP2Ac tran-
scription and expression of, stimulating pancreatic cancer cell
invasion. Interestingly, IKK presents both upstream and as a
substrate of PP2A, suggesting the involvement of a positive
feedback mechanism. Here, we here present a potential mecha-
nism involved in the inflammation-driven cancer progression
mediated by the NF-kB/PP2Ac pathway.

Taking together, our present study demonstrates that that
PP2Ac responds to inflammatory stimuli both in vitro and in
vivo. The molecular mechanism involved in PP2Ac inhibition
by inflammation appears to be mediated by the NF-kB path-
way. Moreover, the inflammation-stimulated NF-kB/PP2Ac
pathway promoted JNK, ERK, PKC and IKK phosphorylation,
and accelerated pancreatic cancer cell invasion in vitro. Previ-
ous studies have porven that multiple kinase pathways are
overactivited in inflammation and cancer. However, the
mechanisms involved in this extensive and comprehensive
activation have not been well explored. Considering the
multi-substrate characteristic of PP2A, our investigation sug-
gests a potential mechanism in the extensive kinase activation
and inflammation-driven cancer progression: repression on
PP2A induced by inflammation results in extensive and com-
prehensive activation of oncogenic kinases, leading to cancer
progression. Moreover, the extensive activation of kinases in
cancer always renders single-targeting therapeutics inefficient,
while toxic and side effects always restrict multi-target thera-
peutics. We now present a potential indirect multi-targeting
therapeutic that targets PP2A, which may shed new light on
pancreatic cancer treatment.

Materials and methods

Cells culture

The human pancreatic cancer cell lines SW1990, CFPAC-1 and
PANC-1 were purchased from the American Type Culture Col-
lection (ATCC; Manassas, VA, USA). Cells were maintained in
Dulbecco’s modified essential medium (DMEM; Gibco, Grand
Island, NY, USA). Medium was supplemented with 10% fetal
calf serum (FBS; Gibco), 100 U/ml penicillin, and 100 mg/ml
streptomycin at 378C in a 5% CO2 incubator with a humidified
atmosphere. The cells were passaged every 2-3 d to maintain
exponential growth.

Reagents

Lipopolysaccharide (LPS) was purchased from Enzo Life Scien-
ces International (farmingdale, NY, USA). BAY11-7082 and
EF-24 were purchased from Sigma (St. Louis, MO, USA).

MTT assay

Cell growth was evaluated using a methyl thiazolyl tetrazolium
(MTT) assay.53 Briefly, 5 £ 104 cells per well were seeded onto
24-well plates. Following treatments for various durations of
time, MTT (Sigma) was added to each well at a final concentra-
tion of 0.5 mg/ml. The mixture was incubated at 37�C for 4 h.
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The medium was then removed, and then 800ml of dimethyl
sulfoxide (DMSO) was added to each well. The absorbance was
measured at 490 nm using a microplate reader (Bio-Rad Labo-
ratories). The relative cell viability was calculated as follows:
relative cell viability = (mean absorbance of the test wells/mean
absorbance of the control wells) £ 100%.

Invasion assay

Matrigel (100 ml, 1:30 dilution in serum-free DMEM) was
added to Transwell polycarbonate filters (8-mm pore size;
Corning) and incubated with the filters at 37�C for 6 h. Cells
were trypsinized and washed 3 times with DMEM containing
1% FBS, followed by resuspension in DMEM containing 1%
FBS at a density of 2 £ 106 cells/ml. The cell suspensions
(100 ml) were seeded into the top chambers, and 600ml DMEM
containing 10% FBS was added to the bottom chambers. Cells
(2 £ 105/well) were allowed to invade for 24 h, and the mem-
branes were then stained with 1% methylrosanilinium chloride.
Cells that had migrated to the underside of the filter were
counted using a light microscope in 5 randomly selected fields.

