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The ‘N-factors’ in pancreatic cancer: functional relevance
of NF-kB, NFAT and Nrf2 in pancreatic cancer
A Arlt1, H Schäfer1 and H Kalthoff2

Pancreatic ductal adenocarcinoma (PDAC) represents one of the deadliest malignancies, with an overall life expectancy of 6
months. Despite considerable advances in the understanding of the molecular mechanisms involved in the carcinogenesis of PDAC,
the outcome of the disease was not significantly improved over the last 20 years. Although some achievements in molecular-
targeted therapies have been made (that is, targeting the epidermal growth factor receptor by erlotinib), which already entered
clinical settings, and despite the promising outcome of the FOLFIRINOX trial, there is an urgent need for improvement of the
chemotherapy in this disease. A plethora of molecular alterations are thought to be responsible for the profound chemoresistance,
including mutations in oncogenes and tumor suppressors. Besides these classical hallmarks of cancer, the constitutive or inducible
activity of transcription factor pathways are characteristic changes in PDAC. Recently, three transcription factors—nuclear factor-kB
(NF-kB), nuclear factor of activated T cells (NFAT) and nuclear factor-E2-related factor-2 (Nrf2)—have been shown to be crucial for
tumor development and chemoresistance in pancreatic cancer. These transcription factors are key regulators of a variety of genes
involved in nearly all aspects of tumorigenesis and resistance against chemotherapeutics and death receptor ligands. Furthermore,
the pathways of NF-kB, NFAT and Nrf2 are functional, interacting on several regulatory steps, and, especially, natural compounds
such as curcumin interfere with more than one pathway. Thus, targeting these pathways by established inhibitors or new drugs
might have great potential to improve the outcome of PDAC patients, most likely in combination with established anticancer drugs.
In this article, we summarize recent progress in the characterization of these transcription-factor pathways and their role in PDAC
and therapy resistance. We also discuss future concepts for the treatment of PDAC relying on these pathways.
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PANCREATIC DUCTAL ADENOCARCINOMA,
CHEMORESISTANCE AND TRANSCRIPTION FACTORS
Pancreatic ductal adenocarcinoma (PDAC) represents the fourth
leading cause of cancer-related death in western countries.1,2 Up to
90% of PDACs develop through premalignant precursor lesions, so
called the pancreatic intraepithelial neoplasias-1 to -3. The
remaining cases originate in mucinous cystic neoplasia or
intraductal papillary mucinous neoplasia.3,4 A recent report
comparing genetically engineered mouse models with human
samples elegantly described an alternative pathway, which might
be important especially in familiar pancreatic cancer. In this model,
the ductal cancer cells arise in the centroacinar–acinar region,
possibly through a process of acinar–ductal metaplasia.5 Several
genetic alterations in pancreatic intraepithelial neoplasias and
PDACs have been extensively described. The Kras oncogene has a
central role in carcinogenesis and is mutated in nearly all PDACs.
Other frequent mutations are found in the tumor suppressor genes
p16INK4, p53, SMAD4 and BRCA2.3,4 Despite advances in the
understanding of the mechanisms of carcinogenesis, therapeutic
options in pancreatic cancer are associated with very limited or no
improvement in life expectancy.6 Because of a difficult and late

diagnosis, only 15% of the patients have a disease localized to the
pancreas, allowing a potentially curative resection. The majority of
patients, having a locally advanced tumor status, receive radio- and
or chemotherapy. Gemcitabine or 5-fluoruracil are the most
often used drugs, but such as all other therapeutical
interventions they fail to significantly improve the prognosis.4

Even the recommended first-line combination therapy with
erlotinib and gemcitabine offers only a very limited gain in life
expectancy compared with a monotherapy with gemcitabine.7

Recently, clinical trials showed that FOLFIRINOX, an aggressive
combination therapy of several chemotherapeutic drugs, improves
the life expectancy from 6–7 months with gemcitabine therapy
to 10–11 months in the FOLFIRINOX group.8 Because of the
higher rate of severe side effects and some problems in the
group composition (a high proportion of pancreatic cancer
localized in the tail of the pancreas), it still remains to be seen if
FOLFIRINOX will indeed be the future gold standard in the
palliative setting.9

Thus, limitations in curative and, especially, palliative treatment
options of PDACs demonstrate a need for new and gemcitabine-
independent strategies.10,11

1Laboratory of Molecular Gastroenterology and Hepatology, Department of Internal Medicine I, Kiel, Germany and 2Division of Molecular Oncology, Institute for Experimental
Cancer Research, Comprehensive Cancer Center North, Kiel, Germany. Correspondence: Dr A Arlt, Laboratory of Molecular Gastroenterology and Hepatology, Department of
Internal Medicine I, UKSH-Campus Kiel, Arnold-Heller-Strasse 3, 24105 Kiel, Germany.
E-mail: aarlt@1med.uni-kiel.de
or Professor H Kalthoff, Division of Molecular Oncology, Institute for Experimental Cancer Research, Comprehensive Cancer Center North, UKSH-Campus Kiel, Arnold-Heller-
Strasse 3, 24105 Kiel, Germany.
E-mail: hkalthoff@email.uni-kiel.de
Received 2 October 2012; accepted 6 October 2012

Citation: Oncogenesis (2012) 1, e35; doi:10.1038/oncsis.2012.35
& 2012 Macmillan Publishers Limited All rights reserved 2157-9024/12

www.nature.com/oncsis

http://dx.doi.org/10.1038/oncsis.2012.35
mailto:aarlt@1med.uni-kiel.de
mailto:hkalthoff@email.uni-kiel.de
http://www.nature.com/oncsis


Only deeper insight into the molecular mechanisms of
carcinogenesis and the profound chemoresistance of PDACs
might provide concepts for more efficient molecular-targeted
therapies. Among these promising molecular targets are numer-
ous transcription factors. Through a variety of alterations in their
regulating pathways, involving constitutive activity of upstream
regulators, such as Kras,12 the epidermal growth factor receptor
system13,14 and/or epigenetic alterations,6,15,16 a plethora of
transcription factors is constitutively activated in PDACs.
Furthermore, several chemotherapeutic drugs and death
receptors ligands17 activate antiapoptotic transcription factors,
thereby counteracting their apoptotic potential.
Over the last couple of years, the transcription factors nuclear

factor-kB (NF-kB), nuclear factor of activated T cells (NFATs) and
nuclear factor-E2-related factor-2 (Nrf2) took center stage as
promising molecular targets in the therapy of PDACs.
In this review, we will delineate the intertwine characteristics of

their regulatory pathways and discuss the suitability of these
factors to be used in novel therapeutic strategies.

NF-jB PATHWAY
The transcription factor NF-kB is involved in the regulation of
expression of a variety of target genes. Among these are central
regulators of apoptosis, the cell cycle and metastasis.18,19 NF-kB
exists as a hetero- and homodimeric protein complex of members
of the so-called Rel-family. RelA/p65, RelB and c-Rel harbor a
transactivation domain along with the Rel homology domain. The
Rel homology domain, also present in NF-kB1 (p50/p105) and
NF-kB2 (p52/p100), functions as an interacting site for Rel-family
members and confers DNA binding. In contrast, through the
transactivation domain p65, RelB and c-Rel regulate the
expression of their target genes. The most abundant NF-kB form
is the heterodimer of p65 and p50. In the so-called classical NF-kB
pathway, p65/p50 is anchored in the cytoplasm by the inhibitor of
kB (IkB) proteins (Figure 1).6,18 In response to NF-kB-activating
stimuli (Figure 2), the IkB kinase complex (IKK) consisting of two
catalytical kinases (IKKa and IKKb), together with the regulatory
component IKKg/NF-kB essential modulator, is activated by
phosphorylation. Once activated, IKK phosphorylates the IkBs,
which are subsequently polyubiquitinated and degraded by the
26S proteasome. The NF-kB dimer then translocates to the
nucleus and regulates the transcription of its target genes.6,18,19

