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In recent years, it has become clear that the current standard therapeutic options for pancreatic cancer are not adequate and
still do not meet the criteria to cure patients suffering from this lethal disease. Although research over the past decade has
shown very interesting and promising new therapeutic options for these patients, only minor clinical success was achieved.
Therefore, there is still an urgent need for new approaches that deal with early detection and new therapeutic options in
pancreatic cancer. To provide optimal care for patients with pancreatic cancer, we need to understand better its complex
molecular biology and thus to identify new target molecules that promote the proliferation and resistance to chemotherapy of
pancreatic cancer cells. In spite of significant progress in curing cancers with chemotherapy, pancreatic cancer remains one of
the most resistant solid tumour cancers and many studies suggest that drug-resistant cancer cells are the most aggressive with
the highest relapse and metastatic rates. In this context, activated Notch signalling is strongly linked with chemoresistance
and therefore reflects a rational new target to circumvent resistance to chemotherapy in pancreatic cancer. Here, we have
focused our discussion on the latest research, current therapy options and recently identified target molecules such as
Notch-2 and the heparin-binding growth factor midkine, which exhibit a wide range of cancer-relevant functions and
therefore provide attractive new therapeutic target molecules, in terms of pancreatic cancer and other cancers also.
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Abbreviations
5-FU, 5-fluorouracil; EMT, epithelial-mesenchymal transition; IPMN, intraductal pancreatic mucinous neoplasia; LRP-1,
low-density lipoprotein receptor-related protein 1; MCN, mucinous cystic neoplasia; MK, midkine; PanIN, pancreatic
intraepithelial neoplasia; PDAC, pancreatic ductal adenocarcinoma

Introduction
Pancreatic cancer remains one of the most lethal cancers
worldwide, and nearly all newly diagnosed patients are faced
with the question not of whether they will die from the
cancer, but rather when they will die. In fact, no real progress
in the establishment of new therapeutic options for pancre-
atic cancer has been made in the last two decades. Therefore,
pancreatic cancer seems to be one of the biggest challenges in
tackling the fight against cancer in the 21st century.

These unabated high mortality rates are the result of a very
aggressively progressing cancer that is clinically accompanied
by inadequate tools for early diagnosis and few therapeutic
options. In recent years, major advances in molecular tech-
nologies, including whole-exome sequencing or sophisticated
in vivo mouse models, have significantly enhanced our knowl-
edge of pancreatic (pre-) malignancy and have identified
highly specific gene mutations that accumulate during cancer
progression as well as relevant signalling pathway molecules,
which may help to establish new targeted treatments.
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The primary aim of this review is to highlight recent
advances in the therapeutic management of pancreatic ductal
adenocarcinoma (PDAC) and to discuss the latest findings
that provide a better understanding of its complex molecular
biology, which in turn will promote the development of more
effective and fruitful therapeutic strategies. In particular, we
limit our attention to recently identified signalling pathways
and relevant molecules that promote the progression of pan-
creatic cancer and may therefore serve as ideal target struc-
tures in our fight against this deadly disease.

Pancreatic cancer

An unusual aggressiveness and early metastatic locoregional,
as well as distant, spread of pancreatic cancer cells is the basis
of the urgent need for new therapeutic options for this
cancer, as its incidence is still nearly equal to its mortality, in
Western countries (Siegel et al., 2012). The failure of clinical
treatment in patients with PDAC is often attributed to the
early metastatic growth, a high level of drug resistance to
standard therapy options and high rates of local recurrence
(Strobel et al., 2013). However, inadequate diagnostic tools as
well as the limited therapeutic options for PDAC, also known
as pancreatic cancer, also account for its ranking as the fourth
leading cause of cancer-related death worldwide (Siegel et al.,
2012). Moreover, this complex genetic disease has one of the
highest mortality rates of the known solid malignancies, and
the overall 5 year survival rate among patients being less than
5%. The latter is, at least, partially due to an almost symp-
tomless progression and evaluation of a patient in whom
pancreatic cancer is suspected, frequently results in the diag-
nosis of tumours at locally advanced stages and consequently
renders the majority of cases (∼75%) inoperable (Philip,
2008). For the remaining ∼25% of patients, the only chance
of cure is surgical resection, which, in turn, improves the 5
year survival rate from ∼5%, for patients left untreated to
∼20–25% after resection (Bilimoria et al., 2007). Even those
patients who are qualified for surgical resection accompanied
by tumour-free margins frequently develop recurrent disease
and eventually require palliative treatment, which largely
depends on the overall health status of the patient (Saif,
2007). For the management of PDAC with adjuvant therapy,
chemotherapy with the nucleotide analogue gemcitabine
(Hertel et al., 1990) slightly improved overall survival com-
pared with treatment with 5-fluorouracil (5-FU; Burris et al.,
1997). In fact, the majority of patients, so far, receive little or
no benefit from adjuvant therapies mainly because most of
the cancer cells are either intrinsically resistant to chemo-
therapy and /or radiotherapy or they become resistant during
therapy (O’Reilly and Abou-Alfa, 2007).

