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Pancreatic cancer has one of the poorest prognoses among human neoplasms. Constitutive activation of
NF-jB is frequently observed in pancreatic cancer cells and is involved in their malignancy. However, lit-
tle is known about the molecular mechanism of this constitutive NF-jB activation. Here, we show that
the alternative pathway is constitutively activated and NF-jB-inducing kinase (NIK), a mediator of the
alternative pathway, is significantly expressed in pancreatic cancer cells. siRNA-mediated silencing of
NIK expression followed by subcellular fractionation revealed that NIK is constitutively involved in the
processing of p100 and nuclear transport of p52 and RelB in pancreatic cancer cells. In addition, NIK
silencing significantly suppressed proliferation of pancreatic cancer cells. These results clearly indicate
that NIK is involved in the constitutive activation of the alternative pathway and controls cell prolifera-
tion in pancreatic cancer cells. Therefore, NIK might be a novel target for the treatment of pancreatic
cancer.

� 2009 Elsevier Inc. All rights reserved.
Introduction various extracellular signals activate NF-jB by stimulus-provoked
Pancreatic cancer is a highly lethal malignancy with an overall
5-year survival rate of 5% [1]. This high mortality is due to the
aggressive and rapidly metastatic nature of the disease and its abil-
ity to resist conventional chemotherapy [2]. Therefore, elucidation
of the molecular mechanisms of pancreatic cancer development is
essential for the discovery of new therapeutic strategies.

One of the signal transduction pathways that are deregulated to
be involved in the malignancy of pancreatic cancer cells is the
NF-jB pathway [3]. NF-jB proteins comprise a family that encom-
passes p50/p105, p52/p100, c-Rel, RelA (also known as p65) and
RelB. To a limited extent, these proteins can form homo- or het-
ero-dimers with distinct DNA-binding specificities. Such dimers
are inactive in the cytoplasm in most normal cells due to their
interaction with the IjB family of proteins. Through membrane-
bound receptors and a series of adaptor and modulator proteins,
ll rights reserved.

ibitor of NF-jB; NIK, NF-jB-
terfering RNA; TRAF, tumor
lular inhibitor of apoptosis;
ecrosis factor family; GAPDH,

ular and Molecular Biology,
ience, University of Tokyo, 4-
. Fax: +813 5449 5421.
).
phosphorylation of IjB by an IKK complex, which induces the nu-
clear translocation of NF-jB as a consequence of proteasome-med-
iated degradation of IjB [4]. Two distinct pathways lead to
activation of NF-jB: a classical pathway and an alternative path-
way. For the most part, the classical pathway is defined by activa-
tion of the p50-RelA complex upon degradation of an associated
IjB, and the alternative pathway is characterized by the processing
of an inactive NF-jB2 p100-RelB dimer to activate p52-RelB
through degradation of C-terminal IjB-like sequences of p100,
which is induced by IKKa [5–8].

Activation of NF-jB is tightly regulated by various stimuli in
normal cells so that its activation is transient, whereas NF-jB is
constitutively activated in pancreatic cancer cell lines [9–11].
Constitutive activation of the alternative pathway has also been
reported recently [12]. Several reports have indicated that consti-
tutive activation of NF-jB promotes angiogenesis, metastasis, and
resistance to apoptosis and chemotherapy in pancreatic cancer
cells [13–16]. Moreover, it has been reported that IKKa and RelB
positively control proliferation of pancreatic cancer cell lines [17],
indicating that constitutive activation of the alternative pathway
is involved in the proliferation of pancreatic cancer cells.
Although previous studies have shown that autocrine secretion
of interleukin-1 contributes to constitutive activation of the
classical pathway [18,19], how the alternative pathway is consti-
tutively activated in pancreatic cancer cells remains to be
elucidated.
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Fig. 2. Expression levels of NIK protein are correlated with those of its mRNA in
various pancreatic cancer cells. (A) Cells were pretreated with (+) or without (�)
MG132 (20 lM) for 4 h. Whole cell lysates were then prepared and subjected to
immunoblotting. (B) Total RNA was isolated from cells, and cDNA synthesis and
quantitative real-time PCR analysis were performed. The relative NIK mRNA level of
each cell is shown as a fold increase relative to that of the QGP-1. Results shown in
(B) are representative of two independent experiments.
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Materials and methods