The number of NF-kB target genes is enormous and still
growing.20 Among them are well-defined antiapoptotic genes like
Bcl-xL, cIAP, Bcl-2 and c-Flip, which are able to inhibit the apoptotic
cascade at several points, conferring resistance against
chemotherapeutic drugs and death receptor ligands.6,21 Despite
the fact that some reports indicate NF-kB activation can elicit pro-
apoptotic functions,22,23 published data largely support a role for
NF-kB as a central antiapoptotic factor.18,24 Meanwhile, there is firm
evidence that the death receptor ligands TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand) and Fas ligand induce NF-
kB,17,25–29 and thereby inhibit their potential to eliminate pancreatic
cancer cells. There is some controversy as to whether inducible or
constitutive NF-kB activity is more important for PDAC resistance
against TRAIL,30 but most reports indicate that in contrast to
chemotherapeutic drugs (see below), the inducible activation
confers resistance against death receptor ligands. Moreover,
PDAC cells gain growth advantage by auto- and paracrine death
receptor ligand loops either through secretion of the death ligands
by tumor cells or by infiltrating immune cells.17,31 As already
mentioned, some chemotherapeutic drugs like CPT-11 are able to
induce NF-kB in a same manner as the tumor necrosis factor-a and
TRAIL,32 but the studies supporting a critical role for a constitutive
NF-kB activity in the resistance of PDACs against chemotherapeutic
drugs are overwhelming.6,33–37 There is a multitude of mechanisms
leading to this constitutive NF-kB activity. Chronic inflammation can
induce NF-kB activation18,20,38 as observed in the course of chronic
pancreatitis and acts as a risk factor for development of PDACs.39,40

In particular, proinflammatory cytokines, such as interleukin-1b,41

interleukin-1a42 and interleukin-8,43,44 either released by PDAC cells
themselves or by immune cells, and the surrounding tissue—for
example, myofibroblasts—in the course of chronic inflammation,45

can lead to the constitutive activation of NF-kB in tumor cells.
As described, point mutations in Kras are present in up to 90%

of PDACs and might be involved in constitutive NF-kB activa-
tion.46–49 In addition, NF-kB itself provides feed-forward loops,
which are essential for pancreatic intraepithelial neoplasi and
PDAC progression.47,48 Furthermore, the frequent overexpression
and activation of members of the EFGR signaling pathway might
contribute to NF-kB-dependent tumor progression and invasive
phenotype of PDACs.50–52

So far, the NF-kB target genes involved in PDAC chemoresis-
tance, either through interference with death receptor signaling
or in association with chemotherapeutic drugs, have remained
elusive. There are some reports indicating that classical inhibitors

Figure 1. Scheme of unstimulated state. Depicted are the key factors of the three transcription factor pathways. Transcription factors (in blue)
and the corresponding inhibitors (in red) as further outlined in this review. P, phosporylation; Ub, ubiquitin.
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of apoptosis such as cIAPs or BCL-family members are
involved,36,53 but also other target genes28,43,44 or cross talk
with other transcription factors such as STAT354 have been
proposed.
These in vitro and in vivo data support the potential for NF-kB as

a molecular target in PDAC therapy. As small interfering RNA-
mediated approaches36 are currently not feasible for broad clinical
application, current clinical trials focus on upstream events
related to either inducible or constitutive NF-kB activity
(Figure 3). In this context, IKK inhibitors have already entered
clinical settings. The clinically approved drugs thalidomide,55–57

salicylates and their derivate sulfasalazine58,59 have also been
shown to be potent chemosensitizers in PDAC in vitro, in vivo
and in clinical settings. Furthermore, more specific IKK targeting
drugs, for example, PS-1145, BAY11-7082, EC-70124 or SAR113945,
are in various phases of clinical trials and approval by the Food
and Drug Association.60–62

Beyond these more or less NF-kB-specific strategies, protea-
some inhibitors like velcade/bortezomib are promising therapeu-
tical options in PDAC treatment.63 The proteasome is involved in
the NF-kB activation pathway by degradation of IkB and is
therefore extensively used for pharmacological NF-kB inhibition in
preclinical and clinical studies.6,64,65 Nevertheless, the proteasome
is not only part of the NF-kB pathway, but instead a central
regulator of a variety of regulatory pathways involved in cancer
initiation, progression and chemoresistance,66 making the
proteasome a promising target in PDAC therapy, but without
clear conclusions on the role of NF-kB in this context.
Beyond these chemical compounds, a growing number of

natural products like curcumin,6,67,68 epicatechin gallate and
catechin gallate44 have shown the potential to block NF-kB
and sensitize PDACs for apoptosis without severe side effects, and
might be beneficial in combination with chemotherapeutic drugs
and death ligands.69 Other herbal compounds include
thymoquinone,70 sulforaphane,71–73 dihydroartemisinin21 or 3,3-
diindolylmethane,53 which block both constitutive and anticancer
drug-induced NF-kB activity, and have been successfully tested in
preclinical experiments for sensitization of PDAC cells against
chemotherapy.

THE NFAT PATHWAY
The NFAT family of transcription factors is a group of calcineurin-
responsive, inducible nuclear proteins. Originally described in the
context of T-lymphocyte activation, increasing evidence exists
showing a crucial role of this transcription factor family in the
regulation of cell growth and apoptosis.74,75 Four calcium-
responsive isoforms named NFATc1 (NFAT2/NFATc), NFATc2
(NFAT1/NFATp), NFATc3 (NFAT4/NFATx) and NFATc4 (NFAT3) are
members of a family, which is under the control of a Ca(2þ )/
calcineurin signaling pathway.76 Under unstimulated conditions
(Figure 1), NFAT is anchored in the cytoplasm through phosphor-
ylation of a number of serines within its highly conserved
regulatory domain, which masks the nuclear localization
sequence. After dephosphorylation by calcineurin, which exposes
the nuclear localization sequence and masks a nuclear export
sequence, NFAT enters the nucleus and regulates the transcription
of target genes by dimerization with NFAT family members, but
also with other transcription factors, such as activating protein-1
and NF-kB (Figure 2 for classical activation pathway and Figure 3
for interaction of the pathways). Termination of NFAT activity is
mediated by multiple mechanisms, including inhibition of
calcineurin and phosphorylation of NFAT by nuclear kinases.
Hereby, NFAT is rephosphorylated, the nuclear export sequence
unmasked and the nuclear localization sequence masked.76

In addition to the still growing number of regulating kinases
and phosphatases, other regulatory mechanisms including
sumoylation,77 ubiquitination78 and de novo expression of NFAT
members79 exist. Thus, as in the case of nearly all other signaling
pathways, the oversimplified linear model of a merely Ca(2þ )/
calcineurin-dependent signaling pathway must be revised to
reflect a complex regulatory network. Recent reports indicate a
crucial role of NFATc1/NFAT2 and NFATc2/NFAT1 in different steps
of PDAC carcinogenesis and chemoresistance.75,80–83 NFATc1/
NFAT2 is activated by serum in PDAC cells and binds to a serum-
responsive element within the proximal c-myc promoter, initiating
p300-dependent histone acetylation, which creates a local
chromatin structure permissive for the inducible recruitment of
Ets-like gene (ELK)-1. This NFATc1/NFAT2-dependent pathway

Figure 2. Scheme of stimulated state. Depicted are the key factors of the three transcription factor pathways. Transcription factors (in blue),
the corresponding inhibitors (in red) and activating processes (in blue) as further outlined in this review. Ca, Calcium; P, phosporylation; Ub,
ubiquitin.
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results in the promotion of c-myc-dependent growth of PDAC
cells.82 Recently, the same group elegantly delineated an NFATc2/
NFAT1-driven pathway in PDACs, which, by targeting a
p15(INK4b)-mediated failsafe mechanism, promotes pancreatic
cancer growth.80