Macrophage preparation and culture

MCM was performed as previously described.13,54 Buffy coats
containing mononuclear cells were collected from the blood of
healthy individual donors at the First Affiliated Hospital of
Soochow University with an approved Institutional Review
Board application (the Committee on Medical Ethics, the First
Affiliated Hospital of Soochow University). Primary blood
monocytes were isolated by density-gradient centrifugation
through Ficol/Hypaque (Amersham Bioscience, Piscataway,
NJ), suspended (8£106 cells/ml) in DMEM medium (Gibco)
with 10% heat-inactivated human serum (Sigma, St. Louis,
MO), and seeded in culture dishes. After 2-h incubation at
37�C, adherent cells were cultured in medium supplemented
with 40 ng/ml human macrophage colony-stimulating-factor
(MCSF, PeproTech Inc., Rocky Hill, NJ). Cells were allowed to
differentiate for 7 d in the presence of MCSF. On day 7, fresh
medium without MCSF was added to the cells, and the cells
were cultured for anothere 24-120 h. The culture medium was
collected, centrifuged, stored in aliquots at -80�C, and defined
as MCM.

Milliplex assay

Multiplex biometric immunoassay kits containing fluorescent
dyed microbeads (Milliplex NF-kB Signaling Magnetic Bead
kit; Cat. No. 48-630MAG, and Human Cytokine MAGNETIC
Kit; Cat. No. HCYTOMAG-60K, Millipore Corp, St Charles,
MO) were used for measuring phosphorylated IKKa/b
(Ser176/Ser180), phosphorylated IkBa (Ser32), c-Myc, IL-8,
and TNF-a. Mean fluorescence intensity (MFI) was calculated
using Luminex technology (Bio-Plex Workstation; Bio-Rad
Laboratories, Hercules, CA, USA). Data were analyzed by using
the Milliplex� Analyst 5.1 software (Bio-Rad Laboratories).

Animal

Four-week-old female BALB/c athymic nude mice (SLAC Lab-
oratory Animal Co. Ltd., Shanghai, China) were maintained in
a climate-controlled room with foods and water on a 12-h
light/dark cycle (light on at 8:00 AM). Mice were allowed to
acclimate to the housing facilities for 7 d before any experimen-
tal procedures were begun. All protocols were approved by the
animal use and care committee of Soochow University.

Chronic pancreatitis model

Chronic pancreatitis was produced by injection of DBTC
(Sigma) dissolved firstly in 100% ethanol (2 parts), and then
mixed with glycerol (3 parts).55 DBTC (2 mg/kg) in 50 ml sol-
vent was injected into the tail vein. Control mice only received
the equivalent volume of solvent. The animals were sacrificed
28 d after DBTC treatment. The pancreas was removed, forma-
lin-fixed, and paraffin-embedded.

Orthotopic xenograft nude mouse model and treatment

The pancreatic cancer cell line PANC-1 expressing firefly lucif-
erase was used. Orthotopic cell implantation was performed as
previously described.56 Cells (5 £ 106) in 100 ml Matrigel (Bec-
ton Dickinson) were injected into the body-tail of the pancreas
of nude mice. One week after orthotopic implantation, the
mice were randomized into 2 groups: control and DBTC-
treated. DBTC injection was administered according to the
chronic pancreatitis model establishment protocol. Twenty-
eight days after DBTC treatment, the mice were anaesthetized
and given D-luciferin in phosphate-buffered saline (PBS). At
20 min after injection, bioluminescence was imaged with a
charge-coupled device camera (IVIS; Lumina II, PerkinElmer).
Then, the pancreas and tumor tissue were stripped, formalin-
fixed, and paraffin-embedded.

Immunohistochemistry

All resection specimens were fixed in 10% buffered formalin
and paraffin-embedded by routine processing. Sections were
obtained at 4-mm thickness, heated at 60�C for 30 min,
deparaffinized, and hydrated through a series of xylene and
alcohol baths before staining. The slides were microwaved
with antigen retrieval solution (citrate buffer, pH 6.0, con-
taining 0.3% trisodium citrate and 0.04% citric acid) for
5 min. After replenishment of the solution, the slides were
microwaved again for 5 min and then allowed to cool for
20 min. The sections were then rinsed in PBS and
immersed in 3% H2O2 for 15 min to block endogenous
peroxidase. Thereafter, the sections were incubated with
10% bull serum albumin (BSA) at room temperature for
60 min to block nonspecific antibodies. Immunohistochemi-
cal staining was performed with mouse anti-CD68 antibody
(ab49777; Abcam), rabbit anti-CD163 antibody (ab87099;
Abcam), rabbit anti-CD34 antibody (ab81289; Abcam), rab-
bit anti-PP2Ac antibody (ab32141; Abcam), or rabbit anti–
phosphorylated IKK (S176, ab138426; Abcam) at room tem-
perature for 2 h. After 20-min incubation with the
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corresponding secondary antibodies, the bound complex
was visualized using a SuperPicture Polymer Detection kit
(No. 87-8963; Invitrogen).

