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ABSTRACT
Tissue hypoxia results from an inadequate supply of oxygen (O2) that compromises biologic
functions in various tissues, including both normal and malignant. It is known that a
heterodimeric transcription factor hypoxia-inducible factor-1 (HIF-1) mainly mediates this
critical adaptation. It regulates the expression of more than 100 genes encoding key factors in cell
proliferation and survival, glucose metabolism, invasion, angiogenesis and erythropoiesis. In this
thesis I have investigated the roles of HIF-1α in endocrine β-cells of pancreatic islets (paper I)
and in exocrine ductal epithelial cells (paper II and III) as well as their surrounding stromal cells
(paper IV) of pancreatic ductal adenocarcinoma (PDAC).
Pancreatic islet transplantation is a biological replacement strategy for diabetes mellitus, however
the benefits of islet transplantation are only short-term due to the lost grafts over time. Several
strategies have been explored to improve the efficacy of islet transplantation. We previously
reported a combination of islet preculture and recipient treatment with exendin-4 improved the
metabolic outcome of a suboptimal number of rat islets transplanted to diabetic athymic mice. In
paper I, we aimed to investigate mechanisms of effects of exendin-4 on islet function and
viability in the rodent islet transplantation model with special focus on HIF-1α expression. Our
data revealed that short-term preculture with exendin-4 followed by recipient treatment improved
the outcome of both free and macroencapsulated islet grafts due to a larger surviving endocrine
cell volume. Furthermore, this study has indicated for the first time that the protective effects of
the glucagon-like peptide-1 (GLP-1) receptor agonist exendin-4 may be mediated via the HIF-1
pathway.
Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignant disease with fatal prognosis. It
is characterized by a rapid progression, early metastasis, diagnosis at an advanced stage, and a
limited response to chemotherapy and radiotherapy. Since tumour hypoxia is strongly
associated with tumour propagation, malignant progression, and resistance to therapy, the study
of HIF-1α has emerged a central issue in tumour physiology and cancer therapy. In paper II, we
aimed to investigate the relationship of excess glucose, glucose reprogramming and cell
migration in human PDAC cells with respect to HIF-1α expression. We found that excess
glucose induced HIF-1α expression, increased ATP contents and stimulated migration in
MiaPaCa2 pancreatic cancer cells. In addition, non-hypoxic factors contributed to this action in
MiaPaCa2 cells as well.
The drug-resistant nature of PDAC cells results in a lack of effective chemotherapies, which
contributes to the high mortality in patients with pancreatic ductal adenocarcinoma. The
microenvironment (such as interactions between cell surface integrins, extracellular matrix
components and intra-tumoural hypoxia) is responsible for innate drug resistance. In order to
screen new drugs for PDAC treatment, an in vitro model as a more predictive platform is strongly
required in this field. In paper III we aimed to develop a 3D model of human PDAC cells, and to
further explore mechanisms underlying the transition from 2D to 3D cultures that might be
responsible for chemoresistance, including HIF-1 pathway. We successfully established a new
high-throughput 3D cell culture drug screening system for pancreatic cancer, which displays
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increased chemoresistance resulting from enhancement of ECM production, glycolysis and
expression of miRNA, hypoxia-inducible genes as well as chemoresistance genes. Our finding
is supporting the concept of cell adhesion mediated drug resistance in PDAC. To increase utility
and predictive value of our 3D tumour cell model for preclinical drug discovery, in paper IV we
generated a hetero-spheroid model with pancreatic stellate cells (PSCs) surrounding a core of
cancer epithelial cells, as can be observed in sections from patients with PDAC. Furthermore,
gene expression was up-regulated in hetero-spheroids of PDAC cells, including E-cadherin, βcatenin, fibronectin, collagen I, lumican, COX2 and PPP1R1B, compared to mono-spheroids. In
addition, we found that HIF-1α expression in hetero-spheroids was associated with the enhanced
expression of ECM proteins, cancer stem cell marker (CD24), gene PPP1R1B (DARP-32) and
hypoxia-inducible genes, which might alter sensitivity of cancer to chemotherapy.
In conclusion, the present work demonstrates that HIF-1α is an important transcription factor
for displaying protective effects of exendin-4 on islet grafts after islet transplantation,
understanding the mechanism of Warburg effect in pancreatic cancer cells and describes the
development of an organotypic in vitro culture system for PDAC, facilitating the examination
of tumor-stroma interactions and improving predictability of drug screening system in
pancreatic ductal adenocarcinoma.
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1 INTRODUCTION
1.1 Hypoxia and HIF signalling pathway
1.1.1 Definition of hypoxia
Oxygen (O2) has a central role in biology because it is used during respiration. The normal O2
levels inside the human body vary from ~21% [corresponding to a partial pressure (PO2) of ~150
mmHg at sea level] in the upper airway to ~1% at the corticomedullary junction of the kidney. In
vitro, cultured cells are usually maintained in 20% O2 (95% air and 5% CO2) and this
concentration is referred to ‘normoxia’ in spite of the fact that most cells in the human body are
exposed to much lower O2 levels. Whatever the specific set point, complex homeostatic
mechanisms serve to maintain the cellular O2 concentration within a narrow range in vivo [1].
Hypoxia is defined as a reduction of O2 supply to the tissues of the body below physiological
levels [2]. However, this is a relative term. Hypoxia can occur continuously, as when individuals
ascend and remain at high altitude, or intermittently, as in individuals with sleep apnea. Hypoxia
can be divided into an acute phase, in which rapid but transient responses are mediated through
posttranslational modification of existing proteins, and a chronic phase, in which delayed but
durable changes are mediated through altered gene transcription and protein synthesis. Finally,
hypoxia can be systemic, as in the case of ascent to high altitude, or local, as in the case of
myocardial ischemia associated with coronary artery disease [1].

Hypoxia plays essential roles in the pathophysiology of anemia, kidney, coronary artery,
pulmonary and hematological diseases, wound healing, inflammation and cancer [1, 3 and 4].
However, hypoxia has also an important and beneficial role in regulating angiogenesis and
controlling stem cell differentiation and cell fate during mammalian embryogenesis [5–7].

1.1.2 The hypoxic response
Oxygen is critical for the survival of multicellular organisms because it is used in aerobic
metabolism, which turns carbohydrates into the energy needed to power essential cellular
processes such as protein synthesis. Consequently, cells have to sense and respond to hypoxic
conditions. The earliest recognized pathway is that hypoxic cells switch their primary pathway of
energy production from oxidative phosphorylation (OXPHOS) to glycolysis. Hypoxia also
induces erythropoietin production in renal cells (to increase haemoglobin production) and
tyrosine hydroxylase synthesis in neural cells (involved in catecholamine production). One of the
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most well studied hypoxic responses is production of growth factors that induce angiogenesis.
Other hypoxia inducible genes are involved in pH homeostasis, oxygen sensing, cell death,
genomic stability, proliferation as well as cell migration and they all aim at adapting cells to the
hypoxic stress [8, 9]. Moreover, hypoxic tumour cells evolve to take advantage of some adaptive
responses and to avoid others and an aggressive tumour phenotype is probably achieved through
a stepwise selection process, in part driven by hypoxia. A number of studies have verified that
hypoxia-inducible factors (HIFs) mediate this critical adaptation [8]. In addition, hypoxic cells
also activate non-HIF-mediated mechanism for adaptation to hypoxic microenvironment [10–12].
1.1.3 HIF signalling pathway
1.1.3.1 Hypoxia-inducible factors (HIFs)
As mentioned above, HIFs is the master regulator of O2 homeostasis and it facilitates both O2
delivery and adaptation to O2 deprivation by regulating a large number of genes involved in
diverse processes like metabolism, apoptosis and angiogenesis [3]. HIFs are transcription factor
consisting of an α-subunit and a β-subunit also known as the aryl hydrocarbon receptor nuclear
translocator (ARNT). There are three isoforms of the HIF-α subunit (HIF-1α, HIF-2α and HIF3α) and three isoforms of HIF-1β (ARNT, ARNT2 and ARNT3), which all belong to the basic
helix-loop-helix proteins (bHLH) of the PAS family (PER, AHR, ARNT and SIM family) [13–
17]. These subunits contain a N-terminal bHLH and two PAS domains that mediate DNA
binding and heterodimerization, shown at figure 1 [18, 19]. HIF-1α and HIF-2α also contain an
oxygen-dependent degradation domain (ODDD) and two transactivation domains referred to as
the N-TAD and C-TAD (N- and C-terminal transactivation domain, respectively). The ODDD
domain is responsible for the negative regulation of HIF-α in normoxia [20] and both TADs have
been shown to interact with co-activators such as CBP/p300 to activate gene transcription [21,
22]. Therefore the α-subunit is the regulatory subunit, while the β-subunit is constitutively
expressed. Either HIF-1α or HIF-2α is able to dimerize with HIF-1β in the nucleus and binds to
the consensus sequence 5'-(A/G) CGTG-3' present in the hypoxia response element (HRE) of O2controlled target genes.
HIF-1α was the original HIF isoform identified by affinity purification using oligonucleotides
from the erythropoietin locus, while HIF-2α and HIF-3α were identified by homology searches or
screens for interaction partners with HIF-1β [13-15]. HIF-1α is expressed in most cell types,
whereas HIF-2α shows tissue-specific expression in endothelial cells, glial cells, type II
pneumocytes, cardiomyocytes, fibroblasts of the kidney, interstitial cells of the pancreas and
duodenum, and hepatocytes [23]. Although HIF-1α and HIF-2α are structurally similar in their
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DNA binding and dimerization domains and undergo similar proteolytic regulation, they have
distinct transcriptional targets due to their different transactivation domains. It has been proposed
that they regulate both common and unique target genes [24–26], and are differentially regulated
depending on the duration and severity of hypoxia exposure [27]. For instance, HIF1α (and not
HIF2α) appears to be particularly important for activating anaerobically glycolytic gene
expression [24]. HIF-3α is also expressed in specific tissues such as adult thymus, lung, brain,
heart, and kidney. And it is the more distantly related isoform and encodes at least one splice
variant that is dominant-inhibitory to HIF called inhibitory PAS (iPAS) [28, 29]. HIF-1β is
identical to a previously described constitutive nuclear protein, ARNT, which has roles in other
transcription pathways [30]. ARNT2 and ARNT3 mainly participate in O2-independent pathways
such as development of the hypothalamus and regulation of circadian clocks, respectively.
Figure 1. Domain structures of
human HIF transcription factors.
The

three

HIF-α

paralogues

(HIF-1α, HIF-2α and HIF-3α,
including

the

HIF-3α

splice

variant iPAS) and HIF-1β all
belong to the bHLH and PAS
protein family. HIF-α contains an
ODDD

that

mediates

O2-

regulated stability through the
hydroxylation of two proline (P)
residues and the acetylation of a
lysine (K). The proline residues
are conserved in HIF-2α and HIF-3α. HIF-1α and HIF-2α also contain two transaction domains (C-TAD and NTAD), whereas HIF-1β has only one TAD. The total number of amino acids of each subunit is marked at the end of
the domain structure. Figure 1 is adapted from Ke Q, Costa M: Hypoxia-Inducible Factor-1 (HIF-1). Mol
Pharmacol 2006, 70:1469–80.

1.1.3.2 Regulation of HIF-1α
HIF-1α is constitutively transcribed and translated in mammalian cells, but it has a very short
half-life of less than 5min and is highly regulated by O2 [20, 31]. Tight regulation of the stability
and subsequent beneficial effects of HIF-1α is mainly controlled by its post-translational
modifications (see Figure 2), such as hydroxylation, ubiquitination and phosphorylation [32].
And modification of HIF-1α occurs within several domains, such as the C-terminal ODDD.
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Figure 2. Regulation of HIF-1α
protein by O2-dependent prolyl
hydroxylation and proteasomal
degradation. There are three
hydroxylation sites in the HIF1α subunit: two prolyl residues
in
the
oxygen-dependent
degradation domain (ODDD)
and one asparaginyl residue in
the C-terminal transactivation
domain
(C-TAD).
Under
normoxic conditions, prolyl
hydroxylation is catalyzed by the
Fe2+-, O2- and 2-oxoglutaratedependent
PHDs.
The
hydroxylated prolyl residues
allow capture of HIF-1α by the
von Hippel–Lindau protein
(pVHL),
leading
to
ubiquitination and subsequent
proteasomal
degradation.
Asparaginyl hydroxylation is
catalyzed by an enzyme termed
as factor-inhibiting HIF (FIH) at a single site in the C-TAD. This hydroxylation prevents cofactor recruitment. In
the absence of hydroxylation due to hypoxia or PHD inhibition, HIF-1a translocates to the nucleus,
heterodimerizes with HIF-1β and binds to hypoxia-response elements (HREs) in the regulatory regions of target
genes. Figure 2 is adapted from Weidemann A, Johnson RS: Biology of HIF-1alpha. Cell Death Differ 2008,
15:621-7.

Prolyl hydroxylation by PHDs-signaling for polyubiquitination
Under normoxic conditions, synthesized HIF-1α is rapidly hydroxylated by specific prolyl
hydroxylase domain proteins (PHD 1–3) on proline residues (Pro402 or Pro564) located within
ODDD [33, 34]. The PHDs use O2 and 2-oxoglutarate (α-ketoglutarate) as substrates to create
prolyl-hydroxylated HIF-1α and succinate. Ascorbate helps to maintain Fe in the ferrous iron;
therefore it is required as a cofactor in the above reaction. Inactivation of the PHDs by 2oxoglutarate analogs such as dimethyloxalylglycine can increase the half-life of HIF-1α. In
addition, effect of hypoxia can be mimicked by iron chelators and metal irons (such as Co2+)
because PHDs contain Fe2+ in their catalytic centers. Cobalt appears to not only bind HIF-1α
but also is thought to compete with or displace Fe2+ from the Fe2+ binding site in the PHD [35].
In addition to the enzymatic inhibition of the PHDs, hypoxia induces a paradoxical burst of
reactive oxygen species (ROS), which converts Fe2+ to Fe3+. As a consequence, this alteration
inhibits PHD activity and promotes HIF-1α stabilization [36–38]. This implies that hypoxia has
both direct and indirect roles on PHD function.

Due to the O2-dependent activity of PHDs, they are considered as oxygen sensors, monitoring the
progressive increase in HIF-1α abundance. Moreover, PHD2 was particularly demonstrated to be
the most important isoform in oxygen sensing, since only knockdown of PHD2 is sufficient to
stabilize HIF-1α protein levels under normoxic conditions [31, 39, 40]. It had been demonstrated
10

PHD2 localized primarily in the cytoplasm, whereas PHD1 was in the nucleus and PHD3 was in
both compartments [41]. Despite its primary localization in the cytoplasm, PHD2 is able to
shuttle between the cytoplasm and the nucleus, thereby contributing to HIF-1α degradation in
both compartments. Interestingly, expression of PHD2 is reciprocally up-regulated by HIF-1α
proteins under hypoxia and this may represent a way by which HIF-1α self-regulates its
expression [40, 42].

Polyubiquitination by pVHL-signaling for O2-dependent degradation
Once HIF-1α is hydroxylated by PHDs, the von Hippel-Lindau tumour suppressor protein
(pVHL) then captures HIF-1α. The pVHL is the recognition component of an E3 ubiquitin ligase
complex that includes Elongin C, Elongin B, cullin-2, and RBX1 (ring box protein-1) [43].
Binding of HIF-1α to this multiprotein E3 complex causes polyubiquitination of HIF-1α,
eventually leading to its degradation by 26S proteasome [44, 45]. In hypoxia however, enzymatic
activity of PHDs is inhibited, HIF-1α protein then escapes the VHL capture and proteasomal
degradation. Furthermore, mutations in VHL gene that are associated with renal cell carcinoma
and sporadic tumours prevent this ubiquitin, resulting in an accumulation of HIF-1α and
continuous over-expression of hypoxia-inducible genes [46].
The pVHL E3 ligase complex predominantly localized in the cytoplasm and can shuttle back and
forth between the nucleus and cytoplasm, leading to HIF-1α degradation in both compartments
[47, 48]. Importantly, pVHL mutants that interfere with its nuclear-cytoplasmic trafficking can
no longer regulate hypoxia-inducible genes [48]. In addition, pVHL itself is also tightly regulated
by the ubiquitin-proteasome pathway, which is mediated by the E2-endemic pemphigus foliaceus
(EPF) ubiquitin carrier protein (UCP). EPF-UCP is an E2 ubiquitin-conjugating enzyme [49]. A
co-expression of UCP and HIF-1α correlating with decreased pVHL was observed not only in
different human normoxic cell lines in a cell line–dependent manner, but also in non-hypoxic
area of human primary and metastatic tumours, such as liver, colon and breast tumours [50]. This
may provide an explanation for the elevated levels of HIF-1α that are observed in non-hypoxic
regions of such tumours.
In addition, spermidine/spermine-N1-acetyltransferase (SSAT)2 was identified as one of HIF-1α
binding partners by a yeast two-hybrid screen [51]. SSAT2 binds to the PAS A-subdomain of
HIF-1α (residues 81–200) and promotes its O2-dependent ubiquitylation/degration by stabilizing
the interaction of pVHL and elongin C (see Figure 3). Although mutation in SSAT2 conservative
residues (Ser82 and Thr83) interferes with its acetyltransferase activity on physiological substrate
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of SSAT2, it doesn’t eliminate the ability of SSAT2 to promote HIF-1α degradation [51].
Thereby, the inhibitory activity of SSAT2 on HIF-1α is believed to result from the combined
effect of its acetyltransferase activity and physical interactions with HIF-1α, pVHL and elongin
C.

Figure 3. The O2-dependent and O2-independent pathways for HIF-1α ubiquitination and degradation. Left,
SSAT2 is required for O2- and PHD2/VHL-dependent ubiquitination of HIF-1α. Right, SSAT1 is required for O2independent and RACK1-dependent ubiquitination of HIF-1α in response to treatment with the HSP90 inhibitor
17-AAG. In both cases, ubiquitination is mediated by recruitment of the Elongin C ubiquitin-ligase complex,
which also includes Elongin B, RBX1, cullin-2, and an E2 ubiquitin carrier protein (B/R/C/E2). Figure 3 is
adapted from Baek JH, Liu YV, McDonald KR, Wesley JB, Hubbi ME, Byun H, Semenza GL:
Spermidine/spermine-N1-acetyltransferase 2 is an essential component of the ubiquitin ligase complex that
regulates hypoxia-inducible factor 1alpha. J Biol Chem 2007, 282:23572–80.

Polyubiquitination mediated by RACK1 pathway for O2-independent degradation
In addition to the pVHL mediated HIF-1α degradation, the O2-independent degradation pathway
also has an important role in controlling HIF-1α levels. It involves the heat-shock protein 90
(HSP90) and receptor of activated protein C kinase (RACK1), which compete for binding to
HIF-1α [52]. RACK1 homodimerizes and recruits Elongin C and other components of the E3
ligase complex to HIF-1α in an O2-independent manner, leading to HIF-1α ubiquitylation and
26S proteasome-dependent degradation. HSP90 competes with RACK1 for binding to the PAS
A-subdomain of HIF-1α and inhibition of Hsp90 causes O2- and pVHL-independent HIF-1α
degradation [53]. RACK1-HIF-1α binding is dependent upon the presence of SSAT1, which
12

stabilizes the interaction between these two proteins, and SSAT1 acetyltransferase activity is
required in this process (see Figure 3). Although homologous proteins SSAT1 and SSAT2
(described earlier) both bind to and promote HIF-1α ubiquitylation, they do so by completely
different and complementary molecular mechanisms: SSAT2 binds to the PAS A-subdomain of
HIF-1α and promotes O2- and pVHL-dependent regulation, whereas SSAT1 binds to the PAS Bsubdomain (residues 201-329) and promotes O2-independent, RACK1-dependent HIF-1α
degradation [53].