However, besides this well-documented role of NFAT in
pancreatic cancer development and growth regulation, there are
only very limited data on the suitability of NFAT as a molecular
target in pancreatic cancer therapy. For other malignancies,
preclinical and limited clinical data exist (Figure 3).76,84 Cyclosporin
A and FK506 represent two structurally unrelated, clinically
established, potent inhibitors of calcineurin. These are widely
used immunosuppressive agents that prevent NFAT nuclear
translocation by interfering with calcineurin activation, thus
resulting in the blockade of dephosphorylation of numerous
other substrates in addition to NFAT.85 The long-term clinical
experience with these drugs in transplantation medicine
demonstrates a significant increase in cancer incidence in
patients subject of long-term cyclosporin A and FK506
treatment.86 On the one hand, this might be due to the
interference of these drugs with calcineurin- and NFAT-
dependent immunosurveillance, and on the other hand,
oncogenic effects of calcineurin inhibition might result from
NFAT-independent mechanisms of cyclosporin A and FK506.
Therefore, more selective NFAT targeting strategies are currently
being developed. VIVIT, a peptide that interferes with the
calcineurin–NFAT interaction, potently blocks dephosphorylation
and nuclear translocation of NFAT, and has been shown to
attenuate breast cancer cell invasion.87 Thus, VIVIT administration
might be a specific measure to block the oncogenic effects of
NFAT in PDACs. As the delivery of the VIVIT peptide to the tumor
in an in vivo setting could be difficult other small molecule
inhibitors like L-732531,88 an analog of FK506, and ISATX247,89 a
potent and less toxic analog of cyclosporin A, are promising.
However, up to now sufficient in vivo data of the capacity of NFAT
inhibitors to reduce chemoresistance and tumorigenesis, beyond

their well-documented activities in immune suppression, are
missing—especially for pancreatic cancer.

THE NRF2 PATHWAY
Nrf2 is a transcription factor belonging to the family of cap‘n’
collar basic leucine zipper protein family, and represents a key
regulator of the cellular defense against oxidative stress. Under
homeostatic conditions (Figure 1), Nrf2 is anchored in the
cytoplasm through kelch-like ECH-associated protein 1 (Keap1).
Keap1 is an E3 ubiquitin ligase mediating polyubiqutination of
Nrf2, thereby tagging it for degradation by the 26S proteasome. In
addition, Keap1 can terminate the Nrf2 activation through
retrieving the transcription factor from the nucleus. Similar to
IkB in NF-kB signaling, Keap1 represents a classical feedback
regulator90,91 itself, being a target gene of Nrf2.
Nrf2 is activated by numerous cellular conditions and stimuli

(Figure 2). In general, through modifications of critical cysteine
residues of Keap1 and of Nrf2 the interaction of both molecules is
disturbed, leading to the nuclear translocation of Nrf2.92 In the
nucleus, Nrf2 interacts with small v-maf musculoaponeurotic
fibrosarcoma oncogene homolog (sMAF) regulator proteins and
binds to antioxidative response elements in the promoters of a
plethora of target genes.90,91 Oxidative and electrophilic stress are
the main inducers of Nrf2, involving, for example, ERK-, PKC-, JNK-
and PI3K/Akt-dependent pathways. Accordingly, classical target
genes of Nrf2 include phase-II enzymes like glutathione-S-
transferase or NAD(P)H-quinone-oxidoreductase-1 (hNQO-1).90,91

For a long time, Nrf2 was considered an attractive and quite
hopeful target for chemopreventive strategies93,94 to maintain
cellular redox balance. Through induction of antioxidative target
genes, Nrf2 could protect non-transformed cells against DNA
damage and, thereby, may prevent mutagenesis. However, there
is growing evidence that Nrf2 activation can lead to tumor
development and enhanced chemoresistance once a malignant
transformation occurred.95,96 Stable overexpression of Nrf2 results
in enhanced resistance of cancer cells to chemotherapeutic

Figure 3. Scheme of interaction of the pathways and inhibitor strategies. Depicted are the key factors of the three transcription factor
pathways. Transcription factors (in blue), the corresponding inhibitors (in red) and activating processes (in blue) as further outlined in this
review. Positive/enhancing (in blue) and negative/inhibiting interactions are indicated. Furthermore, chemical and natural inhibitors (in red) as
described in this review are included. Divergent effects of these inhibitors on the pathways (that is, curcumin, sulforaphane, bortezomin) are
highlighted by arrows (blue for activating and red for inhibitory effects). Ca, calcium; P, phosporylation; Ub, ubiquitin.
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agents, whereas targeting Nfr2 renders cancer cells more
susceptible to these drugs.96 Interestingly, the strategy of using
Nrf2 inhibitors (Figure 3) to increase the efficacy of chemother-
apeutic agents is not limited to certain cancer types or anticancer
drugs and may be beneficial during the course of chemotherapy
in general.96 Besides direct regulation of expression of phase-II
enzymes91 and transporters for xenobiotics and drugs97

accounting for direct detoxification of anticancer drugs, Nrf2 is a
crucial regulator of proteasome activity by transcriptional control
of several subunits of the proteasome64,98,99 conferring resistance
against a wide variety of apoptotic stimuli.
Through a plethora of alterations, such as gain-of-function

mutations of Nrf2 itself100,101 or, more frequently, through loss-of-
function mutations, promoter hypermethylation, miR targeting or
succination of the Nrf2 inhibitory protein Keap1,102–105 Nrf2
activity is upregulated in several types of solid cancers, for
example, in colonic, thyroid, endometrial, lung, ovarian, breast and
pancreatic cancer.64,106–115 Beyond these genetic alterations,
inflammatory carcinogenesis is characterized by increased levels
of metabolic and oxidative stress, leading to an exaggerated Nrf2
activity in tumors.116–118 As a consequence of the increased Nrf2
activity, tumor cells acquire protection from apoptosis64,117–119

and are more capable to proliferate, both conditions favoring
tumorigenesis on the one hand and making tumor cells more
resistant to chemo- and radiotherapy on the other hand.106,109,120

Recently, a critical role of Nrf2 in oncogenesis of PDACs has been
proposed.107 In the K-Ras(G12D), B-Raf(V619E) and Myc(ERT2)
models, and in human pancreatic cancer, the authors could show
that an Nrf2-dependent antioxidant program is induced, which by
lower intracellular reactive-oxygen species confers a more
reduced intracellular environment and mediates oncogenesis.107

Moreover, Lister et al.113 reported that in PDAC cell lines Nrf2 is
upregulated despite the absence of mutations in central
mediators of the pathway, and also in the cytoplasm of tumor
cells in human PDAC specimen compared with benign ductal cells.
The small interfering RNA-mediated inhibition if Nrf2 activity
sensitized the cell lines for chemotherapeutic drugs. Another
group showed that increasing Nrf2 by overexpression or through
induction on endogenous Nrf2 conferred protection of PDAC cell
lines against apoptotic stimuli,108 leading to the conclusion that
strategies to pharmacologically manipulate the levels and/or
activity of Nrf2 may have potential for PDAC therapy.108,113

Several strategies for induction of Nrf2 activity to prevent cancer
development were propagated over the last couple of years91

(Figure 3). Most of these strategies used food compounds like
suforaphane and triterpenoids.69,121–123 As it is increasingly
acknowledged that once premalignant or tumor cells acquired a
persistent Nrf2 activity tumorigenesis and chemoresistance are
substantially promoted, new strategies for inhibition of these
pathways are under intensive investigation. Recently, retinoic acid
receptor-a or estrogen-related receptor-b have been described to
inhibit Nrf2 activation,124,125 but in PDAC cells estrogen-related
receptor-b is not detectable126 and retinoic acid up to now failed to
improve the outcome of PDAC patients due to profound molecular
resistance mechanisms.127 Thus, besides genetic modification and
or small interfering RNA-mediated knock down of Nrf2,107,108,113

pharmacological strategies using natural compounds have been
identified to directly inhibit Nrf2. The alkaloids luteolin or
trigonelline128,129 would be attractive tools for sensitization of
tumor cells to apoptosis, in particular, as they have already been
used in clinical trials (for example, diabetes). Intriguingly, trigonelline
was shown to have great potential to inhibit PDAC tumor
growth in vitro and in vivo.126 A recent screening of
pharmacological inhibitors identified 4-(2-cyclohexylethoxy) aniline
(IM3829) as highly potent in the inhibition of Nrf2.130 IM3829
greatly enhances the radiosensitivity of human lung cancer cells
in vitro and in vivo, and this compound may also be effective in
chemosensitization of PDAC cells.