Real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen,
Valencia, California, USA) according to the manufacturer’s pro-
tocol. After spectrophotometric quantification, 1 mg of total
RNA in a final volume of 20 ml was used for reverse transcrip-
tion with a PrimeScript RT Reagent Kit (TAKARA, Otsu, Shiga,
Japan) according to the manufacturer’s protocol. Aliquots of
cDNA (cDNA) corresponding to equal amounts of RNA were
used for mRNA quantification via real-time PCR using a Light-
Cycler 96 Real-Time Quantitative PCR System (Roche, Indian-
apolis, IN, USA). The reaction system (25 ml) contained the
corresponding cDNA, forward and reverse primers, and SYBR-
Green PCR Master Mix (Roche). All data were analyzed using
b-actin gene expression as the internal standard. The specific
primers were as follows: (1) PP2Aca (Homo): forward, 50-
CGCCAGAAGTACACGAGGAAC-30, reverse, 50-CGTTGG
ATTCTTTTGTCAGGATTT-30, product, 240 bp; (2) PP2Acb
(Homo): forward, 50-GGGAAACCTGCCTTTGTAT-30, reverse,
50-CATCATTAGTATGGCACATTTGGTC-30, product, 156 bp;
(3) PP2Ac (Homo): forward, 50- GTTCACCAAGGAGCTG-
GACCA-30, reverse, 50- CATGCACATCTAAACAGACAG-
TAAC-30, product, 164 bp; (4) b-actin (Homo): forward, 50-
TCATGAAGTGTGACGTGGACAT-30, reverse, 50-CTCAG-
GAGGAGCAATGATCTTG-30, product, 158 bp.

Western blot analysis

Total protein was extracted using a lysis buffer containing
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate (SDS), 1 mM EDTA, protease
inhibitors (10 mg/ml leupeptin, 10 mg/ml aprotinin, 10 mg/ml
pepstatin A, 1 mM 4-[2-aminoethyl] benzenesulfonyl fluoride),
and phosphatase inhibitors (1 mM NaF, 1 mM Na3VO4).
Cytosolic and nuclear extracts were prepared using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotech-
nology) supplemented with a protease inhibitor cocktail kit
(Pierce Biotechnology) according to the manufacturer’s
instructions. The protein extracts were separated by 10% SDS–
PAGE (PAGE) and were transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore). After 1-h blocking in 5% non-
fat milk, the membranes were incubated overnight with pri-
mary antibodies at 4�C. The primary mouse antibodies were
anti-PP2Ac, anti–phosphorylated PP2Ac (Tyr307), and anti–
b-actin antibodies (Santa Cruz Biotechnologies). Rabbit anti-
histone H1 antibodies were purchased from Proteintech Group.
Protein expression was determined using horseradish peroxi-
dase–conjugated antibodies followed by enhanced chemilumi-
nescence) (ECL) detection (Millipore). Protein band analysis
was performed using Quantity One 4.6.2 software (Bio-Rad
Laboratories). b-actin and histone H1 were used as internal
controls for the total and nuclear extracts, respectively.