The RACK1 pathway is also regulated by calcium through the activity of calcineurin, a
calcium/calmodulin-dependent and serine/threonine-specific protein phosphatase. Calcineurin
dephosphorylates RACK1 in a calcium-dependent manner, thus promotes HIF-1α expression by
blocking RACK1 dimerization and inhibiting RACK1-mediated HIF-1α degradation [54]. Thus,
it indicates that intracellular calcium levels can regulate HIF-1α expression by modulating
calcineurin activity and RACK1 dimerization.
Asparagine hydroxylation by FIH-1-preventing CBP/p300 binding
Under different post-translational modifications described above, HIF-1α protein is stabilized but
it is not sufficient for full transcriptional activation of HIF-1. A second level of HIF-1α regulation
occurs in the nucleus through the hydroxylation of an asparagine residue at the C-terminal end of
HIF-1α [55]. HIF-1α contains two transactivation domains, N-TAD and C-TAD, employing
recruitment of coactivators such as p300 and its paralogue CREB-binding protein (CBP), steroid
receptor coactivator-1, and the transcription intermediary factor 2 [56–59]. The CBP/p300 is
essential for linking transcription factors with coactivator complexes and the basal transcriptional
machinery, and is thus indispensable for robust transcriptional activation. Moreover, CBP/p300
proteins have histone acetyltransferase activity that is necessary for chromatin modification prior
to transcription.
FIH-1 (factor inhibiting HIF-1) is another α-ketoglutarate-dependent dioxygenase that
hydroxylates Asn803 and thereby prevents interaction of HIF-1α C-TAD with the coactivators
CBP/p300 [60–62]. In contrast to the prolyl hydroxylation that enables protein–protein
interaction, the asparaginyl hydroxylation prevents protein recruitment. Because FIH‐1 also
requires O2 for catalytic activity, C-TAD of HIF-1α remains unmodified under hypoxia and can
efficiently interact with CBP/p300 to activate transcription of HIF-1 target genes [61].
Replacement of Asn803 with alanine permits coactivator binding with HIF-1α in normoxia [55].
Utilization of O2 as a substrate allows FIH-1 to serve as a second O2 sensor. The estimated Km
13

values of FIH-1 and the PHDs for O2 were first reported to be approximately 90 and 250 mM,
respectively [63, 64]. Although these values were determined in vitro using relatively short
peptides as substrates, they do provide a guide as to the O2 sensitivity of these enzymes within
cells. Thus as the severity of hypoxia increases, the PHDs would be inactivated first, maximal
activation of the HIF-1 pathway requires more severe hypoxia to inactivate FIH-1 [65]. Indeed,
overexpressed FIH-1 can still play a catalytic effect at 0.2% O2 concentration, whereas the PHDs
were inactive under the same conditions [66].

Figure 4. Hypothesized
sequential activation of
HIF-1α in gradients of
hypoxia: based on the in
vitro derived Km values of
PHDs and FIH for O2, as
O2 concentrations drop, the
PHDs
lose
catalytic
activity first due to their
weaker affinity for O2,
increasing HIF-1α stability,
while C-TAD activity is
still repressed due to the
hydroxylation of Asp803
by FIH-1. At lower O2
tensions, catalytic activity
of FIH-1 is reduced leading
to the full transcriptional
activation of HIF-1. Figure
4 is adapted from KizakaKondoh S, Tanaka S,
Harada H, Hiraoka M: The
HIF-1-active microenvironment: an environmental target for cancer therapy. Adv Drug Deliv Rev 2009,
61:623–32.

The transcription of FIH-1 itself is not affected by O2 concentration and FIH-1 does not influence
HIF-1α stability. FIH-1 is mainly located in the cytoplasm even under hypoxia, but a small
portion resides in the nucleus as well [41]. Like PDHs, FIH-1 also requires 2-oxoglutarate, Fe2+,
ascorbate and O2 for catalysis of hydroxylation. However pyruvate and tricarboxylic citric acid
cycle intermediates, such as isocitrate, oxaloacetate, succinate, and fumarate, inhibit PHD2, but
apparently do not inhibit FIH-1 [67–70].

Phosphorylation by MAPK-enhancing transactivation
Despite hydroxylases play a central role in sensing O2 tension and regulating HIF-1α, mitogenactivated protein kinase (MAPK) signaling is required for the transactivation activity of HIF-1α
[71, 72]. It has been shown that MEK-1/p42/p44 MAPK pathway activates the transactivational
ability of HIF-1α, but does not regulate its stabilization and DNA binding activity [71]. MAPK
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has been correlated with C-TAD activity as enhanced activation of MAPK stimulates both HIF1α and p300 and conversely inhibition of MAPK restricts transcription by disruption of HIF-CTAD/p300 interaction [72]. Moreover, phosphorylation of two distinct serine residues (Ser641/643) inside the inhibitory domain of HIF-1α by p42 MAPK promotes the nuclear
accumulation and activity of HIF-1α by blocking its chromosome maintenance region 1-mediated
nuclear export [73].

In addition to the post-translational modification of HIF-1α described above, the small ubiquitinlike modifier (SUMO) modification of HIF-1α might contribute to repressing transactivation
[32], though a varied outcome of hypoxia-induced SUMOylation in HIF-1α has been reported
[74–77]. For example, SUMOylation of HIF-1α has been suggested to both increase HIF-1α
stability and transcriptional activity [74, 75], however in other studies, it has been suggested to
decrease activity and enhance pVHL-mediated ubiquitination [76, 77]. Moreover, S-nitrosation
on cysteine 800 of HIF-1α has been shown to increase its transactivation via enhancement of its
interaction with CBP/p300 [78]. However, another quantitative interaction study with purified
proteins and peptides demonstrated a significant decrease in p300 binding upon Cys800 Snitrosylation [79].

Additionally, translation level of HIF-1α is modulated by many growth factors and cytokines,
such as insulin (INS), insulin-like growth factor-2 (IGF-2), tumour necrosis factor-α (TNF-α),
epidermal growth factor (EGF) and interleukin-1β (IL-1β), resulting in the HIF-1α accumulation
under either hypoxia or non-hypoxia conditions [80–82]. Although complex and cell-type
dependent, it has been suggested that activation of phosphatidylinositol 3-kinase (PI3K) or
MAPK pathways plays a role in the phosphorylation of HIF-1α and subsequent protein
stabilization [81–83].

1.1.3.3 HIF-1 mediated hypoxic response
As described above, PHDs and FIH-1 are repressed in the absence of O2, thereby HIF-1α protein
is able to accumulate and translocate into the nucleus, where it dimerizes with HIF-1β and
activates the transcription of a number of target genes displaying an HRE motif [83]. It has been
found that HIF-1 is expressed in all nucleated cells of metazoan species and functions as a master
regulator of oxygen homeostasis [1]. It regulates the expression of more than 100 genes encoding
key factors in cell proliferation and survival, glucose metabolism, invasion, angiogenesis and
erythropoiesis [81–84] (see Figure 5). Therefore, hypoxia and HIF-1 have been correlated with
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the embryonic development and both protective responses and pathogenesis in varies diseases
such as organ transplantation and cancer, respectively [81].

Figure 5. Transcriptional targets of HIF-1. A representation of the increasing number of genes is modulated by HIF1, which are involved in various adaptive processes in response to hypoxia. Figure 5 is adapted from Zhong H,
Chiles K, Feldser D, Laughner E, Hanrahan C, Georgescu M, Simons JW, Semenza GL: Modulation of hypoxiainducible factor 1α expression by the epidermal growth factor/phosphatidylinositol 3kinase/PTEN/AKT/FRAP pathway in human prostate cancer cells : implications for tumor angiogenesis and
therapeutics. Cancer Res 2000, 60: 1541-45.

1.2 Pancreatic diseases and therapy
1.2.1 Cell components of the pancreas
Pancreas is the second largest gland in the human body and it is functionally divided into an
endocrine portion (about 1-2% of the total weight of the pancreas) and an exocrine portion (about
80%) [85, 86]. The lobules are connected by connective tissue septa that contain the blood
vessels, nerves, lymphatics, and excretory ducts (constituting about 18% of this organ).

The part of pancreas with endocrine function is made up of about 1.5 million cell clusters entitled
the islet of Langerhans (see Figure 6) that are scattered throughout the exocrine tissue [86, 87]. It
consists of glucagon-producing α cells, insulin-producing β-cell, somatostatin-producing δ-cell,
ghrelin producing ε-cell and pancreatic polypeptide-producing PP-cell, which work together to
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regulate the glucose metabolism. The size of the islets varies between approximately 20-250 μm
in diameter with the majority of islets being <100 μm [86, 87].
As the most abundant and important cell type, β-cells comprise 65-80% of the islets of
Langerhans, sensing the glucose level in the blood and secreting insulin to counteract
hyperglycemia [88]. Besides insulin, islet amyloid polypeptide (also known as amylin) is also
produced by β-cells, which plays a role in glucose homeostasis [85, 89]. The second most
common cell type in the islet is α-cell (15–20% of islet mass) that produces glucagon as a
negative regulator of insulin, which mainly stimulates glycogenolysis and gluconeogenesis in the
liver. Besides endocrine cells, the islet of Langerhans also contains endothelial cells, nerves,
fibroblasts and dendritic cells [85]. Particularly, islets are highly vascularized mini organs that
receive 5-10 times higher blood flow than the exocrine part of the pancreas [90]. β-cells are able
to consume large amounts of O2 serving for the high demand of mitochondrial respiration during
insulin secretion [91], thereby they are sensitive to hypoxic conditions that may occur during islet
isolation and after transplantation.

Figure 6. The figure represents exocrine and
endocrine tissues in pancreas. It is from Pandol SJ:
The Exocrine Pancreas. San Rafael (CA): Morgan &
Claypool Life Sciences 2010.

The exocrine portion of pancreas has ducts
that are arranged in clusters of acinar cells
(known as acini) (see Figure 6). Acinar cells
are tall, pyramidal or columnar epithelial
cells, which are specialized to synthesize, store, and secrete digestive enzymes. With their broad
bases on a basal lamina, apices of acinar cells converge on a central lumen that is the origin of the
secretory duct. In response to distension and/or food in stomach and duodenum, digestive
enzymes, H2O and NaHCO3 are secreted into the duodenum through the pancreatic ductal
system. Tight junctions between acinar cells form a band around the apical aspects of the cells
and act as a barrier to prevent passage of large molecules, such as the digestive enzymes. The
junctional complexes also provide for the paracellular passage of H2O and ions [92].
The duct cell epithelium consists of cells that are cuboidal to pyramidal and contain the abundant
mitochondria necessary for ATP-dependent ion transport. The lumen of the acinus also contains
the centroacinar cell, which is unique to pancreas. This cell has ductal cell characteristics but is

17

also likely a progenitor for different cell types for the pancreas. The duct cells as well as the
centroacinar cells produce carbonic anhydrase, which is important for their ability to secrete
bicarbonate [92].

Another cell type of exocrine pancreas that is becoming important because of its role in
pathologic states is the pancreatic stellate cell (PSC) [93, 94]. In normal pancreas, this star-shaped
cell represents approximately 4% of the resident cells and is located in the periacinar and
interlobular space. And quiescent PSCs can be identified by the presence of vitamin A-containing
lipid droplets in the cytoplasm [95]. The role of PSCs in normal tissue is probably to lay down
the basement membrane to direct proper formation of the epithelial structures. Their roles in
pathologic states, such as chronic pancreatitis and pancreatic cancer, have been of considerable
interest. PSCs participate in disease pathogenesis after transforming from a quiescent state into an
“activated” state (also known as a “myofibroblastic” state). Characteristic features of this
transition include an enhancement in the production of extracellular matrix (ECM), including
type I and III collagens, laminin, fibronectins, as well as matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases. Other important features of activation include loss of
vitamin A lipid droplets, proliferation, increased expression of α-smooth muscle actin (α-SMA)
and up-regulation of various cytokines and growth factors, such as TGF-β1, PDGF and vascular
endothelial growth factor (VEGF), etc [93, 94]. Sustained activation of PSCs has an increasingly
appreciated role in the fibrosis that is associated with chronic pancreatitis and with pancreatic
cancer [96]. Particularly, the activated PSCs are emerging as a key participant in both the rate of
growth of the cancer and the development of resistance to chemotherapy [93].

1.2.2 Diabetes mellitus and pancreatic islet transplantation
1.2.2.1 Type 1 diabetes mellitus
The different forms of diabetes mellitus are characterized by deficient insulin release in relation
to the insulin demand. According to World Health Organization, there are approximately 347
million adults with diabetes worldwide. Type 2 diabetes mellitus is the most common type of this
disease, comprising 90% of diabetic patients, and is largely the result of excess body weight and
physical inactivity. It is characterized by a combination of impaired insulin production from the
pancreatic β-cells and insulin resistance in peripheral tissues [97]. Although the incidence of type
2 diabetes is higher than type 1, the latter remains the most common chronic condition in
children. Type 1 diabetes is primarily due to autoimmune-mediated destruction of β-cells,
resulting in absolute insulin deficiency. Patient with type 1 diabetes require life-long intake of
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exogenous insulin to control blood glucose levels and to prevent ketoacidosis [97, 98]. And many
of them develop complications related with cardiovascular disease, nephropathy, neuropathy and
retinopathy, which account for most of the increased morbidity and mortality associated with the
disease [98]. Moreover, some of patients could develop resistance to insulin therapy, who may
experience repeated hypoglycaemia or diabetic ketoacidosis. Transplantation of pancreas or
pancreatic islets could provide cure of diabetes or improvement of blood glucose control in such
recipients.

1.2.2.2 Pancreatic islet transplantation
Pancreatic islet transplantation is a biological replacement strategy for treating selected patients
with frequent hypoglycemic events or severe glycemic lability. It is considered less invasive with
a minor operation and thus the patient will not have severe complications as compared to the
major surgery in whole pancreas transplantation. Although significant progress has been made in
the islet transplantation field, many obstacles still remain to the application of islet transplantation
in the clinic. Two of the most important limitations are severe shortage of donor and the currently
inadequate treatments for preventing islet rejection [99, 100].

Clinical islet transplantation
Modern clinical experience with islet transplantation can be dated to 1977 when Najarian and his
colleagues injected approximately 50,000 “impure” islets into a diabetic patient’s intraperitoneal
space and reported some decrease in the blood glucose [101]. Over the next decade, optimization
of the technique of islet isolation and use of immunosuppressive drugs with less deleterious side
effects became focal points in the field [102, 103]. Until 2000, interest in islet transplantation was
reawakened after Shapiro et al. reported successful outcome in seven patients who all became
insulin independent and still being fully functional during the one-year follow-up. Their novel
approach utilized freshly isolated islets from multiple donors injected into the main portal vein in
the liver on C-peptide negative type 1 diabetic patients with several episodes of hypoglycemic
unawareness, using a steroid-free immunosuppressive protocol [104]. The success achieved in the
Edmonton protocol transformed islet transplantation from an experimental procedure to a true
alternative to conventional diabetes therapies in patients with glycemic lability. Clinical protocols
to optimize islet survival and function in post-transplantation improved dramatically with the
introduction of the Edmonton protocol [105]. Results of the Collaborative Islet Transplant
Registry published in 2009 [106] reported, after achievement of insulin independence, 70% of
islet-alone recipients retained it at 1 year after transplantation, as did 55% at 2 years, 45% at 3
years, and 36% at 4 years. Despite the success rate declined in long-term follow-up, islet
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transplantation affords C-peptide positivity, nearly normal hemoglobin A1c levels, fewer
episodes of hypoglycemia, reduction of diabetic complications [107, 108], and improved quality
of life [109], thus showing an emerging role in contemporary type 1 diabetes management.

Obstacles of success in islet transplantation
Several reasons cause the loss of graft function with time: loss of islet mass during isolation and
culture, loss of islet graft immediately after transplantation by instant blood mediated
inflammatory response (IBMIR) [110] and during the first week after transplantation by the
prolonged inflammatory process as well as the shortage of O2 and other nutrients, and gradual
loss of the surviving islets with time due to chronic rejection caused by reoccurrence of
autoimmunity [111]. Moreover, the immunosuppressive drugs are not only beneficial to islet
graft in preventing rejection, but also harmful to them due to toxic effects [112].

Generally about 50–70% of pancreatic islet cells undergo apoptosis during isolation, culture, and
the peritransplant period [87]. During isolation, islets are separated from their pervious
nourishing microenvironment and subjected to devascularization, denervation, and hypoxia. A
culture period following isolation may provide the islets with a needed recovery prior to
transplantation, whereas data from both human and mice islet transplantation suggest that fresh
isolated islets are more effective than cultured islets at reserving hyperglycemia [113, 114].
Indeed, fresh islets have shown a higher O2 and adenosine triphosphate (ATP) contents than
cultured islets [113].

Clinically, islets were injected via portal vein but more than 50% of islet mass was destroyed
within one hour [115] due to the damaging rapid clotting process termed IBMIR [110]. Once
transplanted, islets require rapid revascularization for survival and proper glucose sensing, and at
this time point, they also face allorejection, recurrent autoimmunity, inflammatory and metabolic
stress, which all lead to the early islet graft loss [87]. Therefore, the periods immediately after
islet isolation and transplantation are particularly crucial for long-term survival of islets.

Several immunosuppressive drugs are found to be associated with significant toxicity and thereby
cause a number of adverse effects [116] in islet recipients, including painful mouth ulceration,
peripheral oedema, proteinuria, hypercholesterolaemia and hypertension. In addition, they also
increase the risk for infection and certain malignancies as designed to weaken the immune
response in recipients. Therefore, several strategies to reduce immunosuppressive drugs have
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been studies, such as induction of peripheral tolerance and development of immunopretective
encapsulation [117–119].

Strategies to improve outcome of islet transplantation
There are many strategies to improve outcome of islet transplantation. In this thesis, I focused
two aspects: enhancement of islet robustness by drugs and protection of islets from rejection by
immunopretective encapsulation.

1) Usage of drugs to increase islet robustness: In order to improve the transplantation efficiency,
a variety of approaches, such as anti-inflammatory, anti-apoptosis, metabolic and growth
stimulation and immunomodulation have been investigated. Exendin-4, a glucagon-like peptide-1
(GLP-1) receptor agonist, is currently used in the management of type 2 diabetes and has shown
to improve the outcome of islet transplantation [120–123]. It has a number of effects including
glucose-dependent stimulation of insulin secretion [124], the suppression of glucagon secretion
[125], the slowing of gastric emptying, the inhibition of food intake, and the modulation of
glucose trafficking in the peripheral tissues. With regard to islet transplantation, the special
interest is its ability to inhibit β-cell apoptosis and increase β-cell proliferation [126–128]. When
clinical protocols using exendin-4 in islet transplantation are being designed, it is important to
discuss the optimal treatment period. The initial short period following islet transplantation has
been considered as a critical time to preserve the quantity and quality of islet. In recent clinical
trials, exenatide (recombinant GLP-1 analogue) treatment combined with tumour necrosis factor
(TNF) receptor antagonist, etanercept, from the time of initial islet transplantation showed
promising effects for engraftment and long-term graft survival [123, 129, 130]. However, nausea
and vomiting were major adverse effects of exendin-4 therapy that limited patient compliance for
long-term administration [129, 130]. Pretreatment of isolated islets prior to transplantation could
be also an effective way to improve transplantation outcome. One advantage of islet preculture
would reduce the dosage of drug given on the patient systemically and thus it is a safer option. In
an earlier study, we demonstrated that a combination of islet preculture and recipient treatment
with exendin-4 improves the metabolic outcome of a suboptimal number of rat islets transplanted
to diabetic athymic mice [121]. However, that study was not designed to compare the individual
impact of islet preculture or recipient treatment on graft outcome. In this thesis, I compared the
effect of exendin-4 treatment on different aspects before and after islet transplantation (Paper I).

Current methods of islet preparation cause hypoxic stress that has been considered as one of the
major contributors to β-cell death. Animal studies have demonstrated that about 80% of
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intraportally injected islets are hypoxic at 1 day after transplantation [131]. Revascularization of
islets takes at least 1 week, but the impaired vascular density does not seem to recover fully [132,
133]. Adaptive responses to hypoxia are triggered following the expression HIF-1α and induce a
series of genes, for example in glucose metabolism adaptation, angiogenesis, apoptosis, and cell
growth [81, 82, and 83]. It has been reported that HIF-1α is an important molecule to regulate βcell function in pancreatic islets even in normoxic conditions [134]. A recent report also showed
that decreased apoptosis is caused by HIF-1α, resulting in increased β-cell mass in posttransplantation [135]. These findings suggest that HIF-1α is a protective factor and is required for
successful islet transplant outcomes. Therefore, anti-apoptotic effect of exendin-4 was studied in
paper I with a special focus on HIF-1α expression in isolated islets.

2) Usage of immunoprotective devices for islet transplantation: Encapsulation of islets is
attractive methods in order to avoid chronic usage of immunosuppressive drug. There are
different strategies for cell encapsulation involving enclosure of cellular groups within an
immunoprotective

biomaterial,

such

as

micro-

and

macro-encapsulation

devices.

Microencapsulation is the encapsulation of single or small groups of islets in a gel capsule [136],
which offers the advantage of increased O2 and nutrient transport due to the large surface area-tovolume ratio. Major limitations of micro-encapsulation are insufficient encapsulation and
instability of the capsule, which can lead to graft rejection over time. This can be overcome by
macro-encapsulation of the graft inside diffusion chambers such as the TheraCyteTM (TheraCyte
Inc, Irvine, CA, USA) device used in this thesis. The advantages of this device are that it requires
minor surgery and can be retrieved if needed.