In most cases, the cause of PDAC is unknown and,
although several risk factors and environmental factors such
as diabetes, chronic inflammation (pancreatitis), alcohol and
cigarette consumption have been discussed, evidence for a
definitive causative role exists only for tobacco smokers, with
the risk for development of PDAC in smokers being three
times higher than in non-smokers (Herreros-Villanueva et al.,
2013). More recently, infection with hepatitis B or C virus has
emerged as an additional risk factor for PDAC, but the small
number of available data involving mainly patients of Asian

ethnicity, limit the full meta-analysis at this time (Fiorino
et al., 2013). In conclusion, we do not have any truly preven-
tative therapies for PDAC at this time.

Interestingly, up to 10% of patients with PDAC may have
a hereditary causation. This possibility is based on three cri-
teria: (i) individuals with two or more immediate relatives
(first degree: parent or child) with PDAC, (ii) individuals with
three or more close relatives (aunts/uncles, cousins, grand-
parents) with PDAC and (iii) individuals with even one rela-
tive with PDAC who were diagnosed before the age of 50, are
all at higher risk of developing PDAC (Klein, 2013). A recently
published study has identified lipocalin-2 and tissue inhibitor
of metalloproteinase 1 as novel potential serum markers for
the early detection of familial pancreatic cancer (Slater et al.,
2013). Other studies have shown that individuals with the
rare hereditary pancreatitis are also at higher risk of develop-
ing cancer (Lerch and Mayerle, 2013), although the relation-
ship between chronic pancreatitis and PDAC is still a matter
of debate.

Molecular genetics and signalling in
pancreatic cancer

In the past few years, there have been important advances in
understanding the complex biology of this form of cancer.
Several investigations revealed that PDAC is a complex
genetic disease and originates from the successive accumula-
tion of several gene mutations that involve KRAS2, TP53,
CDKN2A and SMAD4. Although it has been suggested for
many years that PDAC evolved from ductal epithelial cells,
recent research revealed the neoplastic involvement of acinar
cells in this process as well (Ohike and Morohoshi, 2011).
Acinar cell carcinoma is a rare neoplasm of the pancreas and
accounts only for approximately 1% of the exocrine pancreas
in adults (Klimstra, 2007), and compared with PDAC, acinar
cell carcinoma shows lower rates of vascular invasion and
lymph node involvement (Kitagami et al., 2007), and there-
fore extends the 5 year survival rates of these patients to
40–70% (Wisnoski et al., 2008). Moreover, the molecular fea-
tures differ significantly from those of PDAC as acinar cell
carcinoma typically does not carry mutations of the KRAS2,
TP53, CDKN2A and SMAD4 genes (de Wilde et al., 2011).