Cell culture. All pancreatic carcinoma cell lines were purchased
from the American Type Culture Collection (Manassas, VA, USA)
and maintained in RPMI 1640 containing 10% FBS. Plat-A cells were
maintained in DMEM containing 10% FBS, 2 lg/ml of puromycin
(Sigma–Aldrich, St Louis, MO) and 4 lg/ml of blasticidin (Sigma–
Aldrich).

NIK siRNA transfection experiments. Transfection of NIK stealth
siRNA (50-GCCAGUCCGAGAGUCUUGAUCAGAU-30) or control siRNA
(Invitrogen, Carlsbad, CA, USA) was performed with Lipofectamine
RNAiMAX (Invitrogen). For fractionation analysis, cells were incu-
bated with siRNA/RNAiMAX solution (siRNA concentration:
6 pmol). In the proliferation assay, PANC-1 (5 � 104 cells/well)
and PK-45H (2.5 � 104 cells/well) were incubated with siRNA/
RNAiMAX solution (siRNA concentration: 4.7 fmol), and six days
after siRNA transfection, cells were trypsinized and the viable cell
number was counted with the trypan blue exclusion method.

Retrovirus-mediated gene transfer. A mutant NIK cDNA that car-
ries six silent mutations within the target region for a siRNA for
NIK (siNIK) was generated by PCR-mediated site-directed muta-
genesis to change the sequence from cagtccgagagtcttgat (nt 328–
345) to caAtcGgaAagCctAgaC. The NIK cDNAs were introduced into
the retroviral vector pMXs-puro (kindly provided by Dr. T. Kitam-
ura). The packaging Plat-A cells were transfected with the pMXs
plasmids by the calcium phosphate method, and virus stocks were
prepared by collecting the culture medium. PANC-1 and PK-45H
were infected with the virus stock in the presence of 6 lg/ml
polybrene (Sigma–Aldrich) and selected with puromycin.

Cell fractionation and immunoblotting. Cytoplasmic and nuclear
fractions were prepared as described [20]. Immunoblotting was
performed as described [21]. Primary antibodies were anti-RelA,
anti-RelB and anti-PARP-1 antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-p100/p52 antibody (Millipore, Billerica,
MA, USA), anti-NIK and anti-phospho-p100 antibody (Cell Signal-
ing Technology, Beverly, MA, USA), and anti-a-Tubulin antibody
(Calbiochem, La Jolla, CA, USA).

Semiquantitative reverse transcription-PCR (RT-PCR) and quantita-
tive real-time PCR. Cells were grown for 48 h after siRNA transfection.
Methods for RNA isolation, cDNA preparation, RT-PCR were de-
scribed previously [21]. Primers for NIK were forward, 50-CTCAGCA
TCGACAGCCTCTC-30 and reverse, 50-GTGCACTGCAGGTCGATGC-30.
Primers for GAPDH were forward, 50-CCACATCGCTCAGACACCAT-30

and reverse, 50-TGACAAGCTTCCCGTTCTCA-30. The PCR cycle was as
follows: 37 cycles (NIK) or 27 cycles (GAPDH) at 95 �C for 30 s,
64 �C (NIK) or 57 �C (GAPDH) for 30 s, 72 �C for 30 s with a 2-min
initial denaturation at 95 �C and a 2-min final extension at 72 �C.
Quantitative real-time PCR were preformed as described [21].
Fig. 1. The alternative pathway is constitutively activated in various pancreatic cancer
nuclear (Nuc) fractions of various pancreatic cell lines were analyzed by immunoblotting
1 (nuclear marker). Each lane is prepared from 3 � 104 cells.
Results and discussion