THE THREE ‘NS’: INTERACTION OF THE PATHWAYS
As already mentioned NF-kB, NFAT and Nrf2 are influencing each
other through direct interaction and/or modification of their
signaling pathways (Figure 3). For instance, NF-kB and NFAT are
members of a superfamily of transcription factors. They share
similar DNA-binding domains,131 and especially the regulation of
COX-2 expression depends on parallel activation of both
pathways.132,133 In line with this, full activation of the BLYS
promoter requires parallel constitutive activity of NF-kB and NFAT
in aggressive B-cell lymphoma.134 Despite the well-established
role of NFAT and NF-kB in regulating COX-2,133,135 and the
importance of COX-2 for chemoresistance of PDAC,136,137 up to
now evidence is missing that the two pathways directly interact
with each other in PDACs.
An interaction of Nrf2 and NF-kB is increasingly described. Most

of the reports concentrated on the effects of oxidative stress
induced Nrf2 activation, leading to alterations in NF-kB signaling.
In this context, Nrf2 activation can inhibit NF-kB-dependent
proinflammatory signaling by an unknown mechanism138 and
epigallocatechin-3-gallate elicits at least some of its anti-
inflammatory properties by Nrf2-mediated NF-kB inhibition.139

However, the opposite effect is evoked by Nrf2-mediated
transcription of proteasome subunits that leads to an
exaggerated activity of the 26S proteasome, and thereby
facilitates the release of NF-kB from IkBa.64 As dendritic cells
from Nrf2 knockout mice exhibit no change in basal NF-kB
activity,140 it remains unclear if the proposed interaction of both
pathways141 is of functional relevance in epithelial cells of PDACs.
Keap1 seems to be a central regulator of both pathways.92

Through the double glycine repeat domain, Keap1 can bind to
other proteins directly or indirectly, and IKKb is destabilized by
Keap1, which resulted in inhibiting NF-kB-derived tumor
promotion.142 Besides these Nrf2 effects on NF-kB, this central
mediator of PDAC chemoresistance can influence Nrf2 activity. A
recent report showed that the NF-kB subunit p65 directly interacts
with Keap1, leading to inhibition of Nrf2 activity.143

Finally, varieties of natural compounds modulating Nrf2 also affect
NF-kB and vice versa.69,144 Especially, curcumin, which is reported to
be a chemosensitizer of PDAC, affects NF-kB and Nrf2,145,146 or
suforaphane, which is a well-known inducer of Nrf2121 but has been
described also as an inhibitor of NF-kB.71,73 Taking into account the
tumor- and chemoresistance-promoting role of Nrf2 just evoked
over the last couple of years, it will be interesting to analyze whether
the Nrf2 activation of many of these compounds is responsible for
the failure of clinical trials in PDACs and whether a combination with
Nrf2 inhibitors, such as trigonelline,126 can improve the outcome in
NF-kB-inhibiting strategies.

CONCLUSIONS
Among the rising number of promising molecular targets in PDAC
therapy, the transcription factor pathways of NF-kB, NFAT and
Nrf2 are of potential interest for several reasons:

(1) All three of these pathways have been shown to be altered
in PDACs in vitro and in vivo, leading to PDAC development,
migration, invasion and chemoresistance.
(2) They interact with each other, and especially the counter-
action of Nrf2 and NF-kB might explain some problems in
targeted therapies.
(3) A battery of natural and chemical compounds with well-
known clinical safety exist, making it possible to target these
pathways in upcoming clinical trials for PDAC therapy in the
near future.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

Transcription factors and pancreatic cancer
A Arlt et al

5

& 2012 Macmillan Publishers Limited Oncogenesis (2012), 1 – 8



ACKNOWLEDGEMENTS
The funding by the German Research Society (DFG), German Cluster of Excellence
‘Inflammation at Interfaces’, Sander-Stiftung and Deutsche Krebshilfe to AA, HS and
HK is greatly acknowledged.

REFERENCES
1 Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T et al. Cancer statistics 2008. CA

Cancer J Clin 2008; 58: 71–96.
2 Hidalgo M. Pancreatic cancer. N Engl J Med 2010; 362: 1605–1617.
3 Remmers N, Bailey JM, Mohr AM, Hollingsworth MA. Molecular pathology of

early pancreatic cancer. Cancer Biomark 2010; 9: 421–440.
4 Vincent A, Herman J, Schulick R, Hruban RH, Goggins M. Pancreatic cancer.

Lancet 2011; 378: 607–620.
5 Aichler M, Seiler C, Tost M, Siveke J, Mazur PK, Da Silva-Buttkus P et al. Origin of

pancreatic ductal adenocarcinoma from atypical flat lesions: a comparative
study in transgenic mice and human tissues. J Pathol 2012; 226: 723–734.

6 Arlt A, Muerkoster SS, Schafer H. Targeting apoptosis pathways in pancreatic
cancer. Cancer Lett (e-pub ahead of print 13 November 2010; doi:10.1016/
j.canlet.2010.10.015).

7 Vulfovich M, Rocha-Lima C. Novel advances in pancreatic cancer treatment.
Expert Rev Anticancer Ther 2008; 8: 993–1002.

8 Conroy T, Desseigne F, Ychou M, Bouche O, Guimbaud R, Becouarn Y et al.
FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N Engl J Med
2011; 364: 1817–1825.

9 Saif MW, Chabot J. Chemotherapy: metastatic pancreatic cancer--is FOLFIRINOX
the new standard? Nat Rev 2011; 8: 452–453.

10 Saif MW. New developments in the treatment of pancreatic cancer. Highlights
from the ‘‘44th ASCO Annual Meeting’’. Chicago, IL, USA. May 30 - June 3, 2008.
JOP 2008; 9: 391–397.

11 Shi S, Yao W, Xu J, Long J, Liu C, Yu X. Combinational therapy: new hope for
pancreatic cancer? Cancer Lett 2012; 317: 127–135.

12 Ji B, Tsou L, Wang H, Gaiser S, Chang DZ, Daniluk J et al. Ras activity levels control
the development of pancreatic diseases. Gastroenterology 2009; 137: 1072–1082.

13 Van den Eynde M, Baurain JF, Mazzeo F, Machiels JP. Epidermal growth factor
receptor targeted therapies for solid tumours. Acta Clin Belg 2011; 66: 10–17.

14 Vaccaro V, Melisi D, Bria E, Cuppone F, Ciuffreda L, Pino MS et al. Emerging
pathways and future targets for the molecular therapy of pancreatic cancer.
Expert Opin Ther Targets 2011; 15: 1183–1196.

15 Fukushige S, Horii A. Road to early detection of pancreatic cancer: Attempts to
utilize epigenetic biomarkers. Cancer Lett (e-pub ahead of print 23 March 2012;
doi:10.1016/j.canlet.2012.03.022).

16 Schuler S, Fritsche P, Diersch S, Arlt A, Schmid RM, Saur D et al. HDAC2
attenuates TRAIL-induced apoptosis of pancreatic cancer cells. Mol Cancer 2010;
9: 80.

17 Roder C, Trauzold A, Kalthoff H. Impact of death receptor signaling on
the malignancy of pancreatic ductal adenocarcinoma. Eur J Cell Biol 2011; 90:
450–455.

18 Chaturvedi MM, Sung B, Yadav VR, Kannappan R, Aggarwal BB. NF-kappaB
addiction and its role in cancer: ’one size does not fit all’. Oncogene 2011; 30:
1615–1630.

19 Perkins ND. The diverse and complex roles of NF-kappaB subunits in cancer. Nat
Rev Cancer 2012; 12: 121–132.

20 Ben-Neriah Y, Karin M. Inflammation meets cancer, with NF-kappaB as the
matchmaker. Nat Immunol 2011; 12: 715–723.

21 Wang SJ, Gao Y, Chen H, Kong R, Jiang HC, Pan SH et al. Dihydroartemisinin
inactivates NF-kappaB and potentiates the anti-tumor effect of gemcitabine on
pancreatic cancer both in vitro and in vivo. Cancer Lett 2010; 293: 99–108.