This planar diffusion chambers is shaped like a teabag (see Figure 7) and composed of a double
membrane of polytetrafluoroethylene. The inner membrane (pore size: 0.45μm) provides
immunoisolation that enables the diffusion of nutrients and O2, whereas the outer membrane
(pore size: 5μm) facilitates angiogenesis. In an xenotransplantation study, neonatal porcine islets
within TheraCyte™ device transplanted subcutaneously survive and reverse diabetes for up to 16
weeks in diabetic autoimmune non-obese diabetic mice [118]. More recently, a study using an
allogeneic rat model has showed the TheraCyte™ device protects the allografts also in
immunized recipients [119] that further highlights the potential for using macro-encapsulation to
avoid immunosuppressive therapy in clinical islet transplantation.
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Figure 7. The TheraCyte device is a thin membrane bound polymeric
chamber, which protects allogeneic cells from rejection by the recipient and,
when implanted subcutaneously, induces the development of blood capillaries
close to the membranes. This vascularization feature provides a rich blood
supply to nourish the tissues within the membranes, aids in the communication
of implanted cells with the host and assures rapid uptake of therapeutic
molecules. (http://www.theracyte.com/TheTechnology.htm; TheraCyte, Inc.)

However, the major drawback in macro-encapsulation is the
limitation of O2 diffusion and nutrient transport. Until such an
implantable device is revascularised, islet graft is exposed to
hypoxia and other nutrient deprivation due to a poor blood supply
and the superficial location of the transplant, which is associated
with a risk of mechanical stress and damage to the graft.
Proliferation of fibroblasts, occurring within the devices one month
after implantation, is another limitation of macroencapsulation for a long-term islet graft survival.
Our previous studies showed that it would need two-three months to get well vascularization of
the empty membrane [137], and a preimplantation of the TheraCyte™ device three months
before the islet transplantation could significantly reduce curative doses of macroencapsulated
rat islets to the same dose as non-encapsulated islet transplantation [138]. It is still of great
interest that any drug can improve graft outcome in the model of the macroencapsulated islet
transplantation. In paper I, I investigated the effects of exendin-4 treatment on the
macroencapsulated islet transplantation in rodent models.
1.2.3 The tumour microenvironment in pancreatic cancer
Pancreatic ductal adenocarcinoma (PDAC) is associated with a 5-year survival rate of less than 5%
and a median survival of 6 months after diagnosis, thereby exhibiting the poorest prognosis of all
solid tumours [139, 140]. This dismal prognosis is a result of the late diagnosis of the disease, the
lack of biomarkers allowing early screening, the early metastatic dissemination and ultimately the
resistance to systemic therapies. Known risk factors for the disease include cigarette smoking,
chronic and hereditary pancreatitis, late onset diabetes mellitus and familial cancer syndromes
[141]. Although target therapies have seen significant advances in the treatment for many tumour
types, including melanoma, lung and colorectal cancer [142], similar success has not occurred in
PDAC,

which

remains

a

lethal

disease.

Gemcitabine,

the

current

standard-of-care

chemotherapeutic was approved mainly on the basis of patient benefit and produced only a modest
increase in survival [143, 144]. One explanation for the poor response of patients to systemic
therapies was provided in an accurate PDAC mouse model by the demonstration that
chemotherapies are poorly delivered to PDA tissues because the presence of the dense stromal

23

matrix correlated with a deficient vasculature [145]. A deeper knowledge of the underlying
mechanisms is the key to better understand the tumour progression and metastasis as well as to
identify novel therapeutic strategies capable of overcoming the chemoresistance in PDAC.
1.2.3.1 The stromal microenvironment and chemoresistance
One of the most prominent histological features of PDAC is the presence of an abundant tumour
stroma [146], which displays an extensive stromal reaction accounting for up to 90% of the
tumour volume. The stromal microenvironment is a complex structure composed of ECM
proteins, activated fibroblasts and PSCs, inflammatory cells as well as blood and lymphatic
vessels that distort the normal architecture of pancreatic tissue. It is not a static entity but is
constantly changing in composition especially in the progression from pre-neoplastic pancreatic
intraepithelial neoplasia (PanIN) to invasive PDAC. Early PanIN lesions may be associated with
small amounts of normal stroma surrounding the normal pancreatic ducts from which the PanINs
arise. By contrast, with PanIN III lesions there may be the beginning of enhanced stroma
formation, and progression to invasive carcinoma is often associated with a readily evident
increase in stroma formation that ultimately results in extensive stroma. Often, there is an
associated inflammatory infiltrate [146].

Interactions between cancer cells and stromal cells and extracellular matrix have been proposed
to stimulate the extensive fibrotic, desmoplastic reaction. Cancer cell derived growth factors
[146–148], such as fibroblast growth factors (FGFs), TGF-β, IGF-1, hepatocyte growth factor
(HGF), PDGF-BB, and EGF become sequestered within the stroma, which thus acts as a storage
site for these factors. The invading cancer cells produce matrix metalloproteinases (MMPs) that
release these growth factors. Upon activation by growth factors, cytokines or oxidant stress, PSCs
transform into a myofibroblast-like phenotype and promote fibrogenesis and ultimately may
create a highly desmoplastic, hypovascular and hypoxic tumour microenvironment [149, 150].
Moreover, there is an altered gene expression profile in the cancer-associated stroma, including
altered integrin expression that may promote cancer cell motility, increased expression of
cyclooxygenase-2 (COX-2), PDGF, VEGF-A, collagen I, WNT5a and HIF-1α that enhance
stromal neo-vascularization, promote cancer cell growth and resistance to hypoxia [151–156].
Therefore, PSCs have emerged as key players in PDAC promotion and progression, as described
above [93, 94].

In addition, the stromal component has been suggested to control drug sensitivity in cancer [157].
In vitro, PSCs induce PDAC cancer cell resistance to both gemcitabine and radiation [158]. This
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effect may partly be mediated by PSC secretion of ECM protein collagen I and IV, laminin and
fibronectin, which have been shown to have anti-apoptotic effect [159]. Moreover, the rigidity of
the ECM compresses blood vessels in cancer tissue, which leads to reduce perfusion that
ultimately impedes the delivery of drugs to cancer cells [145]. However, the lack of significant
functional perfusion in PDA results not only from a sparse vasculature but also from a profound
degree of vascular collapse, which are known to contribute to elevated interstitial fluid pressure
(IFP) [160]. Extremely high IFP was found in autochthonus PDAC, ranging from 75 to as high as
130 mmHg, which forms a barrier to transcapillary transport [161, 162]. This barrier is an
obstacle in tumour treatment, as it results in inefficient uptake of therapeutic agents. Lowering the
tumour IFP by hyaluronidase with a combination use of gemcitabine increased apoptosis in both
PSCs and PDAC tumour epithelial cell compartments in a KPC mice model [161].

Despite the preponderance of desmoplasia and stromal cells found in pancreatic cancer
specimens and the fact that fibrosis increases the risk of PDAC, studies of the tumour–stroma
interactions in this disease have lagged behind. One of the major reasons of poor understanding is
the lack of suitable models to study these relationships. In vitro co-culturing of cancer cells and
stromal cells has demonstrated profound effects on cancer cell invasion [163, 164], however,
most of studies were investigated using two-dimensional cell culture systems, which are vastly
different from patient situation. Many ECM proteins are also typically absent in such in vitro
models, which remove an important regulation of PDAC cell behavior [165].
Creation of cell cultures in three dimension changes the polarity of cells and confers resistance to
apoptosis [166]. Cells in three-dimensional (3D) culture exhibit similar responses to
chemotherapy as cells in vivo and could be used as an important tool in pancreatic cancer biology
[167, 168]. Different techniques can be used to create 3D cultures including suspending cells and
ECM proteins in gels, attaching cells to 3D scaffolds composed of ECM proteins, growing cells
on microbeads surrounded by ECM proteins and standard cell culture media, and so on [169].
Among current 3D culture techniques, cellular spheroids are a simple 3D model that can be
generated from a wide range of cell types and form due to the tendency of adherent cells to
aggregate. Scaffolds are not required for spheroid formation. Spheroids can be readily imaged
by bright-light, fluorescence, and confocal microscopy. Consequently, 3D culture system using
cell spheroids has been investigated in cancer researches, such as modelling solid tumour
growth and metastasis and are also used in a multitude of therapeutic studies, e.g. for high
throughput screening [170].
Optimal in vitro models to study pancreatic cancer cell interaction with the adjacent stroma
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should be 3D and contain appropriate types of ECM proteins and stromal cells. Previously we
developed a novel 3D PDAC cell culture system using PDAC Panc-1 cells, which displays a
strongly increased chemoresistant property [168]. However a single cell type cannot accurately
reflect the complex tumour microenvironment in PDAC. A bigger challenge for an ideal model
of investigation on tumour–stromal interaction is to develop a 3D cell culture system
containing the following elements: a pancreatic cancer cell with metastatic feature, activated
PSCs, ECM containing pre-dominantly collagen and laminin, and the presence of endothelial
cells, immune cells and neurons, whose presence is also important to the creation and
regulation of tumour stroma [171]. Attempts to create this type of complex model are underway
in several laboratories including my group. Therefore, I explored the development of a
multicellular tumour spheroid model including ductal epithelial cells and PSCs in paper III and
IV and investigated the sensitivity of our 3D cell culture system of PDAC on anti-cancer drugs.
1.2.3.2 The hypoxic microenvironment and metabolic reprogramming
A striking characteristic of the desmoplasia seen in pancreatic cancer is hypovascularity resulting
in hypoxic conditions that contribute to tumour progression and metastatic potential [172-174].
Tumour hypoxia usually occurs at a distance of 100–200 micrometer from blood vessels and cells
that fail to adapt to O2 and nutrient deprivation undergo cell death by apoptosis and/or necrosis,
see Figure 8 [175]. Paradoxically, hypoxia can also stimulate tumour development by local
adaptation that provokes a more aggressive tumour phenotype often in combination with
chemoresistance. A molecular explanation for adaptation results, for example, from increased
aerobic glycolysis facilitated by increased expression of glucose transporters and glucose
metabolizing enzymes, angiogenesis and/ or expression of drug export pumps, e.g. multidrug
resistance protein 1 (MDR1) [83, 176 and 177].

Figure 8. The characteristics of a hypoxic tumour mass.
Blood capillaries carry O2 to tissues, but since O2 has a
diffusion limit, its concentration decreases as the distance
from capillaries increases. Macroscopic examination of solid
tumours reveals the presence of expanding tumour cells in
proximity to capillaries and a central region of necrotic cells.
This gradient of cell viability parallels that of a decreasing
gradient of O2, which is accompanied by an increase in HIF1α levels, a decrease in the extracellular pH and an increase in
the resistance to chemo- and radio-therapy. Figure 8 is
adapted from Brahimi-Horn MC, Chiche J, Pouysségur J:
Hypoxia and cancer. J Mol Med (Berl) 2007, 85:1301-07.
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As the key regulator in the adaptations to the hypoxic conditions, HIF-1α expression is observed
in both pancreatic cancer cells and the surrounding stromal cells [179]. HIF-1 plays a pivotal role
in hepatic metastasis through its association with the expression of angiogenic factors in PDAC
patients [180]. Recently, Lu and Kang [181] concluded that each step of the metastasis process
‘from the initial epithelial-mesenchymal transition to the ultimate organotropic colonization’ can
potentially be regulated by hypoxia, suggesting a master regulator role of hypoxia and HIFs in
metastasis. This hypoxia-induced metastatic phenotype may also explain the recent provocative
findings that antiangiogenic therapy increases metastasis in preclinical models [181-184]. It is
also likely that the already fibrotic and hypovascular microenvironment of pancreatic cancer is
one of the reasons for the failure of antiangiogenic therapies in PDAC in the clinical setting [185].
Additionally, hypoxia provides a niche for slow-cycling, highly drug-resistant cells, which may
be identical to the proposed cancer stem cells (CSC) [185, 186]. Thus standard chemotherapy
agents fail because they are unsuccessful at targeting the cell within the hypoxic
microenvironment, which might be those that most need to be eliminated [187].

It has been known for a long time that hypoxic cancer cells switch their primary pathway of
energy production from OXPHOS in mitochondria to glycolysis in the cytoplasm. Otto Warburg
first observed an anomalous characteristic of cancer cell energy metabolism in 1920’s [188, 189]:
even in the presence of oxygen, cancer cells can reprogram their glucose metabolism, and thus
their energy production, by limiting their energy metabolism largely to glycolysis, leading to a
state that has been termed aerobic glycolysis or Warburg effect. Such reprogramming of energy
metabolism is seemingly counterintuitive, in that cancer cells must compensate for the ~18-fold
lower efficiency of ATP production afforded by glycolysis relative to mitochondrial oxidative
phosphorylation. However the high glycolytic rate allows these cells to balance their energy
demands and supply the anabolic precursors for de novo nucleotide and lipid synthesis [190].
This strategy is considered to provide a growth advantage for the tumour cells, though it renders
cells highly dependent on substrate availability for survival [191]. Another important feature of
this hypoxic microenvironment in tumour is acidosis, which is a consequence of increased
glycolysis leading to production of lactate and of defective vascular evacuation of metabolic
lactic acid and CO2 [192]. It has been reported the acidic environment has a strong impact on the
activity of the p-glycoprotein drug transporter responsible for multidrug resistance [193].

Several mechanisms for the enhanced glycolysis in tumour cells have been investigated and
suggested as increased expression of the glycolytic enzymes and glucose transporters or
decreased expression of mitochondrial oxidative enzymes and transporters [194]. This switch has
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now been revealed to implicate, at least in part, [195] HIF-1 induced glucose capture, glycolytic
flux and inhibition of OXPHOS. HIF-1α enhancement promotes the expression of glucose
transporter (GLUT), hexokinase (HK), phosphofructokinase type-1 and -2, aldolase,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase, enolase,
pyruvate kinase and lactate dehydrogenase (LDH) [196, 197], which leads to a stimulation of the
glycolytic flux. HIF-1α also favors the glycolytic flux by repressing OXPHOS through induction
the expression of pyruvate dehydrogenase kinase-1 (PDK-1), an inhibitor of pyruvate
dehydrogenase, the enzyme that drives pyruvate into the TCA cycle for mitochondrial respiration
[198, 199]. As described above, oncogenic events have been linked to stabilization of HIF-1α in
the presence of adequate O2, such as RAS-MAPK and PI-3K/AKT signaling [200]. Moreover,
mutations of the TCA cycle tumour suppressors, succinate dehydrogenase and fumarate
hydratase can also lead to stabilization of HIF-1α. In particular, prolyl hydroxylation of HIF-1α
requires α-ketoglutarate as a substrate, which is converted to succinate, thereby inhibiting the
degradation of HIF-1α [200]. Furthermore, intracellular ROS levels paradoxically increase under
hypoxia where mitochondria appear to be their main source of production [201]. Studies have
shown that these mitochondria-derived ROS are both necessary and sufficient to stabilize and
activate HIF-1 [202, 203] most probably via modulation of PHD activity [204]. This signaling
effect of ROS in activation of HIF-1 pathways thereby proposes a possible feedback loop, which
would attenuate the toxic burst of hypoxic ROS [205].

Apart from microenvironment factors described above, other potential HIF regulators have been
identified, such as extracellular glucose. Glucose is also delivered by the blood circulation and
diffuses into tissues for cell capture, like oxygen. A decrease in the amount of glucose provided
to hypoxic cells was shown to result in a decrease in the level of HIF-1α [205] or to have no
effect [206]. The explanation for this difference may lie in either the different cell lines or the
level of hypoxia (0.1 or 1.0% O2). But HIF-1α expression is increased in malignant and nonmalignant cells with high extracellular glucose [206, 207]. However, it is still uncertain whether
excess glucose stimulates HIF-1 expression in pancreatic cancer and if glucose-induced HIF-1α is
correlated with tumour aggressiveness. Therefore, I investigated the effect of high glucose on
HIF-1 expression in PDAC cells in paper II with regard to metastasis.

In addition to hypoxia induced HIF-1 expression, oncogenic activation or loss of tumour
suppressors is widely involved in metabolic alterations of human cancers, which independently,
or cooperatively with hypoxic adaptive responses contributes to tumourigenesis. For example, KRas oncogenes can enhance glucose transport and glycolysis in transformed cells [10]. Most
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glycolytic enzyme genes and glucose transporter genes are directly or indirectly induced by cMyc transcription factor [11]. Akt, independent of HIF-1, can also activate glycolysis through
induction of glucose transporters and HK-II [11]. The loss of p53 leads to derepression of the
transcription of the GLUT1 and GLUT4 and loss of glycolysis repression [12]. Perhaps one
function of oncogenic pathways is to drive cell-autonomous nutrient uptake and program
proliferative metabolism, whereas one function of tumour suppressor pathways is to prevent
nutrient utilization for anabolic processes.
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2 AIMS
The overall objective of this thesis was to investigate the roles of HIF-1α in endocrine β-cells of
pancreatic islets and in exocrine ductal epithelial cells as well as their surrounding stromal cells
of pancreatic ductal adenocarcinoma.
Specific aims were:


To investigate mechanisms of effects of exendin-4 on islet function and viability in a
rodent islet transplantation model with special focus on HIF-1α expression. (Paper I)



To investigate relationship of the role of excess glucose on glucose reprogramming and
cell migration in human PDAC cells with respect to HIF-1α expression. (Paper II)



To develop a high-throughput 3D model of human PDAC cells, and to further explore
mechanisms underlying the transition from 2D to 3D that might be responsible for
chemoresistance, including hypoxia-inducible factor-1 pathway. (Paper III)



To improve the development of a 3D model of human PDAC cells and PSC cells, and
to evaluate its potential properties similar to a stromal and hypoxic PDAC in vivo.
(Paper IV)
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3 MATERIALS AND METHODS
3.1 MATERIALS AND MODELS
3.1.1 Animals (Paper I)
The animal experiments were approved by the local Animal Ethics Committee (S19-07, S177-06
and S9-05). All animals were maintained in accordance with the requirements of the Animal
Welfare Act and the National Institutes of Health guidelines for the care and use of laboratory
animals.

Male Sprague Dawley rats (weighting 300g) were used as islet donors, whereas male inbred
athymic mice (nu/nu Black 6, weighing 25 g) served as recipients. These immunoincompetent
nude mice cannot reject cellular grafts, thus the survival of the transplanted islets is not
influenced by any rejection reaction. Diabetes was induced at mice by the injection of
streptozotocin (250 mg/kg body weight) into the penile vein under inhalation anesthesia using
Enflurane. Mice were considered diabetic if its non-fasting blood glucose level exceeded 20
mmol/l (>360 mg/dl) for 2 consecutive days and used as transplant recipients. During the
experiments, the animals had free access to tap water and pelleted food. Prior to the glucose
tolerance tests, the animals were fasted overnight.