As already demonstrated for other tumours such as the
breast and colon, non-invasive stages were identified also for
pancreatic cancer. These pre-malignant lesions occur in pan-
creatic ductal cells and are further characterized as three
different histological subtypes for which there are clear
classifying guidelines. These lesions are so-called pancreatic
intraepithelial neoplasia (PanIN), intraductal pancreatic
mucinous neoplasia (IPMN) and mucinous cystic neoplasia
(MCN; Cooper et al., 2013). Because IPMN and MCN are
considered as specific entities that are less well characterized,
they fall beyond the scope of this review. Nevertheless, of
these lesions, PanIN is the best characterized and most
common histological precursor of PDAC. The starting point
of these lesions occurs in smaller pancreatic ductal cells and
can be further classified, depending on the degree of dysplasia
[cytonuclear atypia, cell morphology, (in-) frequent mitosis],
into the four grades: 1A, 1B, 2 and 3. The increasing grades of
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dysplasia in the different PanIN lesions reflect the morpho-
logical steps of tumour progression that precede the invasive
cancer over time and are genetically accompanied by succes-
sive accumulation of mutations, involving activation of the
KRAS2 oncogene and inactivation of the tumour suppressor
genes TP53, SMAD4 and CDKN2A (Makohon-Moore et al.,
2013; Table 1). However, PDAC is by far the most common
and most lethal histological subtype. Moreover, mouse
models of PDAC revealed a typical interplay between muta-
tions in suppressor genes, oncogenes and genome mainte-
nance genes that ultimately results in the development of
PDAC, which, in turn, is a close model of the cognate human
disease (Hingorani et al., 2005; Ling et al., 2012). Interest-
ingly, gene mutations activating KRAS2 seem to be one of the
earliest detectable genetic abnormalities in the progression
model of PDAC and are readily detectable in the precursor
lesion PanIN-1, whereas inactivation of the tumour suppres-
sor CDKN2A is mainly detected in PanIN-2 and inactivation
mutations of TP53 and SMAD4 genes are rarely detectable
before PanIN-3. Additionally, KRAS2-activating mutations are
present in more than 90% of cases and are therefore probably
the single most common genetic abnormality that takes place
very early in the progression of PDAC (Almoguera et al.,
1988). This key genetic event would enhance the PanIN-1 to
PanIN-2 transition, leading to an irreversible development
into PDAC. Interestingly, oncogenic Kras is also required for
the maintenance of PDAC in mice, suggesting that KRAS is
not only required for the initiation of cancer (Collins et al.,
2012). However, inactivating mutations in the tumour sup-
pressor gene CDKN2A are present in virtually all PDAC speci-
mens, whereas TP53- and SMAD4-inactivating mutations are
detectable in 50–75% and 50% respectively (Hahn et al.,
1996; Schutte et al., 1997; Morton et al., 2010).

The KRAS2 gene encodes a member of the RAS family of
GTP binding proteins that display a wide range of cellular
activities including survival, cytoskeletal remodelling, motil-
ity and proliferation. A variety of different stimuli, such as
growth factor receptor/ligand interactions, result in receptor
activation and are accompanied by signal transduction
through intermediary proteins that promote the activation of
KRAS. The known KRAS2-activating gene mutation is princi-
pally limited to a point mutation in codon 12 (G → D; Caldas

and Kern, 1995), and transcription of this gene leads to the
formation of an abnormal KRAS protein that is ‘trapped’ in its
activated form. This constitutively active KRAS further
induces the ‘uncontrolled’ activation of several downstream
effector pathways, including RAF-MAPK, MEK1/2, Akt and
PI3K. The PI3K-Akt pathway is an essential cell survival
pathway that has various roles in several solid malignancies.
This pathway is constitutively active in the vast majority of
PDACs, and targeting this pathway with small molecule
inhibitors or knock-down strategies results in growth inhibi-
tion in vitro and in vivo (Eser et al., 2013). Interestingly, dual
targeting of PI3K-AKT2 oncogenes with RNA interference
strategies, compared with inhibition of each oncogene alone,
resulted in a significantly higher percentage of apoptosis and
inhibited proliferation and colony formation in vitro and in
vivo, suggesting that simultaneous targeting of key players in
the progression of PDAC will be a useful strategy to circum-
vent higher-order cancer cell signalling (Pawaskar et al.,
2013). Thus, new effective treatment modalities will probably
need to attack several targets simultaneously or sequentially,
and may therefore require personalized therapy regimens.