22 Jennewein C, Karl S, Baumann B, Micheau O, Debatin KM, Fulda S. Identification
of a novel pro-apoptotic role of NF-kappaB in the regulation of TRAIL- and CD95-
mediated apoptosis of glioblastoma cells. Oncogene 2011; 31: 1468–1474.

23 Martin AG. NFkappaB anti-apoptotic or pro-apoptotic, maybe both. Cell Cycle
2010; 9: 3131–3132.

24 Hamacher R, Schmid RM, Saur D, Schneider G. Apoptotic pathways in pancreatic
ductal adenocarcinoma. Mol Cancer 2008; 7: 64.

25 Chen PH, Yang CR. Decoy receptor 3 expression in AsPC-1 human pancreatic
adenocarcinoma cells via the phosphatidylinositol 3-kinase-, Akt-, and NF-kappa
B-dependent pathway. J Immunol 2008; 181: 8441–8449.

26 Lemke J, Noack A, Adam D, Tchikov V, Bertsch U, Roder C et al. TRAIL signaling is
mediated by DR4 in pancreatic tumor cells despite the expression of functional
DR5. J Mol Med 2010; 88: 729–740.

27 Trauzold A, Wermann H, Arlt A, Schutze S, Schafer H, Oestern S et al. CD95 and
TRAIL receptor-mediated activation of protein kinase C and NF-kappaB

contributes to apoptosis resistance in ductal pancreatic adenocarcinoma cells.
Oncogene 2001; 20: 4258–4269.

28 Trauzold A, Roder C, Sipos B, Karsten K, Arlt A, Jiang P et al. CD95 and TRAF2
promote invasiveness of pancreatic cancer cells. Faseb J 2005; 19: 620–622.

29 Khanbolooki S, Nawrocki ST, Arumugam T, Andtbacka R, Pino MS, Kurzrock R et
al. Nuclear factor-kappaB maintains TRAIL resistance in human pancreatic cancer
cells. Mol Cancer Ther 2006; 5: 2251–2260.

30 Braeuer SJ, Buneker C, Mohr A, Zwacka RM. Constitutively activated nuclear
factor-kappaB, but not induced NF-kappaB, leads to TRAIL resistance by up-
regulation of X-linked inhibitor of apoptosis protein in human cancer cells. Mol
Cancer Res 2006; 4: 715–728.

31 Trauzold A, Siegmund D, Schniewind B, Sipos B, Egberts J, Zorenkov D et al.
TRAIL promotes metastasis of human pancreatic ductal adenocarcinoma.
Oncogene 2006; 25: 7434–7439.

32 Shah SA, Potter MW, McDade TP, Ricciardi R, Perugini RA, Elliott PJ et al. 26S
proteasome inhibition induces apoptosis and limits growth of human pancreatic
cancer. J Cell Biochem 2001; 82: 110–122.

33 Arlt A, Gehrz A, Muerkoster S, Vorndamm J, Kruse ML, Folsch UR et al. Role of NF-
kappaB and Akt/PI3K in the resistance of pancreatic carcinoma cell lines against
gemcitabine-induced cell death. Oncogene 2003; 22: 3243–3251.

34 Arlt A, Vorndamm J, Breitenbroich M, Folsch UR, Kalthoff H, Schmidt WE et al.
Inhibition of NF-kappaB sensitizes human pancreatic carcinoma cells to
apoptosis induced by etoposide (VP16) or doxorubicin. Oncogene 2001; 20:
859–868.

35 Kiefel H, Bondong S, Erbe-Hoffmann N, Hazin J, Riedle S, Wolf J et al. L1CAM-
integrin interaction induces constitutive NF-kappaB activation in pancreatic
adenocarcinoma cells by enhancing IL-1beta expression. Oncogene 2010; 29:
4766–4778.

36 Kong R, Sun B, Jiang H, Pan S, Chen H, Wang S et al. Downregulation of nuclear
factor-kappaB p65 subunit by small interfering RNA synergizes with gemcitabine
to inhibit the growth of pancreatic cancer. Cancer Lett 2010; 291: 90–98.

37 Melisi D, Xia Q, Paradiso G, Ling J, Moccia T, Carbone C et al. Modulation of
pancreatic cancer chemoresistance by inhibition of TAK1. J Natl Cancer Inst 2011;
103: 1190–1204.

38 Porta C, Riboldi E, Sica A. Mechanisms linking pathogens-associated inflamma-
tion and cancer. Cancer Lett 2011; 305: 250–262.

39 Uomo I, Miraglia S, Pastorello M. Inflammation and pancreatic ductal adeno-
carcinoma: a potential scenario for novel drug targets. JOP 2010; 11: 199–202.

40 Garcea G, Dennison AR, Steward WP, Berry DP. Role of inflammation in pan-
creatic carcinogenesis and the implications for future therapy. Pancreatology
2005; 5: 514–529.

41 Arlt A, Vorndamm J, Muerkoster S, Yu H, Schmidt WE, Folsch UR et al. Autocrine
production of interleukin 1beta confers constitutive nuclear factor kappaB
activity and chemoresistance in pancreatic carcinoma cell lines. Cancer Res 2002;
62: 910–916.

42 Niu J, Li Z, Peng B, Chiao PJ. Identification of an autoregulatory feedback
pathway involving interleukin-1alpha in induction of constitutive NF-kappaB
activation in pancreatic cancer cells. J Biol Chem 2004; 279: 16452–16462.

43 Zhou DH, Trauzold A, Roder C, Pan G, Zheng C, Kalthoff H. The potential
molecular mechanism of overexpression of uPA, IL-8, MMP-7 and MMP-9
induced by TRAIL in pancreatic cancer cell. Hepatobiliary Pancreat Dis Int 2008; 7:
201–209.

44 Kurbitz C, Heise D, Redmer T, Goumas F, Arlt A, Lemke J et al. Epicatechin gallate
and catechin gallate are superior to epigallocatechin gallate in growth sup-
pression and anti-inflammatory activities in pancreatic tumor cells. Cancer Sci
2011; 102: 728–734.

45 Treiber M, Neuhofer P, Anetsberger E, Einwachter H, Lesina M, Rickmann M et al.
Myeloid, but Not Pancreatic, RelA/p65 Is Required for Fibrosis in a Mouse Model
of Chronic Pancreatitis. Gastroenterology 2011; 141: e1477.

46 Rachagani S, Senapati S, Chakraborty S, Ponnusamy MP, Kumar S, Smith LM et al.
Activated KrasG(1)(2)D is associated with invasion and metastasis of
pancreatic cancer cells through inhibition of E-cadherin. Br J Cancer 2011; 104:
1038–1048.

47 Maier HJ, Wagner M, Schips TG, Salem HH, Baumann B, Wirth T. Requirement of
NEMO/IKKg for effective expansion of KRAS-induced precancerous lesions in the
pancreas. Oncogene. (e-pub ahead of print 2 July 2012; doi:10.1038/
onc.2012.272).

48 Ling J, Kang Y, Zhao R, Xia Q, Lee DF, Chang Z et al. KrasG12D-induced IKK2/
beta/NF-kappaB activation by IL-1alpha and p62 feedforward loops is required
for development of pancreatic ductal adenocarcinoma. Cancer Cell 2012; 21:
105–120.

49 Chiao PJ, Ling J. Kras, Pten, NF-kappaB, and inflammation: dangerous liaisons.
Cancer Discov 2011; 1: 103–105.

50 Li Y, Vandenboom 2nd TG, Wang Z, Kong D, Ali S, Philip PA et al. miR-146a
suppresses invasion of pancreatic cancer cells. Cancer Res 2010; 70: 1486–1495.

Transcription factors and pancreatic cancer
A Arlt et al

6

Oncogenesis (2012) 1 – 8 & 2012 Macmillan Publishers Limited



51 Liptay S, Weber CK, Ludwig L, Wagner M, Adler G, Schmid RM. Mitogenic and
antiapoptotic role of constitutive NF-kappaB/Rel activity in pancreatic cancer. Int
J Cancer 2003; 105: 735–746.