3.1.2 Cell lines and incubation (Paper I-IV)
INS-1E cells were a kind gift from Dr. P. Maechler [208]. Cells were cultured in RPMI-1640
medium supplemented with 10% (vol/vol) fetal bovine serum (FBS), 10 mM HEPES, 100 U/ml
penicillin, and 100 μg/ml streptomycin, 1 mM sodium pyruvate, and 50 μM β-mercaptoethanol
under standard conditions (37°C, 95% air and 5% CO2). Due to the variable hypoxia within
islets, the rat insulin producing cells were used to evaluate the effects of exendin-4 on energy
production. During incubation with various exendin-4 treatments, cells were first cultured in
serum-free RPMI-1640 medium under standard conditions for 20 hours. Then they were
changed into new serum-free medium with various exendin-4 concentrations and incubated in
normoxia (95% air and 5% CO2) or hypoxia (1% O2, 5% CO2 and 94% N2) for 2 hours. The
concentrations of O2 and CO2 were monitored using a gas meter. Two hours incubation with
hypoxia was determined according to our preliminary test (data were not shown). (Paper I)
Wild-type MiaPaCa2 human PDAC cells (wt-MiaPaCa2) and a MiaPaCa2 sub-line (namely siMiaPaCa2) were prepared as described in previous study of our group, and the latter lacked HIF1α [209]. Human PDAC cell lines BxPC-3 and Panc-1 [210] were bought from the European
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Collection of Cell Cultures. All cells were cultured under standard conditions in Dulbecco’s
modified Eagle’s media (DMEM) with 5.6 mM glucose containing 10% FBS. In order to
evaluate the effect of excess glucose in PDAC cells, cells were maintained with a physiological
blood glucose level. When cells reached to 80% confluent, experimental incubation was set up,
using DMEM (Invitrogen, 11966, originally glucose-free) or KH buffers supplemented with
known amounts of glucose. Cells were incubated in normoxia (95% air and 5% CO2) or hypoxia
(1% O2, 5% CO2 and 94% N2). The incubation time of hypoxic treatment was determined
according to pervious publication of members of our group [209]. During hypoxic incubation, a
gas meter (Dansensor) was used to monitor the O2 and CO2 concentrations (Paper II)
Human PDAC cell lines AsPC-1, BxPC-3, Capan-1, Paca44 and Panc-1 [210, 211] as well as a
normal human pancreatic ductal epithelial cell line HPDE were obtained from the American
Type Tissue Collection. The PSC cell line derived from patients with chronic pancreatitis and
subsequently transformed [212]. KPC cells were established from a mouse PDAC model,
carrying pancreas-specific Kras and p53 mutations (KrasLSL-G12D/+;Trp53LSL-R172H/+;p48-Cre;
hence KPC) [213]. Cells were cultured under standard culture conditions in DMEM/F12 or
phenol red-free DMEM/F12 medium containing 10% fetal calf serum. In order to train PSC to
grow as 3D, they were cultured on the 1% agarose gel (Invitrogen, life technology) for at least
three months as conditioned PSCs (PSC-c), and then they were seeded back to cell culture flask
at one day before preparing spheroids. (Paper III and IV)

3.1.3 Rat islet preparation and culture (Paper I)
Rat pancreatic islets were isolated using collagenase digestion and discontinuous density
gradient purification. In inhalation-anesthetized rats, pre-cold collagenase P solution (0.7mg/ml
and 20ml/rat, Roche Diagnostics GmBh) was injected into the pancreas via the common bile
duct. Rats were euthanized by heart exsanguinations after removal of the pancreas. Enzymatic
digestion of pancreas was carried out at 37°C. Then the density gradient centrifugation was
performed at 4°C, where pelleted digested tissue was resuspended in Histopaque-1119 and
culture medium RPMI 1640 was carefully added to form a sharp interface. After centrifugation
islets were collected from the interface. Islet purity was about 90%, as estimated
semiquantitatively under microscope.
Islets were floating cultured in culture medium RPMI 1640 with exendin-4 (0 or 0.1 nM) under
standard conditions for 20 hours, supplemented with 10% FBS, 2 mmol/l L-glutamine, 50 U/ml
penicillin and 50 mg/ml streptomycin. At the following day, islets were handpicked and used

32

for transplantation.
3.1.4 The TheraCyteTM device and macroencapsulation (Paper I)
The TheraCyteTM device with a volume of 4.5 μl (see Figure 9) was used for islet macroencapsulation in this thesis. In order to improve the procedure of macroencapsulation in islet
transplantation and investigate the effects of exendin-4 on macroencapsulated islets, a
suboptimal number of islets (500) were cultured for 20 hours in either the presence or absence
of exendin-4 (0.1 nM). Then islets were handpicked and
loaded into the device using a neonatal venflon cannula
attached to a Hamilton syringe. After loading, the port
was sealed with glue to avoid islet leakage and growth of
host tissue into the device lumen.
TM

Figure 9. The TheraCyte
used in Paper I.

device with a lumen volume of 4.5 μl was

3.1.5 Islet transplantation model and recipient management (Paper I)
Renal sub-capsular islet transplantation
Thirty rat islets cultured for 20 hours were handpicked and washed once with HBSS. Then free
islets were transplanted beneath the kidney capsule of mice with inhalation anaesthesia
(Enflurane) as previously described [121]. The kidney capsule is already considered as a
successful islet transplantation site in experimental islet transplantation. In our model, the
diabetic athymic mice were repeatedly cured by 50 rat islets but not by 30 islets, as shown in a
previous study [121]. To mimic the clinical situation, we used a marginal mass of 30 free islets in
this study.

Encapsulated islet transplantation
Macroencapsulated islets were implanted subcutaneously on the back of inhalation-anaesthetised
mice. As fresh implantation, islets were inserted in vitro into the device’s lumen just before
implantation.
After transplantation, non-fasting blood glucose levels and weights of the animals were
measured daily during the first week. Measurements were always done prior to injecting the
study drug or insulin. Thereafter, mice with blood glucose levels below 10 mM for 2
consecutive days were assessed twice a week. The mice with hyperglycemia (≥ 11 mM) were
checked daily. The mice with blood glucose levels above 20 mM received a mixture of shortand long-acting human recombinant insulin subcutaneously as previously described [121].
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Animals that could not maintain their general condition on insulin treatment due to severe
diabetes were sacrificed earlier, in accord with regulations pertaining to animal welfare.
An intraperitoneal glucose tolerance test (IPGTT) was performed in all cured mice after 4
weeks. Before the IPGTT, mice were fasted for at least 6 hours. Glucose (20%) was injected i.p.
(10 l/g) and the blood glucose level determined before injection and then at 5, 10, 15, 20, 30, 45,
60, 90 and 120 minutes after the injection. Healthy mice were used as normal controls and
tested simultaneously. After IPGTT, graftectomy was done to rule out a recurrence of native
pancreatic function in all cured and partially cured animals. The mice were then sacrificed by
cervical dislocation.
3.1.6 Three-dimensional (3D) cell culture model (Paper III and IV)
In order to create an easy technique for high-throughput screening application, we used a
crowding agent methylcellulose, a cellulose-derived inert compound, to help cells to aggregate
and form spheroids. Moreover, exogenous ECM components were not required in our method
avoiding its possible effects on cell signaling [169]. Cells (2500 cells/well for mono-spheroids;
1750 cells/well PDAC cells mixed with 750 cells/well PSC-c for hetero-spheroids) were seeded
onto round bottom non-tissue culture treated 96 well-plates in 100 μl DMEM-F12 medium,
containing 10% FCS and supplemented with 0.24% methylcellulose. Spheroids were grown
under standard culture conditions and harvested at different time points for RNA, protein
isolation and drug testing. In Paper III, growth kinetics of mono-spheroid was performed by
cell counting after trypsinization. In Paper IV, the diameter of different spheroids referred as
the growth curve was evaluated using a light microscope by the same investigator (P. L.). A
general image analysis of cell spheroids was performed a fluorescent microscope (Axiophot,
Zeiss) equipped with a CCD camera (AxioCam MRc, Zeiss) and imported into image analyzer
software (AxioVision Rel. 4.6, Zeiss).
3.2 METHODS
3.2.1 Quantitative real-time PCR (qPCR) (Paper I-IV)
Total RNA from rat islets or cultured cells as well as spheroids was extracted using the RNeasy
or the miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instruction. RNA integrity and concentration were analyzed using agarose gel electrophoresis
and Nanodrop® Spectrophotometer ND-100 (Saveen& Werner AB, Linhamn, Sweden).
In paper I, real-time PCR was performed by the ABI Prism 7000 instrument using SYBR® Green
PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and predesigned primer sets
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(QuantiTect® primers, Qiagen) for rat Hif-1α, pancreatic and duodenal homeobox-1 (Pdx-1), Bcell lymphoma 2 (Bcl2), and 18S ribosomal RNA. Data were analyzed by ABI Prism 7000 SDS
software. In paper II, HIF-1α mRNA was determined in a TagMan duplex real-time PCR, using
18S rRNA as an endogenous control. In Paper III and IV, we also used SYBR green (Fermentas,
Thermo Scientific Life Science Research) binding to amplified cDNA for target genes and
ribosomal protein L13 were used as the endogenous control genes in human PDAC cells. Then
qPCR was performed in the C1000TM Thermal Cycler equipped with CFX96TM Real-time PCR
System (BIO-RAD). Further detailed information regarding oligonucleotide primers is described
in original papers. The CT method was used for result calculation in all included papers.

3.2.2 Western blotting (Paper I-IV)
For protein extraction, the nuclear and cytosolic proteins were sequentially extracted from either
isolated islets or cultured cells according to the protocol of Schreiber et al [214], in paper I and II.
In paper III, IV and some experiments of paper II, commercial cell lysis buffers such as RIPA
and M-PER® were also used to prepare whole-cell proteins. After separated by SDS-PAGE gel
electrophoresis, the proteins were then transferred to Immobilon-P membrane (Millipore) where
they were exposed to a primary antibody specific to the target protein. Thereafter a HRP (horse
radish peroxidase)-conjugated secondary antibody was applied. The HPR cleaves a
chemiluminescent substance, and the reaction product produces bioluminescence that can be
detected by photographic film or CCD camera. The image was analyzed by densitometry using
ImageJ software. The antibodies used in this thesis are described in original papers.

3.2.3 Insulin measurement (Paper I)
The total amount of insulin in renal subcapsular islet grafts was detected in the whole graftbearing kidneys. Both kidneys were removed immediately after the mice were sacrificed by
cervical dislocation and were quickly frozen in liquid nitrogen and kept at −80°C until use.
Insulin was extracted from kidneys by means of acid ethanol. The insulin concentrations in
homogenates were then determined using ELISA (Mercodia). The Merocodia Insulin ELISA is
a two-site enzyme immunoassay utilizing the direct sandwich technique with two monoclonal
antibodies directed against separate antigenic determinants of the insulin molecule.
3.2.4 Intracellular ATP assay (Paper I and II)
For the measurement of ATP, serum-free medium or Krebs-Henseleit (KH) buffer with study
objects were used for cell incubation. In paper I, ATP assays were performed on cells after the
hypoxic incubation using an ATP bioluminescent somatic cell assay kit. Since the bioluminescent

35

kits require specialized luminescence instrumentation and utilize luciferase that can be difficult to
maintain in active form. In paper II, ATP content in cells was determined using a newly
developed ATP colorimetric assay kit from BioVison. This kit is designed to be a robust, simple
method that utilizes the phosphorylation of glycerol to generate a product that is easily quantified
by colorimetric method. Cellular proteins were determined using a BCA assay kit. Original ATP
values were normalized by protein contents.

3.2.5 Measurement of glucose consumption and lactate content (Paper II and III)
In paper II, glucose consumption and lactate production were determined in removed buffers
after cell incubation using a biochemical analyzer. Before incubation, cell culture medium was
changed to KH buffers with different glucose concentrations. Cellular proteins were determined
using a BCA assay kit. Glucose consumption was calculated by subtracting measured glucose
from original glucose concentrations. KH buffer does not contain lactate, so lactate contents in
used buffers indicated lactate-production rates in cells (hence glycolysis levels in the cells). The
original data of glucose consumption and lactate production were normalized with protein
contents.
Since culture media were not changed during experiments, lactate contents in removed media
were determined using a biochemical analyzer at the end-point of the experiments, considered
as lactate accumulation. Concentration of lactate was calculated by subtracting measured
lactate from original glucose concentrations in the cell-free medium. And it was normalized
with protein contents as described above.
3.2.6 ROS measurement (Paper II)
Intracellular ROS levels were detected in vitro using a fluorescent probe CM-H2DCFDA
according to the manufacturer’s recommendations. CM-H2DCFDA is a chloromethyl derivative
of H2DCFDA, useful as an indicator for ROS in cells. The probe becomes fluorescent after
oxidation by H2O2, OH, ROO and ONOO-. At the end of the incubation period with different
glucose concentrations and O2 tensions, wt-MiaPaCa2 cells were loaded with 5 μM ROS probe
in pre-warmed phosphate buffer, incubated for 15 min at 37°C. After washing the cells twice
with PBS, fluorescence was detected at 480 nm (excitation) and 525 nm (emission) using a
flow cytometer.

36

3.2.7 Histological Studies (Paper I, III and IV)
Hematoxylin and eosin (H&E) staining
For visualization of cells in spheroids, formalin-fixed spheroids were embedded in paraffin, and
sectioned into 7 μm thick sections. They were then stained with H&E and observed in a light
microscope. (Paper III and IV)
In paper I, H&E staining was performed on sections (5 μm thick) of macroencapsulated islet
grafts with a distance of 74 μm, prior to analyses of volume densities and vascular profiles.
Volume densities (i.e., fractional volumes and absolute volumes) and vascular profiles were
evaluated by morphometry. Procedures in detail are described in original papers. All
examinations were performed blindly on coded specimens by the same investigator (M.K.). The
micrographs were counted twice and the intraobservation variability was found to be less than
10%.

Electron microscopy analysis
In order to better investigate the cellular morphology in detail, especially the cell-cell contact in
the spheroids, the electron microscopy analysis was performed in studies of paper III. Spheroids
were fixed in phosphate buffer (pH7.4) containing 4% glutaraldehyde and 1% paraformaldehyde,
and subsequently embedded and processed. Imaging was performed on a Tecnai 12 Spirit Bio
TWIN transmission electron microscope at the Central Electron Microscopy Unit of Karolinska
Institutet.

Immunofluorescent staining
In studies of paper I, we used direct and indirect immunofluorescent staining methods to identify
insulin and glucagon on the same macroencapsulated islet grafts, respectively. Nuclei were
stained with DAPI. The slides were examined using an Olympus fluorescent microscope and the
localization and number of specific endocrine cells were evaluated using the Cell^F Imaging
Software. For paper III and IV, indirect immunofluorescent staining method was performed to
stain ECM proteins and other specific proteins expressed either in epithelial cells or PSCs. The
antibodies used in this thesis are described in original papers. DAPI was used for nuclei staining.
The slides were examined using a Zeiss fluorescent microscope.

3.2.8 Cell migration assay (Paper II)
In paper II, we used a Boyden chamber with a porous membrane (pore diameter=12 μm) coated
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with fibronectin to analyze the effect of high glucose on cell migration in hypoxic MiaPaCa2
cells. IGF-I (50ng/ml) was used in the lower compartment of chamber as an additional
chemotactic agent. After a 16-h normoxic or hypoxic incubation, the membrane was removed.
Cells that migrated to the opposite side of the membrane were counted under a light
microscope.
3.2.9 Cell viability assay for drug test (Paper III)
Most routinely used cell viability assays (i.e. trypan blue dye exclusion assay and MTT assay)
are designed for monolayer cultured cells or a single cell suspension, they could not be easily
adapted for application in 3D cultures. In order to estimate the efficacy in spheroid versus
monolayer cells of different compounds, a slightly modified acid phosphatase (APH) assay
[215] was performed in different cells, including 3 human cancer cell line, one human nontumour cell line and one rat cell line, at the end of the exposure period in studies of paper III.
APH assay, which is based on quantification of cytosolic acid phosphatase activity, was
reported as most suitable tool to determine cell viability in complex 3D cultured cells for the
anti-cancer drug screening [215]. To validate the APH assay on our 3D culture system, a
regrowth assay and the secondary APH assay were performed after drug testing.
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4 RESULTS AND DISCUSSION
4.1 Paper I:
Exendin-4 increases the expression of hypoxia-inducible factor-1α in rat islets and
preserves the endocrine cell volume of both free and macroencapsulated islet grafts.
In a previous study, we demonstrated that a combination of islet preculture and recipient
treatment with exendin-4 improves the metabolic outcome of a suboptimal number of rat
islets transplanted to diabetic athymic mice [121]. However, that study did not compare the
individual impact of islet preculture or recipient treatment on graft outcome. In addition, the
effects of exendin-4 on macroencapsulated islets, which are another useful islet
transplantation model established in our group [138], have not yet been studied.

In paper I we therefore compared the individual effect of islet preculture and recipient
treatment on free islet graft outcome, using three different treatment protocols of exendin-4
(see Table 1). We found that islet preculture with exendin-4 followed by a short-term
recipient treatment improved the metabolic outcome when a marginal mass of islet graft was
transplanted under the kidney capsule. Similar effects of exendin-4 treatment were observed
when islets were transplanted in an immunoprotective device subcutaneously.

Table 1. Ex-4 treatment protocols for mice transplanted with 30 free islets under the kidney capsule.

a

Groups

Ex-4 in islet culture medium

Mouse treatment with Ex-4a

1

-

-

2

+

-

3

-

+

4

+

+

From day 0 to 7, recipient mice were treated (i.p.) with 100 ng exendin-4 (+) or with vehicle only(-).

Our finding from in vivo experiments was further confirmed by the total insulin content data
of free islet transplantation and histological analysis of the macroencapsulated islet graft.
Significantly greater insulin content was found in the group given combined exendin-4
treatment. As the only insulin storage cells in pancreas, the higher introcellular insulin
content indicates the better-maintained β-cell mass in the presence of exendin-4 and suggests
that this effect is related to improved β-cell survival. Moreover, the exendin-4-treated group
had significantly larger endocrine volume, less graft necrosis, and more blood vessels around
the capsule in macroencapsulated grafts. The majority of endocrine cells were positive for
insulin, while only a few cells were glucagon positive.
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We further investigated the protective effects of HIF-1 on islet graft with exendin-4
treatment. It has been known that transplanted islets can be damaged by severe inflammation
and hypoxia before the vascularization in the grafts is established. However, a number of
genes are also up-regulated for better cell survival followed by overexpression of HIF-1 [3,
81 and 84]. Our western blotting confirmed the existence of stabilized HIF-1α protein in the
isolated rat islets. Markedly, expression of HIF-1α protein is increased by extendin-4 in a
dose-depended manner after an overnight culture. On the contrary, expression of the proapoptotic enzyme caspase-3 was attenuated in the islets (see Figure 10). Furthermore, the
anti-apoptotic gene Bcl2 and a β-cell differentiation factor, Pdx-1, as well as HIF-1α were
up-regulated on the mRNA expression level in the exendin-4-treated islets (see Figure 11).
These findings indicate that HIF-1 up-regulation by exendin-4, in concentrations used here,
confers a protective effect in islets. In addition, exendin-4-treated INS-1E cells produced
more ATP than control cells under hypoxic conditions, indicating that exendin-4 increases
glycolysis in islet graft and thereby improves its energy production.

(B)

(A)
Exendin-4 (nM): 0

0.1

10

Exendin-4 (nM): 0

0.1

10

Active

HIF-1α

Caspase-3

βb -actin

Topo1

*
**

*
**

Exendin-4 (nM):

0

0.1

10

Exendin-4 (nM):

0

0.1

10

Figure 10. Western blot analyses assessing hypoxia inducible factor (HIF)-1α (A) and active caspase-3 (B)
expression levels with/without exendin-4 treatment. The upper part of each panel shows specific bands of
indicated proteins, whereas the lower part shows the fold change of target protein level/loading control protein
level compared to the respective control samples (n = 6 in each group). **p < 0.01, *p < 0.05.
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(A)

Figure 11. Real-time PCR analysis of Hif1α (A), pancreatic and duodenal
homeobox 1 (Pdx-1) (B), and B cell
lymphoma 2 (Bcl2) (C) gene transcripts in
isolated islets with/without exendin-4
treatment. Fold changes of target gene
mRNA level/the endogenous control
mRNA level are com- pared to the
respective control samples (n = 3–6). *p <
0.05.
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Although our in vitro data showed that a 20-h incubation of islets with exendin-4 improved
islet viability, we observed that only the preculture of islets with exendin-4 (without recipient
treatment) did not improve metabolic control after islet transplantation in the in vivo study.
Combined with our previous finding that a short-term recipient treatment with exendin-4
improved metabolic control after islet transplantation when evaluated a few days after the
discontinuation of the treatment [121], we propose that the anti-apoptotic effects of exendin4 initiated in vitro may be complemented by a direct effect of exendin-4 on transplanted
grafts as well as indirect effects of exendin-4 on the recipient mice such as glucosedependent stimulation of insulin secretion [124] and the suppression of glucagon secretion
[125].

Our data from the rodent models indicate that a shorter initial exendin-4 treatment may be of
value to preserve islet graft mass. This study has indicated for the first time that the
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protective effects of the GLP-1 receptor agonist exendin-4 may be mediated via the HIF-1
pathway.

4.2 Paper II:
Excess glucose induces hypoxia-inducible factor-1α in pancreatic cancer cells and
stimulates glucose metabolism and cell migration.
Although aerobic glycolysis has now been generally accepted as a metabolic hallmark of
cancer, the underlying mechanisms are still unclear. One compelling idea to explain the
Warburg effect is that the altered metabolism of cancer cells confers a selective advantage
for survival and proliferation in the unique tumour microenvironment. As the early tumour
expands, it outgrows the diffusion limits of its local blood supply, leading to hypoxia and
stabilization of HIF-1α [175, 178]. In addition, HIF-1α can be affected by other
environmental characteristics, such as nutrients, pH and ECM [216]. Increased extracellular
glucose has been reported to regulate HIF-1α expression in benign cells [207, 217]. Since
pancreatic cancer is frequently associated with diabetes [218], it offers cancer cells a
microenvironment with high glucose concentration. We hypothesized that hyperglycemia in
pancreatic cancer patients may facilitate cancer cells to reprogram glucose metabolism via
HIF-1α and thereby increase cancer cell aggressiveness. In order to investigate whether the
excess glucose-induced HIF-1α stimulates aerobic glycolysis in PDAC cells, a MiaPaCa2
subline (namely si-MiapaCa2) was used in paper II, which stably expresses HIF-1α-specific
small interfering RNA.