Plasmids construction and transient transfection

The pcDNA3.1(C)-PP2Aca, pcDNA3.1(C)-DN-IKKa, and
pcDNA3.1(C)-DN-IkBa plasmids were constructed as previ-
ously described.11 The dominant negative (DN) mutant form of
IKKa (DN-IKKa) was PCR-amplified from wild-type (WT)
IKKa using site-directed mutagenesis to change Ser176 and
Ser180 to Ala.11 The DN mutant form of IkB (DN-IkB) was
amplified fromWT IkBa to change Ser32 and Ser36 to Ala.11 The
luciferase reporter plasmid, pNF-kB-luc, containing the kB-
enhancer consensus sequences [(50-TGGGGACTTTCCGC-30)£
5] and NF-kB-dependent firefly luciferase gene was purchased
from Stratagene (La Jolla, CA, USA). The internal control plas-
mid, pRL-SV40, containing the Renilla luciferase gene was
obtained from Promega (Madison, WI, USA). The reporter plas-
mids, pGL3-Basic-PP2Aca and pGL3-Basic-PP2Acb, were con-
structed to measure the transcription of these 2 genes. PGL3-
Basic-PP2Aca contained a 3,278-bp DNA fragment (from -3,093
to 185) upstream from the transcription initiation site of the
PP2Aca gene, and pGL3-Basic-PP2Acb containeds a 3,594-bp
DNA fragment (from -3,404 to 190) upstream from the transcrip-
tion initiation site of the PP2Acb gene. These fragments were
PCR-amplified from homo genomic DNA using PrimerSTAR
HS DNA polymerase (TAKARA) with the following primers: (1)
PP2Aca: forward, 50-TGTCTCAGTAAGTTTAGAAGT-
CAGGG-30, reverse, 50-TACTTCTGGCGGCTGTTGAGG-30;
(2) PP2Acb: forward, 50-AAGGATTGGAGGTTGATGGTTA-30,
reverse, 50-TGAAGGACGCGGTGAGGT-30. The PCR-amplified
fragments were firstly cloned into TA-clone by using a pMD19-T
Vector Cloning Kit (TAKARA) and followed by subcloning into
pGL3-Basic vector (Promega). Cells were transfected with plas-
mids by Lipofectamine 3000 (Invitrogen, Valencia, California,
USA) according to manufacturer’s protocol.

Luciferase reporter gene assay

Cells were transiently co-transfected with the reporter plasmid
(500 ng/well) and the internal control plasmid pRL-SV40
(100 ng/well) using Lipofectamine 3000 (Invitrogen), according
to the manufacturer’s protocol. After transfection the medium
was renewed, and the treatments were initiated. Subsequently,
cell lysates were subjected to dual luciferase reporter assay
(Promega) according to the manufacturer’s recommendations.
Luciferase activity was measured using a GloMax-20/20 lumin-
ometer (Promega). The results are expressed as relative lucifer-
ase activity (the ratio of firefly luciferase activity to Renilla
luciferase activity).

Statistical analysis
Each experiment was performed at least in triplicate. Results
are expressed as the mean value § standard deviation (SD).
Statistical analysis was performed using an unpaired Student’s
t-test. A P value less than 0.05 was considered significant.

Abbreviations

LPS lipopolysaccharide
TAM tumor-associated macrophage
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MCM macrophage-conditioned medium
PP2A protein phosphatase 2A
PP2Ac PP2A catalytic subunit
IkB kinase IKK
JNK c-Jun N-terminal kinase
ERK extracellular signal-related kinase
PKC protein kinase C
DBTC dibutyltin dichloride
PBS phosphate buffered saline
MFI Mean fluorescence intensity
MTT methyl thiazolyl tetrazolium
DMSO dimethyl sulfoxide
PVDF polyvinylidene fluoride
PGE2 prostaglandin E2
IL-1 interleukin-1
TGF-b transforming growth factor b
MMP-2 matrix metalloproteinase 2
MAPK Mitogen-activated protein kinase
VEGF vascular endothelial growth factor
TNF tumor necrosis factor
ADM adrenomedullin
uPA urokinase-type plasminogen activator, CSF-1, col-

ony stimulating factor 1
CCL2 chemokine (C-C motif) ligand 2
BSA bull serum albumin
cDNA cDNA
SDS sodium dodecyl sulfate
PAGE polyacrylamide gel electrophoresis
PVDF polyvinylidene fluoride
ECL enhanced chemiluminescence
DN dominant negative
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