52 Zhang H, Ma G, Dong M, Zhao M, Shen X, Ma Z et al. Epidermal growth factor
promotes invasiveness of pancreatic cancer cells through NF-kappaB-mediated
proteinase productions. Pancreas 2006; 32: 101–109.

53 Banerjee S, Wang Z, Kong D, Sarkar FH. 3,3’-Diindolylmethane enhances che-
mosensitivity of multiple chemotherapeutic agents in pancreatic cancer. Cancer
Res 2009; 69: 5592–5600.

54 Greten FR, Weber CK, Greten TF, Schneider G, Wagner M, Adler G et al. Stat3 and
NF-kappaB activation prevents apoptosis in pancreatic carcinogenesis. Gastro-
enterology 2002; 123: 2052–2063.

55 Infante JR, Jones SF, Bendell JC, Spigel DR, Yardley DA, Weekes CD et al. A phase
I, dose-escalation study of pomalidomide (CC-4047) in combination with gem-
citabine in metastatic pancreas cancer. Eur J Cancer 2011; 47: 199–205.

56 Liu WM, Nizar S, Dalgleish AG. Gemcitabine and lenalidomide combination in a
patient with metastatic pancreatic cancer: a case study. Med Oncol 2010; 27:
430–433.

57 Shan YS, Lin PW. A phase I study of combination of intravenous gemcitabine, oxa-
liplatin, and 5-FU with daily oral thalidomide (GOFT) in metastatic/locally advanced
pancreatic carcinoma patients. Hepatogastroenterology 2007; 54: 2141–2145.

58 Lo M, Ling V, Low C, Wang YZ, Gout PW. Potential use of the anti-inflammatory
drug, sulfasalazine, for targeted therapy of pancreatic cancer. Curr Oncol 2010;
17: 9–16.

59 Muerkoster S, Arlt A, Witt M, Gehrz A, Haye S, March C et al. Usage of the NF-
kappaB inhibitor sulfasalazine as sensitizing agent in combined chemotherapy
of pancreatic cancer. Int J Cancer 2003; 104: 469–476.

60 Lee DF, Hung MC. Advances in targeting IKK and IKK-related kinases for cancer
therapy. Clin Cancer Res 2008; 14: 5656–5662.

61 Nogueira L, Ruiz-Ontanon P, Vazquez-Barquero A, Moris F, Fernandez-Luna JL.
The NFkappaB pathway: a therapeutic target in glioblastoma. Oncotarget 2011;
2: 646–653.

62 Lin Y, Bai L, Chen W, Xu S. The NF-kappaB activation pathways, emerging
molecular targets for cancer prevention and therapy. Expert Opin Ther Targets
2010; 14: 45–55.

63 Ramaswamy B, Bekaii-Saab T, Schaaf LJ, Lesinski GB, Lucas DM, Young DC et al. A
dose-finding and pharmacodynamic study of bortezomib in combination with
weekly paclitaxel in patients with advanced solid tumors. Cancer Chemother
Pharmacol 2010; 66: 151–158.

64 Arlt A, Bauer I, Schafmayer C, Tepel J, Muerkoster SS, Brosch M et al. Increased
proteasome subunit protein expression and proteasome activity in colon cancer
relate to an enhanced activation of nuclear factor E2-related factor 2 (Nrf2).
Oncogene 2009; 28: 3983–3996.

65 Lenz HJ. Clinical update: proteasome inhibitors in solid tumors. Cancer Treat Rev
2003; 29(Suppl 1): 41–48.

66 Hoeller D, Dikic I. Targeting the ubiquitin system in cancer therapy. Nature 2009;
458: 438–444.

67 Kanai M, Yoshimura K, Asada M, Imaizumi A, Suzuki C, Matsumoto S et al. A
phase I/II study of gemcitabine-based chemotherapy plus curcumin for patients
with gemcitabine-resistant pancreatic cancer. Cancer Chemother Pharmacol
2011; 68: 157–164.

68 Wang Z, Desmoulin S, Banerjee S, Kong D, Li Y, Deraniyagala RL et al. Synergistic
effects of multiple natural products in pancreatic cancer cells. Life Sci 2008; 83:
293–300.

69 Shanmugam MK, Nguyen AH, Kumar AP, Tan BK, Sethi G. Targeted inhibition
of tumor proliferation, survival, and metastasis by pentacyclic triterpenoids:
Potential role in prevention and therapy of cancer. Cancer Lett 2012; 320:
158–170.

70 Banerjee S, Kaseb AO, Wang Z, Kong D, Mohammad M, Padhye S et al. Antitumor
activity of gemcitabine and oxaliplatin is augmented by thymoquinone in
pancreatic cancer. Cancer Res 2009; 69: 5575–5583.

71 Rausch V, Liu L, Kallifatidis G, Baumann B, Mattern J, Gladkich J et al. Synergistic
activity of sorafenib and sulforaphane abolishes pancreatic cancer stem cell
characteristics. Cancer Res 2010; 70: 5004–5013.

72 Lampe JW. Sulforaphane: from chemoprevention to pancreatic cancer treat-
ment? Gut 2009; 58: 900–902.

73 Kallifatidis G, Rausch V, Baumann B, Apel A, Beckermann BM, Groth A et al.
Sulforaphane targets pancreatic tumour-initiating cells by NF-kappaB-induced
antiapoptotic signalling. Gut 2009; 58: 949–963.

74 Konig A, Fernandez-Zapico ME, Ellenrieder V. Primers on molecular pathways--
the NFAT transcription pathway in pancreatic cancer. Pancreatology 2010; 10:
416–422.

75 Baumgart S, Ellenrieder V, Fernandez-Zapico ME. Oncogenic transcription fac-
tors: cornerstones of inflammation-linked pancreatic carcinogenesis. Gut (e-pub
ahead of print 13 October 2011; doi:10.1136/gutjnl-2011-301008).

76 Mancini M, Toker A. NFAT proteins: emerging roles in cancer progression. Nat
Rev Cancer 2009; 9: 810–820.

77 Nayak A, Glockner-Pagel J, Vaeth M, Schumann JE, Buttmann M, Bopp T et al.
Sumoylation of the transcription factor NFATc1 leads to its subnuclear relocali-
zation and interleukin-2 repression by histone deacetylase. J Biol Chem 2009;
284: 10935–10946.

78 Yoeli-Lerner M, Chin YR, Hansen CK, Toker A. Akt/protein kinase b and glycogen
synthase kinase-3beta signaling pathway regulates cell migration through the
NFAT1 transcription factor. Mol Cancer Res 2009; 7: 425–432.

79 Jauliac S, Lopez-Rodriguez C, Shaw LM, Brown LF, Rao A, Toker A. The role of
NFAT transcription factors in integrin-mediated carcinoma invasion. Nat Cell Biol
2002; 4: 540–544.

80 Baumgart S, Glesel E, Singh G, Chen NM, Reutlinger K, Zhang J et al. Restricted
heterochromatin formation links NFATc2 repressor activity with growth pro-
motion in pancreatic cancer. Gastroenterology 2012; 142: e381–e387.

81 Singh SK, Baumgart S, Singh G, Konig AO, Reutlinger K, Hofbauer LC et al.
Disruption of a nuclear NFATc2 protein stabilization loop confers breast
and pancreatic cancer growth suppression by zoledronic acid. J Biol Chem 2011;
286: 28761–28771.

82 Koenig A, Linhart T, Schlengemann K, Reutlinger K, Wegele J, Adler G et al. NFAT-
induced histone acetylation relay switch promotes c-Myc-dependent growth in
pancreatic cancer cells. Gastroenterology 2010; 138: e1181–e1182.

83 Buchholz M, Schatz A, Wagner M, Michl P, Linhart T, Adler G et al. Overexpression
of c-myc in pancreatic cancer caused by ectopic activation of NFATc1 and the
Ca2þ /calcineurin signaling pathway. EMBO J 2006; 25: 3714–3724.

84 Medyouf H, Ghysdael J. The calcineurin/NFAT signaling pathway: a novel ther-
apeutic target in leukemia and solid tumors. Cell Cycle 2008; 7: 297–303.