We found that the expression of hypoxia-induced HIF-1α was increased by extracellular
glucose stimulation (5.6-22.2 mM) in wt-MiaPaCa2 human pancreatic cancer cells (see
Figure 12). Furthermore, high glucose not only stabilized HIF-1α proteins, but also upregulated HIF-1α transcription resulting in enhanced HIF-1α mRNA level in both normoxia
and hypoxia. Whereas HIF-1α-production rates might be still slower than HIF-1αdegradation rate at protein level in the normoxic cells, HIF-1α protein was expressed in
MiaPaCa2 cells under hypoxia rather than normoxia. Furthermore, the excess glucoseinduced HIF-1α-production requires PI-3K activity in MiaPaCa2 cells. We found that excess
glucose stimulated the expression of PI-3K (p85 subunit) in a dose-dependent manner in
hypoxia and glucose induced HIF-1α was attenuated by PI-3K inhibitor in hypoxic wtMiaPaCa2 cells.
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Figure 12. Wt-MiaPaCa2 (upper) and si-MiaPaCa2
(below) pancreatic cancer cells were incubated with
different amount of glucose in hypoxia or normoxia
for six hours. HIF-1α was determined by western
blotting, using GAPDH and Topo1 as loading
control.

Clearly, si-MiapaCa2 cells were devoid of HIF-1α in both normoxia and hypoxia. And in
hypoxic si-MiapaCa2 cells, HIF-1α expression was not up-regulated upon excess glucose
stimulation (see Figure 12). We first investigated the expression of HK-II in wt- and siMiaPaCa2 cells exposed to different amounts of glucose in hypoxia or normoxia, which is
one of the key glycolytic enzymes in glycolysis. Although the induction of HK-II expression
was up-regulated by increased glucose levels in all examined cell types, excess extracellular
glucose induced greater HK-II expression in wt-MiaPaCa2 cells than in si-MiaPaCa2 cells In
hypoxia. Therefore glucose might stimulate HK-II expression through not only HIF-1α but
also other non-hypoxic factors. To further assess glucose metabolisms in MiaPaCa2 cells
with excess extracellular glucose, we determined glucose consumption, lactate production
and intracellular ATP in wt- and si-MiaPaCa2 cells in normoxia and hypoxia after a 6-hourincubation with different amounts of glucose. KH buffers with different amounts of glucose
were used as culturing media during experiment to avoid interference from other
components in culture media. For example, it has been recently shown that hypoxic cancer
cells also use glutamine as a carbon fuel source for survival [219]. When glucose becomes
the sole carbon fuel source in studied cells, glucose consumption represents cellular glucose
uptake in glycolysis and lactate production in culture media is another index of glycolysis
levels. A practical ratio between these two parameters compared to an ideal value, which
happened in glycolysis, was further investigated to show the levels of glycolysis relative to
other glucose metabolisms. However we found hypoxia-increased glycolysis in MiaPaCa2
cells is independent of extracellular glucose, though HIF-1α expression improved ATP
production. As described above, other intracellular regulators of glucose metabolisms, such
as Akt, c-Myc and TP53, may regulate the hypoxia-induced glycolysis [10, 11]. As various
mechanisms of aerobic glycolysis modulation were reported in different cancer cell types,
we further investigated the mitochondrial activities in MiaPaCa2 cells with increased glucose
stimulation in hypoxia and normoxia. The glucose-induced HIF-1α stimulated both PDK-1
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expression and ROS reduction in MiaPaCa2 cells, which indicate a less mitochondrial
activities associated with glucose-induced HIF-1α. In addition, cell migration in MiaPaCa2
cells was stimulated by glucose via both HIF-1α dependent and independent mechanism.
We demonstrated excess glucose stimulates HIF-1α expression, increases ATP contents and
stimulates migration in MiaPaCa2 PDAC cells, however, extracellular glucose and hypoxia
may not regulate glucose metabolisms and cell migration depended on HIF-1α alone. It is
possible that PDAC cells appear to use glycolytic metabolism before exposure to hypoxic
conditions. For example, leukemic cells are highly glycolytic [220], yet these cells reside
within the bloodstream at higher oxygen tensions than cells in most normal tissues. More
recently, a study using a Pdx1-Cre;Ink4a/Arffl/fl;LSL-KrasG12D mouse model of
pancreatic cancer showed hypoxia increases the “glycolytic” switch of pancreatic cancer
cells from OXPHOS to lactate production and increased lactate efflux from hypoxic cancer
cells favors the growth of neighboring normoxic cancer cells. Their study partly confirmed
our hypothesis whereas HIF-1α was not investigated in their study. Therefore, more studies
are required to clarify the effects of glucose and hypoxia on pancreatic cancer cells and a
better pancreatic cancer experimental model should be considered to study glucose
metabolism of pancreatic cancer.
4.3 Paper III:
3D pancreatic carcinoma spheroids induce a matrix-rich, chemoresistant phenotype
offering a better model for drug testing.
Although improvements in cancer treatment modalities have been achieved, current cure
rates are not satisfactory for many forms of advanced cancer diseases [221], such as PDAC.
There is a large medical need for novel, efficient anti-cancer agents. Consequently, an in
vitro model as a more predictive platform is strongly required for drug screening.

Most of published 3D culture studies in PDAC used biomaterial scaffolds (hydrogels or 3D
porous scaffolds) to replicate the natural extracellular matrix required for native cell
function. To avoid the existence of exogenous ECM components in our 3D culture system,
we designed a model as spheroids of PDAC cells by adding the crowding agent
methylcellulose in suspension culture. A single cell spheroid per well can be easily and
reproducibly formed using our technique and thus be used for high-throughput drug
screening. We used 2500 cells/well in U-bottom 96-well plates, which allow the diameter of
spheroid below 500 μm during the 7-day growth period. Different PDAC cell lines were
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tested, including Panc-1, MiaPaCa2, BXPC3 and ASPC-1, and showed different ability to
form spheroids. Panc-1, carrying both KRAS and p53 mutation, was then selected for further
testing in paper III. Cellular morphological analysis revealed that cells were homogeneously
distributed in spheroid without big central necrosis and their spherical structures contained a
hollow perceptible lumen indicating a spatial organization in 3D similar to that in vivo
tumour. Moreover, tight junctions were identified between adjacent cells in Panc-1 cell
spheroids. This is in agreement with a higher expression of E-cadherin was observed in 3D
cultured Panc-1 cells rather than 2D cultured cells. Panc-1 cells formed relatively compact
and round spheroids (see Figure 13), but cell proliferation was not increased as much as in
2D cultured cells. However cell viability was similar in both 2D and 3D cultured cells during
7-day culture, approximately 90%.

Figure 13. Development of a single representative Panc-1 spheroid, photographed from day 2 to day 8 by
counting with the Boyden chamber the cell number of trypsinized spheroids and taking pictures of spheroids at
fixed time points. Scale bar represents 500 μm.

Based on our current knowledge regarding chemoresistance in PDAC [222-225], we
investigated glucose metabolism and expression of genes related to stroma, hypoxia, as well
as chemoresistance in 2D and 3D cultured PDAC cells and compared cellular response to
anti-cancer drugs using the same cell setting. Firstly, we found that endogenous ECM
components were stimulated when cultured cells underwent 2D-to-3D transition. For
example, the mRNA expression of FN, COL6A1 and COL1A was higher in 3D during the
sphere formation (contact making) as well as compaction phase and the protein expression of
collagen I and fibronectin I was observed from one day-7-spheroid section by
immunohistochemistry. In addition, the proteoglycan lumican and a new stromal marker
SNED1 (sushi, nidogen and EGF-like domains 1) were also up-regulated in our 3D cultured
Panc-1 cells, which display associated chemoresistant property. Furthermore, miRNA-146a
was strongly up-regulated when Panc-1 cells were grown in 3D, indicating the forced
immobilization of cancer cells in the spheroid. Secondly, glycolysis was stimulated in
association with an increased hypoxia-inducible gene expression. As the end product of
glycolysis, we compared lactate accumulation in 2D and 3D cultured Panc-1 after a 10-dayculture. Lactate accumulation increased significantly more in 3D than 2D cell culture
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medium after 5 days, indicating a metabolic switch to increased glycolysis in 3D. Moreover,
HIF-1α was stabilized and expressed in both 2D and 3D cultured Panc-1 cells, whereas 3D
cultured cells exhibited a highest content particularity at day 4. Our result suggests both
hypoxic and non-hypoxic factors modulate the expression of HIF-1α in Panc-1 cells.
Following HIF-1α, the expression of genes of glucose transporters, glycolytic enzymes,
growth factors and proliferation was all up-regulated in 3D cultured cells, including GLUT1
and 12, HK-II, LDHA, VEGFA, PDGFB and PTGS2. Thirdly, chemoresistance-related
genes were up-regulated in 3D cultured Panc-1 cells, including miRNAs miR-21 and miR335, PPP1R1B (protein phosphatase1, regulatory subunit1B) and SNED1. Although MDR
genes and transporter proteins were reported to contribute to chemoresistance in PDAC [226,
227], we did not observe this type of changes in our 3D model system, on the contrary, we
found a decreased expression at least for MRP1/ABCC1. Finally and as expected,
significantly higher chemoresistance was detected in 3D cultured cells upon testing of
various drugs, including gemcitabine and new designed substances. Interestingly, both 2D
and 3D cultured Panc-1 cells were sensitive to the anti-metabolites MT100 as well as allicin
and the flavonoid AXP (genistein isoform), indicating those new drugs may have potential
effects on pancreatic cancer treatment (see Figure 14). The above findings were then
validated and confirmed on a mouse cell line, freshly established from the current state-ofthe-art pancreatic cancer mouse model with Kras and p53 mutations in the pancreas.

In summary, this study presented a 3D culture model in PDAC that acquires a more stromarich phenotype and thereby displays a strongly increased chemoresistance. Our data even
support two of the three mechanisms that are proposed to underlie chemoresistance
according to the novel hypothesis of cell adhesion mediated drug-resistance (CAM-DR)
[228]: spheroid formation and matrix/fibronectin production (the third mechanism being
related to the stroma). Taken together, the switch from 2D to 3D growth affects several
“hallmarks of cancer” and leads to a more aggressive cancer phenotype [229] (see Figure
15).
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Figure 14. Comparison of
chemoresistance between
2D and 3D culture using
multiple
cytotoxic
compounds.
Histogram
summarizing the results
from
viability
assays
performed on 2D and 3D
Panc-1
cell
cultures.
Different drugs were used
at
the
indicated
concentrations. Data are
plotted as percentage of the
respective untreated control
(CTR) and each drug was
tested three times in
octuplets.
Gem: gemcitabine.
All: allicin.
AX: AXP-107-11.

Figure 15. Representation of
the characteristics of the 3D
spheroid model in relation to the
holistic hallmarks of cancer
according to Hanahan and
Weinberg [229] observed in the
reductionist pancreatic cancer
mono-spheroid model. Figure
15 is adapted from Longati P,
Jia X, Eimer J, Wagman A,
Witt MR, Rehnmark S, Verbeke
C, Toftgård R, Löhr M, Heuchel
RL: 3D pancreatic carcinoma
spheroids induce a matrixrich,
chemoresistant
phenotype offering a better
model for drug testing. BMC
Cancer 2013, 13:95.
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4.4 Paper IV:
Correctly oriented and activated pancreatic stellate cells engulfing pancreatic ductal
adenocarcinoma cells to form an avascular, stroma-containing mini-tumour:
Establishment of the model and first description.
By understanding the pivotal role of PSCs in pancreatic cancer progression, metastasis and
chemoresistance, we aimed to improve the current 3D model of PDAC as the multicellular
tumour spheroids including ductal epithelial cells and PSCs, which represent the tumourstromal interaction characteristic of in vivo solid tumours.

However the development of 3D multicellular tumour spheroids is more complex than cell
spheroids of single cell type. How to organize heterogeneous cells in spheroids, particularly
reflecting an in vivo situation of a pancreatic carcinoma was a big challenge of this study. We
adapted PSCs to non-adhesive growth by a three-month culture on the agarose gel.
Interestingly such conditioned PSCs (PSC-c) were able to form the hetero-spheroids with
human pancreatic cancer cells in a novel, unexpected way. The Panc-1/PSC-c heterospheroids grew as firm spheroids with the PSCs in a cortical layer, similar to the patient
situation, where nests of tumour cells are surrounded by a web of stromal cells (see Figure
16). Moreover, PSC-c became activated when growing in hetero-spheroids with cancer cells.
We found that α-SMA and α-vimentin protein, activated PSCs markers, were strongly
expressed in the outer layer of hetero-spheroids suggestive of the location of PSCs within the
hetero-spheroids. As expected, higher ACTA2 mRNA levels in hetero-spheroids were
observed when compared to the same number of PSCs from mono-spheroids. In addition,
various pancreatic epithelial cells were tested to form hetero-spheroids with PSC-c, including
human pancreatic tumour cell lines Paca44, the normal human pancreatic ductal epithelial
cell line HPDE and KPC cells derived from a mouse PDAC model.

To investigate the feature of multicellular PDAC spheroids in the presence of PSCs, we
compared the expression of genes associated with adhesion, proliferation, ECM and
chemoresistance between mono- and hetero-spheroids. The mRNA expression of Ecadherin, an important protein component of tight junctions, was up-regulated in the heterospheroids compared to mono-spheroids. As the dedicated binding partner, E-cadherin and βcatenin were strongly expressed over the interphase between cancer cells and PSCs in the
hetero-spheroids. The expression of fibronectin and collagen I was up-regulated in heterospheroids. Particularly, the immunofluorescence staining in hetero-spheroids showed a
network-like fibronectin expression compared to the more diffuse and homogeneous
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appearance of fibronectin in mono-spheroids, suggesting that enhanced ECM production in
hetero-spheroids is similar to the patient situation. In addition, mRNA expression of lumican,
COX2 and PPP1R1B was up-regulated in hetero-spheroids compared to mono-spheroids,
which play important roles in collagen fibrillogenesis, cell proliferation and migration,
metastasis as well as chemoresistance [230-233].

Figure 16. Development of mono- and hetero-spheroids using non-conditioned eGFP-PSC (PSC non-c),
conditioned eGFP-PSC (PSC-c) and Panc-1 human PDAC cells. Pictures were taken on day1 and day 4. The
PSC non-c cells are found inside the white, stippled circle, i.e. in the center of the spheroid.

Tumour hypoxia has been known for decades to negatively affect therapy outcome of cancer
for decades. We applied the hypoxia incubations on mono- and hetero-spheroids and
investigated the role of hypoxia in our 3D cell culture model. Interestingly, hetero-spheroids
shrank in the absence of O2 after two-day- or five-day-culture. Moreover, we found ECM
component fibronectin, stromal marker α-SMA and growth factor PDGF-B were all upregulated on the mRNA expression level in hypoxia. In addition, we applied a 6-hourincubation of hypoxia on 4-day-spheroids, when spheroids were normally used for drug test
in our previous study. We found the mRNA expression of hypoxia-inducible genes was
enhanced, such as PDGF-B, VEGF, GLUT-1, ZEB-1 and LOX (lysyl oxidase), following a
slightly enhanced HIF-1α mRNA expression. Furthermore, a strong enhancement of gene
PPP1R1B and cancer stem cell marker CD24, both related to chemoresistance, was found in
the hetero-spheroids after hypoxia incubations (see Figure 17). Interestingly, we found the
protein expression of HIF-1α varied in different type of nomoxic spheroids and there was
even a slightly expressed HIF-1α protein in 2D cultured cells. The 3D cultured Panc-1 cells
did express HIF-1α protein, but HIF-1α protein was not found in PSC-c mono-spheroids.
Thus Panc-1/PSC-c spheroids had a lower expression of HIF-1 α protein compared to pure
Panc-1 mono-spheroids. As a low differentiation PDAC cell line, Panc-1 cells carry both
KRAS and TP53 mutation. On one hand, HIF-1α protein may be stimulated by oncogenes in
these cells and thereby expressed HIF-1α in normoxia; on the other hand the specific 3D
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structure in our PDAC cell spheroids may induce the mild ‘intra-tumour hypoxia’ and
enhance HIF-1α protein expression in spheroids. Taken together, our data suggest the
expression of HIF-1α may result in alter the sensitivity of tumour to chemotherapy due to
increased malignancy and invasiveness of human PDAC.
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Figure 17. Gene expression analysis in Panc-1/PSC-c spheroids with normoxic and hypoxic incubation using
qRT-PCR in left and right.

In summary, the 3D hetero-compound spheroid model of pancreatic cancer cells engulfed by
PSCs represents a valuable model, allowing for the first time to study the interaction and
mutual dependency of these two principal cell types found in human PDAC in a way more
close to the patient. Further, it allows high-throughput drug screening on both the stromal
cells and the tumour cells. And more studies are required to identify the features of our novel
hetero-compound spheroid model in association with chemoresistance.
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5 GENERAL CONCLUSIONS
 Evaluation of the effects of exendin-4 on free and encapsulated islet grafts in a rodent
model revealed that preculture with exendin-4 followed by recipient treatment improved
the outcome of both free and macroencapsulated islet grafts due to a larger surviving
endocrine cell volume.
 Exendin-4 may improve islet graft resistance to hypoxia during the peritransplant period
by increasing the expression of HIF-1α.
 In PDAC MiaPaCa2 cells, excess glucose increases HIF-1α and ATP in hypoxic wtMiapaCa2 cells; however extracellular glucose and hypoxia regulate glucose
metabolisms independent of HIF-1α. And cell migration is stimulated by glucose via
both HIF-1α dependent and independent mechanism.
 Development of a high-throughput 3D cell culture drug screening system for pancreatic
cancer, which displays a strongly increased chemoresistance.
 HIF-1α and its downstream hypoxia-inducible genes are up-regulated in this cell
spheroid model of pancreatic cancer epithelial cells, which stimulates glycolytic switch
when cells undergo the transition from 2D to 3D cultures.
 Development of a novel 3D hetero-spheroid model with PSCs in the correct, i.e. outer
orientation combined with cancer epithelial cells in the center. The expression of genes
associated with adhesion, proliferation, ECM and chemoresistance was up-regulated.
 HIF-1α expression in the hetero-spheroids of human PDAC is associated with the
increased ECM production and enhanced expression of gene PPP1R1B (DARP-32) as
well as cancer stem cell marker (CD24), which might enhance tumour chemoresistance.

51

6 ACKNOWLEDGEMENTS
I wish to express my sincere gratitude to everyone that has helped and supported me during
my PhD studies, for knowledge and enthusiasm. I have learned many things, not just about
science but also about life. In particular, I would like to thank:
Professor Matthias Löhr, my supervisor. Your enthusiasm, encouragement and love for
research have created a fantastic working environment. It is grateful that I have being a
part of your lab. I benefit a lot from your guidance and encouragement and I appreciate the
support and freedom that I have been given to explore my own ideas.
Makiko Kumagai-Braesch, my co-supervisor, for opening the door of the research field of
islet transplantation to me, for excellent guidance and for always taking the time to help me!
Although I then switched to research pancreatic cancer, your hardworking ethic has
influenced me a lot and will be beneficial to all my life.
Paola Longati, my co-supervisor, for excellent guidance, invaluable personal support and
friendship. Thank you for believing in me and encouraging me when I need it! I really
enjoyed the time when we worked together wherever in the lab or in the kitchen 
Rainer L. Heuchel, my co-supervisor, for sharing your knowledge on pancreatic cancer and
for thorough review of my applications, manuscript and this thesis and all helpful comments
and corrections. You showed me what a good German work ethic is like!
Feng Wang, my former co-supervisor, for introducing me to this exciting pancreatic cancer
research field and for sharing your vast knowledge and experience on the scientific writing.
Professor Jörgen Larsson, my former supervisor, for valuable guidance, encouragement and
financial support.
Hélène Jansson for your quick and helpful answers to my questions all the time! Although
your work is out of my projects, you helped a lot for a foreign Ph.D. student to reach her goal
in our division!
Annika B. Tibell, for giving me the opportunity to work in the division of Transplantation
Surgery with all its excellent working facilities. Thank you, I had a great time at islet
transplantation group.