The alternative pathway is constitutively activated in pancreatic
cancer cell lines

To understand the frequency and extent of the constitutive acti-
vation of the alternative pathway and to elucidate the molecular
mechanisms of the activation in pancreatic cancer cells, we
collected eight pancreatic cancer cell lines, including QGP-1,
PANC-1, PK-45P, PK-45H, PK-1, KP-1N, KP-2, and PK-59. We then
performed subcellular fractionation of each cell line to check the
processing of p100 to p52 and nuclear localization of p52 and RelB.
Processing of p100 to p52 and nuclear translocation of both pro-
teins are mediated by the alternative pathway. Relatively large
amounts of p52 and RelB were found in nuclear fractions of
PANC-1, PK-1, and KP-1N, whereas less, but still significant
amounts of these two proteins were localized in the nuclei of other
pancreatic cancer cell lines (Fig. 1). These results strongly suggest
that the alternative pathway is constitutively activated in all eight
cells. Whole cell lysates (Total) and lysates prepared from cytoplasmic (Cyt) and
using anti-p100/p52, anti-RelB, anti-a-Tubulin (cytoplasmic marker) and anti-PARP-
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pancreatic cancer cell lines, although the extent of the activation
varied among cell lines.

Expression levels of NIK mRNA and protein are correlated with nuclear
amounts of p52 and RelB proteins in pancreatic cancer cell lines

The alternative pathway is mediated by the NIK protein because
Alymphoplasia (aly) mice, which carry an inactive mutation in NIK
gene, display impaired alternative pathways [8,22]. Activity of
NIK is regulated by a ubiquitin ligase complex that comprises
TRAF2, TRAF3, cIAP1, and cIAP2. In unstimulated cells, NIK is inac-
tivated through its proteasome-mediated degradation triggered by
polyubiquitination of NIK, which is catalyzed by cIAP1/cIAP2. CD40
ligand or BAFF stimulation induces degradation of TRAF3 and pre-
vents the polyubiquitination of NIK by the TRAF2–cIAP1–cIAP2
complex, allowing NIK accumulation and activation through auto-
phosphorylation [23,24]. Accumulated NIK then activates IKKa and
Fig. 3. NIK is involved in the constitutive activation of the alternative pathway, but not
transfected cells, and cDNA synthesis and semiquantitative RT-PCR analysis were perfor
then treated with DMSO or MG132 (20 lM) for 4 h. Lysates were analyzed by immunob
were then analyzed by immunoblotting. (D) Cells were transfected as in (C) and lysates w
were fractionated. Cytoplasmic fractions (prepared from 7 � 103 cells) and nuclear fract
induces activation of the alternative pathway [25]. Interestingly,
inactivation of the TRAF3 and cIAP1/2 proteins by mutations
causes stabilization of NIK proteins, which leads to constitutive
activation of both classical and alternative NF-jB activation in
some multiple myeloma cell lines [26,27]. In addition, NIK is
over-expressed at the pre-translational level and induces constitu-
tive NF-jB activation in adult T-cell leukemia (ATL) [28]. These
links between pathologically deregulated expression of NIK and
carcinogenesis led us to speculate that NIK might be involved in
the constitutive activation of NF-jB and in the malignant pheno-
types of pancreatic cancer cell lines. Thus, we next determined
whether NIK is accumulated in pancreatic cancer cell lines. Endog-
enous NIK protein was hardly detected, but could be observed
when cells were treated with proteasome inhibitor MG132, as
reported previously [25]. Relatively high levels of NIK protein were
detected in PANC-1, PK-1, and KP-1N (Fig. 2A), whereas lower lev-
els of NIK protein were observed in the other cell lines. Together
in that of the classical pathway. (A) Total RNA was isolated from mock- or siNIK-
med. (B) Cells were mock-transfected or transfected with siNIK for 44 h. Cells were
lotting. (C) Cells were mock-transfected or transfected with siNIK for 48 h. Lysates