However, identification of additional mutations and an
estimate of the prevalence of specific mutations are essential
for development of new therapies for pancreatic cancer.
Moreover, global expression platforms such as microarray
technology or next-generation sequencing have undoubtedly
helped the understanding of the biology of PDAC and the
precursor lesions (Güngör et al., 2011; Chang et al., 2013).
These studies provide multiple insights into differential
expression patterns from a global view and may affect, in
combination with in vivo mouse models, significantly the
establishment of translational therapy applications in future
studies. Thus, an analysis of pancreatic cancers by global
genomic sequencing through the simultaneous screening of
24 pancreatic cancers by sequencing of ∼21 000 protein-
coding exons per tumour revealed on average 63 genetic
alterations, reflecting an extreme complexity of this disease
(Jones et al., 2008). Therefore, ‘digging’ deeper into pancre-
atic cancer genomes by global sequencing is very important,
because it will help to translate this knowledge into improved
treatment modalities. However, there is still a lack of under-
standing of how such genetic alterations act in concert to

Table 1
Commonly mutated genes in pancreatic cancer

Gene type Gene Intracellular function Frequency in PDAC (%)

Oncogenes KRAS2 ERK–MAPK signalling >90

CyclinD Cell cycle progression 65

BRAF ERK–MAPK signalling ∼5

Tumour suppressor genes CDKN2A G1/S phase
Cell cycle inhibition

>95

SMAD4 TGF-β-signalling 50

TP53 Cell cycle arrest ∼75

Genome maintenance genes MLH1 DNA damage repair 5

BRCA2 DNA damage repair ∼10

BJPMidkine activates Notch signalling in PDAC
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induce development of PDAC. Interestingly, the genetic
abnormalities affected in most of the analysed tumours com-
prise 12 partially overlapping core signalling pathways,
although the pathway components that are altered in any
one of the analysed tumours vary widely. Within these abnor-
mal pathways, five of them were previously identified in
other tumour entities as well and are linked to DNA damage
repair, apoptosis, G1/S phase cell cycle progression, cell–cell
adhesion and migration/invasion. The remaining pathways
are considered as signalling cascades and can be further
divided into three core groups: (i) embryonically relevant
pathways such as sonic hedgehog, Wnt/Catenin and Notch;
(ii) MAPK; and (iii) TGF-β signalling (Table 2).

To discuss all the relevant and abnormal PDAC signalling
pathways is beyond the scope of this review, but we will
discuss in more detail some factors, especially the heparin-
binding growth factor midkine (MK), which has been previ-
ously identified as being aberrantly expressed in three,
patient-derived, highly chemotherapy-resistant, pancreatic
cancer specimens (Güngör et al., 2011). Moreover, MK inter-
feres with at least some of the abnormal pathways in PDAC,
and research over the last two decades has revealed that this
growth factor plays several critical roles in different aspects of
cancer biology and therefore displays an attractive profile as a
therapeutic target for other cancers as well.

The growth factor MK

Growth factors are involved in the regulation of a number of
cellular processes, especially proliferation and differentiation
(Sounni and Noel, 2013). They are often overexpressed and
have become effective targets for cancer treatment (Yoong
et al., 2011).

MK is a heparin-binding growth factor and cytokine, rich
in basic amino acids and cysteines, with a molecular mass of

13 kDa (Tomomura et al., 1990). It was first described as a
retinoic acid-inducible gene product during embryogenesis,
more than twenty years ago (Kadomatsu et al., 1990). Since
then, a range of MK functions have been described in normal
and transformed tissue. MK shares 50% homology in amino
acid sequence with pleiotrophin, the only other member of a
unique two-member growth factor family (Zhang and Deuel,
1999). MK expression is restricted in healthy tissues and, in
these, it is relatively high in small intestine, moderate in
thyroid and weak in lung, colon, stomach, kidney and spleen
(Maeda et al., 2007). MK plays also an important role in
reproduction, development and repair, and is involved in the
onset and/or progression of inflammatory diseases and malig-
nancy (Muramatsu, 2011). Interestingly, MK is expressed at
high levels in many different types of cancer (Kurtz et al.,
1995; Muramatsu, 2002) and is involved in a number of
biological activities that promote cell growth, survival, migra-
tion and angiogenesis (Dai, 2009). Interestingly, when MK is
transfected into NIH3T3 cells, it is able to transform the cells,
inducing the cells to form agar colonies and tumours in nude
mice (Kadomatsu et al., 1997). The knock-down of MK in
xenograft mouse models with colorectal and prostate cancer
cells showed significant suppression of tumour growth (Takei
et al., 2001; 2006). The human MK gene is located on chro-
mosome 11p11.2 with five exons: one non-coding and four
coding exons (Uehara et al., 1992). MK is largely composed of
two domains, each of which is compactly held by two or
three disulfide bridges (Fabri et al., 1993). A truncated form of
MK mRNA lacking exon 3, which encodes the N-terminal
portion, has been found in a number of progressed cancers,
including breast, gastric, liver, pancreas, oesophagus and
colon (Kaname et al., 1996; Miyashiro et al., 1997; Nobata
et al., 2005). This truncation does not generate a frameshift
mutation and has not been detected in non-cancerous adult
tissues (Kurtz et al., 1995; Kaname et al., 1996). MK activates
various signalling pathways in different cells by interacting
with the receptor-like protein tyrosine phosphatase-ζ, the
low-density lipoprotein receptor-related protein 1 (LRP-1),
anaplastic lymphoma kinase, and α4β1- and α6β1-integrins
(Muramatsu, 2010). In particular, activation of Notch signal-
ling by MK was recently reported in the context of trans-
formed tissue (Güngör et al., 2011; Kishida et al., 2013).