52

Every past and present member of the PacLab: Annika Wagman for being a nice person and
my reference book in Sweden, always taking the time to help me with everything from lab
work to my life. Irene Engström and Beth Hagman for their excellent technical assistance.
Elisabeth Dungner for being a nice person and all your help in the lab. Johannes Eimer for
his contribution on the development of our 3D pancreatic cancer cell model. Ying, Jessica,
Xuan and Salvatore and all the students from Merch for creating a nice and relaxed
atmosphere in the lab.
My former colleagues and co-authors in islet transplantation group: Amit Sharma for
showing me the excellent technique of islet transplantation and for being a great support
when I first started. Annika M. Wernerson for sharing your vast knowledge of pathology.
Anne K. Sörenby for showing me the technique of macroencapsulation of islet
transplantation. Shinji Yamamoto for being a company during islet transplantation.
My former colleagues in department of clinical immunology: Jining Liu for your help with
molecular biology and for as my first Chinese friend in KI. No matter where you are in
Stockholm or Göteborg, I miss the time when you talked about science and life with me! Bo
Xu for your help of taking care of my cells and for being a nice person. All the best for your
life with Jining in Göteborg! Zhiwen Liu and Eva Bergdahl for your warm help on my
experiments and for lunch companies during that time. Enjoy your life! Mehmet Uzunel for
showing me how to isolate total RNA and perform real-time PCR. Jan Holgersson for your
group meeting and helpful suggestions on my project. Randa Diab, Stefan Gaunitz, Reeja
Maria Cherian and Mats Alheim, for good company in the lab.
My co-authors of pancreatic cancer studies: Michael-Robin Witt, Stefan Rehnmark,
Caroline Verbeke, Rune Toftgård, Zhiwen Liu, Yijie Duan, Huijie Xiao, Karl-Gösta
Sundqvist and Johan Permert for excellent collaboration.
TheraCyteTM

Inc. and

especially Tom Loudovaris, for kindly providing the

immunoprotective devices used in this thesis.
Stig Linder, Dept. of Onco-Pathology, Karolinska Institutet, for providing us with the
microtubulin-inhibitors. Yehuda Miron and Talia Miron from the Weizman Institute,
Rehova, Israel, for providing us with the allicin and MT drugs used in this thesis.
The staff in the Animal Department, for good advice about handling of animals!
Jun Su and Xiuqin Dong, my extra mentors, for personal support, encouragement and
53

friendship.
Sylvie Le Guyader for teaching me how to operate the confocal microscopy and sharing
your experience on research, though my data cannot be included in this thesis.
My friends in NOVUM: Karolina Kublickiene for practical tips before my half-time
control and organizing the wonderful course. Sebastian Sjöqvist for bebing a former lab
roommate. My Chinese friends for the scientific discussion, shared information and lunch
company: Jianping Liu, Xu He, Chunyan Zhao, Liang Yu, Sun Jia, Ting Zhaung, Ying Qu,
Jiaxue He, Jian Yan, Meng Li, Ting Jia, Yan Li, Jiaqi Huang, Yimeng Yin, Zhilun Li,
Lijuan Hu and Xiang Hua.
All the Chinese friends that have had the pleasure to know from the Ph.D. courses and
meetings of KI: Bin Zhao, Xiao Wang, Xiaonan Zhang, Na Wang, Yao Shi, Xu Zhang,
Ming Lu, Ying Sun, Lili Li, Jia Liu, Fang Zong, Miao Zhao, Yahong Han, Xiaofeng Zheng.
All my great friends in Stockholm for cheerful dinners, shopping and waiting time during
our daughter’s course!
My family: My parents for your unconditional love and support and for always believing in
me. Without your help for taking care of my children, I would not concentrate my Ph.D.
study and accomplish my dream. 爸爸妈妈，谢谢你们对我无尽的爱及对我学业和家庭
的支持！And my parent-in-law for your understanding, endless support and love. Emily
and Ella, my sweet girls, for your love, kisses and understanding. Mom will have time to
play with you when I get the Ph.D. degree . Hailong, my husband, for your love and
support during these years. I love you, too!
The work included in this thesis had been financially supported through the regional
agreement on medical training and clinical research between Stockholm County Council
and Karolinska Institutet (project number 20060710, 20080443), Swedish Research
Council (52120083389 and 2007–4034), research grants from Karolinska Institute, the
Foundation for International Surgical Cooperation, the Foundation for Oncological
Cooperation and Barndiabetesfonden (2007, 2008, and 2009), Cancerfonden (CAN
2008/982, CF 120771 and 080312) and an EU FP7 program, “EPC-TM-Net”,
Vetenskapsrådet (VR, K2013-67X-22322).

54

7 REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

Semenza GL: Oxygen homeostasis. Wiley Interdiscip Rev Syst Biol Med 2010, 2:336–61.
West JB: Pulmonary pathophysiology: The essentials. Williams & Wilkins 1977, p.22.
Semenza GL: Hypoxia-inducible factors in physiology and medicine. Cell 2012,
148:399–408.
Eltzschig HK, Carmeliet P: Hypoxia and Inflammation. N Engl J Med 2011, 364:656–65.
Pugh CW, Ratcliffe PJ: Regulation of angiogenesis by hypoxia: role of the HIF system.
Nat Med 2003, 9:677–84.
Dunwoodie SL: The role of hypoxia in development of the Mammalian embryo. Dev
Cell 2009, 17:755–73.
Simon MC, Keith B: The role of oxygen availability in embryonic development and
stem cell function. Nat Rev Mol Cell Biol 2008, 9:285–96.
Semenza GL: Regulation of cancer cell metabolism by hypoxia-inducible factor 1.
Semin Cancer Biol 2009, 19:12–16.
Harris AL: Hypoxia-a key regulatory factor in tumour growth. Nat Rev Cancer 2002,
2:38–47.
Mazurek S, Zwerschke W, Jansen-du P, Eigenbrodt E: Metabolic cooperation between
different oncogenes during cell transformation : interaction between activated ras and
HPV-16 E7. Oncogene 2001, 20:6891–98.
Kim J, Gao P, Dang C V: Effects of hypoxia on tumor metabolism. Cancer Metastasis
Rev 2007, 26:291–98.
Bensaad K, Vousden KH, Selak MA, Vidal MN, Nakano K, Bartrons R, Gottliet E,
Vousden KH: TIGAR, a p53-inducible regulator of glycolysis and apoptosis. Cell 2006,
126:107–20.
Wang GL, Jiang BH, Rue EA, Semenza GL: Hypoxia-inducible factor 1 is a basic-helixloop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U S A
1995, 92:5510–14.
Ema M, Taya S, Yokotani N, Sogawa K, Matsuda Y, Fujii-Kuriyama Y: A novel bHLHPAS factor with close sequence similarity to hypoxia-inducible factor 1alpha regulates
the VEGF expression and is potentially involved in lung and vascular development.
Proc Natl Acad Sci U S A 1997, 94:4273–78.
Gu YZ, Moran SM, Hogenesch JB, Wartman L, Bradfield CA: Molecular
characterization and chromosomal localization of a third alpha-class hypoxia
inducible factor subunit, HIF3alpha. Gene Expr 1998, 7:205–13.
Hirose K, Morita M, Ema M, Mimura J, Hamada H, Fujii H, Saijo Y, Gotoh O, Sogawa K,
Fujii-Kuriyama Y: cDNA cloning and tissue-specific expression of a novel basic helixloop-helix/PAS factor (Arnt2) with close sequence similarity to the aryl hydrocarbon
receptor nuclear translocator (Arnt). Mol Cell Biol 1996, 16:1706–13.
Takahata S, Sogawa K, Kobayashi A, Ema M, Mimura J, Ozaki N, Fujii-Kuriyama Y:
Transcriptionally active heterodimer formation of an Arnt-like PAS protein, Arnt3,
with HIF-1a, HLF, and Clock. Biochem Biophys Res Commun 1998, 248:789–94.
Jiang BH, Rue E, Wang GL, Roe R, Semenza GL: Dimerization, DNA binding, and
transactivation properties of hypoxia-inducible factor 1. J Biol Chem 1996, 271:1777178.
Pongratz I, Antonsson C, Whitelaw ML, Poellinger L: Role of the PAS domain in
regulation of dimerization and DNA binding specificity of the dioxin receptor. Mol
Cell Biol 1998, 18:4079–88.
55

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.

Huang LE, Gu J, Schau M, Bunn HF: Regulation of hypoxia-inducible factor 1alpha is
mediated by an O2-dependent degradation domain via the ubiquitin-proteasome
pathway. Proc Natl Acad Sci U S A 1998, 95:7987–92.
Freedman SJ, Sun Z-YJ, Poy F, Kung AL, Livingston DM, Wagner G, Eck MJ: Structural
basis for recruitment of CBP/p300 by hypoxia-inducible factor-1 alpha. Proc Natl
Acad Sci U S A 2002, 99:5367–72.
Ruas JL, Berchner-Pfannschmidt U, Malik S, Gradin K, Fandrey J, Roeder RG, Pereira T,
Poellinger L: Complex regulation of the transactivation function of hypoxia-inducible
factor-1 alpha by direct interaction with two distinct domains of the CREB-binding
protein/p300. J Biol Chem 2010, 285:2601–09.
Wiesener MS, Jürgensen JS, Rosenberger C, Scholze C, Hörstrup JH, Warnecke C,
Mandriota S, Bechmann I, Frei UA, Pugh CW, Ratcliffe PJ, Bachmann S, Maxwell PH:
Widespread, hypoxia-inducible expression of HIF-2 α in distinct cell populations of
different organs. FASEB J 2003,17:271-73.
Hu C, Wang L, Chodosh LA, Keith B, Simon MC: Differential roles of hypoxiainducible factor 1α ( HIF-1α ) and HIF-2α in hypoxic gene regulation. Mol Cell Biol
2003, 23:9361–74.
Hu C, Iyer S, Sataur A, Covello KL, Chodosh LA, Simon MC: Differential regulation of
the transcriptional activities of hypoxia-inducible factor 1 alpha ( HIF-1 alpha ) and
HIF-2 alpha in stem cells. Mol Cell Biol 2006, 26:3514–26.
Hu C, Sataur A, Wang L, Chen H, Simon MC: The N-terminal transactivation domain
confers target gene specificity of hypoxia-inducible factors HIF-1 alpha and HIF-2
alpha. Mol Biol Cell 2007, 18:4528–42.
Holmquist-Mengelbier L, Fredlund E, Löfstedt T, Noguera R, Navarro S, Nilsson H,
Pietras A, Vallon-Christersson J, Borg A, Gradin K, Poellinger L, Påhlman S:
Recruitment of HIF-1alpha and HIF-2alpha to common target genes is differentially
regulated in neuroblastoma: HIF-2alpha promotes an aggressive phenotype. Cancer
Cell 2006, 10:413–23.
Gu YZ, Moran SM, Hogenesch JB, Wartman L, Bradfield CA. Molecular
characterization and chromosomal localization of a third alpha-class hypoxia
inducible factor subunit, HIF-3alpha. Gene Expr 1998, 7: 205–13.
Makino Y, Kanopka A, Wilson WJ, Tanaka H, Poellinger L: Inhibitory PAS domain
protein (IPAS) is a hypoxia-inducible splicing variant of the hypoxia-inducible factor3 alpha locus. J Biol Chem 2002, 277:32405–08.
Reyes H, Reisz-Porszasz S, Hankinson O: Identification of the Ah receptor nuclear
translocator protein (Arnt) as a component of the DNA binding form of the Ah
receptor. Science 1992, 256:1193–95.
Jewell UR, Kvietikova I, Scheid a, Bauer C, Wenger RH, Gassmann M: Induction of HIF1alpha in response to hypoxia is instantaneous. FASEB J 2001, 15:1312–14.
Brahimi-Horn C, Mazure N, Pouysségur J: Signalling via the hypoxia-inducible factor1alpha requires multiple posttranslational modifications. Cell Signal 2005, 17:1–9.
Semenza GL: Hydroxylation of HIF-1: oxygen sensing at the molecular level.
Physiology (Bethesda) 2004, 19:176–82.
Schofield CJ, Ratcliffe PJ: Oxygen sensing by HIF hydroxylases. Nat Rev Mol Cell Biol
2004, 5:343–54.
Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, von Kriegsheim A,
Hebestreit HF, Mukherji M, Schofield CJ, Maxwell PH, Pugh CW, Ratcliffe PJ: Targeting

56

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.
47.

48.

49.

of HIF-alpha to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl
hydroxylation. Science 2001, 292:468–72.
Brunelle JK, Bell EL, Quesada NM, Vercauteren K, Tiranti V, Zeviani M, Scarpulla RC,
Chandel NS: Oxygen sensing requires mitochondrial ROS but not oxidative
phosphorylation. Cell Metab 2005, 1:409–14.
Mansfield KD, Guzy RD, Pan Y, Young RM, Cash TP, Schumacker PT, Simon MC:
Mitochondrial dysfunction resulting from loss of cytochrome c impairs cellular
oxygen sensing and hypoxic HIF-alpha activation. Cell Metab 2005, 1:393–99.
Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, Simon MC, Hammerling U,
Schumacker PT: Mitochondrial complex III is required for hypoxia-induced ROS
production and cellular oxygen sensing. Cell Metab 2005, 1:401–08.
Epstein AC, Gleadle JM, Mcneill LA, Hewitson KS, O'Rourke J, Mole DR, Mukherji M,
Metzen E, Wilson MI, Dhanda A, Tian YM, Masson N, Hamilton DL, Jaakkola P,
Barstead R, Hodgkin J, Maxwell PH, Pugh CW, Schofield CJ, Ratcliffe PJ: C. elegans
EGL-9 and mammalian homologs define a family of dioxygenases that regulate HIF
by prolyl hydroxylation. Cell 2001, 107:43–54.
Berra E, Benizri E, Ginouve A, Volmat V, Roux D, Pouysségur J: HIF prolylhydroxylase 2 is the key oxygen sensor setting low steady-state levels of HIF-1 alpha
in normoxia. EMBO J 2003, 22:4082-90.
Metzen E, Berchner-Pfannschmidt U, Stengel P, Marxsen JH, Stolze I, Klinger M, Huang
WQ, Wotzlaw C, Hellwig-Bürgel T, Jelkmann W, Acker H, Fandrey J: Intracellular
localisation of human HIF-1 alpha hydroxylases: implications for oxygen sensing. J
Cell Sci 2003, 116:1319–26.
Aprelikova O, Chandramouli GVR, Wood M, Vasselli JR, Riss J, Maranchie JK, Linehan
WM, Barrett JC: Regulation of HIF prolyl hydroxylases by hypoxia-inducible factors. J
Cell Biochem 2004, 92:491–501.
Ohh M, Takagi Y, Aso T, Stebbins CE, Pavletich NP, Zbar B, Conaway RC, Conaway JW,
Kaelin WG: Synthetic peptides define critical contacts between elongin C, elongin B,
and the von Hippel-Lindau protein. J Clin Invest 1999, 104:1583–91.
Ohh M, Park CW, Ivan M, Hoffman M a, Kim TY, Huang LE, Pavletich N, Chau V,
Kaelin WG: Ubiquitination of hypoxia-inducible factor requires direct binding to the
beta-domain of the von Hippel-Lindau protein. Nat Cell Biol 2000, 2:423–27.
Ivan M, Kaelin WG Jr: The von Hippel–Lindau tumor suppressor protein. Curr Opin
Genet Dev 2001, 11:27–34.
Kim WY, Kaelin WG: Role of VHL gene mutation in human cancer. J Clin Oncol 2004,
22:4991–5004.
Lee S, Neumann M, Stearman R, Stauber R, Pause a, Pavlakis GN, Klausner RD:
Transcription-dependent nuclear-cytoplasmic trafficking is required for the function
of the von Hippel-Lindau tumor suppressor protein. Mol Cell Biol 1999, 19:1486–97.
Groulx I, Lee S: Oxygen-dependent ubiquitination and degradation of hypoxiainducible factor requires nuclear-cytoplasmic trafficking of the von Hippel-Lindau
tumor suppressor protein. Mol Cell Biol 2002, 22:5319–36.
Liu Z, Diaz LA, Haass AL, Giudices GJ: cDNA cloning of a novel human ubiquitin
carrier Protein. An antigenic domain specifically recognized by endemic pemphigus
foliaceus autoantibodies is encoded in a secondary reading frame of this human
epidermal transcript. J Biol Chem 1992, 267:15829–35.

57

50.

Jung CR, Hwang KS, Yoo J, Cho WK, Kim JM, Kim WH, Im DS. E2-EPF UCP targets
pVHL for degradation and associates with tumour growth and metastasis. Nat Med
2006, 12: 809-16.

51.

Baek JH, Liu YV, McDonald KR, Wesley JB, Hubbi ME, Byun H, Semenza GL:
Spermidine/spermine-N1-acetyltransferase 2 is an essential component of the
ubiquitin ligase complex that regulates hypoxia-inducible factor 1alpha. J Biol Chem
2007, 282:23572–80.
Liu Y V, Baek JH, Zhang H, Diez R, Cole RN, Semenza L: RACK1 Competes with
HSP90 for binding to HIF-1α and is required for O2 -independent and HSP90
inhibitor-induced degradation of HIF-1α. Mol Cell 2007, 25:207–17.
Baek JH, Liu YV, McDonald KR, Wesley JB, Zhang H, Semenza GL: Spermidine/
spermine N(1)-acetyltransferase-1 binds to hypoxia-inducible factor-1alpha (HIF1alpha) and RACK1 and promotes ubiquitination and degradation of HIF-1alpha. J
Biol Chem 2007, 282:33358–66.
Liu YV, Hubbi ME, Pan F, McDonald KR, Mansharamani M, Cole RN, Liu JO, Semenza
GL: Calcineurin promotes hypoxia-inducible factor 1alpha expression by
dephosphorylating RACK1 and blocking RACK1 dimerization. J Biol Chem 2007,
282: 37064–73.
Lando D, Peet DJ, Whelan DA, Gorman JJ, Whitelaw ML: Asparagine hydroxylation of
the HIF transactivation domain a hypoxic switch. Science 2002, 295:858–61.
Arany Z, Huang LE, Eckner R, Bhattacharya S, Jiang C, Goldberg MA, Bunn HF,
Livingston DM: An essential role for p300/CBP in the cellular response to hypoxia.
Proc Natl Acad Sci U S A 1996, 93:12969–73.
Ebert BL, Bunn HF: Regulation of transcription by hypoxia requires a multiprotein
complex that includes hypoxia-inducible factor 1, an adjacent transcription factor,
and p300/CREB binding protein. Mol Cell Biol 1998, 18:4089–96.
Kallio PJ, Okamoto K, Brien SO, Carrero P, Makino Y, Tanaka H, Poellinger L: Signal
transduction in hypoxic cells : inducible nuclear translocation and recruitment of the
CBP/ p300 coactivator by the hypoxia-inducible factor-1α. EMBO J 1998, 17:6573–86.
Carrero P, Okamoto K, Coumailleau P, O’Brien S, Tanaka H, Poellinger L: Redoxregulated recruitment of the transcriptional coactivators CREB-binding protein and
SRC-1 to hypoxia-inducible factor 1alpha. Mol Cell Biol 2000, 20:402–15.
Mahon PC, Hirota K, Semenza GL: FIH-1: a novel protein that interacts with HIF1alpha and VHL to mediate repression of HIF-1 transcriptional activity. Genes Dev
2001, 15:2675–86.
Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML, Bruick RK: FIH-1 is an
asparaginyl hydroxylase enzyme that regulates the transcriptional activity of hypoxiainducible factor. Genes Dev 2002, 16:1466–71.
Hewitson KS, McNeill LA, Riordan M V, Tian YM, Bullock AN, Welford RW, Elkins JM,
Oldham NJ, Bhattacharya S, Gleadle JM, Ratcliffe PJ, Pugh CW, Schofield CJ: Hypoxiainducible factor (HIF) asparagine hydroxylase is identical to factor inhibiting HIF
(FIH) and is related to the cupin structural family. J Biol Chem 2002, 277:26351–55.
Koivunen P, Hirsilä M, Günzler V, Kivirikko KI, Myllyharju J: Catalytic properties of
the asparaginyl hydroxylase (FIH) in the oxygen sensing pathway are distinct from
those of its prolyl 4-hydroxylases. J Biol Chem 2004, 279:9899–904.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

58

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

Hirsilä M, Koivunen P, Günzler V, Kivirikko KI, Myllyharju J: Characterization of the
human prolyl 4-hydroxylases that modify the hypoxia-inducible factor. J Biol Chem
2003, 278:30772–80.
Kizaka-Kondoh S, Tanaka S, Harada H, Hiraoka M: The HIF-1-active
microenvironment: an environmental target for cancer therapy. Adv Drug Deliv Rev
2009, 61:623–32.
Stolze IP, Tian YM, Appelhoff RJ, Turley H, Wykoff CC, Gleadle JM, Ratcliffe PJ:
Genetic analysis of the role of the asparaginyl hydroxylase factor inhibiting hypoxiainducible factor (FIH) in regulating hypoxia-inducible factor (HIF) transcriptional
target genes [corrected]. J Biol Chem 2004, 279:42719–25.
Hewitson KS, Liénard BMR, McDonough MA, Clifton IJ, Butler D, Soares AS, Oldham
NJ, McNeill LA, Schofield CJ: Structural and mechanistic studies on the inhibition of
the hypoxia-inducible transcription factor hydroxylases by tricarboxylic acid cycle
intermediates. J Biol Chem 2007, 282:3293–301.
Koivunen P, Hirsilä M, Remes AM, Hassinen IE, Kivirikko KI, Myllyharju J: Inhibition
of hypoxia-inducible factor (HIF) hydroxylases by citric acid cycle intermediates:
possible links between cell metabolism and stabilization of HIF. J Biol Chem 2007,
282:4524–32.
Lu H, Dalgard CL, Mohyeldin A, McFate T, Tait AS, Verma A: Reversible inactivation
of HIF-1 prolyl hydroxylases allows cell metabolism to control basal HIF-1. J Biol
Chem 2005, 280:41928–39.
Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, Mansfield KD, Pan Y,
Simon MC, Thompson CB, Gottlieb E: Succinate links TCA cycle dysfunction to
oncogenesis by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell 2005, 7:77–85.
Hur E, Chang KY, Lee E, Lee SK, Park H: Mitogen-activated protein kinase kinase
inhibitor PD98059 blocks the trans-activation but not the stabilization or DNA
binding ability of hypoxia-inducible factor-1alpha. 2001, 59:1216–24.
Sang N, Stiehl DP, Bohensky J, Leshchinsky I, Srinivas V, Caro J: MAPK signaling upregulates the activity of hypoxia-inducible factors by its effects on p300. J Biol Chem
2003, 278:14013–9.
Mylonis I, Chachami G, Samiotaki M, Panayotou G, Paraskeva E, Kalousi A, Georgatsou
E, Bonanou S, Simos G: Identification of MAPK phosphorylation sites and their role in
the localization and activity of hypoxia-inducible factor-1alpha. J Biol Chem 2006,
281:33095–106.
Carbia-Nagashima A, Gerez J, Perez-Castro C, Paez-Pereda M, Silberstein S, Stalla GK,
Holsboer F, Arzt E: RSUME, a small RWD-containing protein, enhances SUMO
conjugation and stabilizes HIF-1alpha during hypoxia. Cell 2007, 131:309–23.
Bae SH, Jeong JW, Park JA, Kim SH, Bae MK, Choi SJ, Kim KW: Sumoylation
increases HIF-1alpha stability and its transcriptional activity. Biochem Biophys Res
Commun 2004, 324:394–400.
Berta MA, Mazure N, Hattab M, Pouysségur J, Brahimi-Horn MC: SUMOylation of
hypoxia-inducible factor-1alpha reduces its transcriptional activity. Biochem Biophys
Res Commun 2007, 360:646–52.
Cheng J, Kang X, Zhang S, Yeh ET: SUMO-specific protease 1 is essential for
stabilization of HIF1alpha during hypoxia. Cell 2007, 131:584–95.
Yasinska IM, Sumbayev VV: S-nitrosation of Cys-800 of HIF-1α protein activates its
interaction with p300 and stimulates its transcriptional activity. FEBS Lett 2003,
549:105–09.
59

79.