ere then analyzed by immunoblotting. (E) Cells were transfected as in (C) and lysates
ions (prepared from 2.8 � 104 cells) were analyzed by immunoblotting.
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with the results shown in Fig. 1, expression levels of the NIK pro-
tein are correlated with the extent of activation of the alternative
pathway, as judged by the nuclear amounts of p52 and RelB. To
analyze the relation between expression levels of NIK protein
and those of NIK mRNA, we analyzed amounts of NIK mRNA
through real-time PCR (Fig. 2B). Expression levels of NIK mRNA
varied among the eight cell lines and they were high in PANC-1,
PK-1, and KP-1N, as in the case of NIK protein. NIK mRNA levels
are well correlated with expression levels of NIK protein, suggest-
ing that the expression of NIK protein is likely to be determined by
mRNA levels, but not by protein stability. Expression of NIK is up-
regulated in pancreatic cancer cells because the expression of NIK
mRNA is higher than that in Jurkat (T-cell leukemia) and HeLa cells
(cervical cancer) (data not shown), and NIK protein was not de-
tected in MCF7 (breast cancer) and Jurkat cells even when they
were treated with MG132 (data not shown). These results suggest
Fig. 4. NIK is involved in proliferation of pancreatic cancer cell lines. (A) PANC-1 and PK-
or NIKmt were transfected with siNIK or control siRNA. Six days after transfection, the n
determinations and are representative of two independent experiments. *p < 0.05. (B)
control siRNA. After 48 h incubation, cell lysates were analyzed by immunoblotting.
that up-regulation of NIK mRNA and protein may result in activa-
tion of the alternative pathway in pancreatic cancer cell lines.

NIK regulates the constitutive activation of the alternative pathway
but not that of the classical pathway

To obtain evidence that NIK contributes to the constitutive acti-
vation of the alternative pathway, siNIK was used to suppress NIK
expression in PANC-1 and PK-45H, which were chosen as represen-
tatives of the NIK high and low expressers, respectively. The effi-
ciency of NIK suppression in pancreatic cancer cells was checked
by semiquantitative RT-PCR analysis. More than 80% reduction of
NIK mRNA was observed in PANC-1 and PK-45H at 2 days after siR-
NA transfection (Fig. 3A). We also performed immunoblotting
analysis of lysates prepared from cells treated with or without
MG132 and confirmed that NIK protein expression was barely
45H retrovirally infected with the empty vector (None) or vectors expressing NIKwt
umbers of viable cells were counted. Data are presented as means ± SD of triplicate
PANC-1 and PK-45H retrovirally infected as in (A) were transfected with siNIK or
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detectable in siNIK-transfected cells compared with mock-trans-
fected cells (Fig. 3B). NIK suppression resulted in a severe reduc-
tion of p100 phosphorylation (Fig. 3C), which is catalyzed by
IKKa activated by NIK and triggers processing of p100 to p52. Fur-
thermore, NIK suppression also reduced processing of p100 to p52
(Fig. 3D) and nuclear translocation of p52 and RelB in both PANC-1
and PK-45H (Fig. 3E). Interestingly, NIK suppression did not affect
nuclear translocation of RelA. These results clearly indicate that
NIK is involved in the constitutive activation of the alternative
pathway, but not the classical pathway, in pancreatic cancer cells.

Constitutive activation of the alternative pathway occurs under
a number of pathological conditions. In various lymphomas associ-
ated with nfkb2 gene rearrangement, which results in the genera-
tion of a C-terminal truncated p100 protein lacking the
processing inhibitory domain, processing occurs constitutively in
an IKKa-dependent but NIK-independent manner [29]. In addition,
the NIK protein is accumulated in multiple myeloma cells due to its
stabilization induced by mutations that inactivate TRAF3 or cIAP1/
2 [26,27], which leads to constitutive activation of both classical
and alternative pathways. Because constitutive activation of the
alternative pathway, but not that of the classical pathway, is
NIK-dependent in pancreatic cancer cells, molecular mechanisms
underlying constitutive activation of the alternative pathway in
pancreatic cancer cells are distinct from those in lymphoma and
myeloma cells described above.