85 Shibasaki F, Hallin U, Uchino H. Calcineurin as a multifunctional regulator. J
Biochem 2002; 131: 1–15.

86 Marcen R. Immunosuppressive drugs in kidney transplantation: impact on
patient survival, and incidence of cardiovascular disease, malignancy and
infection. Drugs 2009; 69: 2227–2243.

87 Zheng J, Fang F, Zeng X, Medler TR, Fiorillo AA, Clevenger CV. Negative cross talk
between NFAT1 and Stat5 signaling in breast cancer. Mol Endocrinol 2011; 25:
2054–2064.

88 Padilla PI, Chang MJ, Pacheco-Rodriguez G, Adamik R, Moss J, Vaughan M.
Interaction of FK506-binding protein 13 with brefeldin A-inhibited guanine
nucleotide-exchange protein 1 (BIG1): effects of FK506. Proc Natl Acad Sci USA
2003; 100: 2322–2327.

89 Cooper JE, Wiseman AC. Novel immunosuppressive agents in kidney trans-
plantation. Clin Nephrol 2010; 73: 333–343.

90 Nguyen T, Nioi P, Pickett CB. The Nrf2-antioxidant response element signaling
pathway and its activation by oxidative stress. J Biol Chem 2009; 284:
13291–13295.

91 Martin-Montalvo A, Villalba JM, Navas P, de Cabo R. NRF2, cancer and calorie
restriction. Oncogene 2011; 30: 505–520.

92 Tian H, Zhang B, Di J, Jiang G, Chen F, Li H et al. Keap1: One stone kills three birds
Nrf2, IKKbeta and Bcl-2/Bcl-xL. Cancer Lett 2012; 325: 26–34.

93 Hayes JD, McMahon M. NRF2 and KEAP1 mutations: permanent activation of an
adaptive response in cancer. Trends Biochem Sci 2009; 34: 176–188.

94 Osburn WO, Kensler TW. Nrf2 signaling: an adaptive response pathway for
protection against environmental toxic insults. Mutat Res 2008; 659: 31–39.

95 Lau A, Villeneuve NF, Sun Z, Wong PK, Zhang DD. Dual roles of Nrf2 in cancer.
Pharmacol Res 2008; 58: 262–270.

96 Wang XJ, Sun Z, Villeneuve NF, Zhang S, Zhao F, Li Y et al. Nrf2 enhances
resistance of cancer cells to chemotherapeutic drugs, the dark side of Nrf2.
Carcinogenesis 2008; 29: 1235–1243.

97 Singh A, Wu H, Zhang P, Happel C, Ma J, Biswal S. Expression of ABCG2 (BCRP) is
regulated by Nrf2 in cancer cells that confers side population and chemoresis-
tance phenotype. Mol Cancer Ther 2010; 9: 2365–2376.

98 Pickering AM, Linder RA, Zhang H, Forman HJ, Davies KJ. Nrf2-dependent
induction of proteasome and Pa28alphabeta regulator are required for
adaptation to oxidative stress. J Biol Chem 2012; 287: 10021–10031.

99 Sebens S, Bauer I, Geismann C, Grage-Griebenow E, Ehlers S, Kruse ML et al.
Inflammatory macrophages induce Nrf2 transcription factor-dependent
proteasome activity in colonic NCM460 cells and thereby confer anti-apoptotic
protection. J Biol Chem 2011; 286: 40911–40921.

100 Hu Y, Ju Y, Lin D, Wang Z, Huang Y, Zhang S et al. Mutation of the Nrf2 gene in
non-small cell lung cancer. Mol Biol Rep 2011; 39: 4743–4747.

101 Kim YR, Oh JE, Kim MS, Kang MR, Park SW, Han JY et al. Oncogenic NRF2
mutations in squamous cell carcinomas of oesophagus and skin. J Pathol 2010;
220: 446–451.

102 Eades G, Yang M, Yao Y, Zhang Y, Zhou Q. miR-200a regulates Nrf2 activation by
targeting Keap1 mRNA in breast cancer cells. J Biol Chem 2011; 286:
40725–40733.

Transcription factors and pancreatic cancer
A Arlt et al

7

& 2012 Macmillan Publishers Limited Oncogenesis (2012), 1 – 8



103 Kinch L, Grishin NV, Brugarolas J. Succination of Keap1 and Activation of Nrf2-
Dependent Antioxidant Pathways in FH-Deficient Papillary Renal Cell Carcinoma
Type 2. Cancer Cell 2011; 20: 418–420.

104 Nioi P, Nguyen T. A mutation of Keap1 found in breast cancer impairs its ability
to repress Nrf2 activity. Biochem Biophys Res Commun 2007; 362: 816–821.

105 Wang R, An J, Ji F, Jiao H, Sun H, Zhou D. Hypermethylation of the Keap1 gene in
human lung cancer cell lines and lung cancer tissues. Biochem Biophys Res
Commun 2008; 373: 151–154.

106 Akhdar H, Loyer P, Rauch C, Corlu A, Guillouzo A, Morel F. Involvement of Nrf2
activation in resistance to 5-fluorouracil in human colon cancer HT-29 cells. Eur J
Cancer 2009; 45: 2219–2227.

107 DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K et al.
Oncogene-induced Nrf2 transcription promotes ROS detoxification and tumor-
igenesis. Nature 2011; 475: 106–109.

108 Hong YB, Kang HJ, Kwon SY, Kim HJ, Kwon KY, Cho CH et al. Nuclear factor
(erythroid-derived 2)-like 2 regulates drug resistance in pancreatic cancer cells.
Pancreas 2010; 39: 463–472.

109 Jiang T, Chen N, Zhao F, Wang XJ, Kong B, Zheng W et al. High levels of Nrf2
determine chemoresistance in type II endometrial cancer. Cancer Res 2010; 70:
5486–5496.

110 Kim TH, Hur EG, Kang SJ, Kim JA, Thapa D, Lee YM et al. NRF2 blockade sup-
presses colon tumor angiogenesis by inhibiting hypoxia-induced activation of
HIF-1alpha. Cancer Res 2011; 71: 2260–2275.

111 Kim SK, Yang JW, Kim MR, Roh SH, Kim HG, Lee KY et al. Increased expression of
Nrf2/ARE-dependent anti-oxidant proteins in tamoxifen-resistant breast cancer
cells. Free Radic Biol Med 2008; 45: 537–546.

112 Konstantinopoulos PA, Spentzos D, Fountzilas E, Francoeur N, Sanisetty S,
Grammatikos AP et al. Keap1 mutations and Nrf2 pathway activation in epithelial
ovarian cancer. Cancer Res 2011; 71: 5081–5089.

113 Lister A, Nedjadi T, Kitteringham NR, Campbell F, Costello E, Lloyd B et al. Nrf2 is
overexpressed in pancreatic cancer: implications for cell proliferation and ther-
apy. Mol Cancer 2011; 10: 37.

114 Singh A, Misra V, Thimmulappa RK, Lee H, Ames S, Hoque MO et al. Dysfunc-
tional KEAP1-NRF2 interaction in non-small-cell lung cancer. PLoS Med
2006; 3: e420.

115 Solis LM, Behrens C, Dong W, Suraokar M, Ozburn NC, Moran CA et al. Nrf2 and
Keap1 abnormalities in non-small cell lung carcinoma and association with
clinicopathologic features. Clin Cancer Res 2010; 16: 3743–3753.

116 Kim J, Cha YN, Surh YJ. A protective role of nuclear factor-erythroid 2-related
factor-2 (Nrf2) in inflammatory disorders. Mutat Res 2010; 690: 12–23.

117 Sebens S, Bauer I, Geismann C, Grage-Griebenow E, Ehlers S, Kruse ML et al.
Inflammatory macrophages induce NRF2 dependent proteasome activity in
colonic NCM460 cells and thereby confer anti-apoptotic protection. J Biol Chem
2011; 286: 40911–40921.

118 Singh S, Vrishni S, Singh BK, Rahman I, Kakkar P. Nrf2-ARE stress response
mechanism: a control point in oxidative stress-mediated dysfunctions and
chronic inflammatory diseases. Free Radic Res 2010; 44: 1267–1288.