80.

81.
82.

83.
84.

Cho H, Ahn DR, Park H, Yang EG: Modulation of p300 binding by posttranslational
modifications of the C-terminal activation domain of hypoxia-inducible factor-1alpha.
FEBS Lett 2007, 581:1542–48.
Stiehl DP, Jelkmann W, Wenger RH, Hellwig-Bürgel T: Normoxic induction of the
hypoxia-inducible factor 1alpha by insulin and interleukin-1beta involves the
phosphatidylinositol 3-kinase pathway. FEBS Lett 2002, 512:157–62.
Ke Q, Costa M: Hypoxia-Inducible Factor-1 ( HIF-1 ). Mol Pharmacol 2006, 70:1469–
80.
Zhong H, Chiles K, Feldser D, Laughner E, Hanrahan C, Georgescu M, Simons JW,
Semenza GL: Modulation of hypoxia-inducible factor 1α expression by the epidermal
growth factor/ phosphatidylinositol 3-kinase/PTEN/AKT/FRAP pathway in human
prostate cancer cells : implications for tumor angiogenesis and therapeutics. Cancer
Res 2000, 60: 1541-45.
Semenza GL: Hypoxia-inducible factors: mediators of cancer progression and targets
for cancer therapy. Trends Pharmacol Sci 2012, 33:207–14.
Bernhardt WM, Warnecke C, Willam C, Tanaka T, Wiesener MS, Eckardt K-U: Organ
protection by hypoxia and hypoxia-inducible factors. Methods Enzymol 2007, 435:221–
45.

85.

Campbell NA, Reece JB: Biology, 6th edition. San Francisco: Benjamin
Cummings, 2002.

86.
87.

Bonner-Weir S. Anatomy of islet of Langerhans. New York: Raven, 1991.
Korsgren O, Nilsson B, Berne C, Felldin M, Foss A, Kallen R, Lundgren T, Salmela K,
Tibell A, Tufveson G: Current Status of Clinical Islet Transplantation. Transplantation
2005, 79:1289–93.
Wang Y, Mendoza-Elias JE, Qi M, Harvat TA, Ahn SJ, Lee D, Gutierrez D, Jeon H,
Paushter D, Oberholzer J: Implication of mitochondrial cytoprotection in human islet
isolation and transplantation. Biochem Res Int 2012, 2012:395974.
Karlsson E: IAPP as a regulator of glucose homeostasis and pancreatic hormone
secretion. Int J Mol Med 1999, 3:577–84.
Jansson L: The regulation of pancreatic islet blood flow. Diabetes Metab Rev 1994, 10:
407-16.
Sato Y, Endo H, Okuyama H, Takeda T, Iwahashi H, Imagawa A, Yamagata K,
Shimomura I, Inoue M: Cellular hypoxia of pancreatic beta-cells due to high levels of
oxygen consumption for insulin secretion in vitro. J Biol Chem 2011, 286:12524–32.
Pandol SJ: The Exocrine Pancreas. San Rafael (CA): Morgan & Claypool Life Sciences
2010.
Omary MB, Lugea A, Lowe AW, Pandol SJ: The pancreatic stellate cell: a star on the
rise in pancreatic diseases. J Clin Invest 2007, 117:50–59.
Bachem MG, Zhou S, Buck K, Schneiderhan W, Siech M: Pancreatic stellate cells--role
in pancreas cancer. Langenbecks Arch Surg 2008, 393:891–900.
Apte MV, Haber PS, Applegate TL, Norton ID, McCaughan GW, Korsten MA, Pirola RC,
Wilson JS: Periacinar stellate shaped cells in rat pancreas: identification, isolation,
and culture. Gut 1998, 43:128–33.
Buchholz M, Kestler HA, Holzmann K, Ellenrieder V, Schneiderhan W, Siech M, Adler G,
Bachem MG, Gress TM: Transcriptome analysis of human hepatic and pancreatic
stellate cells: organ-specific variations of a common transcriptional phenotype. J Mol
Med (Berl) 2005, 83:795–805.

88.

89.
90.
91.

92.
93.
94.
95.

96.

60

97.

Meetoo D, Mcgovern P, Safadi R: An epidemiological overview of diabetes across the
world Danny. Br J Nurs 2007, 16:1002–07.
98. Daneman D: Type 1 diabetes. Lancet 2006, 367:847–58.
99. Vaithilingam V, Tuch BE: Islet transplantation and encapsulation: an update on recent
developments. Rev Diabet Stud 2011, 8:51–67.
100. McCall M, Shapiro AM: Update on islet transplantation. Cold Spring Harb Perspect Med
2012, 2:a007823.
101. Najarian JS, Sutherland DE, Matas AJ, Steffes MW, Simmons RL, Goetz FC: Human islet
transplantation: A preliminary report. Transplant Proc 1977, 9:233–36.
102. Ricordi C, Lacy PE, Finke EH, Olack BJ, Scharp DW: Automated method for isolation of
human pancreatic islets. Diabetes 1988, 37:413–20.
103. Shapiro AM, Lakey JR, Paty BW, Senior PA, Bigam DL, Ryan EA: Strategic
opportunities in clinical islet transplantation. Transplantation 2005, 79:1304–07.
104. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, Warnock GL, Kneteman NM,
Rajotte RV: Islet transplantation in seven patients with type 1 diabetes using a
glucocorticoid-free immunosuppressive regimen. N Engl J Med 2000, 343:230–38.
105. Shapiro AM, Ricordi C, Hering BJ, Auchincloss H, Lindblad R, Robertson RP, Secchi A,
Brendel MD, Berney T, Brennan DC, Cagliero E, Alejandro R, Ryan EA, DiMercurio B,
Morel P, Polonsky KS, Reems JA, Bretzel RG, Bertuzzi F, Froud T, Kandaswamy R,
Sutherland DE, Eisenbarth G, Segal M, Preiksaitis J, Korbutt GS, Barton FB, Viviano L,
Seyfert-Margolis V, Bluestone J, Lakey JR: International trial of the Edmonton protocol
for islet transplantation. N Engl J Med 2006, 355:1318–30.
106. Collaborative Islet Transplant Registry: CITR Sixth Annual Report. Available at:
https://web.emmes.com/study/isl/reports/CITR%206th%20Annual%20Data%20Report%
20120109.pdf. 2011.
107. Fiorina P, Folli F, Bertuzzi F, Maffi P, Finzi G, Venturini M, Socci C, Davalli A, Orsenigo
E, Monti L, Falqui L, Uccella S, La Rosa S, Usellini L, Properzi G, Di Carlo V, Del
Maschio A, Capella C, Secchi A: Long-term beneficial effect of islet macro/microangiopathy in type 1 diabetic kidney-transplanted patients. Diabetes Care 2003,
26:1129–36.
108. Thompson DM, Begg IS, Harris C, Ao Z, Fung MA, Meloche RM, Keown P, Meneilly GS,
Shapiro RJ, Ho S, Dawson KG, Al Ghofaili K, Al Riyami L, Al Mehthel M, Kozak SE,
Tong SO, Warnock GL: Reduced progression of diabetic retinopathy after islet cell
transplantation compared with intensive medical therapy. Transplantation 2008,
85:1400–05.
109. Toso C, Shapiro AM, Bowker S, Dinyari P, Paty B, Ryan EA, Senior P, Johnson JA:
Quality of life after islet transplant: impact of the number of islet infusions and
metabolic outcome. Transplantation 2007, 84:664–66.
110. Bennet W, Groth CG, Larsson R, Nilsson B, Korsgren O: Isolated human islets trigger an
instant blood mediated inflammatory reaction: implications for intraportal islet
transplantation as a treatment for patients with type 1 diabetes. Ups J Med Sci 2000,
105:125–33.
111. Azzi J, Geara AS, El-Sayegh S, Abdi R: Immunological aspects of pancreatic islet cell
transplantation. Expert Rev Clin Immunol 2010, 6:111–24.
112. Narang AS, Mahato RI: Biological and biomaterial approaches for improved islet
transplantation. Pharmacol Rev 2006, 58:194–243.
113. Noguchi H, Naziruddin B, Jackson A, Shimoda M, Ikemoto T, Fujita Y, Chujo D, Takita
M, Peng H, Sugimoto K, Itoh T, Kobayashi N, Onaca N, Levy MF, Matsumoto S: Fresh
61

islets are more effective for islet transplantation than cultured islets. Cell Transplant
2012, 21:517–23.
114. King A, Lock J, Xu G, Bonner-Weir S, Weir GC: Islet transplantation outcomes in mice
are better with fresh islets and exendin-4 treatment. Diabetologia 2005, 48:2074–79.
115. Eich T, Eriksson O, Lundgren T: Visualization of early engraftment in clinical islet
transplantation by positron-emission tomography. N Engl J Med 2007, 356:2754–55.
116. Froud T, Ricordi C, Baidal DA, Hafiz MM, Ponte G, Cure P, Pileggi A, Poggioli R, Ichii H,
Khan A, Ferreira JV, Pugliese A, Esquenazi VV, Kenyon NS, Alejandro R: Islet
transplantation in type 1 diabetes mellitus using cultured islets and steroid-free
immunosuppression: Miami experience. Am J Transplant 2005, 5:2037–46.
117. Scharp DW, Swanson CJ, Olack BJ, Latta PP, Hegre OD, Doherty EJ, Gentile FT, Flavin
KS, Ansara MF, Lacy PE: Protection of encapsulated human islets implanted without
immunosuppression in patients with type I or type II diabetes and in nondiabetic
control subjects. Diabetes 1994, 43:1167–70.
118. Elliott RB, Escobar L, Calafiore R, Basta G, Garkavenko O, Vasconcellos A, Bambra C:
Transplantation of micro- and macroencapsulated piglet islets into mice and
monkeys. Transplant Proc 2005, 37:466–69.
119. Kumagai-Braesch M, Jacobson S, Mori H, Jia X, Takahashi T, Wernerson A, FlodströmTullberg M, Tibell A: The TheraCyteTM device protects against islet allograft rejection
in immunized hosts. Cell Transplant 2013, 22:1137–46.
120. Plesner A, Verchere CB: Advances and challenges in islet transplantation: islet
procurement rates and lessons learned from suboptimal islet transplantation. J
Transplant 2011, 2011:979527.
121. Sharma A, Sörenby A, Wernerson A, Efendic S, Kumagai-Braesch M, Tibell A: Exendin-4
treatment improves metabolic control after rat islet transplantation to athymic mice
with streptozotocin-induced diabetes. Diabetologia 2006, 49:1247–53.
122. Toyoda K, Okitsu T, Yamane S, Uonaga T, Liu X, Harada N, Uemoto S, Seino Y, Inagaki
N: GLP-1 receptor signaling protects pancreatic beta cells in intraportal islet
transplant by inhibiting apoptosis. Biochem Biophys Res Commun 2008, 367:793–98.
123. Faradji RN, Tharavanij T, Messinger S, Froud T, Pileggi A, Monroy K, Mineo D, Baidal
DA, Cure P, Ponte G, Mendez AJ, Selvaggi G, Ricordi C, Alejandro R: Long-term insulin
independence and improvement in insulin secretion after supplemental islet infusion
under exenatide and etanercept. Transplantation 2008, 86:1658–65.
124. Alarcon C, Wicksteed B, Rhodes CJ: Exendin 4 controls insulin production in rat islet
beta cells predominantly by potentiation of glucose-stimulated proinsulin biosynthesis
at the translational level. Diabetologia 2006, 49:2920–29.
125. De Heer J, Rasmussen C, Coy DH, Holst JJ: Glucagon-like peptide-1, but not glucosedependent insulinotropic peptide, inhibits glucagon secretion via somatostatin
(receptor subtype 2) in the perfused rat pancreas. Diabetologia 2008, 51:2263–70.
126. Xu G, Stoffers DA, Habener JF: Exendin-4 stimulates both beta-cell replication and
neogenesis, resulting in increased beta-cell mass and improved glucose tolerance in
diabetic rats. Diabetes 1999, 48: 2270-76.
127. Farilla L, Hui H, Bertolotto C, Kang E, Bulotta A, Di Mario U, Perfetti R: Glucagon-like
peptide-1 promotes islet cell growth and inhibits apoptosis in zucker diabetic rats.
Endocrinology 2002, 143:4397–08.
128. Li Y, Hansotia T, Yusta B, Ris F, Halban PA, Drucker DJ: Glucagon-like peptide-1
receptor signaling modulates beta cell apoptosis. J Biol Chem 2003, 278:471–78.

62

129. Gangemi A, Salehi P, Hatipoglu B, Martellotto J, Barbaro B, Kuechle JB, Qi M, Wang Y,
Pallan P, Owens C, Bui J, West D, Kaplan B, Benedetti E, Oberholzer J: Islet
transplantation for brittle type 1 diabetes: the UIC protocol. Am J Transplant 2008,
8:1250–61.
130. Froud T, Faradji RN, Pileggi A, Messinger S, Baidal DA, Ponte GM, Cure PE, Monroy K,
Mendez A, Ricordi C, Alejandro R: The use of exenatide in islet transplant recipients
with chronic allograft dysfunction: safety, efficacy and metabolic effects.
Transplantation 2008, 86:36–45.
131. Olsson R, Olerud J, Pettersson U, Carlsson PO: Increased numbers of low-oxygenated
pancreatic islets after intraportal islet transplantation. Diabetes 2011, 60:2350–53.
132. Vajkoczy P, Michael MD, Simpson E, Messmer K: Angiogenesis and vascularization of
murine pancreatic islet isografts. Transplantation 1995, 60:123–27.
133. Mattsson G, Jansson L, Carlsson PO: Decreased vascular density in mouse pancreatic
islets after transplantation. Diabetes 2002, 51:1362–66.
134. Cheng K, Ho K, Stokes R, Scott C, Lau SM, Hawthorne WJ, O'Connell PJ, Loudovaris T,
Kay TW, Kulkarni RN, Okada T, Wang XL, Yim SH, Shah Y, Grey ST, Biankin AV,
Kench JG, Laybutt DR, Gonzalez FJ, Kahn CR, Gunton JE: Hypoxia-inducible factor-1α
regulates beta cell function in mouse and human islets. J Clin Invest 2010, 120:2171–
83.
135. Stokes RA, Cheng K, Deters N, Lau SM, Hawthorne WJ, O’Connell PJ, Stolp J, Grey ST,
Loudovaris T, Kay TW, Thomas HE, Gonzalez FJ, Gunton JE: Hypoxia-inducible factor
1α (HIF-1α) potentiates β-cell survival after islet transplantation of human and mouse
islets. Cell Transplant 2012, 22:253-66.
136. Chang TM: Semipermeable Microcapsules. Science 1964, 146:524–25.
137. Sörenby A, Rafael E, Tibell A, Wernerson A: Improved histological evaluation of
vascularity around an immunoisolation device by correlating number of vascular
profiles to glucose exchange. Cell Transplant 2004, 13:713–19.
138. Sörenby AK, Kumagai-Braesch M, Sharma A, Hultenby KR, Wernerson AM, Tibell AB:
Preimplantation of an immunoprotective device can lower the curative dose of islets
to that of free islet transplantation: studies in a rodent model. Transplantation 2008,
86:364–66.
139. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D: Global cancer statistics. CA
cancer J Clin 2011, 61:69–90.
140. Krejs GJ: Pancreatic cancer: epidemiology and risk factors. Dig Dis 2010, 28:355–58.
141. Wong HH, Lemoine NR: Pancreatic cancer: molecular pathogenesis and new
therapeutic targets. Nat Rev Gastroenterol Hepatol 2009, 6:412–22.
142. Yauch RL, Settleman J: Recent advances in pathway-targeted cancer drug therapies
emerging from cancer genome analysis. Curr Opin Genet Dev 2012, 22:45–49.
143. Burris HA 3rd, Moore MJ, Andersen J, Green MR, Rothenberg ML, Modiano MR, Cripps
MC, Portenoy RK, Storniolo AM, Tarassoff P, Nelson R, Dorr FA, Stephens CD, Von
Hoff DD: Improvements in survival and clinical benefit with gemcitabine as first-line
therapy for patients with advanced pancreas cancer: a randomized trial. J Clin Oncol
1997, 15:2403–13.
144. Warsame R, Grothey A: Treatment options for advanced pancreatic cancer: a review.
Expert Rev Anticancer Ther 2012, 12:1327–36.
145. Olive KP, Jacobetz MA, Davidson CJ, Gopinathan A, McIntyre D, Honess D, Madhu B,
Goldgraben MA, Caldwell ME, Allard D, Frese KK, Denicola G, Feig C, Combs C, Winter
SP, Ireland-Zecchini H, Reichelt S, Howat WJ, Chang A, Dhara M, Wang L, Rückert F,
63