MK is a secreted protein and blood levels can be easily
monitored. In 87% of human adult cancers, serum MK levels
are elevated and decrease after removal of the tumour
(Ikematsu et al., 2003). In oesophageal cancer, urinary excre-
tion of MK is elevated (Ikematsu et al., 2003), and high levels
of serum MK are associated with tumour progression (Obata
et al., 2005), tumour size and poor survival (Shimada et al.,
2003).

MK and pancreatic cancer:
receptors and signalling

Many signalling pathway aberrations contribute to the com-
plicated pathogenesis of pancreatic tumorigenesis. Within
this review, we would like to focus on pancreatic cancer
signalling in terms of MK interaction and its contribution to
the development of resistance to chemotherapy.

Table 2
Commonly affected signalling pathways in pancreatic cancer

Signalling pathway Altered genes in PDAC

DNA damage repair TP53

Apoptosis TP53

G1/S transition CDKN2A

Cell adhesion CDH1/Cadherin-1

Regulation of invasion ADAM11 / 12

Embryonic signalling

Hedgehog signalling GLI1, SOX3, CREBBP

Notch signalling TCF4

Wnt signalling WNT9A, MYC

MAPK signalling

JNK MAP4K3, ATF2

TGF-β signalling TGFBR2, SMAD4

ERK KRAS2
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MK binds a variety of different receptors and signalling
molecules, and initiates, thereby, many different higher order
signalling pathways in pancreatic cancer cells. These recep-
tors and signalling molecules include Notch-2 (Güngör et al.,
2011; Kishida et al., 2013), JAK/STAT (Ratovitski et al., 1998;
Huang et al., 2008a), LRP-1 (Sakamoto et al., 2011) and inte-
grins (α4, α6, β1; Kadomatsu et al., 2013).

Notch signalling
The Notch pathway is highly conserved among most multi-
cellular species, plays an important role in cell–cell commu-
nication and regulates embryonic development. Notch
functions during development by preventing terminal cell
differentiation until appropriate conditions are reached, or
maintains a population of undifferentiated cells as progeni-
tors in normal tissue. The activation of Notch receptors
(Notch-1–4) by canonical ligands (delta-like ligand and
Jagged families) results in γ–secretase-mediated cleavage and
nuclear localization of its intracellular domain to engage
other DNA-binding proteins and thus to regulate expression
of its target genes (Kopan, 2012; Figure 1). Notch is primarily
activated during embryogenesis, but is, in common with
other embryonic pathways, commonly reactivated in many

cancers (McCleary-Wheeler et al., 2012). In the context of
PDAC, increased expression of Notch receptors and ligands
promoted the constitutive activation of Notch in early PanIN
lesions (Miyamoto et al., 2003) and a loss of Notch-2 in a
KrasG12D mouse model of pancreatic cancer resulted in inhi-
bition of PanIN progression (Mullendore et al., 2009).