Because the alternative pathway is mediated by p100 and RelB,
these two genes must be sufficiently expressed to activate the
alternative pathway. p100 gene is a target of classical NF-jB and
Notch signaling pathways, and RelB expression is up-regulated
by the classical pathway [30]. Both the Notch pathway and the
classical pathway are constitutively activated in pancreatic cancer
cells [11,18,31]. Therefore, constitutive activation of the alternative
pathway is likely to be maintained by continuous expression of
p100 and RelB by the classical and Notch pathways.

NIK is involved in proliferation of pancreatic cancer cell lines

Both IKKa and RelB are involved in the proliferation of pancre-
atic cancer cells by inducing the expression of skp2, which is re-
quired for G1/S transition [17]. Therefore, we checked whether
NIK contributes to the cell proliferation of pancreatic cancer cells
because NIK plays a critical role in the constitutive activation of
the alternative pathway. PANC-1 and PK-45H were transfected
with siNIK or control siRNA and cell numbers were counted 6 days
after transfection. Proliferation of each cell line after siNIK trans-
fection was significantly lower than that after transfection of con-
trol siRNA (Fig. 4A), suggesting the involvement of NIK in
proliferation. To rule out the possibility that siNIK transfection-in-
duced growth inhibition may result from suppression of growth
promoting gene(s) other than NIK, growth experiments were per-
formed with cells that were engineered to exogenously express a
wild-type NIK cDNA (NIKwt) or NIK cDNA containing a silent
mutation in the siRNA target region (NIKmt) (Fig. 4A). In both
PANC-1 and PK-45H, siNIK treatment resulted in severe reduction
of the NIK protein in cells exogenously expressing NIKwt, whereas
the same treatment only partially reduced NIK protein in cells
expressing NIKmt (Fig. 4B). Meanwhile, transfection of siNIK
resulted in significant reduction of p100 processing in NIKwt-
expressing cells, whereas generation of p52 was barely affected
by siNIK transfection into NIKmt-expressing cells (Fig. 4B). More
importantly, siNIK-induced growth inhibition was observed only
in NIKwt-expressing cells but not in NIKmt-expressing cells
(Fig. 4A). These results clearly indicate that siNIK transfection-in-
duced growth inhibition was due to suppression of NIK protein,
but not due to suppression of other growth promoting gene(s). In
addition, proliferation of NIKwt or NIKmt-expressing cells was
significantly enhanced compared to that of control cells, especially
in PANC-1 (Fig. 4A). The enhanced NIK expression barely changed
the processing of p100 (Fig. 4B), probably because the proteasome-
mediated processing of p100 was saturated. However, amounts of
p52 and RelB in nuclear fraction were increased in these cells (data
not shown). These results strongly suggest that overexpression of
NIK enhances activation of the alternative pathway without
increasing the p100 processing, thereby enhancing cell growth. Ta-
ken together, we conclude that NIK is involved in the regulation of
pancreatic cancer cell line proliferation.

In this study, we clearly provide evidence that NIK is involved in
the constitutive activation of the alternative NF-jB pathway and
also in the proliferation of pancreatic cancer cell lines. Deregula-
tion of NIK activity and its involvement in tumorigenesis have been
reported in multiple myeloma [26,27], ATL, and Hodgkin’s lym-
phoma [28]. We have also recently demonstrated that NIK is in-
volved in the constitutive activation of the alternative pathway
in basal-like subtype breast cancer cells [21]. Therefore, NIK could
be a potential therapeutic target in various cancers.
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