Grützmann R, Pilarsky C, Izeradjene K, Hingorani SR, Huang P, Davies SE, Plunkett W,
Egorin M, Hruban RH, Whitebread N, McGovern K, Adams J, Iacobuzio-Donahue C,
Griffiths J, Tuveson DA: Inhibition of Hedgehog Signaling Enhances Delivery of
Chemotherapy in a Mouse Model of Pancreatic Cancer. Science 2009, 324:1457–61.
146. Kleeff J, Beckhove P, Esposito I, Herzig S, Huber PE, Löhr JM, Friess H: Pancreatic
cancer microenvironment. Int J Cancer 2007, 121:699–705.
147. Löhr M, Schmidt C, Ringel J, Kluth M, Müller P, Nizze H, Jesnowski R: Transforming
growth factor-beta1 induces desmoplasia in an experimental model of human
pancreatic carcinoma. Cancer Res 2001, 61:550–55.
148. Pietras K, Sjöblom T, Rubin K, Heldin CH, Ostman A: PDGF receptors as cancer drug
targets. Cancer Cell 2003, 3:439–43.
149. Erkan M, Reiser-Erkan C, Michalski CW, Kong B, Esposito I, Friess H, Kleeff J: The
impact of the activated stroma on pancreatic ductal adenocarcinoma biology and
therapy resistance. Curr Mol Med 2012, 12:288–303.
150. Erkan M, Reiser-erkan C, Michalski CW, Deucker S, Sauliunaite D, Streit S: Cancer–
stellate cell interactions perpetuate the hypoxia-fibrosis cycle in pancreatic ductal
adenocarcinoma. Neoplasia 2009, 11:497–508.
151. Binkley CE, Zhang L, Greenson JK, Giordano TJ, Kuick R, Misek D, Hanash S, Logsdon
CD, Simeone DM: The molecular basis of pancreatic fibrosis: commen stromal gene
expression in chronic pancreatitis and pancreatic adenocarcinoma. Pancreas 2004,
29:254–63.
152. Sato N, Maehara N, Goggins M: Gene expression profiling of tumor–stromal
interactions between pancreatic cancer cells and stromal fibroblasts. Cancer Res 2004,
64:6950–56.
153. Koenig A, Mueller C, Hasel C, Adler G, Menke A: Collagen type I induces disruption of
E-cadherin-mediated cell-cell contacts and promotes proliferation of pancreatic
carcinoma cells. Cancer Res 2006, 66:4662–71.
154. Hartel M, Di Mola FF, Gardini A, Zimmermann A, Di Sebastiano P, Guweidhi A, Innocenti
P, Giese T, Giese N, Büchler MW, Friess H: Desmoplastic reaction influences
pancreatic cancer growth behavior. World J Surg 2004, 28:818–25.
155. Hoffmann AC, Mori R, Vallbohmer D, Brabender J, Klein E, Drebber U, Baldus SE, Cooc
J, Azuma M, Metzger R, Hoelscher AH, Danenberg KD, Prenzel KL, Danenberg PV: High
expression of HIF1a is a predictor of clinical outcome in patients with pancreatic
ductal adenocarcinomas and correlated to PDGFA, VEGF, and bFGF. Neoplasia
2008, 10:674–79.
156. Pilarsky C, Ammerpohl O, Sipos B, Dahl E, Hartmann A, Wellmann A, Braunschweig T,
Löhr M, Jesenofsky R, Jesnowski R, Friess H, Wente MN, Kristiansen G, Jahnke B, Denz
A, Rückert F, Schackert HK, Klöppel G, Kalthoff H, Saeger HD, Grützmann R: Activation
of Wnt signalling in stroma from pancreatic cancer identified by gene expression
profiling. J Cell Mol Med 2008, 12:2823–35.
157. Ostman A: The tumor microenvironment controls drug sensitivity. Nat Med 2012,
18:1332–34.
158. Hwang RF, Moore T, Arumugam T, Ramachandran V, Amos D, Rivera A, Ji B, Evans DB,
Logsdon CD: Cancer-associated stromal fibroblasts promote pancreatic tumor
progression. Cancer Res 2008, 68:918–26.
159. Vonlaufen A, Joshi S, Qu C, Phillips PA, Xu Z, Parker NR, Toi CS, Pirola RC, Wilson JS,
Goldstein D, Apte MV: Pancreatic stellate cells: partners in crime with pancreatic
cancer cells. Cancer Res 2008, 68:2085–93.
64

160. Provenzano PP, Hingorani SR: Hyaluronan, fluid pressure, and stromal resistance in
pancreas cancer. Br J Cancer 2013, 108: 1-8.
161. Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD, Hingorani SR: Enzymatic
targeting of the stroma ablates physical barriers to treatment of pancreatic ductal
adenocarcinoma. Cancer cell 2012, 21: 418-29.
162. Heldin CH, Rubin K, Pietras K, Ostman A: High interstitial fluid pressure- an obstacle
in cancer therapy. Nat Rev Cancer 2004, 4:806-13.
163. Moriyama T, Ohuchida K, Mizumoto K, Cui L, Ikenaga N, Sato N, Tanaka M: Enhanced
cell migration and invasion of CD133+ pancreatic cancer cells cocultured with
pancreatic stromal cells. Cancer 2010, 116:3357-68.
164. Qian LW, Mizumoto K, Maehara N, Ohuchida K, Inadome N, Saimura M, Nagai E,
Matsumoto K, Nakamura T, Tanaka M: Co-cultivation of pancreatic cancer cells with
orthotopic tumour-derived fibroblasts: Fibroblasts stimulate tumour cell invasion via
HGF secretion whereas cancer cells exert a minor regulative effect on fibroblasts
HGF production. Cancer Lett 2003,190:105-12.
165. Amatangelo MD, Bassi DE, Klein-Szanto AJ, Cukierman E: Stroma-derived threedimensional matrices are necessary and sufficient to promote desmoplastic
differentiation of normal fibroblasts. Am J Pathol 2005,167:475-88.
166. Weaver VM, Lelièvre S, Lakins JN, Chrenek MA, Jones JC, Giancotti F, Werb Z, Bissell
MJ: beta4 integrin-dependent formation of polarized three-dimensional architecture
confers resistance to apoptosis in normal and malignant mammary epithelium.
Cancer Cell 2002, 2:205-16.
167. Loessner D, Stok KS, Lutolf MP, Hutmacher DW, Clements JA, Rizzi SC: Bioengineered
3D platform to explore cell-ECM interactions and drug resistance of epithelial
ovarian cancer cells. Biomaterials 2010, 31:8494-506.
168. Longati P, Jia X, Eimer J, Wagman A, Witt MR, Rehnmark S, Verbeke C, Toftgård R, Löhr
M, Heuchel RL: 3D pancreatic carcinoma spheroids induce a matrix-rich,
chemoresistant phenotype offering a better model for drug testing. BMC Cancer 2013,
13:95.
169. Haycock JW: 3D Cell Culture: A Review of Current Approaches and Techniques.
Methods Mol Biol 2011, 695:1-15.
170. Fennema E, Rivron N, Rouwkema J, van Blitterswijk C, de Boer J: Spheroid culture as a
tool for creating 3D complex tissues. Trends Biotechnol 2013, 31:108-15.
171. Farrow B, Albo D, Berger DH: The role of the tumour microenvironment in the
progression of pancreatic cancer. J Surg Res 2008, 149:319-28.
172. Chang Q, Jurisica I, Do T, Hedley DW: Hypoxia predicts aggressive growth and
spontaneous metastasis formation from orthotopically-grown primary xenografts of
human pancreatic cancer. Cancer Res 2011, 71:3110–20.
173. Komar G, Kauhanen S, Liukko K, Seppänen M, Kajander S, Ovaska J, Nuutila P, Minn H:
Decreased blood flow with increased metabolic activity: a novel sign of pancreatic
tumour aggressiveness. Clin Cancer Res 2009, 15:5511–17.
174. Couvelard A, O'Toole D, Leek R, Turley H, Sauvanet A, Degott C, Ruszniewski P, Belghiti
J, Harris AL, Gatter K, Pezzella F: Expression of hypoxia-inducible factors is correlated
with the presence of a fibrotic focus and angiogenesis in pancreatic ductal
adenocarcinomas. Histopathology 2005, 46:668–76.
175. O'Reilly MS, Holmgren L, Chen C, Folkman J: Angiostatin induces and sustains
dormancy of human primary tumours in mice. Nat Med 1996, 2:689-92.
176. Semenza GL: Targeting HIF-1 for cancer therapy. Nat Rev Cancer 2003, 3:721–32.
65

177. Hagmann W, Faissner R, Schnölzer M, Löhr M, Jesnowski R: Membrane drug
transporters and chemoresistance in human pancreatic carcinoma. Cancers (Basel)
2011, 3:106-25.
178. Brahimi-Horn MC, Chiche J, Pouysségur J: Hypoxia and cancer. J Mol Med (Berl) 2007,
85:1301-07.
179. Ide T, Kitajima Y, Miyoshi A, Ohtsuka T, Mitsuno M, Ohtaka K, Miyazaki K:
The hypoxic environment in tumour-stromal cells accelerates pancreatic cancer
progression via the activation of paracrine hepatocyte growth factor/c-Met signaling.
Ann Surg Oncol 2007, 14:2600-07.
180. Matsuo Y, Ding Q, Desaki R, Maemura K, Mataki Y, Shinchi H, Natsugoe S, Takao S:
Hypoxia inducible factor-1 alpha plays a pivotal role in hepatic metastasis of
pancreatic cancer: an immunohistochemical study. J Hepatobiliary Pancreat Sci
2013:doi: 10.1002/jhbp.6.
181. Lu X, Kang Y: Hypoxia and hypoxia-inducible factors: master regulators of metastasis. Clin Cancer Res 2010, 16:5928-35.
182. Pàez-Ribes M, Allen E, Hudock J, Takeda T, Okuyama H, Viñals F, Inoue M, Bergers G,
Hanahan D, Casanovas O: Antiangiogenic therapy elicits malignant progression of
tumours to increased local invasion and distant metastasis. Cancer Cell 2009, 15: 22031.
183. Ebos JM, Lee CR, Cruz-Munoz W, Bjarnason GA, Christensen JG, Kerbel RS:
Accelerated metastasis after short-term treatment with a potent inhibitor of tumour
angiogenesis. Cancer Cell 2009, 15:232-39.
184. Kindler HL, Niedzwiecki D, Hollis D, Sutherland S, Schrag D, Hurwitz H, Innocenti F,
Mulcahy MF, O'Reilly E, Wozniak TF, Picus J, Bhargava P, Mayer RJ, Schilsky RL,
Goldberg RM: Gemcitabine plus bevacizumab compared with gemcitabine plus
placebo in patients with advanced pancreatic cancer: phase III trial of the Cancer and
Leukemia Group B (CALGB 80303). J Clin Oncol 2010, 28: 3617-22.
185. Penchev VR, Rasheed ZA, Maitra A, Matsui W: Heterogeneity and targeting of
pancreatic cancer stem cells. Clin Cancer Res 2012, 18:4277-84.
186. Keith B, Simon MC: Hypoxia-inducible factors, stem cells, and cancer. Cell 2007,
129:465–72.
187. Milas L, Hittelman WN: Cancer stem cells and tumour response to therapy: current
problems and future prospects. Semin Radiat Oncol 2009, 19: 96–105.
188. Warburg OH: The Metabolism of Tumours: Investigations from the Kaiser Wilhelm
Institute for Biology. Berlin-Dahlem (London, UK: Arnold Constable) 1930.
189. Warburg O: On respiratory impairment in cancer cells. Science 1956, 124: 269–70.
190. Bui T, Thompson CB: Cancer's sweet tooth. Cancer Cell 2006, 9: 419–20.
191. Gatenby RA, Gillies RJ: Why do cancers have high aerobic glycolysis? Nature Rev
Cancer 2004, 4:891–99.
192. Brahimi-Horn MC, Chiche J, Pouyssegur J: Hypoxia signalling controls metabolic
demand. Curr Opin Cell Biol 2007, 19:223–29.
193. Thews O, Nowak M, Sauvant C, Gekle M: Hypoxia-induced extracellular acidosis
increases p-glycoprotein activity and chemoresistance in tumours in vivo via p38
signaling pathway. Adv Exp Med Biol 2011, 701:115-22.
194. Moreno-Sánchez R, Rodríguez-Enríquez S, Marín-Hernández A, Saavedra E: Energy
metabolism in tumour cells. FEBS J 2007, 274:1393-418.

66

195. Seagroves TN, Ryan HE, Lu H, Wouters BG, Knapp M, Thibault P, Laderoute K, Johnson
RS: Transcription factor HIF-1 is a necessary mediator of the pasteur effect in
mammalian cells. Mol Cell Biol 2001, 21:3436–44.
196. Dang CV, Semenza GL: Oncogenic alterations of metabolism. Trends Biochem Sci 1999,
24: 68–72.
197. Minchenko O, Opentanova I, Caro J: Hypoxic regulation of the 6-phosphofructo-2kinase/fructose-2,6-bisphosphatase gene family (PFKFB-1-4) expression in vivo. FEBS
Lett 2003, 554:264–70.
198. Kim JW, Tchernyshyov I, Semenza GL, Dang CV: HIF-1-mediated expression of
pyruvate dehydrogenase kinase: a metabolic switch required for cellular adaptation
to hypoxia. Cell Metab 2006, 3:177-85.
199. McFate T, Mohyeldin A, Lu H, Thakar J, Henriques J, Halim ND, Wu H, Schell MJ, Tsang
TM, Teahan O, Zhou S, Califano JA, Jeoung NH, Harris RA, Verma A: Pyruvate
dehydrogenase complex activity controls metabolic and malignant phenotype in
cancer cells. J Biol Chem 2008, 283:22700-08.
200. Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, Mansfield KD, Pan Y,
Simon MC, Thompson CB, Gottlieb E: Succinate links TCA cycle dysfunction to
oncogenesis by inhibiting HIF-alpah prolyl hydroxylase. Cancer Cell 2005, 7:77–85.
201. Guzy RD, Schumacker PT: Oxygen sensing by mitochondria at complex III: the
paradox of increased reactive oxygen species during hypoxia. Exp Physiol 2006,
91:807–19.
202. Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, Schumacker PT:
Mitochondrial reactive oxygen species trigger hypoxia-induced transcription. Proc
Natl Acad Sci 1998, 95: 11715–20.
203. Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriguez AM,
Schumacker PT: Reactive oxygen species generated at mitochondrial complex III
stabilize hypoxia-inducible factor-1alpha during hypoxia: a mechanism of O2 sensing.
J Biol Chem 2000, 275:25130–38.
204. Callapina M, Zhou J, Schmid T, Köhl R, Brüne B: NO restores HIF-1alpha hydroxyllation during hypoxia: role of reactive oxygen species. Free Radic Biol Med 2005, 39:
925–36.
205. Gordan JD, Simon MC: Hypoxia-inducible factors: central regulators of the tumour
phenotype. Curr Opin Genet Dev 2007, 17: 71–77.
206. Vordermark D, Kraft P, Katzer A, Bölling T, Willner J, Flentje M: Glucose requirement
for hypoxic accumulation of hypoxia-inducible factor-1alpha (HIF-1alpha). Cancer
Lett 2005, 230:122–33.
207. Guo S, Bragina O, Xu Y, Cao Z, Chen H, Zhou B, Morgan M, Lin Y, Jiang BH, Liu KJ,
Shi H: Glucose up-regulates HIF-1alpha expression in primary cortical neurons in
response to hypoxia through maintaining cellular redox status. J Neurochem 2008,
105:1849-60.
208. Merglen A, Theander S, Rubi B, Chaffard, G, Woll-heim CB, Maechler P: Glucose
sensitivity and metabolism-secretion coupling studied during two-year continuous
culture in INS-1E insulinoma cells. Endocrinology 2004, 145: 667–78.
209. Wang F, Li SS, Segersvärd R, Strömmer L, Sundqvist KG, Holgersson J, Permert J:
Hypoxia inducible factor-1 mediates effects of insulin on pancreatic cancer cells and
disturbs host energy homeostasis. Am J Pathol 2007, 170:469-77.

67

210. Sipos B, Moser S, Kalthoff H, Torok V, L hr M, Kl ppel G: A comprehensive
characterization of pancreatic ductal carcinoma cell lines: towards the establishment
of an in vitro research platform. Virchows Arch 2003, 442:444–52.
211. Moore PS, Sipos B, Orlandini S, Sorio C, Real FX, Lemoine NR, Gress T, Bassi C, Kloppel
G, Kalthoff H, et al: Genetic profile of 22 pancreatic carcinoma cell lines. Analysis of
K-ras, p53, p16 and DPC4/Smad4. Virchows Arch 2001, 439:798–802.
212. Jesnowski R, Furst D, Ringel J, Chen Y, Schrodel A, Kleeff J, Kolb A, Schareck WD, Löhr
M: Immortalization of pancreatic stellate cells as an in vitro model of pancreatic
fibrosis: deactivation is induced by matrigel and N-acetylcysteine. Lab Invest 2005,
85:1276–91.
213. Hingorani SR, Wang L, Multani AS, Combs C, Deramaudt TB, Hruban RH, Rustgi AK,
Chang S, Tuveson DA: Trp53R172H and KrasG12D cooperate to promote
chromosomal instability and widely metastatic pancreatic ductal adenocarcinoma in
mice. Cancer Cell 2005, 7:469–83.
214. Schreiber JR, Ross GT: Further characterization of a rat ovarian testosterone receptor
with evidence for nuclear translocation. Endocrinology 1976, 99:590–96.
215. Friedrich J, Eder W, Castaneda J, Doss M, Huber E, Ebner R, Kunz-Schughart LA: A
reliable tool to determine cell viability in complex 3-d culture: the acid phosphatase
assay. J Biomol Screen 2007, 12:925-37.
216. Dayan F, Mazure NM, Brahimi-Horn MC, Pouysségur J: A dialogue between the hypoxia-inducible factor and the tumour microenvironment. Cancer Microenviron 2008,
1:53-68.
217. Catrina SB, Okamoto K, Pereira T, Brismar K, Poellinger L: Hyperglycemia regulates
hypoxia-inducible factor-1α protein stability and function. Diabetes 2004, 53:3226-32.
218. Permert J, Ihse I, Jorfeldt L, von Schenck H, Arnqvist HJ, Larsson J. Pancreatic cancer is
associated with impaired glucose metabolism. Eur J Surg 1993, 159:101-07.
219. Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang J, Hiller K, Jewell CM, Johnson
ZR, Irvine DJ, Guarente L, Kelleher JK, Vander Heiden MG, Iliopoulos O, Stephanopoulos
G: Reductive glutamine metabolism by IDH1 mediates lipogenesis under hypoxia.
Nature 2011, 481:380–84.
220. Elstrom RL, Bauer DE, Buzzai M, Karnauskas R, Harris MH, Plas DR, Zhuang H, Cinalli
RM, Alavi A, Rudin CM, Thompson CB: Akt stimulates aerobic glycolysis in cancer
cells. Cancer Res 2004, 64:3892-99.
221. Kamb A, Wee S, Lengauer C: Why is cancer drug discovery so difficult? Nat Rev Drug
Discov 2007, 6:115-20.
222. Wang Z, Li Y, Ahmad A, Banerjee S, Azmi AS, Kong D, Sarkar FH: Pancreatic cancer:
understanding and overcoming chemoresistance. Nat Rev Gastroenterol Hepatol 2011,
8:27-33.
223. Páez D, Labonte MJ, Lenz HJ: Pancreatic cancer: medical management (novel
chemotherapeutics). Gastroenterol Clin North Am 2012, 41:189-209.
224. Santisteban M: ABC transporters as molecular effectors of pancreatic oncogenic
pathways: the Hedgehog-GLI model. J Gastrointest Cancer 2010, 41:153-58.
225. Rohwer N, Cramer T: Hypoxia-mediated drug resistance: novel insights on the
functional interaction of HIFs and cell death pathways. Drug Resist Updat 2011,
14:191-201.
226. Hagmanna W, Jesnowskia R, Faissnera R, Guo CQ, L hr JM: ATP-Binding Cassette C
Transporters in Human Pancreatic Carcinoma Cell Lines: Upregulation in 5Fluorouracil-Resistant Cells. Panceatology 2009, 9:136-44.
68

227. Hagmanna W, Jesnowskia R, L hr JM: Interdependence of gemcitabine treatment,
transporter expression, and resistance in human pancreatic carcinoma cells.
Neoplasia 2010, 12:740-47.
228. Hazlehurst LA, Landowski TH, Dalton WS: Role of the tumour microenvironment in
mediating de novo resistance to drugs and physiological mediators of cell death.
Oncogene 2003, 22:7396–402.
229. Hanahan D, Weinberg RA: The hallmarks of cancer. Cell 2000, 100:57–70.
230. Ishiwata T, Cho K, Kawahara K, Yamamoto T, Fujiwara Y, Uchida E, Tajiri T, Naito Z:
Role of lumican in cancer cells and adjacent stromal tissues in human pancreatic
cancer. Oncol Rep 2007, 18:537-43.
231. Li W, Mao Z, Fan X, Cui L, Wang X: Cyclooxygenase 2 promoted the tumourigenecity
of pancreatic cancer cells. Tumour Biol 2013, [Epub ahead of print].
232. Zhu S, Hong J, Tripathi MK, Sehdev V, Belkhiri A, El-Rifai W: Regulation of CXCR4mediated invasion by DARPP-32 in gastric cancer cells. Mol Cancer Res 2013, 11:8694
233. Belkhiri A, Zhu S, Chen Z, Soutto M, El-Rifai W: Resistance to TRAIL is mediated by
DARPP-32 in gastric cancer. Clin Cancer Res 2012, 18:3889-900.

69