MK was recently identified, by global gene expression
analyses, as being highly up-regulated in three independent,
patient-derived, primary PDAC cell lines, which were highly
resistant to chemotherapy (Güngör et al., 2011). The aim of
the study was to identify the relevant factors that are
involved in and/or induce resistance to chemotherapy in
pancreatic cancer. Interestingly, chemotherapy of resistant
PDAC cell lines with gemcitabine induced expression and
secretion of MK in a dose-dependent manner, whereas
depletion of MK resulted in strong sensitization to gemcit-
abine. Additionally, MK expression was not inducible in
gemcitabine-treated chemosensitive PDAC cell lines, suggest-
ing that MK is indeed necessary to promote survival during
chemotherapy. Moreover, pathway analyses revealed that
chemotherapy-induced MK secretion triggered activation
of extracellular Notch-2, which in turn, promoted the
epithelial–mesenchymal transition (EMT) that accompanies
increased resistance to chemotherapy and migration

Figure 1
Elevated MK expression promotes activation of Notch signalling and chemoresistance in pancreatic cancer. Expression of the heparin-binding
growth factor MK is frequently up-regulated in PDAC. MK expression is inducible by chemotherapy with gemcitabine (yellow dots), accompanied
by its elevated secretion in chemoresistant cells. Secreted MK activates extracellular Notch-2 in a paracrine/autocrine fashion, followed by
ADAM/TACE cleavage and shedding of the extracellular domain and subsequent γ–secretase-mediated generation of the soluble Notch-2
intracellular domain and its translocation into the nucleus to activate transcription of target genes. Secreted MK-mediated Notch-2 activation is
highly linked to epithelial-mesenchymal transition (EMT), chemoresistance and migration of PDAC cells, whereas MK depletion reverses EMT to
mesenchymal–epithelial transition, a reversal strongly linked to increased chemosensitivity and decreased migratory potential of chemoresistant
cells. Notch signalling contributes to regulation of cell death through crosstalk with NF-κB signalling. Blockade of the secreted MK–Notch-2
interaction or MK down-regulation is therefore a rational new strategy to circumvent chemoresistance in PDAC.

BJPMidkine activates Notch signalling in PDAC
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potential (Figure 1). Interestingly, down-regulation of MK in
chemoresistant PDAC cells reversed the mesenchymal phe-
notype to an epithelial phenotype, a transition linked to
increased chemosensitivity and decreased migration. Soluble
recombinant MK also triggers activation of the Notch-2
pathway that resulted in up-regulation of two Notch-2 down-
stream targets, Hes1 and NF-κB. Down-regulation of Notch-2
was also linked to increased chemosensitivity to gemcitabine,
suggesting that secretion of MK triggers Notch-2 activation
and leads to resistance to chemotherapy in pancreatic cancer.
Thus, Notch signalling not only contributes to proliferation
and differentiation, but also to regulation of cell death
through crosstalk with NF-κB signalling (Güngör et al., 2011).
In support of such findings, pathological interaction between
MK and Notch-2 was confirmed very recently in a mouse
model of neuroblastoma (Kishida et al., 2013). Here, MK defi-
ciency resulted in attenuated Notch-2 activation, whereas in
pre-cancerous lesions, the genetic ablation of MK showed
defects in Notch-2 activation and decreased expression of the
Notch-2 target gene Hes1. Interestingly, deletion of MK also
delayed tumour formation and reduced tumour incidence in
vivo (Kishida et al., 2013).

Furthermore, immortalized keratinocytes expressing MK
or treated with recombinant MK displayed dramatic changes
in cell morphology consistent with EMT and resulted
in decreased expression of epithelial markers, such as
E-cadherin, β-catenin and γ-catenin and an increase in mes-
enchymal markers such as fibronectin, vimentin and smooth
muscle actin; (Huang et al., 2008b). This process was medi-
ated by an interaction between MK and the ligand-binding
domain of Notch-2. MK also mediated the nuclear accumu-
lation of Notch-2 in HaCaT cells and complex formation
between the Notch-2 downstream intermediates, Hes1 and
STAT3 (Huang et al., 2008b). The effectiveness of Notch inhi-
bition with γ-secretase inhibitors is currently under investi-
gation in clinical trials.