119 Du ZX, Yan Y, Zhang HY, Liu BQ, Gao YY, Niu XF et al. Proteasome inhibition
induces a p38 MAPK pathway-dependent antiapoptotic program via Nrf2 in
thyroid cancer cells. J Clin Endocrinol Metab 2011; 96: E763–E771.

120 Singh A, Bodas M, Wakabayashi N, Bunz F, Biswal S. Gain of Nrf2 function in non-
small-cell lung cancer cells confers radioresistance. Antioxid Redox Signal 2010;
13: 1627–1637.

121 Keum YS. Regulation of the Keap1/Nrf2 system by chemopreventive sulfor-
aphane: implications of posttranslational modifications. Ann NY Acad Sci 2011;
1229: 184–189.

122 Zhao CR, Gao ZH, Qu XJ. Nrf2-ARE signaling pathway and natural products for
cancer chemoprevention. Cancer Epidemiol 2010; 34: 523–533.

123 Lee JS, Surh YJ. Nrf2 as a novel molecular target for chemoprevention. Cancer
Lett 2005; 224: 171–184.

124 Wang XJ, Hayes JD, Henderson CJ, Wolf CR. Identification of retinoic acid as an
inhibitor of transcription factor Nrf2 through activation of retinoic acid receptor
alpha. Proc Natl Acad Sci USA 2007; 104: 19589–19594.

125 Zhou W, Lo SC, Liu JH, Hannink M, Lubahn DB. ERRbeta: a potent inhibitor of
Nrf2 transcriptional activity. Mol Cell Endocrinol 2007; 278: 52–62.

126 Arlt A, Sebens S, Krebs S, Geismann C, Grossmann M, Kruse ML et al. Inhibition of
the Nrf2 transcription factor by the alkaloid trigonelline renders pancreatic
cancer cells more susceptible to apoptosis through decreased proteasomal gene

expression and proteasome activity. Oncogene. (e-pub ahead of print 29 October
2012; doi:10.1038/onc.2012.493).

127 Gupta S, Pramanik D, Mukherjee R, Campbell NR, Elumalai S, de Wilde RF et al.
Molecular determinants of retinoic acid sensitivity in pancreatic cancer. Clin
Cancer Res 2012; 18: 280–289.

128 Tang X, Wang H, Fan L, Wu X, Xin A, Ren H et al. Luteolin inhibits Nrf2 leading to
negative regulation of the Nrf2/ARE pathway and sensitization of human
lung carcinoma A549 cells to therapeutic drugs. Free Radic Biol Med 2011; 50:
1599–1609.

129 Boettler U, Sommerfeld K, Volz N, Pahlke G, Teller N, Somoza V et al. Coffee
constituents as modulators of Nrf2 nuclear translocation and ARE (EpRE)-
dependent gene expression. J Nutr Biochem 2011; 22: 426–440.

130 Lee S, Lim MJ, Kim MH, Yu CH, Yun YS, Ahn J et al. An effective strategy for
increasing the radiosensitivity of Human lung Cancer cells by blocking Nrf2-
dependent antioxidant responses. Free Radic Biol Med 2012; 53: 807–816.

131 Serfling E, Berberich-Siebelt F, Avots A, Chuvpilo S, Klein-Hessling S, Jha MK et al.
NFAT and NF-kappaB factors-the distant relatives. Int J Biochem Cell Biol 2004; 36:
1166–1170.

132 Hai L, Kawarabayashi Y, Imai Y, Honda A, Inoue R. Counteracting effect of TRPC1-
associated Ca2þ influx on TNF-alpha-induced COX-2-dependent prostaglandin
E2 production in human colonic myofibroblasts. Am J Physiol Gastrointest Liver
Physiol 2011; 301: G356–G367.

133 Cai T, Li X, Ding J, Luo W, Li J, Huang C. A cross-talk between NFAT and NF-
kappaB pathways is crucial for nickel-induced COX-2 expression in Beas-2B cells.
Curr Cancer Drug Targets 2011; 11: 548–559.

134 Fu L, Lin-Lee YC, Pham LV, Tamayo A, Yoshimura L, Ford RJ. Constitutive NF-
kappaB and NFAT activation leads to stimulation of the BLyS survival pathway in
aggressive B-cell lymphomas. Blood 2006; 107: 4540–4548.

135 Telliez A, Furman C, Pommery N, Henichart JP. Mechanisms leading to COX-2
expression and COX-2 induced tumorigenesis: topical therapeutic strategies
targeting COX-2 expression and activity. Anticancer Agents Med Chem 2006; 6:
187–208.

136 Jendrossek V. Targeting apoptosis pathways by Celecoxib in cancer. Cancer Lett
(e-pub ahead of print 21 February 2011; doi:10.1016/j.canlet.2011.01.012).

137 Lipton A, Campbell-Baird C, Witters L, Harvey H, Ali S. Phase II trial of gemcita-
bine, irinotecan, and celecoxib in patients with advanced pancreatic cancer. J
Clin Gastroenterol 2010; 44: 286–288.

138 Li W, Khor TO, Xu C, Shen G, Jeong WS, Yu S et al. Activation of Nrf2-antioxidant
signaling attenuates NFkappaB-inflammatory response and elicits apoptosis.
Biochem Pharmacol 2008; 76: 1485–1489.

139 Jiang J, Mo ZC, Yin K, Zhao GJ, Lv YC, Ouyang XP et al. Epigallocatechin-3-gallate
prevents TNF-alpha-induced NF-kappaB activation thereby upregulating ABCA1
via the Nrf2/Keap1 pathway in macrophage foam cells. Int J Mol Med 2012; 29:
946–956.

140 Yeang HX, Hamdam JM, Al-Huseini LM, Sethu S, Djouhri L, Walsh J et al. Loss of
transcription factor nuclear factor-erythroid 2 (NF-E2) p45-related factor-2 (Nrf2)
leads to dysregulation of immune functions, redox homeostasis, and intracellular
signaling in dendritic cells. J Biol Chem 2012; 287: 10556–10564.

141 Wakabayashi N, Slocum SL, Skoko JJ, Shin S, Kensler TW. When NRF2 talks, who’s
listening? Antioxid Redox Signal 2010; 13: 1649–1663.

142 Kim JE, You DJ, Lee C, Ahn C, Seong JY, Hwang JI. Suppression of NF-kappaB
signaling by KEAP1 regulation of IKKbeta activity through autophagic degra-
dation and inhibition of phosphorylation. Cell Signal 2010; 22: 1645–1654.

143 Yu M, Li H, Liu Q, Liu F, Tang L, Li C et al. Nuclear factor p65 interacts with Keap1
to repress the Nrf2-ARE pathway. Cell Signal 2011; 23: 883–892.

144 Wang S, Penchala S, Prabhu S, Wang J, Huang Y. Molecular basis of traditional
Chinese medicine in cancer chemoprevention. Curr Drug Discov Technol 2010; 7:
67–75.

145 Goel A, Aggarwal BB. Curcumin, the golden spice from Indian saffron, is a
chemosensitizer and radiosensitizer for tumors and chemoprotector and
radioprotector for normal organs. Nutr Cancer 2010; 62: 919–930.

146 Hatcher H, Planalp R, Cho J, Torti FM, Torti SV. Curcumin: from ancient medicine
to current clinical trials. Cell Mol Life Sci 2008; 65: 1631–1652.

Oncogenesis is an open-access journal published by Nature Publishing
Group. This work is licensed under the Creative Commons Attribution-

NonCommercial-NoDerivativeWorks3.0Unported License. Toviewa copyof this license,
visit http://creativecommons.org/licenses/by-nc-nd/3.0/

Transcription factors and pancreatic cancer
A Arlt et al

8

Oncogenesis (2012) 1 – 8 & 2012 Macmillan Publishers Limited


	The ‘N-factors’ in pancreatic cancer: functional relevance of NF-κB, NFAT and Nrf2 in pancreatic cancer
	Pancreatic ductal adenocarcinoma, chemoresistance and transcription factors
	NF-κB pathway
	The NFAT pathway
	The Nrf2 pathway
	The three ‘Ns’: interaction of the pathways
	Conclusions
	Acknowledgements
	References