JAK/STAT signalling
IL–6-type cytokines usually trigger tyrosine kinases of the JAK
family as mediators of signal transduction (Lütticken et al.,
1994) and STAT3 activation plays a significant role in the
progression of PDAC (Lesina et al., 2011). Interestingly, there
was crosstalk between Notch and JAK/STAT signalling path-
ways in epithelial cells of Drosophila and mammals
(Kamakura et al., 2004; Assa-Kunik et al., 2007) and STAT3
was activated in the presence of active Notch, as well as the
Notch effectors Hes1 and Hes5. The Hes proteins associate
with JAK2 and STAT3, facilitating complex formation and
thus promoting STAT3 phosphorylation and activation.
Notch-mediated activation of STAT3 seems to be essential for
maintenance of radial glial cells and differentiation of astro-
cytes in the developing CNS. Moreover, exposure to recom-
binant MK enhanced formation of a protein complex
between Hes1 and STAT3. This interaction led to phosphor-
ylation of STAT3, thereby activating signalling. MK also facili-
tated recruitment of JAK2 into Hes1-containing complexes in
nuclear fractions (Huang et al., 2008b). These results suggest
that direct protein–protein interactions are involved in the
crosstalk between the Notch–Hes and JAK–STAT pathways
(Huang et al., 2008b).

LRP-1
MK binds and signals via the low-density LRP-1 and mediates
survival of embryonic neurons (Muramatsu et al., 2000). This
is achieved either by LRP–1-mediated endocytosis of MK,
which resulted in suppression of apoptosis in the nucleus
(Shibata et al., 2002), or by signal transduction through the
LRP-1 receptor itself. This direct signalling is mediated by a
cytoplasmic domain to which adaptor proteins can bind
(Muramatsu et al., 2000). The cytoplasmic tail of LRP-1 is
associated with SHC and modulates JNK, a member of the
MAPK family (Barnes et al., 2001; Lutz et al., 2002). Recently,
LRP-1 was identified in a model of the progression of IPMN of
the pancreas, as a potential mediator of cancer progression
(Jiang et al., 2013). Furthermore, in an isografted PDAC
mouse model, recruitment of monocytes into orthotopic and
subcutaneous tumours was significantly increased in animals
with LRP–1–knock-out in their myeloid lineage cells, com-
pared with that in WT mice (Staudt et al., 2013).

Integrins (α4, α6, β1)
MK also interacts with α4β1- and α6β1-integrins. The α4β1-
integrin mediates cell migration of lymphocytes (Rose et al.,
2001), recruitment of neutrophils to inflammatory sites
(Burns et al., 2001) and mediates migration of epicardial pro-
genitors in the heart (Sengbusch et al., 2002). Interestingly,
functional blockade of α4-integrin with monoclonal antibod-
ies inhibited MK-induced migration of osteosarcoma cells
(Muramatsu et al., 2004). MK binding to α6β1-integrin is also
functionally important because it promoted survival and
tumorigenesis in head and neck squamous carcinoma cells
(Huang et al., 2008a). In PDAC, the expression of α6-integrin
is enhanced and redistributed (Halatsch et al., 1997). Inhibi-
tion of α6β1-integrin with antibodies inhibited cancer cell
adhesion and invasion (Weinel et al., 1995).

Therapy options for pancreatic cancer

Cancer statistics reveal that nearly a quarter of a million
people worldwide die annually from pancreatic cancer, and
its incidence will increase by ∼2% per year in developed
countries. The main cause of these death rates is primarily a
combination of a symptomless disease progression and fre-
quent occurrence of unresectable highly therapy-resistant
tumours, suggesting that surgery can only be performed in a
minority of patients. Notwithstanding, resectable PDAC
patients frequently develop recurrent disease and therefore
receive adjuvant therapy. For advanced-stage patients, the
treatment modality remains palliative. However, the care of
advanced-stage patients with currently available treatment
options provides a median overall survival of only 8–10
months. These therapy options for PDAC range from sys-
temic chemotherapy alone to combined options with chemo-
radiation therapy (Guo et al., 2013) and post-operative
treatment improves patient outcomes significantly, suggest-
ing that active treatment of pancreatic cancer is principally
beneficial. Nearly two decades ago, a randomized clinical trial
of gemcitabine versus 5-FU showed chemotherapy with gem-
citabine was better than 5-FU for treatment of advanced pan-
creatic cancer (Burris et al., 1997). Nevertheless, the primary
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end point of this trial was to determine whether gemcitabine
provided any advantage over monotherapy with 5-FU in
terms of clinical benefit (pain, performance status, weight),
objective response and time to progressive disease or survival.
Although gemcitabine only marginally improved median
patient survival (5.65 vs. 4.41 months), this drug has entered
clinical practice and has replaced 5-FU over time, primarily
because the ‘clinical response rate’ was better than that of
5-FU. The use of gemcitabine was accompanied by a favour-
able toxicity profile and was strongly linked with sustained
improvements in pain, analgesic consumption and Karnofsky
performance status, observed in ∼24% of gemcitabine-treated
patients compared with ∼5% of 5–FU-treated patients (Burris
et al., 1997). Thus, gemcitabine alone or in combination with
5–FU-based chemoradiotherapy can now be considered as the
standard of care for locally advanced and/or metastatic
disease, as first-line therapy (Philip, 2008). Since the late
1990s, several attempts have been made in order to improve
the patient outcome by combining gemcitabine with other
cytotoxic agents (epirubicin, mitomycin, cisplatin). Unfor-
tunately, most of these combinations failed to achieve
statistically significant survival benefit over single-agent gem-
citabine treatment, except for the combined treatment with
platinum-containing drugs, which showed marginal survival
benefit over gemcitabine treatment alone (Heinemann et al.,
2007). The majority of patients receive little or no benefit
from current chemotherapies mainly because most of the
cancer cells are either intrinsically chemoresistant or they
become resistant during therapy. Also, extrinsic mechanisms
such as the tumour stroma have been discussed as relevant
for resistance to chemotherapy in PDAC (Long et al., 2011).
Therefore, it is of great interest to identify and characterize
novel molecules that promote the development of resistance
to chemotherapy in order to establish new therapy options
targeted at these mechanisms of resistance.

One such molecule is MK whose research over the past
years reflected an attractive new target for the treatment of
PDAC because its expression and secretion was elevated in
more than 50% of pancreatic cancers, and small interfering
RNA (siRNA)-mediated down-regulation of MK was strongly
linked with the reversal of chemoresistance to gemcitabine.
Stress-induced up-regulation of MK was already shown to be
highly cytoprotective against various stimuli that tend to
result in tissue damage and ischaemic injury (Muramatsu,
2011). However, the external stimuli and intracellular signal-
ling that control MK expression are unknown. It is worth
mentioning that MK may serve as a marker during chemo-
therapy or it may help to stratify those patients who are
eligible for targeted therapy, but this needs further investiga-
tions in in vivo models. Many studies have shown that MK
promotes various cellular activities during development and
cancer. In PDAC, MK promotes not only survival in response
to chemotherapy but also proliferation and migration of cells
in vitro, suggesting that MK plays many different roles, rel-
evant to cancer progression (Rawnaq et al., unpublished).
Because MK was found to be dose-dependently released from
PDAC cells by chemotherapy and was accompanied by
increased Notch signalling, it is likely that Notch is constitu-
tively activated by a MK-dependent autocrine loop during
chemotherapy. Further, it is possible that increased MK
secretion may also trigger intercellular chemoresistance by

activating Notch signalling in neighbouring cells in order to
activate defence mechanisms against drug toxicity through
up-regulation of NF-κB (Güngör et al., 2011; Figure 1). Thus,
the development of MK inhibitors based on a molecular-
driven strategy has been considered as an attractive idea to
prevent tumour growth and anti-apoptosis in cancer cells.
Potential knock-down strategies of MK in transformed tissue
involve antisense oligo-DNA (Dai et al., 2009), siRNA (Takei
et al., 2006), RNA aptamers (Kishida et al., 2013), compound
inhibition (Matsui et al., 2010) and a conditionally replicat-
ing adenovirus containing the MK gene promoter for target-
ing MK-positive tumours (Terao et al., 2007). Interestingly, all
of these strategies have already shown cancer-specific effects
and thus reinforce the concept that MK can be effectively
targeted to reduce tumour growth, metastasis, angiogenesis
and survival. Presumably, MK knock-down may enhance the
efficacy of current cytotoxic cancer therapies, which, in turn,
might be of great benefit for patients suffering from chem-
oresistant cancers, as is too often the case for PDAC.

Conclusion

The identification of MK as an activator of Notch signalling
provided relevant new insights into the functions of MK. The
elevated MK expression and secretion frequently found in
PDAC promotes survival and proliferation and provides
support for cancer cells escaping chemotherapy-induced apo-
ptosis through activation of Notch signalling. Thus, targeting
MK–Notch-2 interactions is a rational, new strategy to cir-
cumvent intrinsic as well as acquired resistance to chemo-
therapy in PDAC.
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